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Abstract—Synchronous generators are operating for less time than
before or being decommissioned in the National Electricity Market
(NEM) of Australia, due to the proliferation of asynchronous wind
and solar generation. Sub-networks of the NEM will face inertia
shortages in the near future. This paper develops a formulation of
zonal inertia constrained generator dispatch for power systems with a
diversified generator portfolio including synchronous generators,
synchronous condensers, inverter-interfaced generators and energy
storages. Zonal inertia constraints are formulated in unit
commitment and optimal power flow to limit the rate of change of
frequency (RoCoF) in the event of network separation. Load
frequency relief is also considered to reduce the ramp rate
requirement of primary reserve. The proposed formulation can
reduce the average cost of primary reserve and maintain zonal inertia
adequacy to constrain RoCoF in case of the trip of the
interconnector(s).

Index Term— Inertia, load frequency relief, unit commitment,
optimal power flow, renewable energy, power system.

I. INTRODUCTION

N ETWORK separation caused by the trip of the interconnector(s)
poses a great threat to the operational security of the National
Electricity Market (NEM) of Australia. The South Australia (SA)
2016 blackout, following the trip of the Heywood interconnector,
reveals that zonal inertia inadequacy due to high wind penetration
can result in the rate of change of frequency (RoCoF) over 6 Hz/s
[1, 2]. Inertia requirements were later introduced into the NEM
under the National Electricity Amendment (managing the RoCoF)
Rule 2017 No. 9 [3]. The inertia rule specifies that the minimum
level of inertia should be maintained within each NEM
sub-network so that a sub-network can still be operated in a secure
state whenever it is islanded. Inertia requirements were officially
added into the National Electricity Rules of Australia (NER) in
2018 [4].

A. Research Background

Inertia, a free by-product of synchronous generators (SGs),
grants a power system the ability to ride through frequency
disturbances. Unlike SGs, current grid-following inverter-based
generators (IBGs) are electromagnetically decoupled from the
grid. IBGs intrinsically have no physical inertia and are less
capable of reducing fast frequency excursions [5]. SA, where
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renewable generation from IBGs can be higher than the demand,
declared an inertia shortfall in 2018 [6]. The Australian Energy
Market Operator (AEMO) now intervenes in the SA market by
directing a sufficient number of online SGs during the period of
high asynchronous generation [7].

A direct threat from inertia inadequacy is large RoCoF, as
generators and network elements are sensitive to it [6]. When
RoCoF is over 2 Hz/s, hydro, steam and gas turbines and their
paired SGs have difficulty remaining in synchronism [8, 9]. Gas
turbines may trip due to combustor lean blowout caused by high
RoCoF [10]. Type-3 and Type-4 wind turbines can only withstand
RoCoF up to a threshold between 2 Hz/s and 4 Hz/s for 200-300
milliseconds, due to the malfunction of a phase-locked loop (PLL)
[11]. When grid frequency rapidly changes, the PLL may fail to
track voltage phase angle and grid frequency [1, 11]. When RoCoF
exceeds 3 Hz/s, under frequency load shedding (UFLS) may not be
fast enough to prevent frequency collapse [2, 9]. For instance,
UFLS failed to save the SA 2016 blackout, during which only five
SGs were dispatched online and post-contingency RoCoF went
above 6 Hz/s [2].

The inertial response of a power system assists in limiting the
RoCoF so that SGs’ governors have sufficient time to restore the
frequency. Currently, large power systems still need a minimum
amount of inertia from SGs. Less than the minimum amount, no
quantity of fast frequency responses from IBGs can maintain the
operational security of primary frequency control [6, 9]. SA is
planning to purchase high inertia synchronous condensers (SCs),
which may be fitted with flywheels, to accommaodate the declared
inertia shortage [12]. Therefore, an emerging requirement of a
renewable-rich power system is to procure adequate inertia in
generator dispatch.

B. Research Gap
1) Zonal Inertia

Conventional security-constrained generator dispatch only
addresses the problem of system inertia inadequacy according to
the N-1 criterion [13, 14]. However, network separation caused by
the trip of the interconnector(s) can also occur in a long and less
meshed power grid, such as the NEM. Inadequate zonal inertia
may lead to frequency collapse should a zone get islanded, which
was a major cause of the SA blackout in 2016 [2]. Therefore,
inertia adequacy is not just a global requirement constrained by the
N-1 criterion. Inertia distribution in different zones should also be
carefully managed, especially in those having abundant
non-synchronous renewable generation.
2) Load Frequency Relief

Load frequency relief (LFR) was generally ignored in literature
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in the formulation of primary reserve constraints [13, 15-18].
Without considering LFR, the required ramp rate of primary
reserve can be unnecessarily increased. Consequently, the
opportunity cost of primary reserve is lifted due to the fact that
generators with a faster ramping capability are more expensive.
LFR helps to reduce the ramp rate requirement of primary reserve,
and therefore indirectly empowers more generators to participate
in the primary reserve market, increasing the pool size of primary
reserve and bringing down the cost.

C. Proposed Solution

In order to bridge the identified gap, this paper proposes a
formulation of zonal inertia constrained generator dispatch
considering LFR with the following contributions:

1. Zonal inertia: Apart from the system inertia constraint, zonal
inertia constraints are formulated for unit commitment (UC)
and AC optimal power flow (OPF) to maintain adequate inertia
within each zone to avoid large RoCoF in case of network
separation.

2. LFR: LFR is introduced to relax primary reserve constraints in
terms of required ramp rates, which can still unconditionally
restrain post-contingency frequency nadir. The consideration
of LFR increases the amount of power reserve that can be
dispatched from each generator within the timeframe of
primary frequency control.

