
E
o

A
I
a

b

c

d

a

A
R
R
A
A

F
H
s
M
M
P
E

1

s
h
d
h
p
t
m
i
t

(
i
i

h
0

Energy and Buildings 82 (2014) 520–533

Contents lists available at ScienceDirect

Energy  and  Buildings

j ourna l ho me  pa g e: www.elsev ier .com/ locate /enbui ld

nergy-efficient  fuzzy  model-based  multivariable  predictive  control
f  a  HVAC  system

leksander  Pregleja,∗,  Jakob  Rehrl c,  Daniel  Schwingshackld,  Igor  Steinera, Martin  Hornc,
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In this  paper  the  novel  approach  of  a fuzzy  model-based  multivariable  predictive  functional  control
(FMBMPC)  of  a  heating  ventilating  and air  conditioning  (HVAC)  system  is  presented,  which  is imple-
mented  on  a real-world  test  plant.  The  control  law is  derived  in the  state-space  domain  and  is  given
in  an  analytical  form  without  an  optimization  algorithm.  The  basic  principles  of the  predictive  control
were  extended  in a fuzzy  multivariable  manner  and  the suggested  tuning  rules  for  the  proposed  control
algorithm  were  depicted,  which  normally  gives  satisfactory  results.  The  proposed  approach  introduces
a  compact  and  relatively  simple  design  in  the  case  of higher-order  and  nonminimal  phase  plants,  but it
is  limited  to  open-loop  stable  plants.  For  the  comparison  a  classical  optimal  proportional–integral  (PI)
controller  was  also  designed  and  applied.  The  results  show  that  the  FMBMPC  approach  performs  better
due  to the  HVACs’  nonlinear  dynamics.  In case  of  interactions  influence  rejection  by  the  HVAC  system,
the  FMBMPC  algorithm  outperforms  the  classical  PI  approach.  The  results  also  show  that  the  proposed
nergy efficient control. approach  exhibits  better  reference-model  tracking  across  a wider  operating  range. The  energy  consump-
tion  comparison  shows  that  the  FMBMPC  approach  is  also  more  energy-efficient.  A  shortened  literature
review  of  applications  of  energy-efficient  and  MPC  control  for HVAC  systems  is  also  presented.  FMBMPC
control  is interesting  in  the  case  of batch  reactors,  furnaces,  pressure  vessels,  HVAC  systems  and  any
processes  that  have  strong  nonlinear  dynamics,  multivariable  natures  and  long  transport  delays.
. Introduction

Industrial heating ventilating and air conditioning (HVAC)
ystems are widely used to condition the air (temperature,
umidity, and pressure) in buildings, halls, and rooms to
esired values. Advanced control strategies for HVAC systems
ave been extensively researched [1,2], but standard on/off and
roportional–integral–(derivative) (PI(D)) controllers remain as
he solution of first choice [3–7], resulting in inconsistent perfor-
ance among such systems. With advances in control principles it
s now feasible to implement proper control approach to overcome
he inherent issues in HVAC control. In a past few years, papers
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proposing modern control principles for HVAC systems, like opti-
mal  model predictive control (MPC) [8], H∞ control [9], feedback
linearization and backstepping [10], and feedback linearization in
combination with MPC  [11,12] were published.

The application of advanced process control technologies can
provide the potential for significant energy savings. The devel-
opment and implementation of effective control techniques for
HVAC systems is very important. In recent years, classic control
algorithms have been replaced with innovative, highly efficient
and energy-saving solutions, because the design and implemen-
tation of more complex control techniques have become feasible.
New methods help to attain the maximum energy efficiency, while
optimally fulfilling the control and convenience demands, and
also prolonging the lifetime of systems and extending mainte-
nance cycles. The goal of making buildings more energy efficient

represents an area for the application of innovative concepts and
technologies on the level of buildings and devices. With the appli-
cation of bioclimatic principles and the appropriate regulation of
building processes, high standard indoor-air conditions can be met
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Nomenclature

Ām frozen-time system matrix
Am,j system matrix
Ar reference model system matrix
ar1 first discrete time constant of the reference model
ar2 second discrete time constant of the reference

model
arn last discrete time constant of the reference model
B̄m frozen-time input matrix
Bm,j input matrix
Br reference model input matrix
C̄m frozen-time output matrix
Cm,j output matrix
Cr reference model output matrix
cw water specific heat capacity
d1 hot water supply temperature for the heating coil

hydraulic circuit
d2 cool water supply temperature for the cooling coil

hydraulic circuit
d3 air temperature at the inlet of cooling coil 2
d4 air relative humidity at the inlet of cooling coil 2
Dmc time delay for cooler to temperature
Dmh time delay for heater to relative humidity
G0 invertible matrix by the FMBMPC control law
GR matrix by the FMBMPC control law
H coincidence horizon
Hr subscript for the relative humidity
i number of current premise element
I identity matrix
j number of current fuzzy rule
J(u,k) criterion function
k time sample
KP,Hr proportional gain for the relative humidity
KP,T proportional gain for the temperature
l number of steps for prediction
n number of model states
N1 minimum horizon
N2 maximum horizon
nf number of all fuzzy rules
Nu control horizon
Pc consumed power
Pj,q fuzzy sets
q  number of premise elements
r number of consequence elements
rf residual of the fuzzy model
Rj fuzzy rules
R̄m frozen-time residual vector
Rm,j residual vector
T subscript for the temperature
tc operating time
TDm time delay
Ti,Hr reset time for the relative humidity
Ti,T reset time for the temperature
Tmc time constant for cooler to temperature
Tmh time constant for heater to relative humidity
Tmn continuous time constant of the model
Tr1 first reference model time constant
Tr2 second reference model time constant

um system inputs
w reference signal
Wc consumed energy
xc consequence of the fuzzy system
xc1 first consequence element
xcr last consequence element
xm system states
x0

m non-delayed system states
xp premise of the fuzzy system
xp1 first premise element
xpi current premise element
xpq last premise element
xr reference model state vector
y1 air temperature
y2 air relative humidity
ym model output
y0

m non-delayed model output
yp process output
y0

p non-delayed process output
yr reference model output
ˇj(xp) function
�m objective increment of the model output
�p objective increment of the process output
ϑin inlet water temperature
ϑout outlet water temperature
� weight for criterion function
�Pj,i(xpi) real function
� relative degree of the model
�(x ,u ,R ,k) linear function
Trn continuous time constant of the reference model
Ts sampling time

u control signal
u1 valve opening for the cooling coil 2
u2 valve opening for the heating coil 2
m m m,j
�mf water mass flow

and a reduction in energy use can be achieved [13]. Energy-
saving strategies have become a priority in energy policies in many
countries due to a significant increase in the energy consumption
in buildings, where the largest amounts of energy (around 40%)
are used [14,15].

