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Transformation of Power Systems

T

T T )

present
@ = () synchronous generator ¥ = [ grid-following inverter

| =[O grid-forming inverter

How to coordinate large-scale inverter-based resources (IBRs) in the grid?

Image source: https://unificonsortium.org/about/



B Key Challenges ZF Our Solutions

Scalability “Leverage specific problem structures for control design”

Centralized Control Distributed Control

Millions of heterogenous IBRs

Large-scale power networks —

Limited communication & computation

Unknown Model Data-Driven/Al-Based Control

smart sensors _. weather data

Complex physical grid dynamics '
Uncertain renewables and loads < PMU

POW units
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Unknown IBR dynamics models . ..

RTU: remote terminal unit, POW: point-on-wave, PMU: phasor measurement unit, SCADA: supervisory control and data acquisition 4



1 Key Idea: Feedback Optimization

Physical System Optimization

(optimal steady state)

disturbance

~| Physical System Dynamics | feedback x(t)

- &= flz,u,d)

input ‘ Tlu c(z,u)
t ol '
i) - O gt f(x,u,d) =0
converge B, 4} 0
Control Law T

u(t) = C(x(t))

Controller




1 Key Idea: Feedback Optimization

T e e e e e e e e e e e e

unknown Physical System Optimization

disturbance d

| I
: |
[ I
% = Physical System Dynamics i feedback x(t) (optimal steady state)
| T
- » — I .

input : & = f(z,u,d) i ‘ min c(x,u)

W) i + | - Ly s.t. f(z,u,d) =0

| | converge o
| | h(x,u) <0
| Control Law l
f %
| ult) = () i automatically
[
i Controller i solve T
I I
[ I
[ I . . . .
| Garltedl B erelee | I Optimization Algorithm
| y i I (e.g., primal-dual gradient dynamics)
I

[Chen, Li, ACC 2020] [Chen, Zhao, Li, TCNS 2021] [Chen, Poveda, Li, CDC 2021] [Chen, Poveda, Li, arXiv, 2023]



Real-Time Optimal Voltage Control (OVC)

Distribution System

nodal voltage v" Control Optimality
%disturbance d measurement v Voltage Safety
> v:=(V;)ieN
v(z, d)
m:z(piaq?:)iEN . decision :Ei::(p’i'JQ’i) control cost

nodal
_power Obj. min Z el ) ovC
Injection - T eN IBR power

(f) (f) (t) ﬁ :_BZ - o= Xi’ feasible Se/E EN

), q1(t v
b @ IBR-1 043 |« l converge ‘ v; <vi(e,d) <v;, ieN
Dilt); gill t # v; (1
pi(t), ai(t) e Ry = |—ul o
t . VoS Sy

, ij ; — ’UN(t) UV, SV S
pN(t), an(t) ® IBR-N A - Ui pr==mmm -

COntrOI IBR Units voltage safety interval
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Real-Time Optimal Voltage Control (OVC)

Unknown Model Distribution System

%isturbance d

nodal voltage

measurement
v:=(V;)ieN
v(x,d)
T = (Pi, @i )ieN _
nodal
power
injection
p1(t), qu(t) v1(t)
@ |BR-1 G2
t ..
(T ) ;1T i (1
pi(t), ¢i(t) S i T vi(t)
i ..
L), t — VN (T
pN(t), an(t) ® BRY (t)

ﬁ

v" Control Optimality
v’ Voltage Safety

decision x;:= (p?:, Qi)

o
*

CC?: 8.1,

converge ‘

min Z ci(x;)
T

iEN
T 'C X?j,

Y; < 'Ui(mad) = U

ovC

1N
ieN
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Optimal Voltage Control Design

Distribution System

disturbance d voltage
- measurement
power
injection
=(Pi, Gi) v ()
P-PDGD B

b S
&y
Obj. min Z ci(;) oVvC
* ieN
s.t. x; € &, e N
v; < vi(x,d) <0 ieN

A=

dual variable

Projected Primal-Dual Gradient Dynamics
(P-PDGD)

v =k _Proj x (@i —az(Vei(m) +4:)) — a:,}
M=k -PrOjRJr(A:r—F ay(vi(x,d)— 'Bg)) —)\j’]

A7 = ka | Projg, (A7 + an(vi— vi(@, ) =7 |

_\Ov;(z,d)
: — T —JYV S
T Z(A' A5) ox; ®icN

/ solved by T

Saddle Point Problem

NEHR N = 2 aled
1

A dien + Y M il d) — 5) + A (2 — vil, d))]

