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Abstract— In modern power systems with large amounts of 

dispersed generation the islanding of distribution networks is now 

a realistic possibility. Islanding can be implemented following 

system disturbances to improve the continuity of electricity 

supply and prevent blackout. Before this can become widespread 

many issues must be considered. One of the major concerns and 

the topic of this paper is out-of-phase synchronization and its 

effect on the system. To investigate this, a series of tests were 

preformed on a small 31.5 kVA alternator. The results show the 

differences in peak torque and current between synchronizations 

where the rotor either leads or lags the main system. They also let 

the authors propose a maximum acceptable synchronization angle 

for small generators that is higher than that used for larger plant. 

A simulation has been performed to give the expected system 

voltage deviations when re-connecting an island out-of-

synchronously to the main system. 

 
Index Terms--Alternators, Dispersed Generation, Islanding, 

Synchronization, Synchronous Generator Transient Analysis 

I. INTRODUCTION 

SLANDING of power networks following system events is 

receiving much attention as a way to improve continuity of 

electricity supply. One of the main technical concerns is the 

possibility of out-of-phase synchronization of the island to the 

main system. This is because large shaft torques and winding 

currents can occur during out-of-phase synchronization, 

causing stress to the generator and in the worst case damaging 

it. Severe system voltage dips are also a characteristic. To 

prevent this from happening most islanding schemes require a 

pre-definition of where the island will form. A synch-check 

relay is then placed at the island boundary or point of common 

coupling (PCC). 

To allow for a more flexible situation where the physical 

size of the island has no set limits and to avoid having to place 
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synch-check relays at each PCC, synchronous islanded 

operation has been suggested, [1], [2]. Synchronous islanded 

operation is a method of islanding where the islanded system is 

kept in synchronous with the main system while not being 

electrically connected. This is achieved by transmitting a 

reference signal from a secure part of the network and using 

global positioning satellite (GPS) synchronized time stamping 

to make sure that the island and mains voltage waveforms can 

be aligned with minimum phase difference error. 

Avoiding out-of-phase synchronization relies upon the 

quality of the control scheme. It has been shown in [2] that the 

phase difference error can be removed, remaining stable in 

steady state and recovering after load disturbances. Other work 

by the authors for future publication has been conducted on a 

diesel generator. Inevitably any load disturbances in the island 

will cause a temporary phase difference between the two 

systems. This error may be increased by voltage phase shift 

through the system.  

It is therefore useful to know how synchronization angle 

will affect the system and be able to determine a value for the 

maximum acceptable re-close angle. This paper is concerned 

with observing the effect of synchronizing a small alternator 

out-of-phase with the main system. Attention is paid to peak 

torque, current and voltage deviation. 

II. OUT-OF-PHASE SYNCHRONIZATION OF A SMALL 

ALTERNATOR 

The transient response of small alternators used in 

dispersed generation differs from that of larger generators 

discussed in [3], [4], in that due to short shaft lengths and 

because the alternator contains much of the inertial mass, 

resonance of torsional forces is highly unlikely. This means 

that on small generators synchronizing out-of-phase should be 

possible at larger angles without causing damage. 

In order investigate how an islanded system will be affected 

by out-of-phase synchronization to the main system a number 

of tests were carried out on a 31.5 kVA, 415 V, 4-pole 

alternator with parameters as given in Table I. The set-up uses 

an ac drive controlled induction machine as a prime mover 

coupled to the alternator, Fig. 1. Rotary encoder feedbacks 

from the induction machine and a mains connected 

synchronous motor are used to keep the alternator in phase 

with the main system.   
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Fig. 1.  Experiment Set-up 

 

An offset can then be used to set the phase difference at any 

desired value for the test. Phase current and voltage 

measurements are taken from the alternator terminals with 

frequency and rotor angle being measured using the rotary 

encoder attached to the induction machine. From these 

measurements, the electrical and mechanical transients during 

synchronization can be observed. 

The plots in Fig. 2 and Fig. 3 show three-phase voltage and 

current waveforms during synchronization where the rotor lags 

the mains by 50 degrees at the time of re-closure. In the plots 

this occurs at zero seconds. Fig. 4 and Fig. 5 are for the same 

magnitude of angle but where the rotor leads the mains at the 

time of re-closure. It can be seen that the synchronization of 

the voltage waveforms is immediately followed by a high but 

short lived current.  

