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Abstract—The decline of system inertia due to the increasing
displacement of synchronous units by renewable units has intro-
duced a major challenge on the frequency dynamics management
of a power system. This paper discusses how fast-response battery
energy storages can be used to maintain the frequency dynamic
security. Immediately following a generation loss, the injections
of batteries are adjusted instantly to ensure minimum power im-
balance in the system. This control strategy is included in a novel
formulation of the frequency dynamics constrained unit commit-
ment, in which the impact of wind uncertainty is dealt with using
interval-based optimization. The reformulation-linearization tech-
nique is applied to reformulate the original nonlinear model as
a mixed-integer linear programming problem. Case studies on a
six-bus system and the modified RTS-79 system demonstrate that
the proposed method guarantees frequency security while still pre-
serving economy without curtailing wind generation.
Index Terms—Unit commitment, frequency, inertia, primary

frequency control, battery energy storage, wind uncertainty.

I. INTRODUCTION

F REQUENCY dynamics management is essential for the
secure operation of a synchronous power system. The

term “frequency dynamics” refers to the short-term transient
period of frequency response following a sudden loss of gen-
eration. During this period, both the inherent system inertia
and primary frequency response (PFR) are needed to arrest the
frequency deviation across the interconnection.
Historically, it is not common for operators to manage the

system inertia level in a large interconnection due to the plen-
tiful inertia from conventional synchronous units (e.g., fossil
fuel, hydro and nuclear) [1]. Current practices on defining pri-
mary reserve for PFR are based on simple capacity reserved re-
quirements [2], i.e., setting the primary reserve amount of a gen-
erator at a certain percentage of its capacity. Generation sched-
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uling and dispatch based on this simple approach is thus not suf-
ficient to validate the frequency security during dynamic condi-
tions.
With the increasing penetration of renewable generation in

power systems, a considerable part of conventional synchronous
units providing inertia response and PFR are being displaced
by renewable units. However, wind and solar units typically
provide low to zero inertia response because of their non-syn-
chronous connection to a power system [3]. The increasing pen-
etration of renewable generation thus reduces the total inertia
of the system, and consequently poses a major challenge to the
frequency dynamics management [4]. A report [5] on a U. K.
system shows that, for 20 GW of load and 3.2 GW of wind
power, the current capacity-based requirements for primary re-
serve definitions were incapable of meeting the frequency nadir
limit. Electric power systems in Ireland [6], northwest of China
[7] and Texas in USA [8] and especially some small isolated sys-
tems [1], [9] have experienced Rate-of-Change-of-Frequency
(RoCoF) issues as a result of rapid expansion of wind gener-
ation.
Incorporating frequency related constraints in the Unit Com-

mitment (UC) and Economic Dispatch (ED) could improve the
frequency dynamics. Somuah and Schweppe [10] first reformu-
lated the traditional ED by including an explicit constraint on the
maximum system frequency deviation following a postulated
disturbance. Restrepo and Galiana [11] formulated a PFR-con-
strained unit commitment that optimally schedules the reserve
requirement for primary frequency regulation but only enforces
a quasi-steady-state frequency limit. Ela et al. [12] designed an
ancillary service market that explicitly incentivizing the provi-
sion of PFR. The scheduling, pricing and settlements needed for
this market design were outlined. Extensive efforts [13]–[15]
have been conducted to construct the frequency related con-
straints, such as the RoCoF and minimum frequency limits. The
work presented in [15] established the sufficient conditions for
ensuring frequency nadir adequacy through ex-ante dispatch in-
structions. A simplified dynamic model of primary frequency
response was developed to formulate a constraint suitable for
an optimal power flow framework. A group of authors [16], [17]
studied the impact of system inertia under uncertainties associ-
ated with wind generation and unit outages. Lee and Baldick
[16] modeled a two-stage stochastic frequency based ED under
uncertainties of unit outages. The L-shaped method was used
to solve a large stochastic program. Teng, Strbac and et al. [17]
proposed a stochastic frequency-based UC that ensures the com-
prehensive frequency dynamic performance (i.e., RoCoF, fre-
quency nadir and quasi-steady-state frequency) meets the secu-
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rity requirements. In this UC, the expected operating cost was
optimized over a set of scenarios representing different realiza-
tions of wind production.
The efforts mentioned above have made significant contri-

