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Decarbonization of electricity is key to mitigate climate change

California lifts renewable energy target
to 73% by 2032

o
The California Public Utilities Commission raised renewable energy procurement New York mandates 70 A’ renewable energy

targets, plans for a more aggressive decarbonization plan, and includes increased
reliability provisions. by 2030

FEBRUARY 14, 2022 RYAN KENNEDY
By Kelsey Misbrener | October 15, 2020

Oregon bill targets 100% clean
power by 2040, with labor and
environmental justice on board

After Democratic cap-and-trade bills faltered in the face of GOP
revolts, an electricity-focused, consensus-driven bill gains ground in
Oregon.

Vermont House passes 75% by 2032
renewable energy mandate

Published March 11, 2015

23 June 2021

Maryland bill mandating 50% renewable energy by 2030 to become law,
but without Gov. Larry Hogan's signature

By Scott Dance
Baltimore Sun + May 22, 2019 at 6:40 pm

Virginia becomes the first state in the South to
target 100% clean power

The state’s Democratic majority is doing what Democratic majorities do.
By David Roberts | @drvolts | Updated Apr 13, 2020, 2:56pm EDT
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Decarbonization of electricity is key to mitigate climate change

California lifts renewable energy target
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The state’s Democratic majority is doing what Democratic majorities do.
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Decarbonization of electricity is key to mitigate climate change

U.S. electricity generation from selected fuels
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Dynamic Degradation
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In the United States:

“While the three [contiguous] U.S. interconnections currently exhibit adequate
frequency response performance above their interconnection frequency
response obligations, there has been a significant decline in the frequency

response performance of the Western and Eastern Interconnections,” FERC
said.

[FERC, Nov. 16]

Apr 25 2022 Enrique Mallada (JHU)



Understanding Frequency Control

Goal: Maintain speed w; close to the nominal (60/50 Hz)

Apr 25 2022 Enrique Mallada (JHU)



Understanding Frequency Control
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Understanding Low Inertia Frequency Control

How should we control low inertia power systems?

Apr 25 2022 Enrique Mallada (JHU)



Understanding Low Inertia Frequency Control

How should we control low inertia power systems?

it is important to understand the merits and trade-offs of low inertia!
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Merits and Trade-offs of Inertia
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Merits and Trade-offs of Inertia
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Merits and Trade-offs of Inertia

p
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Pros: Provides natural disturbance rejection
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Cons: Hard to regain steady-state



Merits and Trade-offs of Low Inertia
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Dynamic Degradation
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“While thq
frequency

RTO Insider

Your Eyes and Ears on the Organized Electric Markets

CAISO m ERCOT = ISO-NE = MISO = NYISO = PJM = SPP

Isturbances with frequencies
etoan N-1 contingency.

FERC: Renewables Must Provide
Frequency Response

November 21, 2016

By Rich Heidorn Jr.

In a rulemaking reflecting both reliability concerns and the technological
advances of renewable generators, FERC on Thursday proposed revising the
pro forma Large Generator Interconnection Agreement (LGIA) and Small
Generator Interconnection Agreement (SGIA) to require all newly
interconnecting facilities to install and enable primary frequency response
capability (RM16-6).
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response obligations, there has been a significant decline In the rrequency
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[FERC, Nov. 16]
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Inverter-based Control

Challenges

* Measurements with noise and delays
» Stability + robustness (plug & play)

* Lack of incentives

Current approach: Use inverter-based control to mimic generators response

Virtual Synchronous Generator Telecom Analogy
Vi, T -E}'E} Li iy, i, L R PCC 7

N

Vic/)
i 'El} ":1]l 'ﬁ} Ll Ly e

18 B i
Controller | Vab Vbe Veo—————0u___

T

Controller
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Inverter-based Control

Challenges

* Measurements with noise and delays
» Stability + robustness (plug & play)

* Lack of incentives

Current approach: Use inverter-based control to mimic generators response

Virtual Synchronous Generator Telecom Analogy
vied T -E}'E} L iy, i, L _ PcC g

N

Vic/)
i 'El} {1} 'ﬁ} Ll Ly e

It works, but perhaps

111 g ib_ic "'T' .
Controller ﬁm there IS
something better...

LR

Controller
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Inverter-based Control

Challenges

* Measurements with noise and delays
» Stability + robustness (plug & play)

* Lack of incentives

Our approach: Design and tune of controllers rooted on sound control principles

Frequency Shaping Control . . .
__TM o Design Objectives:

N

%}:Mw — * Exploit power electronics capabilities
I —I—r_?fo -
T * | Improve Dynamic Performance

Controller | Vab Vbc Vea

* | Minimize control effort
* Stability and Robustness

Frequency Shaping
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Roadmap to Low Inertia Frequency Control

* Performance Specification and Analysis
* Limits of Virtual Inertia and Droop Control

* Control Design: Frequency Shaping



Power System Performance
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Depends on several factors: generators, network, disturbance
good performance metric must identify the source of the degradation!
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Power Engineering Metrics based on classical control theory...

