B

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Achieving the Dispatchability of
Stochastic Power Flows hy
Distrihuted Gontrol of
Dispersed Energy Resources

Fabrizio Sossan
Distributed Electrical Systems Lahoratory

SCCER School
2017 0ctoher, 20th

Dispatching Stochastic Power Flows by Distributed Control of DERs, Fabrizio Sossan | 20.10.2017



s

From a power system operation technical perspective, which are the
pressing concerns related to renewable generation?

1. Availability
2. Predictability

3. Intermittency
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Question time!
e

From a power system operation technical perspective, which are the
pressing concerns related to renewable generation?

L Availabili
2. Predictability
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Fig.: Reliability vs reduction in forecast uncertainty.

(Adapted from M. Bozorg et al. Evaluation of the impact of dispatched-by-design operation on power system reserve requirements. Submitted
to IEEE Transactions on Power Systems, 2017)
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Intermittency
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Fig.: Wind generation curtailment policy in EirGrid power system.

(.M. Dudurych. On-line assessment of secure level of wind on the Irish power system. Proceedings of IEEE PES GM, 2010)
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To tackle the challenge of predictability and intermittency, we propose
to use local storage to dispatch the operation of stochastic power flows
by tapping local flexibility.
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Real Power
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Stochastic slow Corrected stochastic flow

Challenges: Complexity due to large number of units (scalable setup), possibly few measurements points.
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The topology of a dispatchable feeder
s

EPFL sub-transmission grid Sources Of ﬂGXibiIity:

50/20 kV
20 MVA

Grid Connection Point = Physical energy storage storage
systems

= Flexible Demand (space heating)

= Curtailable PV facility

Ageregated consumption

OO

20/0.17 kV
0.75 MW

BESS injection

Buildings with 95 kWp rooftop PV

The operation of a group of stochastic prosumers (generation + demand) is dispatched according to
a profile established the day before operation (called dispatch plan) by controlling flexible resources.
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Time (hours before the beginning of the day of operation)

The feeder dispatch plan on a
S-minute basis is determined.

<
The feeder is dispatched accord-
ing to the dispatch plan.

Tracking of the dispatch plan. | Receding horizon MPC to
control BESS injections.

24
Y Y
TSO Dispatchable feeder operator BESS

Day-ahead scheduling Intra-day and real time operation

(Fabrizio Sossan, Emil Namor, Rachid Cherkaoui,and Mario Paolone. Achieving the dispatchability of distribution feeders through prosumers data
driven forecasting and model predictive control of electrochemical storage. IEEE Transactions on Sustainable Energy, 7(4):1762—-1777,0ct2016)
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Formulation - Day-ahead planning
s

The dispatch plan is a sequence at 5 minute resolution that denotes the
power flow at the grid connection point that the feeder should follow.

It is the sum between prosumption point predictions and the so-called
offset profile:

ﬁt:2t+Ft tzl,

The latter is with the objective of restoring an adequate battery state-of-

energy such that, during operation, enough up/down-flexibility is available to
compensate the mismatch between presumption and realization.
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The problem is forecasting the prosumption for the next 24 hours period based
on historical observations.

1. Historical data are disaggregated into {demand, PV generation} by using
an unsupervised algorithm([1].

2. Disaggregated profiles are forecasted by applying:
* Vector auto-regression for demand.
« PV generation by using a model-based tool chain {GHI predictions,
transposition model, PV model}.
3. Forecasted profiles are aggregated back together.
4. The outputs are point predictions and scenarios.

[1] “Unsupervised Disaggregation of PhotoVoltaic Production from Composite Power Flow Measurements of Heterogeneous
Prosumers”, F.Sossan, L. Nespoli, V. Medici, M. Paolone, Available on ArxiV.
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Formulation - Day-ahead: Offset profile (non convex)
e e
Provided with previous scenarios, we seek for an offset profile F such that the battery state-of-
energy is within the allowed bounds for worst case scenarios L., L.

