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ABSTRACT

This study presents an optimal control formulafienthe operation of a radiant floor system in @em plan office
space with an air-cooled chiller as a source. Auttion case study with different control schemeased to
evaluate the potential of the model predictive marfor the radiant floor as well as the optimahtrol coordination
of a radiant and air comfort delivery system. Thenparison with a reference case of proportionatrobshows a
saving potential for the radiant floor of aroundt®.5.8 %. This results from maintaining the ofigeatemperature
at the upper bound and precooling or load shift@gtimal control coordination of radiant floor aad system
yields additional saving of around 2 %. The proposetuitive formulation of linear programming care b
implemented to other control problems with a lineailding model and known COP with respect to weath
prediction. The formulation is applicable to otltemplex systems with two or more control systenthsas open-
plan spaces with several control units or multgees (or buildings) with centralized plant.

1. INTRODUCTION

Radiant floor heating and cooling has been invagtid) for a long time and its superior performancéerms of
energy savings and improved comfort, have beeratedén many studies (Fabrizio, 2012; Kim and Ote2815a;
Kim and Olesen, 2015b; Nall, 2013a; Nall, 2013b;IN2013c; Olesen, 2008; Rhee and Kim, 2015). Sjmeci
advantages are: (a) The system is operated witrerataltemperature so the efficiency of the plartigher. (b)
The room air temperature can be maintained at loavet higher setpoint for the heating and coolingeca
respectively due to the radiative heat exchanghk thi¢ large floor surface, thereby less energyisomed while
maintaining equivalent comfort. (c) The large skabface area yields uniform heat transfer to tlanreso the
thermal comfort is improved.

Many previous studies of the radiant floor systewuted on the temperature regulation during thérteaeason.
Conventional feedback control has been implemetatie¢de system (Ahn and Song, 2010; Ahn, 2011; Bedisal,
2013; Cho and Zaheer-uddin, 1999; Rleeal, 2011) controlling the valve to maintain the roam temperature
(Ahn and Song, 2010; Batistt al, 2013; Cho and Zaheer-uddin, 1999), PMV (Rkeal, 2011) and heat flux
directly (Athienitis, 1997). However, for all casdélse room air or operative temperature fluctuatente than 2C.
Controlling the supply water temperature based otdanr air temperature to prevent the overheatiag leen
suggested (Ahn, 2011) and it has been appliedcmoling case as well (List al, 2006), followed by cooling and
heating simulation studies (Arteconi et al, 2014ye&der, 2008; Gwerder, 2009; Lehmann, 2011; Ole26a2;
Park et al, 2014; Schmelast al, 2015). In some cases, temperature fluctuation iedaced with supply water
temperature control (Past al, 2014, Songt al, 2008, Seat al, 2014) and with the help of a Dedicated Outdoor
Air System (DOAS) in the cooling case (Sosigal, 2008, Seet al, 2014). However, this improvement was based
on a simulation study with a forward modeling agmto (Parket al, 2014, Songet al, 2008), while the test-cell
experiment in the same study showed large fluangisonget al, 2008). Also, in this case, the cooling load dffse
by the radiant floor system was reduced due tetoding rate from the DOAS (Sorgyal, 2008, Seet al, 2014).

Using advanced control methods such as MPC hasrsigoed potential for the radiant floor system daet$
ability of incorporating exogenous inputs and pecédg thermal dynamics. Although this has beenftiwis in
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many studies, its potential has not been fully esqd due to the following reasons: (a) The prediicthodel is not
good enough to be used for the MPC and the re@ssome cases, is the use of an unsuitable madetste (Feng

et al, 2015). (b) The model is not validated with expernt data. Some studies used a forward approadhi€nigt

al, 2013) and in others a building simulation progrsueh as EnergyPlus and TRNSYS was used to gertemte
data for the estimation (Bernal al, 2013; Lehmanret al, 2013; Nghiemet al, 2012; Oldewurtekt al, 2013;
Sourbronet al, 2013). (c) Overheating for the room temperatuas wtill shown when ANN-based prediction (Lee
et al, 2002), semi-physical modeling (¥&é et al, 2014), and transfer function model (Candanedal, 2010;
Candanedet al, 2011a; Candaneds al, 2011b) were applied.

