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Introduction

e Panayiotis (Panos) Moutis
* Recent activity:

— Distributed optimization based on Consensus+innovation

— PMU requirements & state estimation for distribution
systems

— |EEE 2330.10 & 2330.10 standard WGs
e Main research focus: Virtual Power Plants
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Outline of presentation

 The AC Optimal Power Flow (OPF) problem,
practice and challenges

 Review of linearized OPF formulations
* A straightforward new proposal
 Tests & Results

 Discussion
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The AC OPF problem

st Pigmin <Pig <Pigmax (Publib)
Qi gmin < Qig = Qi gmax (Queriey

ONLA [ =Pl Lo - cost@ —65) +by -sin —9]-)]\>

&gy =—by-w \2 il |-lgy -sin(6, - 6;) by -cos(@, -6))]

2.iPij =P =P g — Py (Psum)
2:0j=0;=0Q;4—0Qig  (QM)
Vimin = Vi = Vi max (V9)
Pi° * Gi® <Sijm° (Fb)
* Non-linear & non-convex => NP-hard to solve
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Relaxing the AC OPF problem

* Semidefinite (SD) relaxations (SDP, SOCP)

BIM

codel => tr(VY V*) => W=VW*=> W =0
* For most practical cases in radial networks

— Exact

— Global optimum retrieved if f(X) is convex
* Otherwise, no guarantees
* SDP & SOCP not very efficient [O(n3),0(n?)]
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OPF in practice

* Non-linear solvers (good but elaborate)
e System Operators (SO) use linearized OPF
* Most ‘industry’ software based on linearized OPF

* Practical OPF-based problems much larger
(security-constrained OPF, planning)
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OPF challenges ahead

* OPF at distribution systems

e Market restructure seeks maximization of
value of existing infrastructure

 Numerous Distributed Generation (DG) units
* Practice heavily favoring linearized methods

... hence, linearized OPF formulations are still of
much interest
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Classic linearized OPF set-ups

Pij = i "Vi ‘2 —|VH¢%H% -Cos(f; — 05) +by; - s0(0; _ej)]\

;

- A Q= e .

_CI"J :_hij 'l\/i %ﬁluﬂ —Uj)_Dij 'COS(Hi _HJ)J
\ J

+ DC OPF: g
s.t. {PuPlb, PsUm i = by - (6, —0;) ,—Sijm < Pij <Sijm} (DC set)

* Decoupled OPF:
s.t. {DC set, QU'lP, QUM q;; =—by; '(‘Vi‘_‘vj‘)’ Fub}
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Recent linearized OPF set-ups

With focus on resistive-aware methods
-~ » BGs
. Bolognani R s.t. @ psum. Qub/lb qumE.

. . lv| = dlag(|v0|)+|—0| Re(Z - s*)
Zampieri 2016 }

1
0 = diag(6,) +| E -Im(Z - s*)
Vo

e Gan & Low 2014  s.t. {BCs,i|’ —\v
 Dhople et al. 2015 s.t. {BCs, v-1=R- Io}

0=-R- g

(  Zjj *+zIJ Sij *)}

e Guggilam
et al. 2016
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Two new linearized OPF proposals

* Straight-forward
* Simple
* Resistive-aware

* Building on the DC and Decoupled OPF
understandings
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Linearized for angles OPF (LA OPF)
Pij = i Piﬁxz—w&}j"[gij'Cowix“gj)erij'S'@(gi—@j)]\
0ij = by "iﬁ\F —|VT«|9TV1HQU (6, ~0;) b, -costoh- 91)])

* LA OPF:
s.t. {Pub/lb, psum Qubllb_ Qs Fub p. — i = (gij _bij).(gi -6,)}
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The value of LA OPF

* Comparing DC to LA OPF

ij flow (p.u.)

A0y (rad)
* DC constraint: p; =—b;-(6,-9;)

* LA constraint: p; —q; =(g; —b; ) (6, -6;)
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Coupled OPF (COPF)

Pij = 9ij - ‘ ‘/ |V ‘V ‘ [glj COSﬁ\'—H )+blj st9(6; — 0, )]
G = U‘f|ﬂ1\b”mw>e)bum¢$9ﬂ

* COPF:
s.t. {LA OPF, g;

