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Thermostatic radiator valves (TRV) have proved their significant contribution in energy savings for several
years. However, at low heat demand conditions, an unstable oscillatory behavior is usually observed
and well known for these devices. This closed-loop instability is due to the nonlinear dynamics of the
radiator which result in a large time constant and a large gain for the radiator at small flow rates. In order
to improve stability of radiators under the low demand circumstance, one way is to replace the fixed-

Keywon_is: . parameter controller of TRV with an adaptive controller. This paper presents a gain scheduling controller
Hydronic radiator . . . . . .
Modeling based on a proposed linear parameter varying model of radiator dynamics. The model is parameterized

based on the operating flow rate, room temperature and radiator specifications. Parameters of the model
are derived based on the proposed analytic solution that describes dissipated heat by a radiator to ambient
air. It is shown via simulations that the designed controller based on the proposed linear parameter

Dynamical analysis
Thermal comfort
Gain-scheduling control

varying (LPV) model performs excellent and remains stable in the whole operating conditions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Efficient control of heating, ventilation and air conditioning
(HVAC)! systems has a great influence on the thermal comfort of
residents. The other important objective is energy savings, mainly
because of the growth of energy consumption, costs and also corre-
lated environmental impacts. A thermostatic radiator valve (TRV)2
mounted on a hydronic radiator is an excellent example of such
energy efficient controller. It cuts down the heating energy con-
sumption up to 20% while improving comfort [1].

Hydronic radiators controlled by TRVs provide good comfort
under normal operating conditions. Thermal analysis of the exper-
imental results of a renovated villa in Denmark, built before 1950,
has demonstrated that energy savings near 50% were achieved by
mounting TRVs on all radiators and fortifying thermal envelopee
insulation [2]. Also, various studies are conducted worldwide to
conclude that radiant heating consumes less energy compared to
that used by a forced air heating system [3-5]. However, well
designed room temperature controller is the most important fac-
tor and a prerequisite for an energy efficient operation of building
system services. Based on the German standard [6], radiators effi-
ciency can be improved from 0.8 to 0.99 by employing adaptive PI

* Corresponding author. Tel.: +45 9940 8702; fax: +45 9815 1739.
E-mail addresses: fts@es.aau.dk, maryamtsima@gmail.com (F. Tahersima),
jakob@es.aau.dk (J. Stoustrup), hr@es.aau.dk (H. Rasmussen).
1 HVAC stands for heating, ventilation and air conditioning system.
2 TRV represents for thermostatic radiator valve.
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controllers instead of centrally controlled supply temperature (see
Table 6 in [6]).

However, less studies have been conducted around a very well-
know inefficient radiator operation condition. TRVs are usually
tuned with a high controller gain in order to maintain the room
temperature set point in a high load situation.The inefficiency
appears in the seasons with low heat demand especially when the
water pump or radiator are over dimensioned [7]. In this situation,
due to a small flow rate, loop gain increases; and as a result oscilla-
tions in room temperature may occur. These oscillations decrease
the life time of the actuators. This problem is addressed in [8] for
a central heating system with gas-expansion based TRVs. It is pro-
posed to control the differential pressure across the TRV to keep it
in a suitable operating area by estimating the valve position.

In this study, however, we dealt this problem as a dilemma
between stability and performance. It has been investigated via
simulations that a fixed proportional integral (PI)? controller would
also fail to guarantee both performance and stability for aradiatorin
the whole operating conditions. We investigated In this study, pres-
sure drop across the radiator valve is maintained constant unlike
what is taken as the control strategy in [8]. Instead, we assumed
that estimation of flow rate and thus its control is feasible by accu-
rate adjustment of the valve opening. Automatic adjustment of the
valve opening in the case of a gas-based TRV is not possible how-
ever with an electric TRV, driven by a batterized stepper motor

3 PI stands for proportional integral.
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Fig. 1. Closed loop control system of room and radiator

it is an option. In this case, the valve opening is regulated by a
stepper motor which allows for precise adjustments. This paper
presents a gain scheduling controller for flow adjustment based on
a proposed LPV4 model of radiator dynamics. The model is param-
eterized based on the operating flow rate, room temperature and
radiator specifications. Parameters of the model are derived using
the proposed analytic solution that describes dissipated heat by the
radiator to ambient air.

It is, also, worth mentioning that the same problem was investi-
gated via simulation based studies in [9] and also via approximation
analysis in [10].

