Models and methods for DIU
facilitating energy flexibility =—
in buildings and districts
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Flexible Solutions and CITIES

The Center for IT-Intelligent Energy Systems in Cities (CITIES) is
aiming at establishing methodologies and solutions for design and
operation of integrated electrical, thermal, fuel pathways at all scales.

CITIES is currently the largest Smart Cities and ESI research project in
Denmark — see http://www.smart-cities-centre.org .
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Models for integration and flexibility

Intelligent systems integration using data and ICT
solutions are used to establish grey-box models and
methods for real-time operation of flexible energy
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Virtual Storage by
Energy Systems Integration
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© Denmark (2014) : 48 pct of power load by renewables (> 100 pct for some days
in January)

© (Virtual) storage principles:
— Buildings can provide storage up to, say, 5-12 hours ahead
— District heating/cooling systems can provide storage up to 1-3 days ahead
— Gas systems can provide seasonal storage
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Direct and Indirect Control
For DC info about individual states and
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constraints are needed

Consumption T l Price

(a) Indirect control
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Control and Optimization
Day Ahead:

Stoch. Programming based on eg. Scenarios

Balancing
Marsel Market Cost: Related to the market (one or two

levels)

Direct Control:

Actuator: Power

i

Agagregator Indirect Control
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Sub ﬁggregator
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aggegated loads

Direct Control ;
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Two-way communication

Models for DERs are needed

MET Forecasts
Local Data

Il
Constraints for the DERs (calls for state est.)
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' i ﬁ (], Contracts are complicated

pAR Indirect Control:
mﬂ" $ .
Actuator: Price

Cost: E-MPC at low (DER) level, One-way
communication

Advanced
Cortroller

In New Wiley Book: Control of Electric Loads
in Future Electric Energy Systems, 2015 Models for DERs are not needed

Simple 'contracts'
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DIU
Direct vs Indirect Control =

Level Direct Control (DC) Indirect Control (IC)
[11 min, Z;:D Z‘.’;l G (L k, Ujk) min; , Z;::n O(Zk, Pr)
, . ‘ ; ~ :
st Zrp1 = f(pr)
T/ TR R _
Y min,, Z;”:D Oi(pr,ux) Vi€ J
st = hilEaang) Yield St Teyi = Fi(ze )

Table 1: Comparison between direct (DC) and indirect (IC) control methods. (DC) In direct
control the optimization 1s globally solved at level I1I. Consequently the optimal control signals
u; are sent to all the ] DER units at level IV. (IC) In indirect control the optimization at level
[I1 computes the optimal prices p which are sent to the J-units at level IV. Hence the J DERs

optimize their own energy consumption taking into account p as the actual price of energy.
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Model Predictive Control

Input External
Disturbance
\_, Controlled
Reference Controller System Output
Trajectory : g ]
Measured
Output

Figure A.1: Model Predictive Control Framework
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Model Predictive Control

Simple example:

MPC for following a power reference with ARMAX model
derived from a greybox model

111}111 t ; (P, — P/*7)? + V P,y (A.la)
ELopt

subject to:

¢(B)T; = w(B)FP; (A.1Db)
VP, =P, — P_; (A.1c)
R I e (A.1d)
P < Priax (A.le)
P, >0 (A.1f)
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The General Structure of
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Electricity Markets

Europe:

@

¢ Ve

LS S U S Y

Introduced new power exchanges
(PXs)

Emphasize markets and economics
Include long-term contracts

TSOs typically own transmission
system

VER as 'must take'

Market design elements:
Day-ahead market (PX)
Real-time balancing (TSO)
Simple Bids

Zonal pricing/market coupling

Sequential reserve and energy
markets
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USA:

Build into existing system operators
(ISOs)

Emphasize physics of power syst.
Short-term system operation

ISOs do not own transmission system
‘Dispatchable VER

Market design elements:
Day-ahead market (1SO-hourly)
Real-time market (ISO- 5 min)
Complex bids

Locational marginal prices

Co-optimization of energy and
reserves
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Case study (Level 1il)

Price-based Control of
Power Consumption
(Thermal flexible buildings)
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Data from BPA ==

T TR J,-» | KEY SMART GRID LOCATIONS
G = / | FACIFK
s Pk e

Olympic Pensinsula
project

@

27 houses during one year

Flexible appliances: HVAC,

cloth dryers and water boilers

® 5-min prices, 15-min
consumption

© Objective: limit max

consumption

¢
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Price responsivity

Flexibility is activated by adjusting the temperature reference
(setpoint)

I

1

Temperature
setpaint
adjustment

Price sensitivity line
with skope k

Probability of mode

Standardized price

L 4

o 2 4 6 & 10 12 14 16 I8 20 22

« Standardized price is the % of change from a price reference,
computed as a mean of past prices with exponentially decaying weights.

