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Announcements

AlM
« By Nov 20t read the following two papers ®
- K. Huang, M. Xiong, Y. Liu and K. Sun, "A Heterogeneous Multiscale Method for
Efficient Simulation of Power Systems With Inverter-Based Resources," in IEEE

Transactions on Power Systems, vol. 40, no. 5, pp. 4292-4306, Sept. 2025.

- M. Xiong et al., "EMT-TS Hybrid Simulation for Large Power Grids Considering IBR-
Driven Dynamics," IECON 2024 - 50th Annual Conference of the IEEE Industrial
Electronics Society, Chicago, IL, USA, 2024, pp. 1-6.

« HW #5 is on the website, due Nov 20t at 8 AM.
« Exam 2 will be Tuesday, December 24, 2025




Power System Voltage Stability
iy
« Voltage Stability: The ability to maintain system voltage so that both @

power and voltage are controllable. System voltage responds as expected
(i.e., an increase in load causes proportional decrease in voltage).

« Voltage Instability: Inability to maintain system voltage. System voltage
and/or power become uncontrollable. System voltage does not respond as
expected.

« Voltage Collapse: Process by which voltage instability leads to
unacceptably low voltages in a significant portion of the system. Typically
results in loss of system load.




Power System Stability Terms

?

Power system stability
- Converter- Rotor angle Voltage Frequency
RESOUSICE MaLURY driven stability stability stability stability
. . . Fast Slow » Small- Large- Small-
Kpckios: Romones interaction interaction A—— disturbance | | disturbance disturbance
Short term Long term Short term Long term

Fig. 4. Classification of power system stability

[a] IEEE/PES Power System Dynamic Performance Committee, “Stability definitions and
characterization of dynamic behavior in systems with high penetration of power electronic
interfaced technologies”, PES-TR77, April 2020




Voltage Stability

i
« Two good references are ®

— P. Kundur, et. al., “Definitions and Classification of Power System Stability,” IEEE Trans.
on Power Systems, pp. 1387-1401, August 2004.

- T. Van Cutsem, “Voltage Instability: Phenomena, Countermeasures, and Analysis
Methods,” Proc. IEEE, February 2000, pp. 208-227.
« Classified by either size of disturbance or duration

- Small or large disturbance: small disturbance is just perturbations about an equilibrium
point (power flow)

- Short-term (several seconds) or long-term (many seconds to minutes)




Small Disturbance Voltage Stability

[

« Small disturbance voltage stability can be assessed using a power flow
(maximum loadability)

« Depending on the assumed load model, the power flow can have multiple
(or no solutions)

PV curve is created by plotting power versus voltage

Bus 1 x=0.2 Bus 2
(Slack) p +ja Assume Vslack=1.0

(r x=0.2 L L
P, — BV sinf = 0
Q; + BV cos —BV? =0

Where B is the line susceptance =-10,
V0 is the load voltage




Small Disturbance Voltage Stability

Al

* Question: how do the power flow solutions vary as the load is changed?

« A Solution: Calculate a series of power flow solutions for various load levels
and see how they change

 Power flow Jacobian
__ [—BV cos 6 —Bsin 6
10, V) = —BVsin@ Bcos6 — 2BV
det] (8,V) = VB?(2V cos @ — cos? § — sin? )
Singular when (2V cos8 —1) =0




Maximum Loadability: Singular Power Flow

Jacobian m

« An important paper considering this was by Sauer and Pai from IEEE
Trans. Power Systems in Nov 1990, “Power system steady-state stability
and the load-flow Jacobian”

« Other earlier papers were looking at the characteristics of multiple power
flow solutions

« Work with the power flow optimal multiplier around the same time had
shown that optimal multiplier goes to zero as the power flow Jacobian
becomes singular

 The power flow Jacobian depends on the assumed load model (we’ll see
the impact in a few slides)




Voltage Stability and the Power Flow Jacobian

?

