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Building Control Motivation

Problem: EU spends 400 billion EUR/year on energy.

* International Energy Agency, ‘Energy efficiency requirements in building codes, energy efficiency policies for new buildings’
2013 OECD/IEA.
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Building Control Motivation

Problem: EU spends 400 billion EUR/year on energy.

40% goes into thermal comfort control.*
Goal: Reduce the energy consumption

Solution: MPC-based control

* International Energy Agency, ‘Energy efficiency requirements in building codes, energy efficiency policies for new buildings’
2013 OECD/IEA.
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Building Control Objectives
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Building Control Objectives

@ Satisfy thermal comfort constraints
@ Minimize energy consumption

@ Obey technological restrictions
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Energy minimization

Comfort criteria

Measurements

3
Building . . Optimization
Heating/Cooling
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Model Predictive Control

Objective function
min U(xk,u
05---sUN—1 Z ko k

Constraints

Xk+1 = Axx + Bui + Edy
Xmin < Xk < Xmax

Umin < Uk < Umax

xo = x(t)

dy = d(t)
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Deterministic MPC Formulations

Reference Tracking + Energy Minimization (Basic)

O(xk, ug) = qu(Cxic — r)? + quu? —\— r
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Weather Predictions Problem

Energy minimization
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’\ Comfort criteria

Measurements m l
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Stochastic Model Predictive Control

Energy minimisation objective function

N-1
: 2
min E uj
ug,...,Un—
0 N—-1 k=0

Normal distribution of disturbances

X1 = Axk + Buy + E(do + k0),
Cxy >r—ce
Cx <r-+e

Umin < Uk < Umax

0 ~ N(0,0(t))
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Stochastic Model Predictive Control

Energy minimisation objective function

N-1
: 2
min E uj
ug,...,Un—
0 N—-1 k=0

Probabilistic constraints

Xk+1 = Axx + Buy + E(do + k9),
Pr(Cxk >r—e)>1—a
Pr(Cx <r+e)>1—-a

Umin < Uk < Umax

0 ~ N(0,0(t))
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Probabilistic Constraints

g(x,u,0) <0
Pr(g(x,u,0) <0)>1—«
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Probabilistic Constraints

g(x,u,0) <0
Pr(g(x,u,0) <0)>1
Campi M. and Garrati S., 2008

g(x,u,H(i))§0, i=1,....,.M

Pr(Pr(g(x,u,0) <0)>1—-a)>1-4

J. Drgona (STU Bratislava) Building Control February 27, 2015



Probabilistic Constraints

g(x,u,0) <0
Pr(g(x,u,0) <0)>1
Campi M. and Garrati S., 2008

g(x,u,H(i))§0, i=1,....,.M

Pr(Pr(g(x,u,0) <0)>1—-a)>1-0
Alamo T., Tempo R., and Luque A., 2010

1+ (Nny) +In(Y/5) + v2((Nny) + 1) In (/)

M >
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Number of M Samples
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M
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1+ (Nny) + In(Y/8) + v/2((Nn,) + 1) In (1/5)

M >
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Deterministic Realization of Probabilistic Constraints

Energy minimisation objective function

N-1
; 2
min E uj
ug,...,Un_—
0 N—-1 k=0

Finitely many deterministic constraints

X1 = Axk 4 Bug + E(do + k01)), i=1,....M
CXk
CXk

r—e
r+e
Umin < Uk < Umax

0 ~ N(0,0(t))

>
<

Drgonia, J. — Kvasnica, M. — Klauéo, M. — Fikar, M.: Explicit Stochastic MPC Approach to Building Temperature Control.
Conference on Decision and Control, Florence, Italy, 2013.
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Single Zone Building Model

State (Measured) Variables

x1— floor temperature

xo— internal facade temperature
x3— external facade temperature
Xa— internal temperature

