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@ 40 % of world-wide primary energy consumption is
due to buildings

@ Buildings play a key role in smart grid

@ Reduce Buildings energy consumption
@ Make them smart grid ready




The HOMES program

Largest funded program on buildings active energy efficiency in
Europe ...
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Infroduction

The HOMES program

Largest funded program on buildings active energy efficiency in
Europe ...
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gy Scipeider  somey.  Lyp @ & wieland

OMES

September 2008 > September 2012
26 Work Packages — 80 M€

39 M€ funded by OSEO (French
Agency) incl. Schneider 26 M€

“Equip each building with Active Energy
Efficiency solutions, to achieve the best
possible energy performance”

M. Y. Lamoudi - Schneider-Electric/Gipsa-lab - DMPC for Energy management in buildings ) 11/29/2012 3/52



Thesis objectives

| Design control algorithms able fo improve energy
g2 management in buildings
@ Reduce energy and maintain comfort

@ Make buildings "smart grid ready" (variable
energy prices, power limitations)

© Design generic, scalable and modular solutions




Distributed Model Predictive control for energy
management in buildings

ﬂ MPC for energy management in buildings
e Zone Model Predictive Control
e Distributed Model Predictive Control

0 Conclusion
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Energy management in buildings

An infroduction

Comfort indicator Energy criterion

Ensure comfort by mainting Find the best way to achieve comfort
outputs in a given set given constraints on inputs
Outputs Crit.
r r

time Inputs

Optimum

VI. Y. Lamoudi - Sc DMPC for Energy m ntin buidings - 11/29/2012 7/52




Conventional conftrol in buildings

Rule-based control

Rule-based control

Rulel: if condition[params] then action|[params]
Rule2: if condition[params] then action[params]

Many issues

@ Coherence of the process of decision
@ Parameters tuning ?
@ complex situations ?

VI. Y. Lamoudi - Schneider-Electric/Gipsa-lab - DMPC for Energy management in buildings 9/2012 8/52



Conventional conftrol in buildings

Rule-based control

Rule-based control

Rulel: if condition[params] then action|[params]
Rule2: if condition[params] then action[params]

Many issues
@ Coherence of the process of decision
@ Parameters tuning ?
@ complex situations ?
To sum up ...
o Difficult to generalize
@ Must be fully adapted for a given scenario
@ Difficult to handle economical objectives
@ Difficult to ensure coherence of the decision
@ Exiremely simple to implement on BEMS !



MPC for energy management in buildings Model Predictive control

Model Predictive Control o

An intuitive concept...

A simplistic example

minimize path length and avoid obstacles

Avoid Obstacles O

Initial state
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MPC for energy management in buildings Model Predictive control

Model Predictive Control o

An intuitive concept...

A simplistic example

minimize path length and avoid obstacles

Avoid Obstacles O -
arget

00

= Closed loop trajectory

Initial state
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MPC for energy management in buildings Model Predictive control

Model Predictive Control o

An intuitive concept...

A simplistic example

minimize path length and avoid obstacles

Initial obstacles positions ©

Final obstacles positions Target

o-.:3 First Optimal Trajectory

Tnitial state = Closed loop trajectory

Electric/Gipsa-lab - DMPC for Energy mar

V.. Y. Lamnoudi i buildings - 11/2




MPC for energy management in buildings Model Predictive control

Model Predictive Control ay

Receding Horizon Principle

Prediction horizon
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Why Model Predictive Control in buildings?

@ Thermal inertia

@ Coupled dynamics

@ Constraints (comfort, actuators, power consumption, etc.)

@ Multi-source: several power sources (thermal, electrical, etc.)
@ Economic objectives (varying energy tariffs)



MPC for building Energy management

The ingredients ...
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The ingredients ...

Predictions
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Predictions Objective
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MPC for building Energy management

The ingredients ...

Predictions Objective

Optimization Problem

c/Gipsa-lab - DMPC for Energy manag
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MPC for building Energy management

The ingredients ...

Predictions Objective Solver

Optimization Problem
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MPC for energy management in buildings Model Predictive control

MPC for building Energy management

The ingredients ...

