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Abstract—Any disturbance in power grids can lead to elec-
tromechanical oscillations leading to fluctuations in frequency
and rotor angle of generators. If proper control actions are not
taken, severe disturbances could lead to instability of the system.
However, the dynamic response of the system depends on the set
of control actions. Therefore, we propose to optimally enhance the
dynamic response of multi-machine power systems following dis-
turbances by controlling the reference set-point of the governors.
To achieve this, we combine the famous DC power flow model
of the grid with linearized dynamics of generators/governors to
achieve scalable linear programming (LP) based optimization
model that provides a set-point of the governors to achieve an
optimal dynamic response of the generators. We validated the
accuracy of the proposed models by comparing them with an
off-the-shelf commercial dynamic modeling tool using the IEEE
39-bus test system. Thereafter, we use the proposed optimization
model to dampen the frequency oscillations resulting from load
disturbances. The results show that the proposed model can
sufficiently capture the dynamic behavior of power grids and
the comparison of frequency and rotor angle response obtained
from the optimization-based approach show that the proposed
method can greatly reduce the settling time of frequency and
rotor angle responses compared to the non-optimized cases.

Index Terms—Power grid dynamics, Optimization, Oscillation
dampening, DC power flow, Linear programming.

I. NOMENCLATURE

Sets and Indices

d(.)

Rate of change of a parameter.

n at Discrete step number.

g Set of generator buses.

N Set of buses.

U Set of generators equipped with governors.

w Set of discrete steps.

Parameters and Variables

) Generator’s rotor angle.

w Angular frequency.

Wo Nominal angular frequency.

Aw Angular frequency deviation from nominal.

B; ; Imaginary part of line admittance between bus %
and bus j.

fo Nominal frequency.

H Synchronous generators’ inertia constant.

D Load damping factor.
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p¢ Generator’s electrical power output.

pr Load active power.

pM Generator’s mechanical power input .

Y The upper limit of generator mechanical power.
pM Lower limit of generator mechanical power.

pr Governor’s reference set-point.

R Governors’ speed droop.

T Governors’ time constant.

e Discretization time-step size.

II. INTRODUCTION

Electromechanical oscillations are unavoidable in power
grids [1]. Any disturbance in power grids leads to electrome-
chanical oscillations that cause fluctuations in frequency and
rotor angle of generators, which can be captured using the
dynamic models [2]. The set of control actions, such as
governors’ reference set points, determine how the dynamics
evolve after the disturbances. Setpoints are updated every 2
to 4 seconds to regulate frequency in power grids [3], [4].
Hence, carefully and dynamically setting governors’ reference
set-points can enhance the overall dynamic response of power
grids. Moreover, the reference setpoints could be designed
optimally to enhance the dynamic response of the power grids,
which is the main motivation behind the proposed work.

On the optimization side of the problem in power systems,
optimal power flow (OPF) has been developed as a core tool in
determining the optimal setpoint of the generators [5]. How-
ever, OPF conventionally only looked at the algebraic model
of the grid; hence, it does not capture the dynamic response.
Recently, OPF has been combined with additional constraints
to enhance the stability of power grids [6]. In [7], the authors
proposed an OPF method in which the loads’ reactive power is
controlled to dampen the oscillations. Reference [8] introduces
a stability-constrained OPF to determine an operating point in
transiently secure power grids. Similarly, [9] presents a global
transient stability-constrained OPF. However, the proposed
methods in [8], [9] only guarantee a new stable operating point
that is stable but does not necessarily provide fast damping
of oscillations. The scope of this proposed work looks at the
optimal damping of system-level dynamics employing optimal
dynamic setpoints of governors.

Dynamic modeling of power grids requires non-linear dif-
ferential equations [10] and combining the dynamic models to
OPF makes the problem inherently non-convex. To this end,



we propose to adopt linearized grid dynamics (based on the
Backward Euler method [11]) combined with the famous DC
power flow-based grid model that yields linear programming
(LP) formulation and hence ensures scalability.

