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Data Predictive Control for Cyber-Physical Systems
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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
Ll. Feb6,2017




Extreme Weather

World Cup
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2014 Officially Hottest Year on
Record
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Price Volatility: Summer peak

Nominal price: $25/MWh Peak Price: $800/MWh
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Price Volatility: Winter peak

Nominal price: $31.21/MWh Peak Price: $2,680.21/MWh

0ok © resirne O e () i

$2,600

$2.200

Maximum $2,680.21/MWh
Dominion Zone at Hr 0705

$1,800

D $1.400
N
L]

$1,000

$600

$200

$-200

01:00 03:00 O035:00 07:00 05:00 11:00 13:00 15:00 17:00 19:00 2:1:00 23:00 0::00
01/24/14 01/24/14 01/24/14 01/24/14 01/24/14 01/24/14 01/24/14 01/24/14 01/24/14 01/24/14 01/24/14 01/24/14 01/25/14

b T b iy
I—'lPS e J oom |JJoeok [ comeo [ sc | aer | exec |




Price volatility is the new normal

PJM (ISO) Locational Marginal Prices (LMPs) example
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“All kilowatts are not created equally”

Older & Inefficient Very Expensive More Carbon

Madhur Behl - madhur.behl@virginia.edu




Demand Response Event

Large Scale

Electricity Consumers

Grid Operator Curtailment Service Provider/ €%
[1SO] ®------- d Utilities 9‘

Peak load forecast

DR Curtailment

Demand
Response
Dispatch

Electricity Load (GW)

P
.)))
o &
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Demand Response — Looks familiar

This Flight is Scheduled
To Be Full

Passengers Interested
in Volunteering For

Compensation Please
Advise The Check-in
Representative

VOLUNTEERS ARE NEEDED

NYC-KENNEDY, NY » LOS ANGELES, CA

29 JUN 2014

Do you want to be added to the volunteer list for your flight departing from NYC-Kennedy, NY to Los Angeles, CA?
We are seeking volunteers willing to take a different flight in exchange for a travel voucher redeemable within 1 year on
delta.com.

Your existing itinerary will not be changed until you review alternate flights at the departure gate.

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.

AMOUNT:

$ USD

© Helpful Tip: Delta accepts the lowest bids first. SUBMIT BID

’ $200 H $300 H $400 H $500




Dermmand response challenges

A Y
- -~ Normal demand -~
Heating
g
g Curtailed
5 demand -_—
i Cooling
SUSTAINED RECOV- <
RAMP  RESPONSE ERY -Q- Q
- > < - @
! i $ > = -
Time L
Notification Reduction Release Resume Lighting
Deadline

Madhur Behl - madhur.behl@virginia.edu 12




Fixed Strategy 1
Fixed Strategy 2 |
Fixed Strategy 3

“

Baseline $ Penalty ’ —:":

[Fixed Strategy 4

Baseline

Fixed Strategy 5
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Q) What is the best change that you can make right now ?

Model-based predictive control (MPC)



Model Predictive Control (MPC)

past , future

Weather forecast
Occupancy forecast < O <Ou> ;
ﬂ ﬂ § -3 t+p
Energy efficiency :t :t+1 rrm P 5
A B .
User comfort - ‘
Computatlon Building T T | — a ________ :

Control of HVAC system

v

Model Predictive Control (MPC)

N

t+I] t+2 T It+‘1+‘m. - .t+§1 +p
— ® Determine state z(t)
e Determine optimal sequence of inputs over horizon
e Implement first input u(t)
— o Wait for next sampling time; t:=¢ +1

Madhur Behl - madhur.behl@virginia.edu )




The control problem in buildings

Integrated control of:

* Heating

* Cooling

* Ventilation
* Lighting

* Blinds

Madhur Behl - madhur.behl@virginia.edu



Model-based predictive control for buildings

BASELINE

A
,—\/ @

Heating Cooling Lighting

17



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

ased predictive control (MPC)

How do you build these models ?

18



How are building models obtained today ?

