Journal of Electrical Engineering & Technology, Vol. 2, No. 2, pp. 165~171, 2007 165

A New Islanding Detection Method using Phase-Locked Loop for
Inverter-Interfaced Distributed Generators

1I-Yop Chung* and Seung-II Moon'

Abstract — This paper proposes a new islanding detection method for inverter-interfaced distributed
generators (DG). To detect islanding conditions, this paper calculates the phase angle variation of the
system voltage by using the phase-locked loop (PLL) in the inverter controllers. Because almost all in-
verter systems are equipped with the PLL, the implementation of this method is fairly simple and eco-
nomical for inverter-interfaced DGs. The detection time can also be shortened by reducing communi-
cation delay between the relays and the DGs. The proposed method is based on the fact that islanding
conditions result in the frequency and voltage variation of the islanded area. The variation depends on
the amount of power mismatch. To improve the accuracy of the detection algorithm, this paper injects
small low-frequency reactive power mismatch to the output power of DG.

Keywords: Distributed Generator (DG), Interconnection Problem, Islanding Detection, Inverter

Phase Locked Loop (PLL)

1. Introduction

Distributed generators (DG) have been considered as ef-
fective countermeasures against the limitation of the cur-
rent power systems. For example, DGs can relieve the bur-
den placed on the large-scale power system and enhance
the reliability of power delivery. In addition, DGs can util-
ize renewable energy resources. However, the DG inter-
connection causes significant problems to the current
power system, with islanding problems being the most rep-
resentative of all [1].

Islanding occurs when a DG or group of DGs continue
to energize a portion of the power system that has been
disconnected from the main utility system. This disconnec-
tion could be due to a fault or operation of the upstream
protective devices. In most cases, the islanding can lead to
safety problems in the power systems. For example, during
utility repair operations, the utility personnel may suffer a
serious safety threat when they are exposed to the islanded
circuit that otherwise would be de-energized. In addition, if
the islanding is formed by trip of an automatic recloser, the
reclosing operation of the recloser can cause out-of-phase
damages to the power system [1]-[4].

Islanding detection techniques can be classified into
three categories: the direct method, the passive method and
the active method. The direct method is to monitor the
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states of all breakers in the power system. This method is
the most efficient to detect islanding but hard to implement
due to the involvement of comprehensive monitoring sys-
tems.

The passive method is based on the measurement of
power system parameters such as frequency variation,
phase displacement, and power variation. This idea relies
on the fact that islanding conditions will result in the varia-
tions of power system parameters [5-7].

The active method is to breed small variations in the
output of DGs. When the utility source remains connected
with the DGs, these variations are relatively insufficient to
trip protective relays. However, in the islanded networks,
this designated deviation will enlarge to activate the relays
[8-11]. The active method is generally considered more
effective than passive methods because passive methods
have a relatively large Non-Detection Zone (NDZ) [12, 13].

Due to the development of power-electronic devices, in-
verters can provide versatile controls to DGs [14, 15]. This
paper focuses on the development of an islanding detection
method that is befitting to the inverter-interfaced DG sys-
tems. The proposed method uses the internal signals of the
Phase Locked Loop (PLL) circuits in order to detect the
phase angle variation of the system voltage. This feature
offers some advantages: 1) it improves the speed of detec-
tion and control of the islanding conditions because the
detection method is integrated with the inverter controller
and there is little communication delay; and 2) this method
is economical because it shares the measurement equip-
ment with the inverters whereas other protective relays
have extra measurement equipment. In addition, to reduce
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the NDZ, this paper proposes to insert small reactive power
disturbances to the DG output power. The performance of
the proposed method is simulated and evaluated using
PSCAD/EMTDC.

2. Basic Principle of Islanding Detection

Islanding conditions cause the change of the voltage and
frequency of the islanded circuit. Let us consider a simple
power system as shown in Fig. 1 [12, 13]. The load is as-
sumed as constant impedance load (R, L and C).
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Fig. 1. Simplified circuit of power system for anti-
islanding study

When the utility source is connected to the power system,
the utility supplies active and reactive power as much as
AP and AQ to the load. The DG supplies active power

and reactive power as P and Q to the load. Then, the volt-
age magnitude and frequency (V' and f) of the Point of
Common Coupling (PCC) can be derived as (1).
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Equation (1) can be rewritten as (2).

