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Transient Stability
Multimachine Simulations

e How do we put these all together
— Generators: (Machines, Exciters, Governors)
— Loads: Algebraic and Dynamic

e Later we'll add in new model types such as
stabilizers, loads and wind turbines

e By way of history, prior to digital computers,
network analyzers were used for system stability
studies as far back as the 1930's (perhaps earlier)

— For example see, J.D. Holm, "Stability Study of A-C
Power Transmission Systems," AIEE Transactions, vol.
61, 1942, pp. 893-905

e Digital approaches started appearing in the 1960's
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Transient Stability
Multimachine Simulations

e The general structure is as a set of differential-algebraic

equations

— Differential equations describe the behavior of the
machines (and the loads and other dynamic devices)

— Algebraic equations representing the network constraints

Figure 7.2: Interconnection of synchronous machine dynamic circuit and the

rest of the network
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In EMTP applications
the transmission line
delays decouple the
machines; in transient
stability they are
assumed to be coupled
together by the algebraic
network equations




Power Flow vs. Transient
Stability

e Transient stability is used to determine whether
following a contingency the power system returns to a
steady-state operating point

— Goal is to solve a set of differential and algebraic equations,

e dx/dt =f(x,y,u) [y variables are bus voltage and angle, u =
setpoints |

° g(x,y)=0 [x variables are dynamic state variables]

— Starts in steady-state, and hopefully returns to a new
steady-state.

— Models reflect the transient stability time frame (from
about 10 milliseconds up to dozens of seconds)

e Slow Values = Treat as constants

— Some values assumed to be slow enough to hold constant (LTC tap
changing)

e Ultra Fast States = Treat as algebraic relationships

— Synchronous machine stator current dynamics, voltage source converter
dynamics (DC transmission, portions of wind turbine models)
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Algebraic Constraints

e The g vector of algebraic constraints is similar to the
power flow equations, but usually rather than
formulating the problem like in the power flow as real
and reactive power balance equations, it is formulated
in the current balance form

Simplest
cases
can have
I(x,V)=YV or YV-I(x,V)=0 | independent
where Y Is the n x n bus admittance matrix ~ of x and V,
(Y =G+ jB),V is the complex vector of allowing a
the bus voltages, and I is the complex direct solution;

otherwise we
need to iterate
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Why Not Use the

E ions?
Power Flow Equations

e The power flow equations were ultimately derived from
Ix,V) =YYV

e However, the power form was used in the power flow
primarily because

— For the generators the real power output is known and
either the voltage setpoint (i.e., if a PV bus) or the reactive
power output

— In the quasi-steady state power flow time frame the loads
can often be well approximated as constant power

— The constant frequency assumption requires a slack bus
e These assumptions do not hold for transient stability
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Algebraic Equations for
Classical Model

e Coupling between the synchronous machine
models and the network constraints we

discussed earlier

G1
+ »
E! /5 I Aaz . G2

N-bus power system
including machine terminal
buses G1, G2, . . . GM
Lines, transformers,

and loads are represented
by constant admittances.

- e GM
Eb@é\uﬁ

We’ll discuss network
reference frame only
here

Initially assume
constant admittance
loads

Must convert to that

Image Source: Fig 11.15, Glover, Sarma, Overbye, Power System Analysis and Design, 5t Edition, Cengage Learning, 2011
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Network Interface

e Synchronous Machine Model we a Thevenin circuit
(at least for simple models like GENROU and

GENSAL) Y5
V. +jV;) = (1 + Awyy ) (EY +JE] e 2
R +iXi1—
—P
I/;- +jVi Ir +‘”i Vrterm +jViterm

e Must convert this to a Norton Equivalent instead

I’rnorton 1

+j1inorton G +jB — Ra _I_jXr.;r
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Algebraic Equations for
Classical Model

e Replace the internal voltages and their
impedances by their Norton Equivalent
I A1 1
Ii = : ] l/ ’ Yl = a1
Rsi+JjXg; Rsi+JjXg;

e Current injections at the non-generator buses
are zero since the constant impedance loads
are includedinyY

— We'll modify this later when we talk about
dynamic loads

e The algebraic constraints arethen|-YV =0

© 2020 PowerWorld Corporation 9



Numerical Solution

* There are two main approaches for solving

dx _ ¢
- =fxy,w
0=g(xy)

— Partitioned-explicit

e Solve the differential and algebraic equations
separately (alternating between the two) using an
explicit integration approach

— Simultaneous-implicit

e Solve the differential and algebraic equations
together using an implicit integration approach
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Transient Stability Solution
Process

e Commercial Software typically uses explicit integration

— Start with solved Power Flow (similarto g(x,y) = 0
e The “Initial” or “Boundary” Conditions
e Gives y, =2 initial values for all the y variables (Voltage, Angle)

— Derivatives at “steady state” are zero by definition, thus use
. dx
the equation — = 0 = f(x0,¥0) and solve for x

— Use numerical integration to simulate going forward in time

e Many ways to do this (half of an entire class in graduate school
was dedicated to this), but let’s just consider the Forward Euler’s
method because it’s simple to explain