1eEN
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Optimal Voltage Control Design

Distribution System

Projected Primal-Dual Gradient Dynamics
(P-PDGD)

v =k _Proj x (@i —az(Vei(m) +4:)) — a:,}
A=k -PrOjRJr(A:r—F ax (vi(@, d)— 7;)) —)\j’]

A7 = k| Projg, (A7 + an(viuil@,d))) -7

_ . Ovi(x,d)
o + 3\ 2uE,a)
$ = J;()‘j 2 ®icN

disturbance d voltage
- measurement
> 'U(:B, d)
power
injection
x; = (ps, Q) U?I (t)
P-PDGD -
¥
&y
Obj. mmin Z ci(x;) OoVvC
iEN
s.t. x; € &, e N
v; < vi(x,d) < v;, 1eEN

/ not implementable
due to unknown system model
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Optimal Voltage Control Design

Distribution System

Projected Primal-Dual Gradient Dynamics
(P-PDGD)

T; = kg -Pl‘ij_é (2 — 0z(Vei(®:) + £:)) — CB;}

Af =k [Projg, (A + aa( v (t) — ) —Aj]

A; — k?,\ :PI‘OJ]R_'_(/\;"' Of)\(yi_ v:',n (t) )) _)\:]

_ . Ovi(x,d)
o + R )
= T 0F - ) o ic

disturbance d voltage
- measurement
> v (w7 d)
power
injection
@; = (0::6:) v (¢)
P-PDGD |«
%
&y
Obj. min Z ci(;) OVC
£
ieEN .

v; < vi(®,d) < 0;, ieN .

not implementable

% due to unknown system model

Q Our Solution:

m

Replace v;(x, d) by real-time measurement v;"(?)

(‘)?_?J; (CC, d)

Zeroth-order method to estimate gradient —_~
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Optimal Voltage Control Design

Projected Primal-Dual Gradient Dynamics
(P-PDGD)
Zeroth-order Method: ]
&; = kg |Projy, (@i — az(Vei(mi) + £:)) — a:,}
(iiljn{thm — v(z) —>v AF = ka [Projg, (X + ax (0 (£) - ) =X |
AT = ks :ProjR+(A;+ ax(vi— v (t) )) —A;]
;eroth-order estimation Fwst-ord(er)gradlent B Z i ,\.—)8”3' (e, d) . .
. . dv(x AR 1 €
—v(x+asin(kt)) sin(kxt =~ JEN
“o(@-+asin(kt)) sin(xt) -
_ not implementable
——— real-time measurement v™(t)
due to unknown system model

Q Our Solution:
11

* Replace v;(x,d) by real-time measurement v;"(t)

i _ ov;(x,d
* Zeroth-order method to estimate gradient ?Ja(j_ )

16



Projected Primal-Dual Zeroth-Order Dynamics (P-PDZD)

3.3..5 — kw —PI‘O.]' {{,i (:B-{;, —G‘J,(VCL,;(CC;'_) -+ Ef) -ﬂ‘lg}

N=ky _PI‘O.]Rﬁu()\E'* + ax (s — Ts)) —)\ﬂ <:| Projected Primal-Dual Dynamics

<:| Zeroth-Order Gradient Learning

ijEE <:| Dynamic Average Consensus

@ Each IBR unit 7 ¢ N/
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Projected Primal-Dual Zeroth-Order Dynamics (P-PDZD)

T; = ky _PI‘OJ X (i—ae(Vei(z:) + &) ‘a"i} power reference setpoint

A=k :Pl‘Oijiu()\;'* + o (i — 7)) _)‘ﬂ | T; = (pl-"ef} q—?d)

local voltage A7 = kx| Projg, (A7 +an(y; — ms)) —)\.ﬂ

measurement . 1 9 Distribution System
m _ 1. 1T ;
v (t) bi=_|-t+t_ N-ul) 5111(:-;,,1%)} disturbance d voltage
. _ 1r . g measure.
== | =+ P | _
..................................................................... power
local communi. , 1 injection
with neighbors | Vi = 2 aij(yi(t) — y;(1))
—— P ijee vt (t)
0D me | 1= O A e o= ) .
Yj ij€E Yi = (Az = )\1 ) v; (t) — Pi Control Law B

@ Each IBRunit i €¢ N/ @ IBR!
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Projected Primal-Dual Zeroth-Order Dynamics (P-PDZD)