Another feature of the radiant floor system, besitlee advantages discussed so far, is the possifili load
shifting. Many studies focused on the energy sapotgntial from pre-cooling with air system (Patkal, 2014;
Turneret al, 2015; Brauret al, 2001; Braun, 2003; Lee and Braun, 2006a; LeeBxadin, 2006b; Gayeskt al,
2011; Favre and Peuportier, 2014), which in sonmsegancluded a thermal storage system (Hehzt, 2004).
Large capacity favors pre-cooling (Favre and Peigror2014), and in the case of radiant floor tiogeptial of the
system can be maximized without thermal storagtherplant side. Also, pre-cooling strategies hdearty shown
the energy saving potential even with rule-basedrots that have been realized with building enesggulation
tools (Parket al, 2014, Turneket al, 2015), well-estimated control-oriented modelsaBret al, 2001; Braun, 2003;
Lee and Braun, 20@6 Lee and Braun, 2006b), and field tests (Braui®3200ther recent studies demonstrated the
potential of the MPC approach using optimizatiorthnds such as pattern search (Gayessél, 2011) and dynamic
programming (Favre and Peuportier, 2014; Hestzé, 2004).

The objective of this study is to develop a newiropt control formulation for a radiant floor systeoonsidering a
high performance building at Purdue campus as e-stagly. The problem is formulated into a lineaxgpamming
using the capacity of the radiant floor and the H3/plant. The performance analysis is based on siouls with
different control schemes.

2.METHODOLOGY

2.1 Building model

An open plan office space (9.9m by 10.5m) thatlwast up to 20 occupants is considered as testdvatiis study.
Its main features are a radiant floor slab andwthstacing double facade system (Figure 1). Thé&dmg model is
Linear Time Invariant (LTI) with 6 states (Figurg Details of the model can be found in Joe andakan(2016).
The number of occupants is assumed to be 10 bet@#&60 am and 18:00 pm. Occupant and equipmentdagat
is 75 W and 100W per person. The minimum outdoattilation rate is the summation of the 5 cfm an@60cfm
per person and area?ftInitial temperature of all states is assumebda®4°C. The operative temperature, which is
a linear combination of the air and Mean Radiamhperature (MRT) is used to control the space.
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Figure 1: Living Laboratory as a simulation test-bed (sattview)
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Figure 2: Building thermal model

2.2HVAC system

An air-cooled chiller is considered as a sourcetli@r air and radiant floor system. Performance dataadopted
from the EnergyPlus engineering reference and therdy Input Ratio (EIR) method is applied basedtloa:
catalogue data of an actual product, Trane CGAMZ capacity and Coefficient of Performance (C@PH8.9
kW and 2.67 COP in nominal condition (EnergyPlu81%). For the cases considered in this paper, liikerc
capacity is scaled down to 20 %. The electricitpystomption of the chiller is a multiplication of && curves that
represent the capacity, COP, and Part Load Rati®)PThe COP according to different outdoor air pemrature
and PLR is plotted in Figure 3. Lower outdoor amperature results in a higher COP for a given PItiR. COP is
sharply decreased in lower PLR but slightly deadada higher PLR, which represents a less thandkétease. In
this study, the PLR is neglected in the optimizatiormulation and the electricity consumption oé tthiller is a
function of the COP, which can be predicted from dlutdoor air temperature, and heat flux from thi#er to the
radiant floor. The radiant floor system is assurttetle controlled in different capacity with respezthe concrete
temperature, e.g., the capacity is larger for higlomcrete temperature. Therefore, the capacitthemadiant floor
is a function of the state in the model which i&nmwn. So the minimum concrete core temperatlisgrdeLs) iS
implemented in linear programming formulation, whis assumed to be P& in this study. The effectiveness of
the radiant floor is found with the NTU method axperimental data from the actual office space. Miagimum
capacity is calculated as follows:

uﬂOOI’.ITBX = mwater prater (Tsource.LB _Tsupply.water )geffectivene&(l)
COP
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Figure 3: Performance curve of air-cooled chiller
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2.3 Optimal control problem formulation

