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Abstract: The operation and the development of power system networks introduce new types
of stability problems. The effect of the power generation and consumption on the frequency of
the power system can be described as a demand/generation imbalance resulting from a sudden
increase/decrease in the demand and/or generation. This paper investigates the impact of a loss of
generation on the transient behaviour of the power grid frequency. A simplified power system model
is proposed to examine the impact of change of the main generation system parameters (system
inertia, governor droop setting, load damping constant, and the high-pressure steam turbine power
fraction), on the primary frequency response in responding to the disturbance of a 1.32 GW generation
loss on the UK power grid. Various rates of primary frequency responses are simulated via adjusting
system parameters of the synchronous generators to enable the controlled generators providing a
fast-reliable primary frequency response within 10 s after a loss of generation. It is concluded that a
generation system inertia and a governor droop setting are the most dominant parameters that effect
the system frequency response after a loss of generation. Therefore, for different levels of generation
loss, the recovery rate will be dependent on the changes of the governor droop setting values. The
proposed model offers a fundamental basis for a further investigation to be carried on how a power
system will react during a secondary frequency response.

Keywords: demand side response; frequency response; frequency stability; generation system;
National Grid

1. Introduction

The operation and the development of power system networks introduce new types
of stability problems [1-3]. The effect of the power generation and consumption on the
frequency of the power system can be described as a demand/generation imbalance
resulting from a loss of generation or load manifests itself as a variation in the system
frequency [4]. A high demand on consumption will cause system frequency to decrease,
while low demand on consumption will increase the system frequency, and vice versa
with the generation [5]. There are many possible parameters involved when analysing the
problems associated with the controlled operation of the power systems [6].

A power system is a highly nonlinear system and its dynamic response is influenced
by a wide range of devices with different characteristics and response rates [7]. Character-
istics such as rapid load changes and generation outputs, loss of synchronisation among
generators, short-circuiting on the transmission, and other operating parameters that are
affected by the changes of the environment and operational disturbances.

Although the power systems are designed to withstand wide-ranging disturbances,
stability of the power system becomes remarkably unstable with the greater . The potential
of research in investigating how power generation—consumption and frequency stability
affect the overall performance of the power grid system, including the parameters that define
and determine the frequency output after a disturbance, has remarkably increased [9].
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At the generation side, the rotational speed of synchronous machines is directly
proportional to the systems frequency [10,11]. Frequency stability refers to the ability of
the power system to maintain steady frequency following a severe system disturbance
resulting in a significant imbalance between generation and load [8,12]. Deviations in
frequency will result in the use of control applications to regulate the frequency of the
power grid to the safe and satisfactory levels [13,14]. The UK Grid regulates frequency
to be maintained at £1% of the nominal system frequency (50 Hz), except at exceptional
circumstances [15].

Demand Side Response (DSR) is a real-time intervention using energy controlled
applications when the power systems is disturbed or stressed [16]. Load-shedding is a
coordinated controlled response which results in reduction in electrical load, this relieves
stress on the main power system [17].

Frequency response services are classified into the following three categories [18], as
illustrated in Figure 1. A primary response occurs when the frequency deviation > +0.2 Hz
form the nominal 50 Hz and lasts for 30 s until the secondary response starts. A secondary
response occurs after the primary response and lasts up to 30 min. The Firm Frequency
Response (FFR) is an additional service that is like the automatic generation control (AGC)
uses consumption or generation to provide the service requirements [19].
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Figure 1. A typical frequency response rate to a disturbance identifying primary and secondary
response rates (Reprinted with permission from ref. [20]. Copyright 2018 MDPI).

Dahal et al. [2] investigated a small signal stability of the renewable wind and solar
PVs based on distribution system fed by synchronous induction and static generators.
The controlled voltage and power factor operations of the synchronous generators were
considered. Eigenvalue analyses were corroborated with the time domain analysis to
determine the impact of renewable energy resources penetration on the power system. The
results showed that wind generators cause a high system oscillation, whilst the solar PVs
improve the small signal behaviour of the system.