butions to improve the system frequency dynamics. However,
the ability of a power system to maintain frequency stability
still mainly relies on synchronous units with slow dynamics. If
such units committed are not enough, power outputs of renew-
able plants must be curtailed so that more synchronous units can
be run to ensure sufficient system inertia; otherwise automatic
load-shedding would be triggered to restore the power equilib-
rium and prevent a frequency collapse [1].
The availability of emerging fast-acting energy storage tech-

nologies such as batteries and ultra-capacitors considerably in-
creases the scope for dynamic frequency control, since these
devices are able to instantly inject power to counteract system
power imbalance [1], [18]. The problem of dimensioning the
battery storage system to provide primary frequency reserves
has been addressed in [19]. Practical projects in northern Chile
[20] and some island power systems such as French Guade-
loupe [21] and Spanish Cannary [22] have technically shown the
feasibility of fast-response storage to improve the PFR. How-
ever, the above storage applications are based on ex post local
measurement and control, they do not provide a criterion to es-
tablish frequency dynamic adequacy through ex-ante dispatch
instructions. If the pre-contingency preserved energy capacity
of storage units is insufficient, the scope for frequency control
would be limited. Also, the single application of frequency reg-
ulation is unlikely cost effective to justify the investment of bat-
teries.
The goal of this paper is to describe how the operation of bat-

tery energy storage for dynamic frequency support can be opti-
mized as part of Frequency Dynamics Constrained Unit Com-
mitment (FDUC). This problem is formulated using interval-
based optimization in order to cope with the impact of uncertain
wind generation on system inertia and frequency dynamics. The
contributions of this paper include the following:
1) A dynamic frequency control strategy with batteries is pro-

posed. Immediately after a generator tripping, the injec-
tions of batteries are adjusted instantly to provide a dy-
namic frequency support. Such actions would be able to
ensure minimum system power imbalance while reducing
the stress of synchronous units to provide the inertia and
primary reserve.

2) Multiple applications of a battery storage are included in
the proposed FDUC formulation (denoted as FDUCB) to
perform energy arbitrage in the normal state, and provide
dynamic frequency support following a major credible
contingency. The FDUCB explicitly imposes constraints
on the deliverability of system inertia and primary reserves
as well as emergent fast-response storages to ensure the
RoCoF adequacy and frequency nadir adequacy.

3) Application of the Reformulation-Linearization Technique
(RLT) is carried out to reformulate the original nonlinear
model into a Mixed-Integer Linear Programming (MILP)
problem, resulting in a significant decrease in computing
efforts.

Fig. 1. Dynamic frequency response with and without battery storage.

In comparison to previous approaches, the proposed method
has the following advantages:
1) It improves the system's resilience to withstand a major

frequency disturbance, i.e., slowing down the RoCoF and
increasing the minimum frequency without the need for
wind curtailment.

2) It mitigates the inertia and PFR requirements for the syn-
chronous units and therefore reduces the total operating
cost.

The proposed technique is easily implementable in existing
power systems as the batteries' post-contingency frequency-ar-
rest actions were determined in advance.

II. FREQUENCY DYNAMICS AND DYNAMIC FREQUENCY
CONTROL WITH BATTERY STORAGE

A. Frequency Dynamics
The dynamics of system frequency can be governed by the

first-order swing equation [23]:

(1)

where is the frequency deviation, [MW s/Hz] is the
system inertia after a generation loss which refers to the ability
of the system to resist a frequency change following a contin-
gency, [1/Hz] is the load-damping rate, [MW] and

[MW] denotes respectively the increased power out-
puts from the synchronous units and battery storage units fol-
lowing the generation loss [MW].
A typical waveform for a post-contingency short-term

frequency excursion without frequency support from battery
storage is shown in Fig. 1 (green curve). During the first several
seconds ( , 0–5 s), the frequency drop is only limited by
the inertia response of synchronous units. After the governor
dead-band, the PFR will take action deploying the primary
reserve to stabilize the frequency to the quasi-steady-state
setting value. The duration of PFR is typically 5 to 25
s. Secondary and tertiary reserves occurring in a long-term
timescale (30 s to 15 min) are beyond the scope of this paper.
During the short-term transient period, two most important

metrics indicating dynamic system frequency security must be
managed to prevent system collapse: 1) RoCoF [Hz/s]—the
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slope of the frequency which falls immediately following a
contingency; 2) Frequency nadir ( [Hz])—the lowest
frequency reached before frequency starts to recover.
The decline of system inertia as a result of the increasing dis-

placement of synchronous units by renewable units deteriorates
the system frequency dynamics and more seriously, increases
the risk of frequency collapse and blackout. Low system inertia
and insufficient PFR is most likely to occur when the system
is operated with low load but high wind penetration [1]. Under
such scenarios, if a major unit is suddenly in outage, the RoCoF
might become too high or the frequency nadir might move out-
side the tolerable contingency band, which would respectively
trigger the RoCoF relay and Under-Frequency Load-Shedding
(UFLS) relay to prevent a frequency collapse.

