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E. Gobet - McKean FBSDE and microgrid 1.1 Context

1  Modeling the micro-grid
1.1 Context

Recent deep transformations in the mechanisms of energy purchase / sale,
distribution / consumption: Renewable Energies, storage, aggregation, home

automation, setting up of microgrids. ..

Solar/consumption prediction
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_Solar energy
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Machine learning

Dxnaming ogtimization

At the scale of a district. .. Microgrid
storage battery
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1.2 The system

v/ Context: management of smart district/building
» equipped with solar panels (one could complete also with wind farms)
» connected to a "public" grid providing electricity
» equipped with a battery (or any storage capacities)

v' State variables: Grid Power, State Of Charge, weather variables,

inside temperature, building consumption

v' Uncertainty: global consumption, PV production (intermittent)

«\

Controls: HVAC, lighting, battery (playing the role of a buffer)

v Economic criterion: reduction of the uncertainty of the demand on
the grid load, look for smoothing the demand over the day

@ Electricity producer: better sizing of energy-production units

© (Grid manager: better management of power flow on the public grid

© Consumer (or aggregator): contract with lower electricity price

CAESARS 2018: Advances in Modelling and Control for Power Systems of the Future - September, 2018 page 4/25



E. Gobet - McKean FBSDE and microgrid 1.3 Time scale of the optimization problem

1.3 Time scale of the optimization problem
Optimization window = 24h to 48h, to account for
v’ large variability of weather forecast (impact on PV production)

v/ variability of consumption forecast (in particular if any industrial activities in
the district)

Timeline

v’ At Day D-1 before noon:

» get the weather forecast from MeteoFrance as a single point forecast

» build a probabilistic model of irradiance uncertainty (for PV production)

» compute the optimal mean consumption on the public grid for Day D
| McKean optimization]

» send this as a demand for electricity on the spot market

v’ At Day D:

» use the optimal strategy for battery management computed at Day D-1

v/ Time-consistency when forecasts are updated?
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1.4 Ingredients for designing the micro-grid management

Goal: How to minimize the variability of the grid load?

1. Consider an optimization criterion

For instance: over T' = 1 day horizon,

min LT (/{Var Peria(t)] + pE [PL.(t)] + VE

control;
2
1
SOC(T) — —
(soc(r) - 3) ]

v Compromise between

-3

+rvE

» variability of Pgriq averaged over the day
» large charge/discharge of the battery (aging effect)
» maintening the battery at the medium level of charge

v' Installation cost treated separately

v' Looks like a Linear-Quadratic problem
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Variant with penalizing differently excess/deficit of demand

T
v/ Convex loss function £: v, min / (kinf E [((Pgria(t) — m)]
0 m

Quadratic ————— Nonquadratic control t
1.0

‘|‘ ,LL ]E :Pgat (t)}

+vE _(soc(t) — %)2} )dt

+ 7R _(soc(T) — %)2]

If {(x) = 2%, m* = E |Pgria(t)] and inf,,, E [£(Pgria(t) — m)| = Var [Pgriqa(t)]
Regarding Spot market: m* = optimal mean consumption for Day D
In the following, we replace the inf by E [{(Pgria(t) — E [Pgria(t)])].

Optimal stochastic control problem of McKean type (involving the
distribution of State Variables and of Control), see [Carmona-Delarue, AoP
2015, etc]
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2. Residential building consumption:

Pcons (t) = PHVAC (t) —|_ PAppliance (t) —|_ PLighting (t)

v/ Lighting: automatic mode, depends on the season and the hour of the day.
Negatively correlated to the irradiance |[Not yet handled].

v HVAC: automatic mode to maintain a inside temperature within a range (e.g.
[19°C — 20°C]). Correlated to the weather conditions [Not yet
handled].

v Usually modeled with mean-reverting process with jumps (when switch
off-on devices or start/stop activities).

Example with a industrial building (tertiary sector):
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3. Power balance:

Pcons (t) = Ppat (t) + Psun(t) =+ Pgrid(t)

with Ppat 2 0, Psun > 0, Pgriq > 0 (no selling of extra production).
v' Poun: depends on irradiance (see later), humidity, temperature, PV panel. ..