Controlled Variable
Y = X4

Measured Disturbances
d1— external temperature
d>— occupancy
d3— solar radiation

Manipulated Variable
u— heat flow
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Deterministic MPC Performance
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Stochastic MPC Simulation Results
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ochastic MPC Simulation Results
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Stochastic MPC Performance
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Aims of the Thesis

@ Performance evaluation of MPC usage in building automation
© Development of efficient MPC strategies

© Experimental validation on laboratory or real devices
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Opponents Questions
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Je uvedeny rozsah (4.2) pre zachovanie linearity modelu tepelnej
pohody budovy skuto¢ne realny? (str. 51)

—30°C<x <50°C, i=1,...,4,
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Je uvedeny rozsah (4.2) pre zachovanie linearity modelu tepelnej
pohody budovy skuto¢ne realny? (str. 51)

—30°C<x <50°C, i=1,...,4,

o Linearny model: MATLAB toolbox Hamlab/ISE
@ Nelinearne modely: Energy+, TRNSYS
@ Komunika¢né mosty: BCVTB, MLE+, OpenBuild

@ Vyznam ohaniceni: Explicitné MPC a ohranicenie prehladavaného
parametrického priestoru
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Poruchova velicina 0 je trojrozmernym vektorom, deklarovana
hustota pravdepodobnosti (4.7) by potom mala byt zdruzenym
rozdelenim pravdepodobnosti a ¢ variancnou maticou - ako by ste ju

volili? (str. 54)

0 ~ N(0,0(t))

February 27, 2015 22 /22

J. Drgona (STU Bratislava) Building Control



Poruchova velicina 0 je trojrozmernym vektorom, deklarovana
hustota pravdepodobnosti (4.7) by potom mala byt zdruzenym
rozdelenim pravdepodobnosti a ¢ variancnou maticou - ako by ste ju

volili? (str. 54)

0 ~ N(0,0(t))

@ Aplikacia: UvaZujeme stochastické modelovanie len jedne;
poruchovej veli¢iny - vonkajsej teploty

February 27, 2015 22 /22

J. Drgona (STU Bratislava) Building Control



Poruchova velicina 0 je trojrozmernym vektorom, deklarovana
hustota pravdepodobnosti (4.7) by potom mala byt zdruzenym
rozdelenim pravdepodobnosti a ¢ variancnou maticou - ako by ste ju

volili? (str. 54)

0 ~ N(0,0(t))

@ Aplikacia: UvaZujeme stochastické modelovanie len jedne;
poruchovej veli¢iny - vonkajsej teploty
@ Problém: Vyberova kovarian¢na matica je a priori neznama

@ RieSenie: Vypoclet kovariancej matice z historicky nameranych dat

22/ 22
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Ako sleduje (stapajici alebo klesajiici) trend budiiceho vyvoja

poruchovych veli¢in podla (4.8) svoje doterajsie historické data?
(str. 54)

d(t+ kTs) = d(t) + k0, k=1,...,N,

@ Charakter: Aditivna neurditost.

d(t) - meranie poruchy s konstantnou predikciou na N
6 - z 1 — « intervalu spolahlivosti rozdelenia A/(0, o(t)).
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Ako sleduje (stapajici alebo klesajiici) trend budiiceho vyvoja

poruchovych veli¢in podla (4.8) svoje doterajsie historické data?
(str. 54)

d(t+ kTs) = d(t) + k0, k=1,...,N,

@ Charakter: Aditivna neurditost.

d(t) - meranie poruchy s konstantnou predikciou na N
6 - z 1 — « intervalu spolahlivosti rozdelenia A/(0, o(t)).

