Cyber-Physical Energy Systems

LECTURE 3
PRINCIPLES OF MODELING FOR CYBER-PHYSICAL SYSTEMS

INSTRUCTOR: MADHUR BEHL
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Peaks occur during major sporting events

how many people watched the superbowl !, Q

All News Images Maps Videos More Settings Tools

About 2,060,000 results (0.75 seconds)

111 million people

More than 111 million people watched Super Bowl
LI. Feb6,2017
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Extreme Weather

World Cup

O



Price Volatility: Summer peak

Nominal price: $25/MWh Peak Price: $800/MWh
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Price volatility is the new normal

PJM (ISO) Locational Marginal Prices (LMPs) example
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Peak Demand is Expensive!

SURGE PRICING X

Demand is off the charts! Fares have
Increased to get more Ubers on the road.

uberestimator.com
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Peak Demand is Expensive!

Highest $$$ Combustion
Turbine
0ld Combined
Resources Cycles
Important to keep balance Clear"the
market in @ Coal
order of
“ lowest to New Combined
Demand Supply hlghESt COSt Cycles™
(consumption) Frequency (Hz) (Generating amount)
5 ‘ Nuclear
Renewables
Lowest $
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Peak Demand is Expensive!

MW Highest $$$ Combustion
” (;Thousands) : Turbine
Resources “clear”
the market in order of 0ld Combined
1301} Iowest 0 h[ghes[ ot | @ ‘E:::I:::“on Resources cydes
$100 “clear"the
Coal
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Principles of modeling for CPS — Fall 2018 MADHUR BEHL - MADHUR.BEHL@VIRGINIA.EDU *New combined (ydes are more fuel efﬁ(ient



Total electricity generation capacity in U.S. 1190 GW

00O
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Total electricity generation capacity in U.S. 1190 GW

1 Large Hadron Collider
Peak demand
200 MW
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‘HOST

@600

Super Bowl
(O  PARTIES

(300 kWh)

(100 kWh)

;'“M .
a % TY L ‘ | | %

Download Power a Traffic Signal

133,320 S "3 MONTHS

SONGS BRE ‘ ‘Er (200 kWh)
(50 kWh) wJlr
pots of coffee pAVWH = 1,000 LI

5\ kilowatt hours

(200 kWh)

Based on a variety of sources. Numbers are estimations and may be rounded.
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Total electricity generation capacity in U.S. 1190 GW

5,950
LHCs

1 Large Hadron Collider Running at the same time
Peak demand
200 MW
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10,000,000 simultaneous superchargers at peak capacity
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“All kilowatts are not created equally”

Older & Inefficient Very Expensive More Carbon



Demand Response

Q Reliable
Q Clean

Q Cost-Effective




, 1 DID
NOTHING
TODAY AND
' STILL GOT PAID

."‘-‘r‘\ -

Imagine getting paid for doing nothing
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| DID

NOTHING
TODAY AND

STILL GOT PAID

D
(D)
Tt
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Grestings to you my friend,

-'chlshtpped
in $100 bills,

All Twant you to \RagP®I= now is to give me your mailing address, your private phone and fax number,
and I believe that at the end of the day you will have 50% and 50% will be for me. My identity must not
be revealed to anybody.

If this arrangement is okay by you, you can call

Phone +234 80"877668)
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Imagine getting paid, or otherwise compensated, Tor
not using electricity during peak hours!




A Demand Response Event

Peak anticipated
due to forecast

DR Curtailment

“d U x” TN
i | b -

Electricity Load (GW)

Electricity Load

Increases

Demand Response
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Demand Response — Looks familiar

VOLUNTEERS ARE NEEDED

NYC-KENNEDY, NY » LOS ANGELES, CA 29 JUN 2014

This Flight is Scheduled

Do you want to be added to the volunteer list for your flight departing from NYC-Kennedy, NY to Los Angeles, CA?

passengers Interested We are seeking volunteers willing to take a different flight in exchange for a travel voucher redeemable within 1 year on

delta.com.

In VOIunteerlng For Your existing itinerary will not be changed until you review alternate flights at the departure gate.
Com pensation Please Select the dollar value of the travel voucher you would accept as compensation for volunteering your seat.

Note: If your seat is needed, you will receive a travel voucher for this amount.