« The Sauer/Pai paper related system stability to the power flow Jacobian by
noting the system dynamics could be written as a set of differential

algebraic equations

x=f(xy p)
0=g(xyp)
Linearing about an equilibrium gives
of  0f7]
[A)’(] _|ox 0Oy [Ax
o! |dg oagllAy
Jx dy.
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Voltage Stability and the Power Flow Jacobian

« Then m

0g

Assuming 0_y is nonsingular then
of of [og] ' o

AX = — 51 25 Ax
ox Jdy|dy| o0x

« What Sauer and Pai show is if g/ 0 y is singular then the system is

unstable; if g/ 0 y is nonsingular then the system may or may not be
stable

 Hence it provides an upper bound on stability
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Bifurcations

* In general, bifurcation is the division of something into two branches or
parts

« For a dynamic system, a bifurcation occurs when small changes in a
parameter cause a new quality of motion of the dynamic system

« Two types of bifurcation are considered for voltage stability

- Saddle node bifurcation is the disappearance of an equilibrium point for parameter
variation; for voltage stability it is two power flow solutions coalescing with parameter
variation

- Hopf bifurcation is cause by two eigenvalues crossing into the right-half plane




PV and QV Curves

PV curves can be traced by plotting the voltage as the real power is
increased; QV curves as reactive power is increased
- At least for the upper portion of the curve

 Two bus example PV and QV curves
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Small Disturbance Voltage Collapse

« At constant frequency (e.g., 60 Hz) the complex power transferred down a
transmission line is S=VI’

- V is phasor voltage, | is phasor current
- This is the reason for using a high voltage grid

« Line real power losses are given by RI? and reactive power losses by XI|?
- Ris the line’s resistance, and X its reactance; for a high voltage line X >> R

* Increased reactive power tends to drive down the voltage, which increases
the current, which further increases the reactive power losses

13
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PowerWorld Two Bus Example

Bus 1

x=0.2

O]

rid Simulz

-

Select option category
Power Flow Solution
Environment
Oneline
File Management
Case Information Displays
Message Log
Distributed Computing

Save to Aux

Options

Power Flow Solution

Common Options Advanced Options  [sland-Based AGC DC Options General Storage

[ Dynamically add/remove slack buses as topology is changed
aluate Power Flow Solution For Each Island

Define Post Power Flow Solution Actions

Power Flow (Inner) Loop Options Control (Middie) Loop Options

[[JDisable Power Flow Optimal Multipher [[JDisable Treating Continuous SSs as PV Buses

M Initialize from Flat Start Values [[JDisable Balancing of Par.
Minimum Per Unit Voltage for ers as Discrete Controls

Constant Power Loads | 0.700§5 gsable Transformer Tap Control if Tap Sens.

Constant Current Loads | 0.500|% is the Wrong Sign (Normally Check This)
Min. Sensitivity for LTC Control 0.0500|-%
Pre-Processing Post-Processing
[Jpisable Angle Smoothing [[IDisable Angle Rotation Processing

Sharing of generator vars across groups of buses during remote regulation
(®) Allocate across buses using the user-spedified remote regulation percentages
D) Allocate so all generators are at same relative point in their [min .. max] var range
) Allocate across buses using the SUM OF user-spedified remote regulation percentages

ZBR Threshold 0.000200 -5

Options for Areas on Economic Dispatch

®

0.933 pu

150 4MW
50@Mvar

Commercial power flow software usually auto
converts constant power loads at low
voltages; set these fields to zero to disable
this conversion

Case is Bus2 PV




Power Flow Region of Convergence

Convergence
regions with
P=100 MW,
Q=0 Mvar
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Load Parameter Space Representation

- Defined as point in which the power flow Jacobian is singular
- For the lossless two bus system it can be determined as

P? B
——+0Q;,+-B=0

B

1
4

With a constant power model there is a maximum loadability surface, X

55300
Y Unsolvable region
E250 No power flow solutions
?
52200
.
g 150 Solvable region
o Two power flow solutions
=100
2
S 50
(<5
o

o

Real power load (MW)