Some researchers have investigated the energy efficiency of
HVAC systems with different control approaches, for example, the
learning-based model predictive control of a HVAC system is pre-
sented in [16], where a large reduction in energy usage without any
reduction in occupant comfort is achieved. The multivariable non-
linear adaptive control algorithms of temperature and humidity
in HVAC systems were studied [17] to achieve optimal energy-
saving control. HVAC system modelling and PID control according
to energy efficiency and comfort criteria were performed [18],
and stochastic MPC  for building climate control that uses weather
predictions was  developed and analysed [19], which makes use
of weather forecasts to compute how much energy and which
low/high energy cost actuators are needed to maintain room tem-
perature at the required comfort levels.

In [20] a review of the model predictive control of HVAC con-
trol systems is presented. The development of the MPC control
approach for HVAC systems has intensified in recent years, due to
advantages like the use of a system model for anticipatory con-
trol actions, rather than corrective control, the integration of a
disturbance model for disturbance rejection, the ability to handle
constraints and uncertainties, the ability to handle time-varying
system dynamics and a wide range of operating conditions, and
the ability to cope with slow-moving processes that have con-

siderable time delays. Among the advanced control approaches,
MPC  is one of the most promising techniques because of its abil-
ity to integrate disturbance rejection, constraint handling, and
slow-moving dynamic control and energy conservation strategies
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nto a controller formulation. The soft or intelligent control tech-
iques reviewed in [2] include controllers based on artificial neural
etworks, fuzzy logic, and genetic algorithms. Intelligent control
echniques such as neuro- and genetic-fuzzy approaches were
eviewed in [21]. A review of fuzzy modelling and the control of
VAC systems were published in [22]. A review of hybrid con-

rollers resulting from the fusion of hard and soft control techniques
as also provided in [2]. Several MPC  strategies have been applied

o both single-zone and multi-zone buildings, for example, a single-
tory office building [23], a factory building [11], a small studio
partment [24], a large university building [25,26], a test room
27–29], a shed [30], and a multi-story office building [31].

Multi-input–multi-output (MIMO) MPC  was used for the water
ow valve in [32] to control the temperature of multiple zones, and
PC  was also applied to regulate the evaporator temperature and

ressure by controlling the electronic expansion valve and com-
ressor speed. In [33] a MIMO  controller to control the temperature
nd ventilation of multiple zones in a building with a MPC  strategy
s proposed. The authors in [34] presented a new family of recursive

odelling MPC  controllers for use with low-cost thermic control-
able radiator valves, which are becoming an increasingly popular
omestic technology. A key contribution of the paper is the abil-

ty of the presented control methodologies to maintain superior
emperature regulation, despite the use of oversized heat emitters.
he authors in [35] and [36] showed that MPC  is well suited to the
ontrol of an indoor environment. An upgrade of the conventional
PC, the adaptive multiple model MPC, was then implemented for

he optimization of thermal storage in buildings [37]. Simulations
rom [38] show that the controller with only outside weather and
one humidity measurements does not result in large savings, con-
rollers with only occupancy measurements result in considerable
nergy savings, and the controllers that use occupancy measure-
ents along with the measurements of zone humidity and outside
eather, result in huge energy savings. The authors in [39] and

40] introduced new cost functions for the MPC  approach, which
inimizes the energy consumption and, hence, the cost of elec-

ricity for the user, while maintaining the thermal comfort in the
uilding. In [41] a multi-structural fast nonlinear model predictive
ontroller is presented. The methodology retains the advantages of
inear classical MPC  and solves the nonlinearity issues involved in
hermal comfort and energy-conservation-oriented control. In [42]
he authors proposed a framework that learns the building occu-
ants’ thermal comfort profiles using a fuzzy predictive model and
ontrols the HVAC system using a complementary control strategy,
hich can be integrated with minimum intrusion. The framework
as validated in an office building and considerable improvements

n the occupants’ satisfaction and energy use were achieved. The
ultiple local models approach is presented in [37], which achieves

he desired performance. The Building Energy Model is used to
onstruct local models for the adaptive multi-model MPC, and the
valuation results show that the adaptive MMPC  approach out-
erforms the storage priority control. The MIMO  controller for the

ndoor air temperature and relative humidity in a direct expansion
ir-conditioning system, based on the linearized dynamic model
s presented in [43], and in [44] model predictive control strate-
ies for buildings with mixed-mode cooling are presented and their
otential performance bounds in terms of energy savings within
he thermal comfort constraints are demonstrated. A series of MPC
echniques has been explored for optimizing the control sequences
or window operation in mixed-mode buildings and the results for

 simplified mixed-mode office building have been presented in
45], where the results show the ability to save upwards of 40%

f the cooling energy, even in existing facilities. In [46] the MPC
ontrol system was tested on two office buildings. The results pre-
ented from real-world trials demonstrated energy improvements
f between 19% and 32% over existing control strategies.
dings 82 (2014) 520–533

For any MPC  approach a model of the process is required. In
the past many authors dealt with the HVAC system modelling
and simulation, an overview is given in [47], where the cate-
gorization of tools for system design and analysis is introduced,
approaches for modelling of HVAC components, control and sys-
tems in general are summarized, and an overview together with
the usage suggestion of simulation solutions is presented. A sim-
ulator application developed in a combined Matlab/Simulink and
Dymola/Modelica environment is presented in [48]. The simulator
mirrors the functioning of the control system and the dynam-
ics of the indoor environment, and can emulate the response of
conventional ON/OFF controllers as well as fuzzy controllers. For
example, a two-stage model was  developed [49], which first learns
the thermal patterns within the building when the system is OFF.
This model is then included in the model when the system is ON,
allowing a prediction of the effect of the system configuration more
accurately. The model is scalable to similar systems and thus can
be used to improve the efficiency of HVAC systems by helping to
determine more effective control schemes.

When using HVAC systems we encounter, with rather high time
constants, considerable transport delays, and actuating signals that
are typically subject to constraints (e.g., valve position). The HVAC
system control is also unique and challenging due to time-varying
disturbances, poor data due to low resolution of analogue-to-digital
converters, accuracy of sensors, lack of access to network fore-
casting and environmental information, and lack of supervisory
control. Like most industrial plants, the HVAC system also exhibits
a multivariable (MIMO) nature, which means that more than one
variable has to be controlled. In many cases the controlled vari-
ables are coupled and the interactions are not negligible, which in
our case means that if the air temperature increases the relative
air humidity decreases. The HVAC system must be considered as
truly multivariable, so some type of multivariable control has to be
applied to the closed-loop system for the best performance. Clas-
sical multivariable process control is well known and was studied
extensively in the past [50,51]. In addition, the nature of the HVAC
system is inherently nonlinear, which implies the use of nonlin-
ear control approaches. With a linear approach we  encounter the
problem of one operating point at which the closed-loop perfor-
mance is good, and at the other operating points the performance
is below the requirements. A nonlinear approach can overcome this
problem and improve the closed-loop performance over the whole
operating range. There are two  main groups of approaches: the
first group is based on nonlinear mathematical models and convex
optimization [52], while the second group relies on an approxima-
tion of nonlinear process dynamics with nonlinear approximators
such as Volterra and Wiener models, neural networks, piecewise-
linear models, and in our case fuzzy models [53,54]. When using
a (Takagi–Sugeno) T–S fuzzy model with model-based predic-
tive control the choice of the fuzzy sets and the corresponding
membership functions is always important when employing the
Gustafson–Kessel clustering method [55] for the fuzzy identifica-
tion.

