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Main Objectives
Develop and test optimization and forecast based
predictive control systems for more efficient and flexible
operation of integrated energy systems.

Hierarchical Control Structure
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ENERGY SYSTEMS
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Smart Energy Systems

• Thermal Storage
– Heating of floors etc
– Heating of water 

accumulation tanks
– Refrigeration Systems

• Power / Heat Producers
– Wind Turbines
– Photovoltaic Solar Modules
– Solar Panels
– CHP Plants
– Fuel Cells
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Forecast Based Hierarchical MPC
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Computational Performance
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Drivers of MPC

Powerful
Computers

Mathematical / Statistical 
Modelling

Optimization
Algorithms
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Economic MPC 
Mathematical Optimization



9 DTU Compute, Technical University of Denmark

Economic MPC for Uncertain Systems



Conditional Value at Risk (CVaR)
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Optimization Algorithm
Goal: Minimize a risk measure

Model Equations
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Hierarchical Control Structure
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Control of Smart Energy Systems = 
Economic MPC
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ENERGY UNITS

1
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Control of Individual Energy Units
Raspberry Pi

Embedded MPC Algorithms for 
control of individual energy units
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Temperature Control

•Danfoss •NEST (Google) 
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Schematics of House with Heat Pump



Model of a ground-source heated building

𝐶𝐶𝑝𝑝𝑝𝑝�̇�𝑇𝑝𝑝=𝑄𝑄𝑓𝑓𝑝𝑝 − 𝑄𝑄𝑝𝑝𝑟𝑟 + (1 − 𝑝𝑝)𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠

𝐶𝐶𝑝𝑝𝑓𝑓�̇�𝑇𝑓𝑓=𝑄𝑄𝑤𝑤𝑓𝑓 − 𝑄𝑄𝑓𝑓𝑝𝑝 + 𝑝𝑝𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠

𝐶𝐶𝑝𝑝𝑤𝑤�̇�𝑇𝑤𝑤=𝑄𝑄𝑐𝑐 − 𝑄𝑄𝑤𝑤𝑓𝑓

𝑄𝑄𝑓𝑓𝑝𝑝=𝑈𝑈𝑈𝑈𝑓𝑓𝑝𝑝(𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑝𝑝)

Heat Transfer

Energy conservation

𝑄𝑄𝑝𝑝𝑟𝑟=𝑈𝑈𝑈𝑈𝑤𝑤𝑓𝑓(𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑓𝑓)

𝑄𝑄𝑓𝑓𝑝𝑝=𝑈𝑈𝑈𝑈𝑝𝑝𝑟𝑟(𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑟𝑟)



Rigorous heat pump model

𝑊𝑊𝑐𝑐 =
𝑄𝑄𝑐𝑐

𝜂𝜂𝐶𝐶𝜂𝜂𝜂𝜂(𝑇𝑇𝑤𝑤 ,𝑇𝑇𝑔𝑔𝑝𝑝) C
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A – Evaporator
B – Compressor
C – Condenser
D – Throttling valve

1 – 2: Isobar evaporation (∆P = 0)
2 – 3: Isentropic compression (∆S = 
0)
3 – 4: Isobar condensation (∆P = 0)
4 – 1: Isenthalpic expansion (∆H = 0)

𝐶𝐶𝜂𝜂𝜂𝜂 =
ℎ3(𝑇𝑇3,𝜂𝜂4) − ℎ4(𝑇𝑇𝑤𝑤 + ∆𝑇𝑇,𝜂𝜂4)
ℎ3(𝑇𝑇3,𝜂𝜂4) − ℎ2(𝑇𝑇𝑔𝑔𝑝𝑝 + ∆𝑇𝑇,𝜂𝜂2)

COP is a nonlinear function of Tw and 
Tgr

Realistic Thermodynamics needed
www.psetools.org

http://www.psetools.org/


Rigorous heat pump model
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C – Condenser
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𝐶𝐶𝜂𝜂𝜂𝜂 =
ℎ3(𝑇𝑇3,𝜂𝜂4) − ℎ4(𝑇𝑇𝑤𝑤 + ∆𝑇𝑇,𝜂𝜂4)
ℎ3(𝑇𝑇3,𝜂𝜂4) − ℎ2(𝑇𝑇𝑔𝑔𝑝𝑝 + ∆𝑇𝑇,𝜂𝜂2) COP is a nonlinear function of 

Tw and Tgr



Economic MPC
Energy cost function

Initial estimate from a Kalman filter

Linear house model

Bound constraints
Rate of change constraints

Soft thermal comfort constraints

�𝑥𝑥 = 𝑇𝑇𝑝𝑝 𝑇𝑇𝑓𝑓 𝑇𝑇𝑤𝑤 𝑇𝑇

�𝑦𝑦 = 𝑇𝑇𝑝𝑝

�𝑢𝑢 = 𝑄𝑄𝑐𝑐

�̂�𝑑 = 𝑇𝑇𝑟𝑟 𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠 𝑇𝑇



Economic MPC

Special nonlinear 
economic MPC

(NMPC)

Linear economic MPC
(LMPC)

Linear economic MPC 
constant COP

(LMPC w./ COP = 4.5)

𝑊𝑊𝑐𝑐 =
𝑄𝑄𝑐𝑐

𝜂𝜂𝐶𝐶𝜂𝜂𝜂𝜂(𝑇𝑇𝑤𝑤 ,𝑇𝑇𝑔𝑔𝑝𝑝)
𝑊𝑊𝑐𝑐 =

𝑄𝑄𝑐𝑐
𝜂𝜂𝐶𝐶𝜂𝜂𝜂𝜂 𝑊𝑊𝑐𝑐 =

𝑄𝑄𝑐𝑐
𝜂𝜂𝐶𝐶𝜂𝜂𝜂𝜂

COP is recalculated at 
each iteration step

COP is constant 
(COP = 4.5)

COP is calculated using estimates 
of Tw and forecasts of Tgr

Energy cost function: 𝐶𝐶 �𝑥𝑥, �𝑢𝑢, �̂�𝑑 = 𝑝𝑝𝑒𝑒𝑠𝑠(𝑡𝑡)𝑊𝑊𝑐𝑐(𝑡𝑡)



Economic Nonlinear MPC



Economic Linear MPC – Constant COP



Computational performance: NMPC vs LMPC

NMPC and LMPC have comparable computation time



Computational performance: 
Matlab vs Linux-C
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MPC & Process Optimization Toolbox

Features 
• Simplicity - easy to 

– Commission
– Tune
– Maintain

• Customizable and adaptable to
– Process dynamics
– Process modifications
– Operational strategies

• Includes frontier technologies in
– Mathematical Optimization
– Process Control
– Software Engineering
– Mathematical/Statistical Modeling and 

Simulation
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Software Implementation

Rasperry PI  C/C++ Smart Phone  C/Java/Matlab
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John Bagterp Jørgensen

Technical University of Denmark

E-mail: jbjo@dtu.dk

Thank You – Q & A 
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