0 100 200 300 400 500

600
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Load Model Impact

« With a static load model regardless of the voltage dependency the same PV
curve is traced
- But whether a point of maximum loadability exists depends on the assumed load model

« If voltage exponent is > 1 then multiple solutions do not exist (see B.C. Lesieutre,
P.W. Sauer and M.A. Pai “Sufficient conditions on static load models for network
solvability,” NAPS 1992, pp. 262-271)

Change the load to constant

x=0.2 . :
> impedance; hence it becomes
20 2 > a linear model
Bus 2 0.943 pu
133 7MW

44%Mvar




ZIP Model Coefficients

One popular static load model is the ZIP; lots of papers on the “correct”

amount of each type

ACTIVE AND REACTIVE 1P MODEL. FIRST HALF OF THE LIPS WITH 100V CUTOFF YViOLTAGE
SECOND HALF REPORTS THE ZIPS WITH ACTUAL CUTOFF VOLTAGE

TABLE VII

Equipment! companent I:.:::‘:IJ ar Fa Pa [ A Iy Pa .8 Iy P
Air compressaor 1 Ph | N 120 1009 45708 ) 071 046 -007 | -133 <M 1.71
A cinpressor 3 Fh I 4 208 116834 B840 ) 024 23 sl | 408 -ol E
Mir conditioner 2 W 120 49633 12594 ] 117 -1LBY a6 | 1568 2005 1247
CFL bulh 2 MW 12 2565 00 3752 | DKL 03 LZ2 | (0BG 0EZ D96
Collecmake I MR 1A 141308 1532 | L3 162 0TS ) A - 11
Copicr [ 00 |2 423 B4ST | DART 21 0¥ 204 -AGT 0 253
Electronic hallast 3 o 12 om0z 506 | 022 05 1LZR | 964 2159|255
Elcvatis 3 174 0B 138117 1Ns3 ) 04 072 132 iTh  -5T4 19
Fan 2 1 120 16325 E3E | 047 .70 0034 2.H N .78
Came consol 1 I 120 60as 6761 | -06E LI N4 (.76 0.9% 1.17
Halogen 3 MW 12 936 0E4 | D46 e -0 4 -662 336
High pressune sodium HID 4 L T T Y T e N % R {7 | A -XTY 1307
Incandescent light 2 I 12 E7.06 (.85 47  o6: 0 (155 {L.38 (L7
Inductoom Isght [ M0 12 S A8 296 -60d 408 144 L2@ 0%l
lanton charoer i ifwl 13 3504 T 103 0% 71 657 |24 i3
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TABLE I
LZIP COEFFICIENTS FOR EACH CUSTOMER CLASS
Class Z, I, P, Z, I, 2
Large commercial 047 -().53 1.(M5 5,30 -§.73 443
Small commercial {43 -() [ .63 4. (Wa - 15 3,54
Fesidential (83 -1.12 1.27 1096 | -18.73 877
Indusirial il ] | ] i 1

Table 1 from M. Diaz-Aguilo, et.
al., “Field-Validated Load Model

for the Analysis of CVR in

Distribution Secondary Networks:
Energy Conservation,” IEEE
Trans. Power Delivery, Oct. 2013
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ZIP Model Coefficients
AlM
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Fig. 3. Active and reactive test results with constrained curve fitting. The ZIP
curve with the 100-V cutoff is shown in the solid line and ZIP with the actual
cutoff voltage in the dashed line. The two sets of ZIPs are shown in Table VII.
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Application: Conservation Voltage Reduction

(CVR) T

« |f the “steady-state” load has a true dependence on voltage, then a change
(usually a reduction) in the voltage should result in a total decrease in
energy consumption

« |f an “optimal” voltage could be determined, then this could result in a net
energy savings