* Important user choice is the Time Step At that will be used in
numerical integration
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Transient Stability Numerical
Integration

e Already have initial xg and y,
e Initializet =0andk =0

e Choose a Time Step At that will be used in numerical
integration

e Calculate new x  Xpr1 = X + At * f(xy, Vi)
— called the “integration time step”
— Many ways to do this. This is a “Forward Euler”
e Calculate new y : Solve g(X 41, Vk+1) =0
— Called solving the “network boundary equations”
— Very similar to power flow equation, but use complex currents

instead
* |Incrementtimet Dty = b + AL
e |ncrementk k=k+1

e Go backto 1 repeat
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Explicit Integration Methods

e Wide variety of explicit integration
methods

— We considered Forward Euler, Runge-Kutta,
Adams-Bashforth

e Here we will just consider Euler's, which is
easy to explain, and a second order Runge-
Kutta, which is commonly used
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Forward Euler

e Recall the Forward Euler approach is
approximate

. dx AX
X = f(x(t)) = — as —

dt At
Then
x(t + At) = x(t) + At f(x(t))

e Error with Euler's varies with the square of
the time step

© 2020 PowerWorld Corporation 14



Forward Euler

e Recall the Forward Euler approach is
approximate

. dx AX
X = f(x(t)) = — as —

dt At
Then
x(t + At) = x(t) + At f(x(t))

e Error with Euler's varies with the square of
the time step
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Runga-Kutta 2nd Order

e With RK2 the first part of the time step is the same
as Euler's, that is solving the network equations
with

X(t+A)Y =x (1) +k, =x(t) +ATF(x(t))

 Then calculate k2 and get a final value for x(t+Dt)
k, = At f(x(t)+k, )

X(t+At)= x(t)+%( K+ K, )
e Finally solve the network equations using the final

value for x(t+Dt)
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Angle Reference

e The initial angles are given by the angles from the

power flow, which are based on the slack bus's
angle

e As presented the transient stability angles are with

respect to a synchronous reference frame

— Sometimes this is fine, such as for either shorter
studies, or ones in which there is little speed variation

— Oftentimes this is not best since the when the
frequencies are not nominal, the angles shift from the
reference frame

e Other reference frames can be used, such as with

respect to a particular generator's value, which
mimics the power flow approach; the selected
reference has no impact on the solution
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Other Tricks in Integration

e Non-windup versus Windup Limits

— Think an old “windup” clock with a spring. Eventually,
the spring reaches a point where it can no longer

“windup” anymore e
| 1+sT
11+sT,

/ > OUtno limit

2 OUtnonwindup

In Min

1 o Lt sTh > Out
11 +sT B windup
Max | _______ : .
Min

— A “non-windup” limit must be enforced between step
1 and 2 so that the state never goes past its limit

© 2020 PowerWorld Corporation
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Sub-Interval Integration

(Also called “multi-rate”)

e Chop-up the time step into pieces so that you can use a
smaller time step only for states that require this.

One Time Step (4)A__

- N
1 2 3 4 5 7 8
L | | | I | | | tj— At
[ | | | 1 | ! | =
X3 X3 X3 X3
Xy X2 X2
Xy X
Xo
Subinterval X3 updates X, updates X4 updates Xo updates
At
1 X3 = X3+ —*f(xy) Assume constant Assume constant Assume constant
t A
2 X3 =Xz + —*f(x,y) Xp = Xp + Tt * £(x,y) Assume constant Assume constant
3 X3 = X3 + i f(x,y) Assume constant Assume constant Assume constant
At At At
4 X3 = X3 + K*f(x,y) Xy = Xp + T*f(x,y) Xy =Xy + - f(x,y) Assume constant
5 X3 = X3 + % * £(x,y) Assume constant Assume constant Assume constant
At At
6 X3 = X3+ —*f(x,y) Xz =X + -+ f(x,y) Assume constant Assume constant
At
7 X3 =X3+ —*f(xy) Assume constant Assume constant Assume constant
At At At At
8 X3 = X3+ =+ f(xy) X2 =X + -+ f(xy) X1 =X + -+ f(xy) Xo = Xo + —*f(xy)

© 2020 PowerWorld Corporation
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Network Equation Solution

e If you read text-books you’ll see a lot of
constant impedance loads!

— Works great! You reduce the entire network down
to ONLY the generator buses with an equivalent
impedance network between these buses

— Problem though: That’s not how our loads behave!

e Hence a nonlinear solution with Newton's
method is used
e We'll generalize the dependence on the

algebraic variables, replacing V by y since they
may include other values beyond just the bus

voltages
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Nonlinear Network Equations

e Just like in the power flow, the complex equations

are rewritten, here as a real current and a reactive

current .
YV =1(x,y) = 0 This Is a rectangular

formulation; we also
could have written
Ipi(X,y) = Z(GikVDk — BikVQK) —Inpi =0 the equations in

i polar form

e The values for busi are
n

901 %) = ) (GueVoi + BuVor) — Ingi = 0

k=1

e For each bus we add two new variables and two
new equations

e If aninfinite bus is modeled then its variables and
equations are omitted since its voltage is fixed

© 2020 PowerWorld Corporation %}



Nonlinear Network Equations

e The network variables and equations are

then
z(G”‘VD" BlkVQK) —Iyp1(X,y) =0
[ Z(G”‘VQ" t BikVDK) —Iyg1(x,y) =0
VDl -
Vo1
y= Vl;)z g(xy) = Z(GZRVDR — BaxVok) = Inp2 (%) = 0
VDn
_VQn_
Z(G"RVD" B BnkVQK) —Inpn(xy) =0
k=1
n
z(GnkVQk + Bk ) — Inon(X,y) =0
© 2020 PowerWorld Corporation Lk=1 | %%




Nonlinear Network Equation

lon
Newton Solutio

The network equations are solved using
a similar procedure to that of the
Netwon—Raphson power flow

Setv = 0; make an initial guess of y, y")
While ||g(y™)|| > Do
yWth =y —jiy") g (y™)
v=v+1
End While
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Network Equation Jacobian

