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Abstract—As the power system evolves to better address
environmental and reliability concerns, its overall dynamics
changes and consequently challenges the adequacy of established
operating procedures. This evolution brings a significant increase
in the number of integrated renewable energy sources (RES)
and HVDC connections. RES are normally connected to the
grid through power electronic converters, which reduces or
completely eliminates their electrical coupling to the power grid.
As a result, such units are unable to contribute to the inertia
of the system, posing a potential threat to the grid’s physical
security. More specifically, post-fault frequency characteristics,
such as rate of change of frequency (RoCoF), frequency nadir
and quasi-steady-state frequency, depend on the system inertia
and their respective limits may potentially be violated. One way
to address this problem is adding constraints to the unit com-
mitment formulation so that operations maintain their frequency
characteristics within acceptable limits. This paper studies how
such changes affect the system frequency deviation from its rated
value. The power system is modeled as an enterprise control
that combines multiple layers of control operations into one
package. Such integration allows capturing how the effects of
wind integration and the addition of unit commitment inertia
constraints propagate through control layers to impact the system
frequency.

Index Terms—Power system enterprise control, power system
inertia, power system dynamics

NOMENCLATURE

fo system rated frequency
(0} system rated angular frequency
M angular momentum at the rated frequency

D damping parameter

1/R net gain of the governor

K automatic generation control (AGC) gain
Ten prime mover time constant (charging time)
Ts governor time constant

Ji moment of inertia of generator i

E; kinetic energy of generator i

Egys kinetic energy of the whole system
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H; inertia constant of generator i
inertia constant of the whole system

Af(¢r)  system frequency deviation

AP, (1)  system mechanical power deviation

AP,(t)  system electrical power deviation

APy (t) valve position deviation

APy ¢(t) reference power

ppA day-ahead demand forecast

PST short-term demand forecast

APST short-term demand increment forecast

PLE load following reserve requirement

RRP ramping reserve requirement

PRG regulation reserve requirement

P(t) real-time actual demand

APPA(t) power imbalances at the SCUC output

ARPA(t) ramping imbalances at the SCUC output

APST (¢) power imbalances at the SCED output

APRT (¢) power imbalances in the real-time

I(r),I;  residual system imbalances

cv shutdown cost of generator i

Cl-D startup cost of generator i

cr fixed cost of generator i

ct linear cost of generator i

CiQ quadratic cost of generator i

P maximum power output of generator i

P> maximum power output of the whole system

P;hm minimum power output of generator i

R maximum ramping rate of generator i

Fnex maximum flow limit of line /

P, power output of generator i

AP, power increment of generator i

G; amount of regulation in use

Fy power flow level of line /

Wit ON/OFF state of the generator i

wi startup indicator of the generator i

wé shutdown indicator of the generator i

Np number of buses

Ng number of generators

Bji correspondence matrix of generator i to bus j

Yir incremental transmission loss factor (ITLF) of bus j

ajjs bus j generation shift distribution factor (GSDF) to
line /

T1; scheduling time step (normally, 1 hour)

T real-time market time step (normally, 5 minutes)

I. INTRODUCTION

As the power system evolves to better address environmen-
tal and reliability concerns, its overall dynamics changes and
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consequently challenges the adequacy of established operating
procedures [1]. This evolution brings a significant increase
in the number of integrated renewable energy sources (RES)
and HVDC connections. The variable nature of the RES
creates additional challenges for the power system balancing
operations and leads to increased requirements for operating
reserves [2]-[4].

Besides the variability, the RES and the traditional gen-
eration units have differences from the perspective of system
inertia. RES are normally connected to the grid through power
electronic converters, which reduces or completely eliminates
their electrical coupling to the power grid. As a result, such
units are unable to contribute to the inertia of the system,
posing a potential threat to the grid’s physical security. Also,
increasing penetration of RES into the power grid drives
installation of more HVDC connections to accommodate the
transmission of remotely generated renewable energy to the
consumers. However, HVDC connections electrically decouple
the parts of the system they connect, which results in a system
with electrically decoupled areas with smaller inertia. Reduced
system inertia alters the post-fault frequency dynamics and can
have a negative impact on the frequency stability of the power
grid [5].