Teng et al. [15] presented a case study based on using an advanced stochastic genera-
tion scheduling model, which suggests that the delivery of frequency response via DSR
could significantly reduce the system operation cost, wind power limitation, and CO,
emissions in the future power system characterized by high wind renewable penetration
in the UK. The results showed dramatic variations in frequency response requirements
caused by high penetration of wind.

Qazi and Flynn [4] investigated and analysed the implications of large-scale decen-
tralised DSR resource seasonal variations on system operation and system recovery post a
loss of large infeed /load. Additionally, they addressed how the DSR controller hardware
characteristics influence the provision and effectiveness of reserve delivery. The seasonal
variations, residential customer behaviours, and the diversity of individual device charac-
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teristics were identified, and a thermodynamic model of a flexible load integrated with a
detailed power system model was developed.

Zin et al. [17] investigated several static and dynamic low frequency load-shedding
schemes, by taking into account the voltage and frequency characteristics and the size of
the disturbance on five buses power system in order to determine the amount of load shed,
minimum value of low frequency, and recovery time.

Muhssin et al. [18] developed a dynamic frequency control to examine and evaluate
the aggregation of large numbers of the domestic small fridges and heat pumps to deliver
Firm Frequency Response service in order to maintain a balance between the supply with
demand based on a simplified Great Britain power system model. It was reported that
the aggregated loads offered high power capacity and hence an instantaneous frequency
response service could be cost effectively achieved.

Pathak et al. [21] investigated the operation and performance of the automatic gen-
eration control (AGC) of thermal power plants system under different levels/schedules
of power generation. It has been reported that that the dynamic model parameters of the
steam turbines, turbine time constants and power fractions, were changed with the changes
in the generation schedules of the plant, in order to examine the dynamic performance of
AGC system. The presented results demonstrate the potential of this approach.

Postnikov et al. [22] presented a novel and validated model that enables a large scale
control of distributed retail refrigeration systems in responding to demand side response
event. Transient responses of the system during the event showed significant fluctuations
of active power when compressor network responds to both primary and secondary parts
of a DSR event.

Albayati et al. [23] investigated the impact of responding to the secondary static
demand side response events, on the supply power profile and energy efficiency of the
widely distributed aggregated commercial refrigeration systems. The aggregated loads
contributed to the necessary load-shed by 97.3% at the beginning of response and 27%
during the remaining 30 min.

Cheng et al. [24] approached the problem of frequency instability in a power system
by incorporating a control algorithm for a model of refrigerators to respond to deviations
in system frequency by regulating their power consumption, in responding to a sudden
loss of generation of 1.32 GW. A total of four different population number of refrigerators
(0, 100, 1000, and 10,000) were used as the demand load acting as direct load control (DLC).
The refrigerators help mitigate and regulate the systems frequency variation and thus
reduce the pressure on the generators.

Cheng et al. [25] incorporated a virtual energy storage system (VESS) in responding to a
sudden loss of generation of 1.22 GW. The VESS releases energy immediately in response to
the deviation of the systems frequency. A VESS is designed as a single high capacity energy
storage system. The simulated results had shown that the VESS was able to provide low and
high frequency response like the conventional ESS. Results show that the VESS provides a
quicker response to frequency variations compared to the conventional generators.

This paper investigates the impact of a loss of generation on the transient behaviour
of the power grid frequency. A simplified power grid model that tests and simulates the
effect of model parameters on the frequency response will be developed to examine the
effect of four operational parameters of the generation systems (system inertia, governor
droop setting, load damping constant, and the high-pressure steam turbine power frac-
tion) in controlling and stabilising the systems frequency post responding to the primary
frequency response. One potential approach would be to regulate the generator speed
which can control the power system frequency by incorporating a governor that controls
the turbine speed via the turbine gate of the generator, essentially highlighting the effect
of the operational parameters of the generation systems in controlling and stabilising the
systems frequency post responding to the primary frequency response.
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2. Power System Model and Governing Parameters

According to the electricity supply regulations (ESR) in the UK, the system frequency
in England and Wales must be maintained at 50 = 1% Hz apart from exceptional cir-
cumstances. The National Grid (NG) has an obligation to plan and operate the power
system with respect to the ESR and incorporated with the transmission licence to ensure
compliancy, these obligations are presented in Table 1 [26].

