Synchronous Generators Working
in Parallel




Governor Diagram (for systems with one generator only)
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Governor diagram with speed droop feedback
(for systems with multiple generators)
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R (droop) determines change in unit’s output for a given change in
frequency.

« Common practice: change in load will be compensated by generator
unit output changes that are proportional to each unit’s rated output.



Allocation of unit outputs with governor droop (R)
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By changing the load reference set point (i.e., the main control input
of a generator), the load can be shared at any desired proportion.



Example

A generator with no-load frequency of 61.0 Hz and droop R =1Hz/MW is
connected to Load 1 that is consuming 1 MW of real power at 0.8 PF
lagging. Load 2 (that to be connected to the generator) consumes a real
power of 0.8 MW at 0.707 PF lagging.

)&

Turbing generatos

Laoad 1

-
e

Py

//
=

1. Find the operating frequency of the system before the switch is
closed. (ans. 60 Hz)

2. Find the operating frequency of the system after the switch is closed.
(ans. 59.2 Hz)

3.  What action could an operator take to restore the system frequency
to 60 Hz after both loads are connected to the generator? (ans.
increase the governor no-load set point by 0.8 Hz)
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Generators connected in parallel

* Synchronous generators operate in parallel with other
synchronous generators to supply power to the connected
load.

* Obvious advantages of this arrangement are:
— Several generators can supply a bigger load;

— A failure of a single generator does not result in a total
power loss to the load, thus increasing reliability of the
power system;

— Individual generators may be removed from the power
system for maintenance without shutting down the load;

— A single generator not operating at near full load might
be quite inefficient. When having several generators in
parallel, it is possible to turn off some, and operate the
rest at near full-load condition.



Conditions required for paralleling generators
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* Closing the switch arbitrarily can cause severe damage. If
voltages are not the same (magnitude, frequency, phase,
sequence) in both lines, a very large current will flow when the

switch is closed.
* To avoid this, the following conditions must be met:
— The rms line voltages of the two generators must be equal.
— The two generators must have the same phase sequence.
— The phase angles of two “a” phases must be equal.

— The frequency of the oncoming generator must be slightly higher
than the frequency of the running system.



Steps for paralleling generators (3-light bulb method)
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Adjust the field current of the oncoming generator to make its terminal
voltage equal to the line voltage of the system (use a voltmeter).
Compare the phase sequences of the oncoming generator and the
running system by examining the three light bulbs. If all three bulbs get
bright and dark together, both generators have the same phase
seqguences. If not, two of the conductors must be altered.

The frequency of the oncoming generator is adjusted to be slightly
higher than the system’s frequency.

When all three lights go out, the voltage across them is zero and,
therefore, machines are in phase. This is the time to close the switch.




Parallel operation of generators of similar size

 The slope of the frequency-power
curve of G1 is of the same order of
magnitude as that of G2.

* The power-frequency diagram
right after G2 is connected to the
system is shown to the right.

* As indicated previously, in order for
G2 to come in as a generator, its
frequency should be slightly higher
than that of G1.
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Parallel operation of generators of similar size

* Note that the sum of the real and Gcnmm,.} ST
reactive powers supplied by the two
generators must equal the real and
reactive powers demanded by the load:

Bowd = For + Fis 3
Generator | Je Generator 2
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* If the load reference set point of G2 is
increased, its power-frequency diagram ;. 7. = s
shifts upwards. This will in turn

— increase the real power supplied by G2 Pr
— reduce the real power supplied by G1
— increase the system frequency.

* To bring the frequency down, the load

reference set point of G1 must be
reduced.
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Example

Two generators are set to share a load. G1 has a no-load frequency set
point of 61.5 Hz and a droop of 1 Hz/MW. G2 has a no-load frequency set
point of 61.0 Hz and a droop of 1 Hz/MW. The two generators are supplying
a load of 2.5 MW at 0.8 PF lagging. Answer the following:

a) System frequency? Ans. 60 Hz
b) Power generated by G1 and G2? Ans. 1.5 MW and 1 MW

c) An additional load of 1 MW is added, find the system frequency and the
generator powers? Ans. 59.5 Hz, 2 MW, and 1.5 MW

d) Repeat c) after the no-load frequency set point of G2 is increased by 0.5 Hz?
Ans. 59.75 Hz, 1.75 MW and 1.75 MW.
e
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e Similarly, an increase in the field
current of G2 will result in

Parallel operation of generators of similar size

— An increase of the reactive power

supplied G2,

— A reduction of the reactive power

supplied G1.

— An Increase of the system terminal

voltage.

To bring the voltage down, the field
current of G1 must be reduced.

Loads

Generator 1

KVAR  Ca Q6 O Qs KVAR

Crenerator |

— |

. I
V= constant | I

i
I
I
kKVAR & o

I

|

1

I

| —

i |

0 05 kVAR



Synchronizing a generator with the grid

The grid is a very large power network with hundreds (if not
thousands) of generators working in parallel.

For example the western grid covers 11 Western states and two
Canadian provinces (Alberta and British Columbia)

Such a large grid can be thought of as an infinite bus, i.e., a power
system that is so large that its voltage and frequency do not vary
regardless of how much real and reactive power is drawn from or
supplied to it (i.e., the power-frequency and reactive power-voltage

characteristics are essentially horizontal lines.
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Synchronizing a generator with the utility grid

Infinite bus
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Consider adding a generator to an
infinite bus that is supplying a local
load.

The additional generator causes no
observable changes to the system
voltage nor frequency.

The frequency and terminal voltage
of both machines must be the same.

Therefore, their power-frequency
and reactive power-voltage
characteristics can be plotted with a
common vertical axis, as before.
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Parallel operation with the utility grid

e |f an attempt is made to
increase the speed of the
generator after it is connected
to the infinite bus by raising the
no-load frequency set point, the
system frequency cannot
change and the power supplied
by the generator increases.
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* Note an increase in power (with
V, and E, staying constant),
results in an increase in the
power angle 6.




Parallel operation with the utility grid

« By adjusting the field current of the machine, it is possible
to make it to make the generator supply or consume
more or less reactive power Q.

« Summary: when the generator is operating in parallel
with an infinite bus:

— The frequency and terminal voltage of the generator are
controlled by the infinite bus to which it is connected.

— The governor load reference set point of the generator
controls the real power supplied by the generator to the
system.

— The generator’s field current controls the reactive power
supplied by the generator to the system.



Synchronous Generator Rating

 The purpose of ratings is to protect the machine from damage.
Typical ratings of synchronous machines are voltage, speed,
apparent power (kVA), power factor, and field current.
— The rated frequency of a synchronous machine depends on the
power system to which it is connected. Once the operation

frequency is determined, only one rotational speed in possible for
the given number of poles.

— For a given design, the rated voltage is limited by the flux that is
capped by the field current. The rated voltage is also limited by
the windings insulation breakdown limit.

— The maximum acceptable armature current sets the apparent
power rating for a generator.

— Rated Power factor is the minimum PF that can be achieved at
rated apparent power before derating.

— The maximum field current limits the heating in the field winding.



Sample of Generator Nameplate




Synchronous Generator Real and Reactive Power

Constant power

P=V.l cosd , ‘ S, E,
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If the armature resistance
is ignored, then the above
powers can be rewritten
as follows

——— - ————

P:LEasin5 ; |

|
S . '\ E, |I]X;sin#
i |

Q= ;(/—t{Ea coso —V.}

S




Generator Loading Capability Diagram
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Generator Loading Capability Curve
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Practice Problems

* Solve problems 6.2 through 6.7.