Many studies have addressed this issue by integrating post-
fault frequency requirements into different levels of power
system operations, such as economic dispatch and unit com-
mitment. A multi-period unit commitment problem with in-
tegrated primary frequency regulation constraints is proposed
in [6]. The primary frequency regulation provision from each
generation unit is modeled as a linear function of system fre-
quency deviation, which refers to the steady-state value of the
post-fault frequency deviation. In [7], [8], frequency control
constraints are incorporated into the market dispatch model.
Rate of change of frequency (RoCoF) and minimum frequency
constraints are derived in terms of dispatch decision variables,
which ensures that the generation dispatch meets the frequency
control requirements. The authors of [9] have developed a
set of constraints for the dispatch model to ensure adequate
primary frequency response. These constraints are expressed
as functions of the system inertia and governor response ramp
rates. However, the load damping is ignored and the system in-
ertia is assumed to be a known constant. A two-stage stochastic
economic dispatch model with added frequency constraints is
developed in [10]. Simplified dynamic models are used to de-
rive the post-fault maximum frequency deviation constraints.
In [11], a mixed-integer linear programming formulation for
the stochastic unit commitment is proposed. A set of frequency
constraints are introduced to ensure the post-fault frequency
dynamics meets the RoCoF, frequency nadir and quasi-steady-
state frequency requirements. Reference [12] derives a mod-
ified system frequency response model which is used to find
an analytical representation of the system frequency nadir.
The derived analytical expressions are later linearized by a
piecewise linearization technique and integrated into the unit
commitment problem. In contrast, the authors of [13] study
how fast-response battery units can be used to maintain the
frequency nadir and RoCoF within the desired limits. The
outputs of battery units are adjusted immediately after loss of

a generation to minimize the system imbalances. This control
technique is integrated into the linearized unit commitment
problem.

This paper studies how incorporating RoCoF and frequency
nadir requirements into the unit commitment affects the system
frequency variations in the real-time. This paper achieves this
by making the following two contributions. First, expressions
for inertial response requirements are derived that keep the
system within the given RoCoF and frequency nadir limits.
While such expressions have been derived in the literature
before, the existing methods mainly use simplified models
for generation control, usually consisting of the rotating mass
and the frequency damping only. This reduces the system
dynamics to a first order differential equation and significantly
simplifies the derivations. However, this leaves out other major
components of the generation control, such as the governor
and the prime mover. This paper develops more generalized
derivations that take the governor with primary control into
account. The system dynamics is described by a second order
differential equation in this case. The dynamics introduced
by the prime mover are omitted in this paper to avoid over-
complication of the derivations and will be addressed in the
future work. Next, after the expressions for inertial response
requirements are derived, the second step is to study how these
requirements, that are designed to constrain certain aspects of
frequency variations, affect the real-time frequency profile. To
this end, the inertial response requirements are incorporated
into the unit commitment problem. This gives an insight into
how the presence of these constraints changes the commitment
of the generation units for different scenarios of the RES
integration. However, in order to obtain the real-time frequency
profile, the dynamics of the physical power grid should be
modeled and simulated for the generators scheduled by the unit
commitment. Additionally, the dynamic model should receive
generation setpoints from the real-time market, that dispatches
the generation units to new levels every 5-15 minutes. Thus,
to achieve the goal of this paper, different layers of the power
system operations should be modeled and simulated together.

As shown in Fig. 1, the power system operations are mod-
eled as a multi-layer hierarchical control on top of the physical
power grid called enterprise control [1]. It has been used to
systematically study the integration of renewable energy [14],
[15], energy storage [16], and demand side resources [17]. The
primary advantage of enterprise control is that it demonstrates
how changes in one control layer will propagate through the
other control layers to impact the grid’s physical behavior. For
the purposes of this study, two modifications are made to the
enterprise control simulator. First, new constraints are added to
the unit commitment problem that ensure the RoCoF and the
frequency nadir are always within the acceptable limits during
the system operations. Second, the steady-state model of the
physical power grid and the regulation service are replaced
with their corresponding dynamic models. This gives access to
the notion of system frequency otherwise absent in the steady-
state model.

The paper is organized as follows. Section II presents
the background information on the power system generation
control and inertia. Section III derives the RoCoF and the
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Fig. 2. Power system generation control [18], [19]

frequency nadir as functions of the generator’s dynamic char-
acteristics. Section IV briefly describes the enterprise control
simulator used for this study and the introduced modifications
to facilitate the needs of this study. Section V describes the
system configurations and the simulation scenarios used in
this paper. Section VI discusses the results and Section VII
presents the conclusions.

