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Dynamic ancillary services provided by Dynamic Virtual Power Plant (DVPP)

Dynamic ancillary services
® specified as desired dynamic behavior/responses
® ever faster responses for weaker (low-inertia) grids

® |ocation of service provision & grid perception matter

DVPP: coordinate a heterogeneous ensemble of DERs
to collectively provide dynamic ancillary services

* sufficiently heterogeneous collection of DERs

— reliably provide services consistently across
all power & energy levels & all time scales
— none of the DERs itself is able to do so

® coordination aspect

— disaggregation of DVPP specifications
— decentralized control implementation
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Problem abstraction in a simple setting

® DVPP setup (simplified) consisting of
— DERs connected at a common bus

— PMU frequency measurement
at PCC broadcasted to all DERs

® ancillary service = aggregate DVPP specification:
— desired grid-following fast frequency response
power = (H s+ D) - frequency
= Tges(s)

® task: coordinated model matching

— design decentralized DER controls so that DVPP
behavior matches the aggregate specification

>, power, L (H s + D) - PMU-frequency

— while taking device-level constraints into account

broadcast

DVPP

input signal

(PMU frequency
signal at PGC)

DERn

Q

aggregate

output signal

(active power
injection at PCC)

desired aggregate behavior
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Nordic case study

® desired ancillary service: FCR-D o discussed solution: augment hydro
with batteries for fast response
power 3100 (6.5s + 1) ponse
A Wind = — works but not very economic
frequency  (2s+1)(17s+ 1)
© tviro better DVPP soluti di
. - U :
® Thermal ¢ well-known issue: actuation of hydro he(tjt;er & win dsto u |or:.aﬁc;$; |nate‘|
via governor is non-minimum phase ydro &windto cove Ime scales
— initial power surge opposes control S0
— highly unsatisfactory response _ ‘»\
= 495 \
50 3 \
R g weor (hydro+wind)
— a v weor (des) [
i:w.s ws
o 48.5
i weor (hydro) =
o 49 \-/ ::m (desired) | | 2 1500
4 485 g 1o Payaro + Puind
:_E] E 1500 5 500 / Phydro
E = D el — E J Puind
P % 1000 z 0 Pes H
é 500 Piyaro 0 10 20 30 40
2 Bus 1-3[ | Time [s]
. g 0 Pies H
- < q .
aggregated 5-bus Nordic model . - > - " remainder of the talk: how to do it ?
Time [s]

Bjork, Johansson, & Dérfler (2022). Dynamic virtual power plant design for fast frequency reserves: Coordinating hydro and wind. |EEE Transactions on Control of Network Systems‘.‘@‘I


https://ieeexplore.ieee.org/abstract/document/9793617
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Part I: DVPP control Part lI: grid codes & optimal services
o disaggregation of desired ancillary service ® grid codes & translation into desired I/O behavior
® decentralized device-level model matching control ® perceive local grid model via system identification

® case study, experiments, & sketch of extensions ® optimize DER response subject to grid-code flexibility
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Decentralized DVPP control setup

. Af
® global broadcast signal [Av}

Ti(s) [ﬁzi]
® global aggregated power output plant 1
[areer] =5, [47] k4 o] | [
dage % grid-follow. DER1 Q>
* DERs with controllable closed-loop behaviors T;(s) . :( )
n(s
® overall/global/aggregate DVPP behavior plant n A
Pn
|:2§agggz :| Z Ti(s) |:AfES§:| {AqJ
agg
grid-follow. DER n
* desired DVPP specification -
P 41 ~ [
v des
[Apdes(s)] [z o [Af(s)] T T e
Agges(s) 0 T(‘;eqs(s) Au(s)

Tdes(s)

Task: Find local controllers such that the aggregation

S CCRICe L IICEL e L, Zl Ti(s) = Taes(s) condition & the local DER constraints are satisfied.
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Divide & conquer strategy

1) Disaggregation & pooling

2) Local matching control

Taes(s) Ti(s)
_ ~ - desired behavior plant i
“ Mi(s) - Taes(s)
N of unit ¢
“a matching
.- control ¢

Disaggregate Tyes(s) into local desired behaviors
via dynamic participation factors (DPFs)

