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Abstract—Renewables are increasingly replacing power from decoupling of the mechanical input and the electrical autpu
conventional generators. Renewable power injected through Accordingly, the electrical torque component is absenmfro
power electronic converters lacks the fundamental electric torge asynchrounous power injected into the network by renevgable

components. Electric torque components have an important role This i fund tal diff bet fi |
in determining the behavior of conventional machines in the IS 1S a lundamental difierence between conventional syn-

network. The influence of this factor becomes more notable in Chronous generation and renewable generation [2].
power systems with reduced inertia. Hence, questions arise on, Originally, the abundance of synchronous inertia and elec-

how can synchronizing torque basically contribute to the rotor  trical torque from synchronous generators together wiirth
speed deviation and eventually the system frequency and if there associated controls would allow for mitigation of large ac-

is a potential for using the steady state synchronizing torque fi d fi h in th work. H
coefficient (STC) to achieve acceptable frequency operating Ve and reactive power changes In the network. However,

points. This paper calculates the steady state STC matrix by the increasing penetration of asynchronous generati@esai
using the multi-machine Heffron-Philips model in conjunction apprehensions in this regard.

with the network admitance matrix. Accordingly, it investigates A combination of emulated inertial response from asyn-
the impact of the generator location and reactive power output chronous resources, in particular wind generation [3]-4fg

on the STC matrix. It demonstrates how this impact manifests in f .- h ¢
the generator rotor speed deviation. Eventually, the significance governor response firom remaining synchronous generators

of the STC from the system frequency perspective is assessed. appears to be sufficient to meet reliability and reserve re-
guirements in most systems [8], [9]. Additionally, it hashe

demonstrated that the design and implementation of power
system stabilizers (PSS) on power electronic controlled de
vices [10]-[12] and more targeted control of reactive pol@gr

I. INTRODUCTION [13] can help damp mechanical oscillations between mashine

LECTRICAL power systems are designed on the pagidowever the provision of synchronizing torque depends en th
E of large centralized conventional synchronous generati@feSence of synchronous machines. _ _
units that rotate in synchronism with each other. Rotation 1he Synchronizing torque has a significant role in determin-
of the shaft in synchronous generators, inherently, presiudnd the initial rotor speed behavior of conventional getes
and injects electrical torque to the system. The active pow®!lowing an event on the network. The immediate impact of
injected by synchronous machines maintains synchronisin atynchronizing torque can be observed in two ways: first the
damps mechanical oscillations through the synchronizirdy alnitial angular deviation and second the i.nstantangous aht .
damping torque components of the electric torque, respéfange of rotor speed (ROCORS) following a major event in
tively. the network e.g. loss of generation. The machine rotor speed
There is an ever growing effort towards the reduction d# tightly linked to the frequency throughout the systemisit
emissions in power generation sector. Further addition Wfal to determine the contribution of synchronizing toeqio
renewables to the power systems and the decommis,sionm@rr?tor speed deviation. o
of high polluting power plants e.g. coal plants in the US This paper calculates the steady state synchronizing ¢orqu
[1] are considered as approaches of interest. Consequefgfficient (STC) matrix by modifying the multi-machine
renewable energy sources are replacing power from convE§ffron-Philips model given in [14]. It analyzes the steady
tional synchronous units. Renewables often inject power $Até STC matrix in order to identify the effect of generator

the network through power electronic converters resulting location and reactive power output on the elements of this
matrix when active power output is fixed. It explores on how
This work was conducted in the Electricity Research Ceritheiversity this effect manifests in the initial ROCORS of a generator
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conclusions or recommendations expressed in this materighase of the systems with reduced inertia and synchronizing torque, a
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paper provides foundation to help system operators eshtabli
strategies that benefit from the STC matrix characteristics
order to improve stability.

