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Abstract—Control in buildings has been a subject of research
interest in the control community for some time. Various control
methods have shown a potential for a significant savings in the
building operation costs, whereas a large economic gain in the
operation of a heating, ventilation and air conditioning (HVAC)
system can be obtained by employing information about the
building thermal model and the model of actuators, weather
conditions, energy demand cost as well as the energy requests in
the zones. This paper proposes a model predictive controller for
a building chiller that exploits respective information to minimise
the cost of cooling in the electricity market with volatile electrical
energy prices, while ensuring comfort within the zones and re-
specting the power demand limitations. Obtained optimal control
problem is nonlinear and the minimisation is performed by
employing the successive linear programming algorithm within
the feasibility region and the gradient algorithm for finding the
initial feasible point. A case study HVAC system model is used
to validate the performance of the proposed controller in the
simulation scenario. Obtained controller minimises the cost of
cooling while adhering to the imposed comfort constraints.

Index Terms—HVAC, cooling, chiller, COP model, zone energy
requests, heat losses, demand response, model predictive control,
SLP

I. INTRODUCTION

Smart buildings have become a frequently mentioned term

in a developing technologies of a smart city [1], [2]. The

substantial amount of the electrical energy consumed in the

building sector raises the question how could the demand

response operation of the buildings contribute in improving the

stability of the electrical energy distribution system. In order

to provide a demand response, a smart building should use the

knowledge about the pattern of behaviour of its inhabitants and

the information about the upcoming weather conditions. Based

on respective data, building is able to communicate its e.g.

day-ahead consumption profile to the distribution grid operator

and offer to alter its power demand profile at a certain cost.

In particular, this paper deals with the supervisory control

design of a building HVAC system. Various approaches have

been pursued in the literature to improve the efficiency of the

HVAC system operation [3]. The proposed approaches vary

with respect to the employed optimisation algorithms and the

structure of the applied control structure. Thus, authors in [4],

[5] employ the global, genetic algorithm-based optimisation

approach. Specifically, in [4] is the overall HVAC system with

a water chiller considered. Respective system integrates the

control of the zone actuators, the chiller and the variable speed

hydraulic pump in a single optimisation problem, whereas in

[5] is considered the optimal control problem of a supply air

temperature and flow rate to the zones of an air volume air

conditioning system.

In [6], [7] is presented a model-free approach for the

supervisory control of the HVAC system which is based on the

reinforcement learning. The downsides of the approach is that

a substantial amount of time is needed to obtain a satisfactory

behaviour of the controller, whereas the performance of the

respective method is sensitive to many factors, which at the

end makes it hardly realisable in practice.

To the best of our knowledge, the central HVAC optimal

controller design that is based on the thermal energy requests

from the zone level presents a novel approach. This approach

is motivated by a modular concept [8], [9] comprising of

the zone [10], a central HVAC and a microgrid module [11]

levels. Respective approach is suitable for the hierarchical

control system application, as shown in [8]. Herein presented

controller is based on the same concept. Unlike to the ap-

proach in [8] where the chiller operation is modelled with a

constant coefficient of performance (COP), the proposed MPC

controller module is based on a more accurate model of the

chiller, obtained from the technical data sheet of the chiller

manufacturer. The objective of the designed controller is to

reduce the cost of the HVAC system operation while adhering

to the comfort constraints from the zone level.

The paper is organized as follows. Section II provides

description of a case study HVAC system, the considered

smart building control system concept and the HVAC con-

trol system. The model description of the particular HVAC

system is given in Section III. The proposed model predictive

controller (MPC) of the HVAC supervisory system and the

employed optimisation method are presented in Section IV.

Section V presents a simulation scenario and obtained results.

Conclusions are given in Section VI.

II. CASE STUDY DESCRIPTION

An existing configuration of the building HVAC system is

used in this paper as a case study example for the control

system design in the cooling season. The considered system

is used at the University of Zagreb Faculty of Electrical

Engineerng and Computing (UNIZGFER) for cooling of two
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Fig. 1: Principle scheme of the considered HVAC system; The

supervisory system control input is the supply temperature of

the chiller Ts, flows in the system are constant.

