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(57) Abstract: Systems, methods, and non-transitory computer-readable storage media for
a fast power network simulator. A system configured per this disclosure can use identify a
power network, the power network comprising generators, transmission lines, and loads, and
receive a model of the power network. The model of the power network can include: models
of the generators modeled as ditferential equations, and models of the transmission lines and
the loads modeled as algebraic equations. The system can convert, via a processor, the alge-
braic equations of the models of the transmission lines and the loads to additional differential
equations, then combine, via the processor, the differential equations and the additional dif-
ferential equations, to yield combined differential equations. The system can then iteratively
solve linear equations, via the processor, associated with the combined differential equations,
to yield solutions, and output the solutions as part of a power simulation of the power network.
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SYSTEM AND METHOD FOR A FAST POWER NETWORK SIMULATOR

PRIORITY
[0001] The present disclosure claims priority to U.S. Provisional Patent Application

62/428,812, filed December 1, 2016, the contents of which are incorporated herein by reference

in their entirety.

BACKGROUND
1. Technical Field

[0002] The present disclosure relates to power system stability analysis and more specifically
to using differential equations to model grid generators, transmission lines, and loads.
2. Introduction

[0003] Power system stability analysis relies on power network simulators that find the power
network variables such as voltages and currents, numerically. The stability studies are
performed using off-line simulations that represent dynamical behavior of the power grids
when affected by disturbances such as short circuits, sudden load changes, line disconnections,
sudden topology changes, renewable energy interactions, etc. Currently available simulators
for these studies include (1) dynamical-model simulators and (2) differential-algebraic-model
simulators, each with simulation time-steps in the range of 5ms or less. Dynamical-model
simulators such as Matlab/Simulink and EMTP employ dynamical models of the grid
generators, transmission lines, and loads, while differential-algebraic model simulators utilize
algebraic models of the transmission lines and loads, resulting in a faster simulation. These
methods benefit from high levels of accuracy; however, the simulation times for both methods
represent a significant barrier, especially with large power grids. More specifically, as power
grids get larger and more complicated, the amount of time required to simulate those power
grids using dynamical-model simulators and differential-algebraic model simulators grows
exponentially. In the real-world, this can mean that power grid personnel must often wait hours

before performing maintenance or upgrades while simulations are performed.
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[0004] Disclosed are systems, methods, and non-transitory computer-readable storage media

for a fast power network simulator. The differential-algebraic-model simulators disclosed

herein employ dynamical models of the grid generators, controllers, time-variable components,

and algebraic power-flow equations to model transmission lines through impedance models

and loads. The dynamic models of the generators, as well as the algebraic power-flow

equations, are converted to differential equations, which can in turn be used to simulate the

power system. Doing so results in significantly faster convergence compared to the dynamic-

model simulators or conventional differential-algebraic model simulators.

[0005] Consider Table 1, which outlines basic distinctions over the prior simulators:

Dynamic-model

Simulators

Differential-algebraic model

Simulators

This disclosure

Grid

Generators

Dynamic models

Dynamic models,

Convert models or
equations into
differential equations
(or receive as

differential equation)

Transmission

Dynamic models

Algebraic Power Flow

Convert models or

Lines Equations (or Ohms law) equations into
differential equations
(or receive as
differential equation)

Loads Dynamic models | Algebraic Power Equations | Convert models or

(or Ohms law) equations into ‘

differential equations
(or receive as
differential equation)

Solution Newton- Newton-Raphson/Gauss- Runge-Kutta

Method Raphson/Runge- | Sidel method

Kutta method
Relative speed | Slow Medium Fast
Table 1
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[0006] For eXample, in previous simulators, the set of dynamic models, or the set of nonlinear
differential and algebraic equations that model the entire power grid, was solved fully or
partially by the Newton-Raphson method. The Newton-Raphson method is a method to solve
non-linear algebraic equations, and is utilized to find load-flow solutions in power systems in
order to find the bus voltages and angles at steady-state condition. To perform the Newton-
Raphson method, load flow equations, which describe the entire power grid, are utilized in the
form of algebraic equations in an error loop until a convergence occurs.
[0007] By contrast, the disclosed models of power systems performing stability analysis
convert all algebraic equations into differential equations, in contrast with the Newton-Raphson
method. The merit of this approach is twofold: a) solving differential equations can be
performed faster and more efficiently by using other available numerical algorithms such as
Runge-Kutta and b) the number of executions for linear system solutions in the error loop of
the Newton-Raphson method, which varies from 3 to 10 (or higher), can be reduced to 2 or 4,
depending on the solver.
[0008] Consider the following explanation. Power systems are modeled by elements which
change (that is, are dynamic), such as generators, and static elements, such as transmission
lines and loads. The conventional models present the dynamic elements as differential
equations and the static elements as algebraic equations. The previously available simulation
method relied on solving the differential equations, then solving algebraic equations, a process
that can take hours for a standard study (depending on the size of the power grid). By contrast,
| simulators configured according to this disclosure convert the algebraic equations of the static
elements to differential equations, then solve each portion of the overall equation using distinct
algorithms (such as the Runge-Kutta), resulting in much greater convergence speeds.
Conversion of the algebraic equations to differential equations reduces the overall number of
executions of the linear system solutions required, which is a time consuming part in the

currently available methods.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] FIG. 1 illustrates an example of a two-axis generator;

[0010] FIG. 2 illustrates an example stator algebraic relationship diagram;
[0011] FIG. 3 illustrates an example network power balance diagram of Bus 7;
[0012] FIG. 4 illustrates an example of a trapezoidal integration algorithm;

[0013] FIG. 5 illustrates an example of an error detection loop;
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[0014] FIG. 6 illustrates an example of a dynamic stability analysis;

[0015] FIG. 7 illustrates an exemplary iterative process for combining generator models into
bus models;

[0016] FIG. 8 illustrates an exemplary method embodiment; and

[0017] FIG. 9 illustrates an exemplary computer system.