II. BACKGROUND

This section provides background information on the power
system generation control and inertia.

A. Power System Generation Control

The general form of the generation dynamic control block
diagram is presented in Fig. 2 [18], [19]. It consists of four
main components, namely rotating mass & load, prime mover,
governor and regulation. The mathematical formulation of
each block is described in this subsection.

First, the rotating mass & load block is described by the
following first order equation [18]:

2, 38/@)

i +D-Af(t) =

AP, (t) — AP (1) (D

where M is the angular momentum of the machine at the
rated frequency. D is the damping parameter that indicates the
sensitivity of the frequency-dependent load on the system fre-
quency. AP, (t) and AP,(¢) are the changes of the mechanical
and electrical powers of the system respectively.

The prime mover, be it a steam or hydro turbine, drives the
generator. The simplest nonreheat turbine is described by a
first order equation and relates the mechanical power output
AP, to the position of the valve AP, [18]:
d0nle) — AR (1) @)

t
where Tcp is a time constant called charging time.

The governor controls the input valve to maintain the
system frequency at the rated value. The simplest governor
is described by a first order equation and relates the valve
position APy to the system frequency deviation Af(¢) [18]:

720 APes(t)~ XAF0) ()
where 1/R is the net gain of the governor and Tg is a time
constant. 1/R feedback loop is also called primary control.
However, the governor is unable to wholly restore the system
frequency after a change of the load AP, occurs.

The regulation service, implemented as an automatic gener-
ation control (AGC), restores the frequency to the rated value
by measuring the system frequency deviation Af and adjusting
the reference power AP, [19]:

APy (t) = K- [ Af(1) 0

Regulation service is also called secondary control.

Tcn +AP,(1)

+APy (1) =

B. Inertia from Synchronous Generation

The power system inertia is the resistance of the syn-
chronous generators and turbines to the rotational speed
change. The kinetic energy of the generator i rotating at @y
rated angular frequency can be written as [5]:
Ji(l)g

> 5)
where J; is the moment of inertia of the generator i. It
is important to mention the relation between the angular
momentum M and the kinetic energy E:
fo-M

5 (6)

The kinetic energy in (5) is often normalized to the max-
imum power output P/"** and is called the inertia constant
H; [5]. Inertia constant defines the duration the generator is
able to provide maximum power only using the stored kinetic
energy (5):

Ei=

E =

E;
Hi= ot @)
Pimax
Since the system frequency is the same for all throughout the
network, all generators can be combined into one. Thus, the
total energy stored in the system is:
N
Egy = ZE Y Hi- P (8)

i=1
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Thus, the combined inertia constant of all synchronous gener-
ators can be written as [5]:

N
Y. H;- P
o Esys _ =1
Hy= 220 = 51 ©)
sys Y Pimax

i=1

III. RATE OF CHANGE OF FREQUENCY (ROCOF) AND
FREQUENCY NADIR DETERMINATION

Rate of change of frequency (RoCoF) and frequency nadir
are two important characteristics of the port-fault system
frequency dynamics [5]. The RoCoF is the initial rate at
which the frequency changes immediately after a contingency
happens and is critical to reliable power system operation.
Frequency nadir, on the other hand, is the minimum level
the frequency drops following the event, before recovering to
its steady-state value. If the RoCoF or the frequency nadir
exceed their allowed limits, the generator protection may
trigger disconnecting it from the grid.

A. Frequency Deviation Profile

Expressions for the RoCoF and the frequency nadir can
be derived from the frequency deviation profile Af(r), the
solution of the power system dynamic equations (1)-(4). As
stated above, this paper ignores the dynamics introduced by
the prime mover, APy (t) = AP,(t). Also, the calculations of
these frequency characteristics are carried out in the absence
of the regulation service, AP,.(r) = 0. Thus, the system boils
down to the following couple of differential equations:

MdAéft(r) +D-Af(t) = APu(t) —AP(r)  (10)
dAP, (1) _ !
To—g— TAP(1) = =2 Af(1) (b

For the rest of the calculations the subscript in 7 will be
skipped for simplicity of equations, i.e., T = T assignment
is used. Also, AP,(t) is assumed to be a step function with a
magnitude AP. Thus, (10) and (11) can be combined into the
following second order differential equation:

d>Af (1) dAf(1) 1
MT DT +M D+ — | Af(t) = —AP
@ TOT+M)— =+ D+ 5 | Af(r)
(12)
The roots of the characteristic equation for (12) are:
aMT
—(DT+ M)+ \/(DT —M)%— =
= 13
* 2MT (13
Thus, the solution of (12) can be represented as:
Af (1) = Cre 4 Cre™ (14)

where x| and x, are the roots of the characteristic equation
(13), and Cj and C; are constants defined by the initial con-
ditions of (12). Thus, when both x; and x; are real numbers,
according to (14), the system frequency decreases exponen-
tially towards the quasi-steady-state value, without having a
frequency nadir. This goes against the purpose of this paper to

study the impact of the system inertia on frequency nadir and
RoCoF. In contrast, when x; and x; are both complex numbers,
the solution (14) becomes a sine profile with exponentially
decreasing magnitude. This guarantees presence of frequency
nadir, which is at the core of this paper’s interest. Thus, in
order for x; and x, to be complex, the expression under the
square root in (13) should be negative:

AMT
R

When the assumption (15) holds, the solution of (12) can be
written as:

(DT —M)* < (15)

Af(t) = <D—|—11/R + (AcothJrBsinBt)e_m) AP (16)

where o and B are real and imaginary parts of (13) respec-

tively:
AMT
_ —_M)?
 DT+M ﬁ—\/ (DT — M)

R
- 2MT 2MT
To calculate A and B, the following initial conditions are
taken into account. First, the frequency deviation is still small
immediately after the loss of a generation unit, Af(0) ~ 0. As
a result, the governor response is also negligible, AP,,(0) ~ 0
[11]. These initial conditions yield A and B as:

a7

1 1 a 1
A=——, B==|—"—F7—-—— 18
DF1/R ﬁ(D+1/R M> (18)
Equations (16)-(18) are used in the following subsections to
derive the RoCoF and the frequency nadir.

B. Rate of Change of Frequency (RoCoF)

Once the frequency deviation profile in (16)-(18) is ob-
tained, the next step is to calculate the derivative of the
frequency deviation in (16):

dAf(t
C’;t( ) _ ((BB — Aat)cos Bt — (B +Aﬁ)sinﬁt)e’wAP
(19)
Thus, using (17) and (18), the RoCoF is calculated from (19):
dAf(0) AP
RoCoF = ———~ = (B —A@)AP = —— 20
oCoF = 050 — (BB —Ac)AP= -T2 (20)
Using (6) and (8), RoCoF takes the following final form:
. AP . pmax
RoCoF:—f;E =— {VO £ @21
V2% Hp P
7k

C. Frequency Nadir

First, the time #, when the system reaches its nadir is
determined. Since the frequency derivative should be zero at
nadir, f, is determined by equating the right-hand-side of (19)
to zero. Thus, using (17) and (18):

o 1 o

BB—Aa D+1/R M D+1/R
Ba+AB 1(a2+[52 a)

B\D+1/R M

tan Bt, =

(22)
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The expression o? + 2 is calculated separately using (17):

(DT +M)*+4MT /R— (DT —M)* D+1/R

2., R2_
o hT= 4M2T? MT
(23)
Substituting (23) into (22), we get:
2MTp
tan bz, = 24
anf, = oo (24)

The arctangent function is used to extract #, from (24). How-
ever, since the range of the arctangent output is [—7/2;7/2],
t, can have a negative value when DT —M < 0. To avoid this,
the range is shifted to [0;7] by adding 7 to the arctangent
output when DT —M < O:

MTp

1
— arctan

s if DT—M >0
. DT —M
o l arctan M +r if DT —M <0
B DT —M ’
(25)

Now, once 1, is obtained, it can be substituted into (16) to
calculate the frequency nadir. The calculations for different
signs of DT — M are slightly different, but yield the same
results. Therefore, in the following derivations DT —M > 0 is
assumed. First, the trigonometric part of (16) is calculated:

Acos fBt, + Bsin Bt,, = cos ft,, (A+ B -tan ft,) =

1 + o 1 2MT
_A—I—B-tanﬁtn_D—i—l/R D+1/R M) DT —M
\/1+tan2ﬁt,, \/1+4M2T2ﬁ2/(DT*M)2
DT — M DT +M 1
+ —— | -2MT
_ D-‘rl/R ZMT(D-I-I/R) M _

\/(DT—M)2+4M2T2[32
DT —-M (DT +M—2T(D+1/R)
D+1/R ( 2MT(D+1/R)