Step Response Eigenvalue Analysis [verghese ‘9]
Nadir, RoCoF, Steady-State Dom. Eig, Damping Ratios, Part. Fact.
60.100 I [ [ [ [ I [ [
8t I I AN
\ Point \®
s A o 6f - X " \o:\\
I~ i Point B 1 & x0x>° § \\\\
‘f;. | Point C: K‘ 1 21 * \\ 1
% & NTLM“W“ ”; % - OO
N\ -4F X% é* >°>< ;),0 3
+—— RoCoF s ] ; -
59.100 | L 1 1 | | L | 1 -8t .
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Time (Seconds)

+ Domain specific, capture system degradation
= Relation with cause? Eigenvalue sensitivity? More than one “"dominant” eig.?
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[Tegling... '15, Poolla... ’15, Grunberg... 16, Simpson-Porco... 16,

System Theoretic Metrics Wu et al '16, Adreasson '17, Coletta ‘17... ]
| » Frequency: w(t)
Deltas: 5(t)UQ ’U,(t) y(t) _
, G » Coherence: 0(t) — 6(t)1
Noise: n(t) —— > » Losses: Lée(t)

[, |—

L~o-norm: Lo-norm: ]
o0 2
Wlloo = supmax |ys(8)]  |lylls := ( / y(t)Ty(t)dt>
t>0 *? 0

+ Close form solutions, qualitative analysis, computational methods
= Restrictive assumptions, not direct connection with RoCoF, Nadir, step disturbances
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Performance Specification

Frequency Response Control Effort

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021



Performance Specification

Frequency Response Control Effort

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021



Decomposition of Step Response

J— System Frequency
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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Step Disturbance Performance

System Frequency Deviation from Mean
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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Performance Specification

Frequency Response Control Effort
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Performance Specification

Frequency Response Control Effort
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Control Effort

Inverter Power

15

Power Rating

. Steady-State Effort
 J2(00)| = X, B (o)

" Injected Energy

E(t) = Z(t)
0'50 5I 1Io 1|5 2|o 2|5 slo 3|5 40
Power Rating Max Energy Steady-State Effort
|Z]lco = sup |Z(?)] | E|oo := sup |E(t)] |Z(c0)| = >, R, [w(00)]
t>0 t>0

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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Frequency Response
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021



w (mHz)
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Benchmark: Quantify control ability to eliminate overshoot in the Nadir

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021



Power Network Model

Bus Dynamics

P = diag(p;)

P1
]. W frequency
step -
disturbance
Dn
Laplacian Matrix
pe electric power p o
]_ l L < _Bij if 1) € E
Step: U = ~Uo 5 Lij=q 2, B ifi=]
S
Network Dynamics L 0 0. W.

[Bergen Hill ‘81]

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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Bus Dynamics

+
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Bus Dynamics P;

generator
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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Bus Dynamics

Bus Dynamics P;

generator
frequency
+ w;
Ui — Pe,i®»O—» q,L
power 4+ :
imbalance
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inverter

power injection  inverter

Generator: §; : (u; — De,i T+ T;) > W

Model: Swing Equations + Turbine
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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Bus Dynamics
Inverter: C; : W; +— X;

Bus Dynamics P; _ _
generator Droop Control and Virtual Inertia:

n frequency 1 1
ué;Ngez—:O—> i C; - {xz = —(Vq;wz' = R’r,i ’LUi), CZ(S) = —(VZS R R?“,'i )
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_|_
oy C; [«——O
invertzer
power injection  inverter
Closed-loop Bus Dynamics:
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( 0 L
i (iw)]aB i — Wy
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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Modal Decomposition for Multi-Rated Machines

S

Assumption: Let f; be the normalized rating, f; = T, and assume

1
gi(s) = Ego(s)

Swing Equations + Turbine

T7s+1
mts2+(m+dr)s+d+r—1!

go(s) =

Mi:fima Dz:fzda Rg,i: %Tg7 Ty — T
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Virtual Inertia
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Modal Decomposition for Multi-Rated Machines - .
gi(s) = 790(5)
Assumption: Let f; be the normalized rating, f; = Sf;e, and assume - Z
Bus Dynamics ci(s) = fico(s)
P = diag(pi) -
b1
1 W frequency
Change of Vars. U = EUO —O0— Di > Change of Vars.
N distzﬁf)‘ia)nce TD ] W
syt 2 L R

A

pe electric power 1 L
S

Network Dynamics

Coherence [Chow et al ‘93, ...]
Diagonalization[Paganini M ‘17 , Guo Low ‘18]

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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Modal Decomposition for Multi-Rated Machines - .
9i(s) = —9go(s)
fi

Assumption: Let f; be the normalized rating, f; = Sf;se' and assume -
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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System Frequency — Performance Analysis w/o Inverters

System frequency w response:

Maximal RoCoF:
initial response.

w(t)

Inertia appears directly
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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System Frequency — Nadir Sensitivity w/o Inverters

- | D ol

1
1+
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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Roadmap to Low Inertia Frequency Control

* Performance Specification and Analysis
* Limits of Virtual Inertia and Droop Control

* Control Design: Frequency Shaping



Control of Low Inertia Pendulum

mb = —df — mgsinf + f +u

time = 0.0s

angle

forces

Cons: Susceptible to disturbances
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-1.0

20 A

10 A

—10 -

—20 -

o
ang. velocity

0

10 15 20 25
time (s)

— disturbance
—— friction

Enrique Mallada (JHU)

10 15 20 25
time (s)

Pros: Regains steady-sate faster
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Bus Dynamics /w Virtual Inertia and Droop Control
Inverter: C; . W; — I;

Bus Dynamics P; ) ]
generator Droop Control and Virtual Inertia:
n fre%gncy 1 1
Ui Derro—sl  g; C; : {xz = —(viw; + Rjw;), ci(s)=—(vis+ R, ;)
imbalance
+
; C; |[«——O
inverter
power injection  inverter
Closed-loop Bus Dynamics:
A f R
e4(iw) an 0; = w;
. —1
pi : § (Mi+vi)w; = —(Di+ R, )w; + ¢ + (Ui — Pei)
. —1
\ TiGi = —¢i — R, ;w;
-1 !
Rr,i :
R 7 log w