Fig. 2: Floor duct segment sketch depicting the zones, fan coils

and the floor duct connection to the main pipework verticals.

faculty buildings, namely the skyscraper building (building C)

and the main faculty building (building B). Cooling of the

building supply medium is performed in the building chiller,

which is connected to the heat tank, whereas the cooling at

the zone level is achieved by using the fan coil units.

The skyscraper building model comprises of 253 zones

with altogether 319 fan coil units. Since the model of the

entire building was not available in the period of preparing

this paper, the considered building model is generated by

replicating of the already modelled ninth floor 11 times, which

approximately scales up to the exact number of zones in the

real building. In Fig. 2 is depicted a schematic of the floor duct

connection to the main verticals of the pipework system as well

as the fan coils connections to the floor duct. The consumption

of the B building is not controllable and its profile is available

throughout the prediction horizon.

The existing HVAC system is enhanced with the neces-

sary network infrastructure that enables the connection of

the building management system (BMS) in the building au-

tomation level (BACnet) level with the energy management

system (EMS) in the corporate level (TCP/IP). The building

management system, among other things, includes low-level

controllers for the chiller and the fan coil units, zone tempera-

ture sensors and calorimeters. Installed hardware and network

infrastructure enable the measurement-assisted model design,

with it related model-based design of the supervisory control

and its validation.

The building also comprises a stationary battery storage

system and the solar power plant. It is able to play an active

role in the smart city electricity network, by providing the

demand response to the distribution system operator and by

offering the flexibility reservation and activation services at

the specified cost.

A. Smart building control system

Supervisory HVAC control system is envisioned as a module

of a more complex modular smart building control struc-

ture [9]. For the sake of simplicity is in this paper the HVAC

control system design presented independently of the other

parts of the system, i.e. the zone and the microgrid level,

whereas the objective of the HVAC controller is a price-

optimal operation.

Fig. 3 depicts the data flow diagram of the developed HVAC

module within the smart building concept. Parameters that

are inter-connecting the other modules of the modular control

system and included in the realisation of the herein presented

HVAC control module are the thermal energy requests from

the zone level in the prediction horizon {Et,z,i(N)}i, where

N is the prediction horizon length, the electricity cost on

the prediction horizon ce(N) from the microgrid level and the

localisation via inequality constraints in the space of HVAC

energy consumption profile Ee(N) where this cost is valid. The

optimised flow of the central HVAC system is informed to the

zone level in order to ensure that the provided zone thermal

energy requests are feasible.

Fig. 3: The data flow diagram of the HVAC module within

the smart building concept [9].

B. HVAC control system description

The control input of the designed supervisory HVAC control

system is the temperature of the outgoing medium towards the

building in the 24 hours prediction horizon, whereas the flow

in the system is assumed to be constant. Constant flow is a

result of the employed fixed-speed hydraulic pump and the fan

coils in the zones which do not alter the hydraulic situation

during their operation.

The designed supervisory control ought to satisfy the ther-

mal energy requests from the zone level energy controllers to

satisfy the comfort of the faculty staff, while considering the

imposed constraints for the energy demand and minimising the

overall cost of the HVAC system operation. With that regard,

the thermal energy request for each zone in the C building is

made sure to be fulfilled throughout the prediction horizon.

The imposed energy demand constraints from the microgrid

level are also considered in the supervisory control system



decision-making to allow the demand response operation of

the smart building and to saturate the energy consumption at

the maximum contracted level.

The sampling time of the designed control system Td is set

to 15 minutes, which reflects the sampling time of the volatile

electricity price obtained from the DSO.

III. MODEL DESCRIPTION

Developed HVAC system model is based on the fundamen-

tal physical principles, such as the energy conservation princi-

ple, and models all the relevant macroscopic phenomenons in

transferring the heat from the heat source to the zones, such

is the temperature change of the fluid in the pipework due to

the heat losses. Nevertheless, the model is simplified, whereas

the majority of the modelled subsystems are treated with the

static grey-box models, e.g. for the chiller operation and the

temperature losses in the pipework, whereas the heat tank is

described as the first-order dynamical system.