DETAILED DESCRIPTION

[0018] A system, method and computer-readable media are disclosed which provide for fast
power network simulations. An exemplary method of performing the concepts disclosed herein
can include: identifying a power network, the power network comprising generators,
transmission lines, and loads; receiving a model of the power network, the model of the power
network comprising: models of the generators and dynamical components modeled as
differential equations; and models of the transmission lines and the loads modeled as algebraic
equations; converting, via a processor, the algebraic equations of the models of the transmission
lines and the loads to additional differential equations; combining, via the processor, the
differential equations and the additional differential equations, to yield combined differential
equations; iteratively solving linear equations, via the processor, associated with the combined
differential equations, to yield solutions; and outputting the solutions as part of a power
simulation of the power network.

[0019] An exemplary system configured as disclosed herein can include: a processor; and a
non-transitory computer-readable storage device having instructions stored which, when
executed by the processor, cause the processor to perform operations comprising: identifying
a power network, the power network comprising generators, transmission lines, and loads;
receiving a model of the power network, the model of the power network comprising: models
of the generators and dynamical components modeled as differential equations; and models of
the transmission lines and the loads modeled as algebraic equations; converting the algebraic
equations of the models of the transmission lines and the loads to additional differential
equations; combining the differential equations and the additional differential equations, to
yield combined differential equations; iteratively solving linear equations associated with the
combined differential equations, to yield solutions; and outputting the solutions as part of a
power simulation of the power network.

[0020] An exemplary non-transitory computer-readable storage device can include

instructions stored which, when executed by a computing device, cause the computing device
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to perform operations including: identifying a power network, the power network comprising
generators, transmission lines, and loads; receiving a model of the power network, the model
of the power network comprising: models of the generators and dynamical components
modeled as differential equations; and models of the transmission lines and the loads modeled
as algebraic equations; converting the algebraic equations of the models of the transmission
lines and the loads to additional differential equations; combining the differential equations
and the additional differential equations, to yield combined differential equations; iteratively
solving linear equations associated with the combined differential equations, to yield solutions;

and outputting the solutions as part of a power simulation of the power network.

Section 1: Conventional Differential-Algebraic Model for Dynamic Model of

Power System
[0021] This section introduces the conventional differential-algebraic (DA) model that
describes the dynamic behavior of the power system. More specifically, a transient stability
analysis of the power system requires solving DA equations. Previously, a major obstacle for
solving DA equations is that there is no known analytical approach to have a time domain
solution for these nonlinear equations. Thus, numerical methods are mainly utilized to solve
the differential-algebraic equations.
[0022] This section is organized in three sections. The first section briefly introduces the DA
model using general mathematical form of a generator. The second section shows the
differential equations describing a two-axis generator model in the power system. The last
section introduces the algebraic equations when dealing with a multi-machine power system.
A power system is called multi-machine when many synchronous generators at different buses

are interconnected together by transformers and transmission lines.

[0023] 1.1 Power System Differential-Algebraic Model
[0024] The differential-algebraic equations (DAE) model of the power system is as follows:

0=gx)
[0025] In (1), frepresents all dynamic characteristics of the power system which mainly

include generator dynamics. The system state variables such as generator angle 3, generator

speed , and other generator dynamical parameters are shown by y. Vector x denotes all
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system algebraic variables such as bus voltages Vand bus angles 6. Input vector urepresents

inputs to the power system such as generator input torque and reference voltage Vrer

[0026] 1.2 Differential Equations

[0027] For transient stability analysis different generator models may be used. The method
disclosed herein is not dependent on the generator model, and thus, two-axis model which is
more accurate than the classical generator model in extended transient analysis is explained
here as an example. This method can be extended to different generator models with no
limitations. Unlike round-rotor machine, the salient-pole machine has a narrower air gap along
the direct axis comparing to the quadrature axis for each pole. The two-axis generator model
100 is shown in FIG. 1. As illustrated, dc field winding coils 112 are on a spinning rotor 114.
As the rotor spins, distributed windings 102a, 102b, 104a, 104b, 106a, 106b are exposed to the
magnetic fields, resulting in electrical generation.

[0028] By neglecting d-axis 110 and g-axis 108 open circuit sub-transient time constants 7uo”
and Ty0”, a two-axis generator model generator differential equations are formed as follows:
@ 8() = w@) — oy

where 8 and ® denote the generator angle and speed; os is the nominal speed of the generator.