Il. FREQUENCY CONTROL

A. Primary Frequency Control

A credible contingency event defined in the NER mainly refers
to the trip of a generator in the NEM [4]. The contingency
frequency control ancillary services (FCAS) or primary reserve are
purchased every five minutes to constrain the frequency deviation
in case of a credible N-1 event. The trip of an interconnector is
classified as a non-credible event in the NEM [4, 19]. Therefore,
primary reserve is not bought to address extreme events like
network separation [9, 20]. Emergency response schemes such as
UFLS and over frequency generation shedding (OFGS) are
prepared to limit sizable frequency excursions [4, 9, 21].

The two-level scheme of the NEM primary frequency control is
listed in TABLE I. At the zonal level, zonal inertia is the defense to
limit RoCoF in case of islanding, while UFLS and OFGS are
contracted to inhibit major frequency variations. At the system
level, system inertia is used to reduce RoCoF, whilst primary
reserve is globally sourced to restrict the frequency drop following
the trip of a generator.

TABLE I. NEM PRIMARY FREQUENCY CONTROL SCHEME
Level Event RoCoF Frequency deviation
Zone Erllltggc-?:?:;icbtf:e r) trip Zonal inertia UFLS, OFGS
System N-1 generator trip System inertia  Primary reserve

(Credible)

B. Power Reserve

TABLE II lists the frequency thresholds of activating different
power reserves with different ramp rates for primary and
secondary frequency control in the NEM. Secondary reserve (e.g.,

regulation FCAS in the NEM [14, 22]) is purchased from online
generators to eliminate minor frequency deviations (e.g., < |0.15|
Hz in the NEM [14, 22]) caused by the forecast error of renewable
generation and area control error [22, 23]. Automatic generation
control (AGC) apportions the total secondary reserve across all
chosen generators to bring the frequency back to the nominal (e.g.,
50 Hz in the NEM [24]).

TABLE Il NEM POWER RESERVE ACTIVATION THRESHOLDS

Frequency control ~ Reserve type

Secondary reserve,

Absolute frequency deviation

Secondary e.g., regulation FCAS >0Hz
Primary reserve,

Primary e.g., contingency FCAS >015Hz
UFLS, OFGS >1Hz

Primary reserve is sourced from online generators to maintain
the post-contingency frequency above the triggering threshold of
UFLS (e.g., 49 Hz in the NEM [1]). The dispatched primary
reserve is automatically released via governor responses, as long
as system frequency drop is larger than a pre-set dead band (e.g.,
0.15 Hz in the NEM [14]).

C. Zonal Inertia to Underpin UFLS

The UFLS is a forced cut-off of loads in several steps to prevent
frequency collapse in case of a non-credible contingency, such as
the trip of the heavily-loaded interconnector(s). Primary reserve
alone may not be able to arrest the frequency drop in the event of
losing an enormous amount of power. The UFLS is designed as the
last resort to save a power system from a blackout. Similarly, the
OFGS sheds generators instead of loads in severe over-frequency
events.

Conventionally, every sub-network or zone of a power system
has UFLS and OFGS schemes to accommodate critical frequency
disturbances. Since UFLS and OFGS are contract-based and
non-dispatchable, adequate zonal inertia is required to reduce the
zonal RoCoF, so that UFLS and OFGS schemes have sufficient
time to respond to correct large frequency deviations. For instance,
the SA 2016 blackout, following the trip of the AC interconnector
Heywood (importing 700 MW power), can be prevented with

sufficient zonal inertia, as shown in Fig.1(a).
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Fig. 1. South Australia 2016 blackout recreated in PSCAD.
The SA 2016 blackout event is recreated the same as [1] in
PSCAD. As shown in Fig.1(b), SA UFLS scheme during the SA

blackout event, even shed all the contracted load (60% of the SA
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load), was unable to prevent frequency collapse due to the fact that
SA post-contingency inertia was 3000 MWs and RoCoF surpassed
6 Hz/s. If SCs are added into SA power system to purely increase
SA post-contingency inertia to 8745 MWs for the same
contingency, SA UFLS scheme successfully saves SA power
system provided that RoCoF is less than 2 Hz/s. Therefore, the
adequacy of zonal inertia is the key to ensure a secure islanding
should network separation occur.

Ill. INERTIA

SGs retrofitted with synchronous condensing clutches (SSs)
[25] and SCs can be introduced to a generation fleet to provide
flexible inertia sources [26]. The amount of available inertia in a
power system is a discrete number, only depending on the on/off
states of SGs, SSs, and SCs. The startup of an SG/SS/SC brings a
certain amount of inertia to the power system, whilst the shutdown
of an SG/SS/SC subtracts a certain amount of inertia from the total
available inertia.

The generator dispatch problem typically consists of two
sub-optimization problems lying in two different timeframes: a
day-ahead market operated by solving hourly UC and a real-time
market operated by solving optimal power flow (OPF) every five
minutes. Since an SG/SS/SC takes more than five minutes to start
up or shut down [26], the on/off states of SGs/SSs/SCs can only be
optimized in the UC. Therefore, inertia requirements should be
regarded as a sub-problem of the UC.

A. Zonal Inertia Constraints

The largest post-contingency RoCoF is only determined by the
amount of available inertia and contingency size, as elaborated in
Appendix A-1. For a network separation event, the contingency
size of a zone is the pre-event amount of active power imported or
exported to the zone via the interconnector(s), which can be
calculated by evaluating zonal power balance. Therefore, for the
mth zone created by a network separation event, its
pre-contingency imported or exported power pi%, (in MW) in the

tth generator dispatch interval is
aJ h
pit, = Pl + Pl — Pti — Z Ptj— Z (Pt,k - P;kg)
JEPIRE ke
@)

iEPmUBS
where pit, positive means the studied zone is importing power,
while negative means exporting power. P53 is the predicted zonal
load in the tth dispatch interval. Zonal transmission power loss
PS5 can be estimated using Kron’s loss formula [27]. P and
P{Sss are knowns in each dispatch interval. ¢35, ¢S, ¢IBG and ¢st
are the sets of zonal SGs, SSs, IBGs and energy storages,
respectively. p,; is the dispatched power output of the ith

generator/storage. p:‘},l(g is the charge power of the kth energy
storage. Since an energy storage, such as a pumped storage hydro,
takes time to switch from charging to discharging, a binary
variable is introduced in Section V-A-5 to model these two
mutually exclusive states.

