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Electric power networks & their conventional operation

, - 1%
.,  ExtraHigh Voltage =200 MWy dro-lectric Plant
265 to 275 kV
(mostly AC, some HVDC)

Low Voltage

Distribution Grid
T ~*

@ electric energy is our lifeblood

@ purpose of electric power grid:
generate/transmit/distribute

@ constraints: op, econ, & stab
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controllable fossil fuel sources

stochastic renewable sources

centralized bulk generation distributed low-voltage generation

synchronous generators low/no inertia power electronics

controllable load follows generation

monopolistic energy markets deregulated energy markets

centralized top-to-bottom control distributed non-hierarchical control

o
(2]
o
@ generation follows load
(5]
(6]
(7]

U

human in the loop & heuristics

“smart” real-time decision makiy}%2

Microgrids

Structure

» |low-voltage distribution networks
» grid-connected or islanded

» autonomously managed

Applications

» hospitals, military, campuses, large
vehicles, & isolated communities )

Benefits
» naturally distributed for renewables
» flexible, efficient, & reliable

Operational challenges
» volatile dynamics & low inertia

» plug'n’play & no central authority )

€

=
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Conventional control architecture from bulk power ntwks

Tertiary Control Dispatch 3. Tertiary control (offline)
l l l o Goal: optimize operation
i . ety ' o Strategy: centralized & forecast
. | Transceiver ﬁ];‘ Transceiver lﬂ:j Transceiver I E
E 9 i T () i 2. Secondary control (slower)
' | Secondary EE Secondary ii Secondary ; o Goal: maintain operating point
E Control :i Control :i Control ' o Strategy: centralized
Ao o o o |
| Primary v Primary |1 | Primary || 1. Primary control (fast)
'| Control :i Control :E Control |} o Goal: stabilization & load sharing
E [§] :E [§] :E O o Strategy: decentralized
; -IK—}!- ¥ 1 T 1@ ©Microgrids: distributed, model-free,
E----Q-)-----:E----E-)-----:i----é-)-----: online & without time-scale separation
MiCI’OgI’id = break vertical & horizontal hierarchy
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A preview — plug-and-play operation architecture

flat hierarchy, distributed, no time-scale separations, & model-free ...

Transceiver OMI Transceiver O|: . i Transceiver Om

Tertiary Secondary Tertiary Secondary Tertiary Secondary
Control Control Control Control Control Control

) () ()
O O O

Primary Wy 4 Primary Primary
‘@ :> Control < ) D Control H H D Control
0 B B

Power System
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Outline

we will illustrate all theorems with experiments ]

modeling & assumptions




Modeling: a power system is a circuit

@ synchronous AC circuit with
(Oitw™t) 3

) I Zf
1
- I
P 4iQ7

injection = Y power flows |

harmonic waveforms E;e'

© ZIP loads: constant impedance,
current, & power P +iQ;

© coupling via Kirchhoff & Ohm

> active power: P = ZJ- B,'_,'E,'Ej sin(9,- = 09_,') aF G,:,'E,'E_,' COS(9,’ = 09_,')
> reactive power: Q; = —}_; BjEiEjcos(0; — 0;) + GjE;Ejsin(0; — 0;)
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Modeling: a power system is a circuit

@ synchronous AC circuit with
(Oi+w™t) 3

) I Zf
1
- I I
P 4iQ7

harmonic waveforms E;e'

© ZIP loads: constant impedance,
current, & power P +iQ;

© coupling via Kirchhoff & Ohm

injection = Y power flows |

© identical lines G/B = const.
@ decoupling: P; ~ P;i(0) & Q; ~ Qi(E)

> trigonometric active power flow:  P;(6) = >, Bjsin(6; — 0;)

> polynomial reactive power flow:  Q;(E) = —>_; BjEE;
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Modeling the “essential” network dynamics & controls

(models can be arbitrarily detailed)

@ synchronous machines (swing dynamics)

Mib; = P} + Pf — Pi(6) | electr.

torque

@ DC & variable AC sources interfaced
with voltage-source converters

P + P; = P;(0) J

@ controllable loads (voltage-
and frequency-responsive)

