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a  b  s  t  r  a  c  t

Model  predictive  control  (MPC)  is highly  suitable  for  building  heating  and  cooling  control  because  it
exploits  disturbance  predictions,  obeys  constraints,  and  enables  optimal  building  operation  in  terms
of  user  comfort  and  energy  efficiency.  This  work  presents  a  highly  efficient  nonlinear  modular  MPC
concept.  It optimally  controls  both,  heating  and  cooling  activities  in  a  low-energy  office  building  simul-
taneously.  Relevant  system  nonlinearities  are  considered  through  a nonlinear  prediction  model,  an  LTI
MPC optimization  step,  and  an efficient  mixed-integer  mapping  to setpoint  temperatures  in the building.
The  involved  optimization  problems  are  efficiently  solvable  and  enable  realtime  control,  and  the con-
troller  structure  allows  for  retrofitting  and  can  directly  be incorporated  into  the  existing  building  control
obustness
o-simulation
PC
ixed-integer optimization

infrastructure.  A  clear  formulation  of  thermal  user  comfort  and  energy  efficiency  allows  straightforward
tuning.  Excellent  control  performance  and  robustness  are observed  in detailed  co-simulation  studies,
significantly  outperforming  a  classical  rule-based  reference  control  law.  Possible  approaches  to  analyze
robust  stability  of  the  controlled  system  are discussed  and  related  to results  of  robust  TS-fuzzy  system
analysis.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

.1. Motivation and overview

The residential and commercial building sectors consume about
0% of the end use of energy world wide. The main part of about
5% accounts to heating, cooling, ventilation and preparation of hot
ater. Energy savings in the building sector thus contribute signifi-

antly to world-wide energy usage reduction. To secure the energy
upply, the European Union declared that improving energy effi-
iency is the best way to guaranteeing energy security. A change of
nergy end use will thus play a major role in the reduction of green-
ouse gases and pollution produced by the combustion of fossil
uels [1,2].
The control task in the present context is to provide satisfactory

hermal user comfort at minimum energy consumption by a

∗ Corresponding author.
E-mail addresses: alexander.schirrer@tuwien.ac.at (A. Schirrer),

randst.markus@gmx.at (M.  Brandstetter), ines.leobner@tuwien.ac.at (I. Leobner),
tefan.hauer@ait.ac.at (S. Hauer), martin.kozek@tuwien.ac.at (M.  Kozek).

ttp://dx.doi.org/10.1016/j.enbuild.2016.04.029
378-7788/© 2016 Elsevier B.V. All rights reserved.
suitable building controller. A low-energy office building serves
as basis for modeling, control design, and co-simulation-based
validation.

Model Predictive Control (MPC) for building control has seen
strongly increasing research interest in the last years: to tap the full
energy-saving potential of actively controlled buildings (or enable
active, optimal demand response in interaction with a smart energy
grid), it is essential to exploit available predictions of the relevant
disturbance effects (such as weather, solar radiation, occupancy,
time-varying grid limitations, or dynamic pricing of grid energy).
Also, system constraints typically have to be obeyed (e.g. limits on
heat flow and temperature variation). These issues are optimally
addressed by MPC  which employs predictions of the future states
of the system over a suitable horizon and optimizes, at each samp-
ling instant, a sequence of control signal values so that a predefined
objective is minimized while obeying the considered constraints.
First experiments indicate a high energy saving potential for build-
ing systems that can be realized by using MPC  instead of classical

controllers such as Rule-Based Control (RBC) [3].

As outlined in [4], most building MPCs utilize linear time-
invariant (LTI) prediction models of the building thermal behaviour.
The resulting optimization problems (typically linear or convex
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uadratic programs) are efficiently solvable, and various efforts
ave been made to extend these controllers’ performance, robust-
ess, and applicability. The resulting control input signals are often

ntermediate quantities (such as heat flows) that still need to
e realized in the building services control system, for example
ia hierarchic or cascaded control schemes [5]. However, mod-
rn low-energy buildings often rely on energy supply services
nvolving switched aggregates (e.g. heat pumps) or on/off-valves
o distribute a centrally supplied feed flow to numerous building
ones. Considering these nonlinearities correctly in optimization-
ased control allows to tap the full energy-saving potential of
uch building systems. The resulting hybrid system dynamics
sually require high effort to solve optimal control problems;
irectly considering these effects via MPC  typically generates
ixed-integer optimization problems which quickly become

ntractable for real-time optimization when model complexity
ncreases.

These aspects clearly show the need for an efficient MPC  concept
hat addresses the relevant nonlinearities and fulfills realtime and
etrofitting requirements. The modular MPC  concept proposed in
his work will be designed to fulfill these requirements.

.2. Building model and nonlinearities

To model the building dynamics for MPC, a balanced complexity
rade-off has to be found: the model has to be simple enough to be
olved in an adequate amount of time but complex enough to repro-
uce the dynamics of the real building with sufficient accuracy. The
odeling strategy is important, since obtaining the building model

an be a time-demanding process, and it is crucial for the success of
PC  [4]. A detailed discussion on advantages and disadvantages of

ifferent modeling strategies is given in [6]. To model the thermal
uilding and building services behaviour, a common classification
f the model type is

black-box modeling as in [7–10],
grey-box modeling with parameter identification as in [3,11–13],
or
white-box modeling as in [14,15].

Since for most new buildings extensive plan data are at hand,
 white box modeling approach is chosen here. The model offers
hysical insight and reduces the need for on-site identification
rocedures. Difficulties of the identification process related to the
ersistent excitation property and the closed-loop nature of the
odel can be avoided [6,12].
Special care in modeling is required to adequately address the

onlinear and switching behavior of the building and the heating,
entilation and air conditioning (HVAC) system. Building models
ith nonlinear elements have been utilized in existing works: in

15], the state-space model is bilinear, taking into account the
eduction of the solar radiation by pitching of window blinds. A
tatic nonlinearity is compensated in [13] between the heat flux of
he radiators and the temperature difference between inlet water
emperature and zone temperature. Smooth nonlinear complex
ystems comprised of a set of local linear models are identified
n [10]. A nonlinear model is the basis of the MPC in [14] where

 chilling system is presented. However, the approach presented

n the present work using a white-box nonlinear model is a novel
dea.

Nonlinearities concerning switching parts of the building can
e addressed in the MPC  algorithm. These hybrid systems [16]
re formulated for buildings in [14]. Nonlinear cost functions are
ormulated for example in [11,17].
ildings 125 (2016) 86–98 87

1.3. Model predictive control in buildings

Building MPC  has received considerable and sharply increasing
research interest in the last years, see [18,4]. The authors of [18]
discuss the trade-off between energy consumption and room com-
fort for occupants. In fact, MPC  has two possibilities to improve the
performance of buildings compared to RBC: Load shifting or active
storage of energy, and optimizing the efficiency of the component
mechanisms. Load control of the building mass is presented already
in [19]. In that study the author points out that the saving potential
is sensitive to weather conditions and occupancy schedules. The
importance of occupancy information for MPC  is presented more
profoundly in [20].