White Box

Black Box
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Building energy modeling using first-principles

e e
Sl eTnrere e ([TLTR)
E.'__?‘I'::L : “:‘J
Not always = 1-4%3 BTl
| § Ry X
available ———r=nf .[.J.] 1 -
HVAC layout

Floor Plan

Model Tuning
Data
Sensor retrofits

Set parameters Guess hominal
Floor by floor parameter
Zone by zone values

Wall by wall
Layer by layer

é Equipment by
" equipment
v ’ Hire buildin
Transfer geometry g
TRNSYS17 EnergyPlus modeling
nching arsc, experts

First principles based building energy simulation  wonawave raa >«,
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Building energy modeling using first-principles
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available

llllll

" Cost and time prohibitive

(sensor installation, commissioning & expertise)

\C layout

Sensor retrofits

Model Tuning

Data Set parameters

Floor by floor
Zone by zone
Wall by waII

Guess nominal
parameter
values

- 1 Shortwave r: iati
2 including direct,
reflected, an

First principles based
High fidelity X
Building energy simulation .

Model-based control does not scale

Model complexity and uncertainty, (1000’s parameters and states)
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Grey-Box (Inverse) Modeling

Not always

available

Parameter

Estimation
Data

Sensor retrofits

CeoTeo(t) = Uco(Ta(t) — Teo(t)) + Ucw(Tei(t) — Teo(t)) + Qeot,c(t)
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Black-Box Modeling

Feature Could be
engineering automated

Not well aligned with control synthesis

Coarse grained predictions

Non-physical parameters

23



Modeling using first principles is hard |

Each buildingdesignis
different.
Must be uniquely modeled

Long operational lifetimes
~50-100 years

Too many sub-systems
Non-linear interactions

24



Energy Systems Modeling

Modeling Difficulty

(cost)

High

Low

Grey Box

- S

White Box
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Suitable

Unsuitable

Suitability for control
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Data-Driven Demand Response =)

DR-Advisor
Can we get the best of both worlds ?

 Simplicity of rule-based DR
* Predictive capability of model-based DR
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Data-Driven predictive control

\.l .
Weather (,, " Schedule @ Building &
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Data-Driven predictive control

o o
Weather (,, " Schedule @’) Building & Operatorﬂ

— i B —

DR Baseline DR Evaluation DR Synthesis
Real-Time Estimate of Choose the best DR Compute the best
Baseline Power Strategy in real-time DR control action

Consumption in real-time -



Data-Driven predictive control

o o
Weather (,, " Schedule @’) Building & Operatorﬂ
v

Interpretable Regression Trees Ensembles

\

Baseline Tree DR Evaluation  24hr prediction DR Synthesis
Tree Tree

Tree
. /|v\ ELteay
DR Baseline DR Evaluation DR Synthesis
Real-Time Estimate of Choose the best DR Compute the best
Baseline Power Strategy in real-time DR control action

Consumption in real-time -



The Netflix of Energy Management Systems

Will a person like the movie
‘The Usual Suspects’ ?

b Ttz Samml | Jickome Uwa Thornn vy o
Mlinfed Ampods Pummrr Nosa de Vodeers Vieg Bhases
e Sul lu-ulriu Oitigher Wikes e
N\ e



Tree construction algorithm: CART

Y = f(X. X, X,,)

Response Predictors
(Power Consumption) (Temperature, TimeOfDay, ...)

Splitat X, =1,

For X, <t, splitat X, =1,

~t
D
[ J

O
([ ]

For X| >1 splitat X =1,

* For X, >t, splitat X, =1,

Cell Model: Average

31




Tree construction algorithm: CART

Y = f(X. X, X,,)

Response

Predictors
(Power Consumption)

(Temperature, TimeOfDay, ...)
X1 <t

« Splitat X, =1

. For X, <t, splitat X, =1,

* For X, >1 splitat X =t

- - -“ ‘ « For X, >1, splitat X, =7,

Cell Model: Average

32



Tree construction algorithm: CART

Xo < to Xy = s 1. Stopping criteria.
i. MinlLeaf

2. Splitting criteria.

3. Variable selection.

4. Pruning.

. CR :
X;€R1(j,$) X;€RR(J,$)

jas CL

min | min Z (i = c.) + min Z (i - cp)?