P +P =P(0) |

— -]

Eei(9+wt)
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primary control

(droop characteristic)




Decentralized primary control of active power

Emulate physics of dissipative
coupled synchronous machines

M;6 + D;0;

=P — ZJ_ Bjjsin(0; — 6;)

Conventional wisdom: physics
are naturally stable & sync fre-
quency reveals power imbalance

CL’syncIZI'P;k/ZiDiJ

AW
P/6 droop control: Pry,
w* al.'l’()()llt

(wi —w*) o (PF = Pi(9)) "

Wsync| .
¢ ’ T~ »p
D,‘¢9,' = P,* = P,(H) . >

Py Py

power supplied

= sum equations & set §; = Wsync!
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Putting the pieces together...

differential-algebraic, nonlinear, large-scale closed loop

network physics

power balance: PPt = P 4 P¢ — Py(6)
flow:  Pi() = B;jsin(0; — 0;
power flow (0) Zj j sin( L)

droop control

[Diéi = (P —P(9) }

passive loads: 0=Pf — Z,- Bjsin(6; — ;)

synchronous machines: M;6; + D;6; = P — Z Bijsin(0; — 6))
J

inverter sources: D;f; = P — Z Bijjsin(0; — 6))
J

controllable loads: D;f; = P — Z Bijjsin(0; — 6))
J

A perspective from coupled oscillators

Mechanical oscillator network

Angles (01, ...,0,) evolve on T" as

M,-é,' 4 D,'é,' = (s — Zj Kij sin(0; — ej)J

inertia constants M; > 0

viscous damping D; > 0

external torques ; € R
e spring constants Kj; > 0

Droop-controlled power system
0= P,-* — Zj B,'j Sin(e,' — ej)
Di; = P; = Bjsin(6; — 6
Zj i sin( i)
M;6 + D;6; = P — > " Bjsin(6; — 6;
+ Zj jjsin( i)

" g

0,

X
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Closed-loop stability under droop control

Theorem: stability of droop control

3 unique & exp. stable frequency sync <= active power flow is feasible

Main proof ideas and some further results:

* *
Zsources 'Di + Zl()ads Pi
Zsources D i

e synchronization frequency: Weyne = w* +
(ox power balance)

P (load #1i)

e steady-state power injections: P = { P* — Dj{wepme—w*) (source #7)
i i\Wsync

(depend on D; & PY)

e stability via incremental Chetaev energy function
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tertiary control

(energy management)

Tertiary control and energy management

an offline resource allocation & scheduling problem
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Tertiary control and energy management

an offline resource allocation & scheduling problem

minimize {cost of generation, losses, ...}
subject to

equality constraints: power balance equations

inequality constraints: flow/injection /voltage constraints

logic constraints: commit generators yes/no

12/32

Objective |: decentralized proportional load sharing
1) Sources have injection constraints: P;(6) € [0, P;]

2) Load must be serviceable: 0 < ’Zloads Pj‘) < cources Pi

3) Fairness: load should be shared proportionally: P;(0) / P; = P;(0) / P;

010010100110
pono1oiol!

|

source # 1 source # 2
= load
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Objective |: decentralized proportional load sharing

1) Sources have injection constraints: P;(6) € [0, P;]

S ZSOUI‘CGS P./

2) Load must be serviceable: 0 < lzloads P

3) Fairness: load should be shared proportionally: P;(6) / P; = P;(6) / P;
A little calculation reveals in steady state:
Pi0) 1 PO) _ P (Diwsne—w') I Py = (Djdoync — ")
= P; i i
...so choose § .

i = f—l and 2 = g
Pi P; P;  P;
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Objective |: fair proportional load sharing

proportional load sharing is not always the right objective

source # 3

Objective |: decentralized proportional load sharing

1) Sources have injection constraints:  P;(6) € [0, P;]

2) Load must be serviceable: 0 < ‘Zlmds Pf’ <D ources P

Theorem: fair proportional load sharing

Let the droop coefficients be selected proportionally:

D,/P; = D;/P; & P!/P; = P}/P;

The the following statements hold:

(i) Proportional load sharing: P;(0) / P; = P;(0) / P;

