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Qutline

 Fundamentals of power system angle and
voltage stabillity.

* Impact of loads on power system dynamics.
e Generator controls.

* Modeling.

* Trajectory sensitivity and approximation.
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Synchronous machines

e Conventional generators are synchronous
machines.

— Rotor spins at synchronous speed.

— Field winding on the rotor, stator windings deliver
electrical power to the grid.

* Note that the dynamic
behavior of wind generators
(as seen from the grid) Is
dominated by control loops
not the physics of the
machines.
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Machine dynamic models

 Dynamic models are well documented.

— Electrical relationships are commonly modeled by
a set of four differential equations.

— Mechanical dynamics are modeled by the second-
order differential equation:

d?0
J—=T,, — T,
dt?
where
6 . angle (rad) of the rotor with respect to a stationary

J
T,
1

reference.

. moment of inertia.
. mechanical torque from the turbine.
. electrical torque on the rotor.
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Angle/frequency dynamics

* Through various approximations, the dynamic
behavior of a synchronous machine can be

written as the swing equation:

dw
M—+Dw=~F, — P,
a TP

where

w =% deviation in angular velocity (frequency)

from nominal.
M Inertia.
D . damping, this is a fictitious term that may be
added to represent a variety of damping sources,

Including control loops and loads. (It is zero in
detailed modeling.)

P, P. . mechanical and electrical power.
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System-wide frequency dynamics

* Response of frequency following generation tripping.




Single machine infinite bus system

V.20 V,/8

Q.

—

P

m

* For a single machine infinite bus system, the swing
equation becomes:

MC;—C: +Dw=~F,, — P,,,,s1n6

Voo Vi
where P, = .
X

* Dynamics are similar to a nonlinear pendulum.
e Equilibrium conditions, w =0 and P,, = Pya.sind |
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Region of attraction

e The equilibrium equation has two solutions, ¢, and 6,

where:
05 . stable equilibrium point.
0. unstable equilibrium point.
e Local stability properties are given by the eigenvalues
of the Imearlzed system at each equnlbrlum point.
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Region of attraction

the separation between equilibria

As P,, Increases,
diminishes.

— The region of attraction decreases as the loading increases.
— Solutions coalesce when p,, = P,...... A bifurcation occurs.
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System damping

« Damping reduces as equilibria move closer.

— In this case the system is

1550
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Power flow (MW)
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1100

o
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progressive weakened by lines tripping.

15:42:03
Keeler-Allston line trips
15:47:36
Ross-Lexington line trips
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Time in Seconds
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Multiple equilibria

* Real power systems typically have many equilibria.

P Genl Gen2 P,

—_— P —

Gen3

Geng MW (pu)

Genl MW (pu)

Gen2 MVAr (pu)
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trajectory to cross the boundary of the region of attraction, and

— If the fault is sufficiently large, the disturbance will cause the
stability will be lost.

A fault on the system, for example a lightning strike, will force
the states away from the stable operating (equilibrium) point.

Large disturbance behavior
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Critical clearing

Critical clearing refers to the (hypothetical) situation where the
fault is removed when the state lies exactly on the stability
boundary.
— Conceptually, the resulting trajectory would run exactly to the
unstable equilibrium point and stay there.

— This is equivalent to AR Y
/A i NN Y,
bumping a pendulum so e NN 77
that it reaches ‘f;; TN YT e A
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position. 7T 1 VO RE e B B
:Ié v \\\.; ;'f’-‘ o '\ ' *
L R N R Pl
S 1k § . S S S S . S \ '\ \
% N ~ - - - -~ R \ \ \
N N Y ~ DI NN N
EA \ N N T S N \ \ \
\ NN D IOUN \ \
NN T N NN \ \ \
§ § AN S N § \
NN RN TN
FERANANENIENIRG IR IR NNTNEAN
-1 Q 1 2 3 4 5
Angle (rad)

13/40



Frequency [rad/s]

Forcing critical clearing -

Approximate a trajectory on the
stability boundary by a trajectory that
spends a long time near the unstable

equilibrium point.
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Voltage reduction

* The single machine infinite bus example assumes the
generator maintains a constant terminal voltage.
— The reactive power required to support the voltage is limited.
— Upon encountering
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Effect of load

* Consider the effect of load behavior on stability.