 

 

Symbol Paramter Value

Xd d-axis reactance 2.2 p.u.

Xq q-axis reactance 1.1 p.u.

Xd' d-axis transient reactance 0.12 p.u.

τd' d-axis transient time constant 30 ms

Xd'' d-axis sub-transient reactance 0.059 p.u.

Xq'' q-axis sub-transient reactance 0.084 p.u.

τd'' d-axis sub-transient time constant 3 ms

τa aramature time conatant 4 ms

J1 induction machine inertia 0.45 kgm
2

J2 alternator inertia 0.17 kgm
2

TABLE I

PARAMETERS FOR 31.5 kVA ALTERNATOR

 

 

 
Fig. 2.  Plot to show three phase voltage waveforms during out-of-phase 

synchronization of 50 degrees where the rotor lags the mains 

 

 

 
Fig. 3.  Plot to show three phase current waveforms during out-of-phase 

synchronization of 50 degrees where the rotor lags the mains 

 

 

 

 
Fig. 4.  Plot to show three phase voltage waveforms during out-of-phase 

synchronization of 50 degrees where the rotor leads the mains 

 

 

 
Fig. 5.  Plot to show three phase current waveforms during out-of-phase 

synchronization of 50 degrees where the rotor leads the mains 
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A. Peak Current 

The physical process that occurs during an out-of-phase 

synchronization is complicated. It is similar to the more 

familiar three-phase short circuit. Both of these events are 

characterized by a sudden change in terminal voltage, however 

from the theorem of constant flux, the flux linking a circuit 

cannot change immediately. 

As the rotor moves away from the position where it was at 

the time of the event, the mutual flux linking the rotor and 

stator circuits is not maintained at a constant value. In order 

for the flux linking each individual circuit to remain 

unchanged, a dc current must flow in each circuit to create a 

leakage flux. The effect of rotation on the constant flux linking 

each circuit is to induce fundamental frequency currents in 

circuits on the other side of the air-gap. The fundamental 

frequency current flowing in the rotor circuits, induced by the 

constant stator flux, results in a double fundamental frequency 

current component in the stator. 

The fundamental frequency currents on one side of the air-

gap produce magnetomotive force (MMF) in opposition to the 

MMF required for constant flux linkage on the other. Thus to 

keep the constant flux linkage balance, more dc current must 

flow in the circuits. This is observed as a reduction in the 

reactance as viewed from the stator, referred to as the sub-

transient reactance. When the rotor has moved through half a 

cycle, the resultant leakage flux needed to maintain constant 

flux linking the rotor and stator circuits is at its maximum. In a 

50 Hz system this is 0.01 seconds after the event. Due to 

saliency the peak current does not necessarily occur when the 

rotor has moved half a cycle from the event. For a rotor 

lagging mains synchronization the peak current happens before 

0.01 s and for a rotor leading mains synchronization it occurs 

after 0.01 s. 

The currents cause energy to dissipate through resistance in 

the various circuits. Since there is no source of energy to keep 

the flux linkages at a constant value, they decay. In the stator, 

the dc current decays at a rate determined by the stator 

resistance and reactance, known as the armature time constant. 

Fundamental frequency rotor currents and double frequency 

stator currents decay at the same rate as the stator dc current. 

In the rotor energy dissipates in the field winding and damper 

circuits. The rotor flux can be split into two components, each 

decaying with a different time constant. The dc currents in the 

damper circuits decay faster than those in the field winding. As 

the resultant rotor flux decays, so do the fundamental 

frequency stator currents. 

In a small alternator such as the one referred to here, the 

time constants are short. The flux decays significantly by the 

expected time of the peak current. The actual peak current 

occurs before the time suggested by the theorem of constant 

flux linkage. Furthermore the peak current from a rotor leading 

mains synchronization is smaller than during a rotor lagging 

mains synchronization at the same angle. This can be explored 

mathematically using the equations for current given in [5] for 

synchronizing an alternator against an infinite bus. From the 

experimental results in Fig. 6 which shows the resultant 

positive sequence current variation with time and Table II, 

notice that the peak current is higher when the rotor lags the 

mains at synchronization. 