IR Vil
ubij ij bilj (_gﬁ b”) o, (g,J+b )}
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Testing on [EEE-123
(+48 DG units, no Q,

o | szas [ avsa | g | corr |

O 6047 6047 6047 6047 6047 6172
Cost ($)
m d/c BZ’16 GlL'14 2,11‘:' COPF  SDP
PEET8 2740 2740 2740 2740 2740 2695
DG@44 10 10 10 10 10 10
DG@66 40 40 40 40 40 40
30 30 30 30 30 30 .
m ~ |—[13] —FX3E 9385 - [1] — COFF
S 1 1
m d/c BZ16 D'15 G'16 COPF  SDP g 1
N
| Slack  |RE] 0 0 0 0 0 =
-1.215 -0.802 -0.229 -1.031 -0.401 -0.791 —
-1.684 -1.289 -0.138 -1.427 -0.911 -1.261
CITELOM -1.644 -1.203 -0.189 -1.392 -0.785 -1.175 0.99
m d/c BZ’16 GL'14 2,115; COPF  SDP
| Slack [REI 1 1 1 1 1
0.989 0983 0.988 0992 0.983 0.983
0.993 0984 0.998 0989 0.984 0.984 0.98 . ‘ ‘ ‘ ‘
Sl 0991 0982 0996 0990 0982  0.982 149 29 o1 63 80 o7 450
Bus No
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Testing on IEEE-123 not enough...

* One arbitrary loading
* Assuming DG raises questions about injections

* Not clear view of effect of resistive/reactive
nature of grid
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Statistical, multi-scenario testing

* One 10-bus radial system (exactness guarantees)

* Three system profiles r>X;;, I;;<Xj; arbitrary

* Three injection profiles

. Unrestricted P ; & Q,; (emulating transmission)
ii. Unrestricted P ; & restricted Qg (current code)

iii. 50% DG penetration & restricted Qg,i (limited DG)

* |Introducing feasibility gap...
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Carnegie

Feasibility Gap

e Linearized formulations to initialize ‘closer’ to
optimal for non-linear, SDP, SOCP, etc methods

e Geometric distance of a solution of a linearized
OPF set-up (~) from the AC OPF feasible region

B ~ ~ ~ 12
&py = gy — Py — |l Z gij +

JENBI

& = Z(&‘gi ~+ Séi) — jENBi

. o~ ~ ~ 12
IEN ot = Ggi — Gui + Vil 2 b;; +

JENBI

+ |7 Z U] - 94 - sin(6; — gj) — by; - sin(6; — 9}')]
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Voltage Angle Results

Average and Standard Deviation of Error in Maximum Point Error in Voltage Angles (in

\oltage Angles (in Degrees) Between Degrees) Between Approximate and SDP
Approximate and SDP Relaxed OPF Relaxed OPF
Line Type | .2 DC BZ'16 D15 G’16 LADC Line Type | -2 pc | Bz16 | D15 G'16 LADC
2 e
[J] (]
3 3
- i | 0.96+0.80 [ 0.11+0.16 | 0.60+0.36 | 0.42+0.40 | 0.33+0.30 - i [ 683 [ 202 | 300 [ 411 2.20
v i | 1.48+0.95 | 0.65+0.80 | 0.46+0.37 [ 0.95+0.59 | 1.07+0.82 v i | 839 | 595 | 237 | 593 6.91
= i | 1.9120.68 | 0.12+0.14 | 0.44+0.28 | 1.10+0.44 | 0.57+0.20 = i | 718 | 128 [ 1.58 4.89 1.40
- i | 2.67+2.15 [ 0.08+0.13 | 0.60+0.53 | 0.63+0.60 [ 0.39+0.28 - i [ 1452 ] 242 | 388 | 367 1.88
A i | 27121.88 | 1.75+1.25 | 0.73+0.54 | 0.95+0.59 | 1.45+1.13 A i 1075 [ 910 | 237 | 468 8.48
= i | 3.85+1.49 | 0.87+0.64 | 1.14+0.36 | 0.78+0.56 | 0.57+0.38 = i | 1028 | 360 | 237 | 247 2.48
- i | 1.47+1.19 [ 0.10+0.15 [ 0.39+0.31 [ 0.49+0.46 [ 0.17+0.16 - i | 874 | 219 | 242 | 415 1.69
= i | 256+1.82 | 1.45+1.21 | 0.74+0.53 | 1.00+0.59 [ 1.32+1.11 = i 1073 ] 837 | 264 | 431 8.11
= i | 354+1.37 | 0.38x0.42 | 1.12+0.37 | 1.15+0.51 [ 0.38+0.27 = i | 935 | 272 | 260 [ 3.70 2.00
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Voltage Magnitude Results

Average and Standard Deviation of Error in  Maximum Point Error in Voltage Magnitude (in