In order to validate the controller performance, we utilized sim-
ulation models of the HVAC components in Matlab/Simulink. Two
approaches for HVAC systems modeling are the forward and the
data-driven methods [11]. The first one is based on known physical
characteristics and energy balance equations of the air, structural
mass and other components of the system, addressed widely in
the literature [12-14]. The alternative modeling approach is to use
building measurement data with inferential and statistical meth-
ods for system identification which is addressed in [15-17]. The
latter method requires a significant amount of data and may not
always reflect the physical behavior of the system [18].

In this paper, we adopted heat balance equations of the room
dynamics according to the analogous electric circuit, described for-
merly by the authors in [19]. Radiator dynamics are formulated
in two ways. Once, it has been treated as a distributed system in
order to analyze the radiator transferred heat. Th e same precise
model is used for simulation of radiator dynamics. Secondly, it is
approximated by a lumped system for the purpose of controller
design.

The remainder of the paper is organized as follows: Section 2
defines the problem. In Section 3, the radiator dissipated heat is
derived analytically. Based on the result, control oriented mod-
els are developed in Section 4. Utilizing the models, the control
structure based on flow adaptation is proposed in the same sec-
tion. A simulation-based test is conducted in Section 5, exploiting
the ODEs of the room and radiator. Discussion and conclusions are
given finally in Section 6.

2. Stability-performance dilemma

The case study is composed of a room, a radiator with thermo-
static valve and a room temperature sensor. Ambient temperature
is the only disturbance which excites the system. It is assumed that
heat transfer to the ground is negligible having thick layers of insu-
lation beneath the concrete floor. A block diagram of the system is
shown in Fig. 1. All symbols, subscripts and parameter values are
listed in Tables 1 and 2. It is, though, worth stating that the chosen
values of all parameters are in accordance with the typical exper-
imental and standard values. As mentioned before, the case study
is adopted to the one previously studied in [9].

4 LPV represents linear parameter varying.

Table 1
Symbols and subscripts
Nomenclature
A surface area (m?)
C thermal capacitance (J/°C)
Cr thermal capacitance of water and the radiator material (J/°C)
Cw specific heat capacitance of water (J/kg°C)
d depth of radiator (m)
h height of radiator (m)
K DC gain
K controller gain
Ky equivalent heat transfer coefficient of radiator (J/s°C)
L time delay (s)
N total number of radiator distributed elements
Q dissipated heat by radiator (W)
q flow rate of hot water through radiator (kg/s)
T temperature (°C)
T; integration time (s)
Tin inlet water temperature (°C)
Ty temperature of radiator nth element (°C)
Tout outlet water temperature (°C)
Té“[ steady state T,y corresponding to flow rate q;
U thermal transmittance (W/m? °C)
Vi water capacity of radiator (m3)
p density (kg/m?)
T time constant (s)
) valve opening
¢ length of radiator (m)
Subscripts
a room air
amb ambient temperature (outdoor)
e envelope
f floor
hd high demand
n radiator exponent
rad radiator
ref reference temperature of room
Table 2

System parameters

Room parameters Radiator parameters

Ae 56 m? Ar 1.5m?
Ar 20 m? C 3.1x10* J/kg°C
Ca 593 x 104 J°C Cw 4186.8 J/kg°C
C 410 JJ°C N 45
G 1.1x 104 JJ°C n 1.3
Ue 12 W/m?°C4 x 10 J°C Gmax 0.015 kg/s
U 1.1 W/m?°C4 x 104 J|°C T, 70°C
Vw 5L

The dilemma between stability and performance arises when
the TRV is controlled by a fixed linear controller. Designing a TRV
controller for high demand seasonal condition, usually leads to
instability in low demand weather condition. A large loop gain and
time constant are the main reasons of this phenomenon. In contrast,
selecting a smaller controller gain to handle the instability situa-
tion, will result in a poor radiator reaction while the heat demand
is high.

An example of overestimated required flow often happens
in apartment buildings. Heat demand of the blocks can be very
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Fig. 2. Undamped oscillations in room temperature and radiator low which occur in low demand situation while the controller is designed for a high demand condition.

different that one block with the largest energy demand takes up as
double of the average energy usage by all blocks. In this situation,
mass flow is usually adjusted much higher than what is required
by majority of apartments which results in over dimensioning and
thus instability problem.