Nonlinear optimization algorithms such as Fminc®attern search, PSO (Particle Swarm Optimizatiany
Generic Algorithm are easy to be implemented bygassy the control input at each time step as atividual
optimization variable but require a lot of compidgaal time and only provide local optimal soluticimsthe best
case scenario. An implementable optimization fanmagtual controllers is realized with the conse®utate-space
equation over the time horizon. When the statesspaadel is formed, one step ahead temperaturduisciion of
current temperature, and the exogenomsand control inputy) as shown in equation 2. Then the temperature
trajectory K) is a linear function of a column vectd®y) consisting ofAq matrix, lower triangle matrix(d andQu)
consisting ofA4, Baw, andBgu matrix, initial state vectorXp), and exogenousm) and control input vectouj as
shown in equation 3 (capital letter representsvieor). Finally, the input and output trajectorége in an explicit
linear relation, which is a suitable form to be lemented in the optimization algorithm to be praghs

x[k+1] = Ayx[K] + By, w[K] + By ,u[K] )

x[1] | A Buw 0 - 0 wq] By 0 07 u[g
AN A oo Ao B O el A B Ol

. : 7,0—4 . . . : : : : . : :

X[n] Ajn Ajn_le,w Ajn_zBd,w Bd,w W[n_l] Ajn_le,u Ajn_ZBd,u Bd,u u[n—l]

X Q, ' Q, ’ w ' Q, ‘ u (3)

The control input, i.e. the heat flux rate from tblant to the building through the HVAC system ypitally

considered as a decision variable in previous ftatiuns. However, with the formulation proposectliis study,
we can utilize the state which is the temperattdireagh node together with the control input as slenivariables.
All dynamics are set through the equality constraamd bounds for the control input and conditiorzee’s
temperature are set as bounds on the input andatiggconstraint.

2.4 Case study

Four different cases are considered in the sinnragtudy. Case 1 is reference (baseline) case ichwhe radiant
floor system operates with a proportional inteRl) control. The air system only gives ventilationthe zone by
regulating the supply air temperature to be theesarith the room air temperature. The coefficientshe PI
controller are tuned to maintain the room operati@reperature inside the bound.

Case 2 represents a model predictive control glyadé the radiant floor system without considerthg COP and
with the air system providing only ventilation. this way, the operative temperature is maintainethe upper
bound and the starting time of the radiant floostsyn is precisely controlled. The objective functis the

summation of heat flux from the chiller to the idi floor system over the prediction horizon. Tlopiaity

constraint is for the dynamics and the inequalitpstraints are for the operative and concrete tamgerature.
Bounds are given to the decision variables consigehe capacity of the chiller and radiant flobhe optimization
formulation is shown in equation 4, X, andT represent the input trajectory, state trajectond semperature
trajectory vectorsQ) represents the lower triangle matrix from equaBo@op represents the vector consisting®f
matrix calculating the operative temperature inesspace equation.

min[ - 0]{;}

0, ]| =t o,

_O Cop u Top.UB
where<|0 -C {X}S “Toois
O _Cso _Tso.LB

__min(uchiuer,max , ufloor.max)_ < |: u :| < |: 0:|
0 T e
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Case 3 represents the optimal control of the radiaar system with MPC considering the COP. Thesgistem
provides ventilation only. The radiant floor systean take advantage of the higher COP with lowédaur air
temperature during the night time, which is tydicakferred to as pre-cooling or load shifting. Tbljective
function consists of the Energy Efficient Ratio K1/ COP) and heat flux from the chiller to ttaeliant floor
(equation 5). The same constraints with case 2dopted.

g6 O]

[-@, I]{;}:[QXXO+QWW]