« Two cases: V,, /0 V0, V.26,

— Constant admittance: Py = K, V? pe X

— Constant power: Pg =K, ®_| |_P@
* Notice the loss of structural stability as the P, )

voltage index changes.

3.5

* Power electronic loads behave
like constant power.
« Bad for grid stability.
« Examples: energy-efficient
lighting, plug-in EVSs.
* Below a certain voltage, power
electronics shut down.

« This gives a fast transition from Consart it
full power to zero. o 0 2 w0 e & 0 10 1o 10 10

Angle (deg)

Paower (pu)

-0.53
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Voltage collapse

* Voltage collapse occurs when load-end dynamics
attempt to restore power consumption beyond the
capability of the supply system.

— Power systems have a finite supply capability.

* For this example, two
solutions exist for
viable loads.

e Solutions coalesce at
the load bifurcation
point.

— Known as the point of
maximum loadability.

Load voltage, VI (pu)

i

Qer
o8

o7

04r
03

o1

e

1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Load acfive power, PI (pu)



Load restoration dynamics

« Transformers are frequently used to regulate load-
bus voltages.

e Seqguence of events:

Line trips out, raising the network impedance.

Load-bus voltage drops, so transformer increases its tap
ratio to try to restore the voltage.

Load is voltage dependent, so the initial voltage increase
causes the load to increase.

The increasing load draws more current across the network,
causing the voltage to drop further.

V.20 V,./0  V,/0

. I
Jx )
O

B
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Itage, \/1 (pu)

bus vol

Load restoration dynamics

V.20 V.28 V,/8

da,_l
dt T

(Vset - V2)

V2 = aVl

Load active power, Pd (pu)

Transmission bus voltage, \,’1
Regulated bus voltage, \,’2

1 1 1 1 I
0 0.2 0.4 0.6 0.8 1 1.2 14 0

T
5

1
10 15
Time (sec)
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Voltage-angle interactions

* Each time the transformer taps up to lift the voltage at the load
bus, the transmission system is weakened a little more, until the

generator loses synchronism.
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Load model

* Motivated by a desire to capture phenomena such as
“fault induced delayed voltage recovery” (FIDVR).

« WECC load model:

Bus 1 Transmission Bus
OLTG
Bus 2 i Distribution Bus
Substation Caps. T teeder
End of Feeder ({Load Bus)

Bus 3

Distribution
Caps.

Discharge Electranics | | constant
Light [constant Impedance
P, Q) Load

Delayed Voltage Recovery Event
230-kV Substation Voltage

LTCs / Shunt Capacitors

Fz}uit /W

E \-——_.___
20-25% AC thermal trip AC re-start
hr

~

\
AC stall \
\

20—-30sec: ~ 2 minutes
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Generator voltage control

Voltage control is achieved by the automatic voltage regulator (AVR).
— Terminal voltage is measured and compared with a setpoint.
— The voltage error is driven to zero by adjusting the field voltage.

An increase in the field voltage will result in an increase in the terminal
voltage and in the reactive power produced by the generator.

If field voltage becomes excessive, an over-excitation limiter will
operate to reduce the field current.

— The terminal voltage will subsequently fall.
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Power system stabilizers

« High-gain voltage control can destabilize angle
dynamics.

 To compensate, many generators have a power
system stabilizer (PSS) to improve damping.