M;(s) = |:m§p(s) 9 }

~
~

desired behavior 4
M;(s) - Tges(s)

For each unit 7, design local matching
control to match desired behavior 4
Tl(s) = ]\L‘,(S) . Tdes(s)

0 mi)
such that
> Ti(8) = Tues(s) = ), Mi(s) - Taes(s)
participation condition )" M;(s) = I

Haberle, V., Fisher, M., Prieto, E. & Dérfler, F. (2021). Control design of dynamic virtual power plants: an adaptive divide-&-conquer approach. |EEE Transactions on Power Systems (.
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https://arxiv.org/abs/2108.00925

Dynamic participation factor (DPF) selection

Define DPFs mgp(s) and m;%(s) of the DVPP units as transfer functions, among others characterized by
* atime constant 7; for the roll-off frequency
® a DC gain m;(0) = p,; to account for power capacity limitations

— divide DVPP units into three categories, i.e., we envision

units that can provide regulation units that can provide regulation units able to cover the
on longer time scales including on very short time scales (fast intermediate regime
steady-state contributions response capability)
i i — Gy =)
mi(s) = ri‘;+1 mi(s) = r:sj—l mi(s) = W(TJJH—U

amplitude
amplitude
amplitude

frequency frequency frequency
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Local matching control

Control objective: for each DVPP unit, find local matching controllers such that the local closed-loop
behavior matches the local desired specification

Tz(s) = Ml(s) : Tdes(s)

General setup for matching control of unit : Af Ti(s) Api

. . . w= { ] lant i y= { 1}

* incorporate local desired behavior av : 2 5 Sai
&= Az + Bu + Bw

y = Cz+ Du+ Dw

Mz(s) ) Tdes(s)

matching control
controller

as reference model into conventional
converter control architecture

¢ different matching control local referance model
implementations, e.g., classical Pl-based i A e e
control, robust & optimal ., methods, etc. ) Mi(s) - Taes(s)

Goal: minimize local matching error!
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Case study

Participation factor selection

Nonlinear & detailed simulation model : miP(s) m(s)
g0
510"
107 10° 10 L 0? 10 10?
frequency (rad/sec) frequency (rad/sec)

System response during load increase at bus 6

wind ~0.05 wind
- A z pv 2 pv
DVPP specification: frequency & voltage control 5 —swen|| BE — statcom
5
DptMs 0 ; <-0.05
Apdes(s) — Tps+1 Af(S)
Aqdes (S) 0 _Dq AU(S) L5 4 —sm || 58 6 — sum
Tqs+1 § s 5 wind g é wind
22 el TE o0 — Sicom
=Taes(s) Z% g2 2 .
gz 2 | g _i,;* o—
4 -2
25 25
time (s) time (s)
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Experimental validation: Multi-converter PHIL testbed

main
power
supply

ASM SG

Tosisitve

ithDVPP )

- )“'\IMM-.Q,‘
st S rﬁ

without DVPP | |

P — sm |5
zms’ | — —desired| |

SRR R e I A E— e statcom |
v — — desired

time (sec)

® DVPP (wind, PV, STATCOM) for frequency regulation
® DVPP response during a + 1kW load jump
® response characteristics according to selected DPFs

Andrejewski, M., Haberle, V., Goldschmidt, N., Dorfler, F. & Schulte, H. (2023). Experimental validation of a
dynamic virtual power plant control concept based on multi-converter power hardware-in-the-loop test bench,
22nd Wind and Solar Integration Workshop (2. 11/21



https://arxiv.org/abs/2309.00882
https://arxiv.org/abs/2309.00882
https://arxiv.org/abs/2309.00882

DVPP extensions

coupled T (s)

Tdes ?

des

(s)