Matrix
at

e The most computationally intensive part of
the algorithm is determining and factoring
the Jacobian matrix, J(y)

09p1%Y) 09p1(%Y)  0gpi (%)

dVpq anl aVQn
59Q1(X:Y) agQ1(X:Y) agQ1(X:Y)

Jv) = | aVp, V1 WVon
aan(X»Y) aan(XJY) aan(X»Y)

dVp aVQ1 aVQn
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Network Jacobian Matrix

e The Jacobian matrix can be stored and computed
using a 2 by 2 block matrix structure

e The portion of the 2 by 2 entries just from the Ybus

dare
00pi(X,y) 0Gpi(X,y)]
3ij GVQJ- _ Gij _Bij
090i(Xy) 090:i(Xy) B [Bij Gif]
aVDj aVQJ'

* The major source of the current vector voltage

sensitivity comes from non-constant impedance
loads; also dc transmission lines
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Example: Constant Current and
Constant Power Load

e As an example, assume the load at bus k is
represented with a ZIP model The base load

_2 i values are
PLoad,k — PBaseLoad,k (Pz,k|Vk | + Pi,k|Vk| T Pp,k) set from the

Quoaak = Qpaseroaai(Qzk|VE| + QuiclVicl + Qp) power flow

e The constant impedance portion is embedded In
Ybus

pLoad,k — PBaseLoad,k (Pi,k|Vk| T Pp,k) — (PBL,i,k|Vk| + PBL,p,k)

QLoad,k — QBaseLoad,k(Qi,k|Vk| + Qp,k) — (QBL,i,lekl + QBL,p,k)

e Usually solved in per unit on network MVA base
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Example: Constant Current and
Constant Power Load

e The current is then

_ . Proaar + 7Qroad '
ILoad,k — ID,Load,k +]’Q,Load,k — ( = Vk =

((P BL,i,k \/ Vog + Vi + P BL,p,k) —J <QBL,i,k \/ Vo + Vix + QBL,p,k))
- Vok — JVok

e Multiply the numerator and denominator
by VDK+jVQK to write as the real current
and the reactive current
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Example: Constant Current and
Constant Power Load

VorPerpx + VoxkQsLpk = VokPprik + VorOQsL,ik
Vi, +V? +
it o VB + Vi
~ VorPsrpx = VokUsLpk . VorPsrik — VpoxUbLik
IQ,Load,k — V2 + VZ +
b o Ve + Vi

ID,Load,k —

 The Jacobian entries are then found by
differentiating with respect to VDK and
VQK

— Only affect the 2 by 2 block diagonal values
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Where does Transient Stability
Simulation Go Wrong?

e Already have initial xg and y,
e Initializet =0andk =0

e Choose a Time Step At that will be used in numerical
integration

If At too large there are numerical troubles

e C(Calculate new x  Xpr1 = X HAL* f(xy, Vi)

— called the “integration time step” h .
— Many ways to do this. This is a “Forward Euler” Can have numercia

e Calculate new y : Solve|g (X 41, Vi+1) = 0 problems here too

— Called solving the “network boundary equations”
— Very similar to power flow equation, but use complex currents

instead
* |Incrementtimet Dty = b + AL
e |ncrementk k=k+1

e Go backto 1 repeat
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Numerical Troubles

e | find most users understand that a large step
Size can cause numeric problems
— We have some tricks to get around these problems

with particular models too
(sub-interval integration)

e The network boundary equations can also be
difficult to solve for some models
— This is where load models present trouble

e Constant Currents/Power
e LD1PAC (single-phase air conditioner)

— Also renewable (wind/solar) energy generator
models

— Also simple DC line models

© 2020 PowerWorld Corporation 30



Network Boundary Equations

e Similar to the “Power Flow”, but we use current
equations instead power

— Synchronous Machines fit nicely into current equations
-0=YV — Igen + Iload
e Traditional Modeling

— Generator Models
e Synchronous Machines

— Load Models

e |[nduction Motor Models
e Constant Impedance Models
e Algebraic (Polynomial) Load Models

— This is where most books end their discussion

© 2020 PowerWorld Corporation 31



Synchronous Machine Model

e Documentation

— GENROU:

— GENTPF:

© 2020 PowerWorld Corporation 32


http://www.powerworld.com/knowledge-base/derivation-of-the-gentpjgentpf-model-from-the-genrougensal
http://www.powerworld.com/WebHelp/#TransientModels_HTML/Machine%20Model%20GENROU.htm
http://www.powerworld.com/WebHelp/#TransientModels_HTML/Machine%20Model%20GENTPF.htm

GENROU Model Dynamic Model

Xg =%
N X, - X
gt 1 |Eg| , - 1 W, [X; = X5 I
f T TinS : z Tins @ X5 =X ’]’I'fd
Field Current Xg— X4
To Exciter . Xy =X Xi— X
Laalrq + -
Electrical Torgue T X=X, ¥
=y = I Xy + )
-

W, = q.rd" — 1, X5
Tetec = 'F;fq = '.'r"gfd

Mechanical Swing Equations

MNote: If option Ignore Speed Effects in
Swing Equation is true, then instead use

1
W= ﬁ{Pm,ech —Dw — Te!ecj
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GENROU/GENSAL Network
Boundary Equation Model

e Older models (GENROU/GENSAL) are modeled
as a circuit equation

Network Interfacg Equations
source — g 7

Vd +__J'1L‘:? — (—y;qfr +j§l'7c;f) (1
Ig+jlg = (Va +jV)(G +jB)

e GENTPF/GENTPJ are more complicated, but
the same good behavior during a fault exists
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Network Equation =