The paper will be divided as follows: Section Il will desa@ib
the derivation of STC matrix from the multi-machine Heffron
Philips model and its implications on the generator rot@esh
and system frequency. Section Il will describe the testesys .
that the analysis is completed on. Section IV will provide a . Py, Qo
discussion of the results and finally Section V will conclude
this paper.
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[I. SYNCHRONIZING TORQUE ANDSYSTEM STABILITY

A. The synchronizing torque coefficient ! ) . )
Fig. 1. Diagram representing the connection of synchrorgereerators to

Synchronizing torque is a component of the electrical terqthe network.
produced by a synchronous generator. As defined by [16],
synchronizing torque is... the most important component of

; ] . : written as a function of variation in rotor angle and intérna
the electrical torque. It is produced by the interaction bét 9

stator windings with the fundamental component of the aYPltage
gap flux. It is dependent upon the machine terminal voltaga\g . )] = — [J,] [AV;] = — [ o] [K5] [AS]—[J2] [K] {AE'
the rotor angle, the machine reactances, and the so-called (q

guadrature axis EMF’Using a single machine infinite bus

model, in [17], the synchronizing torque of a synchronous
. . . . V, Egp
machine is defined as a component of the electrical torque of > 1 6o )
the machine (1). I+sTR
) AT, :
Te(Js) - Ad - Ts + ]STd (1)

where T, is the electrical torque and, and T; are the
synchronizing torque and damping torque respectively. Fig. 2. A simplified excitation system
Work in [18], expanded on this model and introduced the o ) )
impact of excitation systems and voltage control. This ubstituting (4) in (3) yields
crucial, as the relationship and electrical connectiorwben a2

synchronous machines in a system are highly dependent on thé[‘]l] + 2] [K]) {AEJ = ~ (LR IES] + [Ka]) [Ad] - (5)
voltage and angles between them. Reference [14] genevaligwriting for [AT.] using (2) and (5) gives

the single machine infinite bus Heffron-Phillips model for

multi-machine systems, per Fig. 1, by referring all machitee [AT.] = [II] [Ad] (6)
a common D-Q reference frame and considering the changev\i/plere the[T1] matrix is defined as a combination Gt], [s]
the angle between each individual machine’s d-q coordi;natgnd ] matrices. ’

and the reference frame as state variables. Based on thie, orig

the change in the electric torque within this model can be ] = [K4] + [K2] [T] @)
divided in two parts per (2) 1
o I =—([J Jo] [K Jo] [K K 8
« changes due to variation in rotor anglésy ] (7] + L] T ])™ (2] K] + [Ka)) ®
« changes due to variation in internal voItagésE; The [K;] matrix gives the change in the electric torque
for a change in the rotor angles when the internal voltage
AT, = (K] [Ad] + [Ko] {AE} @) is constant. ThéK] matrix gives the change in the electric
€ q

torque for a change in the internal voltage when the rotor
The variation in machine internal voltage may be written asangles are constant. THe| matrix gives the change in the
result of variation in field voltageAE,, and rotor angles.  internal voltage for a change in the rotor angles; this ideki
) the effect of the interaction of exciters through], [K5] and
[71] [AEq} = [AEpp] — [K4] [Ad] (3) [Kg] matrices.
The resultant matrix|II], is ann x n non-sparse and non-
The following steps are carried in order to derive an equati@ymmetrical matrix per:
of the form [AY] = [A][AX] for the change of electric
torque-change of rotor angle characteristic based on thg-mu iy Ihg oo Ihgp
machine Heffron-Philips given in [14]. oy Ibp - I
For an excitation system per Fig. 2, substituting (17), from : : :
Appendix A, for [AV;], the change in field voltage may be M,y Mo - I,

s



Wheren is the number of generators. THH] matrix gives simulation presented in the following sections is done sep-
the change in the electric torque for a change in the rotarately using the complete dynamic representation of the
angles; this is similar to the electric torque coefficientain machines that may also be used for transient stability esydi
single machine Heffron-Philips model. However, the multthis includes generator, exciter, power system stabilaret
machine extension depicts the interaction of the machinesgovernor models.
the network.