—PI‘O.]' X, (:B,g ~G‘J,(VC/@($5) <t Ef) —&I;

power reference setpoint

: ProjR_i_(/\:r + an(pi — 0;)) — A, T; = (p:?ef? q_;ef)
local voltage
measurement Distribution System
v (t) disturbance d ’ voltage
— >~ measure.
power
local communi. injection

with neighbors

={0s ;) vi(t)
P-PDZD
@® Each IBR unit : ¢ N/ \ / @ IBRi




Control Process lllustration

local communication y;(t)

......

el v’ Optimality
Cyber Layer ) YRl N L v’ Safety
e e S R A
local measurement ! ' i | ! L y
| T Ly SR ¥ § - Model-Free
G A B L El)
Z v/ ! y v v' Distributed
, ray
Physical System =

v’ Self-adaptive

Real-time physical system feedback + Zeroth-order gradient learning
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Theoretical Guarantees [Chen, et al, arXiv 2023] [Chen, et al, CDC 2021]

> (Semi-Global Practical Asymptotical Stability)

Theorem 1. (informal) Under assumptions of convexity, with feasible initial condition in a compact set, there
exists a class-KL function (3 such that for any precision » > 0, with sufficiently small (€, a, ey, €p), the
trajectory z(t) of the P-PDZD satisfies

1z() 4 < B([2(0)]] 4, t) + v, VE=0.

» (Structural Robustness to Small Measurement Noise)

Theorem 2. (informal) Under the same conditions in Theorem 1, there exists p* > 0 such that for any
measurement noise d with Sup;> |d(t)|| < p*, the trajectory z(t)of the P-PDZD with additive

measurement noise satisfies
120l 4 < BUIzO)l 4, ) + 20, VE>0.
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PV Inverter Inner Control Loops
(Grid-Following)

Projected Primal-Dual Zeroth-Order
Control Algorithm Implementation
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Case 1. Step Power Disturbance
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500 Time (s)

Case 3. Continuous Power Disturbance

Real time-varying solar generation

o

.

PV Output (MW)
(%]

o

8 12 16 20
Time (hour)

o
N

without voltage control

_ 1.1 upper limit P i T
j e e e Nl _— e e e
[4h] —————————— ————— ————
c] e
S 09 .
2 bus-3 bus-35 bus-54

08r bus-27 bus-50 — bus-69

0 4 8 12 16 20 24
@ Time (hour)
with voltage control

o 1A
3: S S - — N — - ——— —-.-----.
a 1 ——
()
(@)
S 09t
9 bus-3 bus-35 bus-54

0.8 bus-27 bus-50 bus-69

0 4 8 12 16 20 24
Time (hour)
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Projected Primal-Dual Zeroth-Order Method

\ll

- Feedback Optimization Q Zeroth-order Gradient Learning

(Physical System Dynamics + Control Law = Optimization Algorithm)

» Real-time model-free optimal control of complex (multi-agent) physical systems

Building Energy Control Wind Farm Control
v" Unknown system model SR, ¢

v’ Scalability v’ Safety

Source Seeking Resource Allocation
@2 3
v’ Performance guarantees i . -

S(x) !
@N"CU

[1] X. Chen, J. |. Poveda, N. Li, “Continuous-Time Zeroth-Order Dynamics with Projection Maps: Model-Free
Feedback Optimization with Safety Guarantees”, 2024. (accepted by IEEE Trans. Automatic Control)
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Looking Forward . . .

Incorporate available system model info (model-based + data-driven)
Dynamics modeling and identification of IBR-dominant systems
(Large-signal) stability for nonlinear power system dynamics

Field testing

Redesign the grid-level coordination structure?



Grid-Level IBR Coordination Structure

. . * Unit Commitment
Optlmlzatlon e Economic Dispatch
(slow timescale)

7 (Seerneres] Grld-l_.evel Power | I?redicted
v Power balance Operating DISpatCh Disturbance
v’ Constraints Setpoints
Constrained Optimal Control Stability-Embedded Optimization

Real-Time Disturbance

* Voltage Control
(faCstct)igggEe) * Frequency Control l

‘ Physical System

:\

v . ( Control — :
Stabll!ty / Dynamics
v' Security

\ 4

v
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Grid-Level IBR Coordination Structure

. . * Unit Commitment
Optlmlzatlon e Economic Dispatch
(slow timescale)