1 ST5 1
S g
1+5Tg 1+5sTs (1+Ays+A5s?)

VRMax

1+sT 1+sT /
pl— 1 S : p Vst
1+SIZ 1+ST4 /

VRMin
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Field voltage, Efd

High-gain AVR instability

Bifurcation diagram as AVR gain K 4 varies.
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Governor

* Active power regulation is achieved by a governor.
— If frequency is less than desired, increase mechanical torque.
— Decrease mechanical torque if frequency is high.

* For a steam plant, torque is controlled by adjusting the steam
value, for a hydro unit control vanes requlate the flow of water

delivered by the penStOCk- Steam Turbine with 5% Speed droop
° i 100
F_requency IS a common o BRNAND
signal seen by all % 80 % N |
generators. 170 NN oo s
— If all generators tried to N ,-,\ T \\ \\
regl.“ate frequency tO ItS 50 Load Increasing \\ . \ \ 25
. . . 40 - by Changing Freq.—< N\ N
nominal setpoint, hunting from BOHz To 49Hz NN N N — 50
would result. A0 U N \ \ \ —
.. 20 : N \ — 100
— This is overcome through 10 AN
the use of a droop 0 L’
characteristic. 2850 2900 2950 3000 3050 3100 3150

- Turbine Speed
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Automatic generation control (AGC)

Based on a control area
concept (now called a
balancing authority.)

Each balancing authority
generates an “area control
error” (ACE) signal,

ACE — _Apnet it — BAf :

Control Area Overview

%

Generation
= AcluuNFreq.

Sch| Freq.
Sch' Inter.

Freq. Bias

LOAD

where B is the frequency
bias factor.

Intertie
Metering

1110872001

The ACE signal is used by AGC to adjust governor setpoints at
participating generators.

e This restores frequency and tie-line flows to their scheduled values.

« Economic dispatch operates on a slower timescale to re-establish the
most economic generation schedule.

< CALIFORNIA ISO it
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Modeling continuous-discrete interactions

« Type-3 wind turbine converter control model:

(shaft g eed)

Anti-windup
on
Powear Limits Pmax& dpmax

P ax

I::luc:nr.::i ..: lp anod
1+ =T pe . To
Generator /

re arr
—
Conyer ter
Pmm & —deaxfdt Model
To Pitch i
Control To Pitch v

Mo del Control term
Ao del

gen "l
[ gen:ll |'|+T5ps

* Note the PI block with non-windup limits.
 The behavior of such a block is not well defined.

 |EEE Standard 421.5-2016 provides a definition for
such a block.
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Pl block with non-windup limits

* According to the IEEE standard:

A 2T T T T T T T T T T T
a 3 | 3 | | | | o
f 1 1 1 f ’ f f e
u—> Kp+ b 5 - 3 3 - - 5 L
F - : ; : : : : P
3 | | | : : i
— 7 : : : : ; e SV A SV rs
; . ; | i ik i
B ; : : j : i i w b
L S T O D D s
. R : S UL S L
IS modeled by > | ; | ‘ e I s
. 2| ; ‘ M M i W e W
s | _ : i e i T
5 | : e e e i e e e L
5  Limit, A=1.2 D Sl e S A SV A A dE A
5[ r 1 S D SR S DN
E | RSl Lot s S D R
L — e e S
B e B i m— e
///// HHHHHHHH -m.“‘-\‘“a\‘\\
B e i e e S T
B KI e e e e T T _— :
T e e  am = m  T T
e D e S S R
D e bt R DR
dz 05 I/‘/I/J/Iﬁ/('lffilk 1 | | 1 | 1
4] 0.1 02 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1
Ify > A, then:c:Aand%:O Input, u
dz * This model is prone to deadlock.

If y < B, thenx:Band%:(). _ _ _
 Most commercial simulation programs

don’t recognize deadlock.
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Latest model for type-3 wind turbines

Warningll

Extreme care should be taken in coordinating
the parameters dbd1, dbd2 and Vdip, Vup so
as not to have an unintentional response
from the reactive power injection control loop.