The use of prediction data for MPC  is crucial, but it is subject to
uncertainties as mentioned in [18,4]. The uncertainty of predicted
data (weather and internal gains) causes violations of the comfort
criteria. This problem is taken into account in [21,22] by two con-
cepts: Stochastic MPC  and Randomized MPC, resulting in a robust
controller for uncertain weather and internal gain predictions.

Several simulation studies concerning building MPC are per-
formed e.g. in [17,22,23]. The authors in [12,13,24] perform
simulation studies for intermediate heated buildings, defined by a
change of the room reference temperature during off-hours. This is
also considered here for the office building controlled in this paper.

Recent experimental results show the potential of MPC  in build-
ings: An online full-scale implementation of an MPC  for an HVAC
system is presented in [11]. The results of the MPC  are delivered
as set points to the controllers of the lower control level. The
energy consumption is reduced by up to 60% compared to RBC.
In [14] an HVAC MPC  for a chilling system is presented. The con-
troller improved the coefficient of power (COP) by 19.1% when
being implemented at the University of California, Merced cam-
pus, USA. Experiments using thermally activated building systems
are presented in [3,7]. While in [7] only predictions of the outside
temperatures are utilized, Ref. [3] performs the experiments with
weather and occupancy predictions. In both articles the MPC  is
compared to RBC or similar control strategies. The authors state
an energy saving potential of about 20%.

Most of the MPC  consider either heating or cooling systems,
those being capable to optimize both heating and cooling of a build-
ing ventilation system simultaneously can be found in [9,11,23].
Only the publications concerning the OptiControl project report
simulations of cooling and heating thermally activated building
systems (TABS), see [15,21,22].

1.4. Proposed modular MPC concept for building control

This paper presents a novel model predictive controller scheme
for the heating and cooling system of a low-energy building using
prediction data for weather and internal gains (occupancy, lights). A
modular Model Predictive Control (MMPC) concept is devised that
fulfills the following requirements: realtime capability, detailed
modeling (16 states corresponding to 16 zone temperatures) of
a nonlinear hybrid dynamic building system, and direct integra-
bility into the existing building control system by providing TABS
temperature setpoint trajectories. The MMPC  exploits an available
nonlinear prediction model, adjusts the temperatures and heat
flows of the building system to optimize energy efficiency and
thermal comfort based on a linear thermal model, and maps the
resulting heat flows optimally to TABS setpoint trajectories via a
reduced-complexity mixed-integer optimization step. This way,

high control performance and robustness are obtained, computa-
tional effort is kept small so as to enable real-time control, and the
concept is well-suited for retrofitting of existing building control
systems.
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Fig. 1. Control scheme for MMPC, Tset are the set point temperature trajectories

for  the TABS, Tset,k+1 the TABS set points for the next time step k + 1, T̃0 are the
baseline trajectories, Q̇ are the trajectories of the heat flows to the TABS, Troom is the
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Fig. 3. Model structure of the building with the building services (basic automation

(CBUI/CBS) and simplified building models (SBUI/SBS) is given in
oom temperature, Pel is the electric power consumption, SBUI/SBS is the simplified
uilding and building services model.

The MMPC is structured as shown in Fig. 1. The control sig-
al computed by the MMPC  are finally the TABS temperature set
oints Tset which allow direct interfacing to the existing building’s

nterface. The MMPC  consists of 3 functional modules executed at
ach sampling step: first, the simplified nonlinear building and ser-
ices model (SBUI/SBS) is simulated using predicted disturbances
o provide a baseline prediction of temperatures T0 and heat flows
˙ 0 (module 1). Then, an LTI MPC  problem is solved to adjust the
eat flows (Q̇ -adjustment, module 2) to optimize the control objec-
ives and obey control constraints. Finally, the TABS setpoints are
btained by solving a mixed-integer optimization problem (Tset-
apping, module 3). Module 3 realizes the optimized heat flows

s closely as possible by the switching actuation behaviour caused
y the switching-valve hydraulic distribution of the feed line into
he TABS. This switching pattern is formulated as suitable TABS
etpoint temperature signals and fed to the subsystem controllers
resent in the building. The modular concept enables the con-
roller to approximate the globally nonlinear optimization problem

ell and to solve the decoupled subproblems efficiently. It is fur-

her shown that the MMPC  is robust to significant prediction and
odel errors. For co-simulation studies a high-fidelity white-box

Fig. 2. ENERGYbase low-energy offi
and  HVAC) and corresponding disturbances. Set point temperatures for the TABS
are denoted by Tset, Q̇ denotes the heat flows to the TABS, and TTABS the actual TABS
temperatures.

model, the complex building model and building services model
(CBUI/CBS), is used to replace the real building in the control loop.

The remainder of this paper is structured as follows: Section 2
describes the system model, the control problem and the con-
trol goals, which lead to the proposed MMPC concept. Section 3
describes the MMPC  in detail, followed by stability and robust-
ness considerations discussed in Section 4. Finally, building model
validation results and the results of detailed co-simulation stud-
ies demonstrate the high control performance and robustness in
Section 5, followed by conclusions in Section 6.

2. System model and problem statement

In the following, the investigated building, the nonlinear build-
ing modeling, and the model structures utilized for control design
and validation are outlined. In this context, the control goals are
then formulated, and specific difficulties in the control problem
highlighted, leading to the proposed modular MPC  concept as an
efficient solution.

2.1. Building description

The investigated building (ENERGYbase, see Fig. 2) is a low-
energy office building constructed according to the passive house
standard and is located in Vienna, Austria [25]. The ENERGYbase
is a 5-level office building and offers approximately A = 5000m2

office space. Its total annual electric energy demand for all HVAC
components is approximately E = 25 kWh/m2. The building heat-
ing/cooling system consists of a solar thermal system supporting
the two thermal heat pumps, supplied by two  well pumps, to pro-
duce the necessary heat flows for the TABS.