Table 1. Frequency containment policy of the UK National Grid.

Frequency Deviation Conditions
102 Hz Normal operation limit for an allowable maximum frequency
’ variation for loses <+300 MW.
405 Hz Significant operation limit for an allowable maximum

frequency variation for losses >+300 MW but <41000 MW.

Major operation limit for an allowable maximum frequency
—0.8Hz variation for loses >1000 MW but <1320 MW, restoration to
49.5 Hz must be achieved within 1 min.

Emergency operational limit when the loss of generation is >
1320 MW or when the frequency falls below 49 Hz. Frequency
values in this category results in load shedding or complete
grid shutdown.

>—0.8 Hz

A simplified power grid model that tests and simulates the effect of model parameters
on the frequency response, will be developed to examine the effect of the operational
parameters of the generation systems in controlling and stabilising the systems frequency
post responding to the primary frequency response. One potential approach would be to
regulate the generator speed which can control the power system frequency by incorporat-
ing a governor that controls the turbine speed via the turbine gate of the generator. The
primary frequency response will be controlled by the lumped generator units associated
with the following assumptions that will be considered in order to simplify the developed
model as given below:

e  To reduce complexity, islanding and faults along the transmission will not be con-
sidered in the power grid model. Assuming there is sufficient transmission capacity
enables the modelling from demand tripping. If transmission was not sufficient then
the modelling would be more complex and would require a transient model. The
results would be more accurate, but the findings would be concluded the same.

e  The model represents a collective performance of all generators. Additionally, inter-
generator oscillations are neglected, and coherent average response is assumed; there-
fore, individual generators are not observed. Additionally, only active power is
considered while reactive power is relatively independent, assuming an equivalent-
generator system model for practicality reasons. If the behaviour of the generators
were observed individually rather than averaged, the results would be slightly less
accurate, and the investigation would be too complex for this type of research.

e  Free-governor operation; therefore, the change in frequency is compensated by the
change in generation and not assisted by external power supplies. Assuming no
external power supplies means the system is self-dependent. If this was not the case,
the primary frequency response would be faster and more efficient; however, this was
not the scope of the investigation and therefore the findings would be different.

A total of 100% generation level; therefore, the generators are working at full capacity.
Only primary frequency response rate is going to be analysed; therefore, only the high-
pressure section of the turbine will be considered in this model, whilst the intermediate
and low pressure sections have longer time constants and, therefore, can be neglected.
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The developed model is designed based on a synchronous generator diagram shown
in Figure 2. The change in the load is an automatic change in the electrical power output T,
of the generator, this change causes an imbalance between the electrical power T, and the
mechanical torque T, which results in the frequency variation; this imbalance refers to the
change in the speed of the shaft w;,. To successfully control the frequency of the system,
the mechanical output torque T;; must be adjusted and controlled by the main steam valve;
this is accomplished through the governor component. When an imbalance occurs, the
shaft speed w;, acts as a feedback signal, if T, is greater than T, the shaft power increases,
which results in the governor reducing the main inlet valve; however, when T}, is smaller
than T, the opposite occurs [27].

Main
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Figure 2. Block diagram of a synchronous generator (Reprinted with permission from ref. [27]).

The changes of the mechanical AP, and electrical power AP, of the generator can be
expressed in Equations (1) and (2) below [28,29].

d
APy + AP = 2Heg = (Atwn) )

where Awy, (rad/s) is the change in the angular velocity of the shaft, H, is the equivalent
angular inertia constant of the generator. The change of electrical power AP, due to the
changes in frequency can be expressed as [29].

AP, = AP, + D. Aw,, @)

where AP}, is a non-frequency sensitive load change, D. Aw;, is a frequency sensitive load
change, and D is the load damping constant. The damping constant captures the effect
of frequency-sensitive load. The load damping constant symbolises the lumped percent
change in the load for a 1% change in frequency. Therefore, investigating the impact of H,
and D on the frequency of the power system due to the changes in mechanical power from
multiple generators and the change of load AP] is a vital [30].

