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Heating, Ventilation and Air-Conditioning System

@ Heating, Ventilation and Air Conditioning Systems (HVAC) represents one of the
most complex challenges for control and optimization.

@ It comes as no surprise that much of HVAC control and optimization is about
compromise: a balance that usually results in reasonable comfort at minimum
energy use and financial costs.

Energy

Optimization
techiniques

Standard techniques

Standard techniques using

weather forecast

Performance
bound

Acceptable comfort level

Violation of comfort range
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Annual Chilr Plant Energy Consumption, 2006
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W Chiler [ Water Pump [N Cooling Tower
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@ Chillers are a key component of air conditioning systems for large buildings. They
produce cold water to remove heat from the air in the building.

@ In HVAC system equipped with chillers, the electrical energy consumption of the
refrigerating units far exceeds all that required by the other system components.
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Screw and Scroll Chiller

Screw compressor
Screw compressor

@ a pair of helical rotors are used;

@ the volume of interlobe space decreases and
refrigerant is compressed;

@ less moving parts.

@ lower maintenance and longer life spans.

Scroll compressor Scroll compressor

@ refrigerant is compressed by two offset spiral
disks (nested together);

@ smooth-operating units;
@ high efficency compression ratio;
@ high efficiency at part load.
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Peg (2)

Electric power consumption and cooling power (continuous working at full capacity)
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Energy analysis of air condensed chiller

In order to carry out a correct energy analysis an evaluation of the effect of operating
at part load conditions is required.

Penalty curves
P,
PLReye = —<. (4)
P full
P,
EERcye = —2<. (5)
Pe full
7 Peore )
Pe full
EER
y=_——°, (7)
EERg
Pec,cye = PLReyc - Pc gy~ (8)
Pe,eye = Z - P - (9)
v
(a) TCAE 4320, scroll unit. (b) TCAVBZ 2600, screw unit.
@ Remark: the influence of the external air
temperature is not negligible!
o = = = = 9ac
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s

Bypass Line
Supply

Chiller 1

Chiller 2

Every chiller is independent of each other to provide:
@ standby capacity;
@ operational flexibility;

@ less disruption maintenance.

HVAC Systems
Multiple-chiller systems

Candidates for this type of solution are HVAC plants
of medium-high cooling capacity, for instance:

@ institutional and directional facilities;

@ health-care.

y y
Compared with a single-chiller system it has: Remark
@ a reduced starting in-rush current; @ The problem of efficiently managing multiple
@ reduced power consumption under part load CLAI ereTim D cerpls o wery [Epee y
conditions.
o o = = = E 9DAC¢

0 Rampazzo

agement of HVAC Systems



mplementation a

stems

Multiple—ghiller systems
Optimal Chiller Operations

Optimal Chiller Loading (OCL)

The OCL problem is to find a set of chiller output which does not violate the operating
limits while maximizing the EER and keeping the cooling demand satisfied (i.e. the sum
of cooling load of each chiller, Q;, have to satisfy the system cooling load Q¢ ). The
constrained maximization problem results:

el pLa'é Z 09
subjected to:

(10)

> Qi=QcL,

(11)
where i € {1,...,n.} and n.y, is number of chillers.
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Optimal Chiller Sequencing (OCS)

The OCS problem consists in determining which of the chillers should be on-line and off-

line, while minimizing the input power and satisfying the chiller operational constraints.

i InputP i tatus; ff
arg sg1t|lrl15’_ Zt Z nputPower; , status; € {on, off }
1
subjected to:
@ Cooling load balance equation:

@ Loading limit:

(12)
Z Qi = QcL-

PLRmini < PLR; < PLRpax,i
@ Minimal Up Time (MUT) and Minimal Down Time (MDT) constraints:

(13)
. (14)
MUT; > MUT i i (15)
MDT; > MDTm;,,7; . (16)
V.
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System Structure

The hydronic basic system:

' Tro

,
BYPASS PIPE
‘

me ms !
4 v N I -~ o
S I R
1 r 1 -] q . -
Chiller section Tri g _§ Tso Cooling coils
M
- 21—

a8

@ The energy production section: a packaged air-cooled water chiller.

@ The hydraulic section: a common primary-secondary pumping arrangement is
adopted with constant water flow rate on the secondary.