Taes(s)

des( )

noncontrollable units

grid-forming DVPP

0] = e [ 7]

active power

adaptive DPF

before cloud

during cloud

__rCLf _____

time (s)

time (5)

remaining remaining
power system power system

others
® complex-frequency DVPP
e DC DVPP

Haberle, V., Fisher, M., Prieto, E. & Dorfler, F. (2021). Control design of dynamic virtual power plants: an adaptive divide-&-conquer approach. |IEEE Transactions on Power Systems. ('
Héberle, V., Tayyebi, A., He, X., Prieto, E. & Dérfler, F. (2023). Grid-forming & spatially distributed control design of dynamic virtual power plants. |EEE Transactions on Smart Grid. %'
Domingo-Enrich, R., Haberle, V., He, X., Prieto-Araujo, E. & Dérfler, F. (2023). Complex frequency control of dynamic virtual power plants. Master Thesis. '
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https://arxiv.org/abs/2108.00925
https://arxiv.org/abs/2202.02057
https://www.research-collection.ethz.ch/handle/20.500.11850/637393

Outline

transmission transmission

grid grid

Part I: DVPP control Part II: grid codes & optimal services
* disaggregation of desired ancillary service ® grid codes & translation into desired I/O behavior
o decentralized device-level model matching control ® perceive local grid model via system identification

e case study, experiments, & sketch of extensions ® optimize DER response subject to grid-code flexibility
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From grid codes to feasible transfer functions

® translate piece-wise linear time-domain grid code
curves into parametric transfer functions

2] = [ gy & o] [A1

»

)
)

«»

des

=Tges(s,0)
— parameters « need to satisfy grid code
requirements & device-level constraints

® superposition of different ancillary services

TP (s,0P) = T (s, af") + T (5,0™) + ..
—_—

FCR FFR

Goal: optimize response over o & grid perception

}

exact
\AP| - Tg‘;(s,uf“)
——  minimum grid code
| Apser | T ——
P
’,
/
4
.
Vi
/
s >
- t§6r+ -« t;cr+ t

Example: FCR Capability Curve (EU 2016/631)
® active power capability curve after frequency drop
* parameterized by time constants afer := [tfer, ¢fer]
® grid code requirements on FCR capacity | Apgc.|

& tfcr < tfcr < tfcr

a,max

0 < tfcr < tfcr

i,max

o device-level ramping rate constraint

‘Apfcrl S (ticr - tifcr) 'Trpl’lax

Haberle, V., Huang, L., He, X., Prieto-Araujo, E., & Dorfler, F. (2023). Dynamic ancillary services: From grid codes to transfer function-based converter control. arXTv:2310.01555'H/?.1


https://arxiv.org/abs/2310.01552

Optimal dynamic ancillary services provision: Perceive & Optimize (P&O)

G(s) input
disturbance
PCC
TR utility

grid

“Perceive” unknown & local grid dynamics

—

grid equivalent

Ap!
Ag| andillary services

specification

Tes(s,

)

5]

performance output

to be minimized

“Optimize” device response subject to constraints

— identify grid dynamic equivalent G(s) e ensure grid code & device-level requirements
Af(s)] _ [G11(s) Giza(s)] [Ap(s) ® stable closed-loop interconnection of grid
Av(s)| — [Ga21(s) Gaz2(s)] [Aq(s) equivalent G(s) & parametric service Tyes(s, @)

—_— ——
=:G(s) — optimize for feasible a* which results in best

closed-loop & system-level performance

— takes into account local grid characteristics:
sensitivity, short circuit & R/L ratios, etc.

Haberle, V., He, X, Huang, L, Prieto-Araujo, E. & Dérfler, F. (2024). Optimal dynamic ancillary services provision based on local power grid perception. arXiv:2401.17793. '
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https://arxiv.org/abs/2401.17793

Perceive: dynamic grid equivalent identification

“Perceive”
unknown & local grid dynamics — identify G(s)

20 - [6n &) [465)

=:G(s)

Dynamic grid equivalent identification
® inject uncorrelated wideband excitation signals in
converter’s control loop

® measure & collect f, v, p, q responses at PCC

® apply parametric system identification
techniques (e.g., PEM methods, subspace
methods, etc.) to compute G(s)

Practical power converter control setup
power G(s)
converter

m

Lg Re PCC

grid equivalent
identification

o
&,
m g W wideband

excitation

n Oy Sonalniection
"