7 (Seerneres] Grld-l_.evel Power | I?redicted
v Power balance Operating DISpatCh Disturbance
v’ Constraints Setpoints
Constrained Optimal Control Stability-Embedded Optimization

Real-Time Disturbance

* Voltage Control
(faCstct)igie:sz) * Frequency Control l

‘ Physical System

:\

v . ( Control — :
Stabll!ty / Dynamics
v' Security

\ 4

v
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This Talk coordinate large-scale IBRs for grid-level optimal control

Part Il.
Optimal Frequency Control

[Chen, Li, CCTA, 2018] [Chen, Li, IEEE TCNS, 2021]

',_OC Data-Driven + Distributed —— Unknown Model + Scalability

Leverage specific problem structures & Feedback Optimization
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Future Power Converter-Dominant Grid

s
e R
g
gy

1

B T
~ r

=T

(O synchronous generator
0 grid-following inverter [ grid-forming inverter

- Lower inertia, faster dynamics
+ More controllable IBRs with fast response
- Scalability for controlling massive IBRs

- Unknown system dynamics models

& Our Control Goals

Coordinate IBRs by controlling their power
setpoints for optimal frequency control

v" Primary + Secondary + Tertiary freq. control
(stabilize freq. + restore nominal freq. + economic dispatch)
v Satisfy IBR power limits and network constraints
v Distributed control to enable scalability

v" Model-free control
(no need grid dynamics model and disturbance info.)
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Physical System Frequency Dynamics

* Device-level frequency response dynamics

wW; Wy
Pz. P,;j -I . @ — O Synchrﬂnﬂus generator bus ¢ € NG
. J
l M;w; + D;w; = PiG — B
d; " N N T
o generator damping frequency mechanical output
inertia  coefficient deviation power power
* DC power flow dynamics:
. : . : .
: ¥ = @ grid-forming inverter bus 7 € NM
Pij = Bij (wi — wj)
M — Oy M
e = aim B
* Nodal power balance: J . < oower
roop 8aiN  |ow-pass filter setpomt output power
= d; E P;.; :
+ AN — —w;+kMw;,=PM - P,

uncontrollable net JHRIEE

load (disturbance)

branch flow

Control IBR power setpoints (P, P})
for frequency regulation

& = @ grid-following inverter bus 7 € N,
Pi — PiL = kf‘wz
output power power setpoint  droop gain
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Optimal Frequency Control (OFC)

Economic Dispatch

Obj. min > c(PM) + Z cE(PE) OFC Obj. min Z( M (pM) A“ 2) £5° ( (PFYE Lkl )
€N tENT, LE.N';” iENT,
st. PM e [PM,P}"), PFe[PEPi] add w; st. PM e [PM, PY), PEe[PL, P
l
PM=di+)  Bij(0:—0;)— ) Bri(x—0:), VieNy | — PM=kwi+ di+ Y  Pij— Y Pu, Vie Nu
Jit—j kik—si and au)(|||ary JrE—>j kik—i
Pl =d, Bii(0:—0,)— Y Bii(0x—8:), VieN : L _ pEul g - B i
3 +JZJ J( J) LAZ L..( k ) (4 L COnStralntS P.r. k'r. (e F] o da “{"ZJE” ka .[L_g, VZ EJVL
‘12— R—1 S e SiR—1
P;; < Bi; (6; — 8;) < Pij, Vije€ PM=di+)  Bij($i—;)— Y Bri(¥x—ti), VieNum
Jii—j k:k—i
P‘M* Lx
Y ¥ Pl =di+ Y Bij(i—¥;)— Y Bri(ys—1i), ViENL
jii—g kik—1
P, < Bij (i — ;) < Py, Modified OFC

M % Lx *

) i i , Solved by
Projected Primal-Dual Gradient Algorithm | <

dual variables A4
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Optimal Frequency Control (OFC)

Projected Primal-Dual Gradient Algorithm

(g M M ;
awizpi _ki wi—di—‘Z‘Pij+Z Pki “LENM
Fii—7 k:k—i
O:Pf—k,f’wi—di—ZI%j-i—Z Pvi ieNy
ju—yg kik—i
p?:j =Ba’j (Wi_wj) iy €&




Optimal Frequency Control (OFC)

Physical Power System Dynamics

j [
a

= P;M— kf’fwi—di—z Pij"‘ Z Pui 1e Ny

jii—1 kik—1

OZPiL—k‘fwi—di—Zjo‘i—Z Pri i€ N

Jii—g k:k—1
jjij =BU (wi—wj) Ljeg
X P?ZIVI :fzﬂf (Pz‘Mawia(Pi')iﬁj:(/\j)iﬁj) i € Ny
L P?LL = ff.L (P;Law?la (Fij)icrds (/\j)iH-j) i € N