Once the contingency size of a network separation event is
known, the post-contingency inertia of the mth zone HZ)'® (in

MWs) in the tth dispatch interval should be adequate to limit zonal

RoCoF in both under-frequency and over-frequency events.
Therefore, zonal inertia constraints can be formulated as
Vm E (pZOHE’
HZzone > fO |pIE

M= 2RoCoFZome M

)
where @*°"¢ is the set of zones in a power system. f; is the
nominal frequency (e.g., 50 Hz in the NEM). RoCoFZ%y is the
maximum allowed zonal RoCoF in Hz/s that can ensure a safe
islanding, (e.g., 2 Hz/s in this paper).

The inertia (in MWSs) of an SG/SS/SC is the product of its inertia
constant (in second) and machine rating (in MVVA). Zonal inertia
HEQR® can be calculated by summing the inertia of every online
SG/SS/SC in the mth zone, given as

HER® = Z Hixy; + Z (Hjxej + hjyej) + Z heYek
gy j€dm kep

@)
where H; is the inertia of an SG in MWs, and h; is the inertia of an
SC in MWs. ¢, is the set of SCs in the mth zone. x;; and y, ; are
binary variables denoting the on/off states of an SG and an SC ina
dispatch interval, respectively. Note that x,; and y, ; are to be
determined by solving the UC problem.

An SS is offline or runs either as a generator or as a condenser,
which indicates three states. Two binary variables x; ; and y, ; are
introduced to model all the states of an SS. x, ; = 1 denotes the SS
is running as an SG, while y,; =1 represents the SS is in
condenser mode. Two operational modes of the SS are mutually
exclusive, which requires 0 < x; ; + y,; < 1.

B. System Inertia Constraint

System inertia H;”* in MWs, as a global requirement, should be
sufficient to bound system RoCoF in case of losing a
generator/storage in the tth dispatch interval. Therefore, nys
should meet [14]
vn € ¢SG u ¢SS u ¢IBG U ¢st0,

RIS ﬁ
© 7 2RoCoF,r,

(4)
where ¢36, ¢S5, ¢'B¢ and ¢ are sets of SGs, SSs, IBGs and
energy storages in a power system, respectively. p,, is the
dispatched MW output of the lost nth generator/storage.
RoCoF,.5, is the maximum permitted RoCoF in Hz/s in the studied
power system, (e.g., 2 Hz/s in this paper).

Similar to zonal inertia, system inertia H;”® in MWs is the
summation of the inertia of every SG/SS/SC in the whole system,
ie.,

HY® =

i€e¢pSCizn

Hixe; + Z (Hjxej + hjye ) + Z hiyex
JEPSS j#En kegpSC
®)

where ¢5C is the set of SCs in the power system. i # nandj # n
mean that the inertia of the lost SG/SS is not counted in the
calculation of post-contingency system inertia. The proposed zonal
and system inertia constraints are validated in Appendix B.
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IV. PRIMARY RESERVE

Lower inertia leads to larger RoCoF. As a result, it takes less
time for post-contingency frequency to move outside the
permissible operating range. Over-frequency events can still be
managed by reducing the power outputs of online generators since
IBGs’ generation can be curtailed in a fast manner [19]. However,
restricting the frequency nadir of low inertia systems in
under-frequency events may be difficult, due to the fact that
renewable IBGs (e.g., wind and solar) have no headroom without
preemptive curtailment.

Primary reserve is conventionally sourced from SGs. The
proliferation of IBGs pushes SGs out of the market, inevitably
reducing online inertia and available primary reserve. The
reduction of available primary reserve, particularly the
corresponding ramp rate, may further exacerbate the decrease of
frequency nadir following a generator trip event. Therefore, the
consideration of LFR is important to reduce the ramp rate
requirement of primary reserve in low inertia systems.

A. Required Amount

The total amount of required primary reserve in a power system
in the tth dispatch interval should cover the lost power p,,, of a
generator/storage, which means
vn € ¢SG u ¢SS u ¢IBG U d)sto

1st
i 2 Ptn

i€pSEuPSSuPBCuPS©,izn
(6)
where 8" is the amount of primary reserve in MW sourced from
the ith generator/storage. i # n means that the primary reserve of
the lost generator/storage is not counted in the calculation of
post-contingency primary reserve.

B. Required Ramp Rate

Since the ramp rate of a generator/storage is a deterministic
attribute, generator dispatch engines can only dispatch the amount
of power reserve from the generator/storage rather than the ramp
rate. Nevertheless, the dispatched amount of primary reserve from
a generator/storage should fully ramp up within a required
timeframe T,*™ to prevent post-contingency frequency from
falling below the minimum permitted frequency fini, (in Hz).
Given the ramp rate of a generator/storage G; in MW/s, the
maximum power surge the generator/storage can have within
T, %™ is T,*™P G;. Therefore, the amount of deliverable power
reserve within T,*"" (i.e., primary reserve) from a
generator/storage that can be dispatched in the tth dispatch interval
should be limited to T,*™ G;, that is

0 <t <1/ g,
(@)

T,*™" is determined by finin, HS¥® and the ramp rates of online
generators/storages in a dispatch interval. According to Appendix
A-2, T/*™ can be conservatively estimated by

Ttramp — athsys
8)

where a; is a constant in the tth dispatch interval. Eq.(8) reveals
that T/*™ is proportional to H;”®, indicating that increasing
system inertia can reduce the ramping burden of

generators/storages. According to Appendix A-2, a, is
8APt,max(f0 - fdb - fmin)

— K3 P9 (fy = finin) ) (28P¢ oy —

= SYS psload
KiprFe fdb)
)
where fy, is the governor dead band of a power system in Hz (e.g.,
0.15 Hz in the NEM [14]). fmin iS the minimum tolerable
frequency nadir in an N-1 generator trip event (e.g., 49.5 Hz in the
NEM [28]). AP 1. is the maximum MW imbalance following a
credible N-1 contingency event, which can be estimated according
to operational experience. AP, .., in the NEM is in the range from

600 to 700 MW [29]. P$'°24 s the predicted system load in MW in
the tth dispatch interval, which is a known.