By re-arranging Equations (1) and (2) and Laplace transforming, Equation (3) is
yielded, which represents a simplified model with an equivalent inertia constant He; and
lumped load-damping D constant, as shown in Figure 3. Thus, when there is an increase
on the power demand, AP; will have a negative sign, and a positive for the decrease on
the power demand [30].

APy + AP, = Awy, (2Hegs + D) (©)]

The equivalent angular inertia constant of the generator H,; represents the sum of
the inertia for different types of generators in relation to the power system base Sg. The
equivalent inertia of the system can be determined by Equations (4) and (5) [30].

S B,machine
Hsystem = Huachine * S - 4)
B,system
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Figure 3. A simplified model for frequency control, through the analysis of equivalent inertia constant
and load damping constant.

The system inertia is a key element of how the generators respond to the changes
of the grid frequency. Table 2 presents different inertia constants for different generation
systems of nuclear, coal, gas, and combined cycle gas turbine systems CCGT [31].

Table 2. Different generation systems with respective inertia constants.

ngnerator Hyuclear Heoal Hgas Hcear
Value (s) 3 4.5 6 9

According to the UK grid code, for a primary response, all generators should have
a governor droop setting R (in %) between 3% to 5% [32]. The governor droop setting
distinguishes how the generation systems coupled to the power output changes of the
power system in relation to the changes in system frequency. This characteristic reduces
the speed of the generator rotor as the load increases. The governor droop setting R (in %)
can be determined by Equation (6) [30].

_ frequency or speed change % £100 = UNL=WFL 100 ©)
power output change % wo

R(%)

where w,, wny, and wry, represent the rotor speed at steady-state speed, at nominal no load,
and at full load, respectively, and where R is the ratio of speed or frequency deviation to the
power output change, in p.u. For a multi-generator system, R, can be determined through
the combined individual speed-droops of ‘n’ single units, as given in Equation (7) [30].

@)

1
Reg= 17 1
The change of the system frequency Af depends on both R,; and D values. Af can be

represented by the steady-state frequency deviation Afss, which follows the change in load
AP as given in Equation (8) [30].

—AP
Afss = 1 L

T ®)
R +D
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The governor-turbine generation governing settings of the proposed model are pre-
sented in Figure 4 [30]. T1/T; is the high-pressure power fraction which represents the
fraction of the total power generated by the high-pressure part of the turbine, T¢ is the time
constant for governor inlet valve, and T7 is the time constant for turbine output valve [30].
T1/T; is not delayed by the reheating; this achieves a stable response from the speed control,
while the governor transfer function is a proportional gain of 1/R achieving a stable load
division across multiple generating units operating in parallel [30].

1 1+ sT, 1
1+STG 1+ST2 1+STT

Governor Turbine

Figure 4. Governor-turbine transfer function.

By incorporating all the proposed governing equations and the operational assump-
tions as presented above, the following generic power system model is developed, as
shown in Figure 5. This power system model focuses on the generation side in responding

to the primary frequency response.

Negative Feedback Loop

y
1/Ds 1

/Droo —_—

P Req

, 1
Load * 1 N 1+sT, L] 1 + Af:
Reference 1+ STG 1+ STZ 1+ STT { ZH,QS +D
Governor Turbine Power System
Demand/Generation
Change

Figure 5. A generic turbine-governor power system model.

3. Model Testing and Validation

To validate the developed power system model, parameters of the proposed model
are adapted from the actual frequency event occurred on the UK National Grid system on
15 August 1995 following a loss of 1.22 GW of generation incident at a 25 GW base load, as

shown in Figure 6 [33].
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Figure 6. An actual frequency event occurred on the NG power system on 15 August 1995 (Reprinted
with permission from ref. [33]).