State Transition — switch position:

State 0 - If Voltage_dip =0; normal operation {lginj = 0)

State 1 - If Voltage_dip = 1; lginj goes to position 1

State 2 - If Thid > 0,then after voltage_dip goes, add value
519frz for t=Thld, after which go back to state 0.
- If Thid < 0, then after voltage_dip stay in State 1

for t= Thlid, after which go back to state 0.

praref

1

Pe = 1T+sTp

&1 Qext —0

{Qext Is initialized to a
constant, or can be
connectad to an exfernal
model 8.q. wppc)

[
Qmax

Wrefy (User defined)
Freeze State if Voltage_dip = 1

Wiman
ey WTIEX
W Elag

[ ]
y
Kap

+ Kgi *
S0

) lgmax

Y/

Kvp+ Kyt
=1

_/33

Igmin

dbd1, dbd2
: Yerr
If (Wt < Ydip) or(\_/tivup) then = vt ) 1 | / L flatel]
Yoltage dip = 1 T+sTry vt filt / | o
else s+ =
Voltage_dip =0

{FPrefis initialized fo a
constant, arcan be

connecled o an extermnal

model)

Qgen :
Wref, (user defined) v
1
T+5Tig
sd

YOLA1

’*[

dPmax

Pref /

spd

LIy

/

dPmin

+

A

|

Freeze State if Voltage_dip = 1 | !
' Vil i !

] &0 |

. (s0¥) ! |

] =

] (.

Prmax Y I Thiaz

*/— Ipmax:

|

1 Ford !

1+ s Tpord Ipcmd
5
—/ s Ipmin =0
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Trajectory sensitivities

* Consider a trajectory (or flow) =z(t) = ¢(x0,t) generated by
simulation.

* Linearize the system around the trajectory rather than
around the equilibrium point.

_ agb(xo, t)
8:1:0
~ O(t)Axg

Ax(t)

Az + higher order terms

* Trajectory sensitivities describe the change in the trajectory
due to (small) changes in parameters and/or Initial
conditions.

— Parameters incorporated via )\ = 0, A0) = X

* Provides gradient information for iteratively solving inverse
problems, such as parameter estimation.
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Trajectory sensitivity evolution

« Along smooth sections of the trajectory:

: : 0
t = f(x), z(0) = zo b = of P, ®(0) =1
ozr
x(t)
No_mitnal Per_tul;bed
trajector trajector
At an event NG T

or
8:130

() =0(r7) = (fT—f7)

Triggering
hypersurface
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Trajectory sensitivity computation

Implicit numerical integration allows efficient computation of
trajectory sensitivities.

System evolution Trapezoidal integration
i = f(z) okl = k4 %(f(f“) + f(:c’““))

Each integration timestep involves a Newton solution process.
e The Jacobian (ng — I) must be formed and factored.

A

'l

Sensitivity evolution Trapezoidal integration

= Df(x(t)d P = @k 4 %(Df(a:’“)cpk + Df(a:’f+1)c1>k+1)

= \(ng(le'l) — 1) @F = —(4Df(a*) + T) 0k

o

g

Already factored
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Parameter ranking example

IEEE 39 bus system

Q. Sensitivity of V¢ to load
@ W 2% 1. L

|
¥ . K parameters

- 18
] | 24 0.1

17 T

0.08h

15 @ . . .
; 35 e—— : : : | Bus 20 real power
" : . . ,

39 4 14 21 N 22 Oos_l e

-0.02

[
i
®
Sensitivity of VIE to all load indices

-0.08 J I I | | 1 1
0 0.5 1 1.5 2 25 3 3.5 4
Time (sec)
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Trajectory approximation

* Neglecting higher order terms of the Taylor series:
qb(ﬂjo —+ Aﬂjoj t) ~ gb(a:o, t) —+ (I)(ZUQ, t)ALCO

o Affine structure.

Example:

Generator field
voltage response
to a fault.

