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Sigma Plot Visualization of Voltage Stability

My goals:

- Share a new approach
— Based on HELM™

— Node-by-node visualization of your
grid

S T » Share two examples
» Discuss applications

« Get you to think about uncovering
new applications of this tool

What would you do With an easy approach to

visualizing voltage stability?
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Context

- Battelle/Gridguant Collaboration

« HELM™ - Holomorphic Embedding Loadflow Method by
Gridguant

A deterministic solution to the load flow equation

—No need for seed

—Works in stressed conditions, up to collapse (and beyond)
— See distance to collapse

— Visualize voltage stability

— Determine paths to a desired state — limit violation solver,
restoration tool (HELM-Agora)

In order to apply HEM, Gridquanw#ggi‘vered some

Interesting properties of the sigma plot
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HELM™ Math

« Useful references - www.gridguant.com/technology
- 2012 IEEE paper by Trias

- Two bus model proof

- Patents : By (5)- Ay(s) =1 (5)s™

N=-101,..

« HELM process narrative
- Embed the non-linear, constant power contribution S — 55

- Cast into algebraic curve, represent as power series up to singularity
radius, compute coefficients deterministically using power series and
its reciprocal, perform analytic continuation using an algebraic
approximant (Pade)

- Stahl's Theorem (1997) permits a uniqgue analytic continuation to s=1

Holomorphic Embedding and AnaMJg Continuation

deliver a deterministic solution.


http://www.gridquant.com/technology

Battelle

The Business af Innovation

The Sigma Plot — The Two-Bus Model

* Nonlinear model at each PQ bus
Z=R+jX, S=P+|Q

- Load flow equation in the form of injecting into the node

VSW

 Two bus model: V

Sw?

V-V S Vo AN
z N
5w

Defining U = V/I/;W and o = ZS./”LEWHZ (o= or+ joy)

o 1
U=1+ —+\/1+JR—JJ,2+}J;

U* 2

We now have a stabilty boundary defined by a

collection of sigma values that makethe radicand_zero
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The Sigma Plot — What does it tell you?

RHX O.

T(P+jQ" P is injected
Q is consumed

Sign convention: P,Q positive when
injecting into the node

P is consumed

Q is consumed \

P is injected

/ Q is injected

Remember this is only exact for a
two-bus model and assuming R=0. 112

o, =XQ+RP=XQ
0, =XP-RQ=XP

(if R is not zero, these areas are slightly distorted)

O

r
|

\ P is consumed

| Q is injected

But is this visualization useful forrNibuses?




Battelle

The Business a)[ Innovation

The Sigma Plot — The N-bus model

« The HELM™ approach is applied to the load flow equation
for N nodes. Voltages become holomorphic functions of the
complex variable s

s S

[

vV (s%)

D YVi() + ¥i(s) =
j_

* Holomorphic embedding calculates the voltages as a power
series, evaluated by analytic continuation (variation on a
Pade approximant) to define a new set of functions:

s 0i(s) o

Vi(s) =1 U=1+
i(s) + V(s (recall 0

for two bus model)

* Analogous to a local, nonlinear, dimensionless Thevenin
equivalent

HELM permits determination of sigma with\gﬁ,ﬁqe,t_inf_itial voltages. In fact,

sigma can be determined when voltage cannot.
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File Edit View Power Flow Diagnostics Help

O 8 HBs #% v & o 0 & & [¥ 5 wés [» O @ O & B W bow| 1 @

" Grid | ¢, Conditions | % Original... <|» ClBuses | £2[¥: Sigma | Bus
vl O Ar Number
vl =as Name BASILS
[v] 3 zones Los Base Voltage (kV)
[w] 3 Owners ” Type Load
G (MW)
[v] 3 voltage Levels B (MVAT)
[T Elements By Type 1.00 Area
Zone
0.75 Input Case Voltage ...
Input Case Phase A...
Owner
0.50 Bus Condition
Number 126641
Type Load
0.25 Voltage Calculated [w]
— G (MW) 0.00000
s 0.00 B (MVAr) 0.00000
=l HELM Voltage (pu) 1.08276
« HELM Phase Angle (... 3213087 ||
-0.75 MNode 2914
P Terminals (MW) 0.00000
» Q Terminals (MVAr) 0.00000
-0.50 . P Branches (MW) 0.00003
Solved PQR *0 Q Branches (MVAr) 0.00023
s Statu In Servi
Num nodes 55239 -0.75 3. SI 1 SEnee
Max delt 0 - N
ax delta Bus Type
Mum nodes bad delta 0 Zane
Percent nodes bad 0% -1.00 Is External Equivalent [ A
e BASILS
-1.25
Swings 8 OVERGAZE-1
13.8, 10CEANED3
) _ 22. -03 02 01 00O 01 02z 03 04 05 06 07 08B 09 10 11 12 13 14 15
Swings remainder P 4,855.4 MW sigmar
Swings remainder Q 2.973.2 MVAr
= sigmaLimitsLip sigmaLimitsDown min 0 max 0 O
F_xport completed |