Advise The Check-in
Representative } $200 H $300 H $400 H $500 .,

AMOUNT:

© Helpful Tip: Delta accepts the lowest bids first. SUBMIT BID
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Fixed Strategy 4
Fixed Strategy 5

_Fixed Strategy 1
Fixed Strategy 2 ¥
Fixed Strategy 3

s
- Wil
/ = 3
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No Guarantees

Baseline

Baseline $ Penalty




Q) If you don't know what's going to happen when you change a set-point.
How do you even know the change is worth making ?

Q) What is the best change that you can make right now ?

ased predictive control (MPC)

What kind of models ?




The control problem in buildings

Integrated control of:

* Heating

* Cooling

* Ventilation
* Lighting

* Blinds
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Model Predictive Control (MPC)

past , future

___________ I Ny, RN Wy, S Q
— Predicted outputs —
Manipulated u(t+k)
Inputs
It it+1 t+m t+p

t+‘1 t+2 | ‘t+1+‘m | ‘t+§1 +p>

— @ Determine state x(t)
e Determine optimal sequence of inputs over horizon
e Implement first input u(?)

— o Wait for next sampling time; t:=¢ +1




Generation, Transmission, Distribution: supply-side

transmission lines carry

power plant g :
3 electnicity long distances

electricity to houses

transformers on poles
step down electricity
before it enters houses

transformer steps neighborhood
up voltage_ for transformer steps
transmission down voltage

Source: Adapted from National Energy Education Development Project (public domain)
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MOdeling the grld dynamiCS ? Not in this course.

:
%J: 15781;—, 2|6 27 = ,%- )
: T . ’ IEEE 39 New England Power Grid Model

16

39 transmission buses
* 10 generators

36
7| Bl felde =T / - \‘
10 1 34 |33
48 z I\
|

linearized dynamics: (f) = Ax(f) + B,d(t) + Byult)
objective function: J = tlim £ (HT(t) QpO(t) + 67 (1) Q4 O(t) + ul'(t) Ru(t) + '}'Zw,-j F,-J|)
- OO
i,
memoryless controller: u = —Fux(t)
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Electricity consumption Buildings: bemand-side

Commercial, Industrial & Institutional (C/1/1) Resedential
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Why Buildings ?

40 % Portion of global energy use
0) Portion of electricity consumption in
7 (0 the United States

1/3 Portion of global total CO, emissions
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Electricity use due to cooling, Portion of natural gas use

lighting and ventilation dedicated to space heating

/ FIGURE 1: Office buildings energy consumption by end use in the U.S. \
Data from the U.S. Energy Information Administration show that cooling, lighting, and ventilation account for
62 percent of electricity use (A), and space heating dominates natural gas use at 86 percent (B).

A. Electricity B. Natural gas

Office equipment

4% Water heating Cooking

Refrigeration Water heating 4
i l-K " otrer ey
Space heating 9% ,
5%
e Lighting
Ventilation 39%
9%
Computers
10%
Other :
13% Cooling Space heating
14% 86%
Note: Insufficient data were available for electric consumption of Cooking equipment; © E Source; data from the U.S. Energy Information Administration

\ sum may not total 100% due to rounding. /
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How are building models obtained today ?

White Box

AN

-3
H

Black Box vy’;’f\‘(‘ S
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©'s e
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How are building models obtained today ?

White Box

e
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White-Box Modeling

OO L Ijh cwgeon =
B Tibllo MWL £ e
e

available

HVAC layout

FloorPlan

| == == |—

Model Tuning
Data
Sensor retrofits

Set parameters
Floor by floor
Zone by zone
Wall by wall
Layer by layer

Guess nominal
parameter
values

3 Equipment by
Nl equipment _ o
s ve Hire buildin
Transfer geometry Ire building
TRNSYS17 e modeling
ERE [T experts

First principles based building energy simulation w>«, -

from the
e ©"'Vironment
e

Convective exchang

with outside air
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White-Box Modeling

Cost and time prohibitive

(sensor installation, commissioning & expertise)

Not suitable for model-based control

Model complexity and uncertainty, (1000’s parameters and states)
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How are building models obtained today ?