B. Dynamic Frequency Control With Battery Energy Storage

In the actual operation of power systems, the operator is usu-
ally obliged to maintain a sufficient amount of active power in
reserve to cover the loss of the largest online generating unit
[1]. Therefore, we consider this worst-case contingency for fre-
quency dynamic analysis. The response time of battery storage
is neglected because of its capability of ramping up to full output
in tens to hundreds ofmilliseconds [18], [20], [21]. The dynamic
frequency control with battery energy storage can be illustrated
using Figs. 1–3:
1) Following the occurrence of the largest generation loss at

time , battery immediately injects power at its full ca-
pacity [MW] to compensate the power imbal-
ance. The power change [MW] of a battery storage
device is

(2)

where [MW] and [MW] are respectively the
base case discharge and charge power of battery . The
original power imbalance of the system is in-
stantly reduced to:

(3)

2) The power injection from the batteries remains constant
during the short-term transient period until the required
PFR of synchronous units have been fully activated.

3) During the inertia response timeframe , the power im-
balance keeps constant at . After the governor dead-
band, synchronous units start deploying PFR with a con-
stant rate and the power imbalance during the PFR time-
frame decreases linearly until it reaches zero in the
quasi-steady-state.

According to (2), the maximum possible power change
of a battery storage device following a credible contingency
is , which occurs when the battery
is charged at the maximum limit ( [MW]) in the
normal operation. The corrective actions from batteries could
thus back-up a considerable amount of power imbalance, and
consequently reduce the requirements of inertia and primary

Fig. 2. System power imbalance as a function of time.

Fig. 3. Power injection of the battery storage as a function of time.

reserve from conventional synchronous units. In comparison
with the frequency excursion curve without battery storage,
the dynamic frequency support from batteries (Fig. 1, blue
curve) guarantees the frequency stability, i.e., slowing down the
RoCoF and ensuring the frequency nadir within the tolerable
contingency band.
Although we do not consider the generators' Secondary Fre-

quency Response (SFR), it is necessary to avoid the batteries
causing a sudden power imbalance during the SFR timeframe
( , typically 5 min). After the system has recovered from a
previous disturbance via inertia response and PFR, the batteries
are required to continuously reduce their injections to zero until
the AGC actions have been fully deployed (as shown in Fig. 3).
Therefore, the amount of energy [MWh] that a battery
storage device must be able to discharge to help deal with the
post-contingency frequency deviation is:

(4)

Note that if the penetration level of the installed batteries is
sufficiently high, i.e., the total power capacity of the storages is
greater than or equals to the largest generation loss ,
the immediate power imbalance can be fully compen-
sated by the batteries' injections:

(5)

where [MW] is the post-contingency discharging power
of battery . In this case, the pre-contingency frequency is al-
most maintained since the actual power imbalance can be re-
duced to zero . The amount of energy that
battery must deliver to deal with the contingency is:

(6)
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Fig. 4. Scenarios with inter-hour transition constraints.

III. PROBLEM FORMULATION

In order to guarantee the dynamic frequency security
following a credible contingency, the FDUCB formulation
enforces not only the operating limits in the nominal state, but
also the synchronous units' primary reserve requirements as
well as the storage units' corrective actions for post-contingency
inertia response and primary frequency control. In addition, the
battery storage's ability to provide a dynamic frequency control
is interacted economically with the energy arbitrage benefits it
can provide. The multiple applications of battery storage can
reduce the operating cost and help justify the investment of this
new technology.

A. Wind Uncertainty Modelling

The interval optimization [24] is used to deal with the impacts
of wind uncertainty on unit scheduling and frequency dynamics.
Unlike the scenario-based optimization [17], the interval opti-
mization does not require sampling scenarios from a presumed
probability distribution for wind uncertainties. Instead, the gen-
eration uncertainty of each wind farm is represented by three
non-probabilistic scenarios as depicted in Fig. 4: the central
forecast (green circles), the upper bound (red circles)
and the lower bound (blue circles). The FDUCB must en-
sure the feasibility of transitions from the lower to upper bound,
and vice versa, between any two consecutive time periods. Such
inter-hour transitions include not only the up/down ramping of
generators but also the variation in State-of-Charge (SoC) of
batteries.