2.2. Building model structures

An overview of the system parts modeled in the complex
Fig. 3. The models each consist of three major parts: the HVAC
system, the building thermal dynamics itself, both described in
more detail below, and the control logics used to control HVAC

ce building in Vienna, Austria.
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Fig. 4. Heating and cooling system of the building. Parts of the simple/complex
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uilding services model (SBS/CBS) and the simple/complex building model
SBUI/CBUI). Floor i represents one of the 5 floors of the building.

evices based on set point and measured temperatures. The non-
inear and switching behavior of the building model as mentioned
n Section 1.2 mainly comes from the discontinuous subsystem con-
rollers (e.g. thermostats) used to control the heating and cooling
ystem based on the actual TABS temperatures TTABS and the TABS
et point temperatures Tset. Other nonlinearities are system com-
onents with nonlinear characteristics over the operating range
heat pump, solar collector, pumps) and devices controlled by time
r ambient conditions such as air conditioning (AC) systems or
adiation-controlled window blinds.
The modeled heating and cooling system is shown in Fig. 4
hich illustrates the structure of the HVAC system used for room

onditioning and the structure of the building model. Heating is
rovided by two sources: a solar thermal system and two heat

ig. 5. Floor model and thermal zone model of the Complex Building Model (CBUI), with
ompare [26].
ildings 125 (2016) 86–98 89

pumps supplied with ground water. Cooling is provided directly
from the ground water source. The energy for heating and cooling
is injected directly into the concrete cores of the TABS via four
lines in each floor.

Two  different models are developed in Modelica, see [26], serv-
ing as a basis for the MPC  controller and its validation: SBUI/SBS and
CBUI/CBS. Either can be split into the building model (SBUI/CBUI)
and the building services model (SBS/CBS), see Fig. 4. CBUI/CBS is
a high-fidelity model validated with measurement data which has
been generated to simulate different configuration variants of the
building equipment and the energy consumption as accurately as
possible. It is used to validate the MMPC  in co-simulation stud-
ies. CBUI/CBS serves as basis for the simplified variant SBUI/SBS.
The SBUI/SBS model provides the predicted baseline trajectories T̃0
(MMPC  module 1) and needs real-time capability (for a later real-
time implementation), which is not required for CBUI/CBS. With
constant coefficients and constant fluid mass flows, the thermal
building dynamics of the SBUI model part is linear and time-
invariant. Further model reduction yields an efficient LTI prediction
model for the LTI MPC  step (MMPC  module 2). This prediction
model fully accounts for cross-coupling and for the multivariable
nature of the thermal dynamics.

2.2.1. Nonlinear complex model (CBUI/CBS)
The CBUI/CBS model is modeled following the German standard

VDI 6020, known as “Beuken-Model” [27] by Modelica’s physi-
cal acausal modeling approach. This approach represents thermal
zones by a resistances and capacitances network (RC-network)

resulting in a good balance between model simplicity and model
quality. The abstracted building model of the ENERGYbase is
divided into different levels of detail: one floor (RC-network) as
well as a single thermal zone are shown in Fig. 5.

 T the air or TABS temperature, hc the thermal conductance, modeled in Modelica,
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Fig. 6. Scheme of the thermal LTI state-space model of the building, with the room
and TABS temperatures Troom,f,k , TTABS,f,k , the heat flow to the TABS Q̇ f,k of floor f ∈
0 A. Schirrer et al. / Energy a

In order to create the CBS model all necessary HVAC compo-
ents as shown in Fig. 4 are modeled individually and assembled.
utomated solar blinds affecting the solar radiation to the rooms
re considered as well.

.2.2. Nonlinear simplified model (SBUI/SBS)
Based on plan data and simulation results of CBUI/CBS a white-

ox simplified model SBUI/SBS is generated. The number of thermal
ones in each floor is reduced to 4 aggregated zones correspond-
ng to the sectors of the hydraulic system (NW north west, NE
orth east, SE south east, and SW south west). Instead of a physical
ond-graph-based approach, SBUI/SBS is created based on energy
alances and causal energy flows. The calculation time of the sim-
lified model in comparison to the complex model is reduced by a
actor of f = 300, and it delivers 2 day prediction data within t = 5 s
omputation time,1 which fulfills the requirements for a real-time
pplication.

SBUI/SBS generates the baseline trajectory T̃0,k = [T0,TABS,k,

0,room,k, Pel,0,k, Q̇ 0,k] consisting of the baseline values of the room
nd the TABS temperatures, the consumed total electric power and
he heat flow to the TABS at time step k,

0,k+1 = f SBUI/SBS(T̃0,k, zweather,gains,k), (1)

ith zweather,gains,k the predicted trajectories of weather and inter-
al gain signals, and the model equation update function fSBUI/SBS,
escribing the behavior of the building. Modeling and calculation
re performed with the simulation environment Dymola.

.2.3. Linearized thermal state-space model
The thermal dynamics of the building are obtained by linear-

zation and model reduction of the building model SBUI. The
tate-space matrices are invariant with respect to time or states
temperatures), hence an LTI model is obtained:

xk+1 = Axk + [B, −B]

[
Q̇ heat,k

Q̇ cool,k

]}
uk

yk = Cxk + [D, −D]

[
Q̇ heat,k

Q̇ cool,k

]}
uk,

(2)

ith the state matrix A, the input matrix B, the output matrix C,
nd the feed-through matrix D. Input vector uk consists of the heat
ows, which are decomposed into heating flows Q̇ heat,k and cool-

ng flows Q̇ cool,k at time step k. The state vector xk contains the
oom temperatures Troom,k and the TABS temperatures TTABS,k. Out-
ut vector yk additionally contains the electric power consumption
el,k, as shown in Fig. 6.

To control heating and cooling, B and D have to be augmented,
sing −B and −D for the cooling flow, so that Q̇ cool,k > 0 holds. The
eed-through matrix D occurs in (2) because the input heat flow
mmediately requires electric power. Due to the structure of the

MPC  the disturbances (weather and internal gains) do not enter
he LTI state-space model. The state-space model has heat flows as
nputs as in e.g. [12].

.2.4. Building zone distribution and model reduction
Index f ∈ { F0, F1, F2, F3, F4}  denotes one of the 5 levels of

he building. For example, the heating/cooling flows are denoted[ ]T

y Q̇ heat/cool,k = Q̇

T
F0,k, Q̇

T
F1,k, Q̇

T
F2,k, Q̇

T
F3,k, Q̇

T
F4,k . Moreover,

oors F0, . . .,  F4 of the building are each split up into 4 zones
NW, NE, SE, SW). Level F0 is split up only into 2 zones (west W

1 Obtained with an Intel Core i7-4600 CPU @ 2.10/2.7 GHz.
{  F0, F1, F2, F3, F4} at time step k. Inputs, outputs, and states are understood as
deviations from the respective linearization values.

and east E). Heat flows can be provided to all zones in each level,
except for the ground floor, where heat flows are only provided
to the western zone. However, due to similar behavior of certain
areas, the state space model is reduced to 16 states, 17 outputs
and 16 input variables by suitable transformation matrices. The
northern and the southern zones and the second and third floors
are accumulated each into one zone, resulting in the zones j ∈ {N,
S} and the floors f ∈ { F0, F1, F23, F4}. The chosen fundamental
sampling time of Ts = 15 min  of the MMPC  is chosen equal to the
existing RBC sampling time. The reduced state-space model is
being utilized as prediction model for the LTI MPC (module 2).