V:\/m (2)

VZ
/= 22L(0 + AQ)

If the upper breaker opens, the rest of the circuit includ-
ing the DG and the load becomes an island area. Because
AP and AQ become zero, the new voltage and fre-

quency (V' and #') can be obtained as (3).

V'=\RP
e y?  RP
2zLQ 27xLQ

3)

Then, the amount of the voltage and frequency variation
isas (4)[12,13].

AV =¥V =vR-P - JR-(P+AP) @

gV VL _RP_R(P+AP)

Equation (4) suggests that the power mismatch (AP
and AQ) causes voltage and frequency variation. There-

fore, the islanding conditions can be detected by monitor-
ing voltage and frequency changes. This is the basic moti-
vation of the passive methods. However, if the power mis-
match is small, the amount of voltage and frequency varia-
tion will be too small to distinguish islanding conditions.
The range of the power mismatch where DGs cannot detect
islanding conditions is referred to as the NDZ.

3. Reactive Power Disturbance Injection

As explained at the end of Chapter 2, small power mis-
match makes it difficult for passive methods to detect
islanding conditions. Therefore, to accurately detect island-
ing conditions, this paper adjusts small reactive power dis-
turbance to the output of the inverter.

Fig. 2 shows the interconnection of the inverter-
interfaced DG system and the concept of inverter operation
when the DG operates in parallel with the utility system.
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Fig. 2. DG Interconnection and instantaneous power rela-
tionship

The inverter control uses the instantaneous power theory
[16]. The instantaneous power (p) and instantaneous imagi-

nary power (g) can be defined as (5), where v, v 5 and

I, , 15 mean the voltage and current of the load in the a-p

coordinates, respectively. The relationship between the a-
b-c coordinates and the a-f coordinates is as (6).

D=V, i, +Vvs-ip,

q=V,lg=vs-i,

&)
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Equation (5) can be characterized as (7), where the bar
(-) indicates mean value and the tilde (~) means alternating
components with zero mean value.

p=p+p
-2 (7)
g=9+q

In(7), p and 7 equals to the average 3-phase active

and reactive power, respectively and 7 and § results

from harmonic components.
As shown in Fig. 2, the object of the inverter control is
to supply constant active power ( P, ef) and improve power

factor by providing the reactive power required by loads
(7 ) This DG system can also compensate harmonic com-
ponents of the local loads by supplying 7 and g. In ad-
dition, the reactive power disturbance 7, for islanding

detection is inserted. The pattern of the reactive power dis-
turbance 7 g is illustrated in Fig. 3 where AQ, is the

amplitude of the triangular waveform and 7, is the period.

In this paper, AQ, is set as 2.5% of the output active
power of the DG system according to [11].
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=

Fig. 3. Pattern of the reactive power disturbance for an
active islanding detection method

Then, the reference current of the inverter can be ob-
tained as (8).

. -1 ~
laREF _ Va Vﬁ ref + p
- ) (3

| gner —Vg VY, q+q,

The implementation of detailed inverter control algo-
rithms is explained in [14] and [15].

4. PLL Phase Angle Variation Detection

In this paper, a new islanding detection algorithm is pro-
posed. The proposed method utilizes the internal signals of
the PLL circuit of the inverter control system. Because all
the inverters should have the PLLs for their own control,
the proposed method is appropriate to the inverter-
interfaced DG systems.

4.1 Phase Locked Loop System

PLLs detect the phase angle of the system voltage. The
phase angle offers critical information to the inverters for
synchronizing the turning on/off signals of power-
electronic devices. Fig. 4 shows the control diagram of the
PLL system used in this paper [17].

Synchronous
D-Q Frame PLL

All-pass Filter
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..........................................................

Fig. 4. Control diagram of the synchronous d-q frame PLL

The PLL illustrated in Fig. 4 consists of two parts: the
synchronous d-q frame PLL part and the positive sequence
detector part. The synchronous d-q frame PLL detects the
phase angle in the d-q rotating reference frame, which is
synchronized to the input voltage frequency [18]. The posi-
tive sequence detector eliminates the effects of the voltage
unbalance and some low-order harmonics in the system
voltage [17].

In the positive sequence detector, the positive sequence
voltages (E7,Ef and E”) can be obtained by (9), where

E,, E, and E, are the system voltage.