B. FDUCB Model

In the following equations, the indices and refer
to the sets of synchronous units, wind farms, battery storage
units, load buses, scenarios and time intervals, respectively.
The objective function of the FDUCB aims to minimize the

overall operating cost of the central forecast scenario over
the scheduling horizon with a 1-hour time resolution:

(7)

The first four items in (7) represent the operating cost of the gen-
erators, which consists of the startup cost [$], the no-load

cost , the running cost (represented by a three-segment
piecewise linear approximation of the convex cost curve), and
the cost for providing primary reserve. denotes the on/off
status of generator at hour [MW] is the power pro-
duced by generator on segment of its cost curve at hour

[MW] is the primary reserve of generator at hour
is the marginal cost of generator on segment

is the cost offer of the primary reserve provided by generator
. The last item in (7) represents the batteries' operating cost.

[MW] and [MW] respectively represent the
discharging and charging power of battery at hour . The
battery operating cost model proposed in [25] is adopted, in
which the MWh price accounts for battery degradation due
to charging/discharging cycles. See the Appendix Section for
detailed explanation.
This optimization is subject to the constraints given in

Sections III-B1 and III-B2 below. The constraints given in
Section III-B1 pertain to the base case optimization of the
schedule of the generators and storage units. The constraints
given in Section III-B2 pertain to the post-contingency fre-
quency dynamics management when the power capacity
of the installed batteries is relatively small in comparison
with the largest generation loss. The related constraints
for the FDUCB with high penetration of battery storages

is described in Section III-C.
1) Constraints for the Nominal Operation: In the nominal

state, the FDUCB determines a set of unit on/off status variables
which are feasible for all possible scenarios. For each scenario,
there is a set of generators' power outputs and a set of batteries'
charging/discharging powers.

• Operation Constraints of the Generators:

(8)
(9)
(10)
(11)
(12)

Constraints (8) and (9) enforce the operating limits of genera-
tors. [MW] represents the power output of the -th gen-
erator following scenario at hour [MW] is the length
of segment of the output curve of generator [MW] is
the minimum output limit of generator . Constraints (10)–(12)
enforce the feasibility of inter-hour ramping transitions in a
given uncertainty range, as illustrated in Fig. 4. Constraint (10)
enforces both the up ( [MW]) and down ( [MW]) ramp
limits on the scenarios. Constraint (11) enforces the ramping
transition requirement from the upper bound (at hour ) to
the lower bound (at hour ), while constraint (12) enforces the
ramping transition requirement from the lower bound (at hour

) to the upper bound (at hour ). Ramping constraints from
the central forecast to the lower and upper bound scenarios are
excluded since they hold automatically because of constraints
(11) and (12) [24].
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The minimum up/down time and stair-startup cost limits of
the generating units are also included. The detailed formulation
can be found in the authors' previous work [26].

• Operation Constraints of the Batteries: See (13)–(19) at
the bottom of the page. Constraints (13) and (14) denote the
minimum and maximum limits on the charging and discharging
powers. Binary variable is equal to 1 when battery is
being charged, and 0 otherwise. Constraint (15) calculates the
energy [MWh] stored in each storage unit at hour .
is the energy dissipation rate, and are respectively the
charging and discharging efficiencies of battery storage . To
preserve the lifetime of battery storage facilities, the stored en-
ergy can be kept above a particular percentage of the capacity
[27], which can be expressed as the maximum Depth of Dis-
charge . Constraint (16) enforces that the State of
Charge (SoC) of each battery storage device exists between the
minimum allowed level and its rated capacity [MWh].
Constraints (17) and (18) enforce the feasibility of inter-hour
SoC transitions between the upper and lower bounds. Constraint
(19) sets the final SoC scenarios of each battery storage device
to be a pre-specified value, which is commonly chosen to be
equal to the initial value.