’ —ZSOHI‘CBS ﬁJ @ Pl(e) 6 [O,ﬁl]

(i) Constraints met: 0< ‘Zloads P

3) Fairness: load should be shared proportionally: P;(6) / P; = P;(6) / P;
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Objective Il: economic generation dispatch
minimize the total accumulated generation (many variations possible)
2

f(u)= Z Q;us;
sources

minimize geTn | yeRr™

subject to

source power balance: P; + uj = Pi(9)

P} = Pi(6)

load power balance:
10 = 0j] <y <7/2

branch flow constraints:

In conventional power system operation, the economic dispatch is
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Unconstrained case: identical marginal costs «ju; = cujuj’-k l at optimality

@ solved offline, in a centralized way, & with a model & load forecast

In a grid with distributed energy resources, the economic dispatch should be
@ solved online, in a decentralized way, & without knowing a model
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Objective Il: decentralized dispatch optimization

Insight:  droop-controlled system = decentralized primal/dual aIgorithmJ

Theorem: optimal droop

The following statements are equivalent:

(i) the economic dispatch with cost coefficients «; is strictly feasible
with global minimizer (6%, u*).

(i) 3 droop coefficients D; such that the power system possesses a
unique & locally exp. stable sync’'d solution 6.

If (i) & (ii) are true, then 6; ~ 87, uf=—Dj(wsync—w*), & | Diaj = Djcj|.

@ recover load sharing for a; l/ﬁ,- & similar results in constrained case

@ similar results in transmission ntwks with DC flow [E. Mallada & S. Low, '13]
& [N. Li, L. Chen, C. Zhao, & S. Low '13] & [X. Zhang & A. Papachristodoulou, '13] &
[M. Andreasson, D. V. Dimarogonas, K. H. Johansson, & H. Sandberg, '13] & ... 16/32

Some quick simulations & extensions

2 0.04

Marginal c
o
o
8

o
°

Hon

0 2 8 10 o 1 4 5

4 6 2 3
Time (sec) Time (sec)

IEEE 39 New England
with load step at 1s

t — oo: convergence to
identical marginal costs

t — oo: frequency
o power imbalance

= strictly convex & differentiable cost 2 '
_ A1 2 O
f(u) - Zsourccs C,(U,) 315 v—|<
S 5
= non-linear frequency droop curve z " §
14y — pr_ p. S s g
¢ (6:) =P —Pi(0) . )
-1 05 0 05 1 o i o 5 10
= include dead-bands, saturation, etc. injection frequency
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secondary control

(frequency regulation)

Conventional secondary frequency control in power systems

Interconnected Systems Isolated Systems

e Centralized automatic
generation control (AGC)

e Decentralized Pl control

remainder
control

compatible with econ. dispatch
[N. Li, L. Chen, C. Zhao, & S. Low '13]

is globally stabilizing
[C. Zhao, E. Mallada, & FD, '14]
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Conventional secondary frequency control in power systems

Interconnected Systems Isolated Systems

e C ~tralized automatic e De' -tralized Pl control
‘~n control (AGC)
C,

compatible with econ. dispatch
[N. Li, L. Chen, C. Zhao, & S. Low '13]

is globally stabilizing
[C. Zhao, E. Mallada, & FD, '14]

Distributed energy ressources require distributed (!) secondary control. J
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Distributed Averaging P1 (DAPI) control

| Power System

Dif; = Pf — P;i(8) — Q : .
i0i i i(0) i pl(‘ 391 pzi 392 PHQ jen
kiQi _ Diéi_ E ajj - (OéiQi_CVij) Primary Primary Primary
i C sources ’I“ertlary T‘ertlary ?ert1ary
€1£ 391 92£ 392 9n(‘ an

T e o

. . Secondary |/ }|S d . |Secondar;

e no tuning & no time-scale 0 e i

separation: k;, D; > 0

e distributed & modular: Theorem: stability of DAPI

connected comm. C sources

e recovers primary op. cond.

rimary droop controller works
(load sharing & opt. dispatch) primary droop w

<~
secondary DAPI controller works

V.