« Some challenges are 1) the voltage profile across a feeder is not constant,
2) the load composition is constantly changing, 3) a decrease in power
consumption might result in a decrease in useable output from the load,
and 4) loads are dynamic and an initial decrease might be balanced by a
later increase




CVR Issues

Electronic Ballast Electronic Ballast

= 12 3 2
8 1 =2012Test| ... g & =2012 Test| s
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0.6 0.8 1 1.1 0.6 0.8 1 1.1
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PC (CPU and Monitor) PC (CPU and Monitor)

oo™

=+ 2012 Test =+2012 Test

Active Power (pu)
Reactive Power (pu)

- 1999 Test - 1999 Test
Voltage (pu) Voltage (pu)
04 0.6 0.8 1 1.1 0.4 0.6 0.8 1

Fig. 4. Comparison of active and reactive powers between old and new
appliances.
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== The gist of the {lM
2023 NREL .
paper is
distributed
generation (like
PV) can help
with CVR
through better
feeder voltage
regulation

Figure 4 from A, Bokhairi, et. al., “Experimental
Determination of the ZIP Coefficients for Modern
Residential, Commercial, and Industrial Loads,”
IEEE Trans. Power Delivery, June. 2014
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Dynamic Load Response

« As first reported in the below paper, following a change in voltage there will
be a dynamic load response
- Residential supply voltage should be between 114 and 126 V

« |f there is a heating
load the response v,
might be on the -
order of ten minutes

- Voltage and Reactive Power Recordings, FVK - Day. Evening and Night - Febroary

-
T

E

g

Per Unll Values on the Tramaformer Secondary Side

- Longer term issues - -
: Fo R |
can also come into L ; “l
play P++_ B 3 10 13 »
Figura 4.4b. and reactive power recordings after o voltoge
ST PT— e S e T

Useful paper and figure reference: D. Karlsson, D.J. Hill, “Modeling and Identification of Nonlinear
Dynamic Loads in Power Systems,” IEEE. Trans. on Power Systems, Feb 1994, pp. 157-166
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Determining a Metric to Voltage Collapse
« The goal of much of the voltage stability work was to determine an easy to
calculate metric (or metrics) of the current operating point to voltage

collapse

- PV and QV curves (or some combination) can determine such a metric along a particular
path

- Goal was to have a path independent metric.
The closest boundary point was considered,
but this could be quite misleading
if the system was not going to
move in that direction

(5]
o
[=]

Unsolvable region
No power flow solutions

Solvable region
Two power flow solutions

Reactive power load (Mvar)
n
(=]

0 100 200 300 400 500 600
Real power load (MW)

- Any linearization about the current operating point (i.e., the Jacobian) does not consider
iImportant nonlinearities like generators hitting their reactive power limits
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Assessing Voltage Margin Using PV and QV

Curve Analysis m

« A common method for assessing the distance in parameter space to
voltage instability (or an undesirable voltage profile) is to trace how the
voltage magnitudes vary as the system parameters (such as the loads) are
changed in a specified direction
— If the direction involves changing the real power (P) this is known as a PV curve; if the

change is with the reactive power (Q) then this is a QV curve

« PV/QV curve analysis can be generalized to any parameter change, and
can include the consideration of contingencies
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PV and QV Analysis in PowerWorld

« Requires setting up what is known in PowerWorld as an injection group

— An injection group specifies a set of objects, such as generators and loads, that can
inject or absorb power

— Injection groups can be defined by selecting Case Information, Aggregation, Injection
Groups

 The PV and/or QV analysis then varies the injections in the injection group,
tracing out the PV curve

« This allows optional consideration of contingencies
 The PV tool can be displayed by selecting Add-Ons, PV

This has already been done in the Bus2_PV case




PV and QV Analysis in PowerWorld:

Two Bus Example

« Setup page defines the source and sink and step size

™ |

View / Define Injection Groups

™ |

Advanced Options

Define the source

and sink

Optionally contingencies
can be considered

CURVES
etup Setup
Commeon Options
Injection Group Ramp Ramping Methad Transfer power between the following two injection groups:
Interface RamFung Or (®) Injection Group Source/Sink Source |GE”
i Advanced Options
-Quantities to track O Interface MW Fiow Sink |Luad
i Limit violations
Common Options  Injection Group Ramping Options  Interface Ramping Options
1 Critical Scenarios
Flot Definition Grids Stop after finding at least] < critical scenarios
Base Case and Contingendes
5kip contingendies
[Jrun base case to completion  Base Case Solution Options ...
Vary the transfer as follows:
Initial Step Size (MW): =
Minimimum Step Size (MW): =
When convergence fails, =
reduce step by a factor of -
[ 5top when transfer exceeds =
< >
Save Auxiiary ... | Load Auxiliary ... Launch Q¥ curve tool ... ? Help

j-'L Close
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PV and QV Analysis in PowerWorld:

Two Bus Example W

 The PV Results Page does the actual solution
- Plots can be defined to show the results
« This should be done beforehand
- Other Actions, Restore initial state restores the pre-study state

Click the Run button to run the PV
e analysis;
oo oo o Check the Restore Initial State on
B4 A oo B B Y8 gwE e Completion of Run to restore the
— S ———————— pre-PV state (by default it is

not restored)

Load Auxiiary ... Launch QV curve tool ... ? Help fL Close




PV and QV Analysis in PowerWorld:
Two Bus Example

Bus 2 Voltage (pu)

50 200 250 300 350 400
Bus 2 Real Power Load (MW)

L — base case, PU \olt, Bus 2 I
~

28
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PV and QV Analysis in PowerWorld:
37 Bus Example

NN\
Total Losses: 99.11 MW~ *** PiNEs a5
0
<

877 MW
373 Mvar ®

\ /4

\V/

0.99 puy |t onK3as Load Scalalj:l-o

OAK138

Voltage\Per Unigs -

38 MW

-1.000 pu 1B | 143 mvar
. \ 60 MW
\/ ]_ 19 MW LA
0.95 pu =y oo BUCKEYE69 T 90% 16 Mvar
5
| 26mw 18% 0.97 pu
209% 10 Mvar s )
-0.900 pu T ASH138 ; —
15% MAPLEG9 =]
14 fw N>y ._\ o
6 Mvar 22 MW o
9 Mvar g b =
-0.800 pu ORANGESS LOCUST69 =
’ LENLT WALNUT69 66 MW o
97 MW 46 Mvar [y]
a2Mw
\ / 19 Mvar e =
26.0 Mvar —) ©
_|F 0.(ﬂMvar PECAN69 .97 pu o
\ 9:55'py  11.5Mvar ®
/ p—>—>> S os
A - .,
Pr— oo 94% = ™
MVA A uf AY
\ £ . 78 \
0.787pu M 9 \
MVA n 75 \
0.78 pu MAPLE69 0 \
Y POPLARG9 126 MW 0.74 :
7S 8 Mvar
% 0.72
89 MW '
7 Mvar 12 Mvar o7
0.82pu
0 42Mw i 0.68
: <
14% 69 MW G D >12Mvar  6.0Mvar [ 250 ; 0 20 40 60 80 100 120
to3mvar | o 0.93 pu JL 092 pu CHERRY6 e Total Area Load (MW)
Y Y 12% 3 T 49 MW 42MW  BIRCH69
AN PEACHESS 091pu REDBUD69 0 Mvar A
\” gS0lpy 'Y 27 MW
7 Mvar ROV IOEMW 16 MW iy
20AMW () ‘ ‘ 17 Mvan 5 Mvar e 69%
go/Mvar el - 093pu ELM138
Y 0.90 pu ] ' PEACH138 0.93 pu LeMoNGg 293P
20 0.93 pu TULIP138 v&\/ .
> > A U 0.9812yttap 73%
< A 0.94 pu LEMON138

A

Usually other limits also need to be considered in doing a realistic PV analysis;
example case is Bus37_ PV
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