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Problem storms
increasing CO2 emission I:> droughts
global warming rising seas

Green Technology
renewable energy
» wind power
« photovoltaic power I:> reduce CO2
save energy
* building control(HVAC)

|EEE Green Technology Conference, April 19-20, 2012

Controlling Green Buildings: Challenges and Opportunities,
June 26, 2012
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Introduction
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HVAC System

data centers(DC)[2] commercial buildings[6]

cooling IT Rack cooling room

cooling: large energy consumption |:>effici ent control strategy

HVAC System Control Problem
* save energy
« keep temperature in practical range

physical and comfort constraint { Model Predictive Control[4]-[6]

» Temporal Logic for Control[lﬂ
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Data Center and Building
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Difference

data centers(DC)[2] commercial buildings[6]

cooling IT Rack cooling room
« high energy density(IT Rack) « low energy density(human)

« no disturbance * environmental disturbance(sunlight)
« high efficiency layout * low efficiency layout

data center control has a great influence on save energy
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Data Center

Data Center Control Problem[3]

esaveenergy ineach IT Rack  « saveenergy in Chiller
IT Rack ventilation cooling thermal transfer from DC to outside
IT Rack fan and air flow control  air temperature control
maintain IT Rack temperature
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total power: fan power + chiller power
assumption: IT Rack generate same amount of thermal energy
control fan to maintain IT Rack temperature

high air temperature |:> chiller powerl' , fan power'T‘
low air temperature |:> chiller powerT , fan power¢

minimize total power using air temperature
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Data Center Model
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: ; . T i i
high capacity environment | ¢ outside air temperature

T
COP,,., =——
T TH e } chille T, -T
little change . T,,.: chiller temperature (high)
inT. chiller . } T, chiller temperature (low)

P, : total chiller power

constant
CRAC vent CRAC
T P, : total fan power
IT Rack
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Data Center Model

IT Rack Cooling Model )

T : air temperature m, : massflow rateinto I T Rack i
- . ¢, : heat capacity of air

T, 1T Rack i temperature ) ¢, - heat capacity of Rack i
q; : thermal energy from IT Rack i O, : hest generation of Rack i

T. . averageair temperature from IT Rack

Cfo ==q;+0,
=i, (-T,) (:>I:\
q;
ITRack T,

>
i

—p CRAC

IT Rack

q,=mc, ([, -T,)

T,

Fan Power P, :tota fanm;ower
_ e L
Pr=k D () k, : fan power coefficient

g 7{(:o‘lrlwstant)|::> :j i

air
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Data Center Model
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Chiller Model

T,: outside air temperature

T, chiller temperature (high)

T: chiller temperature (low) condensor
T, \ T
—PCRAC — Chiller environment
T,

{lyw _J T

Coefficient of Performance evaporator

T
) S —
COP,y. T T 1 =) COoP,,.,|
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Data Center Model
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IT Rack Cooling Model ¢; : therma energy from IT Rack'/

m, : massflow rateinto IT Rack i
c, - heat capacity of air
q,=mc,(T,-T,) 7, 11T Rack i temperature
. T, : ar temperature
ali=-q,+0 ¢; : heat capacity of Rack i
Fan Power O, : heat generation of Rack i
Po=k, Yy () k, : Fan Power Coefficient
Coefficient of Performance
cop. = T, T, chiller temperature (high)
dilter = 1. T.: chiller temperature (low)
Chiller Power

P = [Z 9q; ] / COF, 4,
Constraint i

T,<T < T,:comfortrange T < T chiller can only decrease temp.

air

m, <m, <m;:fancapacity T, <T, :chiller capacity
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N. Ozay et al. [1]
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TuLiP: Receding Horizon Temporal Logic Planning
Toqlfkox for synthesize controller

[System spt;:ification Discrete Planner ]
Diff (0, 5> D,) TuLiP
[ System /IYI odel Continuous Control Ier]
A
|
x(t+2) = Ax(t) + Bu(t) + Ed(¢t)
D
Controller r
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TuLiP Synthesis
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State Equation(Discrete time) x : various temperatures

i) RO

u.
Discretize @v@ @ ! @
make transition system
from state equation ‘ u, @

Synthesis
assumption: include initial condition and exception
desired behavior: some behavior is necessary,

one sequence of transitions is chosen from this condition
Simulation

calculate input for

moving one point to another
J using MPC

Example
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u <-|->chi||er +IT Rack |

X2 X
System Model (simplified) Constraint
1 1 X, < x; < x: IT Rack comfort range

%] | ¢ ¢ [n + Ou x, < x, <X, chiller capacity
1 x| |2 u<u<iu :input capacity

G ¢
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TuLiP(Example)

Discretize

o Sl
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" <—|—>chi||er<-|->IT Rack
X X

I c2dmATLAB), 0.1]5 J\f
x(+1)7] [09903 0.009706] x,(1)] [0.0004901
) 50" "0

x,(t+1)

0.04853 0.9515

X,

0.9755

Finite State Approximations
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Finite Transition Systems O : finite set of sates

I=(0,0,,— 0, set of initial states

©.00.=) —c OxQ: set of initial states
given ¢,q'c Q if thereisatransition from gtog'
wewrite ¢ —> ¢'

Under Approximation
transition ¢ — ¢' isincluded in I" only if the continuous flow
can strictly implement the transition

3x2 discretize(TuLiP)
Xx,|  ster=30 Over Approximation
I:> transition ¢ — ¢' isincluded in I" aslong asthereis possibility
XO X1 X,
0 3
TuLiP(Example) TuLiP(Example)
Synthesis Synthesis
00X,& 00X, = 06X, &00X,& 00X, =) -
X5
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Tokyo Institute of Technology.

10

X

T
W _ommina ) E

Tokyoinsituteot Temology _mmm

Future Works

Summary
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searching data center modeling and other HVAC systems
TuLiP toolbox test and observations

Future Works

test arbitrary TuLiP simulation
servey better problem setting about datacenter
consider more complicated system by TuLiP
analysis of data center problem via TuLiP simulation
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