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Abstract
A power system is a typical nonlinear dynamical system and voltage stability is an important subject
of power system stability. This paper describes the use of the variable gradient method in a reduced order
model of a single-machine infinite-bus power system. Additionally, the system’s Lyapunov (energy) function
is created and thus the system’s energy level changes’ effects on the system’s stability are shown using the
MACSYMA program. The Lyapunov function allows the determination of stability for nonlinear systems

without the need to find exact solutions.
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1. Introduction

Since the 1920s, electric power system stability has been considered as an important problem in terms of reliable
system operation [1,2]. Consequently, many authors have been studying power system stability using different
analyses [3-6]. Recently, voltage stability has become a basic issue in electric power systems because of the
energy system collapses that have occurred in various places of the world such as Egypt [7], Chile [8], and the
United States and Canada [9,10]. The concept of voltage stability is expressed as the ability of a power system
to maintain steady voltage at all of the buses in the system after being subjected to a disturbance or contingency
from a given initial operating condition [11].

In cases of not maintaining voltage control and an increase in the load due to disabling, for any reason,
elements such as the generator, line, transformer, or bus if an uncontrolled voltage drop occurs, the result is
power system instability. The main reason for voltage instability is that in an overloaded system, the system

cannot ensure the reactive energy needed by the system to keep voltage values at a certain level [12-15]. Other
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reasons are generator reactive power limits, load characteristics, characteristics of load tap changer transformer,
characteristics of reactive power compensation devices, and behaviors of voltage control devices [16].

This paper is organized as follows: Section 2 outlines the main idea of Lyapunov stability analysis. In
Section 3, we recall the single-machine infinite-bus (SMIB) power system considered in [17] and give a reduced
order model of the SMIB power system considered in [18]. Section 4 examines the reduced order model’s energy
function. Section 5 presents simulation results of the energy function analysis. Finally, conclusions are given in

Section 6.

2. Lyapunov stability analysis

The study of Lyapunov stability via energy functions has been applied in power systems [19-22]. The Lyapunov
stability theory includes 2 methods, Lyapunov’s first method and Lyapunov’s second method (also called
Lyapunov’s direct method). Lyapunov’s first method uses the linearization of a system to determine the local
stability of the original system. Lyapunov’s second method allows us to study the stability of the system
concerning the dynamic system before finding the solution to the differential equation. The second method is
appropriate for the voltage stability of nonlinear systems that do not have accurate solutions. This method is
the most common one in terms of the determination of stability conditions of time-dependent nonlinear systems
and could be applied to all known systems.

2.1. Stability analysis of nonlinear systems

Voltage stability of nonlinear systems is regional. Hence, the Lyapunov function, which obtains sufficient
stability conditions in the largest region around the origin, is sought.

Some methods that arise from Lyapunov’s second method are proper for examining the stability of
nonlinear systems. One of them is the variable gradient method, which is used for the generalization of Lyapunov
functions.

2.1.1. The variable gradient method

There are no generally applicable methods for finding Lyapunov functions. The variable gradient method
provides a systematic approach to determining a suitable Lyapunov function. The variable gradient method
assumes a certain form for the gradient of an unknown Lyapunov function, and then finds the Lyapunov function
itself by integrating the assumed gradient [23].

Consider a nonlinear dynamical system described by:

i = f(z,t). (1)

Accept an equilibrium point at the origin of the space. Denote a test Lyapunov function by using V and its

time derivative, V. Assume that in Eq. (1), V is x’s open function but not t’s. Then,

v . ov . av .

V=amht o, oz, 2)

can be written. Hence,
V = (VV)*i. (3)
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In Eq. (3), (VV)* isVV s transpose. The gradient of V is denoted by VV'| as follows:

& A%

vV = = (4)
E .
am‘i vV,

VV’s line integral can be expressed by:

V:/(VV)*dx. (5)

0

In Eq. (5), the integral’s upper limit does not point out that V is a vector magnitude, but the integral is preferred
to the line integral of a random point (x1,x2,...,X,) at the space. This integral can be done separately from

the integration method.