\/(DT —M)>+4MT /R — (DT —M)?
_ DT —M+DT+M-2T(D+1/R) _ /RT/M

)'ZMT

=— 26
(D+ 1/R)\/4MT R DR+1 29
Substituting (26) into (16) gives the frequency nadir:
R++/RT/M _
Afnadir = _7/6 “n AP (27)

DR+1

where 1, is given by (25). Thus, if Af,. is the maximum
of the frequency nadir absolute value, the following condition
should hold:

R+ V RT/Me—(thPmaX <Af
DR+ 1 ke =T max

However, the left-hand-side of (28) is a nonlinear function of
M and cannot be directly integrated into the unit commitment
problem as a constraint.

On the other hand, it can be shown that at, is a monotoni-
cally increasing function of M while condition (15) holds. As a

(28)

result, the left-hand-side of (28) is a monotonically decreasing
function of M. Thus, if M is the solution of:

R+ V RT/M —Qt, pmax __
e Pk - Afmax
DR+ 1
the condition (28) holds as long as M > M; or, using (6):

SfoM;;

2

(29)

N
ZHi'ijux >

i=1
i#k

(30)

It is important to notice that in (29), ¢, depends on M too.
As a result, it has no analytical solution and M; is found by
numerical solution.

IV. POWER SYSTEM ENTERPRISE CONTROL WITH INERTIA
PROCUREMENT

As mentioned in the introduction and depicted in Fig. 1,
the power system operation is modeled as a multi-layer
hierarchical control on top of the physical power grid. The
control layers are resource scheduling, balancing operations
and regulation service and the interested reader is referred to
[14], [15] for a detailed description.

The original enterprise control formulation is modified to
facilitate the needs of this study and are summarize as follows.
First, new constraints are added to the unit commitment
formulation that make sure the RoCoF and the frequency nadir
limits are respected. Next, the original steady-state formulation

_ of the physical power grid and the regulation service are

replaced with a dynamic model described by the differential
equations presented in Section II-A. Utilization of the dynamic
model is necessary to introduce the concept of the system
frequency into the simulations. A brief description of each
control layer is presented in the following subsections.

A. Resource Scheduling

The resource scheduling layer is implemented as a security-
constrained unit commitment problem (SCUC). The goal of
the SCUC problem is to choose the right set of generation
units, that are able to meet the real-time demand with mini-
mum cost. In the original formulation, the SCUC problem is
a nonlinear optimization problem with integrated power flow
equations and system security requirements [20]. However,
the constraints are often linearized to avoid convergence
issues. The SCUC formulation in [14], [15] is amended here
to include inertia constraints that keep the RoCoF and the
frequency nadir within allowed limits:

24 Ng
min )Y (w,-sz +CEPy +COP2 +whcY +wgc,.D) 31)

t=1i=1

Ng

st. Y P =P (32)
i=1
—R"*T, <Py — P, <R, (33)
wi P < Py < wi P (34)
Wit = Wip—1 + Wi — Wg (35)
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Ng f W Pmax
Hppes > 20 T 36

ki
Ng W M
Y it > 0 G7)
=

1
Ng Ng

wi P =Y Py > P (38)
i=1 i=1
Ng Ng '
Y P =Y wiP" > P (39)
i=1 i=1
N N6 /p. _p

1 ir—1 RP

;wi,R;W_; ( T ) >R (40)
Ne rp,—P, Ng ,
Z ( [ t,tl) _ ZwitR;nm ZRRP (41)
i=1 Ty i=1

where i and ¢ are generator and time indices respectively. The
inertia constraints (36) and (37) are derived from (21) and (30)
respectively, and include {w; } binary variables on both sides
to allow generators to be switched on and off.

B. Balancing Actions

The real-time market moves available generator outputs to
new setpoints (re-dispatch) in the most cost-efficient way. In
its original formulation, generation re-dispatch is implemented
as a non-linear optimization model, called AC optimal power
flow (ACOPF) [21]. Due to problems with convergence and
computational complexity [20], most of the U.S. indepen-
dent system operators (ISO) moved from ACOPF to linear
optimization models. The most commonly used model is
called security-constrained economic dispatch (SCED) and is
formulated as an incremental linear optimization problem [22]:

Ng

min Y (CFAP, +2C2P,APy) (42)
i=1
Np Ng .

st Y (L—y) | YBjAP —APY | =1,+G,  (43)
j=1 i=1
Np Ng R
Y ai | Y BidP, — AP | <F"—F, (44)
j=1 i=1
— R,y < APy < RI'T,, (45)
Py — " < APy < P — Py (46)

where i, j, | and ¢ are generator, bus, line and time indices
respectively. Use of incremental values for generation and
load allows incorporation of sensitivity factors and problem
linearization. Sensitivity factors establish linear connections
between changes of power injections on the buses and state-
related parameters of the system [18]. Two sensitivity factors
are used in the SCED. The incremental transmission loss factor
(ITLF) for bus i shows how much the total system losses
change, when power injection on bus i increases by a unit
[23].