Next, the speed can be represented as

s 1 . 14 ' . . . . ; .
3) w() = — X {Ty () + ?&) X [Ed(l) cos(9(1) - 5(L)) + Eq (i) X sm(G(t) — 6(1))]}
where M denotes the inertia constant of generator; 7 is mechanical input torque; Vdenotes
the bus voltage; xis the direct-axis transient reactance; £zand £75 are the transient voltage
of d-axis and g-axis, respectively; and 0 is the angle of the bus. Variables £'7and £ are

defined as

sy L _ xa() o pr ey, XdD=xg() N .
@) By = = x [ (1) x 2% By () + 20D s v (1) x cos (0D 5®) + Era())|

and

R | _ xq(D) reey xq(D)—x (D) . . N e

where Zuois the open circuit time constant of d-axis; x«is the d-axis reactance; £ is the
steady state internal voltage of the armature; 7go is the open circuit time constant of g-axis;

and xy is the g-axis reactance. Also,

(6) Era(D) = 5o X [(=1) * Kp () X Epg (D) + Vi (D)]
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where 7kis the electrical torque; Vk denotes the exciter input; and Kz is an exciter gain. The

exciter voltage dynamics can be shown as
(7) V@) = 725 [Ka () X Re () = V() = Ka ) X 552 X Epa(D) + Ka(D) X (Vyey () =

Tp(i)
40))
where K is the amplifier gain; Rris the rate feedback; 74 denotes the amplifier time
constant; Veris the reference voltage; Kris the feedback gain; 7ris the feedback time

constant. The following equations describe the turbine dynamical behavior as

(8) Rp(i) = [’;F;? X Epa() = Re(®))
9) Tw(®) = 7= X [(=1) X Ty () + (1 = Kip(D) X 723 X Py (0)

T
+ Kyp(i) X RHE? Psy (D]

where Psvis the steam value position; 7w is the output torque of the steam; Axrdenotes the
high pressure turbine gain; 7w is the steam chest output torque; Pex is the steam chest

pressure.

(10) Py (D) = X (Psy (i) — Pcu (D))

X (Pe(D) = P (i) = 520)

(1) Py = 5=
where 7svdenotes the steam value torque; Pcdenotes the output of a load reference motor; R
is the speed regulation.

[0029] A generator classical model has five parameters which are &, w, 7a, Pen, and Psy. The
last three parameters are turbine parameters, which are similar comparing to two-axis generator
model. Generator angle & also has the same function as shown in equation (2). However, the
classical generator model assumes a constant internal voltage due to the lack of transient status.

This leads to a different function for ,

1 . ~ _ V(D)XsIn(8(i)-0(i
(12) 0 = H[TM@) — B, (i) x s (‘”]

Xd

where £z denotes the internal voltage.

[0030] 1.3 Algebraic Equations
[0031] There are two sets of algebraic equations, stator equation and network power balance
equations. The stator power balance equations can be derived by the following algebraic

equations as,
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(13) Py + X7y By Vi[Eq; sin(6; — ;) + Ejj cos(0; — §;)] + Y BiViV, 7 sin(; — 6;) =
0

and

(14)

~Qui + X0y ByVi[E}j cos(8; — 8)) — Efy; sin(0; — 6;)] + XNk, BV, Vi cos(6; — 6;) = 0
where Prrand Quidenote the active power and reactive power of the load on bus / and 5y
represents the susceptance between bus 7and /. The non-generator bus power-balance
algebraic equations are

(15) P + X)40 1 BV Vy sin(6; — 6;) = 0

(16) =Qui + X1 ByVi Vj cos(8; — 6;) = 0

[0032] The stator variables relationship can be derived from the circuit model 200 of FIG. 2.
[0033] The network power balance diagram of Bus /is depicted in FIG. 3.

[0034] InFIG. 3, Pzand Qg denote the real power generation and reactive power generation.
Pyseh, Qiseh denote the scheduled power entering the network. Prsand Qi denote the demand
power of the load on Bus 7 £ and @ are the calculated value that flow to the network. By
calculating the power difference 4P and 4Q as (17) and (18), then adjusting them to as close
possible as to zero, power balance equation are obtained.

(17) AP, = Pysep, — Py

(18) AQ; = Qiscn — Qs

[0035] The differential and algebraic equations need to be solved together to obtain the power
system states. However, this is not an easy task due to the power system nonlinear model.
Previous work used linearization to solve for power system states.

[0036] Based on (1) both differential equations and algebraic equations can be linearized as:

(19)A>’c— xAx+ ><Ay+ ><Au

(20) 0 = ><Ax+—><Ay
By solvmg (20),
_ (89v-1 ., %9
21) Ay = (ay) X o X Ax
is obtained.

[0037] Substitution of (21) into (19) yields a new differential equation that contains algebraic

properties as
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22) Ax = [%—Z—ix (%)-1 xg%] X Ax + 5L x mu
Section 2: Conventional Power System Transient Simulation Algorithms

[0038] This section introduces dynamic power system simulation. While conventional tools

for power system dynamical analysis may use trapezoidal integration algorithms to solve

differential equations, the detailed algorithms disclosed herein may consider dynamic

characteristics of generator stators and transmission lines, and may include use of the Ronge-

Kutta algorithm.

[0039] 2.1 Trapezoidal Integration Algorithm
[0040] The trapezoidal integration method converts the differential equation into an algebraic

equation and attempts to solve it using numerical methods. For example, for a general
differential equation-‘;—: = f(x,t), ift = ty, x = X, and ift = t; = t, + At, then x can be
estimated in an integral form:

(23) x; = xo + fttolf(x, 7)dt

[0041] As shown in FIG. 4, in a trapezoidal integration algorithm 400 the integral area is
approximately equal to trapezoidal area 404. That is, the integral for a function with values
406 over At 402 can be approximated with a trapezoid 404, the trapezoid having values of the
function 408, 410 as points of the trapezoid.