E? 1 a &|[E,
E? =§~ a 1 al|E ®)
EF a a 1||E,
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where, a:—1/2+j\/§/2

The positive sequence voltages are transformed to the
stationary reference frame voltages (£, and E,) as shown
in (10). Then, the stationary reference frame voltages are
transformed to the rotating reference frame voltages (£,
and E,.) as (11), where ¢, is the phase angle of E”.

E?
{Equlzz{ I -1/2 -1/2 } Er (10)
E,| 3l0 -43/2 J3/2 o
qu _ COS@e —Sin@g ) Eq: (1])
E, sin@, cos6, E,

If g is identical to the phase angle of E’, Eq be-

comes zero. Therefore, the reference value of E,, is zero.
4.2 Proposed Islanding Detection Method

This paper proposes a new islanding detection method
dubbed the PLL phase angle variation method based on the
facts below:

e Islanding causes the system frequency change depend-
ing on the power mismatch.

e Islanding provokes the system impedance change that
leads to the phase angle jump of the system voltage.

e The DG system used in this paper is controlled as a
current-controlled inverter during the parallel opera-
tion with the utility systems. When the DG system is
separated from the utility systems, the PCC suffers
phase angle variation.

To summarize, detecting phase angle variation of the
PLL circuit in the DG system provides a good solution for
the islanding detection. The basic principle of the proposed
method is as follows.

The positive sequence phase voltage can be written as
(12) where E, @ and f are the magnitude, the phase
angle, and frequency of the positive sequence system volt-
age, respectively.

E? E - cos(6)

’ (12)
EJ |=| E-cos(8—2x/3)
E? E-cos(@—-4r/3)

where, =2zt +6,

Then, the stationary reference frame voltages are ob-
tained as (13) wunder the balanced condition

(EF +E! +EF =0).

{Eqs _ E! (13)
E,| |(Er-ENI3

Applying (12) and (13) to (11), the rotating reference
frame voltages can be obtained as (14) and (15) where,
A6=6, -0.

E,=cos0, E? ~sind, -(E? —E})/3 (14)
= Ecosf, -cosf + Esind, -sinf = Ecos(AB)

E, =sing, -E” +cosf, -(E’ —El)/3 (15)
= Esing, -cos@ - Ecosd, -sinf = Esin(Af)

Equations (14) and (15) can be rewritten as (16).
qu -F. COS(A@) (16)
E, sin(A &)

If A@ signifies the phase angle difference between the
utility voltage angle and the PLL internal angle, and fur-
thermore, it means phase angle variation of the system
voltage. This paper proposes to observe the A@ in order

to detect islanding conditions. It is easy to calculate AQ
in the PLL system as (17).

A&ztan{%f-J )

qe

Normally, £ and E, constantly equal zero and the

value of system voltage magnitude, respectively. Therefore,
A@ 1is nearly zero under normal condition; however, dur-
ing islanding condition, A@ will change. Therefore, the
DG system can detect islanding conditions by measuring
A@ . Fig. 5 shows the flowchart of the proposed detection
algorithm.

| Parallel Operation Mode |

Measuring PCC Voltage ]

Detecting Ede/Eqe from PLL |

¥
L Calculating A8 1

Declaring ISLAND ]
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Fig. 5. Flowchart of the PLL phase angle variation detec-
tion method
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5. Case Studies

Fig. 6 provides the simulation models of the distribution
system and the inverter-interfaced DG system using
PSCAD/EMTDC. The DG system comprises a synchro-
nous generator, transformer, an ac-dc rectifier, a dc-link
capacitor, a PWM (Pulse Width Modulation) inverter, and
a harmonic filter. The DG power generated by the syn-
chronous generator is converted to dc power and stored in
the dc-link capacitor. The inverter supplies appropriate ac
power to the power system by controlling the dc power.
The inverter has two operation modes such as parallel op-
eration mode and independent operation mode. In the par-
allel operation mode, it controls the output currents by util-
izing the CRPWM (Current-Regulated PWM). In the inde-
pendent operation mode, it controls output voltage by using
the sine PWM. The DG system is interconnected with the
power system through the inter-tie breaker. This paper as-
sumes that the DG system can supply electric power to the
upstream of the inter-tie breaker as well as the local load. De-
tailed control algorithms and operating strategies of the DG
system are explained in [14] and [15]. Table I lists the pa-
rameter values of the DG system and the test power system.