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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Control of Low Inertia Pendulum

Virtual Mass Control: mfl = —df — mgsinf + f — 16
: 1.0 2
time = 0.0s
0.5 1 Pl
o s g
o 0.0 - o 3
e |, &
-1.0 T T T T -2
0 5 10 15 20 25
time (s)
20 —— disturbance
—— friction
10 4 —— control
Lo '
(o R
_20_
0 é lb 1'5 Zb 25
time (s)
Pros: Cons:
Provides disturbance rejection Hard to regain steady-state + excessive control effort
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Control of Low Inertia Pendulum

Virtual Friction Control: mf = —df — Mg sin 0 + f —r 1

1.0

time = 0.0s
0.5 1

®

0.0 1

angle

-0.5 1

-1.0

0 5

10 15
time (s)

20

forces
o

—— disturbance
—— friction

— control

Pros: Provides disturbance rejection, quickly
restore steady-state, with reasonable control effort.
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10 15
time (s)

Cons?

20

25

ang. velocity

None, at least for pendulum
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w (mHz)

400

200

-200

-400

-600

-800

Performance Specification

Frequency Response

T T T T T T T T T

— Sync. Cost

Nadir

. \ -
| \\/ RoCoF
0 é ; é é 16 15 1; 1% 1% 20
_ D iy Miw;(t)
System Freq.: w(t) = ==
\, (1 ( ) 2{:2121 ]»45

Sync. Error: w;(t) = w;(t) — w(?)

Control Effort

15

Power Rating

Steady-State

. - Max Energy \
- \
£ N\

% 5I 1|o 1|5 2|0 2I5 3|o 3I5 40
Injected Power:  ZT(t) = > . x;(?)
Injected Energy: E(t) — a_c(t)

Benchmark: Quantify control ability to eliminate overshoot in Nadir

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021



System Frequency w/ Virtual Inertia it mp = —fi(viy + . tw;)

Swing Equations with Turbine: 2" order response, e.g. underdamped

(1) = =i ! [1 e (Cos(wdt) S sin(wdt))]

o —1 —1
> fid+ry +ry W
. 400 B T T T T T T T T T ]
Maximal RoCoF: Steady-state.
initial response. 200 |- . No dependence on inertia
Inertia appears directly S 0 i ~ > i Uoi 1
o [ D w0l 1 = N w(eo) = Sifid+ryt it
4]0 = CR AN R
|S -400 [ \\‘___” m
\\1\ _
\ Nadir at overshoot.
-800 [ 1 e | L 1 1 I I 1 ] .
0 2 4 6 8 10 12 14 16 18 20 Decreases (mildly)
with inertia
—1
. U4 1 " jus
||U_J’|oo _ ’Zz OZ| — — 1+ TTg e w7d(¢+2)
>ifi d+rgt s m + v

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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System Frequency w/ Virtual Inertia it mp = —fi(viy + . tw;)

Nadir Overshoot Elimination:

V 2 Vpin = Ty \/7“9_1—|—\/d—|—7“g_1—|—7ﬂ,71 —m

No Control Virtual Inertia Droop Control
200 | 1 200 | 1 200 | 1
0 r.m=0,v=0 0 r. - =0, V= Vnin | r.- #0,v=0
o
:'L: /EN\ -200 200 F 200
€ 2 .00l -400 F -400-\7
g ~—
u>,~ '3 -600 - -600 - -600 -
-800 | -800 -800 |
-1000 : : ' ' -1000 ' ' ' ' -1000 : : ' '
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

requires v > 0 in low inertia systems (low m)

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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w (mHz)

400

200

-200

-400

-600

-800

Performance Specification

Frequency Response

T T T T T T T T T

— Sync. Cost

Nadir

. \ -
| \\/ RoCoF
0 é ; é é 16 15 1; 1% 1% 20
_ D iy Miw;(t)
System Freq.: w(t) = ==
\, (1 ( ) 2{:2121 ]»45

Sync. Error: w;(t) = w;(t) — w(?)

Control Effort

15

Power Rating

Steady-State

. - Max Energy \
- \
£ N\

% 5I 1|o 1|5 2|0 2I5 3|o 3I5 40
Injected Power:  ZT(t) = > . x;(?)
Injected Energy: E(t) — a_c(t)

Benchmark: Quantify control ability to eliminate overshoot in Nadir

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021



Control Effort ci: x; = —fi(vw; + ’r‘r_lwq;)

z(t) = )_; zi(t)

No Control Virtual Inertia Droop Control
200 1 200 - 1
s r. =0,v=0 UV = Vpin r.#0,v=0
E N -200
=
E \g -400
B lS -600 -GOOT ---------------- -600 -
7
‘%' -800 -800 -800
-1000 . -1000 L L L -1000 : :
0 10 0 30 40 50 60 0 70 80
1 1r 1F
t
0.8 08 08+
o
"u'j = 06 06 06
- O
e &y 04 04 04
d
c 02 02 02
()
(@ 0 R I 0
1‘0 0 3‘0 4I0 5‘0 60 0 7’0 SIO
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
Apr 25 2022 Enrique Mallada (JHU) 28



Control of Low Inertia Pendulum

Virtual Friction Control: mf = —df — Mg sin 0 + f —r 1

1.0

time = 0.0s

0.5 1

®

angle

0.0 1

-0.5 1

-1.0

0 5

10 15
time (s)

20

forces
o

—— disturbance
—— friction

— control

0 5

Pros: Provides disturbance rejection, quickly
restore steady-state, with reasonable control effort.
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10 15
time (s)