The predictive control of industrial processes has become a very
important area of research in recent years. In comparison with clas-
sical multivariable and nonlinear approaches the main advantage
of fuzzy model-based multivariable predictive control (FMBMPC) is
in its relatively simple design and the high-quality control perfor-
mance. The fundamental methods that are essentially based on the
principle of predictive control are dynamic matrix control, model
algorithmic control, generalized predictive control, extended pre-
diction self-adaptive control, extended horizon adaptive control,

and predictive functional control, which are all developed for lin-
ear process models. The principle is based on the prediction of
the process model output and the calculation of the control sig-
nal that brings the process output to the output of the reference
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as well. The mentioned signals are depicted in Fig. 1. In addition,
A. Preglej et al. / Energy an

odel (e.g., a reference trajectory). That is done in such a way  as
o minimize the difference between the desired reference and the
utput signal in a certain interval between two chosen prediction
orizons, or in such a way as to minimize the mentioned difference

n a certain horizon, which is called the coincidence horizon. The
utput signal of the control algorithm can be found by means of
ptimization or it can be calculated using the explicit control-law
ormula.

In this paper a new method of fuzzy model-based multivariable
redictive control is presented that is based on the basic princi-
les of predictive functional control (PFC), which are very easy
o understand. This control strategy is well established in many
ndustries, e.g., chemical, plastics, process control, and building
utomation [56–58], where the authors also designed the math-
matical models of the industrial processes [59,60], and also in
obile robots trajectory tracking control [61] and in public trans-

ort systems [62,63]. The proposed control algorithm has wide
pplication potential in different types of buildings and HVAC
nits as well as in a variety of other processes, for example, batch
eactors, furnaces, pressure vessels. In fact, the algorithm can be
sed for the control of any processes that have strong nonlin-
ar dynamics, multivariable natures, and long transport delays.
owever, the usage is not limited to the special control scenario
resented in the paper; this is just one of many possible usage
xamples.

A simple predictive functional control algorithm [64] was  first
xtended to a multivariable case (MPFC) [65] and to nonlinear
ystems (FPFC) [66]. Multivariable predictive approach has been
tudied, implemented and analyzed, also a new tuning strategy
as developed [67]. For example, MIMO  predictive approach was
sed for control of variable speed variable pitch wind turbines [68].
uzzy predictive approach is for example used for control of a solar
ower plant [69], and for supervisory control of gas turbines of com-
ined cycle power plants [70]. The proposed FMBMPC approach

s a combination of both multivariable and fuzzy model-based
redictive control, on which some similar preliminary work was
arried out in the past [71]. In recent years some similar approaches
o fuzzy multivariable predictive control were presented, all of
hich were based on optimization algorithms. Generalized pre-
ictive control was adopted for the nonlinear multivariable system
daptive predictive control, for example, an application involving
he control of a cement rotary kiln was based on the Alopex evo-
utionary optimization algorithm with a constrained T–S model
72], neural nonlinear model predictive control based on a direct
omputation of the gradient control vector during the predictive
ptimization task was studied as a more applicable approach of
ultivariable processes [73] and also applied to a multi-tank sys-

em based on a predictive optimization algorithm [74], and the
ultivariable fuzzy predictive control system of a nuclear power

lant based on a fuzzy performance evaluation and a fuzzy deci-
ion optimization algorithm is presented [75]. The control law in
he case of the FMBMPC approach is developed in a state-space
omain and is given in explicit analytical form without an opti-
ization algorithm, which makes the control algorithm also very

asy to implement on programmable logic controllers (PLCs) and
ther hardware that is nowadays used in industrial practice. As the
rinciples of PFC are the basis for the proposed control algorithm it
asily copes with phase non-minimal and time-delayed dynamics.
e must point out that the proposed approach was implemented

n a real-world PLC and successfully tested on a real-world HVAC
est plant with excellent performance.

The stability analysis of a class of MIMO  fuzzy control systems

as carried out using mostly used linear matrix inequality (LMI)

pproach [76], and in [77] another method using LaSalle’s global
nvariant set theorem was presented, which reduces the complex-
ty and conservativeness of the stability analysis.
dings 82 (2014) 520–533 523

This paper is organized as follows. Section 2 gives a general
description of the HVAC system and presents the fuzzy identifi-
cation of the process model. Section 3 deals with the concept of the
fuzzy model-based multivariable predictive control and presents
the controller tuning rules for the proposed algorithm. In Section
4 the implementation of the proposed control algorithm and the
classical PI control are realized. In Section 5 the real-world test
plant results are presented, discussed and the two  algorithms are
compared in terms of efficiency, accuracy and energy consumption.
Finally, the conclusions are drawn in Section 6.

2. Plant and model

2.1. General description

Heating, ventilating, and air-conditioning systems are used to
condition the air’s temperature, humidity, and pressure. Condi-
tioned air is needed in space-conditioning applications, e.g., in
office buildings, and in industrial applications like the inlet air con-
ditioning of combustion-engine test benches. The former task has
to guarantee thermal comfort for people while ensuring energy-
efficient operation. Control accuracy is of minor interest here. In
contrast, the latter field of application imposes demanding spec-
ifications concerning control accuracy. We  considered both the
aspects, control accuracy and energy-efficient operation. The core
components of the air-handling units are similar for both applica-
tion areas. In the following, a HVAC test plant dedicated for research
purposes will be described.

The test plant is capable of conditioning the dry-bulb air tem-
perature (hereinafter referred to as the air temperature only) and
relative air humidity and was designed to perform real-world con-
trol experiments. It consists of standard industrial components;
hence the obtained results are closely related to the above-
mentioned industrial systems. Fig. 1 shows a picture of the plant.
The fundamental components of the plant are a fan, the heating and
cooling coils and a steam humidifier. The heating coils are used to
increase the air temperature, while the cooling coils are required
to decrease the air temperature and to dehumidify air. The relative
air humidity can be increased using the electrically actuated steam
humidifier. Next to these devices, air dampers and filters, as well as
measurement equipment, are installed. The operating mode of the
test plant is set via the air dampers and the choice of the actuators.
In the problem set-up given in the following, only a subset (shaded
in Fig. 1) of the available actuators will be used.