Anonymized model — 55239 nodes
Examining the “BASILS” node under increased load
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4| HELM Flow [CAUsers\Agarauser\Desktop\DEMO2\anon _large_grid2.raw (0] [12:35:20 PM] | T e

File Edit View Power Flow Diagnostics Help

O 2 =H4Bes % v B o 5 & & FFEu & () O @ 0 & B b 1 (&
"% Grid || “% Condiions | % original... <|» Cleuses | |[¥isigma | % Bus[BASIS 345] | |¥: P-Phase Angle Curve (12:35:20PM) | &3 ¢ P-V Curve (12:35:20 PM) | Bus
- Number
V] [ Areas Name BASILS
[v] £ Zones o8 b Base Voltage (kV)
[w] O] Owners Type Load
G (M)
[v] £ voltage Levels 1.07 & (MvAr)
27 Elements By Type Area
1.06 Zone
Input Case Voltage ...
1.05 Input Case Phase A...
Owner
1.04 Bus Condition
Mumnber 126641
103 Type Load
5 Voltage Calculated [v]
= 1.02 G (M) 0.00000
;’ e B (MVAr) 0.00000
2 HELM Voltage (pu) 1.08257
= 101 HELM Phase Angle (... -32.17041) ||[4
= MNode 2914
1.00 P Terminals (MW} 0.00000
Q Terminals (MVAr) 0.00000
0.99 P Branches (MW) 0.00004
Solved PQR () Branches (MVAr) 0.00022
Statu In Servi
Num nodes 55239 0.58 = e
Node
Max delta ] Bus T
0.97 SThE
Num nodes bad delta 0 0 apse Zone
Percent nodes bad 0% Is External Equivalent [} =
delta 0.96
Swings 29 : OVERGAZE-1 0.95
13.8 FLUOR 81
315... 0 5 10 15 20 5 20 35 40 45 50 55 60 65 70
Swings remainder P 4 856.5 MW Active Power (p u )
Swings remainder Q 2,843.2 MVAr
#BASILS Current P-V BASILS P | min 0 max 0 ]
P-V/Q-V curve computed |

PV Curve for “BASILS” showing distance to collapse

(Scale: 10 = 1,000MW)
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.| HELM Flow [C:\Users\Agarauser\Desktop\DEMO2\anen_large_grid2raw (0)] [5:02:36 P | T e

File Edit View Power Flow Diagnostics Help

O e ME IOy & SO0k FEEuges O Q[Q# w o w1 @
"% Grid || “% Condiions | % original... <|» ClBuses | E2(F:Sigma | & Bus[BASIS 345] | |¥: P-Phase Angle Curve (3:15:12PM) | |%5 P-V Curve (3:15:12PM) | Bus
- Number 126641 |4
] [ Areas Name BASILS
[v] 7 Zones - Base Voltage (kV) 345.0
[v] 3 Owners - Type Load
G (M) 0.00000
B [¢] T voltage Levels Lo B (MVAr) 0.00000
[ Elements By Type ' Area 102
Zone 12
0.75 Input Case Voltage ... 1.00045
Input Case Phase A... 0.57
Owner 1
0.50 Bus Condition
Mumnber 126641
Type Load
0.25 Voltage Calculated (vl
-— G (M) 0.00000
g 0.00 B (MVAr) 0.00000
= HELM Voltage (pu) 1.08080
w HELM Phase Angle (... -33.42229
0.25 P MNode 2914
fow ! - P Terminals (MW} 250,00000
T a Q Terminals {MVAr) 0.00000
-0.50 0 L P Branches (MW) -250,00001
Solved PQR s . 9 S;Erlches (MVAr) - 0.00043
Num nodes 55239 0.75 . ) 2 il
. Node
Max delta ] - Bus Type
Num nodes bad delta 0 Zone
Percent nodes bad 0% -1.00 Is External Equivalent [} E
delta
-1.25
Swings 8 OVERGAZE-1
13.8, 10CEANED3
22.. 03 H2 0L1 00 01 02 03 04 05 06 07 08 09 10 1.1 1.2 1.2 14 15
Swings remainder P 4 855.4 MW Sigma r
Swings remainder Q 2,973.2 MVAr
—sigmaLimitsLUp sigmaLimitsDown min 0 max 0 O