2.3. Control goals

The control goals for the presented MMPC  are:

• produce stable closed-loop dynamics,
• minimize energy consumption or cost, and
• fulfill temperature band requirements for thermal user room

comfort during office hours.
• Moreover, given system constraints (heat flow limits, limited

electric power drawn from the grid, exploitation of local thermal
storage components) need to be obeyed.

The control goal formulations (energy prices, comfort temper-
ature bands) are considered as generally time-varying. Doing so
allows to flexibly integrate the controlled building as an active
participant in smart energy grids and to consider dynamic grid
constraints [28]. Also, the temperature comfort band requirements
only need to be fulfilled during office hours, opening an energy-
saving potential at night. In Ref. [24], the temperature band is
widened during off-hours, however, in the present work temper-
ature constraints are entirely dropped at these times to maximize
the attainable energy-saving potential.

One choice of performance criteria that have been utilized in
building control are the use of electric energy and the peak energy
consumption, see for example [3,11,13]. The authors in [14] directly
formulate the electric bill in their cost function. Low-level con-
trollers for air control often include comfort indices such as the
predictive mean vote (PMV) or the ASHRAE standard in the cost
function to optimize humidity and temperature in the controlled
zones [8,9,29].
In this paper, the energy consumption is formulated as linear
minimization objective (as in [13]), and the room temperatures are
to be kept inside a given thermal comfort band.
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.4. Nomenclature

The utilized notation is clarified using the room temperature
s an example. The trajectories of all zones (N, S) and floors (F0,
1, F23, F4) of the building over the whole prediction horizon Np

re represented in T room = [T room,0, . . .,  T room,Np−1]. Each quantity

room,k = [TT
room,F0,k, . . .,  TT

room,F4,k]
T

denotes the room tempera-
ures of all zones and floors at time step k. Troom,f,k = [Troom,f,N,k,
room,f,S,k]T contains the room temperatures of all zones in floor f at
ime step k. Troom,f,j,k is the room temperature of floor f and zone j
t time step k, for example Troom,F0,S,5.

This nomenclature is used in the following sections for all tra-
ectories of vector signals. For trajectories of scalar signals such as
he electric power Pel, the symbol Pel,k denotes the electric power
t time step k.

. Control design

The MMPC  concept is developed in the following as an efficient
eans to address the set of requirements and control goals outlined

bove. The MMPC’s three modules and their interplay are described
nd the involved optimization problems are defined. Extensions to
tilizing solar heating storage as a cost-free heating source as well
s move blocking are outlined. A discussion on ways to verify robust
tability with the proposed control concept follows in Section 4.

.1. Model predictive control for buildings: basic algorithm

For a system of the form

k+1 = f (uk, xk, zweather,gains,k)

ith input vector uk and state vector xk, the generic discrete-time
ptimization problem of a building MPC  for energy-efficient heat-
ng and cooling as utilized for the proposed MMPC  is formulated
s:

(xk, uk) =
Np−1∑
i=0

lk+i(xk+i, uk+i) + g(xk+Np−1, uk+Np−1) (3)

∗
k = arg min

uk...k+Np−1

J(xk, uk) (4)

.t. ∀i = 0, . . .,  Np − 1 : (5)

k+i = 0 if �k+i = 0 (6)

¯ = xref (7)

k+i ∈ Xk+i (8)

k+i ∈ Uk+i (9)

k+i = f (uk+i−1, xk+i−1, zweather,gains,k+i−1) (10)

ith Np the prediction horizon, f the system equation update
unction, the optimal solution for the inputs of the optimization
roblem u∗

k
, X  the set of state constraints and U  the set of input

onstraints at prediction step i. xref denotes the reference for the
ime-averaged states (temperatures), and x̄ = (1)/(Np)

∑Np−1
i=0 xk+i

enotes the time-averaged state (temperature) values. The heat-
ng/cooling variable is defined as �k+i = 1 when heating/cooling of
he building is allowed and zero otherwise. The stage costs lk+i and
he terminal costs g form the cost function J, which is minimized
ver the prediction horizon. The optimization problem respects the

et of constraints on the inputs (9) and the set of constraints on the
tates as in (8). This optimization problem is solved at each samp-
ing step and only the inputs of the next time step are fed to the
ystem (receding horizon principle).
Fig. 7. Scheme of a building MPC  behavior for one room in floor f, solar radiation
Ee, the room temperature Troom,f and the temperature band defined by the dashed
lines, the cooling variable �cool, and the cooling flow Q̇ cool,f to the TABS.

An example for a possible scenario for a building MPC  controlling
TABS of floor f is shown in Fig. 7. The white rectangles denote the
possible amount of cooling flow, due to the cooling variable �cool,
the rectangle inside denotes the applied cooling flow Q̇ cool,f > 0 to
the TABS. The system acts before it violates the comfort tempera-
ture band and keeps on cooling to use the storage capacity of the
building mass and the TABS to avoid a violation on the next day.
This is only possible with a predictive control algorithm.

3.2. MMPC architecture

The input data vector to the MMPC  is the vector xmeasure, con-
taining the room temperatures, the TABS temperatures and other
states of the building service obtained by the measurement or
observer-based reconstruction of actual values in the building. The
set point temperatures Tset for the TABS are its output. Further-
more, it is assumed that MMPC  has predictions for weather and
internal gain zweather,gain. The structure of the MMPC is shown in
Fig. 8 giving a detailed overview of the control loop. The MMPC
controller is decomposed into three modules. An overview of the
modules is given in this subsection. By decomposing the optimiza-
tion problem several aims can be achieved: an efficient nonlinear
controller is constructed that respects the switching behavior in
the system, considers nonlinearities in the system dynamics and
disturbance paths and is capable for real-time for future imple-
mentation in the building. The solution respects limited calculation
capacities for building control. A similar hierarchically decoupled
MPC  problem for a different building is shown in [10].

The three modules of the MMPC  are defined as follows:
Module 1: The input values xmeasure,k measured on the building

(temperatures, states of the building services model) are mapped
to the vector xSBUI/SBS,k, which contains the initial values for the
nonlinear model SBUI/SBS. Based on this input, SBUI/SBS generates
the baseline trajectories T̃0 = [TTABS,0, T room,0, Pel,0, Q̇ 0], with the
TABS temperatures TTABS,0, the room temperatures Troom,0, the elec-
tric power Pel,0 and the heat flows to the TABS Q̇ 0. In this module
of the MMPC, the predictions zweather,gains (weather and internal

gains) affect the output. The output trajectory T̃0 represents the
nonlinear baseline disturbance response of the building.