C. Regulation Service and Generation Control

The enterprise control simulator described in [14], [15] uses
steady-state models for the regulation service and the physical

power grid. In contrast, this paper uses generation control
and regulation dynamic models described in Section II-A to
study the impact of wind integration on the system frequency
deviation. As mentioned above, for the simplicity of the model,
this paper ignores the dynamics introduced by the prime
mover, APy (t) = AP,,(t), which yields to the following system
of three linear differential equations:

M%t@ +D-Af(t) = APy (1) — AP(1) (“47)
76880 L ARy (1) = ARy e) — KA @)
%etf@) — —K-Af(1) (49)

where AP,(t) is the solution of the SCED problem (42)—(46).
The resulting Af(¢) frequency deviation profile is the subject
of interest of this paper.

V. CASE STUDY

The main objective of this paper is to study the impact
of wind integration on the power system inertia and its
consequent impact on the system frequency deviation from the
rated value. This section describes the simulation scenarios
necessary to achieve this objective and the simulation setup
used in this paper.

It is important to notice, that test systems, in general,
are defined by their topology and the generation base. The
degree to which these two sets of data is important depends
upon how a model depends on these input parameters. As
the issues related to the system topology are not central to
changes in the system’s inertial response, they detract from
the central message of the paper regarding the interactions
between the SCUC program, the balancing behavior, and the
inertial response. It is for this reason, that the paper has
specifically focused on the generation base. This paper studies
four different scenarios, described in Section V-A, that model
different case of wind power integration and the enforcement
of inertial response procurement constraints in the SCUC
problem.

A. Simulation Scenarios

To allow comparison of the simulation results, four different
power system configurations are considered here:

o Traditional system. The power system consists of only
thermal generation units. The inertia constraints (36)—(37)
are ignored.

« Traditional system with inertia constraints. Similar
to the previous configuration, the power system consists
of only thermal generation units. The inertia constraints
(36)—(37) are enforced.

o Wind integrated system. In addition to the thermal
generation units, the system contains wind generation
capacity equivalent to 30% of the system peak load. The
inertia constraints (36)—(37) are ignored.

« Wind integrated system with inertia constraints. Simi-
lar to the previous configuration, the system contains wind
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generation capacity equivalent to 30% of the system peak
load. The inertia constraints (36)—(37) are enforced.

In order to gain insight into the impact of wind integration
and the enforcement of inertia constraints, the system behavior
of these four configurations are studied within the context of
enterprise control assessment. Three behaviors are specifically
discussed:

¢ Unit commitment. The unit commitment results for each
system configuration are obtained. Integration of the wind
alters the number of committed units and consequently
the system inertia. Meanwhile, the enforcement of inertia
constraints restores the inertia but changes the dispatch
levels and their associated costs.

« Step function response. The response of the system
frequency to a SOMW jump of the load is studied for dif-
ferent combinations of the generation commitment. This
serves to understand how different generation commit-
ments alter the dynamics of the system, which eventually
defines the system frequency deviation behavior during
the operations.

« Frequency deviation. The power system operations are
simulated for one day period using the enterprise control
simulator described above so as to study the system
frequency deviations. The results are compared for all
four system configurations.

B. Simulation Setup

In order to simulate power system operations, the enterprise
control simulator described in Section IV is used. The SCUC
formulation in (31)—(41) with inertia procurement constraints
is used for commitment of generation units. The real-time
dispatch of the committed generators is performed by the
SCED formulations in (42)—(46). The physical power grid is
represented by the dynamic model of the the IEEE New Eng-
land test system, consisting of 39 buses and 10 generators [24],
where the generators are modeled by the differential equations
in Section II-A. Because the New England test system data is
originally meant for steady-state power flow analysis, it lacks
information about the dynamic properties of the generators.
These properties are chosen within reasonable ranges and are
aggregated in Table I along with the generation capacities. For
simplicity, identical values are assigned to each generator for
all the dynamic properties. The daily load and wind profiles
are taken from the Bonneville Power Administration (BPA)
repositories [25] and the system peak load is 8000MW. This
paper also assumes that the wind turbines do not contribute
to the inertia of the system. The RoCoF and the frequency
nadir limits are taken 0.5Hz/s [11], [26] and 0.8Hz [9], [11]
respectively.