2.1.2. Investigation of Lyapunov function using gradient system

A special class of dynamical system is particularly well suited to the Lyapunov method. This system arises

from the gradient of a function [24]. A gradient dynamical system is given as:
&= —AVo(z,xo). (6)

In Eq. (6), v: R"2R™ — R can be continuously differentiable. A € R"*" is defined as det(A) # 0 and
v(x,xp) = 0 for x = x¢. If v(x,x¢)’s Hessian is a completely positive definite at x¢, the equilibrium point is

asymptotically stable at xy. The Lyapunov function is given as:

V(z) = / ) de. (7)

Zo

The Lyapunov function given above will be used in order to find the reduced order model of the SMIB power
system’s energy function.

3. The SMIB power system: the reduced order model

In this section, the SMIB power system is described [17,25]. First, a full order model is given, and then the

resulting reduced order model is obtained.

3.1. The SMIB power system

We consider the power system model shown in Figure 1, which is taken from [17].
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Figure 1. Power system model.

This system consists of a load bus and 2 generator buses. One of the generator buses is treated as a slack
bus. The load is modeled by a simplified induction motor in parallel with a constant P-Q load and constant
impedance. The load also includes a fixed capacitor, C, to raise the voltage up to near 1.0 per unit [17]. The
network, load, and generator parameters are presented in the Appendix.

The active and reactive powers supplied to the load by the network are:
P =—E\VY{sin(6 + 6)) — Ep VY, sin( — 6, + 0) + (Yy sin @)y + Yy, sin 6,,) V2, ()

Q = E\VY{cos(6 +6,) + EpV Yy, cos(6 — 8 + 0,n) — (Y cos 6y + Yy, cos 0,,) V2. (9)

First order differential equations are expressed, which show the power system model’s equations of state as
follows [17]:

b = w, (10)
Mw=—-Dw+ P, +E, VY, Sin((s — Om — em) + Egnym sin 6, (11)
qu(; = _Kq'uV - I{q'uQ‘/2 + Q - QO - Ql; (12)

TquKp'UV = prva2V2 + (prKq'u - quKp’U)V + pr(QO + Ql - Q) - Kq’lU(PO + P1 - P) (13)

3.2. The reduced order model

The SMIB power system model presents significant numerical ill-conditioning. The dimensionality of this model
is reduced by eliminating from it the variable 0, as considered in [18]. This is justified for the data used in [17],

since K, is small in comparison with other system data [18]. The resulting reduced order model is:

om = w, (14)
M = —Dw + Py, + Ep VY, sin(6 — 6,y — 0p) + E2 Yy, sin6,,, (15)
TK,,V = -K,,V — Py — P, + P. (16)
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4. Energy function of the reduced order model

The reduced order model differential equations above can be written again under the condition that the generator

mechanical power is equivalent to the active load requirement (P,, = P;).

D 1

w:—WMU/—Mf(&maV) (17)
S = ! M 18
m = gy Mw (18)
V =—h(0m,V) (19)
Here,

f(6m, V) = (P + Ep,VYysin(d — 6, — 0n) + B2 Y, sin(6,,)), (20)

1
RO, V) = TR, (-K,,V — Py — P, + P). (21)

4.1. Defining gradient system to the form of the Lyapunov function for the
reduced order model

The derivation of the Lyapunov function for the reduced order model of the system in Figure 1 and Eqs. (17),
(18), and (19) could be determined as:

0 —5 0 f(0m, V)

Om M
W | =] 3 5= O Muw : (22)
v 0 0 1] | h@mV)

Eq. (22) for the reduced order model of the system defined in Eqgs. (14), (15), and (16) is an alternative
definition for this system’s dynamics.