Module 2: The goal of this module is to adjust the heat flows
Q̇ , while utilizing the baseline trajectories. More precisely, a linear

discrete optimization problem is formulated using the linearized
thermal dynamics state-space model described in Section 2.2.3. The
input vector is equal to uk = uk,0 + �uk, and state vector is equal
to xk = xk,0 + �xk, where xk,0 and uk,0 are given by the baseline
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Fig. 8. Scheme for the MMPC  with the simplified building/buildin

rajectories T̃0 obtained in the first module. Vectors �xk and �uk
atisfy the linearized thermal model equations (2). The constraints
n the room and TABS temperatures (TTABS, Troom) and the cost
unction also need to be formulated, represented by the arrows in
ig. 8. Module 2 produces vector u as output, i.e. the adjusted heat
ows Q̇ .

Module 3: (The Tset-mapping) In this module, it is taken into
ccount that the heat flows Q̇ can only be set to zero or state
ependent heat flows (if the corresponding branch is open). The
utputs of the Tset-mapping are the set point trajectories Tset which
ealize an optimal actuation close to the desired heat flows Q̇
btained in module 2. The values of the next time step Tset,k are
ent to the building.

.3. Formulation of the optimization problems

This subsection describes the two consecutive optimiza-
ion problems arising in the proposed MMPC  concept: the
˙

 -adjustment step (module 2) and the Tset-mapping step
module 3).

.3.1. Module 2 (Q̇ -adjustment)
The Q̇ -adjustment can be seen as main module of the MMPC

nd optimizes the desired heat flow trajectory Q̇ . The optimization
roblem is formulated as

(xk, uk) =
Np−1∑
i=0

Pel,k+i + wTs︸︷︷︸
violation penalty

+ wT
meansmean︸  ︷︷  ︸

deviation penalty

(11)

∗
k = arg min

uk...k+Np−1,s,smean
J(xk, uk) (12)

.t. 0 ≤ |Q̇ 0,k+i| + uk+i ≤ |Q̇ max,k+i| ∀i = 0, . . .,  Np − 1 (13)

k+i = 0 if �k+i = 0 ∀i = 0, . . .,  Np − 1 (14)

Tuheat,k+i ≤ Q̇sum,max ∀i = 0, . . .,  Np − 1 (15)

min − s ≤ Tk+i ≤ Tmax + s ∀i ∈ noffice (16)

room,set − smean ≤ T̄ room ≤ Troom,set + smean, (17)

here

k = xk,0 + �xk, uk = uk,0 + �uk,
xk+1 = A�xk + [B, −B]�uk, (18)

ith s ≥ 0 the slack variables for the temperature band and
mean ≥ 0 for the room reference temperature Troom,set, w = 1 · w
he weights on the room and TABS temperature violations and
ice model SBUI/SBS, and the linear time invariant (LTI) submodel.

wmean = 1 · wmean the weights on the violations of the mean tem-
peratures, T̄ room the mean room temperature during one office day,
Q̇ max,k+i the maximal allowed heat flow at k and prediction step
i and the maximal summed heat flow Q̇sum,max. 1 is a vector of
ones with the same length as uheat,k. Tk+i represents TTABS,k+i and
Troom,k+i being limited by the maximal and minimal temperatures
Tmax and Tmin. Note that the limits are different for room and TABS
temperatures.

The linear cost function (11) consists of 3 parts: the summed-up
electric energy, the penalties for temperature band violations, and
the penalties for the mean room temperature deviations. At each
prediction step, hard constraints are applied to the heating/cooling
flows (13) and on the summed heat flows (15) being limited by
the maximum heat flow achievable by the heat pumps. The soft
constraints (16) are evaluated each full hour during office times
8:00–18:00, these sampling instances are collected in the set noffice.

For feasibility reasons it is a common approach to soften the
constraints of plants [30], especially for the temperature comfort
band. Building MPC  with soft constraints are also implemented in
[3,18].

The mean constraint (17) serves two purposes: On the one hand
it prevents Troom to stay on the lower or higher comfort limit as
in [13,18], so that temperature violations due to prediction uncer-
tainties are less likely. On the other hand it punishes the frequently
observed MPC  strategy to use existing heat energy in the TABS until
the limit of the temperature band is reached, causing a “drain-
ing” trend in the temperature trajectories, which is not desired.
Mean temperature constraints are simple to implement and their
dedicated utilization represents a novel approach for predictive
building control.

3.3.2. Solar tank energy
As an additional feature, the optimization problem takes into

account that the solar energy stored in the solar tank can be used,
by adding the following constraints to the optimization problem
(11)–(16):

Qsolar,sum,disp,k+i ≥ Qsolar,sum,used,k+i ∀i = 0, . . .,  Np − 1 (19)

Qsolar,sum,used,k+i =
k+i∑
l=k

(Q̇solar,used,l · Ts) ∀i = 0, . . .,  Np − 1 (20)

1TQ̇ heat,k+i ≥ Q̇solar,used,k+i ∀i = 0, . . .,  Np − 1 (21)
with Qsolar,sum,disp,k+i, the disposable heat energy summed up until
k, Qsolar,sum,used,k+i, the used heat energy, Q̇solar,used,k+i the heat flow
from the solar tank to the TABS. The optimization problem (12) con-
tains the new decision variables Q̇solar,used,k+i which reduce Pel,k+i
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n the cost function (11). Note that in this case, additional states in
2) need to be introduced which contain the temperatures of the
olar tank. For feasibility reasons, the constraint (19) is softened.

.3.3. Module 3 (Tset-mapping)
Tset-mapping calculates Tset trajectories for CBUI/CBS. Tset-

apping is a mixed-integer problem respecting the switching
ehavior of the supply system. The inlet temperature Tin,k is the
ame for all TABS, the optimal TTABS trajectories are known from
he Q̇ -adjustment. The heat flow to the TABS in floor f ∈ { F0, F1,
23, F4}  is defined by

˙ mi,k = cpṁ(Tin,k − TTABS,f,k)T, (22)

ith the specific heat capacity cp and the constant mass flows ṁ to
he TABS.