The rest of the paper is organized as follows: In Sec-
tion III, we present the continuous and discretized versions
of power grid dynamic models. In Section IV, we introduce
the proposed optimization model. Case studies are presented
in Section V. We conclude the paper in Section VI.

III. DYNAMIC MODEL

A. Power System Dynamics

We adopt the classical representation of synchronous gener-
ators along with DC power flow. These modeling approaches
are commonly utilized in the literature [12], [13]. Dynamic
behavior of synchronous generators can be represented using
the Swing equation as [4],

%:wi—wO:Awi, ViGN, (l)
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All the notations used in the formulations are provided in
Section I. For brevity, we dropped the time index. We consider
the classical representation of synchronous generators in which
generators’ rotor angles are approximated by the terminal
voltage angles. The governor model TGOV1 (shown in Fig.
1) is considered, which is a simplified representation of steam
turbine governors as in [14], and can be modeled as,

1 Pr — Aw;

The power grid can be modeled using DC power flow
formulations as [4],

PE—Pl=>"B;;(6i—0;), VieN, (4)
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Equations (1)-(4) represent the dynamic model of multi-
machine power grids. We consider that the control center
dispatches the generators based on DC power flow (4), and
sends the reference set-points P” to governors as follows,

Pl = R; PE,

Viel, (&)

Fig. 1. TGOV1 model of governor

B. Discretized Dynamic Model
Using the Backward Euler method [11] to the dynamical

model described in Section III.A, we obtain,
R;T;
RiPMn + 1]), Viel,Ynew, (6)
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where (6) represents the generator’s mechanical power input
dynamics. Equations (7) and (8) model the dynamics of
generators rotor angle and frequency, respectively. Equation
(9) represents the DC power flow. Equation (10) relates the
governors’ reference set-points and generators’ output. The
resulting discretized dynamic model is linear in nature.

IV. OPTIMIZATION WITH GRID DYNAMICS

We aim at minimizing frequency oscillations in power
grids by finding optimal setpoints of governors, which can
be modeled as,

Min: Z |ws[n] — wol, (11)

new
icg
Equation (11) can be reformulated as an LP model. Next,
we introduce optimization-based power grid dynamics mod-
eling to find optimal values for P" minimizing frequency
oscillations in power grids. We combine the classical DC-OPF
formulation and the discredited dynamic model discussed in
Section III-B (referred to as the OPF-D model). The proposed
OPF-D (12) aims at minimizing the frequency deviations
from the nominal value. Moreover, considering the AC power
flow makes an optimization problem non-convex in nature,
therefore, we employ DC power flow in our proposed method
and formulate the OPF-D as follows to make the overall
problem LP which yields a tractable formulation.

OPF-D: Min: )~ Aw;[n] (12)
ied

S. t.: Constraints (6) — (10),

PM < pMp) <PV, Vieuvnew, (13

Aw;[n] > wi[n] —we, Vi€ G, VneW, (14)

Aw;[n] > wo —win], Yie g,¥neW, (15)

where (6)-(10) model the dynamics of power grids. Constraint
(13) maintains the mechanical power input of generators



@ Generator eqquiped with governor
@ Generator without governor

Fig. 2. IEEE 39-bus power system [4].

within the permissible range. Constraints (14) and (15) ensures
the frequency around the nominal value, and is part of LP
reformulation of (11). For simplicity, we didn’t show the mod-
eling of limitations such as transmission lines’ overloading.
However, such constraints can be readily included without
changing the nature of the model.

V. NUMERICAL STUDIES
A. Test System

We use the IEEE 39-bus system as shown in Fig. 2 as
the test system [4]. This system includes 10 synchronous
generators with rated capacities of 1,000 MVA. It is assumed
that the generators connected to buses 30 through 35 are
equipped with governors, while the generators at buses 36
through 39 do not have any governors, i.e., the mechanical
power input of these generators is fixed. The generators and
governors’ parameters are provided in Table I. Load damping
factors are ignored, i.e., D = 0, and bus 39 is considered the
slack bus.

