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Thermal Comfort: Predicted Mean Vote Index
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Thermal Comfort: Predicted Mean Vote Index

100 |- N

80 - n

60 n

PPS [%]

20 - n

PMYV Index

Martin Klaugo February 27t 2015 4/19



Thermal Comfort: Control Objective

Maintain PMV index within -0.2 to 0.2*

*EN ISO 7730:2006 Ergonomics of Thermal Environment

Martin Klaugo February 27t 2015 5/19



Thermal Comfort:

Martin Klauco

Closed-Loop System

Controlled
Process

Disturbances

Building

February 27t 2015

6/19



Thermal Comfort: Closed-Loop System

Martin Klauco

Online Controlled
Computations Process

Disturbances
|

d

Building

February 27t 2015

6/19



Thermal Comfort: Closed-Loop System
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Thermal Comfort: MPC Implementation

min

s.t.

Online MPC

N-1
Z quui + qppi

k=0

Xk+1 = Axx + Buy + Edy
Umin < Uk < Umax

P = PMV(x)

Prmin < Pk < Pmax

xo = x(t), do = d(t)
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Thermal Comfort: MPC Implementation

min

s.t.

Online MPC

N-1
Z quui + qppi

k=0
Xk+1 = Axx + Buy + Edy
Umin < Uk < Umax

px = PMV/(xx)

Pmin < Pk < Pmax

xo = x(t), do = d(t)
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MPC with PMV Index

PMV = (0.3o3e—°~°36M + 0.028) L

L=(M— W) —3.05-103(5733 — 6.99(M — W) — p,)—
—0.42((M — W) — 58.15) — 1.7 - 10> M (5867 — p,)—
—0.0014M(34 — Tiy) — 3.96 - 10787 (Kiel — Kir) —

— fahe(Ta — Tin)

T =—0.028(M — W) — Iy (3.96 1078 (fyKea — Kir)+
+ fahe(Ta = Tin)) +35.7

Kit = (To + 273.16)*
Ky = (T, +273.16)*
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Thermal Comfort: MPC Implementation

Online MPC Explicit MPC

N-1
min Y quui + Gppi
k=0
st Xky1 = Ax + Buy + Edy

Umin < Uk < Umax

FO+g ifOeR
u*(0) = :
pk = PMV(xx) )
FlO+g if0cRy
Pmin < Pk < Pmax

Xg = X(t), dy = d(t)

Klauco M., Kvasnica M., Explicit MPC Approach to PMV-Based Thermal Comfort Control, IEEE CDC 2014 in Los Angeles,

California
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Thermal Comfort: MPC Implementation

Online MPC Explicit MPC

N-1
min Y quui + Gppi
k=0
st Xky1 = Axy + Buy + Edy
Umin < U < Umax Fl+e if6eR
u*(0) = :
Pk = fira(Xo) + f;xk,1 + é;“kfl + 44 b(Xo) )
FlO+g if0eRy
Pmin < Pk < Pmax

Xg = X(t), dy = d(t)

Klauco M., Kvasnica M., Explicit MPC Approach to PMV-Based Thermal Comfort Control, IEEE CDC 2014 in Los Angeles,

California
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Thermal Comfort: Simulation Test Scenarios

1 Temperature-based control

2 PMV-based control
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Thermal Comfort: Simulation Test Scenarios
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Thermal Comfort: Key Points

1 Thermal comfort model (PMV index)
2 Explicit MPC implementable on thermostat-like device

3 Mathematical framework for eMPC with quadratic constraints

Martin Klaugo February 27t 2015 9/19
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Vehicle Routing: Heterogeneous Multi-Vehicle Systems
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Vehicle Routing: Heterogeneous Multi-Vehicle Systems

V)

7
——

Operation range: tmax
Maximum velocity: vy > v
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Vehicle Routing: Motivation
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Vehicle Routing: Motivation

Martin Klaugo February 27", 2015 11 /19



Vehicle Routing: Single Vehicle
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Vehicle Routing: Multi-vehicle System
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Vehicle Routing: Multi-vehicle System
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Vehicle Routing: Control Objective