K 7 is the system LFR constant in %/Hz. The LFR constant
can be estimated from linear regression based on measurement
data [30]. For instance, the LFR constant are 1%/Hz and 2%/Hz for
the NEM mainland and Tasmania, respectively [31].

According to (8) and (9), the inclusion of LFR (K[ ¥ > 0)
increases T, "7, which means post-contingency frequency takes
more time to decline below f,;,- AS a result, generators/storages
are given more time to ramp up. In other words, LFR reduces the
ramp rate requirement of primary reserve. Meanwhile, the amount
of primary reserve that can be dispatched from a generator/storage
is increased with the consideration of LFR, i.e., constraint (7) is
relaxed.

LFR indirectly enables more generators/storages even with slow
ramp rates to participate in the primary reserve market, which
brings down the cost of primary reserve. Note that (6) and (7)
guarantee that the dispatched amount of primary reserve in a
dispatch interval is not only adequate but also sufficiently fast. The
proposed primary reserve constraints are validated in Appendix B.

fO (APt,max

V. GENERATOR DISPATCH FORMULATION

A. Unit Commitment

1) Problem Statement
The zonal inertia constrained day-ahead half-hourly UC over 24
hours can be compactly formulated as
min f X, 0)

(10)
subject to

LG uf) = 0, vt

(11)
hic(x{c,ufc) <0, vt

(12)

[uf® —ups,| < Auyc ™, vt
(13)
PU(X,U) <0
(14)

where f4¢ is the quadratic cost function to be minimized. x}€ is
the vector of binary variables in the tth dispatch interval, e.g., the
on/off state of every SG/SS/SC x, ; and/or y, ;. u® is the vector of
real variables in the tth dispatch interval, e.g., the power output
pr;, the primary reserve r{i* and the secondary reserve rtz_l-“d of
each generator/storage. X is the vector of x{¢, ie, X =
[x3C, ..., xP€, ..., x4g]. Similarly, U = [ujS, ..., ufS, ..., ujg].

gi€ and hy¢ are the sets of equality and inequality linear
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constraints for the tth dispatch interval in the UC, respectively.
Equation (11) refers to the DC power flow equations. Inequality
constraints (12) concern the adequacy of zonal and system inertia,
the sufficiency of primary and secondary reserves, and the
operational limits of network components such as bounds on the
power output of a generator/storage and the power transfer limits
of an interconnector.

Augc ™2 represents the vector of maximal feasible variation of
control variables between two successive dispatch intervals, which
mainly refers to the power increase or decrease of an SG/SS over a
dispatch interval under secondary frequency control using AGC.
The detailed formulation of SG/SS generation ramp up/down
constraints in the load tracking operation can be found in [32]. y"¢
mainly refers to the set of coupling constraints of the minimum
uptime and downtime of every SG/SS/SC, which can be
formulated via introducing auxiliary binary variables according to
[33]. y"€ also considers the coupling constraints of the state of
charge (SoC) of every energy storage (detailed in Section V-A-6).

The coupling constraints (13) and (14) render UC problems
between neighboring dispatch intervals interdependent. Therefore,
the UC problems of every dispatch interval within a day have to be
simultaneously solved. In this paper, the mixed-integer quadratic
programming (MIQP) problem of day-ahead half-hourly UC is
solved by the Gurobi mixed-integer programming (MIP) solver
using a linear-programming based branch-and-bound algorithm
[34].

As a MIP problem, UC is NP-hard (nondeterministic
polynomial time hard) [35]. The exact time to find the optimal
solution to an NP-hard problem cannot be determined. The time
required to solve an NP-hard problem increases rapidly as the size
of the problem grows. However, the solver performance can be
significantly improved by increasing computing power. The MIP
solver provided by Gurobi is based on parallel computing, which
can find an optimized and feasible solution within an acceptable
solving time (e.g., 2 hours in this paper) for the proposed UC
formulation. The optimal solution to a UC problem is beyond the
scope of this paper.

2) Inertia Constraints

This paper brings zonal and system inertia constraints into the
UC problem. The zonal inertia constraints are
Vt, Vm € @*°"¢,

HEm'® = ZROCJ:)W (25
(15)
The system inertia constraints are
Vt, Vn € ¢SG U ¢SS U ¢IBG u ¢sto’
SYS - foben
© 7 2RoCoF,rs,
(16)

3) Primary Reserve Constraints

This paper introduces LFR into the formulation of primary
reserve constraints. The primary reserve constraints in terms of
required amount are
Vt, Vn € ¢SG U ¢SS U ¢IBG u ¢sto’

1st
i 2 Ptn

iE¢SGU¢SSU¢IBGU¢ISm,i¢‘n

a7

The primary reserve constraints regarding the required ramp
rate are
vt, Vi € ¢SG u ¢SS u ¢IBG U (PStO,
0 <rist
< 8GiAPt,mathsys(f0 - fdb - fmin)
fO (APt,max - K[f]}:'/]szl::tsmad(fO - fmin)) (ZAPt,max - K[S‘]Z[S{Ptsmadfdb)
(18)