For (wo, 0mo, Vo)’s equilibrium point, a candidate energy function, which is seen on the right of Eq.
(22) ((3 x 1) gradient matrix seen on the right of Eq. (22)), is obtained and thus can be used in Eq. (7). The

candidate energy function can be written in Eq. (7) as:

T

(w767n7v) M:L' d.’L’
v(w, 0, V) = / fom, V) do,, |. (23)
(wo0,6mo0,V0) h(&m, V) dV

If f(w,d6m,V) and h(w,d,,,V) are replaced in Eq. (23), the reduced order model of the SMIB power system’s
energy function is obtained.
The equilibrium point is (w*, 6%, V*) = (0.0, 0.3, 0.97).
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5. Simulation results of the reduced order model

The generator rotor angle will be changed, beginning with 0, and will be increased to 1.6 by a 0.4 rise each turn
in order to observe the reduced order model of the SMIB power system’s stability. The sample of the energy

function for the reduced order model is given as follows:
v(6, V) = —0.699V> + asV? + a1V + a. (24)

When the sample of the energy function given above is equalized, the reduced order model of the SMIB power

system’s energy function, which is obtained from Eq. (23), and as, a1, and a are respectively obtained for each
case.
The following cases are considered:

Case 1. Generator rotor angle §,, = 0 rad, system frequency w = 1 per unit (p.u.).

as, a1, and a are respectively obtained as:

az = —0.15 — 10sin(d — 0.209) — 2.5sin(6 — 0.087), (25)
a; = —0.6 + 5cos(d — 0.213) — 5 cos(d + 0.087), (26)
a = 1.379 4+ 9.409 sin(§ — 0.209) + 2.352sin(d — 0.087). (27)

3.00
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e T
—_—— —10:
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———————— —50 &
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Figure 2. The reduced order model’s stored energy for d,, = 0: (a) 2-dimensional representation and (b) 3-dimensional

representation.

The reduced order model’s energy density is in the range of 0 < V < 0.3 and 1.4 < § < 1.8, which is
seen in Figure 2 and Table 1. The reduced order model’s energy density varies between 12 and 13 energy units
around these points.

For §,, = 0 rad and w = 1 p.u., Table 1 shows the numerical values of the energy function for different

load angles and different load voltages.
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Table 1. Energy measurement for d,, = 0.

) Energy measurement

0 | 08|-08|-08]-0.8 -0.8 -0.7 -06 | -0.5 | 0.3 | 0.2 | 0.0
0.2] 1.6 1.5 | 1.5 1.4 1.3 1.2 1.0 09 | 07 | 04 | 0.1
04] 39 | 39 | 3.8 | 3.6 3.4 3.0 2.7 | 2.2 1.6 | 1.0 | 0.3
0.6 | 6.1 6.1 | 5.9 | 5.7 5.3 4.8 42 1 35 | 26 | 1.6 |04
0.8 82 | 81 | 79 | 7.6 7.1 6.4 56 | 46 | 34 | 2.1 |05
1 99 | 99 | 9.7 | 9.3 8.7 7.8 6.8 | 5.6 | 4.1 | 2.5 | 0.6
1.2 {114 | 11.3 | 11.1 | 10.6 9.9 9.0 78 | 6.4 | 4.7 | 2.8 | 0.7
1.4 (124|124 | 12.1 | 11.6 10.8 9.8 85 6.9 | 51 | 3.0 | 0.7
1.6 | 13.0 | 12.9 | 12.7 | 12.1 11.3 10.2 89 | 7.3 | 54 | 3.2 | 0.7
1.8 | 13.1 | 13.1 | 12.8 | 12.2 11.4 10.3 89 | 7.3 | 54 | 3.2 | 0.7
A% 0 0.1 | 0.2 | 0.3 0.4 0.5 0.6 | 0.7 | 0.8 | 0.9 1

Case 2. Generator rotor angle 9,, = 0.4 rad, system frequency w = 1 p.u.

as, a1, and a are respectively obtained as:

as = —0.15 — 10sin(§ — 0.209) — 2.5sin(d — 0.487), (28)
a1 = —0.6 + 5cos(d — 0.213) — 5cos(d — 0.313), (29)
a = 1.153 + 9.409sin(5 — 0.209) + 2.352sin(5 — 0.487). (30)

300 T
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Figure 3. The reduced order model’s stored energy for §,, = 0.4: (a) 2-dimensional representation and (b) 3-dimensional

representation.