GFM / GFL Controller
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Optimal Frequency Control (OFC)

disturbance

[

Physical Power System Dynamics

»

di

\ 4

power
setpoint

1 ]
— = P;M— kf’fu)i—di—z Bt Z Pri i€ Ny

B . ;
* Ja—1 kik—1

local
measurement

Wiy (Pij)ics

0 :P,iL— k‘.f’wi—di— Z P+ Z Py ieNg
Jii—g k:k—i

R:j =Bz’j (Wi_wj) iy €&

Pifvj :fz:M (PzMaw%a(P%)?'H’J?(/\J)’IHJ) iENMr <

I local communication A;

PE = fE(PEwi, (Pyliogs Og)iog)  1€NT s

GFM / GFL Controller
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Optimal Frequency Control (OFC)

I 1
. disturbance| —u&; = PM — kMw,;—d, P+ Z Pii ie Ny
7. o[ i jri— i kik—i
2
0 =P} - klw;—d; Z P+ Z Pri ieNt
> Jii—g k:k—i
power |
setpoint | Fij = Bij (wi —wj) iee
PM
S| B = 11 (PM i (Pidiorss gdicns) € Nt |
I local communication A;
PL K .
Y| B = (PR 0 (Bylioss Ogdies)  G€NT |

local
measurement

Wi, (Pz )’H—J‘j

GFM / GFL Controller

=== Primal-Dual Gradient

== Solution Dynamics

1

PMx pL* ,r=()
v’ Optimal decision

v’ Restore nominal frequency
v’ Distributed control

v No need system model
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Control Process lllustration Closed-loop Feedback system

local communication Cyber Layer
k I J
- g— Az - G /\j - g— -
<---> @) <----------------- > m)f <-—--------m--- > ) <----- >
A Ak A A A
. o .
1 1 1 1 | 1
S doo b e e e L L R -
! L o
| 1 I i i 1
local power o1 i Ve b local
setpoint i i E L P 1 Wi (Pij)iers F i i measurement
........ R N JEUUE JEU Y AU S
. L i
\i, 3 I : I :

~
I <
1N

|
\.| ‘

________________________________________________________________________________

Phys:cs Layer ¢ GEM GFL

Real-time system feedback + physical dynamics structure
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Theoretical Guarantees

“+ Asymptotical Convergence

Theorem 1. (informal) Suppose that the cost function is strictly convex and the OFC problem is
feasible. Then the proposed control algorithm together with the power system dynamics
asympotically converges to an optimal solution of OFC problem.

*+ Dynamic Tracking Performance

Theorem 2. (informal) Suppose that the cost function is strongly convex and the OFC problem is
feasible. The tracking error of the actual system dynamics under continuous disturbance is

bounded in the sense that ||z(t) — *(t)|| < e#!||z(0) — z*(0)|| + (1 — e~Pt) 22,

Xin Chen, Changhong Zhao, Na Li, “Distributed Automatic Load-frequency Control with Optimality in Power
Systems,” IEEE Transactions on Control of Network Systems, vol. 8, no. 1, pp. 307-318, March 2021. 43



Simulations

Simulations are run on Power System Toolbox (1]
v AC power flow model.

v" Classic two-axis sub-transient generator model.
v" |EEE Type DC1 excitation system model.

i o =
%

, +

17
16
15

The 39-bus New England Power Network.

Case 1: Step Power Change

)
&
o
(N

T

——with OFC----- no OFC

System Frequency (Hz)

60 80 100 120
Time (s)

Case 2: Continuous Power Change

60,06 : : :
— with OFC ---- no OFC

Hz

~

> 60.04 R

= Y

[¢]

=]

g 60.02 |

T

5 60

w

>

%)

59.98 : * ; * ; :
0 100 200 300 400 500 600
Time (s)
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This Talk coordinate large-scale IBRs for grid-level optimal control

Part |. Part Il.
Optimal Voltage Control Optimal Frequency Control

[Chen, Li, CDC, 2021] [Chen, Li, IEEE TAC, 2024] [Chen, Li, CCTA, 2018] [Chen, Li, IEEE TCNS, 2021]

',_OC Data-Driven + Distributed —— Unknown Model + Scalability

Leverage specific problem structures & Feedback Optimization
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