In steady state the oscillation frequensy,s equal to zero

. . B. Impact on Frequency Response
(no damping torque component in steady state), therefore:

The balance between mechanical power input and electrical
Im{IL; ;} =0 1,7 =1,2,---,n  power output is the fundamental relationship that governs
power system stability. In modern power systems, the pres-
As such, the steady state STC components can be derigg@e of control systems, particularly governors has retluce
from the [I1] matrix. According to equation (6), the change iRne dependence on the synchronizing torque contribution of
the electric torque in each machine can be defined as  machines. Following a generation/load imbalance the syste

G will respond across three distinct time frames [16].
AT, ; = T ;A; (9) o Electrical distance Effect (t=0): The transient period
j=1 immediately following the event. The response in this

time frame is associated with the electrical distance
between generators.

Inertial Response (0<t<t,): The period following the
initial transient, when stored kinetic energy in the gener-

Wherell; ; are elements offI] matrix. It is seen using these

elements, the change in the electric torque in each machine.
may be defined as a function of change in the rotor angle
of all machines across the network. The elements in[Efe ators is released.

matnx_ can be separated into two Q“’Ups » Governor ResponseXt,): The time at which the gover-
« diagonal elementsll;;: The diagonal elements dtl] nor control action of the generators takes over.
represent the total contribution of synchronizing torque Inertial response and governor response are mechanical

from_a machine to the netwo.rk. . , contributions of generators in response to the generédih/

- off-diagonal elementsll;; i # j: The off diagonal jaance. The release of kinetic energy from the rotating
elements of[Il] represent the interaction between thg, 5o of the synchronous generator arrests the fall of frexyue
machines. and is the contribution of the inertial response. Howeves, t

A summary of the multi-machine Heffron-Phillips coefficten penefits and impact of synchronizing torque are present only
and[/;] and[J;] matrices definition can be found in Appendixmmediately following the generation/load imbalance aad ¢
A. The detailed model is available from [14]. be observed during the electrical distance effect. At t*5 0
The network admitance matrix and a common referenggiection of active and reactive power will arrest the rate
frame are used to calculate each of Heoefficient matrices of rotor speed deviation, acceleration or deceleratiord an
and([II]. Thus, the STC of the generator depends on two imp@iie resulting deviation in the rotor angle of the generator.
tant factors. First, the location of the generator in thetesys This phenomenon counters the rate of change of frequency
which is defined by the respective elements in the reducgdthe generator bus. This electrical response is diffefrent
admitance matrix. Second, the contribution of reactive growthe mechanical response due to machine inertia. Often, the
(Q) from the generator which impacts the terminal voltaggynchronizing power coefficient is used to describe thevacti
of the generatorV;. Depending on the network conditionspower response of generators during this time period [16]. A
the elements inll] can range from positive or negative. Fothis paper demonstrates, the change in the STC reveals the
the purpose of this paper i.e. characterizing the ROCORSiferaction of the machines in the power system and defines
features of machines based on steady state, the effectitdlexthow a machine responds from both an active and reactive
was removed from th¢ll] matrix by lettingG.xz = 0. This power perspective during the transient. The swing equdtion
is reasonable due to the inherent delay in the main excitfe torque balance in the system defines this relationship as
field regardless of the regulator speed [16], [19] and that thunction of the angular acceleration and the masses présent
parameter of interest is the initial ROCORS. Although it ithe system and is given in (10).
not uncommon to model generators as a transient internal o &6
voltage £ behind transient reactanc&, for first swing i
stability analysis [20]-[22], but the inclusion of the eteci wr dt?
and governor models is required for detailed analysis andin (10), it is shown how the changes in the power balance
multiswing studies [16], [23]. Thus, this assumption may nare transferred to the rotor speed (frequency)of machines
be valid for transient stability analysis, however, it iardfied in the system. The change in generator rotor speed will also
that such an analysis is not the focus of this paper. be represented in the change in the angular positipof(the
Further, it is emphasized that the removal of the effect afachines in the system. The response of the generator rotor
exciters is only associated with the multi-machine Heffrospeed will be dictated by the impact the change in electrical
Philips model employed for the calculation of the STC matrigower and torque will have on the swing equation across the
(based on the steady state parameters). The time domarying time-frames of response. The electrical distaffieet