Calculate coordinates of take-off and landing points

@ minimize mission time

Martin Klaugo February 27t 2015 14 /19



Vehicle Routing: Control Objective

Calculate coordinates of take-off and landing points

@ minimize mission time

@ visit all way-points
@ bounded helicopter flyover

@ visit multiple way-points during one flyover

Martin Klauéo February 27”‘, 2015
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Vehicle Routing: Solution

MI-NLP

Garone, Determe, Naldi, CDC 2012
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Vehicle Routing: Solution
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Vehicle Routing: Solution

equivalent
MI-NLP » MI-SOCP
reformulation

Garone, Determe, Naldi, CDC 2012 Klauéo, Blazek, Kvasnica, ECC 2014
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Vehicle Routing: Solution

[ T T T T T T T I I
® MI-NLP

e M|-SOCP

10°

T T TTTTTT

104

T TTTTTTT
IR

103

T T TTTTTT

e
I EERI]

102

Computation time [sec]

T TTTTTTT
IR

10!

T T TTTTTT
I EERI]

100

TTTT
Ll

= i i i i i i i i i
5 10 20 30 40 50 60 70 80 90 100

Number of points g; to visit

Martin Klaugo February 27t 2015 15 /19



Vehicle Routing: Key Points

1 Optimal path planing for multi-vehicle systems
2 Mixed-integer SOCP formulation

3 Applicable to larger number of waypoints

Martin Klaugo February 27t 2015 16 / 19
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Conclusions

Thermal Comfort Vehicle Routing

Predictive Control

Efficient problem formulations
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Aims of Thesis

1 Development of computationally efficient optimal control
algorithms
2 Verification and implementation of optimal control algorithms

on laboratory devices
3 Application of optimization and optimal control to path plan-
ning problems

Martin Klaugo February 27t 2015 18 /19
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Opponents Questions



Question 1

Ako suvisi linearita so zhodou modelu a riadeného procesu? (str. 17)

N-1 N-1

min Z(xk — x) T Qulx — x°) + Z(uk — )T Qu(uk — 1),
k=0 k=0

sit. Xgr1 =Axx+Bux k=0,...,N—1,

xo = x(t)
x€X k=1,....N—1
u€elU k=1,... N-1
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Question 2

Je vektor X v (2.19) uvedeny spravne? (str. 21)

X0 X0
X1 X1

X = — X =
XN—-1 XN

Martin Klauco
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Question 3

Co musia spiat vychodiskové podmienky pre (3.9), aby bol problém

rieSitelny? (str. 35)

N—-1
min Z qu(uk — US)2 + qppi
k=0

s.t. Xk+1 = Axx + Buy + Edp
px = PMV/(xk)
— 5000 < v, <5000
—02<pe<0.2
xo = x(t), do = d(t)
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Question 3

Co musia spiat vychodiskové podmienky pre (3.9), aby bol problém

rieSitelny? (str. 35)

N—1
min > qu(uk — u°)* + qpPi+3ssk
k=0

s.t. Xk+1 = Axx + Buy + Edp
px = PMV/(xk)
— 5000 < v, <5000
—sk — 0.2 < pr £0.2+ s¢
xo = x(t), do = d(t)
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Question 4

Aky je vztah medzi ,k“ a ,t* pri rieSeni (3.11)? Aka je realisticka
periéda vzorkovania pre ktori mozno ocakavat riesitelhost problému
(zarucit PMV v predpisanych hraniciach)? (str. 36)

N-1
min > qulueik — %)% + GoP7ik
k=0

s.t. Xkqtr1 = Axerk + Burpk + Edo
Prik =a Xeyk+ b
— 5000 < upq g <5000
—02<pryk <0.2
xo = x(t), do = d(t)

Martin Klaugo February 27t 2015 19 /19



Question 5

Preco sa robila linearna interpolacia PMV z kvadraticke;j
aproximacie a nie z pévodnej funkcie? (str. 40)