Norton Equivalent Circui
quivalent Circuit

e Difficulty in Transient Stability Software
occurs when modeling during the fault or
just generally when the voltage is very low

e No trouble for Synchronous Machine
because we have another path for current
® 3 Tmpediiropedance

ol = Very Small
I + jI; ( Rq + jXg

V=~0.000
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Induction Motor Models

e Equation are very well behaved for
network boundary equations too

e For a network equation solution they are
represented by a
— Complex voltage
— Behind a Thevenin impedance

e This is the same as for a synchronous
machines
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Algebraic Load Models

e Algebraic functions of voltage and frequency
— |EEL load models

— WSCC model same P
but nl=n4 =1, n2=n5=2, ¢
and n3=n6=2

— Power System Stability and Control, Kundar page 274

(a]v”] +a,v" +a,” )(1+H?.r‘_"&f )

R’aad
0,.; (aﬂ!'” +ay™ +av" )(1 +agAf)

(=] s - i
A comprehensive static model which offers the flexibility of accommodating
several forms of load representation is as follows [5]:

P = Pol Pyt Pgy, +Pgyn ] (7.5)

where
P,,=p Vep V-
zr ~ Py P VTp,

Py = PyV)" (14K, Af) (7.6)

Py, = Ps{ljjrﬂ“ +K, 0 Af)

© 2020 PowerWorld Corporation 37



Algebraic Load Models

e What does Kundar say about these models

— “Static models given by Equation 7.1 to 7.6 are
not realistic at low voltages, and may lead to

computational problems.”
— Software vendors know this too!

The Iexpr-:ssinm for the reactive component of the load has a similar structure. The
reactive power compensation associated with the load is represented separatf:lv-

The static models given by Equations 7.1 to 7.6 are not realistic e:ﬂ low
voltages, and may lead to computational problems, Therefore, stability programs
_usuaII:.s make provisions for switching the load characteristic to the constant
impedance mﬂdel when the bus voltage falls below a specified value. In the .luad
model used in the EPRI Extended Transient/Midterm Stability Program (ETMSP) [5]
the €Xponents a,, a,, b, and b, are varied as a function of voltage below a threshold
vallue of bus voltage, and the constant power and constant current components are
switched to constant impedance representation.
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Why aren’t they realistic

e Algebraic Models are aggregate models
meant to represent the behavior of 1000s
of individual loads (if not millions!)

— These models are not calculated by measuring
how loads behave at voltages near zero!

— Real loads have protection that would act very
quickly at very low voltages

© 2020 PowerWorld Corporation 39



What about Numerical Behavior

e Constant Impedance Loads (Exponent = 2)
— Behave very well

— Modeled the same as the transmission network
which is also passive impedances

e Constant Current Loads (Exponent = 1)

— Will have trouble when expressing equations in
rectangular coordinates

— Generally on the edge of numerical stability

e Constant Power Loads (Exponent = 0)

— Numerical Problems = division by zero as you
approach zero voltage

© 2020 PowerWorld Corporation 40



Constant Impedance Loads

e S=VI* (* mean complex conjugate)
= 1=(S/V)* =(S*)/(V¥)
e DefineV=e+jf

e Consider constant current load given as Pil

and Qil which scale linearly with voltage
— [r +]Il — |72 (Plé_]j?«ll)
- = lePy + fQul + [fPy — eQy]
- = P;V cos(B) + Q;V sin(0O) +
JjPyV sin(©) — @V cos(O)]
No trouble at all! You can just model same as
© 2020 PowerWorld Corporation impedances from transmission system 43




Constant Current Loads

e S=VI* (* mean complex conjugate)
- 1=(S/V)* = (S*)/(V¥)

e DefineV=e+jf

e Consider Impedance current load given as
Pil and Qil which scale linearly with voltage
L +jI; = V(Pi(ze—_fj'.?il) _ e\l;%fozil +jf\7;_Te]c(zzil
- = P;; cos(0O) + Q;; sin(B) + j[P;; sin(©) —

Qi1 cos(0)]  pivide by Zero for rectangular equations.

On the edge of numerical stability
© 2020 PowerWorld Corporation 42




Constant Power Loads

e S=VI* (* mean complex conjugate)
- 1=(S/V)* = (S*)/(V¥)
e DefineV=e+jf
e Consider constant power load given as Psl

and Qsl
. Pgi—j

_ IT +]Il — Sel_]-]?Sl

J Divide by Zero
= ePg1+f0Qsi . fPs1—eQg] Impossible

ez_|_f2 ez_|_f2
~ _ Py cos(0)+Qg; sin(6) +j [Psl sin(B6)—Qg; cos(6)
|74 |74
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How does software handle this?

e Answer: user thresholds below which the

O

constant current or power loads transition
to something slightly lower

Transient Stability Analysis

Simulation Status Mot Initizlized

[ Run Transient Stability ] Pause
Select Step
» - Simulation
» - Result Storage
» - Plots
> - Results from RAM
» - Transient Limit Monitors
» - States/Manual Control
» - Validation
SMIE Eigenvalues

> - Modal Analysis
... Dynamic Simulator Options

© 2020 Powerworia Lorporation

Abort

Options

Restore Reference | For Contingency: [ Find ][My Transient Contingency

)

Mote: Changes made to option entries are saved immediately and will be applied during the next transient stability run.

| General || Power System Model IResult Options | Generic Limit Monitors | User Defined Models I Distributed Cumputing|