While in [14] a coupled problem is solved in one optimization
tep, in most of the existing publications switching inputs are not
onsidered [13,15] or the building models are not detailed enough
3,7]. By setting Tin a priori, the mixed integer problem decou-
les and becomes efficiently solvable. The optimization problem

s formulated as:

mi(uf,j,k, xf,j,k) =
Np,mi−1∑

i=0

�i (23)

˙ ∗
mi,f,j,k = arg min

�
(

Q̇ mi,f,j,non/off

) Jmi(uf,j,k, xf,j,k) (24)

.t. Q̇mi,f,j,k+l ∈⎧⎪⎨⎪⎩
0, if �k+l = 0

0, if non/off,k+l = 0

cpṁj(Tin,k+l − TTABS,f,j,k+l), else ∀l = 0, . . .,  i

(25)

i =
i∑

l=0

|Q̇mi,f,j,k+l − Q̇f,j,k+l|Ts ∀i = 0, . . .,  Np,mi − 1, (26)

ith Jmi the cost function of the Tset-mapping problem, �i ≥ 0 the
eat energy difference between the Q̇ -adjustment solution Q̇j,k+l

nd the Tset-mapping solution Q̇mi,j,k+l , non/off,k+l = {0, 1} represent-
ng a closed or open valve at prediction step k + l and zone j ∈ {N,
}, the mixed integer prediction horizon Np,mi ≤ Np and Q̇ ∗

mi,j,k the
ptimal solution over Np,mi. Having obtained the optimal switching
equences non/off,k+l the setpoint temperatures are constructed so
hat the valve controllers inside the building services system safely
roduce the desired switching sequences.

Both problems, the Q̇ -adjustment and the Tset-mapping are for-
ulated via the Yalmip toolbox [31]. Q̇ -adjustment is solved with

he solver Linprog [32] and Tset-mapping with the GNU linear
rogramming kit [33].

.4. Tset-update and move blocking

First simulations have shown that the sampling time of
s = 15 min  can be enlarged, without changing temperature band
iolations and electric consumption during the co-simulation, how-
ver significantly reducing calculation time. Two  strategies are used
or the simulation studies. Tset is updated each hour and a move

locking algorithm is implemented for the MMPC  as in [14], so that

 is changed every 30 min. Note that for feasibility reasons the input
locks have to be at the same points of time, moving forward with
, see [14].
ildings 125 (2016) 86–98 93

3.5. Rule-based control

Rule Based Control is the current control strategy for the ENER-
GYbase. Depending on the measured ambient temperature Tamb,
Tset is calculated. These dependencies are precise linear func-
tions. They are different for heating and cooling and have been
determined heuristically by expert knowledge. Whether heating or
cooling windows of the RBC are activated depends on the ambient
temperature. This approach is similar to using finite state machines,
see [34,35].

4. Stability and robustness considerations

The proposed modular MPC  inevitably faces model, prediction
and measurement errors in operation (both in co-simulation with
a complex building model as well as in subsequent realtime oper-
ation on the actual building). It is thus of interest to analyze, a
posteriori, robust stability and performance in the presence of these
errors, also because the proposed design procedure does not con-
sider these errors a priori.

The considered building control loop (as depicted in
Figs. 1 and 8) includes the highly complex nonlinear plant
and the modular MPC  with model-based modules. Being such
a heterogeneous system, it cannot directly be characterized by
rigorous standard tools of stability (or robust stability) analysis. In
the following, one possible approach to conduct rigorous robust
stability analysis on controllers involving a central linear MPC  is
sketched and discussed. However, both the required uncertainty
modeling and the numeric analysis tasks require significant design,
analysis, and computational effort which is out of scope of this
work. For these reasons, the methodological discussion is kept at
a qualitative level to highlight ways to adopt and utilize robust
control methodologies in complex application problems such as
the proposed building MMPC, and empirical co-simulation-based
validation studies are carried out to validate stability, performance,
and robustness in Section 5.

4.1. Robustness analysis centered on LTI MPC  (module 2)

The MMPC-controlled building control loop is viewed from the
linearization view of module 2: driven by nonzero initial condi-
tions, the analysis task can be formulated as the stabilization of
the linearized thermal plant with module 2’s MPC  law and sub-
ject to uncertainties and disturbances. To formulate an appropriate
robust control system structure and appropriate, well-known types
of uncertainty models [36] for the problem, the following system
aspects are of special interest:

• The model errors between the complex model (CBUI/CBS), the
simplified nonlinear prediction model (SBUI/SBS) and the lin-
earized thermal dynamics, as well as the deviations arising from
the imperfect realization of the demanded TABS heat flows via the
switching valves distribution architecture need to be mapped to
suitable uncertainty models.

• The switching behavior of the two-point relay control loops of
each switching TABS feed line is smoothed by the large TABS’
thermal capacitances. Note that uncertainties in switching times
between modeled and actual plant dynamics produce a discon-
tinuous heat flow error, however, its integral effect on the thermal
states (or on the consumed energy) is continuous.

• The transfer from heat flow Q̇ to TABS temperature TTABS exhibits

PT1-behavior. An uncertain actuated heat flow can be modeled
by a multiplicative input uncertainty; uncertainty in the capac-
itance affect the PT1 pole position (which may  be modeled by a
parametric uncertainty of the system matrix).
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Uncertain cross-coupling between thermal zones can be repre-
sented, for example, by an additive uncertainty.
Uncertain or unknown disturbance effects and gains act only in
a feed-forward fashion, so they are considered irrelevant for sta-
bility studies. They, however, do affect performance and require
closed-loop validation of control performance.

All these uncertain blocks can in principle be generated from
xtensive co-simulation studies and/or bounded using expert
nowledge.

.2. Robust stability test via piecewise Lyapunov functions in the
S-fuzzy framework

Let the LTI MPC  act in feedback loop with its LTI design plant
f the simplified thermal building dynamics, and all deviations
o these perfect dynamics be modeled by a suitable uncertainty

odel. Together with the MPC  law’s structure, this uncertainty
odel needs to efficiently cover the actual model errors, be quan-

ifiable via expert knowledge and co-simulations, and allow a
ractable robustness analysis. Note that a successful robustness
nalysis depends on the mathematical problem structure of the
TI MPC  problem and the availability of effective analysis tools.
ne possible conceptual path towards such analysis is sketched
s follows:

Express the proposed LTI MPC  law (linear objective, linear con-
straints) as piecewise-affine (PWA) function of time and state, i.e.
as an explicit MPC  law.
Formulate the uncertain LTI system dynamics covering the
observed relevant model errors by a structured polytopic uncer-
tainty description.
Construct the feedback interconnection of the uncertain plant
model and the PWA  explicit MPC  law, resulting in uncertain
piecewise-affine closed-loop system dynamics.
Analyze robust stability and performance for the closed loop via
LMI  methods available for uncertain TS-fuzzy system analysis
[37]. Note that uncertain PWA  dynamics is a special case of uncer-
tain TS-fuzzy system dynamics.

