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Abstract—The amount of distributed generation connected to
the distribution network is increasing. To use this resource more
effectively, splitting of the distribution network, or islanding the
system, for prevention of power outages is being considered by
some utilities. In this paper an islanding method that avoids out-of-
synchronism re-closure is proposed. The island is kept in synchro-
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networks is now being considered by some utilities as a way
of improving the continuity of power supply. If the problems
of islanding can be overcome then there is potential for it to
become commonplace in the future.

This paper describes a technique to avoid out-of-synchronism
re-closure to the main system, as was suggested in [5]. The is-
landed system is kept in synchronism with the rest of the utility
by using a reference signal transmitted from a secure part of the
network. Since the island is held in synchronism, it can be re-
connected to the main system at any time with minimal transient
effect. This has the advantage that the islanded area is not lim-
small islands feeding certain industrial loads.

To examine the suitability of a synchronous generator to pro-
vide islanded operation in this way, tests have been performed
for a single set scenario employing a diesel generator. The
ability for the phase difference to be held constant in steady
state and the restoration to an in phase condition following
various load disturbances, have been investigated.

II. P

RINCIPLE OFSYNCHRONOUSISLANDED OPERATION

A. Phase Control

Consider the system diagram in Fig. 1, an islanded system
is formed if the load and generation of the islanded system are
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Fig. 1. Synchronous operation of an islanded system.

Fig. 2. Simulation of frequency control response to a load disturbance without
phase difference control.

a secure part of the localized network. This could be a point on
the meshed transmission system electrically close to the island
or at the main substation of the distribution network. The gener-
ator voltage signal is compared with this to provide a measure of
frequency and phase difference between the two systems. This
can then be used as an input signal for a generator governor to
control the frequency and phase of the islanded system.

Fig. 3 represents the response of a model with phase differ-
ence control. On the frequency curve there is a desired over-
shoot. The zero crossing point is where maximum phase differ-
ence occurs. This frequency overshoot brings the phase differ-
ence back to zero. There is an equal area criterion between nega-
tive frequency error and positive frequency error for the removal
of phase difference. If the phase difference passes through 180
it may be better for the frequency to remain below nominal to en-
able the phase difference to be brought to zero most effectively.
In this case the equal area criterion exists on the frequency plot
between each side of the 180crossing point. To reduce this
area and thus the maximum phase difference, a lower frequency
drop and faster return to zero frequency difference are desired.

However simply comparing the received reference waveform
with that of the island to give a control signal is not enough to
keep the two areas in synchronous islanded operation. Unless
the two voltage waveforms are matched correctly in the time
domain, it cannot be assumed that the two systems have a zero
phase difference at the reconnection point.

The delay time for the transmission and calculation must be
known, as well as how the phase angle may vary between the
place of measurement and the point where the two systems will
be interconnected.

Fig. 3. Simulation of frequency control response to a load disturbance with
phase difference control.

B. Delay

For the tests reported in this paper the reference voltage wave-
form has been transmitted by a short-range FM radio link and
thus the transmission delay is negligible. However this approach
may not be satisfactory for large-scale implementation of the
scheme in an electrical utility.

To facilitate application across an electric utility the authors
propose to use phasor measurement units (PMU) employing
global positioning system (GPS) time synchronized measure-
ments. GPS measurements are accurate to 1[6], only a
0.018 phase error in a 50-Hz system. Thus time stamping
ensures that the reference and island signals can be aligned
correctly in the time domain.

Typical transmission and processing delays of PMU data via
direct communications are given in [7]. These are reported to be
in the order of 100–150 ms forfiber-optic or microwave links
and 200–300 ms for telephone lines.

C. Phase Angle Variation

Knowing how the voltage phase angle varies through the
system both in steady state and transiently is an important part
of achieving successful synchronous islanded operation. Phase
angle variation is site specific and depends primarily upon
load flow and network impedance. However, the operation of
distributed generation can also have significant bearing on the
phase angle.

Ireland’s electricity network (Fig. 4) essentially consists of
two regions, that of Northern Ireland and the Republic of Ire-
land. They are interconnected by a double 275-kV transmission
line. There are two other interconnections at the 110-kV level,
but these are used primarily for voltage support in the electri-
cally weak northwest.

To show the variability of voltage phase angle, GPS time-syn-
chronized phasor measurements [8] from four locations on the
distribution network were referenced to a point on the transmis-
sion network. The range of the voltage phase angle was mea-
sured over a period of 48 hours, shown in Fig. 4. The phase angle
tends to vary by a few degrees around an average value and is
dependent largely upon local network load and distributed gen-
eration output. The Belfast and Dublin measurements exhibit a
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Fig. 4. Voltage phase angle variation at different locations in Ireland.

Fig. 5. Wind farm 1 power output and voltage phase angle profile during a 24-h
period.

phase shift of 30 , caused by the presence of delta-wye trans-
formers. Wind farm 1 also exhibits a 30phase shift, but in the
opposite direction.