The conditioned air is transported to a neighbouring factory hall,
i.e., in Fig. 1, the lower damper on the left-hand side is closed,
whereas the upper damper on the left-hand side is open. The
controlled variables are the air temperature and the air relative
humidity in the supply air duct to the factory hall, y1 in K (or in
◦C, where y1 in ◦C = y1 in K—273.15) and y2 in % relative humidity,
respectively. As actuators, the cooling coil 2 (u1) and the heating
coil 2 (u2) are used. The cooling and heating power of the coils is
adjusted with the help of valves. In the case of the cooling coil,
the mass flow of cool water is adjusted, whereas in the case of the
heating coil, the water inlet temperature of the fluid is adjusted
by mixing with the cold return water. The hot and cool water
supply temperatures for the heating and cooling coil hydraulic cir-
cuits are considered as the measurable disturbances d1 and d2,
respectively. The air temperature d3 and the relative air humid-
ity d4 at the inlet of cooling coil 2 are measurable disturbances
the water loops of the heating and cooling coil 2 are presented in
Fig. 2. All the figures that present the temperature show the tem-
perature units in ◦C (and not in K) due to it being a more natural
presentation.
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Fig. 1. Photograph and schematic

.2. Fuzzy modelling

A typical fuzzy model in the T–S form [78] can be given with the
ules Rj, which locally describe the linear input–output relations of
he state-space system

Rj : if xp1(k) is Pj,1and ... and xpq(k) is Pj,q
then xm(k + 1) = Am,jxm(k)+
+Bm,jum(k − TDm ) + Rm,j(k),

(1)

Fig. 2. The water loops of the heating and cooling coil 2.
sentation of the HVAC test plant.

where k is a time sample, xm are the system states, um are the system
inputs, Am,j is a system matrix, Bm,j is the input matrix and Rm,j is
the residual vector of the fuzzy model for every rule, and TDm is the
time delay, which can be estimated from the system responses. The
q-element vector xT

p (k) = [xp1(k), . . .,  xpq(k)] represents the premise
of the fuzzy system, and Pj,q are the fuzzy sets, where j = 1, . . . nf
represents the number of all fuzzy rules. Also r-element vector xT

c
(k) = [xc1(k), . . .,  xcr(k)], usually referred to as consequence vector,
represents the input to the fuzzy system.

The model output can be determined based on the fuzzy rules
and the associated values of the membership function. The whole of
the discrete system output with the use of T-norm [79] is as follows

xm(k + 1) =

nf∑
j=1

q∏
i=1

�Pj,i
(xpi)�(xm, um, Rm,j, k)

nf∑
j=1

q∏
i=1

�Pj,i
(xpi)

,

�(xm, um, Rm,j, k)

(2)
= Am,jxm(k) + Bm,jum(k − TDm ) + Rm,j(k),

where �(xm,um,Rm,j,k) is a linear function and �Pj,i(xpi) is a real func-
tion that produces the membership grade of the variable xpi (i = 1,
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Table 1
Fuzzy model parameters.

Symbol Description Unit

y1(k) First controlled variable, the air
temperature

K (◦C)

y2(k) Second controlled variable, the air
relative humidity

%

u1(k) First actuator, the valve opening for the
cooling coil 2

%

u2(k) Second actuator, the valve opening for
the heating coil 2

%

d1(k) First measurable disturbance, the hot
water supply temperature for the
heating coil hydraulic circuit

K (◦C)

d2(k) Second measurable disturbance, the cool
water supply temperature for the cooling
coil hydraulic circuit

K (◦C)

d3(k) Third measurable disturbance, the air
temperature at the inlet of cooling coil 2

K (◦C)

d4(k) Fourth measurable disturbance, the air
relative humidity at the inlet of cooling

%

lation. A lot of data normally means a more accurate fuzzy model,
but the data from the real-world plant would probably be shorter.
There is no problem with building the fuzzy model from lesser
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 . .,  q) with respect to the fuzzy set Pj,i. Eq. (2) can be simplified with
 partition of unity where the following functions

j(xp) =
∏q

i=1�Pj,i
(xpi)∑nf

j=1

∏q
i=1�Pj,i

(xpi)
(3)

ive information about the fulfillment of the respective fuzzy rule
n the normalized form, where it is obvious that the sum of ˇj(xp)
quals 1. By combining (2) and (3) the discrete fuzzy state-space
odel can be rewritten as a combination of the input and residual

ector responses of the system

xm(k + 1) =
nf∑

j=1

ˇj(xp)
[
Am,jxm(k)

+Bm,jum(k − TDm ) + Rm,j(k)
]

,

ym(k) =
nf∑

j=1

ˇj(xp)Cm,jxm(k),

(4)

here Cm,j is the output matrix of the fuzzy model for every rule
nd ym(k) is the output of the fuzzy model.

The approach requires a reliable input-output data set to
uild the T–S fuzzy model. The best way to obtain this reliable

nput–output data set is to make various open-loop experiments
n a real plant, of course if these kinds of experiments can be done
n a real process. The other possibility would be to build a detailed
athematical model of a real plant first, but that requires a lot

f effort. With the obtained mathematical model the simulation
xperiments can be carried out without any concerns and the lim-
tations that we can expect with real-world experiments. In the
ase that the real-world system can be excited properly, it can be
he single source of information for generating the input–output
ata used to obtain the required process model. When there are no
isturbances acting on the systems, this is typically possible and
he real-world measurements are the method of choice. In the case
hat the disturbances acting on the real world system during the
dentification experiments cover the required range/dynamics, the
se of the real-world signals is also possible. However, if this is
ot the case (e.g., the disturbances are prescribed and they do not
xcite the system properly during the identification experiments),

 mathematical model is required to generate the data.
We  built the T–S fuzzy model from the input–output identifica-

ion data (with a sampling time of 1 s) obtained from the detailed
VAC mathematical model [11,12] using the already-mentioned
ustafson–Kessel clustering method [55], and with the help of the
uzzy Identification Toolbox for the Matlab environment [80] the
uzzy parameters of the local linear models in 8 fuzzy clusters for
ach output were obtained.