A SIMULINK model that has the capability to simulate and control various rates
of primary frequency responses, via adjusting system parameters of the synchronous
generator using first order transfer functions, is presented in Figure 7, incorporating
the parameters given in Tables 1 and 2, which are summarised in Table 3 below. These
parameters incorporated a generation loss of a 1.22 GW, simulating a frequency drop
event due to the loss of generation as presented in Figure 8. Comparing the simulated
frequency response to the actual frequency event as shown in Figure 6, the parameters
used have successfully achieved high resemblance between the actual frequency event and
the simulated response of Figure 8, which provides a reasonable validation. By adjusting
four parameters and incorporating a maximum allowable generation loss of a 1.32 GW
with a system load base of 25 GW. The parameters that will be investigated are as follows:

1. The effect of the systems inertia H.

2. The effect of the governor droop setting R;.

3. The effect of the load damping constant D.

4. The effect of the high-pressure steam turbine power fraction (T;/Ty).

1 Vsl 2541 1 1
Y 0zl ‘I 125 +1 g BT A’Q ’ 185+1 @% ':

— Scope
1fdroop of UK power system)  Governor Limitee Turbine part 1 Turbine part 2 rotorfload: UK system UK steady stata
frequency
Fnorminal, pu

Time of Event

1,220,000,000= o X

LoadfGeneration change delta F, W
=0 Load increase/Generation decrease
<0 Load decrease/Generation increase

23,000,000.000

System Basa, W

Figure 7. Simplified equivalent-generator system SIMULINK model.
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Table 3. Summarised parameters for the developed power system model.

1/Req (MW/Hz) Tg (s) Ty (s) T, (s) Tt (s) D (p.u.) Heq (s)
11 0.2 2 12 0.3 1 9

T T T T T
— frequency response of the developed power system model

50 =

499 -

B

©

©
T

Frequency (Hz)
B
©
e
T

49.6 -

495 - -

1 1 1 1 1
0 10 20 30 40 50 60
Time (seconds)

Figure 8. Simulated frequency response of the developed power system model incorporated a loss of
1.22 GW of power generation at a 25 GW base load.

The initial values of the parameters for the primary frequency response simulation of
the power system model are presented in Table 4 below.

Table 4. Initial values of the parameters for the primary frequency response simulation of the power
system model.

Parameters T1/T» D (p.u) Tg (s) Tt (s) Hey () R.q (Hz/MW)
Values 0.27 1.0 0.2 0.3 9 0.04

Pathak et al. [21] investigated the effect of parameters at different generation levels,
for an automatic generation control AGC at 100% generation level, the appropriate steam
turbine constant Tt was found to be 0.2999 s. It was also concluded that the value for the
governor steam turbine constant had less impact on the primary frequency response in
comparison to the system inertia, the governor droop setting, load damping constant, and
the high-pressure steam turbine power fraction. Therefore, in this research, the values for
Tt and T will be kept constant at 0.3 and 0.2 s, respectively.

The UK Grid Code recommended that the governor droop setting R,; between 3 and
5% [32]; therefore, the effect of the governor droop setting will be examined from 3% to 5%,
at step increment of 0.5%. The load damping constant D will be examined from 0 to 3.0
p-u, at step increment of 0.5 p.u, while the effect of the high-pressure steam turbine power
fraction T1/T, will be examined from 0.2 to 0.6 at step increment of 0.1. Additionally, the
effect of the systems inertia H,; will be examined at (3, 4.5, 6, and 9 s), corresponding to
four different types of generation systems (Nuclear, Coal, Gas, and combined cycle gas
turbine CCGT) as given in Table 2 above.