=T, —T, (10)



as discussed earlier, occurs before the mechanical comfmone G8
of the power system respond, therefore the instantaneous Gl %37
changes from the losses of aifiy,, andT,, and the resulting O 261
response fronT,, , wherei andk are units across the system, T30 1 I
will be represented in the acceleration of the angié, Since 2 TT 2 138
this is an exclusively electrical response, the machinailang 1 i—‘ 24 ——1—|—_QG9
speed is initially impacted by the presence of synchrogizin 560)
torque. As such, this paper will examine the ROCORS at each 3 6 35 -1
generator. ROCORS is defined as the largest (absolute)frate o 610 15 1
change of generator rotor speed in the first swing following a t '—_l__—l_ 21 >
loss of generation event. 3 4 H i
The analysis work is completed on the New England 39 bus
test system to evaluate and assess the impact of reactiver pow 2 1
on the STC in a non-diverse system. The results are verified by ! 13 L %36
33
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performing the study on a real world diverse system, thé Iris
2020 network. The next section will describe these systems i 9

434
detail. O\ ész @) I

Ill. TESTSYSTEM
A. New England 39 Bus Fig. 3. Single line diagram of the New England 39 bus testesyst

The modified New England 39 bus test system [24] was

used to assess the impact of synchronizing torque on therpoyygneration outputs was solved and used to initialize a time
system. This system consisted of 10 synchronous unitsnigtal jomaijn simulation. Based on the initial conditions andestat
5000 MW supplying a system with a demand of 4965 MW the generators in the time domain simulations, the neces-
and 1148 MVAr. The generators were modeled as identicgdry outputs were used to calculate the parameters desscribe
units with round rotor generator models _(_GENROU), exciter: eviously and the STC matrix in (7), prior to the contingenc
(ESAC4A), governors (GAST) and stabilizers (PSS2A) [254yent, The generator rotor speed and system frequency are

The generators were set to control their terminal bus veltagetermined from the completed results of the time-domain
to 1.0 pu. The active and reactive capabilities of each nm&chigjy,u1ation.

were the same along with the dynamic model used to represent
the machine in the time domain. This was done in order to
achieve non-diverse system where a comparison betweeh all o
the machines would only be influenced by the characteristics Results on the New England 39 Bus Test System

of the system. It is therefore possible to assess the impattt The New England test system was used to establish the
network topology and reactive power contribution have an timpacts of the STC.

elements of the STC matrix. A network diagram of the New 1) Generator Location Effect:

IV. RESULTS AND DISCUSSION

England test system can be seen in Fig. 3. The determined values fdt; ; can be seen in Table I.
B. All-Island Ireland 2020 TABLE |
SYNCHRONIZING TORQUE COEFFICIENTS AT STEADY STATE FOR THRIEW
In order to evaluate the applicability of the results, thie al ENGLAND TEST SYSTEM
island 2020 lIrish transmission network was used [26]. This
model provides for an analysis of a diverse system, where Generator | II; ; (pu)
the generating units are unique and represent a real-lifepo Gl 0.28
system. Working from [26], an appropriate unit commitment G2 1.03
and dispatch as well as an expected loading scenario were es- G3 0.97
tablished for the 2020 system. The models of the synchronous G4 0.40
generators were all generic models representative of tlualac G5 0.15
machines in the network, while the wind farms were modeled G6 0.64
as aggregated models according to the type of farm [25]. G7 001
The total generation in the system was 7274 MW, with 2339 G8 -0.38
MW and 748 MW being provided by wind generation and G9 -1.21
imports, respectively, i.e. 42% instantaneous penetratib G10 1.36