[0042] Using the points of the trapezoid illustrated in FIG. 4 with equation (22),

At
X1 =X+ > [f (x0, to) + f(x1, t1)]
which can be rewritten as:
A
24) x; — %0 — S [f(xo to) + f(x1,8)] = 0

Similarly, when t = t,,,4 , the general relationship for x is

(25) Xp4y1 =%+ % [f (s tn) + f (Kpg1s tnsn)]

[0043] 2.2 Model Development

[0044] A synchronous generator can be simulated using various models including, but not

limited to, a two-axis generator model and a classical generator model. Although these two

models have distinct differential expressions, the process of simulating them via the classic
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simulation process is the same. This classic simulation process is based on Newton-Raphson
method. By building a Jacobian matrix (a matrix that is formed by first order partial derivatives
in a particular pattern), the trapezoidal integration algorithm can yield the preferred precision.
[0045] System operation falls into three phases in such simulations, which are: pre-fault,
during the fault, and after the fault condition. The simulation steps are:
1) Input the Bus, line data, generator data, faulted time, fault cleared time and
simulation time.
2) Initialize all the parameters, including variables and invariables.
3) Calculate differential equations which is explained below.
4) Calculate the algebraic equations differences (AF) for all power balance equations.
5) Form a Jacobian matrix, using the derivatives of all equations pertaining to step 4
and calculate the variable changes.
6) Update the variables by using the calculated variable changes and define the error.
7) If the error is smaller than 10~(or other value), then go to step 3. Otherwise, go to
step 9.
8) Save simulation results and renew all the variables initial value and time intervals.
9) If current simulation time is smaller than the maximum simulation time, go to step

3. Otherwise output the results.

[0046] 2.2.1 Newton-Raphson Algorithm

[0047] Newton-Raphson is a widely adopted iterative algorithm for numerically solving
nonlinear equation sets, and can be used as a computerized algorithm for solving power system
load flow equations. The differential equations can be solved separately, or can be converted
into algebraic equations and solved along with the algebraic equations, as shown in (26).
Assuming there are no dynamic variables y; the nonlinear equation set is:

AF (x,y) =0
(26) {AFz(x, M) =0

[0048] Therefore, the approximate solutions are x§°), xéo), v x,(lo). Assuming that the

difference between approximate solutions and exact solutions are Axy, Ax,, ..., Axy,, then

91(x§0) + Axy, Xgo) + Axy, ""xr(10) + Axn> =z

(27) gz(xgo) + Axl,xéo) + Ax,, ...,x,(LO) + Axn) =z,

gn(x](.()) + Axllxg()) + sz, ""XT(IO) + Ax?’l) = ZTL

10
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Using Taylor series to expand the equations, the first equation can be calculated as:

(28) gl(xio) + Axq, xéo) + Ax,, ...,x§°) + Ax3) = gl(xio),xgo) ...,x,(lo)) + g& Axq +
X1 0
991 Ay 4 o+ 28| Axy 4y =2
dx,y 0 2 an 0 n 1 1
991| 291 991 i ituti (0) (0 (0) ;
[0049] In (28), 23y 3zly’ 7 Bl can be estimated by substituting x; 7, x; " ..., X, Into

(27). ¢, is a function for the product of high-order partial derivative of g, and Axy, Ax,, ...,
Ax,,. When the approximate solution is close to the exact solution, the high order of Ax; can

be ignored and subsequently ¢, can be ignored also. Therefore (28) can be written as,

©) ,.(0) ©Y . 901 991 ooy 291 =

gl(x1 1 Xy y ey Xy )+ o2y 0Ax1 + oy Osz + ot o OAxn =27z
© (0 ) . 292 99, 09 _

(29) gZ(X1 y Xy Tyee Xy ) + %, OAX1 + ox, osz + + 9% OAxn = Zy
(© _(0) (0, 94n L 20n .y 990 =

g3(x1 yXg y e Xy )+ F OAx1 + s Osz + -t . OAxn = Z,

[0050] The equation set in (28) is similar to the linear representation of linear system

equations. Hence, they can be modified to matrix formation:

_ (0) _(0) (o) (991 941 ?..9_1.
Z1 — g1\ Xq Xy T Xy dx1lg 0xalg " 0xnly | T AX,
0 _(0) (o)) 892| 292 892 Ax
— == — T 2

(30) |%2 gz(x1 1%z Ty X =l axuly axaly ™ dxnly
) ,.(0) o>) 9gn| 9gn| 99| |LAXn

Zn — X. X vy X = LT
n gn( 1072 T [ 8x1 1 8x21 " dxpl

-

or simplified as:

(31) AFy = 14X,

where /7 is the Jacobian matrix of function g;; AX; is column vector ofAx;; and AF; is the
difference column vector representing the difference of all differential-algebraic equations.
AFis the solution error which is zero for an ideal absolute solution.

[0051] In a power system, f; represents calculated power for all buses as shown in (17) and
(18); z; denotes the scheduled power; and x;represents both the bus voltages Vand bus angles
8 The Newton-Raphson method can be used to calculate both the system’s steady state and
the system’s instantaneous solution which are used to perform a stability analysis in which
* generator parameters and dynamics also may be considered. A two-axis generator model
contains ten different dynamic parameters: &, w, Eq, Ed, Ers, Vi, Re Th, Per, and Psv. All these
variables are denoted as y;. Considering the generator dynamics, the Jacobian matrix 4Xand

AF can be formed as:

11
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At
(32) AFZ =Xp4+1 — Xn T Py X [f(xn' Yno u) + f(xn+1!yn+1r u)] =0

1 - é_t X 6_f 1— g X B_f
2 ox 2 ady
(33) ]= 94 24
ox oy
‘AFl}
[AF,
"AX,

(35) AX = |21

(34) AF =

and the matrix formed:

(36) AX =]t X AF

[0052] When using the Newton-Raphson method, the power tolerances (4P and 4¢) are
calculated using the current £, Q in each iteration, and are compared with previous power
tolerances. However for generator parameters, trapezoidal integration is used to calculate the

difference.
(0

i

[0053] Substituting xi(o) into the function, each element of AF and /can be estimated. Ax

can be calculated by any method to solve the linear matrix equations. After the first iteration,
1)

the new value of x; can be calculated as xi(l) = xi(o) + Axi(o). By substituting x; ™ into the

equation, the new value of each entree in AF and /can be estimated, and xi(z)can be calculated
as
@37 2P = 2D + axV
y; is calculated in the same way along with x;.
[0054] The final solution of (37) is generated through iterations. Therefore, the steps for using
the Newton-Raphson method can be shown as:

1) Set the initial value for each bus voltage V(®, angled(®, and generator parameters.

2) Estimate power difference vectors AP®and AQ® using trapezoidal integration

algorithm to estimate AEZ(O).
3) Estimate each entree of Jacobian matrix.
4) Solve the equation (36) for AX
5) Modify each variable:

(1) = (0 ()
xW = x" + Ax
38 {

12
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6) Estimate AF() with x() and y®.
7) Evaluate the convergence using a condition described as:
(39) |AF®O| < &
where |AF (] is the absolute value of maximum element of vector AF ), This
is an index describing the power tolerances for final results. In this case epsilon is
considered as & = 1075,
8) For IAF (K)I < ¢ the iteration objective is reached and results can be shown as output,

otherwise repeat from step 3 and iterate until satisfying the condition of convergence.

[0055] The Newton-Raphson method described can be used as part of an iterative error
detection loop 500, as illustrated in FIG. 5. Specifically, the method allows for calculating all
differential equations of generator variables (502), and the difference between the current and
previous differential equation results (504). The system then calculates the power flow errors
of all algebraic equations (506), calculates the Jacobian matrix, AF, then updates the variables
(see steps 3-6 above) (508). If the maximum of AF < e (510), then the loop ends, but if not
then the loop begins to repeat until such a convergence occurs. As the size of a system

increases, this process continues to require more and more time.

[0056] 2.3 Runge-Kutta Method and Procedure

[0057] A power system is a nonlinear system, models of power systems contain both
differential and algebraic equations (as discussed earlier). However, it has been challenging to
solve a set of differential-algebraic equations (DAE) simultaneously. As disclosed herein, the
original DAE modeling the power system is converted into purely differential equations, then
simulated by using the Runge-Kutta method (or any other appropriate solver) for differential
equations. The Runge-Kutta method is explained here as an example to show how the disclosed
purely differential model of power system can be used and solved in time domain simulations.
Other similar differential equation solvers can be used with the disclosed purely differential
model of a power system. The Runge- Kutta method performs calculations using the known
derivatives of equations and setting initial values for varjables. A basic introduction on this
algorithm is now presented.

[0058] The Runge-Kutta method is very similar to a Taylor series solution. Different orders
(a first order, second order, third order, etc.) in performing the Runge-Kutta method are used

depending on elements which are kept from a Taylor series expansion. For example, a higher
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order of Runge-Kutta requires more significant items in a higher order expansions of Tylor
series expansion, which results in more accurate calculations and output.
[0059] In this example, a fourth order of Runge-Kutta method is used. For step (nt+1), the

general function for x is:

(40) Xny1 = % + 2 [ky + 2k; + 3k + ky]

where,

(41) ky = fxp ty)AL

(42) ey = f (20 + 2,8, +5) At

(43) Jey = f (2 + 2,0 +5 ) Bt

(44) ky = f(xn + ks, t, + At) At

The physical interpretations for equations (41) to (44) can be described as:
k.= (slope of beginning time step) At
k,= (first approximation of slope of middle time step) At

k3= (second approximation of slope of middle time step) At

k4= (slope of last time step) At
(45) Ax == (ky + 2k; + 3ks + ky)
[0060] Therefore, Ax is the incremental value of x depending on the weighted average of
slope of beginning, middle and last point of the time step.
[0061] Using this algorithm, dynamic stability for the power system is simulated and
analyzed. Dynamic stability analysis evaluates the impact of various system parameters due to
a disturbance. In this case, the system is tested for relatively long time after a fault condition
has affected the network. The flowchart of this algorithm is illustrated in FIG. 6.
[0062] First, the bus, line, and generator data are input into the system, the fault injection time
is set, and the simulation time is cleared and reset (602). Then the various variables are
initialized (604), at which point the Runge-Kutta algorithm can be run for a pre-fault situation
(606). The initial value of the fault situation is calculated (608), and then the Runge-Kutta
algorithm is run for a during-fault situation (610). The initial value(s) are then calculated for
after-the-fault situation (612), and the Runge-Kutta algorithm runs for the after fault situation,

and the algorithm ends.

Section 3: Power System Dynamical Model Development
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[0063] This section explains the development of a power system dynamic model. First,
dynamical equations are developed for bus voltage magnitudes and angles. All basic settings
are also provided and explained in this section. Next, simulation results and analysis are
presented including comparison between the disclosed method and the Newton-Raphson

method. The benefits of using Runge-Kutta method are also illustrated.

[0064] 3.1 Center of Inertia Coordinate Frame
[0065] The Center of Inertia coordinate uses a synchronous rotational coordinate, which is a
time varying coordinate.