@ The load section.
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Mathematical Model

@ The thermal behavior: analyzed by a lumped formulation.

@ The elements of the plant are simulated through blocks, the heat transfer pro-
cesses are considered as concentrated inside the blocks.

@ The mass and energy equations are implemented as block equations for each
component of the plant; each block is modelled as a thermodynamic open system.

T — S Tio
k-th block
N — l———— Mo
The blocks:
@ Chiller.
@ The fluid flow problem.
) ) @ Cooling coil.
My —mp ,=0. (17) i
@ Pipe.
@ The thermal problem:
P @ Water storage tank.
Q. Ly . B lin
ar dr Tk (Cka,; +ep ki +ec,k,;) ypass line.
o

Collector.
+mg o (Cp Tkot ko™ ec,k,o) (18)

a \
+— / epdv .
ot Jo =} 5
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Model Validation

Water Water
Tank Tank

Chiller Plate
X Heater

Ekergyphodciion
Section
| RR— I sipiig

L

Hydraulic Section Load Section

@ Energy production section: Rhoss TCAEY
130 (29.1 kW, single scroll compressor).

@ The hydraulic section: 45 | water tank, piping
total volume 36 |.

@ Pump constant water flow rate: 1.28 kg/s.

@ Brazed plate heat exchanger (BHE).

@ Water tank: 480 I.

@ Load section: electrical heater (0-50 kW).

P&ID diagram

[m] [ = =
gement of HVAC Systems

D¢

Mirco Rampazzo Efficient M




lotivatio Models, Control and Optimization
Implementation and main results Examples

Model Validation

The model is fully adequate for reproducing the main dynamic behaviors that are
relevant for controller design.

@ Comparison between experimental and @ Comparison between experimental and
virtual system at 20% part load ratio. virtual system at 75% part load ratio.
10 12
9 11
8 10
G 7 g °
= g S8 5
g ° Z g :
s 5 5 s 77 5
] g g H
g ¢ g g° a
23 = 5
2 4 18 4
14 +4 3
0 I - 2l 24 : : ; T 0
0 100 200 300 400 0 200 400 600 800
time [s] time [s]
— T_out_evap_sim o T_out_evap_lab — T_out_evap_sim o T_out_evap_lab
—T out tank sim s+ T out tank lab — T_out_tank_sim s T_out_tank_lab
—— Power_sim Power_lab — Power_sim Power_lab
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Two Level Control

Two-level control structure is used:

| High-Level Control I

| Low-Level Control |

[ Plant Model |

@ The low-level local loop control of a single set point is provided by an actuator
(with a relay logic).

@ The upper control level, supervisory control, specifies set points and other time-
dependent modes of operation.

[m] [ =
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Low Level Control

@ Chillers evaporator water outlet con-

trol is adopted. It grants better per-
formance during chiller part load op-
erations.

ar

Mean Temperature

1 B
Input. Water Temperature[*C]
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@ Relay logic with virtual tank is em-

ployed. It increases the inertia seen
by the chiller controller.

RelayLogie
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The Multi-Chiller Management (MCM) consists of three main components
‘ a load estimation algorithm;

@ a Multi-Phase genetic algorithm for solving the OCL and OCS problems;
@ a2 PID controller.

Teo Tei T me

1 [mem
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Status on /off To
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Optimization

@ The aim of the optimization problem is to minimize chillers energy consumption
keeping the cooling demand satisfied.

@ In order to minimize the input electric power and satisfy the chiller operating
constraints, at each supervision period, OCL and OCS problems are solved.

\ 4

For each chiller are given:

@ the status: on-line or off-line;

@ the fraction of the total cooling load to be supplied;

@ the water outlet set-point temperature.

o & = = Aa A
Mirco Rampazzo Efficient Management of HVAC Systems




otivatio Models, Control and Optimization
Implementation and main results Examples

Problem formulation

Constrained minimization problem

s (PLR; , Inanu Z Ei (19)
Y Qi=Q=P,-Ar, (20)
;
‘PLR — PLR;,.,| < i (21)
(22)
v

4

i OBJ, i=1,...,n; 23
are (PLR,-mIsrt]atus,-) ! " @3)

Unconstrained minimization problem

Verr Vreg

- n,-) +... (24)

'plev

Y obj
OBJ £ hy Z E; + herr

ZO,——Oe
i
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Load Estimation

@ At each supervision period knowledge of the total cooling demand is needed.