Predictions Objective Solver

Optimal

Optimization Problem :
solution

VI. Y. Lamoud

DMPC for Energy manac >nt in buildings
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Building control layers

Decomposition approach
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MPC for energy management in buildings

Building control layers

Decomposition approach

v
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Model Predictive control

Suppl:

Energy layer

Storage and
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MPC for energy management in buildings Model Predictive control

Building control layers

Decomposition approach

Local pde\

Grid

Suppl:

[Energy layer

Storage and @ p=:.
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i Mlectrical storage Storage 4
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MPC for energy management in buildings Model Predictive control

Building control layers

Decomposition approach

Local pmd4\

Grid

Suppl:

Energy layer > -

Storage and

transformation|

Information
exchange

NS

Energy cons.
ensure comfo

Zone layer




Distributed Model Predictive control for energy
management in buildings

e Zone Model Predictive Control

Zone modeling

The control problem

Simulation and real-time implementation
Yearly simulation

Roombox implementation




Zone Model Predictive Control
zone presentation
Objective

(a) Control comfort parameters (temperature, CO, level, lighting),
(b) Minimize operational costs (energy, invoice).

(@ Outdoor conditions
e

Shutter

% Lighting ‘:
Ventilation

" Occupation +
internal gains

==
132 \
|Fan coil unit |



Zone Model Predictive Conftrol

zone presentation

Objective

(a) Control comfort parameters (femperature, CO; level, lighting),
(b) Minimize operational costs (energy, invoice).
”
[ Variables [ Descripfion [ Unit |
Uw FCU valve opening —
Us FCU fan speed —
Up Elec. heating control —
< Qutdoor conditions Uy Ventilation control —
pry U Tighfing control —
‘ Shutter Lupliz1, N Blind ctrl facade i -]
~ ‘: Tw Inlet FCU water temp. °C
Lighting | —r———| Tex. Outdoor temperature OC]
Ventilation Tadj Adjacent zones femp. °oC
of FreY) {6g}i=1 N; | Glopali fuxfacade | -2
e o
S;ﬂc,la) @ Occ Number of occupants [—]
* Occupation + Cex Outdoor CO, level [Ppm]
internal gains T Indoor air temperature °cC]
C Indoor CO, level ppm]
L Indoor illuminance Lux]

Description of Input/Output and
exogenous variables



'one Model Predictive Control Zone modeling

Zone Modeling

electrical analogy

Thermal model

Air duct 2 Damper
Uy < Internal gains + equipment
Co U - Qg Shaded part < H“‘
>
A
U =
P
1
e (L—m) g Qj\\:jigndow Tadj
wH}—@ I
R ? Internal wall
2 ¢y 1 — up—t :
i—=> ~_— T w

QT T
= exr ady
r T 1 s

Internal wall

Zone air
External wall

—?L Ground “MWW~ Resistor @ Current generator
@ Voltage generator T C“P“dmnCEP-M\,—Variable resistor (depending on the parameter p)

C;  Constant



.
Zone Modeling

electrical analogy

CO, accumulation model

Air duct Damper

Uy

C
L c3 - Occ
1

..|||_@

Zone air

“hneider-Electric/Gipsa-lab ODMPC for Energy management in building



Zone Model Predictive Control Zone modeling

Zone Modeling

electrical analogy

Indoor illuminance model

Ca - Ub Qg Il | ~Shaded part

Cg - U

%ﬂdow L
.|||}—@ i

=



/Zone Model

Bilinear state-space representation

Zone model - bilinear system
i
y

@ X state, y output, w disturbance, u input.
@ The matrices [B(y, w)] and [D(w)] are affine in their arguments.

A-x+ [Bly,w)]-u+F-w
C-x+[Dw)]-u

VI, Y Nou Schneider-Electric/Gipsa-lab - DMPC for Energy management in building 9/2012 17 /52
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/Zone Model

Bilinear state-space representation

Zone model - bilinear system
i
y

@ X state, y output, w disturbance, u input.
@ The matrices [B(y, w)] and [D(w)] are affine in their arguments.

Simulator form

Yi = Z(Ug, Wi, Xk)
boldfaced vectors are predicted profiles (e.g.
U = (U], Upy s Ul DD,

A-x+ [Bly,w)]-u+F-w
C-x+[Dw)]-u




Zone Model Predictive Control The control problem

The control problem

problem description

Comfort indicator Energy criterion
Ensure comfort by mainting Find the best way to achieve comfort
outputs in a given set given constraints on inputs

Ou“puts C“it.