[0066] The center of inertia in power systems can be described using the following equations

(46) Ml — 2XH;
(47) 6.0 = = M; X 6;
(48) weoi = Mi' n=1Mi X (w; — ws)

where M; = Y-, M;, and Miis the rotor inertia, w; is the synchronous speed, and #; is the
inertia constant.

[0067] Under the center of inertia coordinate, generator angles, generator speeds, and bus
angles can be represented as:

(49) 8 = 6; — bcoi

(50) w = w; — Wegi

(51) @ = 0; = bco

where &;, w;, 6; are the absolute values of generator angle, generator speed, and bus angle

with respect to stationary references.

[0068] 3.2 Differentiation of the algebraic equations

[0069] One of the major challenges in simulating power systems is solving the differential-
algebraic equations. In the method disclosed herein, all algebraic equations are converted to
differential equations in order to have pure differential characteristics. Take the two-axis

generator model as an example and start from equations (13) through (16):

oaP _ 9apP aAp aApP aAp ,

(52) - rr V+—X<p+— 6+ ><E adeEd-—O
NQ _ 9AQ ¢ , 0AQ asQ 9AQ , aAQ

(53)—-—ax——av><V+———a(p><<p+ ><5+—-><E+ xEd 0
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[0070] By solving (52) and (53) for V and ¢, the algebraic equations can be converted to a set

of dynamic equations as follows :

_ )

174 A CTY [E G K o

_ E

(54) Lp] [B D] X[F H L]X -

Eq

where

_ AP ~_9AP o 9AP aap ws”.é.@ _f’A_Q =080 ., 0AQ . _ 0AQ
A=25C a(p,E 5 0~ E,,K aE&’B D=——,F=—=H= a5, 7 am),

[0071] 3.3 Variable change in fault and after fault conditions

[0072] In the classical generator model, when an unexpected fault occurs or is cleared, the
generator’s internal voltages stay unchanged. However, upon introducing transient parameters
to the generators in the two-axis model, the internal voltage is no longer a constant, despite the
fact that £77and Eyremain constant initially. As illustrated in FIG. 2, the internal voltage has
one element (/;) that relates to the altering variables; i.e., bus voltage Vand bus angle 6. Bus
voltage V and bus angle 8 are immediately affected when a fault occurs or is cleared.
Accordingly, the variable /;changes follow the equation (69).

Vxsin(6-8)
(69) Ig = ———

[0073] In the disclosed method utilizing the purely differential model in the specific way
described, the previous status /; can be used for the faulted or after-fault condition. Unlike
trapezoidal integration algorithms, here the simulation can be separated into three incidents:
i.e., before fault, during fault, and after fault. The initial value can be calculated for every
incident. For example, if for a fault scenario, the line impedance of the system changes, based
on the new impedance and the pre-fault internal voltage and generator angle, bus voltages and
bus angles for faulted condition are calculated. A similar procedure can be used for the after-

fault condition.

Section 4; Specific Considerations for Simulation and Analysis

[0074] 4.1 Simulation considerations and distinctions

[0075] Various parameters may be compared to draw conclusions about the effectiveness of
performing dynamic simulations on power systems using the disclosed method versus classic

methods. Here, bus voltages, bus angles, generator angles, and generator speeds are selected
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for comparison of accuracy. In addition, the efficiency (i.e., time required) of these two
methods are compared.
[0076] For simplicity, all the load are converted to the conductance G and susceptance B using

bus voltages and angles using (70) and (71) as

__ b
(70) G = a6)

_ @
(71) B= T46)?

However, the disclosed method may use models of nonlinear loads where they can be

converted to differential representation using differentiation method disclosed in (54).

[0077] 4.1.2 Generator Replacement
[0078] In order to reduce the complexity of the system and to simplify the computational
process, all the generators can be moved to the top network buses. An example of this

procedure is presented in FIG. 7.

[0079] 4.2 Simulation Results and Analysis

[0080] In this section, simulation results are discussed and both algorithms are compared.
First, the results of simulating an IEEE 14-bus 5-generator system using the classical generator
model are compared via the classic simulation method and the new method disclosed herein.
In the classic method, all differential equations are converted into algebraic equations using

trapezoidal integration. Next,the two-axis generator model is similarly compared.

[0081] 4.2.1 Classical generator model

[0082] In this simulation, from the start to t=2, all parameters are kept constant due to the
steady-state operation when there is no fault. From 2 to 3 seconds a fault is occurring in the
system, and the system is in transient. After 3 seconds, the fault is cleared. Due to the change
in generator parameters, such as generator angle and speed, oscillation occurs in the rest of the
simulation time.

[0083] While the two methods have similar precision for a IEEE-14 bus classical generator
model power system on the network side, the trapezoidal method requires 97 seconds to
complete. The Runge-Kutta method takes 5.4 seconds to complete, which is 18 times faster
than the trapezoidal method. Therefore, the code to perform the power simulation is more

efficient running the disclosed methods, without losing accuracy.
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[0084] 4.2.2 Two-axis generator model

[0085] In this simulation, the two-axis generator model is simulated. The disturbance occurs
at t=2 second, and lasts for 0.5 second. The entire simulation time is 10 seconds. The
disturbance is applied to two different systems, the IEEE 14-bus 5-generator system and the
IEEE 118-bus 10-generator system, both small fault and larger fault is simulated. First in this
section, the 14-bus system is tested.

[0086] From this test, and in this particular scenario, the Runge-Kutta method has a slightly
larger oscillation compared to the trapezoidal method. However, the accuracy of the results
between the two methods continue to align. However, there is a difference of 10 for the
voltage change of these two method when approaching the fault.