_O Cop u Top.UB
where;| 0 -C {X}S “TooLe
O _Cso _Tso.LB

__min(uchiller.max'ufloor.max)_ <|: u :|<|:0:|
—00 IT. 1 oo
® ®)

Case 4 is a coordinated optimal control of theamadfloor (1) and air systemug). In this case, the air system
provides cooling to the space along with the radiaor while it is only used for ventilation insa 1, 2, and 3. The
optimization formulation is similar to that of ca8ebut one more control input is addag)( and thereby, an
additional inequality constraint is incorporatedcs the two systems share the same source of efitergythe air-
cooled chiller (equation 6). Two different inputgith distinct dynamics, are simultaneously congdlto maintain
the operative temperature inside the bound whil@mizing the energy consumption.

. 1 1 !
min| -——— -—— 0| u,
COP COP "

u,
[_Qul —Quz |] u, | = [Qxxo + QWW]
X
(=1~ 0 Uchitier max ~ Gvent
o o c_|™ T
where Pz |= o
0 0 —Cyully “Toois
0 0 -C, “ToLe
“Uficor max u; 0
—00 SluU, (s 0
—00 X 0

- (6)
3RESULTSANALYSIS

The prediction horizon for the MPC is 2 days anel diptimal control input of the first day is implented in the
simulation. The last state from day one is usethasnput to the second day’s optimization asahistate. Actual
measurements of outdoor air temperature and satiation data from the summer of 2015 were usedthad
deterministic control formulation assumes perfeetather forecast. After a warm up period of 3 day®C
simulation runs for 8 days. Lower and upper bowfdbe operative temperature are 24 and@&espectively.

For all four cases, temperature profiles and dt@gtrenergy consumption of the air-cooled chille compared

with the results shown in Figure 4. The first grapleach case in Figure 4 represents the tempegateluding air,
operative, slab, and source, and the second glraphissthe capacity and control input. Transportagoergy such
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as pump and fan energy is not considered. In caskeeloperative temperature is inside of the boasdhe PI
controller was tuned, and the maximum control injguavailable for every iteration whereas it is possible in
other cases of predictive control. The operativeperature for case 2 stays in the upper bound alyseedictive
control resulting in a 10% energy saving compacedaise 1. In case 3, the potential of the systamaiémized by
considering the COP which provides an additionairgpof 5.8%. The pre-cooling and load shiftingcisarly seen
by comparing case 2 and case 3. The control irgpOIN when the EER is high so the temperature duhagnitial

occupied period is lower and it is increased withet Additional 2% energy saving, compared to ¢casean be
achieved if the temperature is close to the uppend. This is the motivation for case 4 which afsdudes an air
system. The daily (top) and total (bottom) energgstimption are shown in Figure 5.

Figure 4: Temperature and energy consumption of all cases
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Figure5: Daily (top) and total (bottom) energy consumptidreach case

4. CONCLUSIONS

In this paper, the energy saving potential of aamatdfloor cooling system and the coordinated openeof radiant
floor and air system in an office building was mneted based on a comparative analysis with a stionlatudy.
The optimal control problem was formulated intaree&r programming with the decision variables aftoal input
and states considering all constraints of buildipgamic and capacity of the plant and radiant floor
The main findings can be summarized as follows:
» 10 % of energy saving is achieved with MPC compéaodtie conventional Pl control. Additional saviofy
5.8 % is achieved from pre-cooling and load shftin
* Optimal coordination control of radiant floor and system yields an energy saving of around 2%
compared to the optimal control of radiant floostgyn.
Coordination control is formulated as a centralisptimization problem which requires a central gs®ing unit
such as server computer in Building Energy Manager8gstem (BEMS). Future work will consider distribd
approaches towards plug-and-play building systeitisembedded intelligence.

NOMENCLATURE
A  state matrix €)
B  input matrix )
Cp capacitance (J/kgC)
k  time step €)
m mass (kg)
u  control input (W)
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w  disturbance input W)

X  state (temperature) (°C)

& effectiveness -

©Q  stacked matrix in state space formulation —) (
Subscript

d discrete vector

op operative temperature
LB lower bound

UB upper bound

SO source
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