Common | Compatibility Options |

Power System Values

Mominal System Freguency (Hz)
Initial System Frequency (Hz)
System MVA Base

Metwork Equations Solution QOptions
Solution Tolerance (MVA)

Maximum [terations

Force Metwork Equation Update
IUse Voltage Extrapolation

Inner Loop Mismatch Scalar

T Bmide P e Ble Aol

80.0
60,000
100.00

0,10000

25

0.50

1.0

Load Modeling
Default Load Model

i@ Constant Impedance

(1 ZIP Model from Power Flow Maodel

() Constant Current

() Constant Current P, Impedance Q

Minimum Per Unit Voltages for

Constant Power Models  0.700

Constant Current Models 0,500

Integration Method
(@ Second Order Runge-Kutta

T Foler

44



Minimum Per Unit Voltage for
Constant Power and Current Loads

e Minimum Per Unit Voltage
for Constant Power

MW(Vpu)=SMTW(1—Cos( Vou ))

VS min pu

N

Minimum Per Unit Voltage &
(Default Values are 0.7 i

Constant Power Loads

an d O . 5) Constant Current Loads 0,500 | =

e Minimum Per Unit Voltage
for Constant Current

T V
MW (Vo) = Iyw Vp sin (E =

© 2020 PowerWorld Corporation

Derivatives with
respect to voltage
remains continuous
at min per unit value

! Vgu
Vlminpu
45



LD1PAC Load Model
(Single Phase Air-Conditioner)

e Performance Model is an algebraic function of Power
versus voltage

— Should P/Q relationship represents the steady-state
behavior

— However, if we’re operating on the RED portion of this
model and implemented that directly into the network
boundary equations things go badly!

e We don’t do this!
e Model as mostly P =[P, + Kp(V = Vbri)™
impedance during network

— Gives very different for large
voltage swings (immediately
after the fault and immediately
after fault clears)

P = I'.l.."\l.!':l-'l!l « /-

P=|P,+ K, (V= Vbrk)'»|
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Rewewable Generation Models

REGC_A, WT3G, WT4G

e Constant Current Injection!

1 |
E‘ -
gcMD —®
1+ sT {.}
Fr d

i
I

Interface to

|
z :
oL | Maorton
I | Equivalent
gextra I

i
WTA4E . U A geira 18 calculated in netwiork equations | netwiork
Model m =~ . if LPVLSH = i) then ignore this limit ! solution to enforce high voltage limit equations
N > LIPL =V < Viim !
i i -f
S B S | | | Jlrea
1 Ip O ey e~
f PCMD - — - |
el real
STa T oy L
[ J_4___ | p—
; / :
" A
V| Ly Lvprid
I
| I
Lvpld 1 g Voltage Active Current Mange€ment |
e e e e e e e — = - _ e
1+ sTivpe | V
v
xXerox bk

Could be problem, but you can model low voltage

© 2020 PowerWorld Corpora
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Constant Current Injection
Model

* Injecting current directly into fault

e This is same equations as for constant
current load

e Causes convergence issues in network

’ o Fault Impedance
= Very Small
b+ 14 @) V % 0.000
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What is Frequency?

e Seems a weird question, but...

— Frequency is NOT a state variable or solution
variable in any equations in the fundamental
numerical equations of transient stability

— One of the fundamental outputs of transient
stability, is a bit a trick in software tools

e In hardware, they count zero crossings of the
AC waveforms or use other signal processing
techniques

— Transient stability is using positive sequence
equations which assuming a frequency of 60 Hz

e How do we even calculated frequency then?

© 2020 PowerWorld Corporation 49



Bus Frequency Calculation in

Transient Stability Software

Frequency is calculated K represents unit
derivative of Bus Angle conversions between
radians to Hz
Ks T represents a time
Bus Angle —> —> Bus Frequency P
1+Ts delay for calculating

the derivative

You can write this (or code it) as below.

K

T +

N
Cd

Bus Angle Bus Frequency

~I=

Y

14+ Ts Dynamic
State

© 2020 PowerWorld Corporation 50




What happens when a network

h r
event (fault, open branch) occurs

e Bus Angle will change instantaneously

e Proportional gain path will change
instantaneously =2 Frequency will change
instantaneously

* Frequency changes instantaneously!
— That’s notright | X

T ;
Bus Angle Bus Frequency

14+ Ts Dynamic
State
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Sudden change in frequency at
fault 0.1 and clear at 0.2 seconds

61
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60.1-
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_Derivative EfAn'IeC Iculgtlon

.........................................................................................................................................................................
v v " " "
' ' ' ' '

e\ e'd-get this, which is ot right
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59.7

Sudden Change” |
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..............................................................................................................................................................................
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What is the software do for this?

e After the network solution immediately after a
network event (Fault, Line Open, etc...),
automatically go in and change the Dynamic
State so that the Bus Frequency stays constant

K
DynamicState = BusAngle * . Bus FrequencyOld

Bus Angle

A2

~| =

© 2020 PowerWorld Corporation
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1+Ts

Bus Frequency
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Software Tools

e This “Bus Fregency Measurement Time Constant”
will be an input parameter somewhere

© 2020 Poy

Transient Stability Analysis
Simulation Status ~ |Not Initialized

Run Transient Stability

Select Step

Fause

LN

Simulation

| Qptions I
i Geperdl

-Remedial Actions
- Result Options
- (aeneric Limit Maonitors
- User Defined Models
- Distributed Computing
- Transfer to Power Flow

-Result Storage

-Plots

-Results from RAM

- Transient Limit Maonitors
- StatesManual Contral
-Validation

SMIE Eigenvalues
Modal Analysis
Dynamic Simulator Options

Abort Restore Reference

Mote: Changes made to option entries are saved immediately and will be applied during the next transient stability run.