33



Data Description

10

11

12

A
Time Of Day
Day of Week
Day of Month
Basement Zone Air Temperature
Ground Floor Plenum Temperature
Core Bottom Zone Air Temperature
Core Mid Zone Air Temperature
Core Top Zone Air Temperature
Mid Floor Plenum Temperature
Top Floor Plenum Temperature
Outdoor Dry Bulb Temperature
Wind Direction

Weather

Boiler 1 Outlet SetPoint
Chiller 1 Outlet SetPoint
Chiller 2 Outlet SetPoint
Zone Cooling Set Point
Chilled Water Set Point
Building Lighting Set Point
Zone Heating Set Point
Hot Water Set Point
Perimeter Bottom 1 ZAT
Perimeter Bottom 2 ZAT
Outdoor Humidity
Incident Solar Irradiation

C

Perimeter Bottom 3 ZAT

Perimeter Bottom 4 ZAT
Perimeter Mid 1 ZAT
Perimeter Mid 2 ZAT
Perimeter Mid 3 ZAT
Perimeter Mid 4 ZAT
Perimeter Top 1 ZAT
Perimeter Top 2 ZAT
Perimeter Top 3 ZAT
Perimeter Top 4 ZAT

Wind Speed
Building Power Consumption
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Data Description

10 |

11

12

A
Time Of Day
Day of Week
Day of Month
Basement Zone Air Temperature

? Ground Floor Plenum Temperature
~ Core Bottom Zone Air Temperature

Core Mid Zone Air Temperature

Core Top Zone Air Temperature

Mid Floor Plenum Temperature

Top Floor Plenum Temperature

Outdoor Dry Bulb Temperature
Wind Direction

Proxy Variables

Boiler 1 Outlet SetPoint
Chiller 1 Outlet SetPoint
Chiller 2 Outlet SetPoint
Zone Cooling Set Point
Chilled Water Set Point
Building Lighting Set Point
Zone Heating Set Point
Hot Water Set Point
Perimeter Bottom 1 ZAT
Perimeter Bottom 2 ZAT
Outdoor Humidity
Incident Solar Irradiation

C

Perimeter Bottom 3 ZAT

Perimeter Bottom 4 ZAT
Perimeter Mid 1 ZAT
Perimeter Mid 2 ZAT
Perimeter Mid 3 ZAT
Perimeter Mid 4 ZAT
Perimeter Top 1 ZAT
Perimeter Top 2 ZAT
Perimeter Top 3 ZAT
Perimeter Top 4 ZAT

Wind Speed
Building Power Consumption
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Data Description

10

11

12

A

Schedule/Set-Point

C

Time Of Day
Day of Week
Day of Month
Basement Zone Air Temperature
Ground Floor Plenum Temperature
Core Bottom Zone Air Temperature
Core Mid Zone Air Temperature
Core Top Zone Air Temperature
Mid Floor Plenum Temperature
Top Floor Plenum Temperature
Outdoor Dry Bulb Temperature
Wind Direction

Boiler 1 Outlet SetPoint
Chiller 1 Outlet SetPoint
Chiller 2 Outlet SetPoint
Zone Cooling Set Point

Chilled Water Set Point

Building Lighting Set Point
Zone Heating Set Point
Hot Water Set Point

Perimeter Bottom 1 ZAT
Perimeter Bottom 2 ZAT
Outdoor Humidity
Incident Solar Irradiation

Perimeter Bottom 3 ZAT
Perimeter Bottom 4 ZAT
Perimeter Mid 1 ZAT
Perimeter Mid 2 ZAT
Perimeter Mid 3 ZAT
Perimeter Mid 4 ZAT
Perimeter Top 1 ZAT
Perimeter Top 2 ZAT
Perimeter Top 3 ZAT
Perimeter Top 4 ZAT
Wind Speed
Building Power Consumption
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Data Description

10

11

12

A
Time Of Day
Day of Week
Day of Month
Basement Zone Air Temperature
Ground Floor Plenum Temperature
Core Bottom Zone Air Temperature
Core Mid Zone Air Temperature
Core Top Zone Air Temperature
Mid Floor Plenum Temperature
Top Floor Plenum Temperature
Outdoor Dry Bulb Temperature
Wind Direction

