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A Short Framework for Prototyping Nonlinear Model
Predictive Control Loops
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Introduction and Motivation

Nonlinear M I
System model _)“_) onlinear Mode

Predictive Control
(NMPC)

(Modelica)

Co-
Simulation

= Convenient tools for modeling and Use system knowledge to improve control
simulation performance

» Many different model libraries Highly efficient algorithms exist

» Mainly used for simulation Designing and tuning is a complex task

Very important: good system models
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Optimal Control Task and NMPC

Cost function C=aj(T T.)° dt+bIPdt
Dynamic system model X(t) = T (x(t),u(t)
(ODE)
Optimal Control Problem Er)ur(l)C(x() u@) u
(OCP) st x(t) = f(x(t),u(t)) \j\/
0< c(x(t),u(t))
x(0)= %, i
o . t
Infinite dimensional problem
P m|n ZI (s;,u;) u |
(NLP) i —1
01 N—l N-1;
s.t. Si+l = X (T|+1’ I’ul) uo U_l_ I
0< c(s,u) '
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Used Software

Plant model
(Modelica)

controls measurements y
®

>

1 time ¢

v

Estimator

o states, parameters
Optimizer

X0, P

FMU

HLLE
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Used Software

Co-SimuIation Master

’0‘ TISC

I\

MUﬁ
COD

Optimizer

Real-World Plant
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Simulation of Vapour Compression Cycle

Cond
Svalve ¢ Ncomp
Evp
A
out ' Q
Ty Y
= Control inputs: expansion valve opening, compressor speed
» Goal 1. constant outlet temperature
» Goal 2: as less electrical energy as possible
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Simulation Experiment — Vapour Compression Cycle

Subcooling
Cond . Cond
N\ ¢ v v ¢
Svalve Ncomp Svalve Neco
—> >< «— - x <«—comp
| | N
Evp Evp
v ~z

Té)vug ﬂ Q Té)\}llf ﬂ Q
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Simulation Results - Compression Cycle

Inlet and outlet
Chilled water temperatures =

s
o
o
S—

Control input
Expansion valve opening

Control input
Compressor speed

11
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9

in

— out (NMPC) |
B — - out (PI) 1
A A T T -

| | | |
I T I I

e R -

I NMPC leads to faster — NMPC| |

modifications and earlier - - Pl
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NMPC
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Simulation Results — Vapour Compression Cycle

Output
Refrigerant subcooling

Output
Compressor power

Pcomp (kW)

— NMPC
— - PI
| |
20 200| NMPC leads to faster 800 1000
steady state of ouputs
L and reduces energy
' " | comsumption
-
- — — —
— NMPC _
— - PI
0() | | | |
0 200 400 600 800 1000
t(s)
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Steps to Speed Up Optimization - Heat Exchanger Model

dy
dt

Refrigerant Air

_—)

« Dynamic control volumes
» Boundaries always at 1-phase / 2-phase transition point

* Mass and energy balance equations for each volume
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Steps to Speed Up Optimization - Real-Time Iteration

= Only one Sequential Quadratic Programming (SQP) iteration per NMPC sample
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Simulation of Thermoactive Ceiling

T
. m.
Min
= Control inputs: inlet temperature, inlet massflow
» Goal 1. constant room temperature
» Goal 2: as less heating energy as possible
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Simulation Experiment - Thermoactive Ceiling

5000 o< ! .QA')A‘%;/;‘A'
TOr0T0707 T;, = const! | |
T Troom

NMPC uses two,
Pl-Controller only
one variable.
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Simulation Results — Thermoactive Ceiling

50
40
7330
Control input éi
Inlet temperature = 20
10, — NMPC
---- PI
O |
/NMPC ,Shows” to always use maximum inlet temperature. )
Qneatpay = Mint * Cp * (Tini — Trep) = minimize
Control inout E Qheat,use = Mip * Cp * (Tinl — Tout1) = constant
inlet m F:‘I 80| Result of NMPC shows that we used oversimplified cost-
et masstiow E function. However, comparison to PI-Controller is possible.
0.1" \ e
0.0 ‘ ‘ ‘ ‘ ‘ ‘ ——
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Technische

% Universitit 24. Marz 2015 | Michael Noding | Using FMU for NMPC | Slide 19 ;

o . et

% Braunschweig SN institut far §
Sl iy TLK-Thermo GmbH thermodynamik 1




Simulation Results - Thermoactive Ceiling

32 ‘
31t
Output
Room Temperature — Setpoint | |
26| (Wi A :
With NMPC we can — NMPC
25 reach a weighted tradeoff --=- PI
24 | between different goals. | |
50 ' A\ S ‘
— NMPC
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Conclusion

Summary

» FMI successfully used in NMPC applications
= Control method for vapor compression presented
= Simulation and measurement results (not presented) show feasibility

= (Oversimplified) control method for climate control of buildings presented

Future work

* Include Jacobian information (FMI 2.0)

» Extend model interface to hybrid DAE
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Real-World Application

Extended

NMPC

Kalman Filter

Svalve_’ Neomp
| N
Evp
v
Tout ¢ ' \_/
evp v
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Measurement Results

12 T T T T T
10 in i
Inlet and outlet out
Chilled water temperatures .
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8_ MW
Control input
Expansion valve opening 6r i
4_ |
5000 : : i .‘ i .' .'
. _1 /
Neomp (MIN™) 4500 /\W .
. - W
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Modell of Buildling — Thermoactive Ceiling

*Temperature of room regulated with : [t
: .
|

water between 15°C and 35°C i I e :

*Modelling of significant heatflows i i _ L

* Model reduction leads to ODE with about =
25 states =) I

Be*tnnEmperﬂtur

East Side

Rnangnperatur&
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Fluid Properties Calculation

= Many fluid properties (e.g. heat capacity) are
discontinuous at saturation curve

100 T T T T
New approach: :

'
= [nputs: p, h nteroolat y E vap
» Calculate superheated, subcooled h: " erpoain g —
h*:=h—h"(p) - - y, /A/// ///I/ I S S
h™:=h-h" £ wr [T TT e e
® ~ L ST 17117 1
= Coordinate transformation Pressure \ /) / /[ [ /]
h*) ifh>h" ////// //////
(phy—>{ PP TR
(p,h”) ifh<h
0 l(l)() 2(IJ0 S(I]D /I(IJO -5(I)D 600
= Evaluate tabulated bicubic splines on h (kl/ke)

transformed coordinates Specific Enthalpy
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