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Impact of Loss of Generation on Bus Voltage
Frequency and RoCoF

Damien Doheny
School of Electrical and
Electronic Engineering
Technological University Dublin, Ireland
Email: damien.doheny @mydit.ie

Abstract—This study investigates how the loss of a generator
impacts bus voltage RoCoF post-disturbance. The results show
that the fastest bus voltage RoCoF's will occur close to generators
impacted the most by the disturbance but this may not be the
closest generator to the disturbance. The study also demonstrates
a simple method that can be used to identify the generator that
will be impacted most after a disturbance and hence the network
location that will experience the fastest RoCoF.

Index Terms—Centre of Inertia, Bus Voltage Frequency, Bus
Voltage RoCoF.

I. INTRODUCTION

Renewable energy targets have resulted in high penetration
of non-synchronous generation. This is reducing power system
inertia and could lead to power system frequency instability
following a disturbance, such as the loss of generation [1].
Following such an event, an imbalance will exist between the
generator mechanical power and the electrical load power. This
imbalance will lead to the release of kinetic energy from the
rotational mass of the generators, resulting in a reduction in
their rotational speed and system frequency.

Systems with lower inertia have less stored rotational
energy, hence, will experience a faster rate of change of
frequency (RoCoF) for a given power imbalance. If the power
balance is not restored in an adequate time-frame, through
primary frequency control, the system frequency could fall
outside its safe operational limits, leading to the automatic
disconnection of generators [2] and system instability. There-
fore, primary frequency control in low inertia systems has
a smaller time-frame in which to respond and stabilise the
system frequency. As the time-frames get smaller we must
increase the level of detail that we study the post-disturbance
behaviour.

Fast RoCoF also poses other problems for power systems,
such as tripping of generation due to gas turbine combustor
lean blow-out [3] and mal-operation of distributed generation
anti-islanding RoCoF relays [4]. Many solutions have been
proposed to reduce fast RoCoF after a disturbance [5]. Some
studies suggest synthetic inertia as a possible solution [6]—[8].
Synthetic inertia injects active power into the power system if
the frequency deviates from a given value [8].

However, challenges exist to the optimum performance of
synthetic inertia devices, such as time delays in RoCoF mea-
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surement and communications [5]. To improve the accuracy
and speed of detection of RoCoF events, the behaviour of elec-
trical power systems post-disturbance needs to be understood.
This study investigates how the loss of a single generator
impacts the magnitude of the bus voltage RoCoF and its
location relative to the disturbance. The research shows, that
for a given contingency, it is possible to identify the location
of the largest initial RoCoF in the network.

II. POWER SYSTEM FREQUENCY

The frequency of a power system is dependant on the
rotational speed of the synchronous generators. In a multi-
machine power system the generators are synchronized to a
common system frequency, but depending on the number of
poles in the individual machines, the mechanical speed of the
generators could be different. Therefore, it is convenient to
express the speed of the generators in terms of their electrical
speed, i.e. the frequency of the induced emf into the stator
windings, rather than the actual mechanical speed of the
machines.

In steady state conditions the electrical speed of all the
generators are equal and constant. Under these conditions, the
measured bus voltage frequency throughout the system will
equal the electrical speed of the generators. Post-disturbance,
the electrical speed of the generators will oscillate around a
common centre frequency, called the centre of inertia, until
the system settles to a new steady state. During this transient
state the electrical speed of the generators will no longer be
equal. The deviation in speed between the machines, and the
oscillating power through the network, will result in local
variations between all the bus voltage frequencies. Therefore,
in transient state, three different frequencies needs to be
considered;

1) Centre of inertia frequency
2) Speed of individual generators
3) Bus voltage frequency

A. Frequency of Centre of Inertia

Following the initial impact of a disturbance, all the machine
speeds will oscillate around a common centre frequency.
Depending on the nature of the disturbance and the resulting
power imbalance, the centre of inertia will either increase or
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decrease at a rate proportional to the power imbalance and
inversely proportional to the remaining system kinetic energy.
The centre of inertia frequency as defined in [9] has an angular

velocity w and post-disturbance mean acceleration d‘j—f given
by;

> wiH;

w="1l (1)
> H;
i=1

dioa Pa

a & @
2> H;
i=1

where Pa is the power imbalance due to the disturbance, H;
and w; are the inertia constant and angular velocity of machine
1 respectively and n is the total number of machines in the
power system.