Cons? Large steady-state effort in

power systems

20

25

ang. velocity
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Roadmap to Low Inertia Frequency Control

* Performance Specification and Analysis
* Limits of Virtual Inertia and Droop Control

* Control Design: Frequency Shaping



Frequency Shaping

Grid-following Inverters

Grid-forming Inverters

Apr 25 2022
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Grid-following Frequency Shaping Control

Key idea: use model matching control (at each bus/area)

Ui—Pie + + 1 1 Wi

»O—»0O0——»| — >

+ A + fims+d ?
[ ]

Ui —Pie 1 1 w;
d; r1 E—_ — —>
—f— |e— fias+b
T7s+1
T Leads to Col Frequency w with:
_ficfs(s) ¢

Steady-state: U0 1
| o) = 37
Col Response: U_J(t) — ZZ UO,z — (1 — 6_§t RoCoF: ’L ,
> fi b i = 1ol
>~ > fi a

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
[TPS 21] Jiang, Cohn, Vorobev, M, Storage-based frequency shaping control, IEEE Transactions on Power Systems, 2021
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Grid-following Frequency Shaping Control

Key idea: use model matching control (at each bus/area)

Ui—Pie + + 1 1 Wi
'@ fims +d g
Ui —Pie 1 1 W;

4 =1 — — - >

_fiﬁ < fias+0b

T8
X fron () by = 7 (a — m) Leads to Col Frequency w with:
—JiCts(S) [
by = (b — d)T T a—m Steady-(Stat;: Z wo; 1
y 1

a1 w(oo) = =+
bo=b—rg” —d > fi b

L b282 -+ 618 -+ bo e ROCOF:; . ’Zz uOi’ 1
cis(8) = T's + 1 @lloo = S fioa

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
[TPS 21] Jiang, Cohn, Vorobev, M, Storage-based frequency shaping control, IEEE Transactions on Power Systems, 2021
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Special case: Dynamic Droop (iDroop)

Setting b, = 0, by = v'7t’, and b, = ;7! leads to:

Ui—Pie + + 1 1 Wi
»O—»0O0—»| — _
+ A + fims+d
q; rol
—f; 9 <
7s+1
Zj
_ficfs(s) ¢

b282 + blS + bo
ers(s) = T's + 1

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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Special case: Dynamic Droop (iDroop)

Setting b, = 0, by = v'7t’, and b, = ;7! leads to:

Ui—Pie + + 1 1 W;
»O»0O0—»| — >
+? + fims—+d

q; r1
—f,— <+
T7s+1
L
_ficfs(s) ¢
/.,/ —1
TVS+T,
ces() /
T's + 1

Inverter Control

7_/V/ —1
o) = — el = —fz-( chuli )

7's + 1

C;: {T’Ziji:—évi—fi (T;lwi + T/V/wi)

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021

Apr 25 2022
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Control of Low Inertia Pendulum

Dynamic Friction Control:

mo

] -
T X

time = 0.0s

angle

forces

1.0

0.5 1

0.0 1

-0.5 1

—df —mgsin® + f + z
—:z:—(rr_lé—l—’rlu’é)

'-
5 10 15 20 25
time (s)
—— disturbance
—— friction
— control
q
5 10 15 20 25
time (s)

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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Control of Low Inertia Pendulum

No Control
@
mb = —df — mgsinf + f

Dynamic Friction Control

@®
&
mb = —dé—mgsin@—l—f—l—x

] -
T X

—x— (r 10+ 7'1'0)

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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w (mHz)

400
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-200

-400
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-800

Performance Specification

Frequency Response

T T T T T T T T T

— Sync. Cost

Nadir

\\/ RoCoF
0 é A é é 16 15 1Q 15 1%
} > i1 Miw;(t)
System Freq.: w(t) = ==
\, (1 ( ) 2{:2121 ]»45

Sync. Error: w;(t) = w;(t) — w(?)

15

Control Effort

Power Rating

Max Energy
\

Steady-State

AN

Injected Power:

Injected Energy:

7(t
E(t)

N—"

40

z(t)

Benchmark: Quantify control ability to eliminate overshoot in Nadir

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021



Frequency Shaping w/ iDroop  ¢;: 7'd;=—x;— f; (1, w470 1)

/ —1 —1 /
Whenever ' =71, +7," and T =T

Virtual Inertia Droop Control iDroop
200 200 200 [
. —1 —1 -1 /. —1 !
— — . — r. =0,v =r T =T
g r =0, V= Ui r.-#0,v=0 ; r ) g >
L —~
L. N 200+ -200
jn
E E -400 - -400 -
w -~ | e . _TT—T/— LN
':;; SR -600 |- -600 -
>
m -800 - -800 - -800 -
_1000 Il 1 1 1 1 Il 1 ] _1 000 1 1 1 1 1 1 1 ] _1 000 1 Il 1 1 Il 1 1 I}
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
1 1F 1
o
S
(@] 08 08t 08
[ e
(v
L = 06 06 06
— Q.q
E & 04F 04 0.4
e
g 0.2 0.2 0.2
o
) e i IR 0 OfF = === ===
0 1 ‘0 2‘0 SIO 4‘0 5I0 6‘0 7‘0 BIO 0 1 ‘0 2I0 3‘0 4‘0 5I0 6‘0 7I0 SIO 0 1 ‘O 2I0 3I0 4l0 5‘0 6‘0 7|0 8I0

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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Example: Icelandic Power Grid
* Iceland power network: 189 buses, 35 generators, load 1.3GW (PSAT)

Base Case: No Inverter Control Icelandic Grid

SW

S
o

Step Disturbance

N

)

2

g 9 !