« Occupancy mode contains a price sensitivity with its related comfort
boundaries. 3 different modes of the household are identified (work, home, night)
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- DTU
Aggregation (over 20 houses) ==

o
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Response on
Price Step Change

I

2 0.2
— —— Consumption step response (Olympic Pen.)
)
-E 5 hours
Q (T
£
-]
c
S
_02 L | | ! L
-10 -5 0 5 10 15 20
Hours
i'» CITIES

= Centre for IT Intelligent Energy Systems

IEA EBC Annex 67 - Energy Flexible Buildings, March 2016



w—)
]
=

Control of Power

o
A==
C ti
Model parameters
Price-response
- estimator <
Consumption Aggregated
references Price generator Prices Price-responsive consumption
- (controller) o> consumption @ >
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DTU
Control performance =

o

Considerable reduction in peak consumption
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Case study (Level 1V)

Control of Heat Pumps
(based on varying prices from Level lil)
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Grundfos Case Study

Schematic of the heating sv
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Modeling Heat Pump and Solar Collector
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Avanced Controller

Formulation

The Economic MPC problem, with the constraints and the model,
can be summarized into the following formal formulation:

N-1
- /

{uw;&@ kzzﬂc U (4a)
Subject to  xx11 = Axx + Buy + Edyk=0,1,...,N—1 (4b)
Yo = €3y, o— 12 00N (4c)

U 2 e iy k=0,1,....,N—1 (4d)
Bllnin € Ay < Dligisy k=0.1,...;,N—1 (4e)

Ymin < Yk < Ymax k=0,1,...,N (4f)
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E-MPC for heat pump with 2

solar collector (savings 35 pct‘i‘
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Case study

i

(Direct Control and Bids for Markets)

Virtual Storage Related to
Super Market Cooling using
Thermal Demand Response
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Synergize: Virtual Storage using Thermal Demand Response

Thermal mass in refrigeration display
cases facilitates the adjustment of
power consumption while maintaining
acceptable temperatures for food.
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The physical system




=) ,ﬂ '
g o VAW e A A WA
e} F ™ N 4 M ‘h«‘ e h.,-...-"l."'q"'ar".,}'&r'-.‘ 1 /\YN.»A.-" L i WM‘L"‘MWW}' ol |
E- 10 MWF Jlr-.,lH rr"n“r‘ *‘ * { W T L,I HH;H“ J
Temperature —— Internal —— Ewvaporator Refrigerant
1.00
= 0. 75
% 0.50
= 0.25
0.00
Mode = Defrost = Closed
100
TS
=
E 20
£ | {
25
0 - L]
26.0
o
‘.E' 25.5 o
<5,
'-E 25.0 -
=L
24.5 =
Ot 1 ‘Il D000

| | 1 | | | |
Oct 10 0000 Oct 10 08:00 Oct 10 12:00 Oct 10 18:00
Time
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The grey-box model
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Demand Response Controllers

* Direct Control
— Temperature Reference Tracking
N

2
min Z (T = T7")" + 11 APy,

n=1
s.t:
— System Temperature/Power Dynamics from ARMAX model

- Tmaxi Tminf Pmax

— Power Reference Tracking
N
2
minZ(Pn —pr)
n=1

* Indirect Control
— Economic MPC

min A By + VT + T

n=1

* Noteall controller formulations are “MPC” — i.e. forecasts of price/references only
available up to a fixed horizon — control consists of a sequence of receding horizon

oitimisations
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Flexibility Represented by

Saturation Curves
(for market integration using block bids)
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Energy Flexibility
Some Demo Projects in CITIES

Control of WWTP (ED, Kruger, ..)
Heat pumps (Grundfos, ENFOR, ..)
Supermarket cooling (Danfoss, Tl, ..)
Summerhouses (DC, Nyfors, ..)
Green Houses (NeoGrid, ENFOR, ....)
CHP (Dong Energy, EnergiFyn, ...)