4) Secondary Reserve Constraints
The total amount of dispatched secondary reserve should be
adequate for secondary frequency control. The secondary reserve
constraints are formulated as
Vt, Vi € ¢SG u (IJSS u ¢IBG U ¢St0’
rtz,ind > thnd
i€ SCUPSSUPIBGY psto
(19)
where rfl-“d is the amount of secondary reserve in MW sourced
from the ith generator/storage. R?™¢ is the total amount of required
secondary reserve across a power system in the tth dispatch
interval, which is an empirical value determined by the errors of
load/wind/solar forecast systems and generators’ capability of
following AGC signals. R?™ is between 120 MW and 250 MW in
the NEM [29].
5) Generator Constraints
Each online SG/SS must respect its minimum and maximum
loading levels. The power output of an SG/SS should meet
vt, Vi € ¢S50 U ¢S,
xt,iPiSGmin = Dei
(20)
rtl,is t rt%ind + pei < x P, iSGmax
(21)
where P™™ and P3™3* are the minimum and maximum power
outputs of the ith SG/SS in MW, respectively. When a generator is
offline (i.e., x,; = 0), constraints (20) and (21) assure that the
power output and reserve from the generator are forced to zero.
Similarly, the power output of a wind/solar powered IBG should
satisfy
vt, Vi € ¢'B6,
PgEGmin < pt,i
(22)
Ttl,iSt + rtz,ind + Dt < PtIEGaVl
(23)
where P3¢ is the available power of the ith IBG in MW, which
is a forecast value and known in the tth dispatch interval. In order
to provide power reserve or to maintain more SGs online, the
power curtailment of an IBG is sometimes inevitable [7].
However, curtailing the power output of an IBG to zero may not be

technically feasible. A minimum enablement power P55 (in

MW) of the de-loading operation is introduced to an IBG. P3¢™™
is determined by the IBG design and available power P21 in the
current dispatch interval. PB¢™n < p/B& jndjcates that the
power output of the ith IBG can be curtailed, (i.e.,
semi-scheduled). P{26min = p/BGvl means that the power of the ith
IBG cannot be curtailed, (i.e., non-scheduled).
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6) Energy Storage Constraints

Similar to the on/off state of an SG, an energy storage has
charging/discharging state which is also modelled using a binary
variable z.;. In this paper, z,; = 1 denotes discharging, while
z,; = 0 represents charging. Meanwhile, each energy storage
must meet the limits of charge/discharge power and the SoC in
every dispatch interval.

If an energy storage is dispatched to discharge in the tth dispatch
interval, then the discharge power limits are
vt, Vi € ¢,

2 P < pr
(24)
st + rtz,ind +pri < 2o P
(25)
where PA™I" and PA™3* are the minimum and maximum discharge
powers of the energy storage in MW, respectively.

When an energy storage is on charging mode, it can work as an
interruptible load to provide primary and secondary reserves. The
charge power of the energy storage in any dispatch interval should
meet

vt, Vi € ¢S,
1% < (1 2 )Em
(26)
(1 Z: )Pcmm < pchg tllSt chg rgind chg
(@7)

where PF™1 and PF™3% are the minimum and maximum allowed
charge powers of the energy storage in MW, respectively.

"8 > 0 and """ > 0 are the primary and secondary

reserves that can be sourced from the energy storage via fast load
reduction, respectively. In order to count the power reserves from

the energy storage on charging mode, 7,">" & should be added into

the left side of (17), and 2" should be added into the left side
of (19). Since the energy storage may require a minimum charge
power, constraint (27) guarantees that providing power reserve
does not violate such a constraint.

Furthermore, the SoC (in %) of an energy storage should be kept
in the range from its lower to upper limits (i.e., SoC™™ and
SoC{™™), that is

Vt, Vi € ¢5%,
SoCMM < SoCy; < SoCM™
(28)
h
Z§=1 (Ufp,clg - 77L pj, 1) At
SOCti = SOCOL' +
’ ’ El
(29)

where SoC,; is the initial SoC of the energy storage at the

beginning of the next trading day, which is a known. n§ and n¢ are
two coefficients representing charge and discharge efficiencies,
respectively. For example, ¢ = 0.95 and n¢ = 1.05. At is the
timeframe of a dispatch interval, (e.g., 30 minutes for the UC
problem in this paper). E; is the capacity of the energy storage in
MWh. Note that the energy accumulation term in (29) introduces
another type of coupling constraints into (14).

B. Real-time Dispatch
1) Problem Statement

Given solved binary unknowns (e.g., the on/off status of each
SG/SS/SC) in the pre-dispatch (i.e., UC), the real-time dispatch
over every five minutes can be optimized by solving
inertia-constrained AC OPF. The solved power output of each
generator/storage in the UC is served as the initial value for the AC
OPF.

The AC OPF of every independent dispatch interval in the
real-time dispatch can be compactly formulated as

min fopf(xopf‘ uopf)

xopf’uopf
(30)
subject to
gopf(xopf’ uopf) =0
(1)
hopf(xopf’ uopf) <0
(32)
uopf u?algf < Auopfmax
(33)

where x°Pf is the vector of complex state variables (i.e., bus
voltages), and u°Pf is the vector of control variables, i.e., the power
output, primary and secondary reserves of each generator/storage.

Equation (31) refers to AC power flow. Inequality constraints
(32) include the constraints of zonal and system inertia, primary
and secondary reserves, and the operational limits of network
components (e.g., the terminal voltage and active/reactive power
of every generator/storage, the SoC of each energy storage, and the
branch voltage, current and power transfer).