The reduced order model’s energy density is in the range of 0 < V < 0.3 and 1.4 < § < 1.8, which is
seen in Figure 3 and Table 2. The reduced order model’s energy density varies between 11 and 12 energy units

around these points.
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Table 2. Energy measurement for §,, = 0.4.

) Energy measurement

0 |-19|-19|-19 | -18 -1.6 -1.4 -1.2 | -1.0| -0.7 | -0.3 | 0.0
02| 04 | 04 | 03 | 03 0.2 0.2 0.1 0.1 | 0.0 | -0.1 | -0.2
04] 27 | 26 | 25 | 24 2.1 1.9 1.5 1.1 ) 07 | 0.1 | 0.5
0.6 | 5.0 | 49 | 4.7 | 44 4.0 3.5 29 | 22 | 1.3 | 04 | 07
0.8] 7.1 7.0 | 6.7 | 6.3 5.7 5.0 4.1 3.1 19 | 0.6 | 0.9
1 9.0 | 88 | 85 | 7.9 7.2 6.3 52 1 39| 25 | 08 | -1.1
1.2 | 10.6 | 10.4 | 10.0 | 9.3 8.5 7.4 6.2 | 46 | 29 | 0.9 | -1.3
14| 11.8 | 11.5 | 11.1 | 104 9.5 8.3 6.9 | 5.2 | 3.2 1.0 | -14
1.6 | 125 | 12.3 | 11.8 | 11.1 10.1 8.8 73 | 5.5 | 3.5 1.1 | -1.5
1.8 | 12.8 | 12.6 | 12.1 | 114 10.3 9.1 7.5 | b7 | 3.6 1.2 | -1.5
A% 0 0.1 | 0.2 | 0.3 0.4 0.5 0.6 | 0.7 | 0.8 | 0.9 1

For §,, = 0.4rad and w = 1 p.u., Table 2 shows the numerical values of the energy function for different

load angles and different load voltages.

Case 3. Generator rotor angle 9,, = 0.8 rad, system frequency w = 1 p.u.

as, a1, and a are respectively obtained as:

as = —0.15 — 10sin(6 — 0.209) — 2.5 sin(6 — 0.887),

a1 = —0.6 + 5cos(d — 0.213) — 5cos(d — 0.713),

a = 0.927 4 9.409 sin(§ — 0.209) + 2.352 sin(d — 0.887).
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Figure 4. The reduced order model’s stored energy for §,, = 0.8: (a) 2-dimensional representation and (b) 3-dimensional

representation.

The reduced order model’s energy density is in the range of 0 < V < 0.2 and 1.6 < § < 1.8, which is

seen in Figure 4 and Table 3. The reduced order model’s energy density varies between 11 and 12 energy units

around these points.

1038



QiFCL UYARO(U?-LU7 YALCIN: Voltage stability via energy function analysis on...,

Table 3. Energy measurement for §,, = 0.8.

1) Energy Measurement

0 | 28| -28|-26|-24 -2.1 -1.7 -1.3|-08|-03] 02 | 08
02 -06|-06]|-06|-0.5 —0.4 —0.3 -0.2|-0.1] 00 | 0.1 | 0.2
04] 16 | 1.6 | 1.5 | 14 1.2 1.1 09 | 06 | 0.3 | 0.0 | 04
06| 38 | 3.7 | 35 | 3.3 2.9 2.5 20 | 1.4 | 0.7 | -0.1 | -1.0
0.8 6.0 | 5.8 | 5,5 | 5.0 4.5 3.8 3.0 | 20 | 1.0 | 0.3 | -1.7
1 79 | 76 | 7.2 | 6.6 5.9 5.0 39 | 26 | 1.2 | 04| 22
1.2 95 | 92 | 87 | 8.0 7.1 6.0 4.7 | 3.1 14 | 0.5 | 2.7
1.4]10.8 105 99 | 9.1 8.0 6.8 53 | 35 | 1.6 | 0.7 -3.1
1.6 | 11.7 | 11.3 | 10.7 | 9.8 8.7 7.3 57 1 38 | 1.7 | 0.8 | -34
1.8 ] 12.2 | 11.8 | 11.1 | 10.2 9.0 7.6 59 | 39 | 1.7 | -0.8 | -3.6
\Y 0 0.1 | 0.2 | 0.3 0.4 0.5 0.6 | 0.7 | 0.8 | 0.9 1