The plot in Fig. 6 compares the results of a no-load three 

phase short circuit with synchronizations of 50 degrees. It can 

be seen that the short circuit has a higher peak current value 

than both of the out-of-phase synchronizations. An alternator 

is designed knowing that a three-phase short circuit may 

happen on occasion. It is mentioned in [6] that a well designed 

alternator should not be damaged by faults where the peak 

currents do not exceed about 85% of the no-load short circuit 

value. The peak current of the 50 degrees synchronization with 

rotor lagging mains is around but not exceeding this limit.  

Also notice that he currents decay to zero after 

synchronization, while the short circuit current has a steady 

state value because the alternator is separately excited. If the 

exciter were fed from the alternator through an automatic 

voltage regulator, AVR, the short circuit current will also 

decay to zero as the supply voltage to the AVR is removed 

when the alternator terminal voltage drops to zero straight after 

the event.  

 

 

 
Fig. 6.  Plot to show resultant positive sequence current for out-of-phase 

synchronizations of 50 degrees leading and lagging, and a 3-phase short-

circuit under no-load 

 

 

Test Current Electric Power

3-Phase Short Circuit 15.0 p.u.

Rotor Leads Mains, 50 degrees 10.0 p.u. 5.2 p.u.

Rotor Lags Mains, 50 degrees 12.7 p.u. 10.0 p.u.

PEAK CURRENT AND ELECTRIC POWER DURING TESTS

TABLE II

 

 

B. Peak Power and Torque 

The instantaneous electrical power is calculated from the 

phase voltages and currents, Fig. 7. As with peak current the 

magnitude of peak electrical power is larger when the rotor is 

lagging the mains at synchronization. Table II shows the peak 

electric power measured by the tests. When the power flows 

into the alternator during a rotor lagging mains 
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synchronization, all the power involved is measured, with the 

exception of magnetizing power supplied by the exciter and 

steady state losses due to friction and windage supplied by the 

prime mover. This means that the measured power magnitude 

is equal to the synchronizing power that is acting to reduce the 

angle between the rotor and stator, plus any ohmic power loss 

due to resistance in the windings. When electric power flow is 

out of the alternator during a rotor leading mains 

synchronization, the measurement equals the synchronizing 

power minus the ohmic power loss, thus it tends to be smaller. 

 

 

 
Fig. 7.  Plot to show transient electrical power for out-of-phase 

synchronizations of 50 degrees leading and lagging 

 

Rotary encoder pulses provide information on the 

frequency and rotor angle transients, and can also be used to 

calculate the air-gap torque. Fig. 8 shows the frequency 

transients after synchronizations at 50 degrees with the rotor 

leading and lagging the mains, and also for a three-phase short 

circuit with the alternator unloaded. The variation of load 

angle during the 50 degrees synchronization events are in Fig. 

9. The rotor leading mains graphs have a higher frequency 

deviation and rotor angle overshoot.  
 

 

 
Fig. 8.  Plot to show frequency variation during out-of-phase synchronizations 

of 50 degrees leading and lagging 

 

The air-gap torque is calculated by the equation in (1). 

Since the total plant inertia, J is known by adding J1 and J2 

from Table I, the maximum rate of change of frequency can be 

used to calculate the peak air-gap and shaft torques during the 

disturbance. ΔT and ΔP are the torque and power imbalances 

and m is the mechanical speed of the alternator. 

2

2

2 dt

d
J

polesP
T

m







                 (1) 

The peak air-gap torques are shown in Table III. From the 

air-gap torque attention is directed towards two points. Firstly, 

that the three-phase short circuit torque is higher than that of 

both the 50 degrees synchronizations. Secondly, that the 

magnitude of the peak torque is higher when the rotor leads the 

mains prior to synchronization than when the rotor lags the 

mains. This is the opposite situation to that posed in Fig. 7 

concerning the electrical power.  
 

 

 
Fig. 9. Plot to show rotor angle variation during out-of-phase 

synchronizations of 50 degrees leading and lagging 

 

 

Test Peak Torque

3-Phase Short Circuit 13.8 p.u.

Rotor Leads Mains, 50 degrees 9.6 p.u.

Rotor Lags Mains, 50 degrees 7.4 p.u.