• Transmission Constraints: See (20) and (21) at the
bottom of the page. Constraint (20) imposes the total power

injection from the generators, wind plants and batteries to meet
the total load demand. [MW] denotes the power
output of the -th wind farm following scenario at hour
. [MW] denotes the hourly load demand at bus .
Constraint (21) enforces the branch flows of transmission lines
within their maximum limits [MW] via a linear dc power
flow model. SF is the shift factor matrix. and
are respectively the bus-generator, bus-wind, bus-storage, and
bus-load incidence matrices.
If no battery is considered in the FDUC formulation, wind

curtailments would be enforced in the normal operation so as to:
i) avoid infeasibility of the transmission constraints (20)–(21);
ii) and allow more synchronous units to be committed to ensure
post-contingency frequency stability.
2) Constraints for the Post-Contingency Frequency Dy-

namics Management: The generators' on/off status and primary
reserve, along with the batteries' instant corrective actions must
be co-optimized to manage the post-contingency RoCoF and
frequency nadir metrics under all scenarios.

• System Power Imbalance: Immediately after the con-
tingency, the batteries will release additional power to reduce
the generation loss. The remaining power imbalance
[MW] is determined by the (22) at the bottom of the page.

(13)
(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)
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• RoCoF Limit: The post-contingency initial RoCoF is pro-
portional to the size of the actual power imbalance and inversely
proportional to the quantity of system inertia [1], [13], [17]:

(23)

Inertia response of the synchronous units and corrective ac-
tions from the batteries' must be operationally managed to en-
sure that the initial RoCoF does not exceed a limit (
[Hz/s]) that can trigger a RoCoF relay. Since the post-contin-
gency system inertia level is a function of the remaining
online generating units, the unit status should be optimized to
ensure that sufficient generating units are online to provide an
inertia response. Based on this point, the constraint (23) can be
rewritten as [17]:

(24)

where [s] denotes the inertia constant of generator [Hz]
is the base case frequency.

• Frequency Nadir Limit: The frequency nadir depends on
system inertia, governor's response and batteries' fast corrective
actions. The sufficient conditions for ensuring the primary re-
sponse adequacy proposed in [15] are used to ensure that the
frequency nadir will not drop below a pre-specified limit
that can trigger a UFLS relay:

(25)

(26)

where [Hz] is the governors' dead band, [MW/s] is the
maximum governor ramp rate of generator . Constraint (25)
ensures that the primary reserve of each generator can be de-
livered at or before the time when the frequency nadir occurs.
Constraint (26) ensures that the amount of primary reserve pro-
vided by the remaining online synchronous units is enough to
cover a contingency of size .

• Contingency SoC Limits of the Batteries:

(27)

This constraint accounts for the post-contingency storage dy-
namics and ensures that the SoC of each storage unit in the
normal state is sufficient to deal with the frequency disturbance.
Since the loss of the largest generating unit is a rare event, the
minimum limit of the post-contingency SoC can be re-
laxed to be zero.

• Primary Reserve Limits of the Synchronous Units:

(28)

(29)

Constraint (28) imposes the lower and upper limits on the pri-
mary reserve provided by each generator. Constraint (29) en-
sures the primary reserve amount of each generator not to ex-
ceed the allowed spinning headroom that can contribute to pri-
mary frequency response provision.

C. Remarks on the FDUCB
The proposed dynamic frequency control strategy is able to

correct the credible contingency without causing frequency ex-
cursion when the penetration level of storages is sufficiently
high . In this case, the operation
constraints for the post-contingency frequency dynamic control
should be reduced so that the FDUCB model only has to en-
force the constraints (5), (6) and (27), along with the base case
constraints (8)–(21) as well as the minimum up/down time and
stair-startup cost limits of the units.
The load-damping effect is usually ignored by other re-

searchers when performing frequency dynamic analysis [1],
[3], [4], [13], [15] since the post-contingency frequency devia-
tion caused by the load-damping during the short-term transient
period is relatively small and bounded. Neglecting this effect is
generally an acceptable assumption.
The post-contingency transmission constraints are not incor-

porated in the model as the transmission lines can be overloaded
for a short period of time after a contingency due to their emer-
gency ratings [18], [28], whose timeframe is usually longer than
the frequency dynamic period.