The simulations are performed in the following order. First,
the SCUC problem is run to produce the generation commit-
ment schedules for each hour that meet the forecasted demand
and maintain the desired RoCoF and frequency nadir. Next,
the committed units are dispatched in the real-time balancing
operations by the SCED program, and the dispatched values
are sent to the dynamic model of the physical power grid
as generation setpoints. Finally, the dynamic model of the

TABLE I
THE PHYSICAL PROPERTIES OF THE GENERATORS

pmax Pm[n H
‘ ‘ MW) | (MW) | () ‘ (MW/Hz) ) ‘ (Hz/MW) ‘ (MW) ‘
| Genl | 1040 | 312 | 15| 100 [10] o001 | 5 |
| Gen2 | 646 | 1938 | 15| 100 |[10] o001 | 5 |
| Gen3 | 725 | 2175 | 15| 100 |[10] o001 | 5 |
| Gend | 652 | 1956 | 15| 100 |[10] o001 | 5 |
| Gen5 | 508 | 1524 | 15| 100 |10] o001 | 5 |
| Gen6 | 687 | 2061 | 15| 100 |[10] o001 | 5 |
| Gen7 | 580 | 174 | 15| 100 |10| 00l | 5 |
| Gen8 | 564 | 1692 | 15| 100 |10| 00l | 5 |
| Gen9 | 865 | 2595 | 15| 100 |[10| 00l | 5 |
| Gen10 | 1100 | 330 | 15| 100 |10 | 00l | 5 |

I Traditional System | Cost = $56415

I Traditional System with Inertia Constraints | Cost = $56415

[ wind Integrated System | Cost = $43392

[ Iwind Integrated System with Inertia Constraints | Cost = $45762

=
o

Number of Committed Generators

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Fig. 3. The number of committed generators for each power system
configuration

physical power grid solves the differential equations (47)—(49)
to obtain the frequency deviation profiles. The simulations are
run for each scenario in Section V-A.

VI. RESULTS AND DISCUSSION

This section reports and discusses the results of the en-
terprise control simulation. Each of the four power system
configurations are simulated and discussed in terms of the
three behaviors mentioned above.

A. Unit Commitment

The unit commitment results are obtained for each of four
power system configurations. As shown in Table I, although
the generators have different capacities and ramping rates,
the dynamic characteristics have been set to identical values.
Because this paper is focused on the system-wide inertia
and dynamic behavior, the relative allocation of inertia to
each generator is not of concern. Therefore, the number of
committed generators for each operating hour is shown in
Fig. 3 as a proxy for the total system-wide inertia.

According to the results in Fig. 3, the commitment of the
traditional system is indifferent towards the enforcement of the
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Fig. 4. The response of the system to a loss of SO0OMW generation unit.

inertia constraints. This is explained by the fact the generation
required to meet the daily demand already carries enough
inertia to satisfy these constraints. They are not binding. The
minimum number of generators is seven. On the other hand,
when wind energy is integrated into the power system, the
net load drops and the system is able to meet the demand
with less generators. During the night, for instance, only
five generators is needed to meet the demand. However,
when the inertia constraints are enforced, the commitment
of the generators changes. Now, there are seven units online
during the night. This indicates that the system with only five
generators violates the inertia requirement. In this case, the
additionally committed units do not generate power. They are
online only for maintaining the inertia of the system.

The total operation cost is also affected. As expected, the
operation cost drops when wind is integrated into the system as
less generation is required to meet the demand. On the other
hand, enforcement of the inertia constraints in the presence
of wind increases the cost only slightly. This additional cost
corresponds to the fixed cost of the generators that don’t
generate power but are still required to stay online.