Building’s State

Boiler 1 Outlet SetPoint
Chiller 1 Outlet SetPoint
Chiller 2 Outlet SetPoint
Zone Cooling Set Point
Chilled Water Set Point
Building Lighting Set Point
Zone Heating Set Point
Hot Water Set Point
Perimeter Bottom 1 ZAT
Perimeter Bottom 2 ZAT
Outdoor Humidity
Incident Solar Irradiation

C

Perimeter Bottom 3 ZAT

Perimeter Bottom 4 ZAT
Perimeter Mid 1 ZAT
Perimeter Mid 2 ZAT
Perimeter Mid 3 ZAT
Perimeter Mid 4 ZAT
Perimeter Top 1 ZAT
Perimeter Top 2 ZAT
Perimeter Top 3 ZAT
Perimeter Top 4 ZAT

Wind Speed
Building Power Consumption
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DR Strategy Evaluation

)

Wind Day Of Week  Chilled Water Temp.

Zone Temperature

@A 2 O Y Ht W Eec |

umidity

11

12

Time Of Day Schedule

A

Lighting Dry Bulb

Time Of Day
Day of Week
Day of Month
Basement Zone Air Temperature
Ground Floor Plenum Temperature
Core Bottom Zone Air Temperature
Core Mid Zone Air Temperature
Core Top Zone Air Temperature
Mid Floor Plenum Temperature
Top Floor Plenum Temperature
Outdoor Dry Bulb Temperature
Wind Direction

Boiler 1 Outlet SetPoint
Chiller 1 Outlet SetPoint
Chiller 2 Qutlet SetPoint
Zone Cooling Set Point
Chilled Water Set Point
Building Lighting Set Point
Zone Heating Set Point
Hot Water Set Point
Perimeter Bottom 1 ZAT
Perimeter Bottom 2 ZAT
Outdoor Humidity
Incident Solar Irradiation

C

Perimeter Bottom 3 ZAT

Perimeter Bottom 4 ZAT
Perimeter Mid 1 ZAT
Perimeter Mid 2 ZAT
Perimeter Mid 3 ZAT
Perimeter Mid 4 ZAT
Perimeter Top 1 ZAT
Perimeter Top 2 ZAT
Perimeter Top 3 ZAT
Perimeter Top 4 ZAT

Wind Speed
Building Power Consumption

38



Auto regressive trees: For Finite horizon prediction @%

DR-Advisor
/\ Y = f(X, X500 X,)

Power (kW) Wind Day Of Week Chilled Water Temp. Zone Temperature
o
Wl G2 O Y N BEC
Humidity Time Of Day Schedule Lighting Dry Bulb
ART(5)

Y(t+1) = F(X1(), X5(t), ..., X (), Y(t—1),Y(t—2),...,.Y(t —6)])

39



Demand Response Challenges @1@&

DR-Advisor
What is the best change that you can make right now ?

-
"V N = i
- e I

- -~ Normal demand

Can we synthesize good
DR strategies ?

Curtailed
demand

Demand

SUSTA
RESP(

NED RECOV-

RAMP

NSE ERY
= G

Y

»
Time

Notificatjon | Redugtion Release Resume
Deaqline
Can we
ﬁ?,:ﬁ‘;:d Increase Chilled Water Temperature Set-Point b
for W, X, Increase Zone Air Temperature Set-Point by
Y &Z. in Turn off Elevator #Y
real-?tlme ‘} Vv Vv \/ Dim the Lights by 2% unknown



Regression trees for control synthesis

/\ Y = (X)X, X,,)

Power (kW) Wind Day Of Week Chilled Water Temp.  Zone Temperature
— o
Wl GO T |
Humidity Time Of Day Schedule Lighting Dry Bulb

|

ReSPONSE Manipulated
(Power Non- b
Consumption) Manipulated \[/al'li':lt (T]S

contro

Variables
[Disturbances]

41



Regression trees for control synthesis

Time Of Day
Day of Week
Day of Month
Basement Zone Air Temperature
Ground Floor Plenum Temperature
Core Bottom Zone Air Temperature
Core Mid Zone Air Temperature
Core Top Zone Air Temperature
Mid Floor Plenum Temperature
Top Floor Plenum Temperature
Outdoor Dry Bulb Temperature
Wind Direction