~—~= <+

Inputs

Optimum




Zone Model Predictive Control The control problem

The control problem

The comfort indicator

@ Comfortis only required during presence

|

I
|<</

o = m

T LI Lt e B

Time

Time

VI. Y. Lamoudi - Schneider-Electric/Gipsa-lab - DMPC for Energy management in buildings



The control problem

The comfort indicator

@ Comfortis only required during presence
@ Comfort constraints are relaxed to ensure feasibility of the
problem

J(y)

po < p1

Comfort region’

<
<
«



The control problem

Mathematical formulation

NMPC-related optimization problem

Minimize J = JE(p) + JC(y) M

where:
@ the boldfaced vectors stand for predicted profiles (e.Q.
Y= Vil
@ p € R™ is the power consumption,
@ JC is the discomfort criterion.
o JEis the energy criterion.




The control problem

problem resolution

Optimization problem - explicit form:

NLP,: Mlnlmlze (Ui, Yie ) Qa)
U,60,61,84,Yk
Subject To :
[®(Yx Wi)]-Ug+3d5 +07 > Y, — UXc — =Wy (2b)
[y Wil - Uk — 85 — 87 < Y) — Wxi — =Wy 20)
D-Uk—(sg-i-(s_zq 2d)
O<u <1 (2e)

5020,5d20,0§61§[gy] 2f)
y



The control problem

problem resolution

Optimization problem - explicit form:

NLP,: Mlnlmlze (Ui, Yie ) Qa)
Uy, 80,01,04,Yk
Subject To :
[@(Yk W) U+ 8y +67 >y, — Wxe — =Wy 2b)
[D(Yr Wi)] U — 85 — 87 <Y, — Wxp — =wy 2c)
D-Uk—(sg-i-(s_zq 2d)
O<u <1 (2e)
5020,5d20,0§61§[gy] (@)
y

Nonlinear optimization problem due the product terms u - y



The control problem

problem resolution

Optimization problem - explicit form:

P Ml o) -
Subject To :
[y, Wl - Uy + 85 + 87 >y, — Uxi — Zw, 2b)
[D(ye®), W )] - U — 85 — 67 < ¥ — Uxi — =W, (2c)
D-u—6,+d65=a 2d)
0<u <1 (2e)

6020,6dzo,0361s[§y] @
y



The control problem

problem resolution

Optimization problem - explicit form:

uff) — LP Mlnlmlze (Ui, Y 2a)
Uy,80,61,04

Subject To :
[V, Wi)] - Uy + 85 + 87 >y, — WX — 2w, (2b)
[D(y D, W)l - U — 8§ — 87 < ¥y — WX — Wy o)
D-uk—6§+5_:a 2d)
O<u <1 (2e)
6020,5d20,0§61§[gy] 2f)

y

Update the output trajectory y(s) by simulating the NL system:

(s+1) _

Yk Z(u[(j),wkaxk)



The control problem

problem resolution

Optimization problem - explicit form:

uff) — LP Mlnlmlze (Ui, Y 2a)
Uy,80,61,04

Subject To :
[V, Wi)] - Uy + 85 + 87 >y, — WX — 2w, (2b)
[D(y D, W)l - U — 8§ — 87 < ¥y — WX — Wy o)
D-uk—6§+5_:a 2d)
O<u <1 (2e)
6020,5d20,0§61§[gy] 2f)

y

Update the output trajectory y(s) by simulating the NL system:

YI(<S+1) Z(u[(j),wkaxk)
Fixed-point algorithm: y{ 2, P ul® M Myl



Convergence analysis

@ No formal convergence proof of the algorithm is provided,
@ Run the algorithm starting from 100 random (unrealistic) initial
guesses.

106 T T T ; T T T

Iterations s



Computational burden

Computation Time [ms]

500 1000 1500 2000 2500 3000 3500 4000

Decision instants

Computation time for N = 720, NJ¥ = 20, N;“" = 20 (Intel® Xeon® @ 2.67
GHz, 3.48 Go RAM - ILOG CPLEX 12.1 for LPs)

VI. Y. Lamoudi - Schneider-Electric/Gipsa-lab - DMPC for Energy management in building 9/2012 23 /52



The case study

small business building

@ Typical french small business building built in 2006, 20 zones, 540 (m?),
@ Electrical heater,

@ Local dampers for ventilation control,

@ Automated blinds,

@ Location Trappes (near Paris),

@ Modeled using the SIMBAD foolbox.