Load Flow analysis completed

We start changing load on the bus
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.| HELM Flow [C:\Users\Agarauser\Desktop\DEMO2\anon _large_grid2raw (0)] [5:04:34 P | T e

File Edit View Power Flow Diagnostics Help

O cHsBe I v © a HKIKEFESu:ésS ()0 GO0 & 8 w oo o[ 1 @
"% Grid || “% Condiions | % original... <|» | Buses & Bus [BASILS 345] | |¥: P-Phase Angle Curve (3:15:12PM) | |5 P-V Curve (3:15:12PM) | Bus
- Number 126641 |4
] [ Areas Name BASILS
[v] 7 Zones - Base Voltage (kV) 345.0
[v] 3 Owners - Type Load
G (MW) 0.00000
]
- [v] [ voltage Levels Lo & (MvAr) 0.00000
27 Elements By Type ' Area 102
Zone 12
0.75 Input Case Voltage ... 1.00045
Input Case Phase A... 0.57
Owner 1
0.50 Bus Condition
Mumnber 126641
Type Load
0.25 Voltage Calculated (vl
-— G (M) 0.00000
g 0.00 B (MVAr) 0.00000
= HELM Voltage (pu) 1.07604
w HELM Phase Angle (... 3471544
0.25 MNode 2914
P Terminals (M) 500.00000
- Q Terminals (MVAr) 0.00000
-0.50 b5 & P Branches (MW) -500,00012.
Solved PQR ~8 Q S;Erlches (MVAr) - 0.00027
Num nodes 55239 0,75 T . 1 SEveE
e Node
Max delta 0.01 ' Bus Type
Num nodes bad delta 0 Zone
Percent nodes bad 0% -1.00 Is External Equivalent [} E
delta
-1.25
Swings 8 OVERGAZE-1
13.8, 10CEANED3
22.. 03 £H2 01 00 01 02 032 04 05 06 07 09 1.0 1.1 1.2 1.2 14 15
Swings remainder P 4 855.4 MW Sigma r
Swings remainder Q 2,973.2 MVAr
—sigmaLimitsLUp sigmaLimitsDown min 0 max 0 O

Load Flow analysis completed

A small increase shows motion in BASILS, but also

many nodes in the vicinity.
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The Sigma Plot — Case 1 - P=2,500MW

4| HELM Flow [CAUsers\Agarauser\Desktop\DEMO2\anan _large_grid2.raw (0] [5:06:49 PM] | T e

File Edit View Power Flow Diagnostics Help
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[v] [T Areas Name BASILS
[v] 7 Zones - Base Voltage (kV) 345.0
[v] 3 Owners - Type Load
G (M) 0.00000
B [¢] T voltage Levels Lo B (MVAr) 0.00000
27 Elements By Type ' Area 102
Zone 12
0.75 Input Case Voltage ... 1.00045
Input Case Phase A... 0.57
Owner 1
0.50 Bus Condition
Mumnber 126641
Type Load
0.25 Voltage Calculated [v]
— G (M) 0.00000
s 0.00 B (MVAr) 0.00000
= HELM Voltage (pu) 1.05779
w HELM Phase Angle (... -45.42425
0.25 . Node 2914
‘~‘ . - P Terminals (M) 2,500.00000
e R Q Terminals (MVAr) 0.00000
-0.50 L Nt P Branches (MW) -2,500.00114
Solved PQR R S;;?nmes (MVAr) — 0.00146
Mum nodes 55239 -0.75 X ey . AR
Node
Max delta ] B
- us Type
Num nodes bad delta 0 Zane
Percent nodes bad 0% -1.00 Is External Equivalent [} E
delta
-1.25
Swings 8 OVERGAZE-1
13.8, 10CEANED3
22.. 03 H2 0L1 00 01 02 03 04 05 06 07 08 09 10 1.1 1.2 1.2 14 15
Swings remainder P 4 855.4 MW Sigma r
Swings remainder Q 2,973.2 MVAr
—sigmaLimitsLUp sigmaLimitsDown min 0 max 0 O

