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Building Control Motivation

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

40% goes into thermal comfort in buildings.*

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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Digital Relay Thermostat
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Relay Thermostat Dynamics

q = qmax q = 0

T ≥ r + γ

T ≤ r − γ
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Intelligent Thermostat
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Low Cost Intelligent Thermostat
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Low Cost Intelligent Thermostat

PAST FUTURE

Measured output
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Reference trajectory
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Current input
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Model Predictive Control

Pros:

Satisfy thermal comfort constraints

Minimize energy consumption

Obey technological restrictions

Cons:

Computational Demands
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Standard Control Architecture
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Reference Governor Architecture
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Reference Governor MPC Formulation

min
r0,...,rN−1

N−1
∑

k=0

(qk + αsk)

s.t. xk+1 = Axk + Bqk + Edk

Tk = Cxk

w − θ − sk ≤ Tk ≤ w + θ + sk

qk = qmax qk = 0

Tk ≥ rk + γ

Tk ≤ rk − γ
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w − θ − sk ≤ Tk ≤ w + θ + sk

qk =

{

qmax if zk = 1

0 otherwise
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Closed-Loop Implementation
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Single Zone Building Model

State (Measured) Variables

x1− floor temperature

x2− internal facade temperature

x3− external facade temperature

x4− internal temperature

Controlled Variable
y = x4

Measured Disturbances

d1− external temperature

d2− occupancy

d3− solar radiation

Manipulated Variable
u− heat flow
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One Hour Window: Relay Thermostat
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Ts = 2.5 minutes, N = 10 steps, θ = γ = 1◦C
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One Hour Window: MPC Reference Governor
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7 Days Window: Disturbance Profiles
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7 Days Window: Energy Savings
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Conclusions

1

2

3

CPU tractable low cost optimal thermal comfort control X

Keep existing thermostat in place X

Case study: 13% energy savings in average X
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Backup: Hybrid Dynamics of Relay Thermostat

zk = 1 zk = 0

Tk ≥ rk + γ

Tk ≤ rk − γ
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Backup: Switched Affine System
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Backup: Event Generator
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Backup: Finite State Machine
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Backup: Mode Selector
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Backup: Mixed-Integer Modeling

Event Generator:

zk+1 =

{

1 if (z ∧ ∼ δa) ∨ (∼ z ∧ δb)

0 otherwise

[δa = 1] ⇔ [T ≥ r + γ],

[δb = 1] ⇔ [T ≤ r − γ].
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Backup: Mixed-Integer Modeling

Finite State Machine:
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Backup: Mixed-Integer Modeling

Finite State Machine:

zk+1 =

{

1 if δ1 ∨ δ2

0 otherwise

δ1 = z ∧ ∼ δa,

δ2 = ∼ z ∧ δb,
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Backup: Mixed-Integer Modeling

Finite State Machine:

zk+1 =

{

1 if δ3

0 otherwise

δ1 ≤ z , δ1 ≤ 1 − δa, z − δa ≤ δ1,
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δ3 = δ1 ∨ δ2,
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Backup: Mixed-Integer Modeling

Mode Selector:

zk+1 = δ3

δ1 ≤ z , δ1 ≤ 1 − δa, z − δa ≤ δ1,

δ2 ≤ 1 − z , δ2 ≤ δb, −z + δb ≤ δ2,

δ3 ≥ δ1, δ3 ≥ δ2, δ3 ≤ δ1 + δ2.
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Backup: MILP Reformulation of MPC Problem

min
r0,...,rN−1

N−1
∑

k=0

(α1uk + α2sk)

s.t. xk+1 = Axk + Buk + Edk ,

Tk = Cxk ,

w − θ − sk ≤ Tk ≤ w + θ + sk ,

uk = qmaxzk ,

maδa,k ≤ rk + γ − Tk ≤ Ma(1 − δa,k),

mbδb,k ≤ Tk − rk + γ ≤ Mb(1 − δb,k),

δ1,k ≤ zk , δ1,k ≤ 1 − δa,k , zk − δa,k ≤ δ1,k ,

δ2,k ≤ 1 − zk , δ2,k ≤ δb,k , −zk + δb,k ≤ δ2,k ,

δ3,k ≥ δ1,k , δ3,k ≥ δ2,k , δ3,k ≤ δ1,k + δ2,k ,

zk+1 = δ3,k .
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