= ?

* p— '02 o '

Q>.J o O * * ‘
A -0.4 K ¢
Ej‘ IO’ . o*‘
- -0.6 | g P '

o))

=

5 -0.8 '

i 0 50 100

Time t(s)

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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Example: Icelandic Power Grid

* Iceland power network: 189 buses, 35 generators, load 1.3GW (PSAT)
* Droop equally set for inverters in all cases

* Virtual inertia tuned for critically damped response v = v,,,;,

* iDroop tuned for Frequency Shaping v’ = 'rg_1 +rlandt =71

N DC ) )
T 0.2 ——— T 0.2 T 0.2
- Ty 27g,0 = 3
s 0 S 0 5
= 028 S 02 =
o : > >
o : @ P
A -04 A -04 g
= -0.6 = -0.6 = -0.6 |
= - o
> 0.8 A > 0.8 : S .0.8
= 0 50 100 = 0 50 100 &
Time t(s) Time t(s)

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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Icelandic Grid

M
Ty o
iDroop
=0, V/—Tg_l,TIZT
50 100
Time t(s)
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Icelandic Grid

Example: Icelandic Power Grid

e Iceland power network: 189 buses, 35 generators, load 1.3GW (PSAT) T
I,'
. DC VI iDroop
— 0.02 - 0.2 - 0.02 -
=Y
= 0.01 ¢} 0.1 1 001 ¢
E tfl‘r”'““ "
S 0 iDroop Benefit Summary 0
=
S 0.0l e Overshoot Elimination in Nadir P! |
g T7~_1= . . r;l—O,V’:frg_l,T’:T
O -0.02 - * Noise Attenuation 2
O 50 0] 50 R 100

5 0 |  Disturbance Rejection

5 01  Reduce Inter-area Oscillations -

= o & v/

[N

=

*‘é -0.1

z

O -0.2 : : -

O 50 100 O 50 100 (@) 50 100

Time ¢(s) Time t(s) Time ¢(s)
[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021
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Trading off Control Effort and RoCoF

— b _ 1
b282 + b1s + by bo=b—ry —d
Cfs(S) c= ; =T
T's + 1
O T T 1 T T
N
am ";_? 08I no storage i
é -100 + - = VII V = Upin
~ 8 06 iDroop: a =m | 7]
i +
o s
£ -200 : £ 04 :
8 -
> ®)
) no storage i |
A , = 02
> -300 V1D V = Vnin . B
8 iDroop: a = m ol
=
' -400 ' ' 0.2 ' '
3 0 5 10 15 0 5 10
Time t (s) Time t (s)

[TPS 21] Jiang, Cohn, Vorobev, M, Storage-based frequency shaping control, IEEE Transactions on Power Systems, 2021
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Trading off Control Effort and RoCoF

. b282 + b18 + b()
T's + 1

ces($)

no storage

Vi: My = My min
iDroop: a =m
fs: a = FyAP/0.2

0.2

Power Output = (pu)
=
~

0
N

=

E o0}
Sy

-

.S

= 2200 |
=

<D}

A

~ 300
()}

-

(<D}

=

I 400
3 0

[TPS 21] Jiang, Cohn, Vorobev, M, Storage-based frequency shaping control, IEEE Transactions on Power Systems, 2021
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Time t (s)

10

15
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no storage

Vi V = Vpin
iDroop: a =m
fs: a = F()AP/OZ
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Frequency Shaping

Grid-following Inverters: At each bus/area...

by =7 (a —m) bO:b_frg_l_d
S o F . b= (b—-d _
+A + fims+d > 1=0b-dtr+a-m 7T =1
Ui —Di,e 1 1 w;
4; . 1
_fZTerl B . fz as + b —>
xZ; 2
—fices(s) | CfS(S) — b23 + blS + bo
T's 4+ 1

Grid-forming Inverters
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Center of Inertia /w Grid Forming Inverters

Center of Inertia Freq. pi(s) = %PO(S)

_ _Z?:1Miwi(t) (N 1 - |
o) = SR () = () g )

Ifi'fiyi’:g(‘;) Problem: No longer valid grid-forming inverters
D1 Yet
W frequency
va{Ir . P 1 mn
P w(s) = po(s)=n E u; ()
> fi \ o

pe electric power 1 L
S

Network Dynamics

[TAC 22] Min, M, Coherence and concentration in tightly connected networks, IEEE Transactions on Automatic Control, 2022, under review
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Center of Inertia /w Grid Forming Inverters

Center of Inertia Freq. pi(s) = %PO(S)

_ _Z?:1Miwi(t) (N 1 - |
o) = SR () = () g )

Ifi'fiyi’:g(‘;) Problem: No longer valid grid-forming inverters
D1 Yet
W frequency
va{,r -1 P 1 1 mn

N Py (8) 2oizy Ji i—1

pe electric power 1 L
S

Network Dynamics

[TAC 22] Min, M, Coherence and concentration in tightly connected networks, IEEE Transactions on Automatic Control, 2022, under review
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Center of Inertia /w Grid Forming Inverters

%pc)(s)

_ _Z?:1Miwi(t) (N 1 - |
o) = SR () = () g )

Center of Inertia Freq. pi(s) =

Ifi'fiyi’:g(‘;) Problem: No longer valid grid-forming inverters
D1 Yet
W frequency
U —o— p
— w(s) = g u; (S
Zz_ f’L .

pe electric power 1 L
S

Network Dynamics

[TAC 22] Min, M, Coherence and concentration in tightly connected networks, IEEE Transactions on Automatic Control, 2022, under review
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Center of Inertia /w Grid Forming Inverters

Center of Inertia Freq. pi(s) = %PO(S)

_ _Z?:1Miwi(t) (N 1 - |
o) = SR () = () g )

Ifi'fiyi’:g(‘;) Problem: No longer valid grid-forming inverters
p1 Yet
U —O— pi i n —1 n
inr;zgieorn -1 . o _1
- w(s) = E p; (s) E u; ()
DPe etectric power .
%L - ...provides a good approx. of aggregate response!