TABLE III

PEAK AIR-GAP TORQUE DURING TESTS

 

The air-gap torque comes from any power derived by flux 

linking across the air-gap, and includes both a synchronization 

torque acting to reduce the angle between the rotor and stator 

axis and a unidirectional torque component from ohmic losses, 

[5], [7], [8]. Not all the ohmic power loss contributes to a 

unidirectional torque. The losses that do not provide torque 

come from dc components of current that decay quickly in the 

various stator and rotor circuits, as well as the magnetizing 

power loss in the rotor supplied by the exciter. As the 

alternating components of current are due to flux crossing the 

air-gap, then any ohmic loss that is a consequence of this will 

also be observed as a unidirectional torque. This unidirectional 

torque always acts against the direction of rotation and so will 
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slow the rotor. Thus for air-gap torque, if synchronization 

happens when the rotor is leading the mains, the unidirectional 

torque adds to the synchronizing torque that acts to reduce the 

rotor angle by decelerating the machine. If synchronization 

occurs when the rotor is lagging the mains, the synchronizing 

torque acts to accelerate the machine and against the 

unidirectional torque, meaning the resultant torque is smaller. 

This is not the only factor contributing to the difference in 

peak torque. In a rotor leading mains synchronization the peak 

torque occurs at a frequency below 50 Hz, while in a rotor 

lagging mains synchronization it happens at a frequency above 

50 Hz, Fig. 8. This means that even if unidirectional torque is 

neglected and the mechanical powers involved are assumed 

equal, a higher torque in a rotor leading mains synchronization 

is expected. 

C. Estimation of Peak Power and Torque 

To give an appreciation of the effects of larger phase angles 

the plot in Fig. 10 gives an estimation of the peak torque and 

electric power for different synchronization angles in keeping 

with the theory [5], [7]. A positive angle represents the rotor 

leading the mains. The largest values of peak power and torque 

occur at around 120o due to Xd’’ being smaller than Xq’’.  
 

 

 
Fig. 10.  Plot to show peak torque variation with load angle 

 

To this point only the air-gap torque, Tag, has been 

calculated. However since the alternator is a robust piece of 

equipment, any mechanical damage is more likely in the shaft 

coupling, or engine crankshaft if the prime mover were a 

diesel engine. As the system has high electrical damping and 

there is a short shaft length it allows mechanical damping and 

shaft spring constants to be ignored. A simplified equation (2) 

can be used to give the proportion of the torque experienced 

by the shaft connecting the alternator to the induction machine, 

Tshaft. 

21

1

JJ

J
TT agshaft


                          (2) 

The ratio of inertias means that the connecting shaft torque 

is about 73% of the air-gap torque. 

In a diesel generator the alternator usually contains most of 

the inertia, thus the crankshaft torque is likely to be no more 

than 1/3 of the air-gap torque. The induction machine 

connecting shaft torque and expected diesel generator 

crankshaft torque are plotted in Fig. 10. 

If it is taken that generation units may experience a three-

phase short circuit and so are designed to cope with such, as 

long as the peak torque and current generated by an out-of-

phase synchronization is less than this, the machine should not 

be damaged. Under this supposition a 50 degrees 

synchronization of a unit with short shaft length, either with 

the rotor leading or lagging the mains is acceptable. Note that 

if the alternator is connected when the rotor leads the mains 

there is a higher torque and if connection is when the rotor lags 

the mains there is a higher current. 

III. SIMULATION OF VOLTAGE TRANSIENTS DURING RE-

CONNECTION OF AN ISLANDED SYSTEM 

While high shaft torques and winding currents are of 

concern when considering the generation unit, it is the voltage 

transients that will have most affect on the system loads. The 

effects of voltage disturbances are detailed in [9]. 

With experimental tests performed on the 31.5 kVA 

alternator, small but observable voltage transients are 

measured, see Fig. 2 and Fig. 4. For the rotor lagging the 

mains, there is a voltage dip due to high inrush current. When 

the rotor leads the mains there is a voltage rise due to the high 

output current. 

As an islanded system will likely include many parallel 

connected generators, the effect of voltage deviations will be 

much higher than seen in the experiment using a single 31.5 

kVA alternator. To investigate this further a simulation was 

performed on a model distribution network modified from that 

in [10], using DIgSILENT. The system model represents a 

residential network with a load demand of 1.89 MW at a 

power factor of 0.9 and is shown in Fig. 11 with the 

parameters given in Table IV. For simplicity the loads are 

taken to have constant power.  
 