= plug'n’play implementation
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Simulations cont'd

60.5 0.07

0.06
decentral lized —
PI control 3005
- 0.04]

0.03

= 0.02] \/

0.01

Frequency (Hz)
larginal cost

4 5 0 2 8 10

2 3 4 8
] Time (sec) Time (sec)

IEEE 39 New England with t — co: decentralized PI  t — oo: decentralized Pl
decentralized Pl control  control regulates frequency ~ control is not optimal

0.025

0.02]

' v decentralized PI control

Frequency (Hz)
Total cost (pu)

distributed DAPT control

global minimum

droop control

0 1 4 5 ) 1

2 3
Time (sec) '?ime (seg) ¢ ¢

IEEE 39 New England with t — oo: DAPI control
distributed DAPI control regulates frequency

DAPI control minimizes
cost with little effort
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Plug'n’play architecture

flat hierarchy, distributed, no time-scale separations, & model-free

Transceiver mm Transceiver OWI | Transceiver mm
() () )

Tertiary Secondary Tertiary Secondary Tertiary Secondary
Control Control Control Control Control Control

) () ()
O O [

Primar Y 4 Prim: Prim
‘@ :) Contro}l’ (@) D Contz)l’ H D Cont%rlz
() B B

Power System
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plug-and-play experiments

Plug'n’play architecture

recap of detailed signal flow (active power only)

Power system:
physics
& loadflow

Primary control:
mimic oscillators

Tertiary control:
marginal costs
o 1 /control gains

Secondary control:
diffusive averaging
of injection ratios
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Plug'n’play architecture

recap of detailed signal flow (with reactive power)

Power system:
physics
& loadflow

Primary control:
mimic oscillators
& polyn. symmetry

Tertiary control:
marginal costs
o 1 /control gains

Secondary control:

diffusive averaging
of injection ratios
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Plug'n’play architecture

experiments also work well in the coupled & lossy case

Power system:
physics
& loadflow

Primary control:
mimic oscillators
& polyn. symmetry

Tertiary control:
marginal costs
o 1 /control gains

Secondary control:
diffusive averaging
of injection ratios
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Experimental validation of control & opt. algorithms
in collaboration with Q. Shafiee & J.M. Guerrero @ Aalborg University

Low Bandwidth
Distributed Communication Network

G

Primary

mary |
l Control |Q: Power
Voltage * Virtual
Control Loop Impedance Loop

1 Current
| Control Loop

Experimental validation of control & opt. algorithms

frequency/voltage regulation & active/reactive load sharing

Voltage Magnitudes Reactive Power Injections

325
Z 320
e
2 315
=
5 310
305
300 ; ; ; ; 100 ; ; ; ;
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
Voltage Frequency Active Power Injection
50.1 : . . . 1200
t € [0s,7s]: primary < 50
. 1000
& tertiary control T g
499
t = 7s: secondary s Z 800
control activated o 408 g
2 g 600
— 99 1ot 497
t = 22s: load # 2 ° o Vag
unplugged B 496 400
t = 36s: load # 2
495 200
plugged back 0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
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virtual oscillator control

Removing the assumptions of droop control

o idealistic assumptions: quasi-stationary operation & phasor coordinates
= future grids: more power electronics & renewables and fewer machines
@ droop control = coupled phase oscillators constrained to limit-cycle

= Virtual Oscillator Control: control inverters as limit cycle oscillators
[Torres, Moehlis, & Hespanha, '12, Johnson, Dhople, Hamadeh, & Krein, '13]