Network Dynamics

[TAC 22] Min, M, Coherence and concentration in tightly connected networks, IEEE Transactions on Automatic Control, 2022, under review
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Generalized Center of Inertia

Define the Generalized Col Frequency by:

w(s) = p(s) | D wils)
where... = »
ps) = | D_pi'(s)

represents the coherent dynamics.

Coherent Dynamics:
* Representation of aggregate response

e Accuracy of approximation:
* is frequency dependent
* increases with network connectivity

* Provides excellent template for reduced order
models (via balance-truncations)

* More details in [TAC 22]

Apr 25 2022
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Enrique Mallada (JHU)

== B(s)
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— — Coherent Dynamics

10 20 30
Time (s)

[TAC 22] Min, M, Coherence and concentration in tightly connected networks, IEEE Transactions on Automatic Control, 2022, under review
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Grid-forming Frequency Shaping Control

Key idea: use model matching control on coherent dynamics

D i Wi

-1 'U_]
—| B(s) = (Zgﬁ(s) +Zhi1<s)> —>
1€G 1€L
Generation: a-=
1
gZ(S) — —1 (S g —
mus 4 d, - mll b= (di+r;" )+ di
TiST ieg icT
1
B T TS
Inverters: Z ci(s) = Z s+ 1
1 1€ET 1€G
h@(S) = 1€

m;s +d; + ¢;(s)’

[L-CSS 21] Jiang, Bernstein, Vorobev, M, Grid-forming frequency shaping control, IEEE Control Systems Letters, 2021
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D Wi 1 w
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as + b
RoCoF

Steady-state:
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Frequency Shaping

Grid-following Inverters: At each bus/area...

o b282 + b18 + bo

Ui —DPie :“ -:: %ms1+d i Cfs( ) : et 1 Steady(-stat)e: Z Uo; 1
« [l LT e RN Wi > fi b
_fi7_8+1 < fz CLS"‘b
x; ronls) | by =71 (a—m) bozb—rg_l—d ROC|(|)F_|| ‘ ZZ U/O’L| 1
T by=0b-d)r+a-m 7 =71 W |0 Zfz 0
7
Grid-forming Inverters
T{lns
; ci(s) = EG; P Steady-state: Z ug
K3 2 _ . /1: ,L
> U ] w D i Wi 1 w Bies) = b
—> i(s)= <Zgi1(s)+zhi1(8)> —> —> ——>
icg i€ as + b
= e Rocor: ", woil
1 Ji]oe = 2
M) = o b= Y+ a
! ! ! 1€G 1€T
41
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Summary

= Developed dynamic performance metrics that are analytically tractable and give insight
on the effect of inertia, damping, network, etc.

= To bridge the theory-practice gap, we cover: heterogeneous machines, step response and stochastic
metrics

= Generalized notion of Col: based on a novel coherence analysis
= Take away messages

= Role of inertia less dramatic than in conventional wisdom. Lighter systems are also faster to
control. Short term damping d is a more crucial parameter.

= Flexibility in the control design provides more opportunities:
= Dynamic Droop Control (iDroop) can cancel Nadir, Sync. Cost, and attenuate frequency variance.
* Frequency Shaping Control can further trade off between RoCoF and Control Effort

=" What’s missing
= Stability in the faster timescales (compatibility btwn. converters and gens. voltage regulation)

= Performance improvement depends on knowledge on system -> Robust Performance



Thanks!
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* Jiang, Pates, M, “Dynamic Droop Control for Low Inertia Power Systems,” IEEE TAC 2021
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Backup Slides

Numerical Examples
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Modal Decomposition
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Example: Icelandic Power Grid
* Iceland power network: 189 buses, 35 generators, load 1.3GW (PSAT)

. Base Case: No Inverter Control Icelandic Grid
= SW

T 02 ,

3 h Step Disturbance

g %9 ;
f§-0.2 .
() | <

A 04 s L §
> o
= -0.6 | Fy, oo

)

=

g -0.8 '

G:* 0 50 100

Time ¢(s)
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Step Disturbance - Frequency 5 sw ol
: o
* Droop equally shared between gens. and inverters. S 0o
Z0
* Virtual inertia tuned for critically damped response v = v,,;;, S .04 =
s
* iDroop tuned for Nadir elimination g 06
o |
= % 50 100
= DC N VI iDroop
E;, 0.2 — % 0.2 - — —
2 0 "r = 27,0 g 0 =0, ¥ = Vmin =0 v=ry,0=1
.2 .9_ \
S .02 S .02
> >
QO QL
A -0.4 A -04;
5 5
= -0.6 = -0.6
- -
S -0.8 - S -0.8 -
S0 50 100 = 0 50 100
Time t(s) Time t(s) Time t(s)
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Step Disturbance — Control Effort

Inertia parameters of iDroop and VI are set to achieve zero overshoot.