IV. SOLUTION TECHNIQUE
The FDUCB model described in Part C of Section III is an

MILP and can be solved easily with help of a commercial solver,
such as CPLEX.
However, the FDUCB model described in Part B of

Section III (the total power capacity of the installed batteries is
relatively small) cannot be solved directly using MILP because
of the only nonlinear constraint (25). This section explains
how the nonlinear terms in this constraint can be avoided using
the Reformulation-Linearization Technique (RLT). The RLT
is a unifying approach for solving wide classes of discrete
and continuous factorable nonconvex optimization problems
through the generation of tight effective relaxations in a higher
dimensional space [29]. The RLT can be applied to remove
the nonlinear terms in constraint (25) because 1) the nonlinear
terms ( and ) are in the form of
bilinear products; 2) all the variables ( and

) are bounded. The reformulation procedure is described
as following:
Step 1) Transform constraint (25) as shown in (30) at the

bottom of the next page.
Step 2) Reformulate the bilinear products via substituting

and by using the auxil-
iary, nonnegative and continuous variables
and .
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Step 3) Finally, the McCormick's envelope [29] is used to
bound and . See (31)–(36) at the
bottom of the page.

After employing the above linearization technique, the orig-
inal nonlinear FDUCB is reformulated as an MILP problem and
can be solved using CPLEX. See the Appendix Section for the
mathematical explanation of the RLT.

V. CASE STUDY

A six-bus system and the modified IEEE RTS-79 system are
applied to illustrate the performance of the proposed FDUCB.
The following same parameters are assumed for the two sys-
tems: i) the wind power uncertainty is assumed to be 20% of
its central forecast , i.e., the upper bound and lower
bound of wind power are respectively 120% and 80% of
its central forecast; ii) The maximum depth of discharge is set
at 90% and the energy dissipation rate is 0; iii) the system base
case frequency is 50 Hz, and the governors' dead-band is 20
mHz; iv) the time length of inertia response, PFR and SFR are
respectively 5 s, 25 s and 5min. The performance of the FDUCB
described by (7)–(29) is compared with the following three UC
schemes that do not include any battery storage:
1) CUC: UC with simple capacity-based PFR constraints,

which are described by (8)–(12), (20)–(22), (26), (28),
(29) and the minimum up/down time and stair-startup cost
limits of the generating units.

2) FDUC-I: CUC with frequency dynamic constraints (24)
and (25) but without wind curtailment actions.

3) FDUC-II: FDUC-I with wind curtailments in the normal
state.

All the four UC formulations use interval numbers to model
wind power uncertainty. The numerical tests were performed
on GAMS 24.1 platform using the CPLEX12.1 MILP solver.
The MATLAB/SIMULINK model was built up to simulate the
frequency dynamic performance of the four models. All the data
used for the optimization and the frequency domain models in
the simulations are available at [30].

Fig. 5. Six-bus system.

Fig. 6. Aggregated load profile and wind scenarios.

A. Six-Bus System
The system diagram is depicted in Fig. 5, a wind farm is lo-

cated at bus 3 and a 2 MW/2 MWh battery storage device is
installed at bus 4. The aggregated load profile and wind power
scenarios with a 24-h horizon are shown in Fig. 6. Theminimum
allowed frequency is set at 49.5 Hz and the maximum RoCoF is
set at 0.5 Hz/s. The inertia constants of generators G1, G2 and
G3 are 5 s, 3 s and 4 s, respectively. For clarity, the contingency
event of this small system is assumed to be a sudden increase of
10% of the total load. The MIP gap is set at 0.1%.
Table I compares the solutions obtained in the four cases. TC

is the total operating cost, CG and CR are respectively the syn-
chronous units' generation cost and primary reserve cost, CB
is the battery storage unit operation cost, and TW is the total
curtailed wind power. CUC is the cheapest scheme but would
result in a potential frequency collapse following a contingency
because it does not enforce the frequency dynamic security con-
straints. The FDUC-I failed to find any feasible solution because

(30)

(31)
(32)
(33)
(34)
(35)
(36)
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TABLE I
SOLUTIONS PRODUCED BY THE FOUR VARIANTS OF UC WITH 0.1% MIP GAP