non-synchronous generation in the system.
All simulations were completed in the DSATools softwardt is established that the values of the diagonal (and off-dia

platform [27], with a 0.01 second time step. Python (NumPynal) elements of the STC matrix are driven primarily by the

was used to calculate the parameters of the STC mattbpology of the network. This is particularly significanhee

In each case a power flow case with the desired load aimdthis test system the generators are all modeled idehtical



This demonstrates that the level of the elements of the STC
matrix varies based on the location of the generators arid the
reactive power outputs. There is up to 2.57 pu difference in
I1; ;. This difference is driven entirely by the reactive powes
and network topology. -

2) Generator Reactive Power Output Effect:

To further demonstrate the effect of reactive power on ti

RS (H

0

0.4

elements of the STC matrix, a generator was selected, in thiis 08

case the generator at bus 35, G6, and the reactive power level
of the generator was varied. The resulting impacts on tra tot
synchronizing torque contribution (diagonal element ofCST
matrix) and the terminal voltage of the generator was oleskrv
and are presented in Table II.

TABLE Il
SYNCHRONIZING TORQUE COEFFICIENT AND TERMINAL VOLTAGE AT

-1.2

-400

—o— ROCORS ---+--- Tl

-200 0 200
Reactive Power (MVAr)

H777 .......... FN— H6,7

400

Torque Coefficient (p.u.)

== Tl

VARYING REACTIVE POWER OUTPUTS OFG6

Reactive Power Terminal
Is,6 (pu)
Output (MVAr) \oltage (pu)
300 1.0564 2.257
250 1.0415 1.833
200 1.0261 1.391
150 1.0103 0.936
100 0.9939 0.459
50 0.977 -0.036
0 0.9593 -0.557
-50 0.941 -1.099
-100 0.9219 -1.668
-150 0.9019 -2.267
-200 0.8809 -2.901
-250 0.8584 -3.586

Fig. 4. Rate of change of rotor speed of G6 for the loss of Ghteard the
respective synchronizing torque coefficient matrix elemewgsinst reactive
power output of G6

result, the ROCORS of the generator is faster. The evolution
of total STC contribution from G6lls ¢, through th reactive
power setpoints shows a pattern in the opposite direction of
the generator ROCORS characteristic. It is noted that viigh t
increase of the reactive power set point, the interactio@ ST
of G6 with respect to G7]lg 7, increased. In contrary, the
opposite off-diagonal STC, that is G7 with respect to @6 £)
decreased. This indicates that the sensitivity of the geoes
of interest, with respect to each other, can be alteredysbiel
varying the reactive power of G6.

Fig. 5 illustrates the pattern of the interaction STCs of

G6 and G7Il; ; andII; ¢, against the G6 machine loading.
The diagonal elements of the STC matri¥; ¢ andIl; 7, are

In Table II, the reactive power range of the generator &S0 shown in this figure. An intriguing feature of the shown
varied in 50 MVAr increments from -250 MVAr to 300 MVAr. Characteristics is their correlation with the G6 MVA loaglin
The last two entries in the table (-250 and -200 MVAr)
are italicized since the resulting terminal voltage valteds
outside of standard operating conditions. They are indudg "
only to show the general pattern and progression in the STC ]
elements. It can been seen that with the decrease in reacfve s -
power output]ls ¢ became smaller. A full STC matrix when & R

600

reactive power output of G6 is equal to -100 MVAr is giverg .
in Appendix B. p N .
3) Effect on ROCORS: g 50

To further examine the impact of the STC a contingency
analysis was performed. For each reactive power setpbiat, t
generator at bus 36, G7, was tripped and the resulting impact 4so
on the ROCORS of G6 was observed. The ROCORS and -4 23 -0.6 L1 2.8
corresponding diagonalllg ¢, II77) and off-diagonal Ils 7 Torque Coefficient (p.u.)
andII; ¢) elements of the STC matrix at each reactive power
setpoint can be found in Fig. 4.