We  used the smooth (Gaussian) membership functions with the
projected” option provided in the mentioned toolbox. Due to the
nite length of the identification signal and the finite number of
ifferent input values, not all operating points can be met, but
e took range 280.15–321.15 K (7–48 ◦C) for y1 and 8–100% for

2 into account. We  obtained the T–S fuzzy model of the struc-
ure ym(k + 1) = f(ym(k),um(k)), which was then transformed to the
tate space form. The antecedent vector consisted of eight elements,
he process outputs, the process inputs and four measurable dis-
urbances (or external process inputs) in each step, xT

p (k) = [y1(k),
2(k), u1(k), u2(k), d1(k), d2(k), d3(k), d4(k)]. We  obtained the model
arameters for both outputs that multiply the associated elements
f the consequent vector xT

c (k) = [y1(k), y2(k), u1(k), u2(k), d1(k),

2(k), d3(k), d4(k), rf(k)]. Our consequent vectors dimensions are
or one greater than antecedent vectors dimension due to pro-
osed controller structure and the need for the same number of
ystem inputs and outputs due to the inverse matrix calculation.
coil 2
rf(k) Residual of the fuzzy model /

The symbols, descriptions and units of the fuzzy model parameters
are gathered in Table 1.

There are many fuzzy models of various forms and structures,
also various fuzzy identification methods are being used, but we
have chosen the described ones due to their simplicity. In Fig. 3
are the results of the model identification, from which we  calcu-
lated the root-mean-square (RMS) error values of 2.3 K and 6.7%
for the two signals, respectively, and in Fig. 5 are the results of the
model validation, where the RMS  error values were 2.3 K and 8.9%
for the two  signals, respectively. In both figures the solid blue line
is the process and the dashed red line is the model signal. The vali-
dation input-output data was also obtained from the mentioned
HVAC mathematical model. In Figs. 4 and 6 the measured distur-
bances from the identification and the validation are presented.
We consider the mixed-air dry-bulb temperature and the relative
humidity–these are the disturbances d3 and d4. For our experi-
ments, the knowledge of these “mixed-air properties” is sufficient,
since the mixed air is the “input” to our cooling coil, i.e., to our
first actuator. The mixed-air properties of course depend on the
outer air and the return air, but a detailed knowledge of them is
not required in our experiments, because the mixed-air dry-bulb
temperature and the relative humidity are measured directly.

Figs. 5 and 6
For the identification and validation we used a lot of data

because we  could generate it using a mathematical model simu-
Fig. 3. Identification of the fuzzy model outputs.
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Fig. 4. Four measurable disturbances by the identification.

ata, although the fuzzy model might be less accurate then. The
roposed approach in Section 3 is very robust to the real process-
uzzy model differences, so we could expect similar closed-loop
erformance also with a less accurate fuzzy model. The duration
f approximately one day for the excitation experiment proved to
e a good compromise with respect to the model accuracy and the
equired identification signal length.

. Fuzzy model-based multivariable predictive functional
ontrol

.1. Control algorithm
Here we present the extension of the basic principles of the pre-
ictive functional control, which are very solid, natural and easy to

Fig. 5. Validation of the fuzzy model outputs.

Fig. 6. Four measurable disturbances by the validation.
dings 82 (2014) 520–533

understand. The graphical representation of the major steps for the
proposed approach design are presented in Fig. 7.

In step 1 a Fuzzy Model is developed–in substep 1 the
Input/Output data are measured, then in substep 2 the Fuzzy Identi-
fication is performed and in substep 3 the Fuzzy Model is validated
in verified. If the Fuzzy Model is not as expected, we must repeat
substep 1. In step 2 the FMBMPC Controller is designed–in sub-
step 4 the Control demands are set and in substep 5 the Controller
Parameters are calculated and adjusted (if needed). If the Controller
is not feasible, we must go back to substep 4. In step 3 in substep
6 the closed-loop simulation tests are carried out, and if the simu-
lated system performance is bad, we  have to repeat substep 5. In
step 4 in substep 7 the Code is generated and transferred to the PLC,
and in substep 8 the closed-loop real-world tests are carried out. If
the real-world system performance is not good, we  have to go back
to substep 6. In the end in substep 9 the results are evaluated and
compared.

The basis of the predictive control algorithm in general is the
explicit use of a dynamic process model to predict the future
process-output behaviour over a finite horizon and to evaluate the
control in such a way so as to minimize the chosen cost function.
The predictive control law is in general obtained by minimizing of
the following criterion

J(u, k) =
N2∑

l=N1

(ym(k + l) − yr(k + l))2

+�

Nu∑
l=N1

u2(k + l),

(5)

where ym(k + l), yr(k + l) and u(k + l) stand for the l-step-ahead pre-
diction of the model output signal, the reference trajectory and
the control signal. N1, N2 and Nu are the minimum, maximum and
control horizon, and � weights the relative importance of the con-
trol and output variables. For each time step the optimal control
sequence according to the criterion is obtained, but only the first
element is used and applied. The goal of the control is to determine
the future control action so that the predicted output trajectory
coincides with the reference trajectory that is given in the form
of the reference model. Only one coincidence point (horizon) is
assumed (N1 = N2 = Nu), which is called the coincidence horizon (H).
Instead of minimizing the criterion function it is assumed that at the
coincidence horizon the predicted output value coincides with the
reference trajectory. The prediction is calculated using the known
strategy of mean-level control [81] under the assumption of con-
stant future manipulated variables u(k) = u(k + 1) = . . . = u(k + H − 1).
The main idea of the PFC is the equivalence of the objective incre-
ment of the process �p and the model output increment �m.

The problem of the delays in the plant is circumvented by con-
structing an auxiliary variable that serves as the output of the plant
if there are no delays present. A discrete, non-delayed stable pro-
cess model must be given in the state-space form with the matrices
Am,j, Bm,j, Cm,j, and Rm,j

x0
m(k + 1) =

∑
j

ˇj(xp)
[
Am,jx

0
m(k)

+Bm,ju(k) + Rm,j(k)
]

,

y0
m(k) =

∑
j

ˇj(xp)Cm,jx
0
m(k),

(6)

where xm
0 is the non-delayed model state vector and ym

0 is the

non-delayed model output. The stability of the system can be guar-
anteed with the matrix Am,j eigenvalues checking and using one
of the criterions for the fuzzy systems stability, for example LMI
used in [82]. The frozen-time theory [83,84] makes it possible to
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nd a relation between the nonlinear dynamical system and the
ssociated linear time-varying system

x0
m(k + 1) = Āmx0

m(k) + B̄mu(k) + R̄m(k),

y0
m(k) = C̄mx0

m(k),
(7)

here we  can write Ām =
∑

j

ˇj

(
xp(k)

)
Am,j , B̄m =

j

ˇj

(
xp(k)

)
Bm,j , C̄m =

∑
j

ˇj

(
xp(k)

)
Cm,j , and R̄m =

j

ˇj

(
xp(k)

)
Rm,j .