Boiler 1 Outlet SetPoint
Chiller 1 Outlet SetPoint
Chiller 2 Outlet SetPoint
Zone Cooling Set Point ?
Chilled Water Set Point ?
Building Lighting Set Point ?
Zone Heating Set Point
Hot Water Set Point
Perimeter Bottom 1 ZAT
Perimeter Bottom 2 ZAT
Outdoor Humidity
Incident Solar Irradiation

Perimeter Bottom 3 ZAT
Perimeter Bottom 4 ZAT
Perimeter Mid 1 ZAT
Perimeter Mid 2 ZAT
Perimeter Mid 3 ZAT
Perimeter Mid 4 ZAT
Perimeter Top 1 ZAT
Perimeter Top 2 ZAT
Perimeter Top 3 ZAT
Perimeter Top 4 ZAT
Wind Speed
Building Power Consumption

42



Regression trees for control synthesis

Ry

>
......
-
-l

) Wind Day Of Week  Chilled Water Temp.  Zone Temperature
%22 6 W T ]
Tree Deptt Q s @ ?$? ,c' @ C
- umidity Time Of Day Schedule Lighting Dry Bulb
% g Cannot specify order of
5 . .
ol 3 appearance of variables in
N tree depth
Xel| | &
: =
= min{min )" (yi-c)?+min ) (- cR)z}
Xdo| | & all e B Rt
-
x & No forecastfor
c2 > . .
E 2 manipulated variables
’ = (we wantto compute values for
X3
these)
Power (kW)

Vol

43



Separation of variables

Tree Depth

X}\ )'( dl
;\ /ﬁ:s /,\XdQ X d9
Xa3l /\<d3 Xy
........... R, R; '!';'.

Yr1 = Bog + BraXa+B1Xe Yri = Boi + B1iXa+62i X

Regression at leaves learned on control features

Tree Learned Only On Uncontrollable Features

Tree learned only
onh non-
manipulated
(disturbances)
variables/features

Leaf Model
Regression with
manipulated
variables

44



Separation of variables

UNCONTROLLABLE TREE

Xe

2

CONTROLLABLE TREE

VvV Yr, = Bo1+ BiFX Yr, = Bo,i + @FX

YRl — 50,1 + IB,{XC YRi = BO,i + BzTXc

Fit a linear model on Yg,, X in the leaf

Fit a linear model on Ypg,, X, in the leaf




MBCRT: Model Based Control with Regression Trees

) Wind Day Of Week Zone Temperature

A=206 < |

umidity T !

V1 = Bog + BriXa+Bo1Xe

Dry Bulb

Tree Depth

Tree Learned Only On Uncontrollable Features

Yri = Boi + BriXa+BeiXeo

Regression at l¢  Chilled Water Temp. 1ol features

e B

Schedule

Lighting

Al

gorithm 1 mbCRT: Model Based Control With Regression

Trees

14:
15:
16:

17:
18:

: DESIGN TIME
: procedure MODEL TRAINING
Separation of Variables
Set X, < Controllable Features
Set X4 + Uncontrollable Features
Build the uncontrollable tree T,,,; with X
for all Regions R; at the leaves of 7},,; do
Fit linear model Yr; = B0 + BT X,
end for
end procedure
: RUN TIME
: procedure CONTROL SYNTHESIS
_ At time t obtain forecast X4(¢ + 1) of disturbances
Xar(t+1), Xao(t +1),- -
Using X4(t + 1) determine the leaf and region R,,
for Region R,; do
Solve optimization in Eql1 for optimal control
action X% ()
end for
end procedure

min%{mize f(Yri)

C

subjectto  Yg; = Bo; + ,BiTXC

Xc € Xsafe 46



orecast o

[During a Demand Response Event] non-manipulated = [X g1, X0, - -+ Xsm]

variables

L\

c Disturbance (weather) forecast




[During a Demand Response Event]

c Disturbance (weather) forecast

e Online control-model selection
[using mode-based regression trees]

orecast o ~ ~ ~
non-manipulated — [th Xd2, T de]

Power forecast (kW) tree |Zone temperature T1 tree ... Zone temperature Tq tree

IR | RS

kW ri = Bos + 308 BiiXej Tlrs = aos + Xy @5 Xey Tqp; = aqi + 2571 45X,

48




orecast o . .