 

 
Fig. 11.  Simulation model of 11kV residential feeder 

 

The simulation is performed with multiple small generators 

connected in parallel at bus 12, to give a total capacity of 2 

MW, with characteristics as defined previously for the 31.5 

kVA alternator in Table I. The point of re-closure to the main 

system is the line connecting buses 6 and 12. As the most 

severe voltage deviations will occur close to the generator, the 

voltage transient at bus 12 is shown for synchronizations of 50 

degrees in Fig. 12 and Fig. 13. As expected from the results in 
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Section II, the maximum voltage deviation occurs when the 

rotor lags the mains. This has recovered to within 6% of 

nominal by 50 ms after the event. The rotor leading mains 

synchronization has a voltage rise recovering in a similar time 

period.  

 

From     

(bus)

To      

(bus) R      (ohms) X      (ohms)

Load    

(MW)

1 2 0.077 0.078 0

2 3 0.232 0.235 0

2 10 1.868 0.700 0.27

3 4 0.522 0.528 0.15

3 7 2.088 0.783 0.27

4 5 0.232 0.235 0

4 11 1.868 0.700 0.27

5 8 1.978 0.742 0.27

5 6 0.522 0.528 0.15

6 9 1.649 0.587 0.27

6 12 1.868 0.700 0.27

11 kV FEEDER DATA

TABLE IV

 

 

 
Fig. 12.  Simulation to show voltage variation at bus 12 during out-of-phase 

synchronization where islanded system leads mains by 50 degrees 

 

 

 
Fig. 13.  Simulation to show voltage variation at bus 12 during out-of-phase 

synchronization where islanded system lags mains by 50 degrees 

 

Fig. 14 gives the peak voltage drop and rise for different 

synchronization angles. The results show that out-of-phase 

synchronization would indeed cause appreciable voltage dips 

on the system, especially at larger angles. In keeping with the 

proposition from Section II that a 50 degrees synchronization 

is acceptable, then the system would expect to receive a 

voltage deviation of about 20%. 

A 50 degrees synchronization produces a voltage deviation 

less than that in [9] that will cause contactors to drop out. 

However the voltage deviation will affect electronic devices 

without sufficient energy storage. Despite this, low angle 

synchronizations have less severe system voltage effects than 

3-phase short-circuits and the voltage transient is no more 

severe than that described in [11]. 

 

 

 
Fig. 14.  Peak voltage deviation for different out-of-phase synchronization 

angles of islanded system 

IV. CONCLUSION 

The effect that out-of-phase synchronization has on a small 

31.5 kVA alternator was investigated through experiment. 

Measurements were taken of voltage, current, frequency and 

transient rotor angle, with torque being inferred from rate of 

change of frequency. Peak torques and currents for 

synchronizations at 50 degrees were found to be less than that 

of a three-phase short circuit. It has been proposed that a 

synchronization angle of 50 degrees would be acceptable for 

small generators. The results also show that there is a 

difference between leading and lagging synchronizations that 

can be described by machine theory. If the rotor leads the 

mains before synchronization there is higher shaft torque, but 

if the rotor lags the mains there are higher winding currents. 

A simulation was performed to give the expected voltage 

deviations that would occur when out-of-phase re-closure takes 

place between islanded and main power systems. This is most 

severe close to the terminals of the dispersed generator. For 50 

degrees synchronizations, the voltage deviation is highest 

when the island lags the mains, this being a dip in voltage. In 

an island leading mains re-closure there is a voltage rise. 

The implications of this work are that synchronization 

windows for small alternators could be increased significantly 

beyond that which would be regarded conventionally as being 

acceptable for large power system generators. The difference 

between leading and lagging synchronizations is also 

interesting as it suggests that the window could be skewed to 

one side depending on the desired torque, current and voltage 

deviation limits. 
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For the proposed synchronous islanded operation to be 

applied to a large scale system other issues must be addressed. 

The communication delay in transmitting the reference signal 

and its affect on the control system are of primary concern. 

The manner in which the voltage phase angle varies 

throughout the power system also needs to be assessed. These 

two aspects are currently under investigation by the authors. 

In addition it is important in any islanding scheme that 

proper procedures are adopted to ensure personnel safety, 

prevention of unearthed operation and acceptable power 

quality. 
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