Based on the above-mentioned assumptions and with the help
f Eq. (7) we  can obtain an H-step-ahead prediction of the non-
elayed model

y0
m(k + H) = C̄m

[
Ā

H
mx0

m(k)

+
(

Ā
H
m − I

)(
Ām − I

)−1 (
B̄mu(k) + R̄m

)]
,

(8)

here I is an identity matrix. The reference model is given in the
orm

xr(k + 1) = Arxr(k) + Brw(k),

yr(k) = Crxr(k),
(9)

here xr is the reference model state vector, w is the reference
ignal and yr is the reference model output. The matrices Ar (system
atrix), Br (input matrix) and Cr (output matrix) of the reference
odel must satisfy the equation

r(I − Ar)−1Br = I, (10)

hich enables reference-trajectory tracking due to the unity gain
or each channel. We  can use a first-order reference model, and so
ts matrices become diagonal. Furthermore, we  can choose Cr = I,

hich must lead to Br = I−Ar. The reference model prediction using
qs. (9) and (10) can then be given as

r(k + H) = AH
r yr(k) +

(
I − AH

r

)
w(k), (11)

here a constant and bounded reference signal w(k + i) = w(k), i = 1,
 . .,  H is assumed. If we  take into account the main idea of the PFC
pproach and the reference-trajectory tracking yr(k + i) = y0

p (k + i),
 = 1, . . .,  H, where y0

p represents the nondelayed process output, we
an rewrite (11) as

(k + H) − yr(k + H) = AH
r (w(k) − yr(k)) , (12)

nd as a result we obtain

0
p(k + H) = w(k + H) − AH

r

(
w(k) − y0

p(k)
)

. (13)

The objective increment of the process that follows from Eq. (13)
s defined as

�p = yr(k + H) − y0
p(k)

= w(k + H) − AH
r

(
w(k) − y0

p(k)
)

− y0
p(k).

(14)

The non-delayed process output is not directly measurable, so
e estimate it with the available signals

0
p(k) = yp(k) − ym(k) + y0

m(k), (15)
here yp represents the process output. After that the objective
ncrement of the model is defined as

m = y0
m(k + H) − y0

m(k). (16)
dings 82 (2014) 520–533 527

Next, we equate both the objective increments from Eqs. (14)
and (16), and introduce Eq. (8). With some additional calculations
we obtain

G0u(k) =
(

I − AH
r

)  (
w(k) − y0

p(k)
)

−GR − C̄mĀ
H
mx0

m(k) + y0
m(k),

(17)

where the new matrices are G0 = C̄m

(
Ā

H
m − I

)(
Ām − I

)−1
B̄m and

GR = C̄m

(
Ā

H
m − I

)(
Ām − I

)−1
R̄m.

Introducing Eq. (15) into (17) we finally obtain the control law
of the FMBMPC algorithm in an analytical form

u(k) = G−1
0

×
[(

I − AH
r

)  (
w(k) − yp(k) + ym(k)

)
+

(
AH

r C̄m − C̄mĀ
H
m

)
x0

m(k) − GR

]
.

(18)

Note that the control law Eq. (18) is realizable if the matrix G0
is non-singular. Scheme of the FMBMPC controller is presented in
the Fig. 8.

3.2. Controller tuning rules

The advantage of the predictive functional controller compared
to the alternatives is the easy tuning due to there being only a few
controller parameters that need to be set. The first requirement is,
of course, to have the fuzzy plant model written in the non-delayed
discrete state-space form with the matrices Am,j, Bm,j, Cm,j and Rm,j,
which can be obtained from the fuzzy model output parameters.
From here on there are just two controller parameters to tune: the
discrete reference model matrix Ar and the coincidence horizon
H. We investigated the FMBMPC controller’s behaviour and perfor-
mance using the different parameter settings on various simple and
complex models.

The discrete reference model matrix Ar can be presented as a
diagonal matrix of the reference model’s discrete time constants

Ar =

⎡
⎢⎢⎢⎢⎣

ar1 0 · · · 0

0 ar2 · · · 0

...
...

. . .
...

0 0 · · · arn

⎤
⎥⎥⎥⎥⎦ , (19)

where n stands for the number of model states and arn are the dis-
crete time constants of each reference model output. Following that
we can present the tuning rules for the FMBMPC parameters like

Trn = Tmn/3,

H≥�,
(20)

where Trn is the continuous time representation of arn given in
seconds and Tmn is the continuous time constant of each plant
model output. The horizon H is given as an integer in the time sam-
ples. Note that the relative degree � is the difference between the
number of poles and the number of zeroes of the system. H ≥ � is
only valid for stable open-loop systems with all open-loop trans-
mission zeroes inside the unit circle. In other cases the setting H > �
must be used. The rules in Eq. (20) are similar to the rules used by
the linear multivariable predictive approach [58], but here we tight-
ened them slightly and in this form they can also hold for the linear
multivariable approach. The presented tuning rules in (20) were

obtained on the basis of FMBMPC approach performance testing
on various simple and complex models.

The presented tuning rules are, in general, some guidelines,
which normally give good results, if we  consider the trade-off
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Fig. 7. Illustration of the major st

etween the robustness and the performance of the controlled sys-

em. Of course, the control requirements can be different, so we  can
lso set the controller parameters either higher or lower. However,
e must be careful because a lower Trn means a tighter control loop,

nd so the closed loop can become unstable. A lower H also means
r the proposed approach design.

a faster control loop and so a lot of noise can be propagated through

the closed-loop system.

The stability issues of the proposed approach are here not
addressed, since the main idea is the real-time PLC implemen-
tation and very accurate and energy-efficient real-world results.
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Fig. 8. FMBMPC controller scheme.

e are aware of the stability issues and will address them in our
uture work. Here we examined the previous findings [66], where
he stability of the control algorithm regarding the parameter H
as studied for the fuzzy SISO approach, and which can also be

xtended for the fuzzy MIMO  approach. If H is less than the maxi-
um  relative degree � of the plant model, the matrix G0 becomes

ingular and the control law is not applicable. When H is equal to �,
he obtained closed-loop control is only stable if all the open-loop
ransmission zeroes are inside the unit circle. And when H tends
o infinity the system matrix of the closed-loop system goes to the

odel system matrix, from which we can conclude that a stable
ontrol law can always be obtained for open-loop stable systems,
ven if some open-loop transmission zeroes are outside the unit
ircle when a suitable H is used. The details of these conditions can
e found in [66], which are also true for the presented approach.

. Implementation

.1. Fuzzy predictive approach

The fuzzy modelling, the fuzzy model, its parameters and the
esults are already presented in Subsection 2.2. A sampling time (Ts)
f 1 s was used. The FMBMPC controller scheme was  designed in the
atlab/Simulink environment with code-generation compliance,

rom which we were able to produce the C code for a real-world
rogrammable logic controller (PLC).

From the detailed HVAC system mathematical model output
ata we estimated the first-order approximations of the time
onstants, which we can write as Tmc = 190 s for cooler to temper-
ture, and Tmh = 150 s for heater to relative humidity. The same
ay we estimated the delays, where the direct branch delays

ccounted for were Dmc = 60 s and Dmh = 7 s, for the cooler and
eater respectively. With FMBMPC we try to nullify the multi-
ariable interactions, so the reference models’ system matrix has
nly diagonal elements different than zero. The cross-correlated
elays are not needed, as the discrete time constants of the cross-
orrelations in Eq. (21) are zero.