TABLE II
HOURLY COMMITTED GENERATING UNITS PRODUCED BY CUC

TABLE III
HOURLY COMMITTED GENERATING UNITS PRODUCED BY FDUC-II

wind curtailments are not enforced in the base case and as a re-
sult, the committed units cannot provide sufficient inertia and
PFR to meet the frequency security constraints (24) and (25).
The FDUC-II ensures the frequency security at the expense of
curtailing 65.78 MW wind generation during low-demand pe-
riods with high wind generation, i.e., 3.58 MW wind gener-
ation is curtailed at hour 5 and 62.2 MW at hour 22. More-
over, inclusion of the frequency dynamic security constraints
(both RoCoF and frequency nadir) in the UC formulation re-
markably increases the cost of dispatching the system for the
day: a 16.87% increase in the total cost can be seen compared
with the CUC. The FDUCB obtains a solution that is more ex-
pensive than the CUC but much cheaper than the FDUC-II.
Compared with the FDUC-II, the proposed FDUCB requires a
smaller amount of primary reserve and no wind generation cur-
tailment to meet the frequency dynamic security.
The resulting schedules of synchronous units produced

by the CUC, FDUC-II and FDUCB are summarized in
Tables II to IV. Table II indicates that the CUC performs
the most economic scheduling via turning off the expensive
generator G3 throughout the day. The results of Table III show
that inclusion of frequency dynamic constraints in the UC
formulation calls for more synchronous units being turned on
to provide sufficient inertia and primary reserve. In comparison
with the CUC, in FDUC-II, generator G2 is committed every
hour and generator G3 must be turned on during hour 7 to 22.
This is the reason why FDUC-II has a very expensive operating
cost. Table IV shows that the FDUCB significantly mitigates
the inertia and PFR requirements for the synchronous units as
a result of the dynamic frequency support provided by the 2
MW/2 MWh battery storage. Minimum synchronous units are
needed to commit in almost the whole day except for peak load
hours 13 to 15.
Figs. 7 and 8 show the hourly post-contingency frequency

dynamic metrics (RoCoF and ) calculated using the so-

TABLE IV
HOURLY COMMITTED GENERATING UNITS PRODUCED BY FDUCB

Fig. 7. Initial RoCoF following the contingency at each hour produced by the
CUC and FDUCB.

Fig. 8. Frequency nadir following the contingency at each hour produced by
the CUC and FDUCB.

lutions produced by the CUC and FDUCB. The conventional
capacity-based method (CUC) doesn't satisfy the RoCoF and
frequency nadir limits in most overnight hours with high wind
and low load as it only relies on generator G1 to provide in-
ertia in these hours. On one hand, the post-contingency RoCoF
for CUC would exceed the maximum limit (
Hz/s) in high wind hours 1, 2, 6, 22-24 and peak load hours
12-16. The maximum post-contingency RoCoF violation (0.61)
occurs in hour 22 when the wind penetration is extremely high
(around 50%) but the load is relatively low. On the other hand,
the post-contingency frequency nadir for CUCwould go beyond
the minimum allowed frequency ( Hz) in overnight
hours 1-6 and 22-24. Leveraging corrective actions from the bat-
tery storage, FDUCB is resilient to frequency disturbances oc-
curring in any hours of the day. As seen from Figs. 7 and 8, the
post-contingency RoCoF and frequency nadir produced by the
FDUCB both meet the tolerable limits well in all the hours.
Fig. 9 compares the frequency dynamics produced by the

CUC and FDUCB within 30 s after a 10% load increase at
hour 22. For CUC, the frequency drops sharply immediately
following the contingency and declines by almost 0.8 Hz at
the nadir. Such a dramatic violation of the frequency dynamic
limit would trigger the RoCoF/UFLS relays and result in load
shedding. By contrast, the FDUCB effectively protects the fre-
quency dynamics; the initial RoCoF is mitigated and the fre-
quency nadir is raised up to 49.71 Hz. This improvement of fre-
quency dynamics is obtained by the post-contingency instant
back-up power from the battery storage unit.

B. RTS-79 System
The proposed FDUCB was also tested on the modified

RTS-79 system. The maximum wind penetration is assumed to
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Fig. 9. Post-contingency frequency excursion curves at hour 22 produced by
the CUC and FDUCB.

TABLE V
SOLUTIONS PRODUCED BY THE THREE VARIANTS OF UC WITH 0.5% MIP GAP

Fig. 10. Total operating cost and primary reserve cost achieved by the FDUCB
as a function of battery capacity.