Zone Model Predictive Control Yearly simulation

MPC integration in SIMBAD

Configuration step
@ Build the structure of the building

(.xml), (" Simulator \'r
. . ‘ configuration )
@ Identify the dynamical models of e
each zone, p—
. 4
@ Generate automatically C code L
able for zones and energy layer e AOff line Identification
. \_ description )
representations, i (]
. [ Cod i
@ Instantiate MPCs for the whole T
building (observers, powers || P B e end
estimators, available forecast, =, gomes models
eSS

occupancy schedule, available
equipments, etc.)

" Zones MPC’s and

\_ Coordinator instantiation )
Enegy | Coordinator
layer

Pa

N




Zone Model Predictive Control

Yearly simulation

MPC integration in SIMBAD

Example: 20 zones building:

@ ~70inputs / =60 outputs / ~160
states

Simulation

@ Refreshing period: 5 min.

@ =~ 2,102,400 optimization
problems (600-200 d.v x 1000
con.) solved during the whole
year simulation.

@ Simulation time ~ 18 (h)

(" Simulator \'r

‘\ confignration )

.xml

4

‘/ Structural
\ description

ff-line Identification

—y

—
Code generation

o )

Energy layer and
gones models

e N

-
Zones MPC’s and
Coordinator instantiation )

Coordinator
layer
el v




Zone Model Predictive Control

MPC integration in SIMBAD

Example: 20 zones building:

@ ~70inputs / =60 outputs / ~160
states

Simulation
@ Refreshing period: 5 min.

@ =~ 2,102,400 optimization
problems (600-200 d.v x 1000
con.) solved during the whole
year simulation.

@ Simulation time ~ 18 (h)

— need for efficient code to
perform a yearly simulation

@ use of C code when appropriate
@ vectorized m-code
@ logical matrix indexation

N 5

ff-line Identification

—

Code generation

e

N

Energy layer and
gones models

\

e N

-
Zones MPC’s and
Coordinator instantiation )

Coordinator
layer

PC7




Zone Model Predictive Control Yearly simulation

Simulation results ()

Zone MPC illustration- an office

L .
Un .

. M. L

1 T : T T : T Cilppm]
Uy

0

1 ! i K ! : i

: : : : : : Luflua]
v’ : : : : : :
o . : . . : :

,,,,,, T 2
H VS E : : S |3 S : 15
: : : : : : : 1
vh : : : : Ot : : : 05
0 - — - = - - - - 0
6 12 18 0 6 12 18 0 6 12 18 0 6 12 18 0

Time[H) Time[H)

48 (h) simulation - office # 1



Zone Model Predictive Control Yearly simulation

Simulation results ()

Yearly simulation results

@ Perfectly known forecast (o = 1)
@ Errors on forecast (o = 0)
@ Rule-based control

Energy cons. (kWh/m?/year)
Rule based* 142
MPC (a=1) 119 (—16%)
MPC (o = 0) 122 (—14%)

Energy consumption / Comfort - Rule-based vs. MPC

*: more advanced RB control strategy (=-50% compared to current practice)



Zone Model Predictive Control Yearly simulation

Simulation results ()

Yearly simulation results

@ Perfectly known forecast (o = 1)
@ Errors on forecast (o = 0)
@ Rule-based control

Energy cons. (KWh/m?2/year) | GTC (%)
Rule based* 142 91.6
MPC (e = 1) 119 (=16%) 91.8
MPC (o = 0) 122 (—14%) 88.1

Energy consumption / Comfort - Rule-based vs. MPC

*: more advanced RB control strategy (=-50% compared to current practice)



Zone Model Predictive Control Yearly simulation

Simulation results (1)

Yearly simulation results

@ Perfectly known forecast (o = 1)
@ Errors on forecast (o = 0)
@ Rule-based control

Energy cons. (kWh/m?/year) | GTC (%) | TCV (k-©C-h)
Rule based* 142 91.6 322
MPC (a=1) 119 (—=16%) 91.8 295
MPC (a =0) 122 (—14%) 88.1 310