N
F° = arg min Z F?
FeR™ | =1

subject to
SOE,%+1 = SOEZ+ +8* [F{’ + Lﬂ : + 68~ [on - in] :
SOEI_H = SOEzT + Bt [Fio + Lﬂ i + B8~ [FZ-O + LzT] :

SOEY, ; > SOE iy,

SOE!,; < SOEnax
Fi + Lf > Bmin
F; + L] < Bax
P; < Prax
fore=0,...,N —1
Note that this is a non convex problem due to the sign operators [-] ™, [-]~
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Formulation - Day-ahead: Offset profile (convex)
s
The previous problem can be formulated as a convex one by writing the sign operator as the
sum of two mutually exclusive terms. We define:
Ki=F°+LI'=K'—-K , K '>0 K >0
Gi=F°+LI =G -aG;, G}/>0,G >0

which are used to rewrite the previous optimization problem. The cost function achieves to
keep the positive and negative components mutually exclusive.

N
arg min {Z(K{I_+K;+GZ—-'—+G;)}

Kt,K—,Gt,G"eRY | i=1
subject to:
Kf — K —Lj=Gf -Gy — L]
SOE},, = SOE; + 8K, — B~ K
SOE!,, =SOE] + 8*G} — p~G;
SOE! > SOEin
SOE! < SOE ax

FO=K'""—K °—L'
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Formulation - The real-time control problem [(MPC)
s

The objective is to track the dispatch plan. Since it consists in accomplishing a certain energy
throughput, we rely on MPC rather a conventional feedback control loop to determine the current
evolution while respecting BESS operational constraints. MPC is actuated at 10 sec resolution on
a 5 min shrinking horizon by plugging in short-term prosumption forecasts and open-loop
predictions of the BESS operational constraints (voltage and current).

Two formulations are possible:

1. determining the BESS power to accomplish the energy throughput subject to BESS
constraints. However, BESS constraints are nonlinear and nonconvex.

2. Determining the BESS current to minimize the distance from the target energy
throughput while subject to linear voltage and current constraints. However the cost
function:

(Em(imk) - 6k)2 ~

is in the form ¢(1(x)). To be convex, it requires () to be convex (it is) and 4 convex
nondecreasing (it is not), thus itis nonconvex.
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Formulation-The new (convex) MPC
e

The BESS energy throughput in the 5 minute interval is the integral over time of the product
between BESS DC current, voltage and converter efficiency alpha:

T .
Em(') = OV %k

The BESS voltage dynamic evolution depends on the charge/discharge current. It can be
modelled by using a three-time-contant (TTC) model as a function of the initial BESS state x_k

as the following linear relantioship.
__ AV Ve v
Vg = @ Tk + Vit + U

which replaced in the first expression leads to:
_ T jvT JA vl - T, vl

The expression above is the sum of two linear expressions and a quadratic form in the
current. Itis therefore convex provided that ¢ is SDP, which has been numerically proven for

the adopted TTC model.
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Fnrmulatmn Tlle new [convexl mrc

s s e

We use the previous result to formulate a convex equwalency of the original MPC optimization
problem. This consists in maximizing the current (linear cost function) subject to the energy
throughput being less or equal to the target energy throughput e_k (convex inequality).

o - = value of the prosumption set-point

Rk = g {1 Zm} to match (from the dispatch plan)
subject to : = expected average consumption with
o — 336000O @B5-B¥)  (Tracking error) short-term point prediction

a (xk g/)“TzElk - i]T\”tw'.”TiElk + 1sz;‘sz'E|k) < e (BESS energy througput, convex if 1] is SDP)
1 i < zk,lk < 1-imax  (Current constraints)

1-A;min < H? e S 1 Ajmax  (Current ramping constraints)

Vi = O vg + W-’zklk + 971 (Voltage model)

1 vy < U7 Rk S <1-vmax  (Voltage constraints)

SOCy, = ¢°°“SOC, +¢7°“ig;,,  (SOC model)

1-SOC,i, < SOCklk <1-50Chax  (SOC constraints)