The model is nonlinear and derived in the discrete-time

form, whereas Td is the sampling time, unless otherwise stated.

The static modelling is justified since the dynamics of the

statically considered systems is at least by several time faster

than the discretisation constant Td.

For the sake of simplicity is the time-dependency of

the varying variables omitted in the static model equations,

whereas it is included in the presentation of the dynamical

subsystems. E.g., the energy in the discrete-time instant k,

E(k) is in the static model relations shortly denoted with E.

To begin with, the main energy conservation principle for

the considered HVAC system is given by

Et,hp = Et,losses +
∑

i

Et,z,i + Et,z,nc, (1)

which states that the produced thermal energy on the chiller

Et,hp equals the sum of non-controllable thermal loads Et,z,nc,

i.e. the B building consumption in particular, the zones thermal

consumptions Et,z,i in the C building, where i is the iterator

over the building zones, and the thermal losses in the pipework

subsystem Et,losses. Since the decision variable of the control

system is the supply temperature at the chiller outlet, i.e.

the conditioning of the medium, the model dependencies are

expressed on the level of medium temperatures and flows

throughout the relevant part of the system.

A. Chiller

A water chiller is used in the system to obtain the cooling

energy for the building. Its efficiency stems from the fact

that the part of energy is obtained by transferring the latent

heat stored in the ambient air to the cooling system. For

more details about the chiller operation and recent advances

in respective technology please refer to [12].

The chiller is herein represented with the coefficient of

performance (COP), which is the ratio of the obtained thermal

energy and the consumed electrical energy,

COPfactory(To, Pe,hp/Pe,hp,nom) =
Et,hp

Ee,hp
, (2)
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Fig. 4: COP characteristics of the TRANE RTAC HE chiller

with respect to the outside temperature To and the thermal

power load Pt,hp.

where To is the temperature of the outside air, Pe,hp/Pe,hp,nom

is the partial electric load, Et,hp is the obtained thermal

energy and Ee,hp is the consumed electrical energy. The COP

characteristics is often available in the data sheet of the product

or can be obtained from the manufacturer.

In order to obtain the explicit model of the COP with

respect to the ingoing and outgoing medium temperatures of

the chiller and the medium flow, the information about the

nominal electric load for the particular chiller Pe,hp,nom and

the data sheet characteristics is used to transform the COP as

COP (To, Pt,hp) =
Et,hp

Ee,hp
, Pt,hp = csqs(Ts − T in

w,hp), (3)

where cs is the specific heat coefficient of the medium, qs
is the mass flow, Ts is the outgoing medium temperature and

T in
w,hp is the temperature at the inlet of the chiller. The obtained

COP is depicted in the space of the outside temperature and

the thermal power in Fig. 4.

B. Pipework

The pipework model comprises the topology of the pipeline,

the temperature drop/gain model and the medium flow model

for the considered pipework segments. The pipework topology

is used to model the medium mixing equations at the pipework

nodes and to model the interconnection between the heat

source, i.e. the heat pump, heat tank and the buildings.

C. Flow shares

The estimate of flows at the zone actuator units is necessary

to estimate the maximum attainable amount of thermal energy

that can be exerted in the zones. The considered system allows

a static model for the flow shares, whereas e.g. the flow

through the j-th fan coil unit is modelled by,

qj = Cq,jqs, ∀j ∈ J , (4)

where j is the zone actuator unit index, J is the set of all

indices, Cq,j , 0 < Cq,j < 1, is the static share coefficient for

the j-th zone actuator. To complete the model, the flow share

for the uncontrollable B building Cq,B is also estimated.



D. Zone

The designed control system ought to acquire the necessary

amount of thermal energy in the zones, whereas the maximum

extractable thermal energy depends on the medium tempera-

ture at the zone actuator units and the corresponding flow.

The temperature drop/gain model through the pipeline

which is a result of the physical principles boils down to

implicit relations which are hardly incorporated in the control

system design process. Thus, the temperature at the actuation

unit inlet is described with the simplified model

T in
w,j = CT,j [Ts, qs, 1]

⊤
, ∀j ∈ J , (5)

where CT,j ∈ R
3 is the vector of parameters.