In Eq. (20) we presented some general tuning rules for the fuzzy
redictive approach, which hold perfectly for the relative humid-

ty, but for the temperature we had to use slightly faster rules, due
o the control performance demands. During the real-world exper-

ments we found that the presented tuning rules give satisfactory
esponses for the relative humidity, but slightly too slow responses
or the temperature. Presented in numbers, Tmc/3 would be 63.3 s,
Fig. 9. PI control strategy for the HVAC plant.

but we had to use Tr1 = 50 s, and Tr2 = Tmh/3 is 50 s. In terms of Eq.
(19) this means

Ar =
[

0.9802 0

0 0.9802

]
. (21)

For the horizon we determined H = 10, and so not too much
noise is propagated through the closed-loop system (the minimum
regarding (20) would be H = 1).

4.2. Classical PI approach

The proposed concept is compared against a PI control strategy
that is widely used to control HVAC systems in industrial practice
[1,3,85]. Two  separate PI controllers are designed, one for temper-
ature and one for relative humidity control. The coupling of the
controlled variables is neglected in this approach. The temperature
control is performed with the help of the cooling coil, and relative
humidity control with the help of the heating coil. Of course, the
humidity ratio expressed in kg of water per kg of dry air cannot
be altered via the heating coil. In the presented setup, the rela-
tive air humidity expressed in percent represents the controlled
variable y2. Since the relative air humidity is a function of the air-
humidity ratio and the dry-bulb temperature, y2 can be influenced
indirectly by adjusting the temperature, which is done via the heat-
ing coil. This—initially wrong—assignment between the actuators
and the controlled variables proved to be a well-suited architecture
in practice when multiple PI controllers are used to control the dry-
bulb temperature and the relative air humidity. Fig. 9 shows the
structure of the control loop.

The parameters of the PI controller were set empirically by a
company specialized for controller tuning in HVAC applications.
However, systematic approaches based on describing the function
analysis to avoid limit cycles can be found in [86]. The PI controllers
were implemented on the PLC including an anti-windup strategy.
The parameters proportional gain KP,T and KP,Hr, and the reset time
Ti,T and Ti,Hr of the controllers were set to

KP,T = 12,  Ti,T = 200 s,

KP,Hr = 2, Ti,Hr = 450 s,
(22)

where the subscripts T and Hr denote the PI controller for temper-
ature and for relative humidity, respectively.

5. Results and discussion

Using the controller settings from the previous section we
obtained the following results in Figs. 10 and 11 on a temperature-
relative humidity profile lasting almost 9000 s with the following
• first, the temperature was  raised from 293.15 K (20 ◦C) to 302.15 K
(29 ◦C),
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From Figs. 13 and 14 (and Figs. 15 and 16) it is clear that the
Fig. 10. The system and the controller temperature output.

and right after that the relative humidity was lowered from 60%
to 35%,
next, the temperature was lowered back to 293.15 K (20 ◦C), and
the relative humidity was  raised back to 60%,
after that the temperature was raised to 295.15 K (22 ◦C) and
lowered back to the initial 293.15 K (20 ◦C), while the relative
humidity stayed constant.
Finally, the relative humidity was raised to 70%, and again low-
ered back to the initial 60%, with constant temperature.

The temperature–relative humidity profiles in this section were
hosen from the points in the Mollier diagram that were possible
o reach.

In all the figures in this section the solid blue line is the signal
ith the FMBMPC approach, the solid black line is the reference

ignal, and the solid green line is the FMBMPC approach actuator
ignal.

In Figs. 10 and 11 we can see only the results with the FMBMPC
pproach, since we do not have the PI approach measurements
n the mentioned temperature-relative humidity profile. Around

 time of 4000 s we can see some lack of insignificant data, which
s due to lost communication with the PLC. This happened acci-
ently and is just a coincidence, but it is not the same case as in
igs. 13–16, because the PI response tests were carried out in a sep-
rate experiment. From Figs. 10 to 12 it is obvious that the missing
ata is insignificant. Since the relevant data is available (the transi-
nts are completely available to judge the dynamic behaviour, and
ome parts with constant references are available to judge the fixed
et-point control), we decided to take these measurements for pre-
entation in the paper and we did not repeat the measurement. In
ig. 12 the measured disturbances from the first set of the results

re presented.

Generally, we obtained very good results, where the overshoot
as never more than 1 K for the temperature and always below 5%

Fig. 11. The system and the controller humidity output.
Fig. 12. Four measurable disturbances by the first set of the results.

for the relative humidity. We measured the RMS  error value, which
was 1.6 K for the temperature, and 3.4% for the relative humidity.

To compare the results to a classical PI approach, additional
experiments were performed on a different temperature-relative
humidity profile lasting almost 6000 s with the following steps:

• at the same time the temperature was  raised from 293.15 K
(20 ◦C) to 302.15 K (29 ◦C), and the relative humidity was  lowered
from 50% to 32%,

• next, again at the same time the temperature was lowered back
to 293.15 K (20 ◦C), and the relative humidity was  raised back to
the initial 50%,

• after that the relative humidity remained constant,
• but the temperature was again raised to 295.15 K (22 ◦C) and then

lowered back to the initial 293.15 K (20 ◦C).

In the next figures the dashed red line is the signal with the clas-
sical PI approach, and the dashed magenta line is the PI approach
actuator signal.

The results are shown in Figs. 13 and 14, where we can see
some lack of the FMBMPC approach data around the times 1000 and
3000 s (the same lack of the data can be seen in Figs. 15 and 16),
which is due to a faster settling time and that is why we earlier
stopped the FMBMPC-approach data storing. First, the FMBMPC
response tests were carried out and after that we carried out the PI
response tests. The FMBMPC approach has a considerably shorter
settling time, so we  stopped the data storing earlier. After that we
detected a longer settling time using the PI approach, but could
not repeat the FMBMPC response tests with longer data store.
FMBMPC responses are settled and that again the missing data
is insignificant. The focus of these experiments was to investi-
gate the transient response of the FMBMPC approach compared

Fig. 13. The system and both controllers’ temperature outputs.
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Fig. 14. The system and both controllers’ humidity outputs.
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ig. 15. Four measurable disturbances by the FMBMPC and PI approach experiment.

o the classic PI approach—especially concerning the energy con-
umption during the transients. Consequently, for our analyses, the
onsidered time spans for the PI and the FMBMPC experiments are
ufficient. In Fig. 15 the measured disturbances from the second set
f the results are presented, for the FMBMPC approach experiment
ith solid lines and for the PI approach experiment with dashed

ines.
We can indicate the main drawbacks of the classical PI approach,

hich are its questionable performance at some operating points,
 varying performance across the whole operating range, a slower
rrival to the exact set point, a poorer performance by the dis-
urbance rejection, and a more oscillating response. In general,
he accuracy and the disturbance rejection are significantly worse
hen using the classical approach. Again, the overshoot by the
MBMPC approach is never more than 1 K for the temperature and
lways below 6% for the relative humidity.