Upper
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Rectifier I PWM
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Fig. 6. Single-line diagram of the inverter-interfaced DG
system and the test power system

Table 1. Parameters of the model system

Component Value

Source Voltage 22.9kV
Transformer IMVA, 22.9kV/380V, %Z=5%
Local Load 10kW, 3kVar
Upper Load 10kW, 0.03kVar

Synchronous Generator
Step-Up Transformer

30kVA, 380V rated
100kVA, 380V/450V, %Z=5%

Rectifier 3-phase diode rectifier
DC-Link 700V rated, C=3300uF
PWM Inverter 20kW, 380V rated

Harmonic Filter L=1.5mH, C=20uF

The simulation scenario is as follows. From 0 sec to 5.0
sec, the synchronous generator starts and charges the dc-
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Fig. 7. Simulation results - system voltages, system fre-

quency and injected reactive power disturbance
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Fig. 8. Simulation results

link. From 5.0 sec to 7.0 sec, the DG system starts to sup-
ply 20kW and 3kVar and reaches the steady state condition.
Then, at 7.0 sec, the upper breaker opens and the islanding
condition occurs.

In the test system, the power mismatch is so small that it
causes only a little voltage and frequency variation. The
upper load is set to 10kW and 0.03kVar. Therefore, the
power mismatch becomes about 1% only in reactive power
mismatch.

Fig. 7 shows the RMS voltage and frequency of the sys-
tem voltage and the injected reactive power disturbance.
The normal window protection relays are set to 0.8 ~ [.15
p-u as voltage limitation and 58.5 ~ 61.5 Hz as frequency
limitation. Because the results of Fig. 7 do not exceed
those limitations, the window protection rélays cannot de-
tect this islanding case. This means this case is in the NDZ
of the window protection relays.

Fig. 8 presents the d-q axis voltage of the rotating refer-
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ence frame and the proposed islanding detection index (AB).
In Fig. 8, the phase angle variation was sampled at every
half cycle. The phase angle variation suddenly changes
after the islanding occurs. Therefore, by calculating A8, the
DG can detect islanding cases.

Fig. 9 indicates the effect of reactive power disturbance
injection. Since the reactive power disturbances increase
the phase angle variation, the accuracy of the proposed
method can be improved.
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Fig. 9. Effect of reactive power disturbance injection

6. Conclusion

This paper proposed a new active method to detect
islanding condition. The DG system detects islanding con-
dition by the PLL phase angle variation detection method.
To reduce the NDZ of the islanding detection, the DG sys-
tem breeds a small disturbance in the reactive power output.
The proposed method is easily implemented in the in-
verter-interfaced DG systems. This feature gives them im-
portant advantages such as relieving communication bur-
den, reducing implementation cost, and improving power
system safety. The simulation result shows that the pro-
posed method is effective even in a small power mismatch
case.

Acknowledgments

This work has been supported by the Post-Doctoral Fel-
lowships Program funded by the Korea Government (Min-
istry of Commerce, Industry and Energy, MOCIE).

References

[1] P.P. Barker and R.W. de Mello, “Determining the
impact of distributed generation on power systems:
Partl — Radial distribution systems”, in Proc. 2000
IEEE PES Summer Meeting, vol. 3, pp. 1645-1656.

[2] IEEE Standard for Interconnecting Distributed Re-
sources with Electric Power Systems, IEEE Standard
1547-2003, Jul. 2003.

[3] IEEE Recommended Practice for Utility Interface of

(4]

(3]

(6]

(7]

9]

[11]

[12]

[13]

(14]

(15]

Residential and Intermediate Photovoltaic (PV) Sys-
tems, ANSI/IEEE Standard 929-1988, Nov. 1987.
C.J. Mozina, “Interconnection Protection of IPP
Generators at Commercial/Industrial Facilities”,
IEEFE Trans. Industry Applications, vol. 37, no. 3, pp.
681-688, May/Jun. 2001.

M.A. Redferm, O. Usta, and G. Fielding, “Protection
Against Loss of Utility Grid Supply for a Dispersed
Storage and Generation Unit”, IEEE Trans. Power
Delivery, vol. 8, no. 3, Jul. 1993.