The medium temperature at the zone outlet depends on the

exerted energy in the zone and the medium temperature at the

zone inlet. The medium temperature at the zone inlet is given

by

T in
w,i =

∑

j∈Ji
qjT

in
w,j

∑

j∈Ji
qj

, (6)

where Ji is the set of zone actuator indices in the zone i. The

medium temperature change at the zone outlet is given by

T out
w,i = T in

w,i −
Et,z,i

Tdcsqi
, ∀i ∈ I, (7)

where i is the zone index, I is the set of zone indices, T in
w,i

and T out
w,i are the medium temperatures at the zone inlet and

outlet, respectively, qi is the flow through the zone and Et,z,i

is the requested thermal energy.

E. Fan coil units

The control system should take into account the maximum

attainable thermal energy on the fan coil units in order to

ensure that the required energy request in the zones is feasible.

The model of the fan coil units which is presented in the sequel

originates from [13]. It is used in [10] to design the model

predictive controller for the zone energy management.

The maximum attainable energy at the fan coil unit is given

with

Et,fc,j(3) = Td

2qjcsU0,j(3)(T
in
w,j − Tz,i)

2qjcs + U0,j(3)
, (8)

where Et,fc,j(3) is the attainable thermal energy and U0,j(3)

is the heat transfer coefficient at the top speed of the fan and

Tz,i is the air temperature in the i-th zone.

The electricity consumption of the specific fan coil unit

model for the different operating speeds can be found in

the technical data sheet. Operation at the fixed speed of the

fan results with the corresponding exerted energy in the zone

for the given medium temperature and the flow at the inlet,

resulting with the pairs of electrical consumption and exerted

energy {(0, 0),
(

Ee,fc,j(1), Et,fc,j(1)

)

, (Ee,fc,j(2), Et,fc,j(2)),
(Ee,fc,j(3), Et,fc,j(3))}. Ee,fc,j(r) denotes the consumed elec-

trical energy of the fan in the r-th speed, r ∈ (1, 2, 3), and

the discrete-time index k is omitted for simplicity.

Electricity consumption of the fan for the arbitrary extracted

thermal energy in the zone in the discretisation interval is

estimated by interpolating the aforementioned pairs,

Ee,fc,j =







Ej(1), 0 ≤ Edemand
t,fc,j ≤ Et,fc,j(1),

Ej(2), Et,fc,j(1) ≤ Edemand
t,fc,j ≤ Et,fc,j(2),

Ej(3), Et,fc,j(2) ≤ Edemand
t,fc,j ≤ Et,fc,j(3).

Ej(1)=Ee,fc,j(1)

Edemand
t,fc,j

Et,fc,j(1)
,

Ej(2)=Ee,fc,j(1)+(Ee,fc,j(2)−Ee,fc,j(1))
Edemand

t,fc,j
−Et,fc,j(1)

Et,fc,j(2)−Et,fc,j(1)
,

Ej(3)=Ee,fc,j(2)+(Ee,fc,j(3)−Ee,fc,j(2))
Edemand

t,fc,j
−Et,fc,j(2)

Et,fc,j(3)−Et,fc,j(2)
,

(9)

where Edemand
t,fc,j is the exerted thermal energy at the j-th unit.

It may be computed by equally dividing the thermal energy

request for the zone with the number of fan coil units in the

zones,

Edemand
t,fc,j =

Et,z,i

card(Ji)
, (10)

where card is the set cardinality function.

F. Heat losses

The heat losses in the supply side duct are estimated by

employing the temperature model for the zone actuator inlets

and the corresponding flows,

Et,losses,supply = Tdcs
∑

i∈I

qi(Ts − Tin,i). (11)

The estimate of the heat losses in the return duct is obtained

by employing the return temperatures at the zone outlets, the

medium mixing equations and the temperature losses model

for the return pipework segments,

T out
w,l = CT,l

[

T in
w,l, ql, 1

]⊤
, ∀l ∈ L, (12)

where l is the pipework segment, CT,l ∈ R
3 is the identified

vector of parameters, T out
w,l is the temperature at the pipework

segment outlet and T in
w,l is the temperature at the corresponding

inlet. Shortly written, the return losses are given by

Et,losses,return =
∑

l∈L

Tdcsql(T
in
w,l − T out

w,l ), (13)

where T in
w,l is the result of the medium mixing equation at the

inlet of the pipework segment.