For §,, = 0.8 rad and w = 1 p.u., Table 3 shows the numerical values of the energy function for different

load angles and different load voltages.

Case 4. Generator rotor angle 9, = 1.2 rad, system frequency w = 1 p.u.

as, a1, and a are respectively obtained as:

az = —0.15 — 10sin(d — 0.209) — 2.5sin(d — 1.287), (34)

a1 = —0.6 + 5cos(d — 0.213) — 5cos(d — 1.113), (35)

a = 0.701 4 9.409sin(§ — 0.209) + 2.352sin(d — 1.287). (36)
3.00 —10.
1/ —100
4 —90
_N\ —380

4 —7. 10.00

2,00 N o

\J
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—50
—40

=
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[—— \ -5.00
000 T T T T T T T T T T T T T T T T 4.0
0.00 0.25 0.50 0.75 1.00 —90 Load voltage

Load voltage
(a) (b)

Figure 5. The reduced order model’s stored energy for §,, = 1.2: (a) 2-dimensional representation and (b) 3-dimensional

representation.

The reduced order model’s energy density is in the range of 0 < V < 0.2 and 1.4 < § < 1.8, which is
seen in Figure 5 and Table 4. The reduced order model’s energy density varies between 9 and 10 energy units

around these points.
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Table 4. Energy measurement for §,, = 1.2.

) Energy measurement

0 | 35|-33|-29]|-25 -2.0 -1.5 09| -02]|06]| 14 | 22
02 -15|-13|-111|-0.9 -0.6 -0.3 0.0 | 0.3 |06 1.0 1.3
041] 07 | 0.7 | 0.8 ] 0.8 0.8 0.8 0.8 | 07 |0.7| 05 | 04
0.6 | 28 | 2.7 | 2.6 | 2.5 2.2 2.0 1.6 1.2 10.7] 0.1 | 0.6
0.8 48 | 4.7 | 44 | 4.1 3.6 3.0 2.3 1.5 106 | -04|-1.6
1 6.7 | 6.5 | 6.1 | 5.5 4.8 4.0 3.0 1.8 105 | -09 | -26
1.2 | 84 | 80 | 7.5 | 6.8 5.9 4.8 35 | 21 04| -14|-35
141 97 | 93 | 86 | 7.8 6.7 5.4 39 | 22 |03 | -1.8| 4.2
1.6 | 10.7 | 10.2 | 94 | 8.5 7.3 5.9 4.2 | 23 | 02| 22|49
1.8 11.3 | 10.7 | 9.9 | 8.9 7.6 6.1 43 | 23 | 00| 26|54
A% 0 0.1 0.2 | 0.3 0.4 0.5 0.6 | 0.7 | 0.8] 0.9 1

For §,, = 1.2rad and w = 1 p.u., Table 4 shows the numerical values of the energy function for different

load angles and different load voltages.

Case 5. Generator rotor angle 9,, = 1.6 rad, system frequency w = 1 p.u.

as, a1, and a are respectively obtained as:

as = —0.15 — 10sin(d — 0.209) — 2.5 sin(6 — 1.687),

a1 = —0.6 + 5cos(d — 0.213) — 5cos(d — 1.513),

a = 0.474 + 9.409 sin(5 — 0.209) + 2.352sin(5 — 1.687).
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0.50
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0.75

—0.00
1.0
-2.0

—60
—70

Energy measurement

0.75
Load voltage

(b)

Figure 6. The reduced order model’s stored energy for §,, = 1.6: (a) 2-dimensional representation and (b) 3-dimensional

representation.