The impact of change of the main generation system parameters, systems inertia
Hpq, governor droop setting Re;, load damping constant D, and the high-pressure steam
turbine power fraction (T1/T3), are adapted to simulate the primary frequency response
of the simplified power system model in order to examine and analyse how each of these
parameter individually affects primary frequency system response in responding to the
disturbance of a 1.32 GW generation loss on the UK power grid which occurs after 5 s from
starting the simulation process.
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Figure 9 presents the impact of changes of the generation systems inertia H,, for four
different types of generation systems (Nuclear, Coal, Gas, and CCGT) at 3, 4.5, 6, and 9 s,
respectively, on the primary frequency response of the power system model. It is evident
that the power system inertia has a direct effect of the initial slope for various H, values.
The inertia constant has a dominant effect on most of the system response measures, this is
observed in Equation (3) above, where the response outcome is determined by the angular
velocity of the shaft output wy, and the load damping constant D. The increase in the system
inertia results in a more gradual frequency deviation response that has a lower maximum
frequency drop, with a less responsive frequency output after the maximum frequency
deviation occurrence. It is notable that the higher the system inertia value H,,, the less
deviation is produced which will reduce the damaging impact to the system. Hence, the
higher the inertia value, the more controlled the primary frequency response. Furthermore,
the system inertia has no overall impact on the final steady state value of frequency, where
all the response curves stabilise at 49.9 Hz. This means that the systems inertia only affects
the primary frequency response and does not affect the secondary response. It is also
interesting to observe from the model shown in Figure 5 that (1/2H,) is only involved in
the forward loop gain, while all other parameters are incorporated in the negative feedback
loop. This is because a primary frequency response is governed by the kinetic energy of
the generators obtained through the rotating shafts as given in Equation (1) above.

50.05 T T T T T T T

———3 seconds (nuclear)
4.5 seconds (coal) ||

-6 seconds (gas)

—9 seconds (CCGT)

50

49.95

Hz

IS
A © &
© o ©
® & ©

Frequency (
8
o

IS
©
3

49.65 - -

496 - -

49.55 = 1 1 1 1 t b 1 =]
0 5 10 15 20 25 30 35 40
Time (seconds)

Figure 9. Impact of the changes of systems inertia on the primary frequency response.

The impact of the governor droop setting R, that varies from 3% to 5% on the primary
frequency response, is presented in Figure 10. It is assumed that R, is a composite governor
speed-droop characteristic which relates to a combination of generating units with identical
governor droop setting values. It is evident that the governor drop setting R.; has no
effect on the initial rate of the frequency drop before the peak frequency deviation, whilst
dominantly affects the steady state frequency deviation which is associated in Equation (8)
above. Therefore, for different levels of generation loss, the recovery rate will be dependent
on the changes of the governor droop setting values. Thus, the higher drop setting value,
the greater decline in frequency response.
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Figure 10. Impact of the governor droop setting on the primary frequency response.

The impact of the load damping constant D on the primary frequency response is
presented in Figure 11. It is evident that the load damping constant has a direct effect on
the maximum frequency deviation that occurs after a loss of generation, the higher the
load damping constant, the smaller the frequency deviation decline, thus highly stable
primary frequency response. Kundur et al. [10] reported that a value of 1.5 of damping
constant would lead to a 1% change in the frequency which would result in a 1.5% change
in the frequency sensitive load. This is noticeable in the response curves following the same
trend but have been shifted higher up as the damping constant increased, as shown in of
Figure 11. Therefore, a good estimation of 1.0 p.u. value for the load damping constant
would provide a good response for the power system frequency.

0p.u.
——0.5p.u.|

1.0 p.u.
—1.5p.u.
——2.0p.u.
—2.5p.u.[]
—3.0p.u.

50
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8
&
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©
o

49.75 - m
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0 5 10 15 20 25 30 35 40
Time (seconds)

Figure 11. Impact of the load damping constant on the primary frequency response.

The impact of the high-pressure power fraction values (T1/T) on the primary fre-
quency response is presented in Figure 12. It is notable that high-pressure power fraction
has a direct effect on the damping sensitivity of the system’s frequency restoration, the
higher the power fraction ratio, the lower frequency deviation. However, for ratio values
above 0.3, the frequency deviation peaks become overdamped, while for the values below
0.2, the frequency response of the system tends towards oscillation. The results presented
by Pathak et al. [21] for investigating the effect of automatic generation control using vary-
ing steam turbine dynamic parameters, support the results of Figure 12. It was determined
that the power fractions of the steam turbines varied with the generation schedule; the total
power output was found to be 0.27 (27%) for high-pressure steam turbine power fraction,
at 100% generation level. Additionally, for any values above 0.3 (30%), the time taken for
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frequency restoration was reduced. Comparing this to the simulation results presented
in Figure 12, the values above 0.3 become overdamped and the restoration curve after
the peak frequency deviation becomes less steep resulting in a longer time period for the
frequency to reach normal working limits. Although, for values below 0.3 (e.g., 0.2), the
response curve shows a greater transient oscillation behaviour which has a longer time
period to reach steady-state frequency. Therefore, a trade of between reducing the peak
frequency deviation and the transient oscillation behaviour must be considered in selecting
the setting value for the high-pressure power fraction.