To formalize this conceptual path, the LTI-MPC control law is
onsidered in an explicit form as a piecewise-affine (PWA) function:

k = K lxk + zl, xk ∈ Xl, l ∈ L (27)

here it is assumed that Xl is a bounded polyhedral partitioning of
he (bounded) set of admissible states X  =

⋃
l ∈ LXl and zl denotes

n affine term possibly including nonzero constant reference input
erms.

It is furthermore assumed that the linearized thermal system
ehaviour can be described by LTI system dynamics subject to
ounded uncertainties in the parameters of the form

k+1 =
(

A + �A

)
xk +

(
B + �B

)
uk. (28)

Then, substituting (27) into (28) yields an uncertain PWA  system

k+1 =
(

Ãl + �̃Al

)
xk +

(
B + �B

)
zl (29)

ith

Ãl = A + BK i

�̃Al
= �A + �BKl, l ∈ L.
t is noted that these generic uncertainties are bounded in the form

Al

T
�̃Al

≤ ET
lAElA, and methods to compute these bounds are out-

ined in [38–40].
ildings 125 (2016) 86–98

Verifying that the uncertain PWA  system (29) is robustly sta-
ble for all admissible instances of the uncertainties can be done by
understanding (29) as a special case of an uncertain TS-fuzzy sys-
tem and verifying Lyapunov stability using the common quadratic,
piecewise quadratic or fuzzy Lyapunov function methods [37]. As
an example, the well-known stability argument using piecewise-
quadratic Lyapunov functions, taken from Theorem 4.2 in [37] is
adapted to test robust stability for the considered closed-loop sys-
tem:

Definition 1. The set � of possible transitions among regions is
defined as

� =
{

(j, k)|j /= k, ∃x ∈ Xj, D̃A ∈ �̃Aj
, D̃B ∈ �B :(

Ãj + D̃A

)
x +

(
B + D̃B

)
zj ∈ Xk

}
.

Theorem 1 (adopted from Theorem 4.2 in [37]). Given a PWA  func-
tion (27) with zl ≡ 0, uncertain system (28) with state partitioning

Xl, l ∈ L, uncertainty bounds ElA : Ã
T
l Ãl ≤ ET

lAElA and the set of pos-
sible transitions �,  the uncertain closed-loop system is robustly and
globally exponentially stable if there exists a set of symmetric posi-
tive definite matrices Pl, l ∈ L such that the following linear matrix
inequalities are satisfied,[

AT
l P lAl − P l + ET

lAElA AT
l P l

P lAl − (I − P l)

]
< 0, l ∈ L (30)

[
AT

l PjAl − P l + ET
lAElA AT

l Pj

PjAl −
(

I − Pj

)]
< 0, (l, j) ∈ �. (31)

Proof 1. The proof is equivalent to the proof of Theorem 4.2 in
[37] (pp.60–62).�

It is noted that representing a complex MPC  law in the explicit
PWA form (27) can produce a prohibitively high number of regions,
so that the robust stability proof becomes intractable or even the
explicit MPC  characterization infeasible. Methods to reduce the
region count exist that could resolve this difficulty, however this
task is out of scope of this work.

Instead, a range of numeric results based on empirical robust-
ness and performance co-simulation studies will be given in the
next section. From these results it will become clearly evident that
the proposed scheme provides high control performance and is
robust to relevant uncertainties in prediction and model errors.

5. Results

In this chapter the model validation, the model errors, a co-
simulation study and tuning possibilities are presented. The results
demonstrate the high control performance and indicate the robust-
ness of the controller with respect to prediction uncertainties of
weather and internal gains.

5.1. Co-simulation
For the co-simulation studies, the real building is replaced by
CBUI/CBS. Both CBUI/CBS and SBUI/SBS are modeled in Modelica.
The co-simulation uses MATLAB as master and accesses the Mod-
elica models during the co-simulation.
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ig. 9. CBUI/CBS (complex building model/building system) – monitoring data, vali-
ation of the room temperature for a reference zone, taken from [26].

.2. Model validation

CBUI/CBS is compared with monitoring data and with SBUI/SBS.
he two relevant model errors concerning the white box models
re:

 CBUI/CBS vs. monitoring data: Fig. 9 shows the validation results
of a reference zone against monitoring data. The zone is not influ-
enced by internal gains. The overall dynamic shows a reasonable
fit. Towards the end of the simulation, a deviation between model
and monitoring data occurs due to simplifications in boundary
conditions to the adjacent zones and floors. The residual sum of
squares (RSS) between Troom of the real building and CBUI divided
by the number of samples nsamples is RSS/nsamples = 0.6242 K2.

 CBUI/CBS vs. SBUI/SBS: Fig. 10(a) shows a comparison of the elec-
tric energy demand of the heat pumps for two days in January
between CBS and SBS. The figure displays a good match in terms
of the dynamic behavior of the system. The deviation regarding
the absolute value arises due to the simplification of the zones
and, the overall consumption of Eel differs by 9% after 48 h.
Fig. 10(b) compares the room temperature profiles between CBUI
and SBUI. It shows the temperature behavior of two  room zones

of CBUI summed up to the SE room zone in SBUI. The zone of
SBUI stays in 85% of the sampling steps inside zone 1 and zone 2
of CBUI, violating this area by a maximum of �Tviol = 0.07 K.

ig. 10. CBUI/CBS – SBUI/SBS (complex – simplified building model/building system), (a
emperatures, compare [26].
mark (bench) results and the results of the modular model predictive controller
(MMPC).

The match of the two models and CBUI/CBS with the measured data
is satisfying and it is seen justified that the models can be used for
building control.

5.3. Linearization error

The linearization error is produced because the Q̇ -adjustment-
module of the MMPC  solves an approximated linearized problem.
The error of the MMPC  is calculated by comparing Eel and Troom

between the prediction of the MMPC  and the prediction of a bench-
mark run of SBUI/SBS using Tset of the MMPC  result.

The 2-day co-simulation scenario uses the prediction data from
2011-02-14 to 2011-02-17. The benchmark simulation of SBUI/SBS
is calculated with the determined Tset from the MMPC  at the same
simulation step for Np,mi = 6 h resulting in ybench.

The comparison of Pel at each co-simulation step for Np,mi = 6 h
is shown in Fig. 11. The overall predicted energy consumption for
this co-simulation run differs by 3%. The RSS between Troom,bench
and Troom,MMPC divided by nsamples is RSS/nsamples = 0.0146 K2. The

maximal deviation is |�Troom,alg,max| = 1.644 K. These are consid-
ered acceptable errors, resulting in a good match between the
MMPC  and SBUI/SBS.

) results of the electricity demand of the heat pumps and (b) results of the room
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e temperature band constraint and weights w = 105 and w = 106.