The reduced order model’s energy density is in the range of 0 < V < 0.1 and 1.6 < § < 1.8, which is

seen in Figure 6 and Table 5. The reduced order model’s energy density varies between 9 and 10 energy units

around these points.
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Table 5. Energy measurement for §,, = 1.6.

) Energy measurement

0 | 38| -34|-28]|-22 -1.6 -0.8 0.0]109]| 1.8 | 28 | 3.9
0.2 -20|-16|-1.2|-0.8 -0.4 0.1 06| 12| 1.7 | 23 | 2.9
04] 00| 02 | 04 | 06 0.9 1.1 1.2 14| 1.6 1.7 | 1.8
0.6 | 20 | 2.1 2.1 2.1 2.0 1.9 1.8 16| 1.3 | 09 | 0.5
081 39| 38 | 3.7 | 3.5 3.2 2.8 221161| 09 | 01 | 08
1 5.7 | 5.5 | 5.2 | 4.7 4.2 3.5 26| 17| 05 | 07|21
1.2 72 | 69 | 64 | 5.8 5.0 4.0 29(116| 0.1 | -1.6 | -3.4
14| 85 | 81 7.5 | 6.6 5.6 4.4 3014 04| 24|46
16| 95 | 9.0 | 82 | 7.2 6.1 4.7 31112]|-08]|-31]| 56
1.8 1101 95 | 86 | 7.5 6.2 4.7 30]10|-13|-3.7| 6.5
A% 0 0.1 0.2 | 0.3 0.4 0.5 0.6 07| 08 | 09 1

For 6, = 1.6 rad and w = 1 p.u., Table 5 shows the numerical values of the energy function for different
load angles and different load voltages.

After all of these cases, we observed that the value of the whole energy density decreased. This decrease
in energy measurement is an indicator of the operating point’s movement toward the instability region. In Case
1, while § = 1.8 rad and V = 0 p.u., the maximum energy level was 13.1 energy units. However, in Case 5,
the energy level was 10.1 energy units, even with the same values of § and V. It is observed clearly that any
changes in load will continue to decrease the level of energy density to low values, and it is even possible to see

negative values.

6. Conclusion

Energy function has long been recognized as a useful way of analyzing voltage stability. This paper demonstrated
that a more realistic energy function, which can clearly demonstrate the critical load angles gained on the
energy measurement levels, corresponding to the representations of system works in the different levels and load
voltages, and the reduced order model of the SMIB power system’s stability attitude, can be obtained. Thus,
this shows the effect of energy fluctuations in the system on system stability, nearly definitely. Eventually, for
the system dependency of load angle and load voltage, the optimal range of load angle and load voltage can be

defined with the energy fluctuation that is plotted on the range of stability shown.
Appendix
The load parameter values used in the simulation are [17]:
Kpy =03,T=85,FP=0.6,00=1.3,P=0.0,Q; =0.0.
The network and generator parameter values used in the simulation are [17]:
Yo =20,0p =—5,FEy=1,C=12,Y] =8,0, = —12, E, =2.5,Y,, = 5,0,, = =5, Ep, = 1, P, = 1,
D =0.05,M =0.3.

All of the values are given per unit (p.u.) except for angles, which are in degrees.
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List of Symbols

) Load angle, rad
1% Load voltage, p.u.
w Angular speed, rad/s
E,, Generator voltage, p.u.
FEy Infinite bus or slack bus voltage, p.u.
Yo Generator admittance, p.u.
Yo Infinite bus or slack bus admittance, p.u.
Om Generator rotor angle, rad
C Compensated load capacitor, p.u.
O, Generator admittance angle, degrees
0o Infinite bus admittance angle, degrees
M Generator inertia, p.u.
D Damping coefficient
T Characteristic time constant of the motor, p.u.
Py, Qo Constant real and reactive powers of the motor, p.u.
P04 Constant P-Q load, p.u.
P, Mechanical power, p.u.
Kpw, Kpv, Kquw, Kqv, Kqv2 Constant parameters
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