B. Speed of Individual Generators

At the instant of a disturbance the remaining machines will
instantly respond to pick up the lost power. Some machines
will pick up a greater share of the lost power compared to
others. The response of each machine is determined by its
share of the total synchronizing power to the location of the
disturbance. This is a measure of the electrical distance from
each machine to the disturbance. Closer machines will respond
to a greater extent compared to more remote machines. The
speed of the individual machines will begin to change in
proportion to their response and inversely proportional to
their individual inertias. Electrically closer machines with low
inertia will experience a relatively fast rate of change of
rotor speed (RoCoRS) and machines electrically far away with
large inertia will experience a relatively slow RoCoRS. The
synchronizing power coefficient is given by;

Psij = EiEj(Bij COS ($¢j0 + Gij sin (52']'0) (3)

where P, is the synchronizing power coefficient between
machines ¢ and j and gives the change in electrical power
of machine ¢ due to a change in angle between machines
i and j with all other angles held constant. Its unit is pu
power per radian [9], where E;, I}, §;50 are the internal emfs
and initial angle difference of generators ¢ and j, and Gj;
and B;; are the conductance and susceptance of the reduced
network admittance matrix connecting the internal nodes of
the synchronous generators ¢ and j.
The power response P;a (07) of each machine at the instant
of the disturbance is given by [9];
) +) — Psi +
PzA (0 ) - Z;L:1 Ps7k PdA (O ) (4)
J#k
For a system with n generators, Pg;j is the pre-disturbance
synchronizing power between machine ¢ and the disturbance
machine/bus k and P (07) is the change in power at the
instant of the disturbance, ¢ = 0%. The initial RoCoRS of

the individual generators is dependant on the inertia at each
machine and also on the initial response of each machine. The
initial RoCoRS, at the instant of the disturbance, of machine
1 can be estimated by;

dn; Pia (0+) fb

2oty = 2V /D 5
a )=, )

It is important to note that (5) does not take into account bus
voltage changes after the disturbance and this can also affect
how each generator responds. Therefore (5) gives an estimate
of the initial machine RoCoRS and is useful to determine

which machine will be impacted the most after a disturbance.

C. Bus Voltage Frequency

In a power system it is not practical to measure and
quantify frequency based on the centre of inertia. This would
require real time information of the speed of all connected
generators and and associated inertia [10]. It is more practical
to measure and quantify frequency based on the rate of change
of bus voltage angle. This can be achieved using phasor
measurement units (PMUs) connected to buses throughout the
system. However, the frequency measured by PMUs is not
the frequency of the centre of inertia but the local bus voltage
frequency and therefore, in a transient state, will not measure
the same frequency as the centre of inertia.

The instantaneous voltage measured at a particular bus in a
power system can be described by;

v = Vpp sin(wt + ¢) (6)

where v is the instantaneous voltage, V), is the peak voltage,
w is its angular frequency and ¢ is its phase relative to a
reference. Its angular frequency w is defined as the rate of
change of the voltage angle;

_dd

YT

Here the angular frequency w is in units of radians per

second and the instantaneous angle ¢ is in units of radians.
Dividing (7) by 27 gives the frequency f in Hertz;

)

f=5-= ®)

The phase of the instantaneous voltage phasor continuously
changes with time and after differentiating will give the
frequency in radians per second. However, the phase of the
rms voltage phasor does not change with time and after
differentiating will result in a value of zero, and not the
frequency of the voltage. To account for this, the change in
voltage frequency Af can be calculated by considering the
change in phase angle Ad over a small time duration At. The
change in frequency is then added to the base frequency f3
to give the actual frequency. Equation (8) can be modified to
reflect this;

1 A6

f:fb+EKt ©))
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To confirm the accuracy of (9), a dynamic simulation
of a disturbance was applied to the IEEE 39 bus system
using Transient Security Assessment Tool (TSAT) [11]. The
simulated voltage frequency was observed at one of the buses.
Equation (9) was then applied to the same bus voltage angle.
Figure 1 shows that the bus frequency calculated using the
rate of change of the bus voltage angle is very similar to
the bus frequency directly simulated by TSAT, confirming
the accuracy of (9). The most noticeable difference is a large
negative spike in the frequency at the instant immediately after
the disturbance when the bus voltage frequency is calculated
using the rate of change of voltage angle. This is due to the
fact that there is an instantaneous change in the voltage angle
at the instant of the disturbance, resulting in a negative infinite
rate of change of bus voltage angle.