V' Ppat: depends on the controller wu;

» SOC: the State Of Charge variable.
» Power delivered by the battery:

Ppat () = ¢°**(uy, SOC()).

x u and Ppar have the same signs
x if SOC(¢) = 0 and u; > 0, no extra discharge (Ppat(t) = 0). And vice-versa.
» Evolution of SOC:
dsoc(t)
dt
» Rough approximation: linear dynamics

= > (us, S0C"(1)).
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4. Irradiance

(a) No stationarity property in weather variables

1000

Measurements of Global Horizon-
tal Irradiance from SIRTA (48.7°N,
2.2°E.) for the considered period.
Cumulated over 1 day.
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(b) Daily fluctuations of irradiance depend much on the location and on the size

Solar Irradiance on 2006Jan0 1 Solar-PV Power Forecasting for Brussels =
40
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Typically, grid resolution = 1.3km for weather forecast.
(c) Long term forecast are especially difficult (m T=1 day)

(d) We need probabilistic forecast (# pointwise forecast) at a given location

CAESARS 2018: Advances in Modelling and Control for Power Systems of the Future - September, 2018 page 10/25



E. Gobet - McKean FBSDE and microgrid 1.4 Ingredients for designing the micro-grid management

How to design a stochastic model?

v' We shall take advantage of day-ahead forecasts (performed on day D-1)

Different  MeteoFrance forecasts
(AROME, ARPEGE).
Horizons: Day=D, Day before=D-1.

Solar Irradiance [W/m’]

12
Hour (UTC)

v" We account for the maximal irradiance (Clear Sky Model = cloudless sky).
Good proxy (using the Sun-Earth geometry and the day of the year):

[l = ol (1) — [83.69 sin( (D + 82.07)) + 1130.44] cos(0,(t))*?

365.24
where D is the day of the year [0,365], and 6,(¢) is the solar zenith angle.
v' Clear Sky Index: X; = 1) € [0, 1]
y ) t— Iclear sky model (t) ?
Iforecast t
v Expected CSI: x;™**" = (1) e [0,1]

]clear sky model (t)
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v" SDE model (like Fisher-Wright or Jacobi process):
dX; = —a(Xy — z2=)dt + o X (1 — X,)PdW,
with o, 8 € [1,1].

v, Parameter estimations:

» a~ 0.75h ! estimated from autocorrelogram

1.0f% ‘ ' 1
\ —  y=exp(—0.75%x)

0.8} |\

0.6 \

0.4} '

Autocorrelation

0.2+

0.0 HE-\T\__”_'T'—‘—-EO—-—— e a
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Unit = [1 Hour]

CAESARS 2018: Advances in Modelling and Control for Power Systems of the Future - September, 2018 page 12/25



E. Gobet - McKean FBSDE and microgrid 1.4 Ingredients for designing the micro-grid management

Xti 1 Xti
> (0,6) = (0.8,0.7): grartto=
t; i

» the volatility op is adjusted everyday as a function of the averaged
increments of the D — 1-forecast

. £ N(0,030).

B Iforecast (tz_|_ 1 ) Iforecast (t'l,)
ATICSID - Z Iclear sky model (tz+1) B Iclear sky model (tz)

t; €Arome forecast times

06 . s lday
. .

0.5

For each day D in the data set,
the standard deviation opV/d as

a function of the Average Time

0.4

0.3

std of REI

02
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Increment CSI.
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Average of Time Increment of CSI

Linear relation of the form

op Ve = 0.622 x ATICSIp + 0.0004 -+ error.
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1.4 Ingredients for designing the micro-grid management

[Results for a day with

mitigated weather (October, 24th, 2015)]

Simulations of Irradiance

Confidence intervals for Irradiance
over 10000 simulations
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2 Optimal stochastic control of McKean type

Accounting on the distribution of the system (through its moments): set
Xt =xg+ fot (s, w,us, X)ds + Z; (with Z exogenous cadlag process) and

T
Ju)=E / L(t,w,ug, X Eg(t, w, ue, X)) dt + Y(w, X7, E [k(w, XT)]| — min
0

u pred.

Standard Lipschitz/differentiability and measurability assumptions on
Qb,l,g: [O,T] XQXRd X RP x ... —= R and w,k:Qde e s R

References of such a problem (without the distribution on the control):
[Carmona, Delarue, Lachapelle, 2013], [Carmona, Delarue, 2015] ...

Our strategy of analysis, using Pontryagin principle:

1. necessary conditions by Gateaux differentiability " McKean Forward
Backward SDE

2. well-posedness of the McKean FBSDE

3. sufficient conditions under convexity conditions
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2.1 Necessary conditions

Theorem (Gateaux derivatives). Let u € H? and set g := E [g(t, us, X2)].
Assume smooth coefficients, define the FBSDE (Y, M)

2

_det — (vxqb(taut?X{tu)Y;f + vxl(tvutaXtuag?)
< +ng(t, Uy, X;L)E [Vgl(t, U, X;u, gy)] ) dt — th,

Yp = Vaop (X7, E k(X 7)) + Vo (X7)E [V (X7, E [k(X7)])]

\

and assume that it has a square integrable solution (Y, M). Then, for any v € H?,

T
8gj(u+6V)ls:o=E/ {lu(t,ut,Xt‘,gﬁ)+E[1g(t»ut>X?,§E‘)Jgu(t,ut,X}f)
0

+YtT_qbu(t,ut,XE)}tht] .