B. Model Validation

To validate the accuracy of the adopted dynamic model,
we apply a load disturbance to the test system and compare
the resulting dynamics with the solution obtained from ePHA-
SORSIM. A discretization time-step of 0.016s is used.

TABLE I
GENERATOR AND GOVERNOR PARAMETERS
Bus No.  Generator Governor

H(s) Rpu) T(s)
30 4.20 0.05 0.50
31 3.03 0.05 0.50
32 3.58 0.05 0.50
33 2.86 0.05 0.50
34 2.60 0.05 0.50
35 3.48 0.05 0.50
36 2.64 - -
37 243 - -
38 345 - -
39 50.00 - -

—~600
N
=)
2598
[}
=
® 596
i 296 — — ePHASORSIM
! —— Adopted Model
594
012345678 91011121314151617181920
Time(s)
(a)
Gen-35
60.2 -
60.0

Frequency (Hz)
w
©
™
T

— — ePHASORSIM
—— Adopted Model

01234567 891011121314151617181920
Timel(s)

(b)
Fig. 3. Frequency dynamics comparison of generators 31 and 35 between the
proposed modeling and the simulation.

A load increase of 1,000 MW (50 MW at each load bus
and equivalent to 16% of the total load) is applied for 3s
(beginning at ¢ = 1s and ending at ¢ = 4s) on top of a base
load of 6,150 MW. Fig. 3 shows the frequency dynamics of the
select generators obtained from the adopted dynamic model
and ePHASORSIM. Similarly, the dynamics of rotor angles
of select generators are compared in Fig. 4.

From the figures, we can see that the dynamic responses
are very close. The observed little discrepancy is mainly due
to the use of AC power flow-based grid models in off-the-
shelf commercial ePHASORSIM solver, while our dynamic
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Fig. 4. Comparison of the generators’ 33 and 38 rotor angle behavior between
the proposed modeling and the simulation.
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Fig. 5. Comparison of non-optimal governors’ reference set-points and

optimal ones from the proposed OPF-D.

model is based on the DC power flow-based grid model. The
main motivation to use the DC power flow-based grid model
in this work is to keep the resulting optimization model linear
in nature which ensures scalability.

C. Optimal Dynamic Response

In this part, we aim at showing the performance of the
proposed OPF-D in minimizing the oscillations in power
grids after disturbances. The proposed OPF-D in this paper
is implemented in JuMP [15] and is solved using Gurobi
[16]. As mentioned before, OPF-D gives the optimal P" for
governors so that the oscillations are dampened as fast as
possible. To this end, we consider the same load disturbance as
Section V-B which lasts for 15s (starting at ¢ = 1 s and ending
at £ = 15s), and study two scenarios of setting governors’
reference sepoints, i.e., optimal and non-optimal, as shown in
Fig. 5. Fig. 5(a) shows a non-optimal dispatch of generators
where the power balance is ensured but did not care about
the dynamic response. Since the load disturbance is constant
after its incident at ¢ = 1s, therefore, P"s are updated only
once in non-optimized case. On the other hand, Fig. 5(b)
demonstrates the optimal dispatch of the proposed OPF-D for
the same load disturbance. Although the load changes only
once, P"s are dynamically and optimally updated to minimize
the oscillations.

The comparison of the performance of OPF-D versus the
non-optimal dispatch scenario is shown in Fig. 6 and 7. Fig.
6 shows this comparison for the frequency behavior of the
10 generators in the test system, and Fig. 7 shows the rotor
angles’ behavior of those generators. Note that all the rotor
angles are relative to the slack bus generator’s rotor angle.
Therefore, we do not show any plot for the rotor angle of
the slack bus generator. These figures clearly demonstrate the
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Fig. 6. Demonstration of generators’ frequency dynamics for optimal and
non-optimal dispatch.

ability of the proposed OPF-D in dampening the oscillations
fast in the test system. The reason for some large oscillations
in the optimal case is that the ramp limit on the frequency
and upper bounds on the frequency are not enforced. The
comparison of the settling time of the generators’ frequencies
and rotor angles is also provided in Table II and III. We define
the frequency settling time as the time when the frequency
stays within = 0.06 Hz of the nominal value i.e., [59.94,60.06]
Hz. Similarly, the settling time for the rotor angle dynamics
is defined as the time when the oscillations stay within £1 %
of their corresponding steady-state values.