It Car_] be seen that the ROCORS fat G6 is sensitive to ,'-tl%) 5. Synchronizing torque coefficient elements for G6 antldBer G6
reactive power output. As the reactive power output of thgschine loading

machine increased, the ROCORS of the machine decreased

(faster ROCORS) in the transient following the contingency The effect of the interaction of G6 and G7 on the ROCORS
event. From (10) this indicates that immediately followihg of G6 is evaluated by calculating the ratio of the corresjogmnd
loss of G7 contingency the difference betwekp and T, is interaction factors i.ell7 ¢ /I 7. It is anticipated that for the
greater as the reactive power output of G6 increases and asagses which both of the off-diagonal STC elements have sim-

-+ Tl e g~ 4= T



ilar signs (same direction), faster ROCORS occur when ratio ~ 59-88
is zero. Vice versa, for cases that STC elements have differe ) o
signs (opposite direction) slower ROCORS are expected when //
ratio is close to zero. This is logical as high sensitivitythie T o o5
same direction results in a larger speed drop in the rotdnef {3
machine of interest. Fig. 6 shows the explained aspect in t%e
test system. It can be seen that significantly large ROCORS /
occurs whenll; ¢ /IIs 7 approaches zero in the positive sid@ 59.87
of the diagram. = /
-0.52
. 59.865
| -400 -200 0 200 400
° Reactive Power (MVAr)
2 068 e
) © —=e— Rotor Speed Nadir
g [
8 .° Fig. 7. G6 rotor speed nadir for loss of G7 event against Gétireapower
2 20.84 . output
3.
9 TABLE Il
» SYNCHRONIZING TORQUE CONTRIBUTION FORG7 AT VARIOUS G6
-1 : REACTIVE POWER OUTPUTS
22 -13 4 0 5 14 _
Torque Coefficient Ratio Reactive Power Output (MVAr) | II77 (p.u.) | ROCOF (Hz/s)
300 -0.734 -0.488
ol /I, 200 -0.319 -0.471
100 0.101 -0.454
Fig. 6. Rate of change of rotor speed of G6 for loss of G7 evgainat the 0 0.530 -0.434
ratio of off-diagonal synchronizing torque coefficientralents 100 0.961 0413
-250 1.629 -0.375

4) Rotor Speed Nadir Progression:
If the nadir of the machine is observed, it can be seen that
it is closely correlated with the reactive power output of th i i .
machine. Fig. 7 shows the nadir of G6, for the varying reactiy 't IS noticed that the more positive (largdiy, 7, the slower

power output, for the loss of G7 event. It is observed that ths® ROCOF is. Indeed, higher injection of synchronizing

rotor speed nadir of the generator improves as the reactfggdue (1oss of higher sensitivity in the speed drop dicegti

power output of the machine increases. The improvemdnitEXPected to result in slower ROCOF. _
slows down as the machine crosses from leading (inductive_)The frequency :trend a’g the center of |ne_rt|a_ is illustrated i
to lagging (capacitive), the nadir begins to decrease t}igis Fig. 8. When G6’s reactlvg power set point is equal to 100
the MVA loading of the machine increases. Recalling from Fifyl VAT the frequency drop in the system cannot be arrested.
4, the faster ROCORS occurred when the machine inject B|s condition worsens for higher reactive power set points
reactive power in the network. As such, it is emphasized 60.04
that realizing both optimum rotor speed nadir and ROCORS R
through reactive power may not necessarily align with each
other. \