PMV = (0303;0-03"’“” n 0028) L

L =(M— W) — 3.05- 10*3(5733 — 6.99(M — W) — pa) -
- 0.42((M —w)— 58.15) — 1.7 - 1075 M(5867 — p.)—
~ 0.0014M(34 — Tiy) — 3.96 - 10781, (th - Kt,) -

— fahe(Ty = Tin)
Ty =—0.028(M — W) — I (396 . 10*8(de&, - Kt,)+

+ farhe(Ta — Tm)) +35.7

Keer = (To + 273.16)*
Kir = (T, + 273.16)*
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Question 5

Preco sa robila linearna interpolacia PMV z kvadratickej
aproximacie a nie z pévodnej funkcie? (str. 40)

[ [
0.05 [— -
0.025 |- |
>
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| | |
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Temperature [°C]
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Question 6

Testovali ste riesenie problému (3.19) aj pre pociatoéné podmienky
s nerovnakymi teplotami? Aky maju pociatocné podmienky vplyv
na rieSenie/riesitelnost problému? (str. 38)

N—-1
min Z qu(ux — Us)2 + qppi
k=0
s.t. Xk+1 = Axx + Bug + Edp
pk=0"MO+0"KUgy+m'6
— 5000 < uy < 5000
—02<p <02
Xo = X(t), dy = d(t)

Martin Klaugo February 27t 2015 19 /19



Question 7

Je interpretacia m vo formulacii problému (str.47) spravna? (V
dalSom rieseni sa uvazuje m=n.)

m=n

Martin Klaugo February 27t 2015 19 /19



Question 8

Ako si navrhnuté pristupy rieSenia poradia s neurcitostami modelov?
(Staci na to pri riadeni tepelného komfortu spatna vazba?)

o trvala regulacna odchylka
@ pouzitie "disturbance modelling"

@ pri SISO zaviest integrator pred akény zasah

Martin Klaugo February 27t 2015 19 /19
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Quadratic constraints

min

s.t.

Online MPC

N-1

Z Quuz + Qppi ~
k=0

Xk+1 = Axk + Buy + Edy

Umin < Uk < Umax

Pk = PMV(Xk)

Pmin < Pk < Pmax

xo = x(t), do =d(t)

Martin Klauco

convex quadratic

linear

linear

linear
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Quadratic constraints

min

s.t.

Online MPC

N-1

Z Quuz + Qppi ~
k=0

Xk+1 = Axk + Buy + Edy

Umin < Uk < Umax

P = a(x0) Txk + b(x0)

Pmin < Pk < Pmax

xo = x(t), do =d(t)

Martin Klauco

convex quadratic

linear

linear
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February 27t 2015

19 /19



Quadratic constraints

min

s.t.

Online MPC

N-1

Z quuz + Qppi ~
k=0

Xk+1 = Axk + Buy + Edy

linear

Umin < Uk < Umax

Pk = a(Xo)T (AXk,1 + Bukfl) + b(Xo)

linear

<— non-linear

Pmin < Pk < Pmax

xo = x(t), do =d(t)

Martin Klauco

linear

convex quadratic
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Quadratic constraints

Online MPC
N-1
min Z quuf + qppf < convex quadratic
k=0
s.t. Xkr1 = Axk + Bug + Edo linear
Umin < Uk < Umax linear
_ T T T .
Pk = él a(Xo) + 52 Xk—1 + 63 Ug—1+ f4 b(Xo) <+— linear
Pmin < Pk < Pmax linear

xo = x(t), do =d(t)
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Quadratic constraints

min

s.t.

Online MPC
N—1
Z Quuz + Qppi ~
k=0
Xk+1 = Axx + Buy + Edp linear
Umin S Uy S Umax linear

Pk = GTMkH + GTKkUO| +mT

+— linear

Pmin < Pk < Pmax

xo = x(t), do =d(t)

Martin Klauco

linear

convex quadratic
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