White Box
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Grey-Box [Inverse) Modeling

HVAC layout
FloorPlan

[Pe ] [Pe [ .._.] [P, l-

Parameter

Estimation Set parameters

Guess nominal
Data ;Ioor Ey floor barameter
. one by zone
Sensor retrofits L] " values
Leprer b lever

Equipment by

CeoTeo(t) = Uco(Ta(t) — Teo(t)) + Ucw(Tei(t) — Teo(t)) + Quot,(t)

CoiTei(t) = Uew(Teo(t) = Tei(t)) + Uei (T (t) — Teilt)) + Qrad.c(t) s eqUipment
wall I e =3 Transfer geometr . I
oynaarrnifs,—*’ ’_:'—“;‘-LL"F: g y Hire bwldmg
ST P s modeling
' Sotar T‘ t 11"1)” ‘1" A - T'J ::.- Tv.u.rl‘ W 3 experts
e A SR O T Lumped Parameter
- / 5 ' 7 § cy < v \

| I —, ‘RC’ model

R.BEHL@VIRGINIA.EDU



Grey-Box Modeling: ‘RC" networks

A A

Discrete-Time State Space Model: x(k + 1) = Agxz(k) + Bou

——

k)
(parameterized by 6) ylk) = égz(k) + Dg’u,(k)

States (All node temperatures):
X = [TeOI Teil TCOI Tcil Tgor T Tior Tiir Tz]T
Inputs (Disturbances and Control):

gir
- T
U= [Tar Tgi Tir Qsoler Qsolcr Qrade/ Qradc: C)~radgr Qsoltr Qconvr Qsens]

Parameter Estimation: LISEORBARAMETERS

tL convection coefficient between the wall and outside air
Least Squares Error Ui conduction coefficient of the wall
Ui convection coefficient between the wall and zone air

* . N 2 . : e :
0" = argmin Z =1 (sz ( k) il ( k)) Uwin  conduction coefficient of the window
0,<6<8, Clax thermal capacitance of the wall
- C: thermal capacity of zone z;

g: floor; e: external wall; c: ceiling; 7: internal wall

subject to 0; < 0 < 0,
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Heating, Ventilation, & Air Conditioning




HVAC is everywhere..

It is all around us,

Even now, in this very room,
You can feel it,

..when you go to work,
.when you go home
..when you pay your electricity bill
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Its all about comfort..

O Temperature 68°F (20°C) and 75°F (25°C)

? Humidity 30% relative humidity (RH) and 60% RH

O Pressure A slightly positive pressure to reduce outside air
infiltration.

@ Ventilation Rooms typically have several complete air

changes per hour
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Components of HVAC System OOOO

5 system loops..

The Five System Loops

CA “; C:}Heat rejection

r i ‘ !

(* ~#Chilled water (* .¥Controls
' .

(" Refrigeration
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Air handling systems

Exhaust
-

u

Roof

. Outdoor Air

Air Handling
System
SUPply Building A

Air
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Air handling systems

m Delivers air to zones
m Heats and cools air
m Often integrates ventilation

L)

AIRFLOW

Principles of modeling for CPS — Fall 2018

iy

]

g

MIXING
BOX

FILTER

—»>mT]
1
O_l

—
1l

r
e

oo

/
[

’— —

FAN -

MADHUR BEHL - MADHUR.BEHL@VIRGINIA.EDU




Air handling system

Air types
P
Z ! 7z X
|z A — —
f ; Fresh air. Supply = Ex:?rust
(make-up air) air
XS]] ) =
‘ Room

‘o\l Return air

(re-circulated)
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Air handling unit

Exhaust air

.
J_f_‘
/

..
?.
f

Outside air Supply air
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Air handling unit
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Air terminals: Constant Air Volume (CAV)

Return
air Supply

Reheat coil (on)

. ‘ 55° [:> 55_; rDiffuser Return ,
Outside = A =
air '

|
(_&\Q} S To other |
& z0nes PN |
N | 0 04
Reheat coil (off) 95 %{J/ /
- —1
18

— — Moderate cooling load

High cooling load



Air terminals: Variable Air Volume (VAV)

air

_T——
Qutside = fl"\ @

To other

Damper fully open-._ O zones
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High load

Damper
partly
open
Q giffuser
55
)

Moderate load
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IF temperature too high

First reduce reheat till fully closed
Then increase air volume

IF temperature too low

First reduce air volume till minimum
Then start reheat




Ceiling plenum return

The plenum is the space between the ceiling and the roof, or floor, above.

Active / Circulating

Forced-Air Supply«— Plenum Airspace Forced-Air Supply«—
<«— Forced-Air Return
4 | A
I

Dead / Non-circulating
Airspace

<— Forced-Air Return

/" 7 ' N
Drop Drop
Ceiling Ceiling
Living / working space of a typical Living / working space of a typical
commercial building commercial building
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Air-Water interface- Heat exchanger.