[0087] The reason for the discrepancy in accuracy concerns the stator algebraic equations.
When substituting the stator equations to power balance algebraic equations, previous voltages
and bus angles are used. However, when dealing with a faulted situation, the pre-fault stator
variables cannot be used because of the immediate change in variables. The simulation
discussed above uses previous stator variables which have different values after fault for all
variables.

[0088] On the larger, 118 bus system, a more sever disturbance may be applied to have a
bigger effect as needed. Testing with this scenario one can again see similar results/accuracy
between the two systems (the Newton-Raphson v. the Runge-Kutta). For example, in this
larger system simulation, comparing the results for two methods shows a very similar match
between both frequency and magnitude of change in parameters. However, the speed of the
method disclosed herein, using the Runge-Kutta method, in this scenario takes 400 seconds.
The classic method using trapezoidal approximation of the differential equations takes 14300

seconds to solve the system, which is 35.8 times slower.

Section 5: Overall Conclusion
[0089] Disclosed herein is a new methodology used to solve differential-algebraic equations
for power systems. To reduce the complexity, all algebraic equations are converted to
differential equations. These pure differential equations are solved by an ordinary differential
equation solver such as the Runge-Kutta method, resulting in acceptable accuracy but many

times faster.,
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[0090] Having disclosed some basic system components and concepts, the disclosure now
turns to the exemplary method embodiment shown in FIG. 8. For the sake of clarity, the
method is described in terms of an exemplary system 900 as shown in FIG. 9 configured to
practice the method. The steps outlined herein are exemplary and can be implemented in any
combination thereof, including combinations that exclude, add, or modify certain steps.
[0091] A system 900 can receive a model of a power network, wherein the power network
comprises dynamic models of generators and other dynamic components modeled as
differential equations and models of transmission lines and loads modeled as algebraic
equations (802). The system 900 converts, via a processor, the algebraic equations of the
models of transmission lines and the loads to additional differential equations (804). The
system 900 combines, via the processor, the differential equations and the additional equations,
to yield combined differential equations (806). The system 900 then iteratively solves linear
equations, via the processor, associated with the combined equations, to yield solutions (808)
at each step time, and outputs the solutions as part of a power simulation system (810).

[0092] In some configurations, the system 900 can iteratively solve the linear equations
utilizing a Runge-Kutta algorithm. In some configurations, a number of iterations needed to
solve the linear equations is based on a size of the power network. Moreover, iteratively
solving the linear equations can further include forming Jacobian matrices based on the
combined equations.

[0093] In some configurations, the power simulation system 900 can operate with time steps
having a duration of 0.5ms or less (for example, any time step between .01ms to .5ms). The
power simulation system can also provide data to a power control system used to manage the
power network. In some configurations, other dynamic elements of the power network are
received as further differential equations and used as part of the combined differential
equations.

[0094] With reference to FIG. 9, an exemplary system includes a general-purpose computing
device 900, including a processing unit (CPU or processor) 920 and a system bus 910 that
couples various system components including the system memory 930 such as read only
memory (ROM) 940 and random access memory (RAM) 950 to the processor 920. The system
900 can include a cache of high speed memory connected directly with, in close proximity to,
or integrated as part of the processor 920. The system 900 copies data from the memory 930
and/or the storage device 960 to the cache for quick access by the processor 920. In this way,

the cache provides a performance boost that avoids processor 920 delays while waiting for
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data. These and other modules can control or be configured to control the processor 920 to
perform various actions. Other system memory 930 may be available for use as well. The
memory 930 can include multiple different types of memory with different performance
characteristics. It can be appreciated that the disclosure may operate on a computing device
900 with more than one processor 920 or on a group or cluster of computing devices networked
together to provide greater processing capability. The processor 920 can include any general
purpose processor and a hardware module or software module, such as module 1 962, module
2 964, and module 3 966 stored in storage device 960, configured to control the processor 920
as well as a special-purpose processor where software instructions are incorporated into the
actual processor design. The processor 920 may essentially be a completely self-contained
computing system, containing multiple cores or processors, a bus, memory controller, cache,
etc. A multi-core processor may be symmetric or asymmetric.

[0095] The system bus 910 may be any of several types of bus structures including a memory
bus or memory controller, a peripheral bus, and a local bus using any of a variety of bus
architectures. A basic input/output (BIOS) stored in ROM 940 or the like, may provide the
basic routine that helps to transfer information between elements within the computing device
900, such as during start-up. The computing device 900 further includes storage devices 960
such as a hard disk drive, a magnetic disk drive, an optical disk drive, tape drive or the like.
The storage device 960 can include software modules 962, 964, 966 for controlling the
processor 920, Other hardware or software modules are contemplated. The storage device 960
is connected to the system bus 910 by a drive interface. The drives and the associated
computer-readable storage media provide nonvolatile storage of computer-readable
instructions, data structures, program modules and other data for the computing device 900. In
one aspect, a hardware module that performs a particular function includes the software
component stored in a tangible computer-readable storage medium in connection with the
necessary hardware components, such as the processor 920, bus 910, display 970, and so forth,
to carry out the function. In another aspect, the system can use a processor and computer-
readable storage medium to store instructions which, when executed by the processor, cause
the processor to perform a method or other specific actions. The basic components and
appropriate variations are contemplated depending on the type of device, such as whether the
device 900 is a small, handheld computing device, a desktop computer, or a computer server.
[0096] Although the exemplary embodiment described herein employs the hard disk 960,

other types of computer-readable media which can store data that are accessible by a computer,
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such as magnetic cassettes, flash memory cards, digital versatile disks, cartridges, random
access memories (RAMs) 950, and read only memory (ROM) 940, may also be used in the
exemplary operating environment. Tangible computer-readable storage media, computer-
readable storage devices, or computer-readable memory devices, expressly exclude media such
as transitory waves, energy, carrier signals, electromagnetic waves, and signals per se.