General |Power System Model | Remedial Actions

Load Modeling  Compatibility Options

Power System Values

Mominal System Frequency (Hz)

For Contingency:

Find || My Transient Contingency e

Result Options

60,000 | =

Initial System Frequency (Hz) 60,000 |

When Using Playin Models Set Initial Hz to First Value

System MVA Base 100,00

Metwork Equations Solution Options
Solution Tolerance (MVA)

Maximum Iterations

0.01000 |2

Y

-

Generic Limit Monitors  User Defined Maodels

Inteqgration Method
{®) Second Order Runge-Kutta

() Euler

Infinite Bus Modeling
{®) Mo infinite buses (recommended setting)

() Model power flow slack buses as infinite buses

Freguency Measurement Options

Bus Frequency Measurement
Time Constant (Sec.)

Abort after number of failed solutions
Force Metwork Equation Update
IJse Voltage Extrapolation

Inner Loop Mismatch Scalar

I P | O o TN SO (I CSCE S DR R

2 Lk

Y

Minimum PL voltage for relay - =
frequency measurement 0.300]

[] calculate Bus ROCOF (Rate of Change of Freq)

[Juse Parallel Code

Distribu

Islant

Angh
®s
(s
M

Deqgre

Geaorr

Ignor
R

GIC X
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With this change, notice frequency

doesn’t suddenly change

Clear

R S— Fault —————————
0055t AT .-
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60.45
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60.35

..................................................................................

60.3

60.25 -
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60.15

........................................................................................
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v —— Frequency_Bus Bus 2 [v —— Frequency_Bus Bus 3 [v —— Frequency_Bus Bus 4
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v —— Frequency_Bus Bus 8 [¥v —— Frequency Bus Bus 9 [v —— Frequency_Bus Bus1
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Other Implications of
Frequency Calculation

e The Input to the frequency calculation

— Bus angle of the algebraic network boundary
conditions

— If network boundary conditions are not being
successfully solved, then this angle is very noisy

— Noisy angle = weird spikes in frequency
* One solution might be to add some logic to
the frequency calculation

— If large mismatch at bus (network not solved) then
the frequency calculation at that bus should
assume that bus angle hasn’t changed from
previous update?
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Frequency Calculation at Buses

which have n nver
ch have not converged

e Add logic on Frequency Calculation
outlined in red below

Mismatch < Tolerance +
Bus Angle >0
//////‘ Bus Frequency
Last Successful
Solution’s >0 —

Bus Angle Mismatch >= Tolerance 1+ Ts Dynamic
State

A2

~| =

~I=

A2
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Use of Frequency in Relaying

e PowerWorld introduced to this problem in support
email on November 10, 2015

e Bug Report from Customer

— 6 cycle 3-phase fault at a 500 kV bus was resulting in
load tripping due to under-frequency
— Multiple software tools were giving this same result

e Customer didn’t care.
e Confirmation of a wrong answer wasn’t making them happy

— The load is huge (611 MW)

— Customer also reported if they added small amount of
impedance (small impedance away from 500 kV bus,
say part way down the 500 kV line), then this didn’t
happen
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611 MW Load

35000 MW

611 MW Load oasg 1
with Induction Motor Component @

CHKT1
- - - 11,000 MW 000000 pu
£1.405 Mvar AETIE pu
T T

@000 pu
4330 MVa
4540 Mva
o 43 50 MVa
= ! OO pu ' , 000800 pu M ocoom pu ! 0000 pu
x= 007447 pu 0.07TEES pu A o33 007553 pu
&= 000000 pu 000080 pu 0.00000 pu 000000 pu
B= 000000 pu A g sosee pu A gooom pu 0000 pu
Lma= 4, /258,00 v ZE4.00 ML 4, /Sosa0 ML PR
UmB= 445 00 Mva A g 00 mua 44800 MV A 44800 MV A
Hme= A PN, A B, L ALY,
CKT1 CKT2 CHT 3 CKT4

Fault applied to 500 kV bus here 7
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First Line of Thinking:
It’s a fault impedance problem

e | like to blame the choice of fault impedance
because it’s often the problem (this wasn’t
really the problem)

e So | tried running the analysis with different
fault impedances

e Fault applied at 0.1 seconds, cleared at 0.2 sec

Post Fault Voltage Fault X in per Color on Plots
unit

0.01 5.586E-5

0.005 2.778E-5

0.002 1.108E-5

0.001 0.553E-5

Solid (Vpu=0.0000018) | 1E-8
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Bus Frequency (Top)
Bus Voltage Angle (Bottom)