The powerflow across the interconnector has a large effect on
the voltage phase angle between the reference point and Dublin.

The plot in Fig. 5 shows how wind farm 1’s power output af-
fects the voltage phase angle between the reference point and
the wind farm during a period of 24 hours. For part of the day
the wind farm is not paralleled to the grid. At the times of dis-
connection and reconnection there is an abrupt change in the
voltage phase angle. This is an 8change when the wind farm is
reconnected and the maximum power output is reached. While
the wind farm is not connected, the variability in voltage phase
angle follows the load profile.

The phase angle appears to vary within a narrow band, which
is advantageous for the implementation of synchronous islanded
operation. Changing the system structure by islanding may also
affect phase angle.

In light of this modest variability the authors anticipate that
it will not be necessary to modify the average value to take into
account expected changes from load and distributed generation.

III. T ESTING ON A DIESEL GENERATOR

A demonstration was carried out on a dc motor driven alter-
nator as a proof of concept for synchronous islanded operation
[9]. In this case the reference voltage waveform was transmitted
by an FM radio link and the effect of transmission delay was re-
moved by a phase shiftfilter.

In order to make synchronous islanded operation a viable op-
tion for future system use, it must be proven on real plant. A
50-kVA diesel generator was used to perform the tests. There
are several reasons for testing with a diesel generator. Firstly,
as synchronous generators can produce both real and reactive
power, it is likely that they will form an important part of an
islanded system. Secondly, all rotating machines have inertia
that gives them a relatively slow response compared to inverter
connected devices, and consequently they are more of a chal-
lenge to control in the context of an island, [10]. Furthermore
the response of output power to change in load is limited by the
fuelling mechanism. Finally, there are over 130 MW of diesel
generators operated in the Northern Irish system for peak lop-
ping or peak shaving duty [1], [2].

Tests were performed on the diesel generator test-bed at
Queen’s University Belfast. The system setup is shown in
Fig. 6. The MathWorks xPC rapid prototyping tool is used to
provide real time control interaction with the engine control
module (ECM) of the diesel generator. A control algorithm can
be designed on a host xPC using MathWorks Simulink, and
downloaded to the target xPC where the algorithm can be run
in real time. The target xPC can be a standard desktop, as in
this case, but a dedicated microprocessor could be used instead.
Communications between the target xPC and the hardware is
performed though a controller area network (CAN) card for the
ECM, and a National Instruments PCI 6025E input/output card
for the alternator outputs, reference voltage and the load bank
contactor [11], [12].

Two different engine governors were involved in testing.
Firstly, the standard product variable gain PID governor on the
ECM is used. Governors of this type are common in diesel
generator control systems. These digital devices are quite
sophisticated compared with traditional mechanical or ana-
logue governor controllers. Secondly, tests are performed on
a fuzzy hybrid PID governor with supplementary inputs [11],
which improves the load disturbance response. This governor
is implemented on the target xPC.

A phase difference controller was evaluated with both of the
above governors. Fig. 6(a) shows how the phase difference con-
troller, executed on the target xPC, interacts with the standard
product governor on the ECM. Fig. 6(b) shows the second case
where phase difference controller and engine governor are both
contained on the target xPC.

The control diagram for the diesel generator system with
phase difference control is given in Fig. 7, and is similar to
that used in automatic synchronization schemes [13]. There are
two control feedback loops. In the existing governor loop, the
generator speed and reference speed form the input to
the PID governor.

For modeling purposes the diesel generator , can be rep-
resented simply by afirst or second order transfer function.
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Fig. 6. System setup. (a) Phase difference controller for standard product vari-
able gain PID governor. (b) Phase difference controller for fuzzy hybrid PID
governor with supplementary inputs.

Fig. 7. Phase difference control diagram.

The nonlinear aspects of diesel generator operation can be in-
cluded by using a more complex model such as in [14]. The gov-
ernor derivative, proportional, and integral terms are, ,
and , respectively. In the variable gain and fuzzy governors
used to control the diesel generator, these gain terms vary with
the system conditions [15], and supplementary inputs add addi-
tional control loops [11].

In order to interact with the existing governor and remove the
phase difference error, the additional feedback loop adds a speed

Fig. 8. Speed and phase difference for 25% load acceptance with standard
product variable gain governor.

offset, , to the input of the governors. A proportional deriva-
tive (PD) phase difference controller is placed in this loop. The
additional terms are the phase controller derivative and propor-
tional gains and .

The phase difference control algorithm has been implemented
in Mathworks xPC with a fuzzy controller structure [11], [12].
There are two inputs, phase difference and frequency error, with
a single output that is added to the reference speed at the input
of the governor. This approach is easily integrated with existing
governors such as the fuzzy hybrid PID governor previously de-
scribed and implemented by the authors. It is also easily retro-
Þtted to the standard product variable gain PID governor.

It should be noted that when using an optimally tuned gov-
ernor, the phase difference controller has little or no effect on the
maximum phase difference reached. To reduce the maximum
phase difference, an enhanced or faster responding governor is
required.