Load Flow analysis completed

Motion towards the collapse parabola




The Sigma Plot — Case 1 - P=6,500MW
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O 2 & H &£ BE <% v B adf 5 FEESM:éea » 0 Q0 & 0 ool i (@
"k Grid | “% Condions | % Original... » ClBuses | 2[5 Sigma | o Bus [BASILS 345] | |5 P-Phase Angle Curve (3:15:12PM) | %5 P-v Curve (3:15:12 PM) | Bus
MNumber 126641 |
] (] Areas Name BASILS
[v] 7 Zones - Base Voltage (kV) 345.0
[w] O3 Owners - Type Load
G (M) 0.00000
- [v] [ voltage Levels Lo & (MVAT) ThTT
27 Elements By Type : Area 102
Zone 12
0.75 Input Case Voltage ... 1.00045
Input Case Phase A... 0.57
Owner 1
050 Bus Condition
Mumnber 126641
0.5 Type Load
Voltage Calculated [v]
— G (M) 0.00000
Z o0 B (MVA) 0.00000
D HELM Valtage (pu) 0.97792
w HELM Phase Angle (... 72.04865
0.25 Node 2914
n P Terminals (M) ©,500,00000
050 v Q Terminals (MVAr) 0.00000
¥ o~ P . P Branches (MW) -6,500.01721
Solved PQR e Lt ' . S;Erlches (MVAr) - 0.02006
-, S n service
Num nodes 55239 e,
Max dett 0.02 Node
S : - (9] Bus Type
Num nodes bad delta 0 -1.00 —
Percent nodes bad 0% Is External Equivalent ] E
delta
-1.25
Swings 8 OVERGAZE-1
12.8, 10CEANED3 -1.50 /
22. 0,25 0.00 025 NS0 0.75 1.00 1.25 1.50 175
Swings remainder P 4 855.4 MW Sigma r
Swings remainder Q 2,973.2 MVAr
|— sigmaLimitslp sigmaLimitsDown min 0 max 0 O

Load Flow analysis completed

BASILS appears no closer to the parabola, but we

have a new outlier
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The Sigma Plot — Case 1 - P=7,000MW

4| HELM Flow [CAUsers\Agarauser\Desktop\DEMO2\anan _large_grid2.raw (0)] [5:18:53 PM] | T e
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MNumber 126641 |
] [ Areas Name BASILS
[v] 7 Zones Loe Base Voltage (kV) 345.0
[v] 3 Owners - Type Load
G (M) 0.00000
- [v] [ voltage Levels 100 & (MvAr) 0.00000
27 Elements By Type Area 102
075 Zone 12
Input Case Voltage ... 1.00045
Input Case Phase A... 0.57
0.50 Owner 1
Bus Condition
0,75 Mumnber 126641
Type Load
Voltage Calculated [v]
— 0.00 G (Mw) 0.00000
E B (MVAr) 0.00000
2.0 . HELM Voltage (pu) 0.94406
w s HELM Phase Angle (... 77.65214
* MNode 2914
-0.50 " 2 P Terminals (M) 7,000,00000
L. Q Terminals (MVAr) 0.00000
-0.75 5 " . P Branches (MW) -5,999, 34630
Solved PQR o Y o Q Branches (MVAr) 0.52423
Statu In Servi
Num nodes 55239 -1.00 No(;e ikl
Max delta 017 Bus Type
Num nodes bad delta 6 1,25 Zone
Percent nodes bad 0.01 % Is External Equivalent [} =
delta
-1.50
Swings 8 OVERGAZE-1 175 -
13.8, 10CEANED3 o
22.. -0.25 0.00 0.25 0,50 0.75 1.00 1.25 175 2.00 2.25 2,50 2,75
Swings remainder P 4 855.4 MW Sigma r
Swings remainder Q 2,973.2 MVAr .
—sigmaLimitsLUp sigmaLimitsDown min 0 max 0 O