500 kV bus (the fault point) Load bus Weird

Bus_Frequency 2 Bus_V angle
5018 LY 851
\
50.16 = ' 84
63
60.14
52
50.12 — a1
0.1 50
50.08 55
60.05 | S
57 :
60.04 f
! 55 {
60.02 e f
60 % - - - - - - - - - - - - - - ! " - - - - - - - - - - - - - - f
o 002 004 008 0.08 01 012 014 018 O° 02 022 026 028 0.3 0 002 004 0068 0.08 01 0.1z U.14w3 y 024 026 028 0.3
¥ — Solid Fault, Freguency, Bus 24029 [v — Woltage 0 f0.01, Freguency, Bus 24029 [ — Solid Fault, Freguency, Bus 24028 v — \oltage of0.01, Freguency, Bus 24028
¥ — Voltage 0f0.002, Freguency, Bus 24028 [ — ‘foltage 0f0.005, Freguen cy, Bus 24029 ¥ — Voltage 0f0.002, Frequency, Buz 24028 [ — Voltage 0f0.005, Freguency, Bus 24028
v Voltage o f0.001, Frequency, Bus 24029 i Voltage o f0.001, Frequency, Bus 24028
= But Correct, look at
]
100 - -
.| Derivatives of a gles
0
0
-100
-150
T T T T T T T T T T T T T T T T T T T T T T T T g T T T T
0 0.0z 004 008 008 01 01z 014 018 018 0z 0zz 024 025 028 0.3 0 0oz 004 008 008 0.1 0.1 14 016 0. 0z 02z 024 025 028 03
[¥ — Solid Fault, V angle, Bus 24029 ¢ — Voltage of0.01, Vangle, Bus 24029 ¥ — Solid Fault, Vangle, Bus 24028 ¥ — Voltage of0.01, V angle, Bus 24028
W — Woltage of0.002, Vangle, Bus 24029 W — Voltage o f0.005, Vangle, Bus 24025 WV — Voltage o f0.002, Vangle, Bus 24028 W — o ltage o f0.005, Vangle, Bus 24023
v Woltage of0.001, Vangle, Bus 24029 I~ Voltage o f0.001, Vangle, Bus 24028
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Bus PU Voltages

Source Voltage
0.9
0.8
. /___——-—
0.5
oad Bus Voltages < 0.2
0.4
Load Bus Voltage
0.3
0.2 q 0ol
0.1 q 0.8
- ]
0- T T T T T T T T T T T T T T 0.7
0 0.0z 004 008 008 04 012 014 018 018 02 022 024 026 028 03
0.6 4
¥ — Solid Fault, Vpu, Bus Source i~ “oltage of0.001, V pu, Bus Source
¥ — Voltage of0.002, V' pu, Bus Source [ — Voltage of0.005, V pu, Bus Scurce 0.5
[w — “oltage of0.008, V pu, Bus Source |w “oltage of0.007, V' pu, Bus Source
v Woltage 0f0.008, V pu, Bus Source W — Woltage 070.010, V pu, Bus Source 0.4
¥ — Voltage 0f0.030, V pu, Bus Source W — Voltage of0.050, V pu, Bus Source
0.3 4
0.2 4
0.1
0 T T T

T T T T T T T T T T T
0 002 004 006 008 04 01z o014 016 018 02 022 024 026 028 03

[* — Solid Fault, V pu, Bus LoadBus v “foltage of0.001, V' pu, Bus LoadBus
[v — Voltage 0f0.002, V' pu, Bus LoadBus v — Voltage of0.005 V pu, Bus LoadBus
¥ — ‘oltage of0.008, V pu, Bus LoadBus |v ‘Voltage of0.007, V pu, Bus LoadBus
v Voltage of0.008, V pu, Bus LeadBus W — Voltage of0.010, V pu, Bus LoadBus
[ — V\oltage 0f0.030, V pu, Bus LoadBus [ — Voltage of0.050, V pu, Bus LoadBus
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What’s going on with
Load MW and Mvar

Bus_Load MW

* MOTORW load 2
model has - /

350

300

induction motor. 1

150
100
E

[}
. 0% T ; ; ; " T " " " ; ; T T T 1
0 ooz 004 008 008 04 01z 014 016 018 02 022 024 026 028 03

[v — Solid Fault, Load MW, Bus 24028 [v — Voltage of0.01, Load MW, Bus 24028
v — Voltage 0f0.002 Load MW, Bus 24028 [v — \oltage of0.005, Load MW, Bus 24028
a n Va r at v Voltage o f0.001, Load MW, Bus 24028
300 \\

this load

e Varying fault -
impedance is L

0 002 004 006 008 04 012 014 016 018 02 022 024 026 028 03

°
C a I | g I I I g re S u t S v — Solid Fault, Load Mvar, Bus 24028 v — ‘“oltage of0.01, Load Mvar, Bus 24028

¥ — Voltage of0.002, Load Mvar, Bus 24028 [ — Voltage of0.005, Load Mvar, Bus 24023
] Voltage of0.001, Load Mvar, Bus 24028

| |
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Load Bus Frequency:
It comes from induction motor

e Being driven by
the induction
motor

* 0.9 pu speed =
54 Hz bus freqg

T 0
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So what now?

* Frequency is being calculated “correctly” (to
the best of a positive sequence tool’s ability)

* Problem is not with the calculation, its with
the use of the frequency as an input to the

relay

e What was the bus voltage -
here is extremely low /
(< 0.2 per unit!) “

e My next step was to talk ~

W|th en ginee rs at B e P . A g A
Schweitzer Engineering Labs
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Contact with Relay Engineers

e Took a week to get an engineering contact at Schweitzer

e November 17, 2015: corresponded with Dale Finney from SEL
in Nova Scotia, Canada

e [ndicated to me that under-frequency relays would not respond
when voltage was so low

e He sent me the following excerpt from C37.117

Most microprocessor-based underfrequency relays have an internal voltage-blocking element that
supervises the underfrequency element. The undervoltage element can be set up to block either the
frequency element or output of the timer associated with the frequency element (Figure 10-2).