[During a Demand Response Event] non-manipulated = [X g1, Xgo, - - - Xl

~ -

variables —
m

Power forecast (kW) tree |Zone temperature T1 tree ... Zone temperature Tq tree

0 Disturbance forecast

e Online control-model selection
[using mode-based regression trees] Rl Rl

kW i = Bosi + X024 BjiXe,j

inear model at leaf node is the optimization constraint

e Real time optimization min.x, f(kW) + Penalty[sf_, (T} — Tyef)]

[with dynamical constraints] subject, to _
i "~ kWri = Boi + i1 B Xej

3 _ J=p
Tlgi = ap; + Tj=1 0 X

49

X, € Safe




DR Strategy Synthesis

Sustained response of 380 kW

-7 Rower consumption with mbCRT algorithm| : ’ : ! '
— Baseline power consumption :
1.6 |- Consumption w. best rule-based strategy -
: Baseline
S Al Rl ;
R e SR e e /A [—r———— .
g ............................. | - | 1
214k Response i = i\ i
& Curtailment  :: f.\ :
= [B80kw]  ii |
5 1.3 -
O
2 4 : Manual
632 1.2+ | ) PR ' Recovery g
LV Period
1.1 N y
DR Event : f gDR Event
Starts  :Actual Consumption: Ends :
1 L 1 1 | i 1 i | i 1 |
13:00 13:30 14:00 14:30 15:00 1530 16:00 16:30 17:00 17:30 18:00

Time of Day

50



DR Strategy Synthesis

Correct linear model at the leaf is chosen at each time-step for the

ke I I I i I I I I I I I I I I I I I I I I I I I i I I I
___________________________ ;'\
15— H N
§1.4—
<
c
o
- 1.3
Q.
£
>
12}
=
O 1.2
O DR curtailment with mbCRT
o /
=
£ 11k
MMM |[M|[M|IM|{M|[M|[M|[M]|M]|ME
T :
DR Event | 97 (369 |369 |142 | 33 [145 |142 |142 | 33 |142 | 33 | 33 [ DR Event
Starts : Ends
ogl—L—L I S R

14:51 14:54 14:57 15:00 15:03 15:06 15:09 15:12 15:15 15:18 15:21 15:24 15:27 15:30 15:33 15:36 15:39 15:42 15:45 15:48 15:51 15:54 15:57 16:00 16:03 16:06 16:09

Time Of Day [hh:mm]



DR Strategy Synthesis

28.5

Thermal Comfort Maintained

e I e

27.5

Zone Temperature (°C)
N N
D ~
| |

[\®)
(&)}
I

Zone Temperature Upper Threshold

245" Zone Temperature Lower Threshold
241 = —— !
Start : :
235 | | | i | i | | |
13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30

Time of Day (hh:mm)

18:00

52



Different zone priorities

Custom Comfort

CEO and Executives
71°-72°, Opt Out, no DR shed

Marketing and Finance
68°-74°, allow DR shed

Vacant
68°-76°, allow DR shed

Meeting Rooms
70°-75°, allow DR shed

Retail Space
68°-74°, allow DR shed

v

min.x. f(kW) + Penalty[S¢_ (T — Tres)]
subject to

kW i = Bos + =01 BjiXe
Tlgi = oy + Eﬁ-i’f @;jiXe,;j

Tqp; = ag; + Ti27 @i X 5
X, € Safe

53




Foundationsof Data Predictive Control for CPS

Single-step look ahead Finite receding horizon Finite receding horizon
[with single reg. trees] [with single reg. trees] [with ensemble models]