be 20% of the peak load. Two 25 MW/25 MWh battery storage
devices are installed at bus 13 and 14, respectively. The two
largest nuclear units are assumed to serve the base load and the
trip of one unit is considered. The minimum allowed frequency
is set at 49.4 Hz and the maximum RoCoF is set at 0.7 Hz/s.
Table V compares the results obtained with the three variants

of UC when the MIP gap was set at 0.5%. Both FDUC-II and
FDUCB could ensure the frequency dynamics. However, the
FDUC-II needs a higher operating cost and has to curtail 716
MW wind generation. FDUCB has enough storage resources
to guarantee the frequency security while still preserving the
economy: it achieves a cost that is slightly higher but very close
to that required by the CUC. The saving from improving the
scheduling cost can represent an economic incentive to use bat-
tery storage units. The last column in Table V shows that in-
cluding the frequency dynamic requirements and the storage
units in the optimization increases the computing time.
The value of the FDUCB depends on the power and energy

capacity of battery storage units. Fig. 10 shows how the total
operating cost and primary reserve cost vary as the capacity of
each installed battery is increased from 20 MW/20 MWh to 50
MW/50 MWh. As the storage capacity increases, both the total
operating cost and primary reserve cost are reduced. Note that
the operating cost could be significantly reduced if the system
has a high penetration of storages. For example, when the ca-
pacity of each battery storage is 200 MW/100 MWh, the gener-
ation loss can be fully compensated by the back-up power sup-
port from these storages, and the total operating cost is reduced
to 929,873 $.
Theminimum frequency limit and especially the RoCoF limit

affect the total operating cost. As shown in Fig. 11, the operating

Fig. 11. (a) Total operating cost achieved by the FDUCB as a function of the
minimum allowed frequency. (b) Total operating cost achieved by the FDUCB
as a function of the maximum allowed RoCoF.

TABLE VI
FREQUENCY DYNAMIC METRICS ACHIEVED BY THE FDUCB FOR DIFFERENT
VALUES OF THE MINIMUM ALLOWED FREQUENCY ( HZ/S)

TABLE VII
FREQUENCY DYNAMIC METRICS ACHIEVED BY THE FDUCB FOR DIFFERENT

VALUES OF THE MAXIMUM ALLOWED ROCOF ( HZ)

cost is decreased if these frequency dynamic limits are relaxed,
i.e., the setting value of the minimum frequency is decreased
and the RoCoF setting value is increased. Note that there are
arguments on relaxing the setting values of the existing RoCoF
and minimum frequency limits for protection relays in a system
with high penetration of wind generation. A careful selection
of the setting levels to balance operating costs and frequency
stability is essential.
Post-contingency frequency dynamic metrics following the

worst scenario at hour 5, which are achieved by the FDUCB
for different values of and , are shown in
Tables VI and VII. It can be seen that a smaller frequency nadir
is obtained as the minimum allowed frequency is relaxed (when

is fixed at 0.7 Hz), whereas on the other hand, a
larger initial RoCoF and smaller frequency nadir are obtained
as the maximum allowed RoCoF is relaxed (when is fixed
at 49.4 Hz).

VI. CONCLUSION
A novel frequency dynamic constrained unit commitment

(FDUCB) including corrective actions of battery storage de-
vices for dynamic frequency support is proposed in this paper.
An interval-based optimization method is used to cope with
the impacts of wind uncertainty on unit scheduling and system
frequency dynamics. The nonlinearity in the proposed model
is handled using a reformulation-linearization technique. Case
studies demonstrate that the provision of dynamic frequency
control from storage units reduces the system operating cost,
avoids wind curtailments and guarantees frequency security.
The proposed technique is also applicable to the sudden dis-

connection of large loads. In order to address the over-frequency
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(A3)

(A4)-(A7)

dynamic issues, the batteries must be charged to absorb the ex-
cessive generation until the contingency reserves become fully
effective. More discussions on this topic may be considered in
the future work.

APPENDIX

A. Battery Operating Cost Model
The equations representing the battery operating cost model

in [25] are as follows:

(A1)

where is the MWh operating cost for battery is the
price of energy used to charge the battery, is the avail-
ability cost of battery capacity which can be calculated by:

(A2)

where is the total lifetime cycling capacity of a battery,
which is a function of the depth of discharge and the
rated life time . can be estimated as follows:
Lead acid and lithium-ion battery: See (A3) at the top of the
page.

B. Reformulation-Linearization Technique
The mathematical explanation of the linearization procedure

is given as follows:
1) Get bilinear term , where continuous variables

are all bounded: .
2) Construct a relaxation: replace each term by an added

variable .
3) Adjoin following constraints: See (A4)–(A7) at the top of

the page.
The above McCormick's envelopes get an LP relaxation

(solvable in polynomial time). Since in our problem, the lower
bounds of the variables ( and ) are all
0, constraint (A4) can be represented as .
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