5) System Perspective: 59.86

In order to demonstrate the significance of the synchrg- 3%]\4\__
nizing torque in a system with integrated wind (reduce§
synchronizing torque as well as inertia), the synchronaitsy g 5968 T
G3 and G9, were replaced by equivalent size (and outpft) ’ [ SN .
wind farms. The wind farms were modeled as aggregated R
1.5MW wind turbines equipped with emulated inertia [28].
The recommended parameters by [28] were used for this
purpose. These parameters are reported to provide acteptab
response from the wind farm in [29]. The trip of G7 event
was considered and the reactive power output of G6 was
varied while the remaining generators’ reactive power outp
were use'd.to control VOItage "flt their terminals to 1 p.u.. TI’I‘—'?g. 8. Frequency trace at center of the inertia for the |ds&® event at
synchronizing torque contribution of G7 to the system ad Wehrious G6 reactive power outputs
as the ROCOF at the center of inertia is given in Table III.

Hz)

.




B. Results on the All-Island Irish 2020 Test System elements of thdl matrix i.e. 32; is calculated at each of

1, . . .

The validity of the established characteristics for divxzersme reactlve'pow'er out.put settings shown in Fig. 9. Fig. 10
systems is investigated using the Irish power system modlélll.Strates this ratio against the_ RO_CORS at generatorsridl a
Generators G1 and G2 are two generators with unique dyna when the other generaj[(_)r IS ”'Ppedi ,It can b(_e seen that in
models. The inertia of G1 is higher than G2. Both of thed®th trends, the high (positive) ratio (%7 is equivalent to
generators produce 400 MW. The reactive power of theSiower ROCORS. Whergis the generator under study and
generators is varied in 50 MVAT steps. Is the generatqr trlp.ped.. Accordingly, t_hg trends shownign F

1) Interaction of Proximate Generators: 10 go in opposite directions. Further, it is nqted that thst be

At each reactive power setting, time domain analysis PsE’h?‘V'_Or of _these generators pccurred wt#}#ﬁ = 1. These
carried for the trip of G1 and G2, individually. The generato are inline with the heat maps illustrated in Fig. 9.
rotor speed is recorded throughout the system. The aim is
to assess the impact of the reactive power output setting of
generators within close distance on each others ROCORS %
when one generator is tripped. Fig. 9 shows heat maps for
ROCORS at each reactive power setting of generators G1 &hd -0.5 1%
G2 when the other generator is tripped. It can be seen that ﬁme
ROCORS range i9.37 — 0.86 and 0.36 — 0.75 Hz/s for G1 &
and G2, respectively. This large range was obtained solely ¥
varying the reactive power power setting of these genesatdt
This emphasizes the impact shown in section IV-A. Also, it xX
is noted that the reactive power setting leading to the dbwe o X x
ROCORS performance of these generators do not overlap. G1 -0.9
has the slowest ROCORS behavior in the region in the heat
map that G2 shows lower ROCORS (faster) values.

-0.3

0.7 44

I, /I,

ROCORS of G1 - Loss of G2 © ROCORS of G1 - Loss of G2 x ROCORS of G2 - Loss of G1

280 -0.3

Fig. 10. Rate of change of rotor speed over the ratio of thediaifjonal
synchronizing torque coefficient matrix elements for G1 andithe Irish
network

123

0.4 3) System Perspective:

Fig. 11 looks at the phenomenon from the point of view of
the frequency at the system center of inertia. This figurésplo
the ROCOF at the center of inertia against the synchronizing

0.5 torque contribution]Il; ; (wherej is the generator tripped).
Similar to the behavior seen in section IV-A, it can be seen
that in general higher (more positive) values of synchriogiz
torque are more favorable from the ROCOF perspective. The
impact on ROCOF shown in this figure is significant and
valuable for secure operation of the power system under low
inertia.