6

Field voltage. E,, (pu)

- = Nominal (computed) trajectory: tC|=O.2SSec, Efdmax=5.8
—— Approximate perturbed trajectory: tcl=0.21sec, Eidmax=5.0
"= Actual perturbed trajectory (for comparison)
I I I I I I 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (sec)



Parameter uncertainty

Worst-case analysis: Assume parameter uncertainty is uniformly distributed
over an orthotope B (multi-dimensional rectangle.)

8 I I I I
Assume all trajectories S
emanating from xq + B °l B e VA |
have the same order of U4 VAN
events. 4ar LN I
Propagation of uncertainty % oL ]
Is described (approximately) 3
by the time-varying | 3 ) |
parallelotope g (| oS )
P(t) = d(xo. 1) + (0. 0B o N e A
_ak ""h“‘h = :' —— i
06 08 1I 12 14 16 18 2 22 24 2.6
Angle, a (rad)
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Example — worst case analysis

Uncertainty: 0.3 < va3, 04 < 0.7

®

37
% e Ll
30 —t— 25 | | 28
W W
2 27 ——— 30
18 = 8
| : = 0
17 [
16
3
15 @
39 4 14 21 Nid 22
5 [¢] 12
19
Y w W i
7 31 13 W
11 () e—— W 36
8 34 33
W
32 e— 5 4
: O ©

Zone 3 protection distance measurement

0.25

0.05

-0.05
0

Protection signal
e Zero crossing indicates
protection trip.

| 1
— = Nominal (computed) trajectory
— Approximate extreme trajectory
= Actual extreme trajectory (for comparison)

0.4 0.6 0.8 1 1.2
Time (sec)




Zone 3 protection distance measurement

Example — probabilistic assessment

Uncel‘talnty E[I/gg] = E[i/24] — 05, V&I‘[I/gg] :Var[z/24] = (.01

I 1
= = Nominal (computed) trajectory
- 95% confidence interval (estimated using sensitivities)
Monte Carlo trajectories

0.1 e

-0.05
0

0.6 0.8 1
Time (sec)

1.2

Number of samples

Signal distribution at
0.9 sec.

T I I
= Normal distribution
= = Mean and 95% confidence interval




Grazing formulation for reachabillity

e At a grazing point the trajectory has a tangential
encounter with the target hypersurface: »(z) =0

« Tangency implies: Vb' f(z) =0
« Grazing points are described by:

Fgl(QjQ? 97t9) = gb(ﬂ?o(fg),tg) — Lg = 0
Fgg (;Cg) — b((Eg) — 0 Parameter values

Fya(zg) := Vb(zy) " f(zy) =0 953_—__—

where initial conditions are
parameterized by ¢ .
« This formulation extends naturally:
e Continuation.
* Closest set of parameters that
Induce grazing.
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Example

e Single machine infinite bus system:
* Generator AVR/PSS:

Vref Efdmax
A .
1 - 1+sTc K,
Vil T, z I+sTs T, [ P
+ _/
E .
VPSS fdmin
Vmax
T/_ 14T, 14T, ST,
—l S +—

/‘] 1+sT, 1+sT, 1+sT,,

Vmin

pss [+ Ao

 Determine E;q.m4. SO
that generator terminal

voltage does not

(initially) rise above

1.2 pu.

1

Terminal voltage, V (pu)

1.3

1.2

11F

1k

09

08r

[V o

06

0.5

04

0.3

Vo \%
t
‘ Egy
1 AVR
Exciter
PSS
Hypersurface b(x,y): V-1.2=0
\ — Initial frajectory
= (razing trajectory
1 1 1 1 1 1 1 I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (sec)
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Conclusions

* Power systems are nonlinear, non-smooth,
differential-algebraic systems.

— Hybrid dynamical systems.

« A variety of controls, from local to wide-area,
are used to ensure reliable, robust behavior.

e Care must be taken in modeling and simulation.

« Variabllity inherent in renewable generation:
— Challenge existing control structures.

— Require more exhaustive investigation of dynamic
behavior.
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