We also measured and compared the performance using the
MS  error value. For the temperature output we obtained the values

Fig. 16. Both controllers’ electrical power consumption.
dings 82 (2014) 520–533 531

7.1 K and 7.9 K, and for the relative humidity output the values
12.2% and 15.8% for the FMBMPC and PI approaches, respectively,
from which we  can also see that the proposed FMBMPC control
algorithm outperforms the classical PI approach. In terms of the
percentage, that means slightly more than 12% better for the tem-
perature control, and almost 30% better for the relative humidity
control.

We investigated and compared also energy consumption. Since
the consumption in steady state is very similar for both approaches,
we concentrated only on the consumption until steady state for
both outputs is reached. We  defined the desired range from the set
point for the temperature as +/−0.5 K, and for the relative humidity
+/−3% (by the first step) and +/−2% (by all other changes). We
calculated the consumed energy as

Wc = Pc · tc = �mf · cw · (ϑin − ϑout) ·  tc, (23)

where Wc stands for consumed energy, Pc stands for consumed
power, tc stands for operating time, �mf stands for water mass flow,
cw stands for water specific heat capacity, ϑin stands for the inlet
water temperature and ϑout stands for the outlet water temper-
ature. In the next figure the solid blue line is the power with the
FMBMPC approach and the dashed red line is the power with the
classical PI approach.

In Fig. 16 the consumed power for both approaches is pre-
sented. The consumed power is presented in kW units (and not
in kg·m2·s−3) due to it being a more natural presentation. In the
same time span the FMBMPC approach consumes more energy, but
it reaches the desired range before classical PI approach, which is
less effective. To reach similar or worse results the control with
the PI approach lasts longer and so the energy consumption of the
proposed predictive algorithm is lower. Altogether we consume
75,240,000 kg m2 s−2 (20.9 kW h) of energy with the PI approach,
and just 42,120,000 kg m2 s−2 (11.7 kW h) of energy with FMBMPC
approach. The difference is obvious, with the proposed FMBMPC
approach we consume 33,120,000 kg m2 s−2 (9.2 kW h) or 44% less
energy.

If we compare the unsteady time period and the steady time
period of the responses, the unsteady time period represents a
shorter portion of the response. The energy-consumption compar-
ison is highly dependent on the usage type of the HVAC system.
Where set point changes are very frequent (for example, in the inlet
air conditioning of combustion-engine test benches), the FMBMPC
approach would save a lot of energy. Of course, where the set
point changes are rare (and the set points are mostly constant),
there would not be much difference in the energy-consumption
between the presented approaches. For example, in the buildings
there can be different temperature–relative humidity profiles for
all four seasons, even different for the day and the night. The pro-
files can be changed depending on the room or office occupancies,
or even according to the schedule (for example, some conference
rooms are occupied two hours in the morning and three hours in
the afternoon). All these examples mean a relatively frequent set
points change and in this case the proposed FMBMPC approach
would save a considerable amount of energy.

Many HVAC systems are only operated during daytime, and
during the night they are switched off or at least the set-points
are changed to settings with less energy consumption during the
night. With the proposed approach, the time required to switch
on the system (or to change to the daytime set-point) requires
the mentioned 44% less energy, as the measurement shows for
some exemplary set-point changes. The overall energy efficiency
improvement considering the whole operating time of the sys-

tem is of course much smaller than the 44% savings during switch
on/set-point change. An overall energy-efficiency improvement is
strongly dependent on the type of operation and therefore we can-
not make reliable estimates here. Systems that are only operated
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n some days of the week (e.g., the air conditioning of event halls,
eminar rooms, etc.) and industrial systems with many set-point
hanges considerably profit from the proposed method. So, in con-
lusion, there are many HVAC systems that can profit from the
roposed control concept, especially those types of systems men-
ioned above.

. Conclusions

We  extended our previous researches in the predictive func-
ional control field with a fuzzy model-based multivariable
redictive functional approach, which was studied in simulations

mplemented in a Matlab/Simulink environment on a mathemati-
al model of a HVAC system, and then implemented and tested on a
eal-world test plant with PLC using code generation and produced

 code. The process exhibits a nonlinear and multivariable nature,
nd in this way the chosen control algorithm matches well with the
pecialties of the mentioned natures.

The main advantage of the proposed FMBMPC control is in the
ase with which it can be understood, its relatively simple design
nd its high-quality control performance. Of course, the relatively
imple design is meant after the obtained fuzzy model and with use
f the proposed tuning rules. To obtain the fuzzy model is not a sim-
le task, but it can be simplified with the various tools. We  built the
uzzy model using the Gustafson–Kessel clustering method with
he help of the Fuzzy Identification Toolbox for the Matlab envi-
onment. We  also presented general tuning guidelines, which gave
ood results considering the trade-off between the robustness and
he performance. In terms of the percentage, the control perfor-

ance is 12% better using the temperature control and almost 30%
etter using the relative humidity control. The consumed-energy
omparison showed that using the proposed approach we consume
4% less energy.

After the comparison of the proposed controller approach with
lassical PI control, we can highlight the main advantages of the
MBMPC algorithm, which are its very good performance across the
hole operating range, only a slight variation in the results at all the

perating points, the quick rise times and the small overshoots, the
uperior performance by the disturbance rejection and the great
ultivariable interactions handling. After the energy consumption

omparison we can also say that the FMBMPC approach is not only
ore effective, but also more energy-efficient.
Our future work will be based on further optimization of the

MBMPC controllers’ C code for the PLCs’ so that it will be as simple
nd computational undemanding as possible. We  will make further
ests on the proposed algorithm using the real-world HVAC plant
s well as performance comparisons with other MPC  approaches.
t would also be very interesting to test the FMBMPC control
lgorithm on other real-world plants, like batch reactors, heat
xchangers, furnaces, pressure vessels, etc., to see if the perfor-
ance is similarly very good.
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60] A. Preglej, R. Karba, I. Steiner, I. Škrjanc, Mathematical model of an autoclave,
SV-Journal of Mechanical Engineering 57 (6) (2011) 503–516.

[

[

dings 82 (2014) 520–533 533
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65] I. Škrjanc, S. Blažič, S. Oblak, J. Richalet, An approach to predictive control of
multivariable time-delayed plant: stability and design issues, ISA Transactions
43  (4) (2004) 585–595.
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