@ The load is assumed to be slowly varying.

@ The information available: the inlet and supply water temperatures and water
flow rate in primary section.

On the basis of state space model (25), a standard Luenberger observer is designed in
order to obtain the estimated load P; .

P,_(n + 1) = P,_(n)
(25)

mpTs _ mpTs
pvtank

Ts
TLi(n+1) = ————Pr(n)+ T i(n) +

Tp.i
PCp Vtank thank

p

TP,o

Load Estimation Scheme
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@ Conventional GAs suffer from bad initializations.
@ A Multi-Phase GA method is proposed.

@ Inoculation (a way to incorporate such knowledge).
GA

generation =0 Gyeate o population

random
phase
Bt
$
o vest
e tiaseor
each individual H
J e generatons andom >
sonraton ' 1
e
AL Display
v e
R
A
'
priom
e

4
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Common strategies for a set of n-parallel chillers with m-discrete capacity steps system
@ Symmetric Strategy (SS).
@ Sequential Strategy (MS).

Symmetric Strategy - SS Sequential Strategy - MS
4 6
5
3
T Ta
2 6= I3
2 2
%
z? z°
g 8
S -4
5 S 2
O (¢}
1
1
1 2=
1 7
2

1
Chiller [] Chiller [-]
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Chromosome example: PLR and status of n chillers are encoded into a binary string of (10+1)n bits.

l PLRI(I) [ [ PLRI(IO) [ statusy ” ” PLR,,(I) [ [ PLR,,(IO) [ status, ]
MPGA control parameters
Portions of individuals
h C_ 4 1 L best of previous phase
Phase Jph = 2--Mph = (1 — L) random
L best of previous phase
9 _ 1—L)LgLy SS
phase j,, = n 1-L)L (
ph — "ph -y G~ Dh {(1—1_)1_1(1—1_2) MS
(1 —L)(1—Ly) random
Population size 100 Mixing factor Ly 0.5
Generation number 500 Mixing factor Ly 0.5
String length 11 hal:j 10--20
L3 5 Vobj 1
Ng/ph 100 herr 510
Crossover probability 0.6 Verr 2
Mutation probability 0.03 hreg (1+5)ed
Selection method rws Vreg 1
Mixing factor L 0.5 k; 0.2--0.5
Mirco Rampazzo Efficient Management of HVAC Systems
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MPGA

estimated as:

@ From best PLR; and status;, the set-point Ty, Ga , for the i-th chiller can be
PID

Tupa = Tp,o+ (PLRTot — PLR;) AT,

v
certain level so that the error (eT,,), between the process variable and the
set-point, is bounded. The chiller set-points are modified by:
Top; = Top;

de-r
sp
At Kper,, + Ka— = + Ki / er,,dt. (27)
v
o = = E DA
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@ The PID controller job is to maintain the inlet load-side water temperature at a
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SETES

Case study

@ A case study of a Milan’s directional building (Northern Italy) on a typical cooling season
ranging from April to September, typical day for month, was analysed.

Case 1 Case 2 Case 3
Chiller model TCAE4320 TCAVBZ2600 TCAVBZ2600 + TCAE4320
Number of chillers 6 3 242
Nominal cooling capacity 1897.2 [kW] 1822.2 [kW] 1847.2 [kW]
Plant water content 2 [I/kw] 2 [I/kw] 2 [I/kw]
Temperature differential 1 [°C] 1 [°C] 1 [°C]
Supply water temperature 7 [°C] 7 [°C] 7 [°C]

v
= = = E 9DAC¢
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Example

Case 3: MPGA vs SS and MS strategies.