/ \ stable sustained oscillations
* 1
v<R g(V) L =C

L«j -
PWM
_k
\ ¢

dynamic behavior of droop control

digitally implemented VOC ,; 5,




Plug'n’play Virtual Oscillator Control (VOC) Crash course on planar limit cycle oscillators
Oscill | d stable sustained oscillations
scilloscope plots: 19, . T
— dt v<R 9v) S =—cC
i NN AR d .. i 1
Eiaausa'ATATAIA A CIV =—Rv—g(v) =i — igid
ol e = normalized coordinates (& = \/L/7C) @S‘_}\J .
emergence of synchrony . .
V+ckig(v) + v =ckou J
I'n Ap A AN 9 g
bty T AL
10 A Liénard’s oscillation condition [\/ / N
5 AAURYAVAVRY UAYRVRVRYRY) for our VOC oscillator g
- deadzone Van der Pol
0 removal of inverter © 2nd order harmonic oscillator without
-5 .. forcing & state-dependent damping
IO A
100 A @ damping: negative in neighborhood of
R . AVAVA } the origin & positive elsewhere
-15-10-5 0 5 10 MR SRR _ o
change of setpoint addition of inverter 252 = unique & stable limit cycle )
Backward compatibility to droop Experimental validation of backward compatibility
4 VOC stabilizes ©
| . arbitrary g ('U)
waveforms to + VOC model: ¥ +ckig(v)+v = ekou |
= sinusoidal steady J
g state R§ L§ C—— (% v
5 NDmf)p control o o VOC D droop:
) only acts on
y :gltlzmdal steady O %oavg = constant - (reactive power)
-4 2 0 2 4 : e 3 _
Voltage, v Van der Pol nonlinearity: g(v) o v> —v g — 1 = constant - (P* — active power)
in normalized coordinates: V+ekig(v) 4+ v =ckou J @ VOC =2 harmonic oscillator
_ _ _ o with 1/3 harmonics ratio o /8
= transf. to polar coordinates, averaging, & generalized power definitions y
o n o o 132
Thm: in vicinity d 126k
of the limit cycle: —;favg = constant - (reactive power) Z 1
) 5 . ) =114
VOC D droop: favg — " = constant - (P — active power) ‘ ‘ 108 1
—750-500—250 0 250 500 750 0 250 500 750
28/32 Quq: [VAR] Peq, [W] 29/32




Co-evolution: “dynamic process over dynamic network”

Nonlinear oscillators:
@ passive circuit impedance z(s)

@ active current source g(v)

Co-evolving network:
@ RLC network is LTI

@ Kron reduction: eliminate loads

Homogeneity assumptions:

@ identical oscillators & local
loads after Kron reduction

~> perfect sync of WaveformsJ

| b :
gv) v
AR
| .

Kron

Time-domain analysis

@ Compartmentalization of linear and nonlinear systems

‘]:(cht(s)vned(s)) Linear fractional transformation:
‘| F(G H)=(1+GH )6

@ Projection N = (I, — 11,17) O FlZaa(s), Yiea(s))
1I: ITv
= sync problem ~- stability problem
© apply Lure system analysis: frequency domain sync criterion:
passivity, L7 small-gain, 1QC, ... “stability of 7" > “instabilityofg”J

@ Liénard limit-cycle condition: sync'd & decoupled system oscillates if

“instability of g" > “local dissipation”J for heterogeneous systems?J
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many open questions:

some |QCs work only for some networks
sync analysis of heterogeneous VOCs
nonlinear constant power load models

secondary amplitude & frequency control

conclusions




Conclusions

Summary
e primary P/é droop control _
. “ Transceiver m— >
e new quadratic droop control — - ) t =
e fair proportlo.nal !oad sharlng & . Tertviary Secondary
economic dispatch optimization
Control Control
e distributed secondary control 0
strategies based on averaging Q)
e virtual oscillator control Dpﬁm"“y
. S Control
e experimental validation
Ongoing work & next steps . .
goms P Microgrid
e better models & sharper analysis
e other energy management tasks
e solve these problems without comm
e many open problems for VOC inverters
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addendum: proof of
optimality of droop control

Key ingredients of the proof

@ convexification via flow bijection:

AC flow: P,‘ = Zj B,'J' sin(@,' — QJ) DC flow: P,' = Zj B,J(é, — (51)

The flow map sin(6; — ;) = (6; — ¢;) is bijective in acyclic networks.J

Argument can be extended to cyclic networks

@ droop control is surjective & 1-to-1: 3 droop coefficients to uniquely
reach every feasible steady-state (with flow & injection constraints)

© KKT conditions = steady state & identical marginal costs (= frequs)

oc CoPe) oL
0: o_sz, 20, =0: —u; = P! — P;(f) (controllable)