® |ndustrial production

® VE (charging)

o
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CITIES

Centre for IT-Intelligent Energy Systems in cities

Demo projects  Software solutions | Work Packages | Partners Events | Communications = Publications | Vacant positions = Contacts

CITIES

Software solutions

Software for combined physical and statistical modelling

Continuous Time Stochastic Modelling (CTSM) is a software package for modelling and
simulation of combined physical and statistical models. You find a technical description Latest news
and the software at CTSM.info. A boecndon b ouise Bane

lespersen visited CITIES, October
29th 2015

Software for Model Predictive Control

CITIES Korean International
Workshop - KIER, Daejeon,

HPMPC is a toolbox for High-Performance implementation of solvers for Model Predictive Korea, October 22nd 2015

Control (MPC). It contains routines for fast solution of MPC and MHE (Moving Horizon

Estimation) problems on embedded hardware. The software is available at GitHub. Yeciesiap onMaemEros|

Sciences Collaboration in Energy

Systems Integration - DTU,

b CITIES
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Summary

®© A Smart-Energy OS for implementing flexibility has been
described

® Modelling: Toolbox - CTSM-R - for combined physical and
statistical modelling (grey-box modelling)

® Control: Toolbox - MPC-R - for Model Predictive Control
© Toolboxes found on the homepage of our CITIES project

® Two models for characterizing the flexibility have been
suggested and demonstrated:

© Dynamic models (used for E-MPC based on prices/
indirect control)

©® Saturation curves (used for market bidding / direct
control)
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(Kick-off meeting 9-10 May 2016): TU

ESI Joint Program as a part of
European Research (EERA)

I
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For more information ...

See for instance
www.henrikmadsen.org
www.smart-cities-centre.org

...0r contact

— Henrik Madsen (DTU Compute)
hmad@dtu.dk

Acknowledgement all my PhD and Post Doc
Students and CITIES (DSF 1305-00027B)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee IEA EBC Annex 67 - Energy Flexible Buildings, March 2016


http://www.henrikmadsen.org/
mailto:hmad@dtu.dk

w—)
]
:

Some References - Generic

i

H. Madsen: Time Series Analysis, Chapman and Hall, 392 pp, 2008.
H. Madsen and P. Thyregod (2011): An Infroduction to General and Generalized Linear Models, Chapman and Hall, 340 pp.
J M. Morales, A.J. Congjo, H. Madsen, P. Pinson, M. Zugno: Infegrating Renewables in Electricity Markes, Springer, 430 pp., 2013.

H.Aa. Nielsen, H. Madsen: A generalization of some classical time series tools, Computational Statistics and Data Analysis, Vol.
37, pp. 13-31, 2001,

H. Madsen, J. Holst: Estimation of Confinuous-Time Modals for the Heat Dynamics of a Building, Energy and Building, Vol. 22, pp.
67-79. 1995,

P Sadegh, J. Holst, H. Madsen, H. Melgaard: Experiment Design for Grey Box Identification, Int. Journ. Adap. Confrol and Signal
Proc., Val. 9, pp. 491-507, 1995,

P Sadegh, LH. Hansen, H. Madsen, J. Holst: Input Design for Linear Dynamic Systems using Maxmin Criteria, Journal of
Informafion and Optimization Sciences, Vol. 19, pp. 223-240, 1998,

J.N. Nielsen, H. Madsen, P.C. Young: Parameter Estimation in Stochastic Differential Equations; An Overview, Annual Beviews in
Control, Vol. 24, pp. 83-94, 2000.

N.R. Kristensen, H. Madsen, 5.B. Jargensen: A Method for systematic improvement of stochastic grey-bax modeds, Computers
and Chemical Engineering, Viol 28, 1431-1449, 2004

N.H. Kristensen, H. Madsen, S.B. Jergensen: Parameter estimation in stochastic grey-box models, Automatica, Vol. 40, 225-237,
2004,

J.B. Jargensen, M.R. Kristensen, PG. Thomsen, H. Madsen: Efficient numerical implemeniation of the continuous-discrete
extended Kalman Filter, Computers and Chemical Engineering, 2007.

> CITIES

@@ Contre forIT Intelligent Energy Systems IEA EBC Annex 67 — Energy Flexible Buildings, March 2016



Some References - Heat Dynamics of Buildings
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