The large negative spike in frequency is not observed in the
bus frequency directly from TSAT because a common method
used by software for power systems simulation, is to calculate
each bus frequency based on the numerical derivative of the
bus voltage angle and filter the results using a washout filter
[12]. The filtering action reduces the high frequency spike but
does not completely remove it. It can be seen that there is still
a trace of it present in the bus frequency calculated directly
by TSAT.

Alternative methods to calculate bus frequency during simu-
lations, without resulting in an initial high frequency spike, are
proposed in [12] and [13]. However, disturbances on practical
networks do produce very rapid changes in bus voltage angles
[5], [14], [15] and this is what would be seen and measured
by PMUs and other frequency measuring devices. Using
alternative methods, such as that proposed in [12] and [13], to
simulate bus frequency might mask a real world phenomenon
that would not be observed in simulations.

Practical frequency measurement devices will use an al-
gorithm to filter high frequency spikes but this introduces a
delay into the measurement. Therefore the main constraints
for filter parameters are to be insensitive to high frequency
spikes but minimise the measurement delay [15]. The delay
introduced by filtering needs to be minimised for synthetic
inertia applications [15], so this implies that high frequency
spikes could be observed more when measuring frequency and
RoCoF for synthetic inertia applications. The nature of these
transient frequencies needs to be understood better to improve
frequency and RoCoF measurement.

1) Localised Frequency Variations: Equation (9) shows that
a change in voltage angle will result in a change in bus voltage
frequency. However, rapid changes in bus voltage angle may
not be associated with a change in the speed of the syn-
chronous generators as it could be the result of a transmission
line switching events [14], [15]. Power oscillations between
synchronous machines following a disturbance can also result
in localised bus voltage frequency variations.

The transmitted power P across a lossless transmission line
with reactance X; and sending and receiving end voltages V
and V,. with a phase difference of § is given by;

(a) Bus Voltage Frequency

T 60

)

2

5995 1

o

1

= 50 ‘ ‘ ‘ ‘ ‘ ‘ |
1 2 3 4 5 6 7

T 60

)

2

g 59.95

o

1

= 509
1 2 3 4 5 6 7
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Fig. 1. Comparison between bus voltage frequency and frequency based on
rate of change of bus voltage angle: (a) Bus voltage frequency directly from
TSAT; (b) bus frequency based on rate of change of bus voltage angle.

ViVi .
P = Tl sin § (10)
hence, the phase difference across the line is given by;
PX;
§ =sin~! 11
sin A% (11)

Therefore, a change in power transmitted across the line
will result in a change in phase angle of the receiving end
voltage relative to the sending end voltage. Equation (9) shows
that the bus voltage frequency is dependant on the change in
phase angle. Hence, the change in receiving end phase angle
will result in a frequency deviation relative to the sending end
voltage.

After a disturbance the rotors of the synchronous machines
will oscillate, resulting in power oscillations and local bus
voltage frequency deviations throughout the network. Equation
(11) shows that the phase difference across a transmission
line is also dependant on the line reactance. Lines with
smaller reactances will have smaller phase angle differences
across them for a given power flow and therefore local bus
frequency deviations will be smaller in strong networks with
low impedance transmission lines.

III. METHODOLOGY

To investigate the behaviour of power system frequency
immediately after a disturbance, a model of the IEEE 39
bus system was simulated using TSAT. A disturbance was
applied to the system by disconnecting generator No. 1. The
instantaneous bus frequency and RoCoF was recorded at each
bus. Table I gives the parameters for the generators used in
the simulation.

The RoCoF recorded at each bus was then compared to each
bus location relative to the disturbance bus and also relative
to the bus of the generator that was impacted to the greatest
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extent by the disturbance. The location was expressed in terms
of the Thevenin impedance Zi;hev between buses, given by
[16l;

Z5 = Zii+ Zj; — Zig — Zjs (12)

where Z;; and Z;; are the i and j™ diagonal elements, and
Z;; and Z;; are the corresponding off-diagonal elements of
the system impedance matrix.

The impact of the disturbance, in terms of RoCoRS, on the
individual generators was estimated using (5) and this estimate
was used to predict the generator that would be impacted the
most and network location that would experience the fastest
bus voltage RoCoF.