It can be seen that the settling times of the cases cor-
responding to optimal P"s derived by the proposed OPF-D
are enhanced, which ensures lower frequency and rotor angle
oscillations compared to the non-optimized cases. For one
generator (G39) the damping was worsen compared to the
base case as the objective function (12) tries to improve the
frequency response cumulative of all generators, rather not of
a single generator.

VI. CONCLUSION

In this paper, we modeled power grid dynamics in an
optimization environment. We modeled the classical represen-



Gen-30

Gen-31

05

EOA

203

2

<02 ~

5 I‘ AddENR

] 01 | — ~Non-OPF

| — OPF-D

oo\

01234567 8 9101112131415
Time(s)

01234567 89101112131415
Time(s)

(@ (b)

Gen-32 Gen-33

Rotor Angle (rad)

012345678 9101112131415 T 012345678 0101112131415
Time(s) Time(s)

(c) (C))

Gen-34 Gen-35

01234567 89101112131415 012345678 9101112131415

Time(s) Time(s)
(O] ()
Gen-36 Gen-37
04
b=)
g
=03
Q
=)
<
<02
2
o
o1
012345678 9101112131415 012345678 9101112131415
Time(s) Time(s)
(€ ()
Gen-38
05
Bos
503
J4
<
*2-0.2
<4
€01

01234567 8 9101112131415
Time(s)

i
Fig. 7. Demonstration of generatorg’) rotor angle dynamics for optimal and
non-optimal dispatch.
TABLE II
SETTLING TIME OF GENERATORS’ FREQUENCY (IN SECOND).
Settling time Settling time

Gen No. (Non-optimal P™)  (Optimal P") Improvement
30 3.767 3.700 -0.067
31 3.767 3.683 -0.084
32 3.783 3.617 -0.166
33 3.850 3.800 -0.050
34 3.850 3.800 -0.050
35 3.850 3.800 -0.050
36 3.850 3.800 -0.050
37 3.767 3.517 -0.250
38 3.783 3.517 -0.266
39 3.283 3.217 0.034

tation of synchronous generators and the TGOV1 model for
governors along with DC power flow. Employing the Back-
ward Euler method and converting the continuous equations
to discretized, we proposed OPF-D to minimize the frequency
deviations in power grids by optimally and dynamically set-
ting the reference set-points to governors. We validated the
dynamic model using the ePHASORIM solver for the IEEE
39 bus system developed. Thereafter, we studied case studies
to compare settling times of the generators’ frequencies and

TABLE III
SETTLING TIME OF ROTOR ANGELS (IN SECOND).
Settling time Settling time

Gen No. (Non-optimal P"™)  (Optimal P") Improvement
30 8.350 4.883 -3.467
31 8.333 5.467 -2.866
32 8.850 5.350 -3.500
33 9.550 6.733 -2.817
34 9.550 6.850 -2.700
35 9.550 8.083 -1.467
36 9.567 7.883 -1.684
37 8.883 5.833 -3.050
38 9.550 5.967 -3.583

rotor angles. The results clarify that our proposed OPF-D is
able to greatly capture the detail of power grids’ dynamics and
reduce the damping time of frequency oscillation. In future
work, we will model a detailed representation of synchronous
generators e.g., the sixth-order, along with excitation systems,
and power grid stabilizers. Moreover, we will consider the
secondary frequency control in governors’ behavior modeling
as well and show the scalability of the model in a large-scale
power grid.
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