Energy consumption / Comfort - Rule-based vs. MPC

*: more advanced RB control strategy (=-50% compared to current practice)



Zone Model Predictive Control Other features

Ofther features (1)

Handling fan coil units

The FCU model is a static nonlinear heat emission characteristic:

M (Uw, Ur, T, Tw) = (Tw — T) - o™ (U, Ur)

"M (T, Tairs gy oy

égég Uh

" (Blectrical heating coil

. Heating coil

& WpeCy

R:mmn‘w‘atcr é g é é . Uy
) (Valve)
Tlli’!‘ T .
(Zone air temp.) Ly
(Hot water supply)

Thermal emission characteristic



Zone Model Predictive Control Other features

Ofther features (1)

Handling fan coil units
The FCU model is a static nonlinear heat emission characteristic:

¢fh(uw, us, T, Tw) = (Tw = T) - ¢N(UW, Uy)

" (T, Tairs g, )

§848 u

""""""""" " (Electrical heating coil )

+ Heating coil

oY [W/oC)

uf
(Fan) ]

g

air T e
(Zone air temp) 2
(Hot water supply)

(Valve)

Return water

PWA approx.
Adapt the algorithm to handle FCUs and preserve the LP formulation



Zone Model Predictive Control Other features

Other features ()

variable energy prices

@ Preheat the first day during off-peak hours,
@ Optimal start the second day during on-peak hours,

25 B
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5
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Other features ()

variable energy prices

Sensitivity of the solution to the ratio between high and low energy
price periods (5p)

|—T. [€] |
BpYorspo ‘ 1
Yof f
0 1 1 1
0 6 12 22 24

Time [h]



Other features ()

variable energy prices
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Other features ()

variable energy prices

Heater half dimensioned
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Zone Model Predictive Control Other features

Ofther features (1)

variable energy prices

Invoice [€]

Relative increase [%]

Temperature [°C]

+ another zone (more inertia)

—©— Optimal
——— Minimizing energy

increasing /3,

5 10 15 20 25 30 35 40 45
Time [h]

ent in building

29 /52



Ofther features (1)

variable energy prices

Heater half dimensioned + another zone (more inertia)

25 T T

20l —o&— Optimal
v ——— Minimizing energy
g o R I A D=
S 10p e R
z 5o

5¢
_ 0 i i i i i i i
£ 60 : : : : : : .
2
S 40
g
&
% 20
S i i i i i i
~ 1 15 2 25 3 35 4 45 5
51“

26|
o At S P R OO
&
¢ 2 : b
R -
-
£
=ol6r : : . : increasing /3,

141

0 5 10 15 20 25 30 35 40 45
Time [h]

c/Gipsa-lab - DMPC for Energy management in building 9/2012 29



Ofther features (1)

variable energy prices

The optimal behavior is linked to the dynamical characteristics of
each zone



Roombox implementation

Main features:

@ Power output: lighting, shutters
and blinds, HVAC

R

b

@ Network connection to BMS E
@ Ethernet port for local PC [,
|

!

@ Inputs for switches and |
window contfacts 24 Vcc lek
@ Output protection (SC
protection, overload ...)

Roombox Sc%'}(lae'cdcﬁf
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Zone Model Predictive Control Roombox implementation

Roombox implementation

Main features:

@ Power output: lighting, shutters
and blinds, HVAC

@ Network connection to BMS
@ Ethernet port for local PC

@ Inputs for switches and
window contacts 24 Vcc

@ Output protection (SC
protection, overload ...)

Roombox Sdénsﬁlgﬁf
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Roombox implementation

Obijective

Implement the MPC algorithm on - ="

the Roombox —

@ To study the real-time
implementation

@ To identify the main related
issues

Validation

— Virtual signals sent via the
ethernet port (measures and
forecast)

Roombox Sc%'}(lae'cdcﬁf

VI. Y. Lamoudi - Schneider-Electric/Gipsa-lab - DMPC for Energy management in building 9/2012 30/52



Roombox implementation

R

- l [
MPC [1 b

Foy )
PR . |
— P [X il -
Solvet| Code translation Code compilation) [x ' 323 ;

(LP) human ecplise® l b o= B

— l@ [‘ ' ] 3 .
Matrix
library]

Roombox sc%'}i'gﬁf

30/52
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Roombox implementation

Gi B :