The result of the employed temperature losses model is the

temperature at the outlet of the C building, denoted with T out
C .

G. Non-controllable consumption

The thermal flows to the B building are modelled through

the available predictions of its consumption Et,nc, which rep-

resents the input to the designed supervisory control system.

Note that prediction model of the B building consumption is

achieved based on the available calorimeter measurements of

the B building thermal energy consumption.

Result is a simple model of the B building subsystem,

T out
B = T in

B −
Et,nc

TdcsqB
, (14)

where qB is the return medium flow from the B building.



H. Heat tank

There is a single heat tank in the HVAC system. Its capacity

is insignificant compared to the dimensions of the entire

cooling system and as such it may be neglected. Nonetheless,

the heat tank model is provided for the sake of the model

description completeness. The heat tank dynamics is described

with the first-order difference equation

Tht(k + 1) = Tht(k) + . . .

Ein
ht(k)−Eout

ht (k)−Ploss(∆Tht(k))Td,ht(k)

Cht
,

(15)

∆Tht(k) =
Tht(k + 1) + Tht(k)

2
− Tenv(k + 1), (16)

where Tht is the temperature of the medium in the heat tank,

k is the discrete-time instant, Ein
ht is the energy inserted in the

tank and Eout
ht the energy exerted from the tank during the

single discretisation interval of the model Td,ht, Ploss is the

function of heat losses through the wall of the heat tank and

Cht is the capacity of the tank.

The chiller is used to insert the energy to the heat tank,

resulting with

Ein
ht = Tdcsqs(Ts − T in

w,hp). (17)

The outgoing medium temperature of the heat tank is equal

to the temperature of the medium in the heat tank Tht. The

ingoing temperature from the load side is obtained by mixing

the return medium flows from B and C buildings, resulting

with the overall exerted energy

Eout
ht = Tdcsqs(Tht − qBT

out
B − qCT

out
C ), (18)

where the C building output flow equals qC =
∑

j∈J
qj .

Note that Td,ht ≪ Td should apply to ensure the model ac-

curacy if the heat tank model is used in the system description

and its capacity is small enough.

IV. CONTROL PROBLEM FORMULATION

Optimisation of the medium flow and temperature is per-

formed to achieve the minimum cost of energy while acquir-

ing the required heating energy outputs to the zones. The

optimisation problem is formulated as the model predictive

control problem, for the 24 hours long prediction horizon,

which results with N = 96 discrete-time instants of 15 minutes

long discrete-time instants.

The cost of the HVAC system operation represents the

actual cost of the consumed electrical energy in the prediction

horizon,

J∗ = min
U

N−1
∑

k=0

Je(k), (19)

where Je is the electrical energy cost and the optimisation

vector U ∈ R
N equals [Ts(0), Ts(1), . . . , Ts(N − 1)]. For the

HVAC system at hand is the cost of electrical energy given by

Je(k) = ce(k)





Et,hp(k)

COP (To(k), Pt,hp(k))
+

∑

j∈J

Ee,fc,j(k)



 ,

(20)

whereas it comprises of the chiller consumption and the

consumption of the fan coil units.

Constraints of the optimisation problem are for the time

instants k = 0, 1, ..., N − 1 given by

7 ◦C ≤ Ts(k) ≤ 15.6 ◦C, (21)

0 ≤ Ee,hp(k) ≤ 61.05 kWh, (22)
∑

j∈Ji

Et,fc,j(3)(k) ≤ Et,z,i(k), ∀i ∈ I, (23)

HeEe(N) ≤ Ke, (24)

where (21) describes the chiller supply temperature con-

straints, the chiller electrical energy consumption constraint is

given with (22), the constraint for the attainable energy in the

zones is given by (23) and the HVAC electricity consumption

in the prediction horizon constraint is given by (24). The full

model description of HVAC subsystems that are included in

the optimisation problem is provided in Section III.