Figs. 2 and 3 show the results of a simulation where oscilla-
tions and low performance occur. In the shown simulation results,
the forward water temperature is at 50°C. The proportional inte-
gral (PI) controller of TRV is tuned based on Ziegler-Nichols step
response method [20].

A remedy to this dilemma is choosing an adaptive controller
instead of the current fixed PI controller.

3. System modelling
3.1. Heat balance equations

Radiator is modeled as a lumped system with N elements in
series. The nth section temperature is given by, [21]:
G
N
in which C; is the heat capacity of water and radiator material, Ty, is
the temperature of the radiator’s nth section area and n=1, 2, ...,

. K,
Tnh =cwq(Tpo1 — Tn) — Nr(Tn —Taq) (1)

N.The temperature of the radiator ending points are inlet tempera-
ture: Ty = Ty, and return temperature: Ty = Toye. In this formulation,
we assumed that temperature of the radiator surface is the same as
influent water through radiator. We have also assumed that heat is
transferred between two sections only by mass transport, implying
that convective heat transfer is neglected. K; represents the radia-
tor equivalent heat transfer coefficient which is defined based on
one exponent formula, [22] in the following:

] -
e (T = Ta)" !

K =
N

(2)

in which @y is the radiator nominal power in nominal condition
which is Tp0=75°C, Tour,0=65°C and Tq=20°C. AT, expresses
the mean temperature difference which is defined as follows:

Tin — Tout

ATy = 3

—Ta (3)

in nominal condition. The exponent n; is usually around 1.3,
[22]. In such a case, we can approximate the non-fixed, nonlinear
term in K, with a constant between 3 and 3.4 for a wide enough
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Fig. 3. Poor performance in the cold weather condition, applying the controller designed for the low demand situation
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Fig. 4. Analogous electrical circuit to the room thermal model

range of temperature values. Picking 3.2 as the approximation value
would result in:

D
: 13 (4)

m,0

K =3.2x

The heat dissipated to the room by the radiator can be described
as:

N
Q= Ki(Ta—Ta) (5)

n=1

Heat balance equations of the room is governed by the following
lumped model [14], that is analogous to the electric circuit shown
in Fig. 4:

CeTe = UeAe(Tamp — Te) + UeAe(Tq — Te) (6)

CaTa = UeAe(Te — Ta) + Q

in which T, represents the building’s envelope temperature and Ty
represents the room air temperature. Q is the heat dissipated to
the room by the radiator. Each of the envelope and room air sub-
systems are considered as a single lump with uniform temperature
distribution.

Assuming a constant pressure drop across the valve, the thermo-
static valve is modeled with a static polynomial function mapping
the valve opening § to the flow rate q [I/h]:

g=-3.4x107%82+0.758 (7)

The above equation which is used in simulations, is derived based
on experimental data of Danfoss valve body type RA-N 15 [23].

The above presented radiator model is highly nonlinear and not
suitable for design of a controller; thus a simplified control oriented
LPV model is developed in the next section.

3.2. Control oriented models

For our purposes, the relationship between room air tempera-
ture and radiator output heat can be well approximated by a 1st
order transfer function as follows:
=11

+ TaS
Parameters 7, and K, can be identified simply via a step response
test.

Step response simulations and experiments confirm a first order
transfer function between the radiator output heat and input flow
rate at a specific operating point as comes in the following:

Krad
1+ 7408

(8)

Q

2(s) = 9

q (s) (9)
Parameters of the above model are formulated in the next sec-

tion based on the closed-form solution of the radiator dissipated

heat, Q(t, q, Tg).

A
]—;17 :
- . T
Ax h
..................... M——
¢

Fig. 5. A radiator section area with the heat transfer equation governed by (9).
Entering low to the section is at the temperature T(x) and the leaving low is at
T(x+ Ax).

3.3. Radiator dynamical analysis

In this paper, unlike [9] and [10], we found the precise closed-
form map from the operating point to the radiator dissipated heat
i.e. Q(t, q, Tq). q and T4 are respectively the hot water flow rate
through the radiator and the room temperature. We, previously,
derived this map via a simulation study in the form of two profile
curves in [9].

To develop the map, Q(t, q, Tq), a step flow is applied to the
radiator, i.e. changing the flow rate from gy to q;, at a constant
differential pressure across the valve. Propagating with the speed
of sound, the flow shift is seen in a fraction of a second all along
the radiator. Hence, flow is regarded as a static parameter for ¢t >0,
rather than a temperature distribution along the radiator.