A. Standard Product Variable Gain PID Governor

The standard product governor on the ECM uses variable
gain PID. Variable gain PID offers signiÞcant improvement over
Þxed gains and is suited for nonlinear systems such as the gov-
erning of a diesel generator.

Tests were performed using the fuzzy phase difference con-
troller in conjunction with the standard product governor for
acceptance and rejection of various resistive loads. Results are
shown in Figs. 8Ð11 and summarized in Table I. Note that in all
cases, due to the action of the phase difference controller, the
phase difference is returned to zero.

The phase difference observed during the 25% load distur-
bances are as shown in Figs. 8 and 9. The maximum phase dif-
ferences observed for this magnitude of load disturbance, whilst
employing the standard product variable gain PID controller,
would not be acceptable for a synchronization. For smaller load
disturbances of 5%, smaller phase deviations are observed, as
shown in Fig. 10 and 11. Even with 5% load disturbances, the
maximum phase differences observed would generally be con-
sidered excessive for reconnection of large conventional power
system generation. However, this is not the case for smaller dis-
tributed generation such as diesel generators. The diesel gener-
ators concerned are of a robust construction with the alternator
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Fig. 9. Speed and phase difference for 25% load rejection with standard
product variable gain governor.

Fig. 10. Speed and phase difference for 5% load acceptance with standard
product variable gain governor.

Fig. 11. Speed and phase difference for 5% load rejection with standard
product variable gain governor.

directly coupled to the engineflywheel, and thus have a short
shaft length. These generators commonly have a capacity of up
to 2 MW [1]. The authors have conducted tests on small salient
pole alternators, typically employed in diesel generators, which
would indicate that synchronization with phase differences of

Fig. 12. Speed and phase difference for 25% load acceptance for fuzzy hybrid
PID governor with supplementary input.

up to 50 or 60 degrees are tolerable without mechanical or elec-
trical damage. Clearly the phase variation caused by a 5% load
acceptance or rejection are well within these limits. In practice,
however, many distributed generators are likely to experience
load steps of 25% or more.

It is clear that the maximum phase difference is dependent
on the maximum frequency deviation and the rate of return to
nominal frequency. A governor with a faster response is clearly
desirable.

B. Fuzzy Hybrid PID Governor With Supplementary Input

The following tests were performed on the same engine using
the same phase difference detection method but employing a
fuzzy hybrid PID governor with supplementary inputs, as de-
scribed in [11], to control engine speed.

The fuzzy hybrid PID governor on its own shows a similar re-
sponse to the variable gain governor. However, if a supplemen-
tary input to the controller is employed, dramatic improvements
in response can be obtained. In this implementation the supple-
mentary input is derived from the electrical load that the gener-
ator is supplying, measured at the alternator terminals. Such an
input provides almost instantaneous response to load variation,
whereas the input due to engine speed is limited by generator in-
ertia. In the current implementation, the variables derived from
the load are used as a state control value in the controller to
provide a rapid response to load disturbances. This results in a
reduction of the maximum frequency deviation.

The results in Fig. 12 and Fig. 13 and the summary in Table I
show a marked improvement over a controller without supple-
mentary input. This is to such an extent that now a maximum
phase difference of 50 or 60 degrees could be achieved with
rated load acceptance and rejection of approximately 25%.

IV. CONCLUSION

The concept of islanding a power system distribution network
as a way to reduce the occurrence of power outages is receiving
consideration. A method to prevent the possibility of out-of-syn-
chronism re-closure, by operating the islanded system in syn-
chronism with the mains, while not being electrically connected
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Fig. 13. Speed and phase difference for 25% load rejection for fuzzy hybrid
PID governor with supplementary input.

TABLE I
COMPARISON OFRESULTS FORSTANDARD PRODUCT VARIABLE

GAIN PID GOVERNOR AND FUZZY HYBRID PID GOVERNOR WITH
SUPPLEMENTARY INPUT

together, has been discussed. The technical problems associated
with implementation of this scheme have been identified.

To prove this concept a demonstration has been performed
on a diesel generator. The results show that a diesel generator
can be controlled to stay in synchronism with a reference signal,
and return to a state of zero phase difference after a load distur-
bance. A governor using a supplementary input derived from
the electrical load, in addition to engine speed, has been used
to provide a more rapid response to the same load disturbances.
This means that the phase difference deviates less and the is-
land can accommodate a larger load disturbance without danger
of out-of-synchronism re-closure. This leads to the conclusion
that the use of an enhanced governor control loop provides im-
proved phase control.

There are, however, several other issues that must be ad-
dressed for the introduction of distributed generation and large
scale implementation of any islanding scheme. These are

power quality, voltage regulation, avoiding unearthed opera-
tion, ensuring the correct operation of protection and safety of
personnel.

In addition, there are a number of challenges, specific to the
proposed synchronous islanded operation, that require further
investigation. These are concerned with multiset scenarios, the
effect of communications delay on system performance, co-or-
dination of protection systems, and identification of islanded op-
eration.
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