Xq(k [ Xalk)

forecast of N R
on-manipulated = [Xip1, X2, + - X .
variables p— Tree 7 Tree T Tree 73 Forest R Forest R Forest R
- | g f T Ti T, Ti T
[Power forecast (kW rature T1 tre
/
A x c{ x q/ 5) A S S % A
/ 4 ‘
\ ®
X N a, / o,
/o /0 A b4 % ZNe o, 7 » o o 7 . T :
@ 9 ® . 5 c( "
\ \. ds X X
X X X @ X o -
3 > . o ¥ _ : h .
R . Ry RB Ry R.E’] ¥ ¥ y
=4 R = i B vh =87 [1LXY” ¥2, = A7 [1.xk Xk YE = BT [1,xE, .. Xk 6, = 2= 6 = 2™ 6, = =1
=80 [LX * =8 * =87 [1LX; . . . s
kW = B, 4 XI08,.X Tim = oos + TffouXey  Tow = age + Ej0,.X Yk, =07 [1.X* T Y3, = OF [1, Xk, Xk T YN = OF [1,XE,... Xk n”
‘*)l\lllt-nr model at leaf node is the optimization w-n-lr.\il;l\\. \ llllllllllll \2: @+ Ai:'T e = Tra)?
N T 1) = =1 N N 5
\ subject to = = y=t =1
. A A /| Q,, < Quusss-1 < Qu ;
~—o kWpi = fo; + 21 BjiXey )4 / T €T <t = subjectto T o/ (1,Q Q ;
Tlp = agi + L)) 05Xy - //'" ‘1777 i ‘ Qi < Quuxss-1 € Qu
b < Tusa <t
. / Tin € Tiasss < Tia
Tqp; = ap; + 221 ;i Xcj =1 i=1...,] N
X, € Safe

mbCRT DPC-RT Ensemble-DPC

N—1 N N—-1 N
L 2 2 Bl
minimize E Qin,k+j + A E (Tinkaj— Trer) minimize Z Qi ki + )\Z (Tin,ktj — Tref)?
§=0 j=1 j=0 =1

SUbjeCt to Tirl,k-+-j a sz [1 Qin,k’ JOK >Qir1,k+j—l]T MPC SUbjeCt to = A-Tk+j—1 T Buk+‘7_1 T dek+j—1

Qin < Qink+j-1 < Qin Q.. < Qink+j—1 S_Qin
T | Tin y & Tin
Iin S Tin,k+j S Tin Zin = k) =
B s 20N

j=1,...,N.

DPC
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Foundationsof Data Predictive Control for CPS

Single-step look ahead
[with single reg. trees]

non-manipulated = [ X1, X, - +  Xigml
| 2, Xa

variables

" R —
[Power forocast TW) tree [ Zooe r.”,,u.v-.-.__lzwn‘ T 5 re-
.9 > S T > B
{ ¥ = < 9
) @x Xd) @Xa x@ OXe

R ,;D =0 RE’] =R }g,E]
iy | Pamiis s SETaE vl

) oo

1at ) he o n con:

ny, S(kW) + Penalty(s:. (T ~ T

ibject to

o kWhp 34X ey
T jiXeg
Tqp = g, jiXej o

MmbCRT

- ICCPS ‘16, BuildSys 15, CISBAT 15, Journal
of Applied Energy

- Best Paper Award (SRC TECHCON-loT):
‘Sometimes, Money Does Grow on Trees’

-Ph.D. Dissertation: Madhur Behl, UPenn
(2016)

Finite receding horizon
[with single reg. trees]

Xelk
Tree 7 Tree T2 Tree T
/ 7 /
4 d Xe.
\ \ \
\ \
Xe, O X X6 D)

s .
o N
Q X O

7
X0 X0 I,
% X Y2 X5 X Y X Xk

DPC-RT

- ACM BuildSys 16 (Best
Presentation Award )

- ACM Transactions of Cyber
Physical Systems.

Finite receding horizon
[with ensemble models]

Xu(k
F For f K
T 7 Ti T,
o o
\ N
X b
{/ / &
T 0,9 7 a,° T
7,
L q
\> y A N .
° o, Y0,
5] i 6 ™ 6
o, o, O = &
t
Yh, =07 [1.x¢ Y = OF [1,X%, x4+ of [1,x X!

Ensemble-DPC

- American Control Conference

17 (Best Energy Systems Paper
Award )
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Demand Response Recommendation System

g% % DR Evalation
ﬁ d DR Baseline

dvisor

| IGEN(

AN

;:;S:f;m" AT
DR-Advisor W T LT

98.9 325% * 37%

Prediction Accuracy Less energy consumption More DR revenue

Madhur Behl - madhur.behl@virginia.edu 2



Sometimes, Money Does Grow On Trees.