The same methodology was then applied to a more realistic
system, a 1030 bus model of the all-island Irish transmission
system.

TABLE I
GENERATOR POWER, RATING AND INERTIA
Machine | Generated MVA H [s] H
No. Power [MWs]
[MW]

1 224 275 4.2 1155
2 573 836 3.0 2533
3 650 844 3.6 3020
4 632 1175 2.9 3360
5 508 1080 2.6 2809
6 650 1086 35 3778
7 560 1025 2.6 2707
8 540 970 24 2358
9 830 1684 35 5810
10 750 1199 50.0 59950

1
T il
11— T
8 31 10 20
9 L 32—— 34—

Fig. 2. IEEE 39 bus system

s @
®

IV. RESULTS AND DISCUSSION
A. IEEE 39 Bus System

At the instant of the disturbance 224 MW of generation
was lost from the system. Table II shows how the remaining
machines have been impacted after the loss of generator 1. It
can be seen that generator 8 has been impacted the most, as
its initial RoCoRS is -0.803 Hz/s. However, generator 10 is

closest to the disturbance but only has an initial RoCoRS of
-0.04 Hz/s. Even thought generator 10 has 34% of the total
pre-disturbance synchronising power to generator 1, making
it the electrically closest to the disturbance, generator 8 has
been impacted the most because it has significantly less inertia.
Therefore, generators electrically closest to the disturbance
may not experience the greatest impact.

Table II also shows the predicted RoCoRS obtained using
(5) and its error relative to the actual simulated RoCoRS. For
some of the generators the predicted initial RoCoRS is very
close to the simulated initial RoCoRS, however, there is a
large error for others. What is noticeable is that generator 8
was predicted to have the fastest RoCoRS and the simulation
results agree with this. This shows that it is possible to use (5)
to identify the actual machine and hence area of the network
that will experience the fastest RoCoF after a disturbance.

Figure 3 shows how the bus voltage RoCoF varies relative to
the bus of the generator impacted the most by the disturbance,
which is bus 37. Figure 3 clearly shows a strong correlation
between the magnitude of the instantaneous bus voltage Ro-
CoF and its location relative to the generator impacted the
most after a disturbance.

These results show that when a disturbance occurs in a
power system, faster instantaneous bus voltage RoCoFs will be
observed closer to the buses of generators impacted the most
by the disturbance but this might not be the closest bus or
generator to the disturbance. It could be electrically far from
the disturbance but close to the bus of a generator with low
inertia.

Figures 4 and 5 show the simulated bus voltage frequency
and centre of inertia frequency for the disturbance on the IEEE
39 bus system. It can be seen that the the frequency of the bus
voltage oscillates about the centre of inertia. At any instant in
time there can be a significant difference between any of the
bus voltage frequencies, the speed of the machines and the
centre of inertia frequency. The initial high frequency spike is
also present and clearest on the bus frequency of the generator
bus impacted most by the disturbance.

Figure 5a shows the simulated RoCoF at the centre of
inertia, the bus voltage RoCoF at the bus of the most impacted
generator and that generator’s RoCoRS. Initial values of
—0.064 Hz/s, —2.67 Hz/s and —0.8 Hz/s respectively were
observed and this highlights the extreme differences that can
exist between them.

Figure 5b shows the centre of inertia and the filtered bus
voltage RoCoF at the bus of the most impacted generator.
Here, the bus voltage RoCoF is filtered using a 500 ms
rolling window, as recommended in [15]. The initial spike in
bus voltage RoCoF has been reduced to —0.07 Hz/s, which
is almost equal to the centre of inertia RoCoF. However, a
significant delay has been introduced into the bus voltage
RoCoF by this filtering action.