A. Optimisation method

Intrinsically, the considered optimisation problem has non-

convex constraints and objective function. With that regard,

the opted approach for solving the posed model predictive

control problem employs a successive linear programming

(SLP) method [14]SLP is an iterative method for constrained

nonlinear optimisation. By comparing the SLP with the se-

quential quadratic programming (SQP) counterpart, the SQP

has a higher convergence rate and provides the convergence

guarantees. Nevertheless, requirements for the application of

SQP is the convexity of the objective function which does not

apply for the considered problem.

By using the SLP algorithm is the discussed MPC prob-

lem (19)-(24) solved iteratively by successive linearisation of

the cost and constraints around the last computed optimizer

and by solving the obtained LP in the space of perturbed

control inputs. Although the perturbation space should ideally

reflect the trust region of the linearised model, the perturbation

space is for this particular implementation kept small enough

and constant throughout the operating region.

The starting feasible solution is in the space of optimisation

variables obtained by employing the successive linearisation of

the nonlinear inequality constraints and by perturbing the opti-

misation variables in the direction of the smallest cummulative

constraints transgression. The length of perturbation is for the

considered optimal problem set heuristically and kept at the

fixed rate.

V. SIMULATION RESULTS

The proposed model predictive controller for the HVAC

system is validated in a scenario of a typical summer day

in Zagreb. Corresponding simulation results are depicted in

Figs. 5 and 6. Intra-day electricity price and ambient temper-

ature during the day are depicted in Fig. 5. Volatile intra-

day electricity price is obtained from the European Power

Exchange tables, whereas the depicted values are scaled to

better approximate the usual price for a small customer.
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Fig. 5: Simulation data and results.

Figure 5b depicts the requested and the attainable thermal

energies in the particular zone in the prediction horizon,

whereas the presented thermal energy requests from the zones

are obtained from the generic data. The obtained results show

that the attainable thermal energy in the zones exceeds the

thermal energy demand, which in turn should enable the

feasible operation of all zone energy controllers of the modular

smart building concept [9].

The optimised supply medium temperature of the chiller is

in the 24 hours long prediction horizon depicted in Fig. 6a.

Results are obtained by initialising the supply temperature at

8◦C and executing 45 iterations of the SLP algorithm. The

considered HVAC system is turned off outside the working

hours, which corresponds to the time instants where the supply

medium temperature in Fig. 6a is kept at constant 8◦ C. Sud-

den drop may be observed in the supply medium temperature

at the beginning of the working day, which corresponds to the

peak in the demand for the cooling energy. The temperature

drop cools down the system and is followed by the increase

of the supply medium temperature which in turn ensures the

minimum cost of the HVAC system operation with regards to

the specified system constraints.

The predictions of the HVAC system electrical energy con-

sumption are depicted in Fig. 6b. Respective figure shows the

consumed energy within the 15-minutes long time intervals. It

comprises of the consumption of the chiller and the fan coil

units in the controllable C building.
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(a) Optimised supply medium tem-
perature reference of the chiller.

0 5 10 15 20

0

5

10

15

20

(b) Predictions of the HVAC sys-
tem electrical energy consumption.

Fig. 6: Predictions of the HVAC system.

VI. CONCLUSION

This paper presents a novel approach for the HVAC system

controller design that incorporates the energy requests from

the zone level in the cost-optimal control problem formulation.

The proposed MPC formulation of the controller is based on

the extensive model of the real case study system, comprised

of the chiller, heat tank, pipework model and the zone actuator

units. It also considers the heat losses that occur in the cooling

medium distribution system. The designed controller enables

the cost-optimal operation of the HVAC system and provides

the demand response of the building.

Further research will include the integration of the proposed

HVAC module in the hierarchical smart building structure

together with the zone level and the microgrid level modules.

The ultimate objective is to minimise the global objective

function of the building operation under the imposed building

power demand constraints and electricity prices from the

electrical energy distribution system.
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