\oltage Magnitude (in %) Between %) Between Approximate and SDP Relaxed
Approximate and SDP Relaxed OPF OPF
Line 2 d/c BZ'16 GL'14 D15 & COPF Line Type | 2 d/c BZ’'16 | GL'14 D’15 COPF
Type | & G'16 e &
(] (]
A A G’'16
_ | i | 1.09+0.76 [ 0.22+0.34 [ 0.19+0.35 | 1.10+1.13 | 0.22+0.34 = | | 469 ] 490 | 530 [ 542 | 490
s -
v [ i | 0.95:0.67 [ 0.24+0.18 | 0.17£0.17 | 2.99:0.88 [ 0.24+0.18 v M| 376 I 241 | 848 IEE
= [Viii [ 1.24+0.65 [ 0.26+0.18 | 0.16£0.11 | 3.03:0.85 | 0.26:0.18 i | 376 | 102 | 130 | 687 | 102
.~ |t | 0872058 | 0.25:0.38 | 0.22:0.41 | 0.73:0.72 | 0.25:0.38 = i | 501 | 539 | 58 | 385 | 539
A i | 2.06+148 | 0.27:0.26 [ 0.22+0.29 | 1.86+0.63 | 0.27+0.26 A 111195 BN 386 | 509 e
~ [t | 0.89+0.63 [ 0.26+0.18 | 0.19+0.16 | 1.94+0.58 [ 0.26+0.18 oL O.0L IR 216 | 492 B
- i | 1.01+063 | 0.23+0.35 | 0.19+0.35 | 0.98+1.01 | 0.23+0.35 b i | 433 | 494 | 531 | 504 | 4.94
€ [ i | 1.76+1.30 [ 0.26+0.24 | 0212027 | 2.08+0.65 | 0.26:0.24 5 V] 965 WM 370 | 6.38 JEE
= | i | 0670.41 | 0.25:0.17 | 0.18£0.15 | 2.26£0.62 | 0.25:0.17 "ol 94l | 1582 221 | 549 | 152
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Feasibility Gap Results

Average and Standard Deviation of Feasibility
Gap Between Approximate and SDP Relaxed

OPF
dic BZ’16 GL’14 , ,
S o d/c BZ’16 GL’14 ° d/c BZ’16 GL’14
2 | 8 g | o g | e
) & 2 S = 5]
c 3 = <5} uC)
3 2 e 3 c o
i 10.31+0.31 | 0.07+0.10 | 0.29+0.29 i | 7.58+5.17 | 2.13+3.19 | 1.87+3.47 ' i | 7.51+4.61 | 1.59+2.40 | 1.38+2.55
i |0.51+0.41 | 0.16+0.19 | 0.27+0.24 i 16.82+12.53 2.18+2.20 | 1.82+2.47 i |5.65+4.29 | 0.85+0.73 | 0.93+1.22
— | dii 0.68+0.35 | 0.07+0.06 | 0.26+0.26 _ i |1.76+1.46 [0.250.20 | 014011  _ iii | 4.18+2.79 | 1.68+1.15 [43.20+20.94
X < b
v D’15 G’16 COPF N D’15 G’16 COPF § D’15 G’16 COPF
- i 10.29+0.29 | 0.1740.17 | 0.1440.15 = i |6.0045.91 | 5.97+5.89 | 2.13+3.19 i |7.18+7.28 | 7.13+7.24 | 1.60+2.40
i |0.27+0.24 | 0.37+0.29 | 0.22+0.18 ii |15.80+5.27(15.70+5.26 | 2.20+2.20 ii |6.39+2.01 | 6.32+2.01 | 0.82+0.73
iii |0.27+0.26 | 0.31+0.19 | 0.21+0.16 iii |0.15+0.11 | 0.20+0.14 | 0.16+0.14 iii [15.36+4.05[15.46+4.07 | 1.64+1.13
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Discussion (1/2)

No one formulation fits all

The better angle calculation of BZ’16 is not

guaranteed by its minimum maximum error
proof (unlike D’15)

Same for magnitudes with GL'14 (maximum
errors up to 5%) — but only for distribution

COPF & BZ’16 (almost guaranteed) voltage
magnitude performance
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Discussion (2/2)

* GL'14 with small feasibility gaps besides no angle
* Reduced feasibility gaps with COPF & BZ'16
 Combining formulations can tackle concerns, e.g.

s.t. {BCs, |V| _‘V‘ (IJ Zij *+2jj - Sj ) 9—dla9(90)+| tl

* Solving the formulation of average best
nerformance & best of the maximum errors one

- Im(Z - S*)}

* Loading characteristics show effect on
oerformance
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Conclusion

 Employing linearized OPF still preferred
 Ample formulations available
* No single formulation as best one

* Grid & loading characteristics can serve best
choice

* Linear formulations allow for multiple runs
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Thanks for your attention!
Questions, please?

http://panaylotls.com

LinkedIn, Facebook: Panayiotis Moutis
Skype: panayiotis.moutis


http://panay1ot1s.com/