B. 1030 Bus All-Island Irish System

The EirGrid Group manages and operates the transmission
grid across the island of Ireland [17]. They provided a 1030
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TABLE II
SYNCHRONIZING POWER, INITIAL ROCORS AND PREDICTED ROCORS
Machine | Synch. Initial Predicted Error
No. Power RoCoRS RoCoRS [%]
[%] [Hz/s] [Hz/s]
10 34 -0.040 -0.038 4.6
8 21 -0.803 -0.587 26.9
9 13 -0.112 -0.149 -32.7
6 8 -0.072 -0.142 -96.1
4 7 -0.121 -0.142 -18.0
3 6 -0.122 -0.127 -3.6
7 5 -0.082 -0.135 -65.2
2 4 -0.053 -0.114 -113.7
5 2 -0.065 -0.053 18.3
0 Generator 1 Trip at Bus 30
05" R ]
$ . . LI
— -1r . £ o 1
w
B °e
=) P
% -L57 °2 30 T
Q 25
=]
L a6 |
25+ 1
37
3 s s
0 0.02 0.04 0.06 0.08 0.1

Impedance measured from bus 37 [pu]

Fig. 3. Variation in instantaneous bus voltage RoCoF with distance from most
impacted generator on IEEE 39 bus system.

(a) Bus and Centre of Inertia Frequency

_ 60 ‘ ‘
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Fig. 4. Bus voltage frequency and centre of inertia frequency after the loss
of generator No. 1 on the IEEE 39 bus system; (b) closer view of the speed
of the generator No. 8, which is the generator most impacted, and its bus
voltage frequency at bus 37.
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Fig. 5. (a) Generator No. 8, centre of inertia and bus No. 37 voltage RoCoF;
(b) filtered bus voltage RoCoF and centre of inertia RoCoF.

bus model of the all-island Irish transmission system. Using
this model a similar simulation was conducted as in part (A).
Again a disturbance was simulated by tripping a generator.
Figure 6 shows the immediate impact of the loss of generator
7 on the remaining machines. It can be seen that generator 12
is the electrically closest machine to the disturbance but is not
impacted to the same extent as many other machines further
from the disturbance. Generator 8 is one of the furthest ma-
chines from the disturbance but is impacted the most. This is
because generator 8 has significantly low inertia and generator
12 has significantly high inertia. This result shows that genera-
tors far from a disturbance may be impacted disproportionally
if they have significantly less inertia compared to the other
generators and implies that buses close to generators with low
inertia are more susceptible to fast RoCoF immediately after
a disturbance.

Figure 7 shows the initial RoCoF recorded at the buses
throughout the system and each buses’ location relative to the
bus of the generator impacted the most after the disturbance. It
can be seen that the fastest RoCoF was observed at bus number
29971 and buses close to this bus. This is the bus of generator
8, the machine that was impacted the most by the disturbance.
It is intuitive to think that immediately after a disturbance
the fastest bus voltage RoCoF will occur at or close to a
disturbance, however, in this case, a machine electrically far
from the disturbance was impacted the most because of its
relatively low inertia and this resulted in the fastest bus voltage
RoCoFs being observed electrically far from the disturbance.
Equation (5) was used to identify generator 8 and bus 29971 as
the network location that would experience the fastest RoCoF
immediately after the disturbance

V. CONCLUSION

The results of the simulations show that immediately after
the loss of a generator the fastest bus voltage RoCoFs will be
seen at and close to the bus of the generator most impacted
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Fig. 6. Impact of loss of generator No. 7 on remaining machines compared
to electrical distance from disturbance.
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Fig. 7. Variation in instantaneous bus voltage RoCoF with distance from most
impacted generator on Irish system.

by the disturbance. However, this may not be the electrically
closest generator to the disturbance, it could be a generator
far away but that has significantly lower inertia. The results
also show that it is possible to identify the generator and
hence network location of the fastest RoCoF for a given
contingency using pre-contingency load flow data, share of
machines individual synchronising power to the disturbance
and local machine inertias.

This study highlights the differences between the centre of
inertia and bus voltage RoCoF immediately after a disturbance.
It shows that bus voltage RoCoF can be many times greater
than the centre of inertia RoCoF, especially if the bus is
close to a generator that has been impacted severely by the
disturbance. It was seen that the magnitude of bus voltage
RoCoF immediately after a disturbance is also dependant on
its location in the network; buses closer to generators with

low inertia are more susceptible to fast RoCoF. The effect
of location on bus voltage RoCoF is not an issue if it is
filtered because this will reduce the measured values, with the
effect that all bus voltage RoCoF values will approximately be
equal across the network. However, the action of filtering also
introduces a delay into the measured bus RoCoF signal, so as
time-frames to measure and trigger synthetic inertia become
smaller, it may become necessary to consider how the location
of a bus in a network affects its RoCoF immediately after a
disturbance.
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