0, inner loop:
current

control

pll

Tabe
Vabe

q
Closed-loop identification problem
[Ap G(s Af
2] gt 1]
- grid
equivalent

controlled
reserve unit

LR

excitation

Haberle, V., Huang, L., He, X., Prieto-Araujo, E., Smith, R. S. & Dorfler, F. (2023). MIMO grid impedance identification of three-phase power systems: parametric vs. nonparametric
16/21

approaches. |EEE Conference on Decision and Control. ('


https://arxiv.org/abs/2305.00192
https://arxiv.org/abs/2305.00192

Optimize: Closed-loop power grid optimization

“Optimize” detILTr’?)L:nce G(s)
® closed-loop interconnection of G(s) and gZceoualent performance output
rametric Tges(s, o) [AP} ancillary services [Af} to be minimized
pa des\% A4 specification A
® optimize for a* to get optimal & stable Tites (s,

closed-loop performance

minimize /frequency deviation + RoCoF + voltage peak

s.t. dynamics: identified grid equivalent
ancillary services specification
grid-code constraints
device-level constraints

parametric
ina

Solution: smooth objective — compute explicit gradient + project on constraints + scalable first-order methods
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Case studies

2-area Kundur system
® two additional reserve units

® detailed (nonlinear, EMT) models

sG2 , 4 SG4

Case studies to demonstrate the effectiveness of the P&O strategy:

Cheap ancillary services: Ty.s(ao, s) Optimal ancillary services: Ty.s(a*, s)
® encodes minimum open-loop grid-code ® ensures optimal and stable closed-loop
requirements performance based on local grid perception
vs.
® cheap, but feasible dynamic ancillary services ® takes grid-codes & device-level limits into
provision consideration

® indistinguishable for any grid location ® can accommodate time-varying grid conditions

18/21



Case study |

® nominal grid conditions
® apply P&O strategy for unit 1, keep unit 2 disconnected
® initial situation: cheap ancillary services provision by reserve unit 1

frequency (Hz)

SG2 »
£ g /‘\
001 2T z 20 -
gp | [T ©
o * reference e 80 £
E) % ]
Z-o01 s b N
gf-oaz 600, 500 .
E EOUV\\( 00
% oo oo 4 oo -
004 = 400 3 5 = 400 I 3
004 g, ooy g & 0 ety
0 10 N_20 |- 0055 0 20 30 40 50 N *** <
timeNgec) time (sec) 3% #£ **
R T k) > ;;gwy
B a0
v—\ -20
System response during load increase at bus 7 200 __,_,_._.-...r\___w
. . 200 360 Foy
12.6% improvement in RoCoF ° 300 4
~ 0 3 e S - 3 cas S
11.6% improvement in frequency nadir " equency(z) " Prequency(fiz)

32.9% reduction in voltage peak
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Case study I

o oscillatory grid with weakly-damped inter-area modes

® sequentially apply P&O strategy for both units

® jnitial situation: cheap ancillary services by both units

SG2

inter-area mode

frequency (Hz)

cheap 1 & cheap 2 0025 cheap 1 & cheap 2
01 — optimal 1 & cheap 2 § — optimal 1 & cheap 2
— optimal 1 & optimal 2 002 — optimal 1 & optimal 2
0 - — 0015
01 \; 001 A_A
g, 0.005
0.2 £ 0 — g
03 s 0. aos—V U
10
o -0.01 Frequency(Hz)
: ] 10 20 30 40 50 0 10 20 30 40 50 :;/ 0 A4
time (sec) time (sec) I /\%,_.»’/’V
éf 40
significant improvement of the closed-loop system P
behavior after first & second P&O cycle FED
during a load increase at bus 7 ® oo

107

10°
Frequency (Hz)



Conclusions

Summary

® Part I: DVPP control
— disaggregation via dynamic participation factors ‘
— decentralized model matching control
— case study, experiments & extensions ‘ |/ vanemission i

® Part II: grid codes & optimal services ‘ : grid
— grid codes & translation into 1/0O behavior

— perceive power grid via system identification
— optimize DER response s.t. grid-code flexibility

transmission

Future work
® extension of P&O strategy to multi-agent scenarios: what if many DERs learn in parallel ?

® development of next-generation grid codes: decentralized stability certificates, service criteria, ...

link (2" to related publications
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https://people.ee.ethz.ch/~floriand/publications.html