@ Zjednodusenie vyrazu:

d(t+kTs):dk+0k, k=1,...,N,
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Podla akej argumentacie bola vybrata periéda vzorkovania Ts na
hodnote 444 sekind? (str. 55)
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Podla akej argumentacie bola vybrata periéda vzorkovania Ts na
hodnote 444 sekind? (str. 55)

@ Tgp =~ 10000s = 2.8hod

® Tgp/20 ako celodiselny ndsobok periédy vzorkovania modelu z
toolboxu ISE, kde Ts = 222s

@ Ts = 888s pri stochastickych navrhoch MPC
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Pouzivanym Standardom riadenia tepelnej pohody v budovach je
ekvitermicka regulacia, teda uvazovanie doprednej vazby od
vonkajsej teploty. Preco pri Pl riadeni nebola tato vazba v
srovnavacej simulacii uvazovana? (str. 65)
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Pouzivanym Standardom riadenia tepelnej pohody v budovach je
ekvitermicka regulacia, teda uvazovanie doprednej vazby od
vonkajsej teploty. Preco pri Pl riadeni nebola tato vazba v
srovnavacej simulacii uvazovana? (str. 65)

@ Navrh Pl regulatora z perpektivy tedrie riadenia
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Discussion - Backup Slides
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Simulation Study Deterministic MPC

Closed Loop Simulation Evolution of External
Parameters Temperature

@ Prediction horizon:
N =10

@ Sampling time: *
Ts = 444 sec

@ Simulation time:
Tsim = 31 days

@ Initial indoor temperature:
X4 = 10°C

@ No weather predictions T P L

o
Temperasture [°¢]
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Simulation Study Deterministic MPC

Closed Loop Simulation Evolution of External
Parameters Temperature

@ Prediction horizon:
N =10

@ Sampling time:
Ts = 444 sec

@ Simulation time:
Tsim = 31 days

@ Initial indoor temperature:

X4 = 10°C

@ No weather predictions

o
Temperature [°C]
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Pl Controller
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Reference Tracking (Basic)

©
T

E_eratl.ge [°Cl
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5
'_16’

CE— e

____________ ! internal temperature
) ) ) - - comfort l‘)nundarios‘ ) ) ) ) ) )
140 5 10 15 20 25 30 0 5 10 15 20 25 30
Time [days] Time [days]

Control strategy H Pl ‘ Basic

Thermal comfort [%)] 87.5 | 89.2

Energy consumption [kWh] || 753.0 | 722.7

Energy savings [%] - 4.0
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©
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Minimization of Comfort Zone Violations (
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Number of Parameter and Constraints Reduction

Xk+1 = Axx + Buy + E(do + ke)
Cxx <r+e
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Number of Parameter and Constraints Reduction

C(Axy + Bug + E(dy 4+ k0D)) < r 4 ¢

max{C(Axx + Buy + E(dy + kfD)} < r +¢
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Number of Parameter and Constraints Reduction

C(Axy + Bug + E(dy 4+ k0D)) < r 4 ¢

max{C(Axx + Buy + E(dy + kfD)} < r +¢
C(Axy + Buy + Edo) + kmax{CEO)} < r + ¢

C(Axx + Buy + Edp) + kmin{ CEO()} > r — ¢
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Explicit Stochastic MPC

0 =arg maxe(;){CEH(i)}
0 =arg mine(f){CEH(i)}
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Explicit Stochastic MPC

Previous Parametric QP has:

927 parametric variables
18400 constraints
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Explicit Stochastic MPC

Resulting Parametric QP has:

14 parametric variables
60 constraints
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Explicit Stochastic MPC

Energy minimization

Comfort criteria

Measurements

Building 1 Explicit MPC
Heating/Cooling
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Stochastic MPC Solution Time

Number of parameters: 14
Number of constraints: 60

Number of regions: 816
Time to compute: ~ 6min
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Explicit Stochastic MPC Control Algorithm

At each sample time T
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Explicit Stochastic MPC Control Algorithm

At each sample time T
© Measure x(t), d(t), r(t) and obtain o(t)
© Generate M samples 6, ... (M)
© Pick § and 0
Q Set & = [x(t),d(t), r(t),0,0] and identify R;
Q@ u'(t) = Fré + &
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