The undervoltage inhibit setting should be as low as possible to ensure that load 1s shed when necessary,
even during voltage collapse incidents. but not so low that the underfrequency relay operates during faults
or normal shutdowns. hindering restoration. A tvpical setting 1s between 50% and 70% of normal voltage.

e Under frequency relaying stops and assume that under voltage
protection will take care of things

e Also indicated it’s more than just an inhibit and that it impacts
frequency calculation
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Resolution: November 18, 2015

e Added a new global feature that applies to
all frequency relays. (relays only)
— Branch Relay: TLIN1
— Load Relays: DLSH, LDSH, LDS3, LDST
— Load Relays: LSDT1, LSDT8, LSDT9

e Minimum PU voltage for relay frequency
measurement
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Minimum PU voltage for relay
frequency measurement

e Default value of 0.3 per unit
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PowerWorld Help
Documentation

[ Transient Stability Analy= X

&« C | & PowerWorld Corporation [US]

@) Pawerworld

Contents

Corporation

B3 Integrated Topology Processing Add-On (ITP)

B Transient Stability Add-On (T5)
E3 Transient Stability Overview
E3 Transient Stability Data Management
E3 Transient Madsls
B Transient Stability Analysis Dialog
B3 Simulation
=] Options
B General
& Power System Model
B Result Options
B Generic Limit Monitors
B Distributed Computing
3 Results Storage
E3 Plots

E3 Transient Limit Monitors

'

E3 Results from RAM

B states/Manual Contro
& validation

K smie Eigenvalues

4

2

-
'

Jemzs - a x

https://www.powerworld.com,/WebHelp/#MainDocumentation_HTML/Transient_Stabilit... ¢ | @ n 0o :
minimum pu voltage ©

s - =

Common: Frequency Measurement Options

Bus Frequency Measurement Time Constant (Sec.)
Bus frequency in a transient stability simulation is a value which is calculated by performing a special calculation
similar to taking the derivative of the bus angle. This means there is a time-constant associated with calculating
this freguency and this value can be specified here. Also note that Bus frequency is calculated at all buses
during a transient stability simulation.

IMinimum PU voltage for relay frequency measurement Added in Version 19, November 24, 2015

Some transient stability models involve using bus frequency as signal that determines whether to trip a device.
Laad relays or generator relays for instance. In some extreme situations at very low voltages, the calculation of
bus freguency using a time constant can give very low or very high frequency values which would not be seen
by a real relay. In a real relay device there is always a voltage threshold below which these types of relays be
blocked from operating. This is because frequency in relays in calculated by looking at the zero crassing of a
the AC wave form. The counting of zero crossings becomes unreliable at low voltage. This option (which
defaults to 0.3 per unit) will change how relays perceive frequency when the per unit voltage is below this
threshald. If the voltage falls below this threshold the relay will behave as though it is seeing the nominal
frequency.

Calculate Bus ROCOF (Rate of Change of Frequency) Added in Version 20
Check this box to also calculate the derivative of the bus frequency.

Common: Island Synchronization Added in Version 20

Transient stability simulations do not fully model the closing of a transmission line that connects two separately
synchronized electrical islands. In order to properly model this numerically, one must assume that the presently the
phase angles on either side of the AC branch being clased in are nearly matched and that the frequencies of both

-
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PowerWorld Simulator 18 Patch
Website

&« (6] | & PowerWorld Corporation [US] | https://www.powerworld.com/patch-releases/simulator-187filter_by_date=November+2015 1}| " & [ :

@) PowerWorid S -

CORPORATION

Home Products Services Solutions Download & Purchase Online Support Training & Events Company

Simulator 18 Patches

Demo Software

New Features Bug Fixes Date
How to Purchase
Auxiliary Files (SCRIPT Auxiliary Files (SCRIPT July 2016
Request a Quote and DATA Sections) and DATA Sections)
June 2016
Available Transfer Available Transfer
Capability {ATC) Tool Capability (ATC) Tool May 2016

Software License Files (Keys)

Case Information Bus View and Substation

Displays View Onelines APl 2013

Software and Patcher

= Simulator 20 November 24’ 20 15

= Retriever 20

Simulator 19

User Interface Dialogs: Adding a new global transient stability option for "Minimum Voltage For
Frequency Relay". When the per unit voltage is below this threshold then all frequency relays will
treat their measured frequency as nominal frequency. This was done to mimic the voltage inhibit
flag of real relay models and also to prevent motors stuck behind a fault from tripping on low
frequency when the measured frequency behind the fault is suspect.

Retriever 19

Simulator 18

Retriever 18

© 2020 PowerWorld Corporation 70



What does this do?

e Added simple logic in red box below inside each relay model

e More than just an “inhibit flag”

— You must change the calculation of the frequency which is being
used for the relay decision logic

— Must not accumulate the “weird” frequency seen during the

fault

— Otherwise you’ll trip as soon as the voltage recovers because
the relay frequency state will have accumulated the frequency

N
Cd

S| =

Bus Angle =

V>0.3

N
Cd

==

14 Ts

e

Frequency Measurement

(with trick on network

change events)

© 2020 PowerWorld Corporation

>0
1.0 —>e
V<0.3

1

A2

1+ TfiltS

Relay
——> Decision

Logic

This logic added to

each relay model

Relay Model
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Implications

e First, everyone should add this global flag for use in frequency
relays

— Have | mentioned this only applied to relays
— This should not change the frequency calculation itself

— This should not be done on the frequency signal fed into
governors for example

e Second, Education of Industry

— Software users must not configure frequency relays to respond
with a time delay of 0.0 seconds (instantaneous)

— There is always a delay in the calculation of frequency of a few
cycles (they’re counting zero crossings!)

— Even if it was possible to use some special signal processing
techniques, positive sequence simulation tools can not do this

— Our frequency calculation is just not precise enough to do that
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