The inequality constraints of incremental changes in the
generation of each SG/SS can be formulated as (33), where
Au®Pfmax denotes the maximum allowed incremental power
increase/decrease over a dispatch interval under secondary
frequency control via AGC. Unlike the UC problem, the control

variables u1 f from the last dispatch are known in current
dispatch, as OPFs between successive dispatch intervals in the
real-time dispatch are chronologically solved.
2) Inertia Constraints
Since the on/off state of every SG/SS/SC is pre-solved in the
UC, zonal and system inertias are known for each dispatch interval
in the real-time dispatch. Therefore, the zonal inertia constraints in
the tth dispatch interval of the real-time dispatch can be formulated
as
Vm € (pzone'
! 2Hz°“eRocoFf,;’;‘xe
ptm - fo
(34)
Similarly, the system inertia constraints for the real-time
dispatch are formulated as
vn € ¢SG U ¢SS U ¢IBG U d)sto
2H;”*RoCoFp5y
Ptn < 7o
(35)
The constraints of primary and secondary reserves, and
generator/storage physical capabilities are the same as those in the
UC problem formulated in Section V-A, except that binary
unknowns are pre-solved for the real-time dispatch. The proposed
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inertia-constrained AC OPF is solved by the primal-dual interior
point method available in MATPOWER [36] which takes couple
of seconds to solve the proposed AC OPF.
3) Comparison with Security-constrained OPF

The traditional preventive and corrective security-constrained
OPFs (SCOPFs) mainly concern post-contingency voltage
violations with respective to different N-1 contingencies. Apart
from base case power flow, numerous post-contingency power
flows have to be simultaneously solved in an SCOPF. Comparing
with traditional N-1 SCOPFs summarized in [37, 38], the proposed
AC OPF formulation only introduces zonal and system inertia
constraints into the conventional AC OPF under the assumption
that system voltage profile undergoes minor changes as long as a
generator/interconnector trip event is containable.

VI. SIMULATION RESULTS

A. Studied Power System

The Southeast Australian power system (SEAPS) model [39]
closely resembling the NEM mainland is used to test the proposed
zonal inertia constrained generator dispatch formulation. As
shown in Fig.2, the original network is further augmented with 24
SGs, 23 wind farms and one TESLA battery storage (+100 MW /
-80 MW / 129 MWh) in its Area 5 (SA) and Area 3 (Victoria
(VIC)), which reflects the wind integration progress of Australia
by the end of 2018 [40]. Overall, the augmented SEAPS has 86
SGs, 23 wind farms, 1 energy storage, 5 SVCs, 217 buses and 363
branches. The projection of system load and available wind
generation of the SEAPS during a typical day is shown in Fig.3,
which is derived from [39, 41].

SA and VIC are connected via the AC interconnector Heywood.
The trip of the Heywood interconnector results in SA islanding.
Since only SA has declared inertia shortage in the NEM [12], the
focus of zonal inertia adequacy is on SA. The post-contingency
RoCoF is required to be less than 2 Hz/s across the NEM [8, 9].

The NEM mainland has a long and less meshed transmission
network with only three AC interconnectors [22]. The trip of one
or more AC interconnectors in the NEM mainland creates different
zones, and each zone should have adequate inertia to ensure secure
islanding. Since the NEM mainland experienced the trip of single
interconnector [2] and double interconnectors [19], two cases are
simulated to demonstrate the effectiveness of the proposed zonal
inertia constraints. The first case only brings the trip concern of
single interconnector into the formulation of zonal inertia
constraints. The second case considers the trip of double
interconnectors in the NEM.

B. Zonal Inertia

1) Inertia Distribution

Zonal and system inertias are calculated according to the UC
result using (3) and (5), respectively. As shown in Fig.4, adding
zonal inertia constraints into the UC problem can materially lift
system inertia (the dashed orange line), as compared with the
unconstrained one (the solid blue line). Moreover, increasing the
number of zonal inertia constraints further boosts system inertia, as
indicated by the dashed pink line in Fig.4.
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Zonal inertia (e.g., SA) can also be increased with the
enforcement of zonal inertia constraints. For instance, zonal inertia
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trip, results in significantly more inertia in SA (the dashed orange
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line in Fig.5(a)), in comparison to the unconstrained one (solid
blue line in Fig.5(a)).

However, zonal inertia may not always be increased with the
inclusion of zonal inertia constraints in the UC, since constraining
interconnector power flow (e.g., Heywood) can also limit RoCoF
via preemptively reducing contingency size. Zonal inertia from the
generator dispatch formulation considering double interconnector
trip (the dashed pink line in Fig.5(a)) is less than the unconstrained
one (the solid blue line in Fig.5(a)) between 0:00 and 4:00, during
which Heywood power flow is considerably decreased (the dashed
pink line in Fig.5(b)) in comparison to the unconstrained one (the
solid blue line in Fig.5(b)).
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Fig. 5. South Australia inertia and Heywood interconnector power flow ((a) from
UC result, (b) from AC OPF result).

2) RoCoF

Three types of contingency events are introduced to evaluate the
effectiveness of the proposed inertia constraints. They are N-1
generator outage, and the trip of single and double
interconnector(s) in the NEM mainland. Since detailed dynamic
models of NEM generators are not publicly available, the largest
SA RoCoF following each type of contingency event is estimated
according to the RoCoF estimation equation (A.2) for every
five-minute dispatch result. As demonstrated in Appendix B, (A.2)
gives a pessimistic estimation of the largest post-contingency
RoCoF, which means that if the estimated RoCoF is less than 2
Hz/s, so is the actual RoCoF.

As can be seen in Fig.6(a), SA RoCoF cannot be constrained
without the proposed zonal inertia constraints. When zonal inertia

constraints are placed, post-contingency RoCoF in SA can well be
bounded within the permitted range from -2 Hz to 2 Hz/s, as shown
in Fig.6(b) and Fig.6(c).

3) Wind Curtailment

The dispatch engine loaded with zonal inertia constraints
dispatches more SGs or reduces the interconnector power flow or
does both to limit zonal RoCoF. Inevitably, power outputs from
renewable IBGs (e.g., wind farms) are curtailed to make sure that
each running SG can meet its minimum loading level. As a result,
electricity spot price is increased.