Conditions E b §
e Prediction horizon 12 h. et b B

@ sampling period 2 min. by |
@ zone:n,=6,n,=3 } Ve fl
@ GLPK (GNU MILP solver) A b [

Roombox sc!‘?'}?e'gﬁf

psa-lab - DMPC for Energy mai nt in buildings - 11/29/2012 30/52




Zone Model Predictive Control Roombox implementation

Roombox implementation

LA

B

D)

@ ~ 6 (s) / iteration

m
o

@ 8.2 % of memory usage

@ Able to run more than one thread
of the algo. on one Roombox

—
i

0000 00

Roombox LPElectric

VI. Y. Lamoudi

tin buildings - 11/29/2012 30/5




Distributed Model Predictive control for energy
management in buildings

0 Distributed Model Predictive Control
@ Problem presentation
@ Distributed MPC design




Distributed Model Predictive Control Problem presentation

Building control layers

Decomposition approach

Objective

Coordinate the energy layer and the zone layer — Manage resource
coupling constraints

@ Energy layer —

energy supply,
storage and S
transformation
Energy layer
Storage and ‘
transformation|
@ Zone layer — Zone gontro]le/
consume cnvune comfond
energy to Zone layer
provide comfort
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Distributed Model Predictive Control Problem presentation

Building control layers

Decomposition approach

Objective

Coordinate the energy layer and the zone layer — Manage resource
coupling constraints

@ Energy layer —
energy supply,
storage and Suppl G“i |
transformation N
Energy layer -
Storage and
transformation|
Gformation
exchange
@ Zone layer — N
consume et e
energy to Zone layer
provide comfort




Distributed Model Predictive Control Problem presentation

Handling coupling resource constraints

Grid Power

limitations
Energy
prices

Coordinator

Electrical storage

Communication ¢

Local MPC
control
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limitations

Energy
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@ Power limitation constraint on the whole building cons.
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Distributed Model Predictive Control Problem presentation

Handling coupling resource constraints

e
Grid Power

limitations

Coordinator

Energy
prices

Electrical storage

Communication ¢

Objectives:
@ Power limitation constraint on the whole building cons.

P+ P <Pg
el
@ Manage the storage capability (elec. battery)



Distributed Model Predictive Control Distributed MPC design

/one Predictive controller

Slight modifications ...

Each zone controller controls local
variables

MPC@ : Minimize L, - z,
2,<2,<%

Subiject To:
Az, <Db

Forecast




Distributed Model Predictive Control Distributed MPC design

/one Predictive controller

Slight modifications ...

Each zone controller controls local
variables while meeting local
constraints on resources:

MPC@(I’@) : Minimize L, - z,

2,<2,<Z,
Subiject To:
Az, <Db é
]
A% -2y < Iy =
uv sy

Ty —

gﬁ 559 @
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Distributed Model Predictive Control Distributed MPC design

/one Predictive controller

Slight modifications ...

Each zone controller controls local
variables while meeting local
constraints on resources:

MPC@(I’@) : Minimize L, - z,

2,<2,<7,
Subiject To:
Az, < by §
Az <1y .
One gets: A
Ty
(Je, 9e) < MPCy(re) ==
@ Jp := Jy(ry) : optimal value =<

@ g, := gu(ry) : sub-gradient atr,




Distributed Model Predictive Control Distributed MPC design

/one Predictive controller

Slight modifications ...

Each zone controller controls local
variables while meeting local Coordinator
constraints on resources:

ry
MPC@(I’@) : Minimize L, - z,

2,<2,<7,
Subiject To:
Az, < by
Az, <1y

Forecast

One gets:

(Je. 9¢) + MPCy(r,) -

@ Jy := Jy(ry) : optimal value
@ g, := gu(ry) : sub-gradient atr,




Distributed Model Predictive Control Distributed MPC design

The coordination layer

At the coordination layer, the problem is the following:
How to affect optimally resource profiles r := {r,},-z to minimize the
total cost function ?

Energy layer Coordinator
!
II] Jll(rl) g1|(r1) r‘nz In. rnz) gnz‘(rnz)
MPC, ) | Zonelayer [ MPC,
P b U1 Y1 - Un,| Yn,

Battery| 23 Zome 1 Pref Zone n,




The coordination layer

At the coordination layer, the problem is the following:
How to affect optimally resource profiles r := {r,},-z to minimize the
total cost function ?