M.A. Redfern and O. Usta, “A New Microprocessor
Based Islanding Protection Algorithm for Dispersed
Storage and Generation Units”, IEEE Trans. Power
Delivery, vol. 10, no. 3, Jul. 1995.

F.S. Pai and S.H. Huang, “A Detection Algorithm for
Islanding-Prevention of Dispersed Consumer-Owned
Storage and Generating Units”, [EEE Trans. Energy
Conversion, vol. 16, no. 4, Dec. 2001.

P.D. Hopewell, N. Jenkins, and A.D. “Cross, Loss-
of-mains detection for small generators”, IEE Pro-
ceedings - Electric Power Applications, vol. 143, no.
3, pp. 225-230, May 1996.

P. O'Kane and B. Fox, “Loss of main detection for
embedded generation by system impedance monitor-
ing”, in Proc. 1997 Developments in Power System
Protection Conf., no. 434, pp. 95-98.

S.J. Huang and F.S. Pai, “A New Approach to
Islanding Detection of Dispersed Generators with
Self-Commutated Static Power Converters”, [EEE
Trans. Power Delivery, vol. 15, no. 2, pp. 500-507,
Apr. 2000.

J.B. Jeong, H.J. Kim, S.H. Back, and K.S. Ahn, “An
Improved Method for Anti-Islanding by Reactive
Power Control”, in Proc. of ICEMS 2005, vol. 2, pp.
965 — 970.

Z. Ye, A. Kolwalkar, Y. Zhang, P. Du and R. Wall-
ing, “Evaluation of Anti-Islanding Schemes Based on
Non Detection Zone Concept”, in Proc. 2003 IEEE
PES General Meeting, pp. 1735-1741.

W. Bower and M. Ropp, “Evaluation of islanding
detection methods for photovoltaic utility-interactive
power systems”, International Energy Agency,
Photovoltaic Power Systems, Tech. Rep. IEA T5-05,
Mar. 2002.

LY. Chung, S.W. Park, H.J. Kim, S.I. Moon, B.M.
Han, J.E. Kim, and J.H. Choi, “Operating Strategy
and Control Scheme of Premium Power Supply In-
terconnected with Electric Power Systems”, [EEE
Trans. Power Delivery, vol. 20, no. 3, July 2005, pp.
2281-2288.

LY. Chung, “Operation Strategies and a New Island-
ing Detection Method Using PLL for Distributed
Geherators”, Ph.D. dissertation, School of Elec. Eng.,



[16]

[17]

(18]

1I-Yop Chung and Seung-Il Moon 171

Seoul National University, Korea, 2005.

H. Akagi, Y. Kanazawa, and A. Nabae, “Instantane-
ous Reactive Power Compensators Comprising
Switching Devices without Energy Storage Compo-
nents”, [EEE Trans. on Industry Application, vol.
1A-20, no.3, May/June 1984, pp. 625-630.

S.J. Lee, J.K. Kang, and S.K. Sul, “A new phase de-
tecting method for power conversion systems con-
sidering distorted conditions in power system”, in
Proc. 1999 IEEE IAS Annual Meeting, vol. 4, pp.
2167-2172.

V. Kaura and V. Blasko, “Operation of a Phase
Locked Loop System Under Distorted Utility Condi-
tions”, IEEE Trans. Industry Applications, vol. 33,
no. 1, pp. 58-63, Jan/Feb. 1997.

I1-Yop Chung
He received his B.S., M.S., and Ph.D.
degrees in Electrical Engineering from
Seoul National University, Seoul, Ko-
rea in 1999, 2001, and 2005 respec-
. tively. He was a Postdoctoral Fellow at
Korea University, Seoul, Korea in
2005. Currently, he is a Postdoctoral Fellow in the Bradley
Department of Electrical and Computer Engineering at
Virginia Polytechnic Institute and State University, Blacks-
burg, VA and a Visiting Researcher of ABB USCRC, Ra-
leigh, NC, USA. His main research interests are power
quality, distributed generation and power IT.

Seung-11 Moon
He received his B.S. degree from Seoul
National University, Seoul, Korea in
1985 and his M.S. and Ph. D. degrees
in Electrical Engineering from The
Ohio State University, Columbus. OH
- in 1989 and 1993, respectively. Cur-
rently, he is a Professor at the School of Electrical Engi-
neering and Computer Science at Seoul National Univer-
sity. His main research interests are power system analysis,
control and modeling.