SCs are able to reduce IBG curtailment, as they do not require a
minimum loading level. Assume four SGs in Torrens Island A
power station in SA are retrofitted with synchronous condensing
clutches and can run as SCs if dispatched. As shown in Fig.7(a),
SA wind spillage is greatly reduced with the operation of four SCs.
Four SSs in Torrens Island A power station are dispatched to run as
SCs during the period of high wind penetration, as can be seen in
Fig.7(b). Meanwhile, Hornsdale battery is also charged up to store
spilled wind energy and later discharged during load peaking time,
as shown in Fig.7(c).
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Fig. 6. RoCoF in South Australia (estimated by Eq. (A.2) according to UC and AC
OPF results).
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Fig. 7. Wind curtailment in South Australia and the state of charge (SoC) of
Hornsdale battery ((a) from AC OPF result, (b) from UC result, (c) from AC OPF
result).

C. Load Frequency Relief
The total amount of available primary reserve of the NEM
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mainland in every five-minute dispatch interval is calculated by
Y min (T,*™" G;,pP¢*?), where pP¢2? is the headroom of an
online generator/storage in a dispatch interval. As shown in
Fig.8(a), the required amount of primary reserve can be well
maintained by the proposed primary reserve constraints. The
consideration of LFR reduces the burden of fast ramping on
generators/storages, thus more generators/storages can partake in
the primary reserve market. Resultantly, the pool size of the
primary reserve is considerably increased, as illustrated in
Fig.8(a). The average cost of the primary reserve is substantially
reduced as well, as shown in Fig.8(b).
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Fig. 8. Primary reserve in the NEM mainland.

D. Cost Comparison

The purpose of generator dispatch is to minimize electricity spot
price under the precondition that operational security can be
maintained. SA electricity spot price is calculated every five
minutes by considering SA generator outputs and Heywood
interconnector power flow solved by AC OPF.

Five-minute electricity spot prices of four different cases in SA
are shown in Fig.9. The enforcement of zonal inertia constraints
substantially raises the spot price when wind generation is high
(e.g., the dashed orange line) in comparison to the unconstrained
one (the solid blue line). Increasing the number of zonal inertia
constraints can further escalate the spot price throughout the day

(the solid pink line against the dashed orange line).
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Fig. 9. Five-minute electricity spot price in South Australia.
When zonal inertia constraints are enforced, SCs are an option

to bring down the spot price, as indicated by the dashed black line

18:00  21:00 24:00

in Fig.9. Moreover, the operations of SCs can retain almost the
same price throughout the day, as if there were no zonal inertia
requirements.

VII. CONCLUSION

This paper offered a framework to address the shortage of zonal
inertia in a power system dominated by asynchronous renewable
generation. The proposed zonal inertia constraints can well
maintain zonal inertia adequacy, particularly during periods of
high renewable penetration. Moreover, this paper introduced LFR
to reduce the ramping burden of generators/storages, thus allowing
more generators/storages to participate in the primary reserve
market so as to bring down the cost.

With the proposed zonal inertia constraints, RoCoF is well
restricted within the safe band in the event of network separation.
Electricity spot price goes up with the inclusion of zonal inertia
constraints, but SCs show the ability to limit the increase of the
spot price and curtailed power of renewable IBGs.

VIIl. APPENDIX

A. Primary Frequency Control

1) RoCoF
Post-contingency frequency dynamics considering LFR are
conventionally modelled by the aggregated swing equation as [42]
df ()

RoCoF = T

= % (Pmech(f) = Pelec(t) = Kpp P52 (f (1) — fo))

(A1)
where RoCoF is in Hz/s, f(t) is system frequency in Hz, and H5YS
is the post-contingency system inertia in MWSs. f; is the nominal
grid frequency in Hz (e.g., 50 Hz in the NEM). ppecn(t) and
Delec(t) are the total mechanical power inputs and the overall
electrical power outputs of all online SGs in MW, respectively.
Ky is the system LFR constant in %/Hz. PS!°d js the system
load in MW.

It is worth noting that the LFR and governor responses reduce
the instantaneous RoCoF according to (A.1l). Therefore, the
instantaneous RoCoF peaks at the inception of a contingency event
when governor responses are not activated and ppecn(t) —
Delec(t) = —Piost - Here, Py is the lost power of a tripped
generator, i.e., the contingency size. Therefore, the maximum
absolute post-contingency RoCoF can be derived from (A.1) as
[14]

P,
ROCOFpax = /; OH':;:

(A2)
2) Frequency Nadir
The frequency nadir f;.q4. Can be estimated by calculating the
definite integral of the swing equation (A.1). The integral of (A.1)
between time 0 and t,,4;, Can be arranged as
Jtnadir df(t) dt+ K]f}}?,;PSbadfo
0

thadir

(fF(@® = fo)dt

dt 2HSYS

__Jo
T 2HSYs

thadir
_f (Pmecn (t) = Petec(t))dt
0
(A3)
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The first integral on the left side of (A.3) is equal to f.q4ir — fo-
The second integral on the left side of (A.3) may be geometrically
approximated by the shaded area in the frequency deviation curve
shown in Fig.10(b). Since the value of the shaded area is less than
the actual integral, such an approximation gives a conservative
LFR estimation.

An aggregated ramp rate G5¥5 (in MW/s) of the overall governor
responses in a power system is assumed the same as [18] to
facilitate the definite integral calculation of power imbalance on
the right side of (A.3) which is equal to the shaded area in the
power imbalance curve shown in Fig.10(a). Therefore, the integral
result of (A.3) can be approximated by
K]f]}:/}szpsmadfo (fnadir B fo)tnadir

2HsYS 2

fo Pl%)st
= ~5ppsys | Plostldb + 5755

fnaidr _fO +

(A4)

Pmech (t) _“pelec Ft) (a)

T

Plost

- tramp e

f©) - fo ‘
A !
tdb ! tnaidr

1 S ) t
fratc =0 \\\\\\

(b)

-

Fig. 10. Primary frequency control [18].
thadir 1S the time system frequency reaches the nadir, given as