B. Inertial Response

Next, the inertial response of the system is simulated for
a different number of online generators. This will help to
understand how the dynamics of the system change with the
reduction of inertia and provide more insight into the results of
the frequency deviation presented in the following subsection.
As shown in Fig. 3, the number of simultaneously online
generators varies from five to nine. Therefore, the inertial
response of the system to a SOMW step load increase at
t =0 is simulated for 5, 6, 7, 8 and 9 online generation. The
corresponding frequency profiles are presented in Fig. 4.

The results in Fig. 4 show that there are two important
factors that affect the frequency deviation of the actual system.
First, the frequency nadir is lower for the system with less
inertia. This shows that for the same load jump, the frequency
of the system with lower inertia is more volatile and is more
likely to violate the frequency nadir limit. On the other hand,
the system with higher inertia has more delay when responding
to a load jump. This can also have a negative impact on the
ability of the system to fix the frequency deviation after a
major jump of the load or a loss of a generator occurs. Thus,

Traditional System | STD = 0.0179 Hz

Traditional System with Inertia Constraints | STD = 0.0179 Hz
Wind Integrated System | STD = 0.0194 Hz

——Wind integrated System with Inertia Constraints | STD = 0.0196 Hz

10*

103 L

Duration (s)
T
o
N

101 L

100 1 1 1 1 1
-0.1 -0.05 0 0.05 0.1

Frequency Deviation (Hz)

Fig. 5. The distribution of the frequency deviation of different power system
configurations

there is no definite answer whether higher inertia is more
beneficial for maintaining the system frequency, and it depends
on how much role each of these two factors will play. The next
subsection studies the impact of these factors on the frequency
deviation of the system.

C. Frequency Deviation

As mentioned in the previous section, the frequency devi-
ation depends on how much contribution the differences in
frequency nadirs and response delays for the given system
inertia will have. To answer that question, the power system
operations are simulated for the four configurations described
above using the enterprise control simulator. The distributions
of the frequency deviations for each configuration are pre-
sented in Fig. 5.

Fig. 5 shows the similarity of all four curves relative to
each other. As expected, the traditional system has the same
frequency deviation for both configurations. The blue curve
is hidden behind the red one because they have identical unit
commitment as shown above. The distribution for the wind
integrated systems is slightly wider, which is not necessarily a
result of reduced inertia and can be due to high intermittency
of the wind power. The latter is more likely to be true accord-
ing to Fig. 5 because when the inertia constraints are enforced,
the standard deviation increases slightly. However, the impact
of inertia on the system frequency is relatively negligible in
compared to the impact of the net load intermittency.

Another interesting aspect of Fig. 5 is, that on the loga-
rithmic scale, the trends of the distributions resemble straight
lines. Linear least squares regressions are run for each branch
of the curves and the results are presented in Fig. 5 by dashed
lines. These lines also indicate that while the gap between
the traditional and wind integrated system configurations is
noticeable, the lines for the configurations with and without
inertia constraints are almost indistinguishable.

This work was demonstrated on the IEEE 39-Bus system.
The choice of a test case with a relatively small number of
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generators demonstrates how small changes in the commitment
of generators can have noticeable impacts on the system’s
RoCoF. Such effects would also appear for much larger
systems but only when the penetration of variable energy
resources increases accordingly. Because the mathematical
model is presented for systems of arbitrary size, the impacts
demonstrated here can be expected in other systems of various
sizes.

VII. CONCLUSION

This paper studies the impact of wind integration and
enforcement of inertia constraints on the power system fre-
quency deviations. This is achieved by utilizing the two main
contributions of this paper. First, generalized expressions for
inertial response requirements are derived that keep the system
within the given RoCoF and frequency nadir limits. This
approach models the dynamics of the system by a second order
differential equation, taking the governor with primary control
into account. Second, the inertial response requirements are
incorporated into the unit commitment problem to study how
the presence of these constraints changes the commitment of
the generation units for different scenarios of the renewable
energy integration. Additionally, different layers of the power
system operations are modeled and simulated together so that
the generation setpoints from the real-time market are fed into
the dynamic model.

The results show that enforcing the inertia constraints has no
impact on the unit commitment of the traditional system, while
it forces the system to schedule idle generators in the case of
the wind integrated system. The results also show that the
inertial response is characterized by both its frequency nadir
and response delay. A system with greater inertia has a longer
settling time and a smaller frequency nadir. Consequently, the
distribution of frequency deviations at such small timescales
is relatively similar. More importantly, the impact of the
system inertia on the frequency deviation is relatively small
in comparison to the impact of the net load profile and its
intermittency.
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