= 0.02
=
< 0.01
<1
=
O
==
=
< -0.01 ¢t
=
3
O -0.02 : : :
0 50 100 o 50 100
— 0.2
=
=
S i
B 0.1
= o= Z
A
3
= -0.1
)
=
D
D 02 : :
0] 50 100 0) 50 100
Time t(s) Time t(s)

Apr 25 2022
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0.02

0.01

0)

-001 ¢

-0.02

Time t(s)

iDroop
rl=0,v=rt o=71"1
A
0 50 100
O 50 100
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Parameter Uncertainty

Apr 25 2022

Maximum Frequency Deviation Aw (mHz)

N
U
-

212

214 F

-216

218

-220

=222 +

-224

0.8

0.85 09 0.95 1 1.05 1.1 1.15
Ratio of Real to Nominal Turbine Time Constants
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Step Disturbance

) SW
T 0.2 .
3 1
g
45'_ 3 |
Inertia parameters of iDroop and VI are set to achieve zero overshoot. g 02
A 0.4
I
5* 1 0.331 Zero Nadir Tuning E 06l
v* | 0.0054 §=71"" & A |
—1 —1 =
vyr | 0.035 =T "9 & Tinlseot(S)
—~ 0 = 1
T - — 5w =
3 -0.1 — — DO @
z NS O
8'021 — — 1Droop | . g
= | Z 0.5
é 03 T
= N e
I RV4 E
c oL :
0 -0.5 ' > 0 ' | ' |
0 50 100 & SW DC VIiDroop
Time t(s)
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Step Disturbance

Inertia parameters of iDroop and VI are set to achieve zero overshoot.

Apr 25 2022

System Frequency @(Hz)

-0.02

-0.04

-0.06

-0.08 -

-0.11

-0.12

-0.14 -

-0.16 -

-0.18 -

5*

0.331

*

v

0.0054

Vv

0.035

System Frequency

-0.2

15

20
Time t(s)

25 30

35 40

=)

0.3

0.25 -

Synchronization Cost ||@]|3

0.05 -
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5*

0.331

V*

0.0108

Vvi

0.070

Synchronization Cost

100
Time t(s)

0.2}

0.15 -

0.1F

L L
SW DC

1
VI

1
iDroop
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Modal Decomposition for Multi-Rated Machines - .

Assumption: Let f; be the machine relative inertia (f; = 7 "37-), and <

Change of Vars.

—»F'%—»VT >

F = diag(f;)

Eigenvalues of: LF — F‘%LF‘%
O=X <A << A

il ——>0>0—»

90

( I

w

—Q

e
o
o
x

ﬂn

|T

gi(s) = ﬁgO(S)

M;

ci(s) = fico(s)

System Frequency —
_ Z?:l M;w;(t)

() Z?:l M;

Change of Vars.

— V —>F'§‘—>

Sync Error
?I)i (t) — W; (t) — ’U_J(t)

[Paganini M ‘17, Guo Low 18]

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, |IEEE Transactions on Automatic Control, 2020
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Coherent Dynamics

Block Diagram:

Generator dynamics:

Y

O] ding{g:(5)) wi(s) = g:(5) (ui(5) — pE(5))

i=1,---,n

pe
lL < Power flow equation:
S
& 1L
gi(s),i =1,--- ,n: Generator dynamics, p (S) o g UJ(S)
L = [L’ij]a

Lij = 5g; L |VillVilbiesin(0; = 0)| _
L symmetric, 0 = A\ (L) < Xo(L) < -+ - < Ap(L)
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Characterization of Coherent Dynamics

Assume all generators from a coherent group

wi(s) = gi(s)(ui(s) —pi(s)) i=1,---,n
Assume generators
“output” identical

l w;(s) = w(s)
frequencies

gz-_l(s)zf)(s) =u;(s) —pi(s) t=1,---,n

Sum from 1 to n:

(Z gi1<s>> () = > uils) | D opi(e

Apr 25 2022 Enrique Mallada (JHU)

Coherent Dynamics:

i(s) = (_Z g;1<s>) > uils)

3(s) = (_Z g;1<s>)

parallel impedance formula

/— g1(s) —\
D> uil(s) 1 gis) w(VS)
g In(8)

52




Coherence in networked dynamical systems

Block Diagram:

U ) Y ? 1 n _
4»9* diag{g;(s)} g > n Zi:l ui‘ g(s) y
1.When does this 2.What is the exact
f(s)L |« network exhibit coherent dynamics of
coherence? this network?

1. Coherence can be understood as a low rank
property the closed-loop transfer matrix

—1

. . ) 1 <~

2. It emerges as the effective algebraic g(s) = | — § g: (s)

1
connectivity increases n i—1

3. The coherent dynamics is given by the
harmonic mean of nodal dynamics
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Justification for Previous Derivation

Theorem. Assume all g;(s) are positive real. Let the transfer matrix from u
to w be T'(s), then for any ng > 0:

lim sup  ||T(jn) — g(jn)11"|| =0, j=+v-L1.
A2 (L)——+o00 n€l—no,no]

e Extension of recent result (CDC "19) on coherence in networked dynamical
systems

e Convergence on imaginary axis is related to time-domain response by Inverse
Laplace Transform

e Algebraic connectivity of L is an indicator of level of coherence
e g(s) accurately represents the aggregate dynamics in the asymptotic sense



Icelandic Grid

Example: Icelandic Power Grid
* |celand power network: 189 buses, 35 generators, load 1.3GW (PSAT) f
.t
o
U : Y Foges
— O diag{gi(s)} ——
N Step Disturbance
T 02
f(s)L |+ >l
= |
-p ‘
S 029
> | .
gi(s) — —1 E\ -0.4 1 .
mis +di 2 2 0.6
1 =
fls)= - o 0.8 1
5 0 50 100