Supply Fan Cooling Coil Air
Inlet Node
o
Supply Fan Plant Demand Side
Outlet Mode Heating| Coil Air @ Cooling Loop
Inlet Cooling Coil ¥Water
g Outlet Node
Coaling Cail
T HC @ Water Inlet Node
® Heating Cail Water
Return Air Qutlet Mode
Inlet Node . Heating Coil
Flant Demand Side Water Inlet Node
Heating Loop
L J &
Heating Cail Air Coaling Coil Air
Outlet Mode Outlet Node

Principles of modeling for CPS — Fall 2018 MADHUR BEHL - MADHUR.BEHL@VIRGINIA.EDU



Chilled water loop

Condenser Cooling tower "
water pump I
— P S R ommney | 80°F m
Fan (26.7°C) . 57°F

I ' (13.9°C)

— Chiller -
Air Very cool
’x}*\ —"
T
_ S5
Chilled Air-handling unit
water pump cooling coil
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Chiller plants
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Just chilling as a
grad student...
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Chiller plants

== 4 million gallons Chiller 1|—@
of water at 42 E Chiller 7} @-—
d e g ree I'Chiller 33—
Fahrenheit _I TR ’

26 MW peak ) [

_ TES
IO a d .._gl _{ Load Q(t) J_
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Cooling towers

1 1

Fan #1 ' Fan #2 T
I/_[;J_ /|II|\ _Q_\l 1‘
2 Cooling Tower § gi?z'{ing
Sump Templ:l/=' ] valve

Condenser Temp. == J/

To Ch?ller From Chiller
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Relief Air /1
/
Cooling Tower 1
Air out
o <0 Outdoor
% Air
s [/ AN £ = 1
~ & § ¥
~> N |
— o

Air Handling Unit

QR

@ Return Air
Supply Air
\./N) “")
- ‘/~>

Cool Water

=H®

Chiller

Condensing Water Pump

Chilied Water Pump

!Temp. Sensor

~1 Pl Confrol

To Other AHUs



Supply Air Fan Chilled Water Pump Compressor

Chilled Water

000000
Q00000
000000

Cooling Coil
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Refiigerant 000
000
Q00
000

Condenser Fan

/\
"~

Evaporator Expansion Valve Condenser
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Meeting zone loads

____ Retumn Air (RA) { Qtot — mSA (hRA o hSA)
Supply Air (SA) Qsen — mSACp (TRA — SA)
Loads Q,; and Q,,
\ / o ggggl‘t’lm el Given controlled room air
s@g/‘f? ) temperature, can control airflow
o, or supply temperature to meet
l__ b E\\ changing sensible loads




VAV System:

Control

Exhaust Air

Return Air

—

—

|

n N i .
O—----u/vv{} Circulated Air

Fresh Air

U

e

i ]
/NN ===

U

loops

Cooling
Tower

=

:uChilleru _IG

VAV Box

S A

Ok

Vv

O _________ ' To Other Zones

ZONE

Q9

4

V4

V4

- Solar

Ambient
Air

v

NEIGHBOR
ZONE

Cooling Coll Supply Air R T
eheat Coil ;
Filter = Internal heat gain
°* o > ® g
C:) :
1
by
L
I
bsial. 3
I
|
I
]
I
I
I
|
I
I
I
I
I
]
I
I

» Local control loops: thermostats, supply air controllers, etc.

» Supervisory control: set-points and modes for local control loops.
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Local control loops

Zone temperature control loop (thermostat)

supply air heat gain
set-point reheat 1 l
_| Thermostat ' VAV > Zone
damper
zone temperature
Sensor |
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Local control loops

Supply Air Temperature (SAT) control loop

Air flow CHW

SAT set-point l l
Controller > Valve - HVAC Caoll

SAT

Sensor <
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Simplest and common control is on/off control.
» Upper threshold t,, lower threshold t;, differential = t, — t;.
» Switch off when t > t, and on when t < t,.
» Time lag may cause larger operating differential.
>

Suitable for thermostats (slow dynamics) but not for supply-air fan
control.

Actual
‘ differential

Design
differential

Temperature




Next lecture..

Creating a dynamical system model of a zone.

R

'window, 1

Source: [Deng et al., 2010]
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