5

h
d

u
t

r
u
d
7

o
i
s
a
o
n
d
3

5

M
t
w
T
p
s
F
t
b
t

5

c
c

t
{
r
b
b

o

Fig. 13. Simulation results of scenarios S1, S2, S3, S4 and result of the Rule-
Fig. 12. Tviol and nviol, the temperature band violations for th

.4. Simulations

Although the robustness analysis of the MMPC  control system
as not been done in this paper, in this subsection the robustness to
isturbance and model uncertainties is observed in the simulations.

For the co-simulation studies five scenarios are considered: S1
ses perfect prediction data, S2–S5 address the prediction uncer-
ainties of weather and internal gains:

S5 utilizes the predicted weather data for 3 days. The MMPC
eceives the prediction data for the third day, while the CBUI/CBS
ses the predictions of the first day. Additionally, the internal gain
ata of CBUI/CBS is halved for SBUI/SBS. The simulation duration is

 days beginning at 2014-07-24.
S1–S4 use weather data of 2011 and available internal gain data

f 2013 for prediction and disturbance. The simulations take place
n the first week of April, where both heating and cooling is neces-
ary. The internal gain predictions and the weather predictions of S2
re varying by up to ±30%. Two times the weather prediction error
f S5 is used to modify the weather predictions of S3, and the inter-
al gains are decreased by 30%. S4 uses the same weather prediction
ata as S3 but, contrary to S3, the internal gains are increased by
0%.

.4.1. MMPC  tuning — mean constraint
The effect of the mean constraint on the robustness of the

MPC  to weather and internal gain uncertainties is observed in
his subsection. Scenario S5 is used to tune the mean constraint
eighting wmean from (11). The violations of the temperature band

viol in Kelvin·hours and the number of temperature violations
er hour nviol are used to evaluate the room comfort, both are
ummed up over the simulation horizon. Due to the results in
ig. 12, wmean ≥ 2.5 × 104 should be chosen. For weights higher
han wmean = 2.5 × 104, no improvement of the room comfort can
e seen in the simulation. The result does not depend on w for the
wo simulated variants w = 105 and w = 106.

.4.2. Robustness to disturbance uncertainties
Fig. 13 demonstrates the robustness of the MMPC  algorithm

oncerning prediction uncertainties, because S2, S3 and S4 lie very
lose to the scenario S1 with ideal prediction data.

Simulations using the scenarios S1–S4 are performed in this sec-
ion. Each of the scenarios is simulated with varying weighting w ∈
7.5 × 103, 104, 5 × 104, 105, 5 × 105, 106} with a fixed weighting
atio of r = wmean/w = 0.5. The results in Fig. 13 show the trade-off

etween the consumption of Eel and the amount of the temperature
and violations Tviol in Kh per simulation period.

Fig. 13 shows the result of the co-simulations. Next to each
f the simulation results the utilized weighting w is noted. S1 is
Based Control (RBC) algorithm. The dash-dotted line illustrates the discrete Pareto
front formed by S1. The numbers denote the weighting of the temperature band
constraint w.

considered to form the optimal discrete Pareto front represented by
the dash-dotted line in Fig. 13. The results of the scenarios S2, S3 and
S4 are located above the discrete Pareto front due to the prediction
errors. Note that violations of the discrete two-dimensional Pareto
front might be possible, because the mean constraint in the cost
function (11) is not evaluated in the plot. The results of S2 compared
to S3 show that the prediction data of S3 is more challenging for the
MMPC. The result of S4 with w = 105 indicates that overestimating
the internal gains has the same effect as underestimation.

Since S2, S3 and S4 are close to S1, the MMPC  is clearly robust
to weather and internal gain prediction uncertainties.

Fig. 14 shows the capability of the MMPC  to control heating and
cooling of the building simultaneously. For S1 and w = 5 × 105, the
temperature trajectories Troom,F3 and TTABS,F3 and the overall ther-
mal  flow Q̇ sum = [Q̇heat,sum, Q̇cool,sum] for heating and cooling of the
building is shown.

5.4.3. Robustness to model uncertainties
Next, the robustness of the MMPC  with respect to building

model uncertainties is observed. Three different cases have been

simulated. In scenario S1 it is assumed that the concrete capacities
of the building model are correct. In scenarios S2 and S3, the con-
crete capacities of the building model are 20% higher and 20% lower
than the ones of the building, respectively. The simulation results
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Fig. 14. Temperature trajectories and the overall heat flow using th

Fig. 15. Simulation results of scenarios S1, S2, S3. The dash-dotted line represents
t
o

f
s
f
a

6

M
a
M

ated by the Austrian Research Promotion Agency (FFG) is gratefully
he  discrete Pareto front formed by S1. The results are obtained for different weights
f  the temperature band constraint w, which are specified in the plot.

or the first week of April are plotted in Fig. 15. The results for the
cenarios S2 and S3 stay very close to the optimal discrete Pareto
ront, which indicates that MMPC  is robust to model uncertainties
s well.

. Conclusions

This paper introduces a new variant of a nonlinear building

PC  for TABS, that is built in a modular structure and considers

 nonlinear, white-box plant model. The simulation results for the
MPC show the robustness to prediction uncertainties (weather
e weather prediction data from 2011-04-01 to 2011-04-07.

and internal gains). The robustifying effect of mean constraints on
prediction uncertainties is analyzed.

The modular concept of the MMPC  allows to use a highly
detailed building model based on plan data, but at the same time, it
keeps the calculation time low with a factor of f = 15 under real time.
Although using a modular concept, the linearization error done by
solving a linear optimization problem in a module of the MMPC
remains small, as shown in Section 5.3. Mixed integer programming
for building MPC  is found in a few other publications such as [14],
but the modular concept is novel for building MPC  applications.

Furthermore, using the proposed weighting of the mean con-
straint reduces the temperature violations and makes the MMPC
more robust to change of predictions as observed in Fig. 13. Also
the tuning possibilities of the MMPC  between room comfort viola-
tions and consumption of electric energy are demonstrated. MMPC
shows higher performance over a traditional Rule based con-
trol scheme. The RBC is compared against a discrete Pareto front
obtained by the MMPC  simulation results, and it is seen that MMPC
is able to reduce energy consumption while achieving smaller vio-
lation of the comfort band. As shown in Fig. 14, the MMPC  is capable
of simultaneously controlling heating and cooling of the system.

Follow-up simulation studies could be extended to utilize ven-
tilation coils in the rooms. Additionally, with only minimal changes
in the algorithm, the provided electric energy produced by a pho-
tovoltaic system as well as dynamic pricing can be considered. The
capabilities of the controller in a real-world hardware-in-the-loop
setting will be investigated on the ENERGYbase.
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