00; O\
oL oL . .
o = 0: 20u; = =\ Fyv 0: 0=P" —P;i(0) (passive)

@ droop-controlled dynamics converge to stable KKT steady state

addendum: reactive power




Back of the envelope calculations Intuition extends to complex networks — essential insights
reactive power balance at load: Qo = B Eioad(Bioad = Efyrea) J Reactive power balance: Suff. & tight cond’ for general
Qi = — Zj B,-J-E,-EJ- case
E:()urce reactive 3 unique high-voltage solution E; _,
(fixed) power ==
0 Es*ource Eload ‘ ‘ ?
B > ] 4 -load
g)D . 1.00 (admittance)(nominal voltage)? <1
,S load
'_O‘ Eload
> z (variable) 0.95 g © vianominal (zero load) voltage Eqom
. 7
Q* ) @ 0=-— Zj Bij Ei,nom Ej,nom
load Fioad ER & QFLy > —B(E: 4 e
m — load load = (Ecource)”/ @ coord-trafo to solution guess:
@- Xi = Ei/Ei,nom -1
[ 3 high load voltage solution < (load) < (network)(source voltage)2/4] ____________ © Picard fixed point iteration:
Stability Boundar x(k +1) = f(x(k))
y y
Intuition extends to complex networks — essential insights
Reactive power balance: Suff. & tight cond’ for general
Qi =-Y,; BjEE; J case
3 unique high-voltage solution E;_,
Ty i
4 -load i
1.00 § (admittance)(nominal voltage)? <1 prlmary contro'
of reactive power
Moreover ...
0.95 %
S G O load flow Jacobian at E_, is
Hurwitz = voltage stability
m @- Q linear O(1/E%,,..>) approx:
____________ Ef:,ad 2 S — Bf Qfgad/Enom )

Stability Boundary




Decentralized primary control of reactive power

Recall: Q;(E) = _Zj BjjEiE; AE

Heuristic linear Q/E droop: |
(Ei = E) o< (Qf = Qi(E)) o

sz}nar

e
S

Implemented with integrator: B o NIRRT ) 0
TiE = —G (E — E') — Qi(E) ? >
Q1 Q2
Mostly works but hardly tractable &
conflicts with network (a)symmetries Ei B Bou
e RAAAR SCEC
Circuit theory suggests quadratic & h
asymmetric droop control [J. II
Simpson-Porco, FD, & F. Bullo, '13]: E* _C. E; B FEload 0
0 ! : ’ iy load
riE = —GE (E; — EY) — Q/(E) ST TTTeO0—

Closed-loop stability under quadratic droop control

Corollary combining previous results
4 - load <1
(nominal voltage)? x (admittance) 1.00

0.95 %ﬁ“ 7

Stability Boundary

secondary control

of reactive power

Active & reactive power DAPI control

DAPI control for reactive power sharing

Difj=P; — P;(0) — Q, TEi=—GEi(Ei — Ef) — Qi(E) — &

. . Q Q; ; .
k,-Q;:D,-G,-— Za’-/ . (D—DJ> K€ =— Zau . <g — 3) —ce;
i D i 7

j C sources Jj C sources

Reactive DAPI control =
(quadratic droop) N ((injection ratio averaging) U ¢- (voltage regulation))J

o Case ¢ — oo = steady-state voltage regulation

e Case ¢ — 0 = reactive load sharing (with non-unique voltages)

[J. Schiffer, T. Seel, J. Raisch, & T. Sezi, '14] & [L.Y. Yu & C.C. Chu '14]




Active & reactive power DAPI control

DAPI control for reactive power sharing
Dif;=P; — Pi(0) — TiEi=—GE(E — E') — Qi(E) — ¢

. . Q Q ! :
et (55) | v g0 (3 3)
i LU i j

Jj C sources Jj C sources

Power System

| |
(i e(le o ole o{Jealls

Primary Primary Primary
Tertiary Tertiary Tertiary
(oo} sl ol}.  o{nol}

Qy/D;
Q/Ds 15 w
Secondary [ ——_| Secondary |_ I _| Secondary
Q1/Q,
T&/;QQ/ ~ ... —
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