Once the current is known from the MPC, it is multiplied by the voltage to determine the real power set-point
to finally submit to the BESS converter.
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The EPFL experimental SEIIIII

s

EPFL sub-transmission grid

50/20 kV
20 MVA

Grid Connection Point

BESS injection
Buildings with 95 kWp rooftop PV

Assomatlon Balelec

powered by A Leclanché
=l

—

750 kW /500 kWh Lithium Titanate BESS

I : Dispatchable feeder

= Single measurement point at the GCP.
= 350 kW peak demand during winter.
= 95 kWp roof-top PV installation.
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The EPFL experimental setup- The BESS specs

s

Parameter Value

Nominal Capacity 720 kVA/560 kWh

GCP Voltage 20 kV

DC Bus Voltage Range 600/800V

Cell Technology Lithium Titanate Oxide (LTO)
(Anode/Cathode) Nichel Cobalt Alumnium Oxide (NCA)
Number of racks 9 in parallel

Number of modules per 15 in series
rack

Cells configuration per 20s3p

module
Total number of cells 8100
Cell nominal voltage 2.3V (limits 1.7 to 2.7 V)

Cell nominal capacity 30 Ah (69 Wh)

Round-trip efficiency 94-96%
(AC side)

Round-trip efficiency 97-99%
(DC side)
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Dispatched operation - 14 Jan 2016
https://snapshot.raintank.io/dashboard/snapshot/PuW1Rf5d470Q0gsT7UNponM25bGDNTRA

Dispatched operation - 13 Jan 2016
https://snapshot.raintank.io/dashboard/snapshot/cDS4IDniZjRiePXvusnmQXOmMwpGLnR6

Dispatched operation + Peak Shaving -- 22/06/2016
https://snapshot.raintank.io/dashboard/snapshot/LSF3bPxt\WYDjHVu6siEr1VPb92E XNkd6

Dispatched Operation + Load Levelling -- 14/03/2016
https://snapshot.raintank.io/dashboard/snapshot/4ztn800czpAzEFRzbGOmWc1A2pKeC9ab

Dispatched operation (continuos operation) -- 16 to 19/03/2016
https://snapshot.raintank.io/dashboard/snapshot/ TNbEgP7j1AWhaW7cEK1ZiK3tY10r7P4U
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Results -14/01/2016, operation
e

* Prosumption worst-case
scenarios (shaded band)

* Prosumption point predictions
(dashed)

« Offset plan (black).

 Dispatch plan (gray)

« Composite power realisation at
the GCP (dashed)

* Prosumption realization without
the battery correction (black)
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Resuits - 14/01/2016, BESS data
s
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BESS state-of-charge, DC Current and DC voltage with respective limits.
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s e

Every 5 minutes Every 10 seconds

Current SOC

g Plll’lC
pCB pBESS
High-Level Low-Level
Controller Controller

Daggr

Slower control loop
(coordination) for PV and
building set-points.

Fast control loop for battery set-points.
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Extension L..]1 resources tralized Formuilation
s

For the case PV + Battery. Minimize PV curtailment over time while obeying to system
constraints.

~\ 2

arg min Z (G’j — G'J)

Gi,....GN J=1

B;,...,Bn
subject to:
Bj+Gj:ej i=1...,N
0<G; <G, j=1i,...,N
B™" < B; < B™ j=14,...,N
SOCT™ < f(SOC;,B;_1,j-1) < SOCT*™ j=4,...,N

PV output PV short-term forecast (point prediction)

Coupling constraint
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S S S e
(Through ADMM). For the PV: . .
Copied Variable update
k+1
G*: _grgmm{Z:(G G) +
o N
[Gi4 BiN] =  arg min { 9;(G; + B;)
4 e B - N i, g, {00
2
p ”GkJrl Gin+ UGZNHz -+
subjectto:  0<@;<G; j=4i,...,N 2| B - Bi,N+uBi-“,NHz}
For the Battery: Dual variable update
Bi"}l —arg min HBzN B; N+uB’LNH
B BN ugin =Gin —GiN tucin
subject to: uph g = Bi_c’+1 BE 4 ugk
B™" < B; < B™* j=4,...,N .
SOC™ < £(SOC;, B;_y 1) < SOC™ j=i,...,N Centralized updates

Distributed problems

. . . . . 0, B;+G;,=e
Copied variable Dual variable Coupling constraint  4;(G;, B)) = {OO’ horwice
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Lahoratoire d'Automatique Demand Response

s

( )

Solar radiation
Outside temp

. J

( )

Power
measurement

( Temperature )
Occupancy
Light
Humidity

7.8~kW Peak demand. Scaled
up to 45~kW.
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Equivalent Storage Gapacity of common TGLS
s
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Fig.: Storage capacity of reference TCLs vs reference battery systems.