Load Flow analysis completed

The rogue node Is getting Worse
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- Number
V| [ Areas Name OLIABE 135
[v] £ Zones Loe Base Voltage (kV)
[v] O] Owners - Type Load
[v] £ voltage Levels G}
1.00 B (MVAr)
27 Elements By Type Area
0.75 Zone
' Input Case Voltage ...
Input Case Phase A...
0.50 Owner
Bus Condition
0.75 Mumber 190075
) Type Load
"ﬁ.. Voltage Calculated [v]
— 0.00 o G (W) 0.00000
= . B (MVA) 0.00000
= h . HELM Voltage (pu) 1.02175
w . HELM Phase Angle (... 10.43541
: MNode 1247
<050 - P Terminals (M) 5.15700
Q Terminals (MVAr) 1.42300
-0.75 P Branches (MW) -5.16471
No Solution PQR () Branches (MVAr) -1.42266
Statu In Servi
Num nodes 55239 -1.00 . 1 SEveE
Max delta 14415 Node
. Bus Type
Num nedes bad delta 8651 1,25 —
Percent nodes bad 15.66 % Is External Equivalent ] E
delta
-1.50
Swings 8 OVERGAZE-1 175
13.8, 10CEANED3 o
22.. -0.25 0.00 0.25 0,50 0.75 1.00 1.25 1.50 175 2.00 2.25 2,50 2,75
Swings remainder P 4 8554 MW Sigma r
Swings remainder Q 2,973.2 MVAr sk
—sigmaLimitsLUp sigmaLimitsDown min 0 max 0 O

Load Flow analysis completed

Voltage collapse — as predicted by:the PV curve

Yet there is information to be gainedifrom sigma




: Batielie
The Sigma Plot — Case 2 — IEEE300 S

| 5| HELM Flow [CAHELM-0.0.7\samples\EEE300.cdf (3)] [5:05:55 PM] =
File Edit WView Power Flow Diagnostics Help
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m -
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ity P Branches (MW) -45,00115
050 = Q Branches (M... -12,00077
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Q Node
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Mum nodes 0 Is External Eq... [
bad mismatch g -1.00 Is External Eq... [l
Percent nodes 0% Buzes ... 1element(s)
bad mismatch . Node Solution
Control limits 0(0%) 1.25 Island 1
violated MNumber 23
Abnormal 1100.24 %) Type Load |
Branches 0% 02 ©1 00 01 02 03 04 05 06 07 08 09 10 L1 1.z 13 14 15 b ~0.45000 ™
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Power flow analysis completed |

IEEE300 Base Case

We’ll focus on Bus 25




The Sigma Plot — Case 2 — IEEE300
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The Sigma Plot — Case 2 — IEEE300

The Business o][ Innovation

Battelle

1.25

1.00 4

0.75 1

0.50 1

0.25 1

0,00 4

Sigmaii

-0.25 4

-0.50 4

-0.75 1

-1.00 4

-1.25 4

03 @02 01 00 01 02 032 04 05 06
Sigmar

07 0.8 009

| 2 5igma r-Sigma i = sigmaLimitsLp

sigmaLimitsDown

Bus 25 — Load = 100MW.

1.0

1.1

1.3

1.4

15




The Sigma Plot — Case 2 — IEEE300

The Business o][ Innovation
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The Sigma Plot — Case 2 — IEEE300
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Bus 25 — Load = 520MW.— zoom and color

coded for unit voltage (Collapse)
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'he Sigma Plot — Case 2 — IEEE300
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Bus 25 — Neighboring noedes also in an under-

voltage state
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Teaser — Solution Instability (PV/QV)

PV nodes with sigma values
approximately:

‘Oi‘ =\

are “unstable”

-1/4

But this is seen more precisely
in the Sigma Plot for PV
nodes, as it depends on the
value of [V|.

If a PV node Is turned— into PQ, the oeriginal

operational solution will often’be nen-cperational
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HELM™ Offers a Useful Visualization of The Business of Innovation
Voltage Stability

HELM-Flow™ commercial release In
July — contact Battelle

Put sigma visualization to work
Steve Krak — krak@battelle.org 2
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Thank You!
Battelle Grid Services Team
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