[0097] To enable user interaction with the computing device 900, an input device 990
represents any number of input mechanisms, such as a microphone for speech, a touch-sensitive
screen for gesture or graphical input, keyboard, mouse, motion input, speech and so forth. An
output device 970 can also be one or more of a number of output mechanisms known to those
of skill in the art. In some instances, multimodal systems enable a user to provide multiple
types of input to communicate with the computing device 900. The communications interface
980 generally governs and manages the user input and system output. There is no restriction
on operating on any particular hardware arrangement and therefore the basic features here may
easily be substituted for improved hardware or firmware arrangements as they are developed.

[0098] Use of language such as “at least one of X, Y, and Z” or “at least one or more of X, Y,
or Z” are intended to convey a single item (just X, or just Y, or just Z) or multiple items (i.e.,
{X and Y}, {Y and Z}, or {X, Y, and Z}). “At least one of” is not intended to convey a
requirement that each possible item must be present.

[0099] The various embodiments described above are provided by way of illustration only
and should not be construed to limit the scope of the disclosure. Various modifications and
changes may be made to the principles described herein without following the example
embodiments and applications illustrated and described herein, and without departing from the

spirit and scope of the disclosure.
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CLAIMS
We claim;
I. A method comprising:
identifying a power network, the power network comprising generators, transmission
lines, and loads;
receiving a model of the power network, the model of the power network comprising:
models of the generators modeled as differential equations; and
models of the transmission lines and the loads modeled as algebraic equations;
converting, via a processor, the algebraic equations of the models of the transmission
lines and the loads to additional differential equations;
combining, via the processor, the differential equations and the additional differential
equations, to yield combined differential equations;
iteratively solving linear equations, via the processor, associated with the combined
differential equations, to yield solutions; and

outputting the solutions as part of a power simulation of the power network.

2. The method of claim 1, wherein the processor uses a time-domain nonlinear

differential equation solver algorithm to iteratively solve the linear equations.

3. The method of claim 2, wherein the time-domain differential equation solver

algorithm is the Runge-Kutta algorithm.

4. The method of claim 1, wherein iteratively solving the linear equations further

comprises forming Jacobian matrices based on the algebraic equations.

5. The method of claim 1, wherein the power simulation operates with time steps having

a duration in the range of Sms or greater.

6. The method of claim 1, wherein the power simulation provides data to a power

control system used to manage the power network.
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7. The method of claim 1, wherein other dynamic elements of the power network are
received as further differential equations and used as part of the combined differential

equations.

8. A system comprising:
a processor; and
a non-transitory computer-readable storage device having instructions stored which,
when executed by the processor, cause the processor to perform operations comprising:
identifying a power network, the power network comprising generators, transmission
lines, and loads;
receiving a model of the power network, the model of the power network comprising:
models of the generators modeled as differential equations; and
models of the transmission lines and the loads modeled as algebraic equations;
converting the algebraic equations of the models of the transmission lines and the
loads to additional differential equations;
combining the differential equations and the additional differential equations, to yield
combined differential equations;
iteratively solving linear equations associated with the combined differential
equations, to yield solutions; and

outputting the solutions as part of a power simulation of the power network.

0. The system of claim 8, wherein the processor uses a time-domain differential equation

solver algorithm to iteratively solve the linear equations.

10.  The system of claim 9, wherein the time-domain differential equation solver

algorithm is the Runge-Kutta algorithm.

11.  The system of claim 8, wherein iteratively solving the linear equations further

comprises forming Jacobian matrices based on the algebraic equations.

12.  The system of claim 8, wherein the power simulation operates with time steps having

a duration in the range of Sms or greater.
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13. The system of claim 8, wherein the power simulation provides data to a power control

system used to manage the power network.

14.  The system of claim 8, wherein other dynamic elements of the power network are
received as further differential equations and used as part of the combined differential

equations.

15. A non-transitory computer-readable storage device having instructions stored which,
when executed by a computing device, cause the computing device to perform operations
comprising:
identifying a power network, the power network comprising generators, transmission
lines, and loads;
receiving a model of the power network, the model of the power network comprising:
models of the generators modeled as differential equations; and
models of the transmission lines and the loads modeled as algebraic equations;
converting the algebraic equations of the models of the transmission lines and the
loads to additional differential equations;
combining the differential equations and the additional differential equations, to yield
combined differential equations;
iteratively solving linear equations associated with the combined differential
equations, to yield solutions; and

outputting the solutions as part of a power simulation of the power network.

16.  The non-transitory computer-readable storage device of claim 15, wherein the
processor uses a time-domain differential equation solver algorithm to iteratively solve the

linear equations.

17.  The non-transitory computer-readable storage device of claim 16, wherein the time-

domain differential equation solver algorithm is the Runge-Kutta algorithm.

18.  The non-transitory computer-readable storage device of claim 15, wherein iteratively
solving the linear equations further comprises forming Jacobian matrices based on the

algebraic equations.
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19.  The non-transitory computer-readable storage device of claim 15, wherein the power

simulation operates with time steps having a duration in the range of Sms or greater.

20.  The non-transitory computer-readable storage device of claim 15, wherein the power

simulation provides data to a power control system used to manage the power network.
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