50

49.95

499

49.85

Frequency (Hz)

49.8 - -

49.75

T
1

| I | I | | |
0 5 10 15 20 25 30 35 40
Time (seconds)

Figure 12. Impact of the high-pressure power fraction on the primary frequency response.

4. Conclusions

In this research, a simplified power system model was developed to examine the
impact of change of the main generation system parameters, systems inertia H,y, governor
droop setting Ry, load damping constant D, and the high-pressure steam turbine power
fraction (T1/T7), on the primary frequency response in responding to the disturbance of
a 1.32 GW generation loss on the UK power grid, which occurs after 5 s from starting
the simulation. A SIMULINK model that simulates various rates of primary frequency
responses via adjusting system parameters of the synchronous generators to enable the
controlled generators providing a fast-reliable primary frequency response within 10 s after
a loss of generation, was presented.

It is noticed that the higher the system inertia value H;, the less deviation is produced
which will reduce the damaging impact to the system. Hence, the higher the inertia value
the more controlled the primary frequency response. Furthermore, the system inertia has
no overall impact on the final steady state value of frequency, where all the response curves
stabilise at 49.9 Hz. This means that the systems inertia only affects the primary frequency
response and does not affect the secondary response.

It is evident that the governor drop setting R.; has no effect on the initial rate of
the frequency drop before the peak frequency deviation. Whilst the higher drop setting
value, the greater deviation in frequency response. Thus, for different levels of generation
loss, the recovery rate will be dependent on the changes of the governor droop setting
values. It is evident that the load damping constant D has a direct effect on the maximum
frequency deviation that occurs after a loss of generation, the higher the load damping
constant, the smaller the frequency deviation decline, thus highly stable primary frequency
response. Whilst, the high-pressure power fraction (T1/T7) has a direct effect on the
damping sensitivity of the system’s frequency restoration, the higher the power fraction
ratio, the lower frequency deviation. It is concluded that the most dominant parameters
that caused the most effective primary frequency response is the systems inertia, while
the next dominant parameter is the governor droop setting. Where the systems inertia
value is dependent on the generator type, the most effective generator constant was found
to be the closed-cycle gas turbine Hccgt where the system inertial effect decelerates the
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rate of change of the frequency decline. While the governor droop setting relates to the
steady-state frequency regulation, this parameter is dependent on the loss of load, governor
droop setting and the systems damping constant. By comparing these findings to similar
studies identified within this paper, the findings highlight the crucial role the power system
parameters have on the primary frequency response. While other studies incorporate
measures to increase the primary frequency response by using external techniques such
as using firm frequency response and aggregating power from refrigeration or battery
systems, this paper compares the parameters within the power system without any external
measures and highlights which parameter settings achieve greatest impact on the primary
frequency response. Moreover, the proposed model offers a fundamental basis for a further
investigation to be carried on how a power system will react during a secondary frequency
response. A secondary feedback loop can be incorporated to provide a secondary frequency
response that restores the system frequency to nominal level.
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Nomenclature
Symbol Parameter Description Unit
D Load damping constant
f Frequency Hz
Heq The equivalent angular inertia constant of the generator
n Number of poles of the generator
p Electrical power Watts
R Governor droop setting of the generator
T The governor-turbine generation setting
T1/Ts The high-pressure power fraction of the turbine
T, Electrical power output of the generator Watts
T Mechanical torque output of the generator
w Rotational speed of synchronous machines rad/s
Wm Speed shaft of the turbine rad/s
Af The change of the system frequency Hz
AP, The changes of the electrical power of the generator Watts

AP, The changes of the mechanical AP, of the generator J/s
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