Time t(s)
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Example: Effect of Network Algebraic Connectivity 2,(1) 1

200 ; ; ; 200
— — Coherent Dynamics — — Coherent Dynamics

N0 0
E
)
= -200 1-200 ¢}
o
-
&
e -400 t 1-400 ¢t

-600 ' ' ' -600 ' ' '

0 10 .20 30 40 0 10 20 30 40
Time (s) Tims (s)

Coherent dynamics acts as a more accurate version of the Center of Inertia (Col)
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Example: Sinusoidal Disturbances: sin(w 4t) wy T

300 ; ; ; 300
— — Coherent Dynamics — — Coherent Dynamics

—~ 200} 1 200 ¢
N
L
é 100t 100 \ 4 ;
c 0 0 |
%
o-100¢} 1-100 \/\ | |
@
"= 200} 1-200 :

-300 ' ' ' -300 : : :

0 5 10 15 20 0 S . 10 15 20

Time (s) Time (s)
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Challenges on Aggregating Coherent Generators

For generator dynamics given by a swing model with
turbine control:

1
g’i(s) — 1
m;s + d; + s

_ Need to find a low-order
The aggregate dynamics: approximation of §(s)

1

§(s) = —————
ms +d +‘Zz’=1 n§+1\

high-order if 7; are heterogeneous
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Diagonalization for Step Disturbances 1

U = —Up
S
step
disturbance
U W
T — > G >
1 -
u — —Uop
S
17 1<
S
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Diagonalization for Step Disturbances y— L
— 0
stef
disturbance
Uo 1 u w
> . T(XL —> G >
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Diagonalization for Step Disturbances

Apr 25 2022

Uo

G = QO(S)F_1

o

1
U = —Up
S

step
disturbance

w

S
-G

L |«

Enrique Mallada (JHU)
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Diagonalization for Step Disturbances

Apr 25 2022

1
U = —Up
S

step
disturbance

%
v

gO_(S)I >F‘%

1
>

w

Enrique Mallada (JHU)
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Diagonalization for Step Disturbances

Apr 25 2022

VT

o>

>

—>gO_(8)[—>

VT

1
U = —Up
S
step
disturbance
1| w
F 22—

A -

Enrique Mallada (JHU)
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Diagonalization for Step Disturbances

Apr 25 2022

Uop

VT

——_—————  — — — —

1
U = —Up
S

step
disturbance

Enrique Mallada (JHU)

1| w
F_Q —»
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Diagonalization for Step Disturbances w =Yg

H = diag(hs) K

ho disturbance

—u> F'% m VT > hi, L 5 F_% _’LU»
=
S
where hi(s) = 90(s) , With M=0< A << A
s+ Apgo(s)
. . y | Global Response
System w(s) =

Frequency:

Apr 25 2022 Enrique Mallada (JHU)
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Diagonalization for Step Disturbances 1

Apr 25 2022

U = —Up
H = diag(hk) S

step

ho disturbance

w
hi —— V4 +F‘%—>

hn— 1

go(s)
hk S) =
() s+ Apgo(s)
System
Frequency:

Synchronization
Error:

H(S) = dlag(hl(s), s ooy hn_l(S))

V = [’UO VJ_]

0< A << Apa

N Global Response

w(s) = ho(s)1% ug

Zi fi ‘_'C'/-Imbalance

w(s) :F_%VJ_I:I(S)VEF_%UO

with Ao
1

1
L Network Dependent Response

Enrique Mallada (JHU) Back
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Synchronization Cost
o) n—1
|@]|5 = / w(t) w(t)dt w(t) := Z hi (D) F 2 ool F~ 3y
0

Proposition: Hﬁ]‘ |% = ZgYZO

where Y € R~ D*(n—1) \with elements
oo
_ T —1
Ykl = %l/ hi@hi@)dt, T = (yy):=VIF 'V, and 20=V] F "ug
0
Depends on Generators and Controls. Depends on Network and Inertia.

Average over step direction: [y, [HTDHS] where £ [uouOT} =>>
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Synchronization Cost (ll)

Swing Dynamics

2d
m()\k — )\Z)Q + 2()\I<: + )\l)dQ

/ (B ha(t)dt =

Homogeneous Case: F'=] — ['=/

QdZ)\

Eu, [|10]13]

Independent of Inertia!

Heterogeneous case:

n—1

: . %kzz
* High Inertia:  ||i0|l5=) -0
4 2d )\,
m — OO k=1
n—1
e Small Inertia: Ykl 20k 201

[|w|]z=
m — 0 CA Ak + )
Inertia has limited effect

@]z = 25 Y 20

P / B () (1) dt
0

Swing Dynamics with Turbines
Homogenous Case:

ZHthQ

Moderate Improvement W/ Inertia
lim ||hgl|* > lLim ||hg])?
m—0 M — 00

Eu, [|9]13]

Heterogeneous Case:

* More involved expressions...

* Limits are always finite )

= ’kaZ(Q)k d

e High Inertia: ||w]|5=

—1
= 2dA\, d+ry
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Red dots: nominal values
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Synchronization Cost (ll)

Nominal System dx 2.5

300 : : : :
|||y = 4.76 | ||| = 2.96
_______________ -300
-400 -400 |
-500 —— W|] -500 - — w1
% 10 20 30 40 50 60 000, 10 20 30 20 50 60
t (s) t(s)
m X 2.5
300 : ; r ' 300
||| = 4.77 | —_—
100
0
4100
-200
-300
-400 -400 [
-500 | —— 1w { 500} - — W]
800, 10 20 30 40 50 s % 10 20 30 20 50 60
t (s) t(s)
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