G1 Reactive Power (MVAr)

-190
-170 -60 50 160 270
G2 Reactive Power (MVAr)

ROCORS of G2 - Loss of G1

280

S
(=)}
ROCORS (Hz/s)

1-0.7 V. CONCLUSION

The Heffron-Philips model was modified to derive the
synchronizing torque coefficient (STC) matrix. The impact
of network topology and generator reactive power output on
STC matrix elements was demonstrated. It was seen that the
rate of change of rotor speed (ROCORS) of generators is
sensitive to their reactive power output. The correlatibthe

190 09 STC matrix elements with generators’ ROCORS was shown.

-170 -60 50 160 270 The presented methodology enables identification of atitic
G2 Reactive Power (MVAr) machines in order to limit their ROCORS based on the STC
Fig. 9. Rate of change of rotor speed versus reactive powtngdor G1 matrix. The replacement of synchronpgs generators bY Wm,d
and G2 in the Irish network farms results in a reduced synchronizing torque and inertia
case. The importance of the synchronizing torque from the

2) Operating Point Adjustment: system frequency perspective was discussed and presented f

In order to demonstrate the connection of this phenomentiiis case. It was established that the reactive power ouatput
with the STC, the ratio of the corresponding off diagonajenerators can be utilized to manage the steady state STC of
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Fig. 11. Rate of change of frequency at the center of inen&r gynchro-
nizing torque contribution of G1 and G2 in the Irish network

conventional units, ROCORS and ultimately the system rate

of change of frequency (ROCOF). This characteristic presid
valuable indication for secure power system operation fitoen

there is a potential for adjusting generator voltage semtpoi

’
[AVi] = [K5) [Ad] + [Ke] |AE] (7
1 J’» T’ . .
S . 1=
K3 i do,i
[l ={ K i (18)
Ks,ij J
Gea:,i Z 7]
[‘]2,711'} = [Gem] [Gtr] = 1+sTr.i . . (19)
0 i F ]
APPENDIX B
A SAMPLE [IT] MATRIX
[IT] matrix for Qs = —100 MVAr operating point
[0.45 0.06 0.04 0.03 0.04 —0.23 0.03 —0.42 —0.19 0.18]
-0.15 116 -0.37 —-0.05 —-0.04 —-0.30 —-0.05 —-0.19 —0.10 0.09
-0.14 -0.33 114 -0.07 -0.06 -0.32 -0.07 —0.18 —0.10 0.13
0.01 0.12 0.08 0.78 —-0.62 —-0.43 -0.16 —-0.06 —0.04 0.32
O 0.06 0.17 0.13 —-0.56 031 -0.37 -0.09 0.00 0.02 0.34
1023 0.33 0.30 0.11 0.12 -1.67 -0.21 0.16 0.19 0.45
—0.02 0.10 0.05 —-0.20 -0.17 —-0.87 094 -0.09 —-0.07 0.32
—-0.27  0.15 0.13 0.10 0.11 -0.15 011 -0.26 -0.17 0.25
—-0.01 0.26 0.23 0.15 0.16 -0.11 0.16 -0.13 -1.08 0.37
|-0.30 —-0.18 -0.16 -0.03 —0.02 —0.27 —0.03 —0.31 —0.16 1.46]
ACKNOWLEDGEMENT

The authors would like to acknowledge Michael Power and
frequency perspective. The applicability of the resultsenveEirGrid Plc. for their insightful advice and assistancehattis
verified on a diverse system with large penetration of nopaper.

synchronous power. It was seen that an optimum solution from
one generator perspective may not be favored from the perspe
tive of other generators in the network. Using the STC matriﬁl]

such that not only they support voltage in the network bua als[2]
mitigate frequency and rotor angle excursion. Many systems
already operate with minimum inertia standards, accofding [3]

as the penetration of renewables increase, monitoring Tie S

matrix elements will be beneficial in controlling the freqag
behavior.

APPENDIXA
MULTI-MACHINE HEFFRON-PHILLIPS MODEL
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