_ _ Piost
thaidr = tap + tramp =tgp + GSYs

(A.5)
where tgy, is the time when the frequency drops below the average
governor dead band fy;,, (absolute value in Hz, e.g., 0.15 Hz in the
NEM [24]). tqp can be calculated by integrating (A.1) between
time 0 and t4,, during which there are no governor responses and

pmech(t) — Pelec (t) = —Piost- tap IS
4H fap

fo(2Piost — K o P51°% fa)

tab

(A.6)

tramp IS the timeframe within which the total amount of

dispatched primary reserve should fully ramp up to avoid an

unacceptable frequency nadir. Substituting (A.5) and (A.6) into
(A.4), the post-contingency frequency nadir is

_ fo(Piost = Kipr P ) (2Piost — Kipn P fun)

fradir = fo = fab = 8GSYSHSYS + KE]}:,;PSloadfO(ZPIOSt _ Ksyspsloadfdb)

LFR
(A7)
and
GSYSs = fO (Plost - K]fg]ipsmad(fo - fnaidr)) (Zplost - K[fl}:,]ipsmadfdb)
8H5ys(f0 - fdb - fnadir)
(A.8)
Therefore,
_ 8PlostHSyS(f0 - fdb - fnadir)
tramp -

fO (Plost - KIS,%,[S{PSload (f() - fnaidr)) (Zplost - ng;psloadﬁb)
(A.9)

B. Validation of Proposed Inertia and Primary Reserve
Constraints

A real power system (301 buses, 56 SGs, 4 IBGs and the
maximum load around 1500 MW) with its actual and full
dynamics in PSS®E is served as a test system to check whether the
proposed zonal inertia constrained generator dispatch algorithm
can maintain the security of primary frequency control in case of a
credible generator trip event or a non-credible interconnector trip
event.

The testsystem is in an island, which is linked viaan HVDC line
to a large interconnected power system. System frequency is
allowed to reach 48 Hz in this small test system. The largest
tolerable RoCoF is 2 Hz/s. The average governor dead band is 0.15
Hz. Since most SGs and IBGs trip when the grid frequency drops
below 47 Hz, multiple-staged UFLS is activated at 48 Hz to keep
the frequency above 47 Hz should enormous power disturbance
occur.

Two cases are created for the test system under a load level of
1250 MW using the proposed dispatch algorithm. The frequency
responses of two cases are further investigated in PSS®E to
validate the proposed inertia constraints (i.e., (2) and (4)), and the
linearized primary reserve constraints (i.e., (6) and (7)). The
allowed minimum frequency f;,;, following an N-1 generator trip
is 48 Hz in Case I, whilst it is 49 Hz in Case Il. The case settings of
the test system are shown in TABLE III.

TABLE III. CASE SETTINGS OF THE TEST SYSTEM

Case | Case Il
System load 1250 MW 1250 MW
LFR constant 2 %/Hz 2 %/Hz
Pre-contingency system inertia 3834 MWs 5985 MWSs
Largest power output among online SGs 140 MW 140 MW
Dispatched primary reserve 141 MW 143 MW
Aggregated ramp rate of dispatched primary reserve 26 MW/s 40 MW/s
Imported power via HVDC line 300 MW 450 MW
Allowed f.;, following an N-1 generator trip event 48 Hz 49 Hz

1) Generator Trip

Improving the frequency regulation standard of the test system
(i.e., a larger fiin, 49 Hz vs 48 Hz) brings more SGs online to
increase the inertia and primary reserve ramp rate, as shown in
TABLE Ill. Fig.11 shows that the proposed constraints of system
inertia (i.e., (4)) and primary reserve (i.e., (6) and (7)) can well
restrain RoCoF and frequency nadir following the trip of the
largest SG at 140 MW. As listed in TABLE 1V, the
post-contingency RoCoF and frequency nadir in Case | are 0.77
Hz/s (< 2 Hz/s) and 48.7 Hz (> 48 Hz), respectively. In Case II,
they are 0.52 Hz/s (< 2 Hz/s) and 49.38 Hz (> 49 Hz), respectively.

Simulation results listed in TABLE IV also show that the actual
RoCoF and frequency deviation are less than the estimated ones,
proving that the proposed estimation formulas of post-contingency
RoCoF and frequency nadir (i.e., (A.2) and (A.7)) vyield
pessimistic estimations. In other words, if estimated RoCoF and
frequency deviation based on (A.2) and (A.7) are less than the
corresponding limits, so are the actual RoCoF and frequency
deviation. This further demonstrates that, based on (A.2) and
(A.7), the linearized constraints of inertia and primary reserve
considering LFR are formulated in a conservative manner.
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TABLE IV. RESULT OF THE TRIP OF THE LARGEST GENERATOR
Case | Case Il
Post-contingency system inertia 3263 MWs 5414 MWs
Estimated RoCoF according to (A.2) 1.07 Hz/s 0.65 Hz/s
Actual RoCoF 0.77 Hz/s 0.52 Hz/s
Estimated frequency nadir accordng to (A.7) 48 Hz/s 49 Hz
Actual frequency nadir 48.70 Hz/s  49.38 Hz

2) Interconnector Trip

As shown in TABLE IIl, the proposed dispatch algorithm
increases inertia to boost the imported power, which is a result of
the placement of zonal inertia constraints (i.e., (2)). For the same
amount of load, inertia is lifted from 3834 MWs to 5985 MWs in
order to support the increase of interconnector power transfer from
300 MW to 450 MW.

Fig.12 shows that RoCoF is less than 2 Hz/s in both cases after
the trip of the HVDC line, so that UFLS shown in Fig.12(b) can
successfully arrest the frequency above 47 Hz to avoid frequency
collapse. When grid frequency drops below 47 Hz, most
generators trip due to protection reasons. Therefore, the simulated
contingencies in PSS®E demonstrate the effectiveness of the
proposed constraints of zonal/system inertia and primary reserve
considering LFR. The proposed zonal inertia constrained generator
dispatch algorithm can secure primary frequency responses
following a credible generator trip event or a non-credible network

separation event.
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Fig. 11. N-1 generator trip: primary frequency response of the test power system.
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holds patents in power conversion for renewable energy.
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