@ We allow jumps in the dynamics " cadlag martingale M.
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2.2 McKean FBSDE

Theorem (Existence, uniqueness). Under technical assumptions, there is a
control v and a McKean-FBSDE (Y, M) satisfying the first-order optimality

conditions:

’

lu(tauhX;tuagg) + E [lg(tautaXtuag;ﬁuﬂ QU(tautaX{tu) + (nQL—)TqﬁU(t)utan) — 07
~dY; = (Valt, e, XE)Yi + Val(t X )

+ng(t, Uy, X#)E [Vgl(t, Uy, Xgi, g?)] ) dt — th,

Yr = Vit (X2, E [R(X3)]) + Vak(X2)E [V (X2, E[R(X5)).

v' "Technical assumptions”:
» In general, small coefficients and small time (fixed-point argument)

» For linear-quadratic problem, solution in arbitrary time

v’ For LQ problems, explicit solution through the solution of Ricatti equations

v’ In general, resolution via regression Monte Carlo (like for BSDEs) A
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2.3 Suflicient conditions

Simplified presentation with £ = 0. Assume
1. The terminal cost 1) is convex.
2. The mapping
H*? x H>? x H>*? — R

(U,X, Y) — fOTE [l (t,ut,Xt,IE [g (t,ut,Xt)]) + Yt—EQb(t,’U,t,Xt)] dt

is convex in (u, X) for any Y.

@ Hamiltonian in expectation and not pathwise.

Theorem. If (u,Y) is the solution of McKean FBSDE, then the control u is
optimal.

All conditions are satisfied in the initial microgrid problem.
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2.4 Example: the Linear-Quadratic case

dsoc Py (¢
Dynamic of the system: T(,5) _ ;t( )

v' SOC (or X): level of charge of the battery

V' Ppat (Or u): power supplied by the battery
vV Emax: energy capacity of the battery
V' Pgria(t) = P1oaa(t) — Ppat(t): power balance

Optimization criterion:

min /O : (Ht Var(Pgria(t)) + M E [P2ia(H)] + i E [P2 (1)] ) dt

Poat ()
+ /O ) (E | (s0c(t) = soc,)’| ) dt + = B (806(T) — socr)’

Assumptions: kK, \, u,w > 0 and A+ u > 0
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McKean FBSDE:

(X, = — g dt,
X, = 50C(0),

< —dlft = UVt (Xt — SOCt) dt — th,
Yr = w (X7 — socr),

X (ke + At + pe) ur = (Kt + At) Proada(t) + K¢ E [up — Proaa(t)] + Ys

gmax )

m Closed-form solution (Ricatti equations).
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2.5 Numerical illustration: with or without battery command
2.9

Numerical illustration: with or without battery
command

Here we consider the Linear-Quadratic case (explicit solution).

Power supplied by the grid (no control) Power supplied by the grid (nu=63.8)
50| — FE[Pgrid] sol — E[Pgrid]
— Pgrid — Pgrid
- - 5% and 95% percentiles - - 5and 95% quantiles
40} 2l
30t 1
i)
£ 20}

30

Pgrid

20

10+

WITHOUT battery

WITH battery
Pathwise behavior and Distribution of P4
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Variance of power supplied by the grid (no control) Variance of power supplied by the grid (nu=63.8)
16 — Var(Pgrid) | 16 - — Var[Pgrid] |
14 , 14} ,
12 i 12} ,
~ 10 i ~ 10t ,
2 2
< g | £ 4 ,
2 p
6 i 6| i
4l , 4l ,
2} , 2} i
0 ! L | | 0 ! I I !
0 5 10 Time 15 20 25 0 5 10 1ime 15 20 25

WITHOUT battery WITH battery

Empirical Variance of F;.iq
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Cost depending on size of the battery Emax

800 : .
700} 1
600 :
500 :
— No control
§ 400 — No penalty .

— Optimal penalty

300

200

100

Impact of the size of the battery on the cost and the optimal

penalization parameter
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3 Conclusion

v' Modeling micro-grid management
» Optimization criterion: variability of Pgriq
» New irradiance modeling: using SDE. Good probabilistic forecast

» Optimal control: solution by Pontryagin principle, and McKean FBSDE

v' Perspectives:
» Numerical resolution in general: design of Regression Monte-Carlo

» Coupling consumption to weather variables: Lighting +— irradiance,

inside temperature <— outside temperature and irradiance ...

» Coupling with wind farms
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v' Questions:
» Cost of installation (battery aging) vs savings using the management system

» Other storage capacities (heat networks, flywheel...) |[Maxime Grangereau
PhD thesis with EDF|

» Individual storage capacity vs mutualized ones?
» Which size for aggregating production/consumption?

» Impact of time-inconsistency

Thank you for your attention!
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