Over 1.2 million sq ft modeled at the
University of Pennsylvania

2016 DoE CLEANTECH Prize
NSF SBIR small business.

6 floor building U. L'Aquila, Italy

EXPRESSO LOGIC

machine learning for control engineering

(= conEdison $ 45,600 in 4 months

)

Madhur Behl - madhur.behl@virginia.edu 2



Storm water Flooding — Transportation Modeling

Planning Decisions

What changes to the stormwater ﬂ How do the proposed changes

system should | make in order to I\ to the transportation system

reduce transportation congestion? [ altered future flood risk?
System

/

Vi

/Recommendatlon e

Y

Flood Gates

/

Stormwater Infrastructure

i
| B

Hydrologic Models

}

e - i

Analysis

Road Barriers

Transportation Infrastructure

Transportation Models
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Data Predictive Control for Cyber-Physical Systems

-

.

Machine Learning
model output

N

(suitable for prediction)

' Y Industrial Systems

X

? N P = v A
o ~L i J \
B, Wt A g G
=i N o 2R
= . y
e - 3
3 [ |
f 4 ")
= v
e

Modeling for predictive control is cost and time
prohibitive!

Data Predictive Control [DPC]
(bridges the gap )

Lack of well defined gradients

Limitations of non-linear models

Lack of interpretability

)

Lack of stability/performance guarantees

.

Control Synthesis
model input

(requires structural
roperties
properties) P




Operator in the loop

(2

o g—
o

[ Recommendation ] [ Decision ] Cyber-Physical

4 )
Communication
C J [PIant/SystemJ
( )
Controller
& J
( )
Model
& J

{ Measurement ] Medical Cyber-Physical Systems

Madhur Behl - madhur.behl@virginia.edu (0]




Interpretable Regression Tree models

R @I ?
SN A
Is Out5|de dry bulb temperature > 77¢°F ? Qﬁ?} ‘ D.P
??Q?UE?STSTS?‘ %
Yes | | |
‘ d) Isita Tuesday? ¢ o | | ( )
Thereis traceability around how the
recommendation was arrived at so
's the SAT > 58°F C) that operators can understand it
Yes | No . .
| and recalibrate if necessary.
é Is Time of Day in | ’ | M@
1300-1400 hrs ?

- Yes Predicted Power: 163 kW
| 95% confidence [159.5, 165.7]

‘ Madhur Behl - madhur.behl@virginia.edu 61




Interactive Analytics

What is happening ? Data discovery and exploration

Why did it happen ? Reporting and analysis

What could happen? Predictive analytics and modeling

What action to take ? Decisions and recommendations

Madhur Behl - madhur.behl@virginia.edu



(Q) Under what conditionsdoes Rice Hall consume > 75 kW ?

(A) Rice Hall consumes > 75 kw when:

Dry Bulb Temp: 22.6 °C  Wet Bulb Temp: 6.4 °C Humidity: 50.2 %
Wind Speed: 0.85 m/s Wind Gusts: 4.72 m/s Solar Irr: 552.5 W/m?2
HDD: 1.8 Wind Dir: 36°E CDD: 0.6

It is either a Tuesdayor Time is between 1300- July

Thursday 1600 hrs

Madhur Behl - madhur.behl@virginia.edu 63




4 : Data Intelligence Layer . )
(0] © (&7 (2] (5] (¢ (o] (5] (¢]
Data-Driven H’ Recommender @ﬁ Knowledge Discovery

Control-Oriented Models System Database I
® © ©®© © © © © © > ® © © © © ©

vV

® Open-Ended
= Query-
Response

System Operator/ Facilities Manager

Madhur Behl - madhur.behl@virginia.edu



What | do..

Medical Cyber-Physical Systems Automotive Cyber-Physical Systems

Madhur Behl - madhur.behl@virginia.edu



Closing the CPS loop with data

[ Decision ]
I
, \ I

Communication |

A J

Controller Cyber I Physical [PIant/System }

[
Model

\ , l

[ Measurement ] Medical Cyber-Physical Systems

J

Madhur Behl - madhur.behl@virginia.edu 66




All models are wrong, but some are useful.”

- George E.P. Box

madhur.behl@virginia.edu
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