— Solve the master problem:

Minimize [  Lo-2ze +>° i) 1St C(rze) <be
Zol —— ——r —_————

Energy layer cost fct. tez Zone cost fct, Global constraints
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The coordination layer

At the coordination layer, the problem is the following:
How to affect optimally resource profiles r := {r,},-z to minimize the
total cost function ?

— Solve the master problem:

Minimize [  Lo- 2 +> 0 dir) ]St C(rze) < be
Zo,l N——" ez —— —_———
Energy layer cost fct. €€ Zone cost fct. Global constraints
problem:

— J, are not available !
— built-up approximations of J, — Bundle method



Distributed Model Predictive Control Distributed MPC design

The bundle method

@ The coordinator affects locall
resources
@ Each zones gives:

@ The value of the cost function Jg(r,)
o A sub-gradient ge(re) (sensitivity)

Forecast

Ty




The bundle method

Cutting plane approximation

Unknown at the coordination layer
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The bundle method

Cutting plane approximation
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Distributed Model Predictive Control Distributed MPC design

The bundle method

Cutting plane approximation

e

o

TJ@ gy

Function value

VI. Y. Lamoudi - Schneider-Electric/Gipsa-lab - DMPC

Iy

for Energy management in buildings 1/29/2012
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Distributed Model Predictive Control Distributed MPC design

The bundle method

Cutting plane approximation

e

o

TJ@ gy
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Distributed Model Predictive Control Distributed MPC design

The bundle method

Cutting plane approximation

e

b

TJ@ gy
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Distributed Model Predictive Control Distributed MPC design

The bundle method

Cutting plane approximation

e

AT

TJ@ gy

% 3 1 r
5 @ © ¢

11/29/2012 37/52



Distributed Model Predictive Control Distributed MPC design

The bundle method

Cutting plane approximation

e

T

TJ@ gy

| | r
5 @ ¢
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Distriouted MPC scheme

@ Process of decision is distributed among several agents
@ The coordinator manages only the shared resources
@ A restricted number of negotiation iterations is allowed

«((Ener Service layer
gy
S Master Problem Access o
< layer external services
(= y - .
g n o v Ja0) Ta, Joul) power
= Jiey) Jalre) Jn.(En)
=) e e Power tariff
Q \/ N \-/ i forecast
© ~_BM! ~ BM* P BM" Meteorological
& .
A(e) | e@) Txe) |o(r) T (r,.) 9n. (¥n.) Service
0 u 1 1 B Occupancy
§5Cwo ) owe ) Comer ] (12 e
TE ¥ y¥ wll oyt ot % Lt oyt
7
Actuator st [N o [ e e .o T'ns Actuatory [ Sensors
Energy level Zone 1 Zone ¢ Zone n,
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Distributed Model Predictive Control Distributed MPC design

Distributed MPC scheme

@ Process of decision is distributed among several agents
@ The coordinator manages only the shared resources
@ A restricted number of negotiation iterations is allowed

« Ener Service layer
S = Master Problem Access to
< layer external services
(=] = 2 M Power
=i . . 5
2 n o re i) T, () fmower
= Jier) Jalre) o (a)
o J e Power tariff
Q \/ N \-/ i forecast
S ~lL_BM! ~ BM* P BM" Meteorological
S(r) |oE) Ji(re) | ge(re) o (Tn.) 9. (Xn) i setvice
0 u 1 1 B Occupancy
§ i Cawe -] T )| w1 ] |8
TE ¥ y¥ wll oyt ot % u:| Y™

Energy level Zone 1 Zone ¢ Zone n,
A w | |

(¢]

2 r r T
Actuato Sensors l[}Actuam Sensors } £ (T enc } 'Tmmmf[ Sensors }

Now Distribute the optimization problem solving over time



Distributing the optimization over time

The memory mechanism

The idea is simply to keep a certain part of the information
(approximation) from one decision instant to next one...

: (k—1)
e Je

ry
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Distributing the optimization over time

The memory mechanism

The idea is simply to keep a certain part of the information
(approximation) from one decision instant to next one...

J[(k)/
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Distributing the optimization over time

The memory mechanism

The idea is simply to keep a certain part of the information
(approximation) from one decision instant to next one...