(Fabrizio Sossan. Equivalent electricity storage capacity of domestic thermostatically controlled loads.
Energy, 122,2017)
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Dispatch Planning - Two Competing Ohjectives
e

f Flexibili
@ Minimize energy Cost Comfort exibility
S: Low Low Low
=
2L
H High High High
E -
FEEEEEE R

Goal: Choose dispatch plan to maximize controllability during highly uncertain periods
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s
Day-ahead plan for the thermal (x, e) trajectory of the building and electrical dispatch d

Building
Energy Comfort Dispatch dispatch plan
cost metric eiror Prosumer

forecast error
rDin ZE (cost; - + p(x; — %) + ||ei — (di + pi)|?)
st. (x,e) e C(w) VYweW

Thermal trajectory must be input-admissible
(feasible) and comfortable C(w) for all likely
weather scenarios W
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Good Prediction Day - Battery Only
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Good Prediction Day - Battery & LADR
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Poor Prediction Day - Battery Only
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Poor Prediction Day - Battery & LADR
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Impact of Building Size - Prefiminary Conclusion
e

200 - Current
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Impact of Sample Rate - Pre/iminary Gonclusion
s
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s

= A bottom-up approach to tackle the challenge of increasing reserve
requirements due to integration of larger shares of renewables.

= Suitable to operate in current vertically operated power systems.
= Fully decentralized control mechanism. No coordination requirements
(complexity is masked behind the commitment of the operator to follow the

dispatch plan). No pervasive monitoring/control infrastructure.

» |nherently allows to achieve local grid operational objectives, like peak
shaving or load levelling, including grid constraints (see Stai).
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= Two-time-scale distributed optimization efficiently achieves to decouple
flexibility and meet technical constraints of heterogeneous DERS.

* J
Spectral Split S & <«
Tracklng signal WWW High Low Fast
| L ¢ x| v
m’f \” I 1,,« f "\ W‘“‘rn —
'''''''' 3 Slow High Slow
= il v\v fﬂ el v 7 .
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Thank you for the attention. For further info:
s

* Eleni Stai, Lorenzo Reyes, Fabrizio Sossan, Jean-Yves Le Boudec, and Mario Paolone. Dispatching stochastic
heterogeneous resources accounting for grid losses and imperfect batteries. IEEE Transactions on Smart Grid, Accepted
for publication, available online, 2017.

* Enrica Scolari, Fabrizio Sossan, and Mario Paolone. Photovoltaic model-based solar irradiance estimators: Performance
comparison and application to maximum power forecasting. IEEE Transactions on Sustainable Energy, 2017.

*  Xiang Gao, Fabrizio Sossan, Konstantina Christakou, Mario Paolone, and Marco Liserre. Concurrent voltage control and
dispatch of active distribution networks by means of smart transformer and storage. Submitted to IEEE Transactions on
Industrial Electronics, 2017.

» Fabrizio Sossan, Lorenzo Nespoli, Vasco Medici, and Mario Paolone. Unsupervised disaggregation of photo-voltaic
production from aggregated power flow measurements of heterogeneous prosumers. Submitted to IEEE Transactions on
Industrial Informatics (avalaible online), 2017.

*  Mokhtar Bozorg, Fabrizio Sossan, Jean-Yves Le Boudec, and Mario Paolone. Evaluation of the impact of dispatched-by-
design operation on power system reserve requirements. Submitted to IEEE Transactions on Power Systems, 2017.

* Luca Fabietti, Tomasz Tadeusz Gorecki, Emil Namor, Fabrizio Sossan, Mario Paolone, and Colin Neil Jones. Enhancing
the dispatchability of distribution networks through electric energy storage systems and flexible demand: Control
architecture and experimental validation. Submitted to Energy and Buildings, Elsevier, 2017.
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