Apr. May June July Aug. Sept. seasonal
Cooling energy MS [kWh] 4233 8612 11642 14315 12897 9973 61672
Cooling energy SS [kWh] 4242 8558 11620 14240 12545 9787 60992
Cooling energy MCM [kWh] 4123 8057 11535 14093 12548 9700 60057
EER MS 4.465 4.104 3.876 3.472 3.619 3.819 3.772
EER SS 4.451 4.341 3.871 3.560 3.626 4.008 3.853
EER MCM 4.611 4.395 4.036 3.611 3.700 4.044 3.931
AEER (MCM-MS) % 3.28 7.08 4.11 4.00 2.22 5.91 4.19
AEER (MCM-SS) % 3.61 1.24 4.25 1.42 2.04 0.91 2.01
y
Cooling Power
T 1800)
3
7 1600
g
1400
s
§ § 1200
7 gmoo
CE T T =
i o
8] -
% 8 10 FEN 16 18
. 200
T3
1
° 8 10 16 18

2 1
Thours]
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Floating Set-Point

The estimated cooling load of the building allows even to introduce, in the MCM algo-
rithm, strategies for the adjustment of the building delivery systems water temperature,
this to issue the real needs of ambients to be conditioned.

Case 3: MCMFIr vs MCM, MS and SS strategies

Apr. May June July Aug. Sept. seasonal
Cooling energy MCMgy, [kWh] 4482 8928 1228 15093 13397 10233 64362
EER MCMg, 5671 4.835 4.407 3.811 4.051 4.498  4.302
AEER (MCM — MS) % 25.81 17.81 13.68 9.79 11.94 17.79 14.04
AEER (MCM — SS) % 26.21 11.38 13.83 7.06 11.74 12.22 11.64
AEER (MCMgy, — MCM) % 21.81 10.02 9.19 5.56 9.50 11.22 9.37

Fioat Set-Point

pu—

ser-poin| {

[m} = =
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Matlab/Simulink™ application

800N SIMULATICN tool
r— thoose your CHILLERS choose your LOAD — PARAMETRI
codca ‘CARICO ANNUALE MESE PER VESE e
e wup smmsts  mo: 1000 | o
TCAE430 4] paszn
[ TCAE4320 3] pason ﬂ ﬂ ﬂ U Cp: 4186 [KgK)
q . A ‘
TCAEB410 |4 rollo ocals
[roAesio oo T ® s 00 50 20 50 v ——
[Toavasoo i3] paseon 200 !
MESE | Gugno
[ TCAV281 B - tempomAmadiON [mn) 2
CAV2810 3 rasion is00 A .
= > - i l 1600 o 6 OFF (m] 3
m— - 1000 e e
|_empty B ° oo 2| / ‘ e
empty o (] 0 o cameie & contigrzens 0
() showPLAZfurcton TOTALE: 2375 11025 (- ) 4 0 L 7 ra
( " vamto oinaro, aorzate a n forma binara, | quaie codfica par
Supervisore Genetico - descrizione: walod reall goi PL -': Emmiclo] M ?‘“.‘: 8 da un genoima - qual por|
che minimizzano la funzione obiettivo, e fatte Il multtase intraduce Pl step di
= GENETICO
rao0 1 Risparmio Energetico’ Carko Frigorifero Regolaritd
numerosia INDIVIDUI 100 _
procisione [oif] 10 RUN
numero d GENERAZIONI 100 coefficente watho ata coefficanto iatho aivincolo sul | coefficenta itho aia penaita
componanto doia funzone suka rogoaria dol
‘ot length = precisione + 1 oblettivo da minimzzare, | funzonamonto delia
COEFFICIENTI DI FASE CONSUMD BleNrco dal chiller macching frgortare LOAD data
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Summary

@ The problem of optimizing the operation of multi-chiller systems has been ad-
dressed.

@ The OCL and OCS problems are solved making use of information on the actual
thermal load applied to the plant.

@ The performance of the algorithm has been evaluated by means of simulation
performed with a dynamic model of the plant.

@ The results show that it is possible to achieve substantial energy savings while

granting good satisfaction of the cooling demand, if compared with standard
MCM algorithms.

@ Outlook

@ Optimal chiller operations by PSO algorithms.

@ Implementation of the algorithm on a commercial supervisory system is
presently under development.

@ The approach can also be extended to include the management of more
complex systems comprising air handling units and radiant and fan coil
systems.

@ Furthermore, information from load forecasting models for the energy and
economic management of thermal storages could be easily exploited by
simple modifications of the load estimation scheme and performance index.

@ Optimal chiller selection in HVAC systems.

o = = . IS
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Thank you for your attention

@ Discussion and questions 1?

@ email: mirco.rampazzo@dei.unipd.it
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