J[(k)/

jék'o)‘mk -1

Mk,o) g = 0

Decreasing
memory factor

by m’rroducmg a memory factor.

VI. Y. Larr Schneider-Electric/Gipsa-lab - DMPC for Energy management in buildings 9/2012 39/52



.
Memory mechanism

lllustration

» J) is given at decision instant k — 1

v('s'maz)

/Jé,k—l

: ry
rg(k—l)
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.
Memory mechanism

lllustration

» Decrease it (memory factor my x)

/

v(S'ma.x)
—Jok1

Initialization
b

7(0)

L,k

: Ty
rz(k—l)
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.
Memory mechanism

lllustration

» First iteration (exchange between zone layer and coordinator)

Je
/
\
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e £k—1

Initialization
»
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.
Memory mechanism

lllustration

» Iterate (exchanges between zone layer and coordinator)

Je
\
v(S'ma.ac)
Y0 k-1
Initialization
»
7(0)
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ﬂerations
Iy

FADIATES



.
Memory mechanism

lllustration

» One gets the latest approximation at decision instant k

Jo
\
v(S'ma.ac)
Obsolete part of the -~ Z’k -1
epproximation Initialization

¥

7(0)

Jé,k

Jf,k : ,.....,...-~-~--"'”fterations

......................... ry
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Memory mechanism

lllustration

» Andsoon ...

- I e
*(k
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. .
DMPC simulation

Closed-loop trajectories

“ DMPC5 3 i‘reroﬂons wifrh memory

20

Py (kW]

b [kWh]

20 25
Time (h)

PC for Energy management in bui

Zones Temp. [°C| Zones cons. kW]
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Effect of the memory mechanism

Achieve better solutions faster with memory !

. —— Mem off / $ymqz =10

£ —o— Mem off / Syax =15

. —e—Mem on / (Smaa, nn) = (3,30)
2 —s—Mem on / (Simaz, ns) = (4,30)
E —s—Mem on / ($maa, ) = (5,10)
£

7

3

&)

PRS- -
i i L L !

7y

A

jo}

E

H

o

2

E

=

2

g

3

O

Time [hour]

VI Y. Lamouc eider-Electric/Gipsa-lab - DMPC for Energy management in builc




Distributed Model Predictive Control

Distributed MPC design

Distributed Model Predictive Control

Ofther features

@ Handling shared variables

Te T
Air duet

T \
%\ Uy
Veentilation system

Electricity
Grid

Electrical storage

Energy layer

Zone layer




Distributed Model Predictive Control Distributed MPC design

Distributed Model Predictive Control

Ofther features

@ Handling shared variables
@ Including local production

Local production

Electrical

. storage
Grid A..-.I‘ A..-.I’

Energy layer Zone layer




Distributed Model Predictive control for energy
management in buildings

Q Conclusion
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@ Zone MPC design (Bilinear
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@ generic framework
@ energy savings
e Moderate computational
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o Real-fime implementation
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Conclusion

Conclusion

Summary
@ Zone MPC design (Bilinear
model, MIMO)
@ generic frqmework %& v
@ energy savings Grid T
e Moderate computational By | -
burden prices Electrical storage
e Real-time implementation Communication ¢
© Build a distributed solution Local iWPC
based on local controllers contro

e Handle global power
limitations (multi-sources)

e Handle storage equipment

e Manage shared actuators

e Distributed-in-time
optimization
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Benefits
@ A generic and coherent framework
@ Modular — scalable, maintenance concerns
@ Represents a good answer for smart-grid connectivity



Conclusion

Benefits
@ A generic and coherent framework
@ Modular — scalable, maintenance concerns
@ Represents a good answer for smart-grid connectivity

Issues
@ Availability of the model of the building
@ Availability of forecast
@ Much more computationally demanding



For future ...

Projects
@ First MPC prototype in North-Andover (USA) starting in few weeks

@ Extend the current framework to manage smart districts
(building + zone, district «+ building): Ambassador project
(Europe)



For future ...

Projects
@ First MPC prototype in North-Andover (USA) starting in few weeks

@ Extend the current framework to manage smart districts
(building + zone, district «+ building): Ambassador project
(Europe)

but also ...
@ Deployment tools for large scale penetration
©@ MPC commissioning
© Code certification for large deployment
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Thank you for your attention
Questions ?
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