Consider a small radiator section Ax with depth d and height h
as shown in Fig. 5. The temperature of incoming flow to this section
is T(x), while the outgoing flow is at T(x + Ax)°C. The temperature
is considered to be the same as T(x) throughout a single partition.

The corresponding heat balance equation of this section is given
as follows:

46 (0O — T0x+ AX) + K 5% (T~ T00) = c%%

in which flow rate is gg at t=0 and q; for t> 0. G; is the heat capac-

ity of water and the radiator material defined as: G = cwpowVw.

Dividing both sides of (10) by Ax and letting Ax — 0, we have:
oT(x,t) Ky _ G OT(x, 1)

ey (Ta = Tl 1) = (an

(10)

with boundary conditions:

T(0, t) =Ty, (12a)
T(h,07) = Tout,0 (12b)
T(h, 00) = Toye,1 (12¢)

in which Tj, is the constant temperature of supply water, Tyt
and Ty, are return water temperatures corresponding to qo and
g respectively. The first solution candidate would be a separable
solution like T(x, t)=T(t) x X(x). Substituting it into (11), gives:

T(0,t) = c1ek’ + ¢ (13)
which implies a contradiction according to 12a.
Before proceeding to solve the full PDE (11), we need to find the

two boundary conditions Tyy,0 and Ty, 1. For this purpose, take the
steady state form of (11):

dT K

—qew g+ (Ta = T(X) =0 (14)
which can be written as:
dT
i Kr wh
with constants § = & andy = qccr )
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Therefore, the steady state temperature, T(X, t)|t»o Will be
achieved as:

By
T(x)=cie 7" +¢g (16)

at a specific flow rate q. Substituting the above equation in (15)
gives cg =Tq. Knowing T(0) =Tj,, ¢ is also found. Finally T(x) looks
like:

_B
T(x) = (Tin — Ta)e 7" +Tq (17)
Therefor the two boundary conditions are:
B
Tout,0 = (Tin — Ta)e n*+Tq

_B
Tout,1 = (Tin — Ta)e ¥+ Tq

(18a)
(18b)

corresponding to the flow rates qg and q;.

Next, we solve (11) for T(x, t) in frequency domain. Taking
Laplace transform of this equation will give:

oT(x,s) K- (Ta = Cr , ~
e (? ~T(x, s)) = T (sT0,8) - T0, 0) - (19)
which is simplified to:

oT(x, t)

s+ B BTa 1
—— 4+ —T(x,8) = —— + —T(x,0 20a
8x+y()ys+y() (20a)
T(x,0) = (Tyy — To)e %6 + T (20b)
Boundary Condition : T(0,s) = % (20c)

with =&, yo = Pl and y = ‘“giwh The initial condition,
T(x, 0) is obtained using (17). The solution to the above differential
equation comes out of inspection as follows:

T(x, s)=c1e*%x+cze*#"+co (21)
Tq
P 22
0= (22)
Ty — T
= —p—
s+ p(1 - 71)
Tin
G2 = T—CO—Cl

The time response is obtained via taking inverse Laplace trans-
form of the above frequency response. It is shown in the following:

— (T — Te-Bt-Lx-n1 Cut X
T(x, t) = (Ty, — Ta)e P75 (u(t) e ))

B X
+(Typ — Tade™ 7t — =) (23)
V1
in which u(t) is a unit step function.
We, however, are interested in the radiator output heat Q(t) to

find K,4q and 7,44 in (9). It is defined as:

"k
Q) = / 5 (T, £) = Ta) dx (24)
0
Taking time derivative of the above equation gives:
dQ [ K 3T(x, 1)

at ~ J, B o

dx (25)

and rewriting the result using (11):

d [ ar K
a _/0 ﬂ(chaerh(TaT(x, t))> dx (26)

= ﬂqCW(Tin - Tout(t)) - IBQ

which turns into the following differential equation:
aQ
T+ PQ=Pacy (Tin — Tou(0)) (27a)

Tour(t) =T(h, t) (27b)

in which T(h, t) is obtained using (23). The solution to the above
first order differential equation via inspection is:

Q(t) =Q(0)e~P + cwq(Tin — Ta)(1 — e~ Pt)+

B B
B
+ 4T = Ta)yo g (e vl O

2!
B
-—(h-wt
e J/1( " ))) u(t—ﬁ)
"

(28)

-—(h—nt)
—cwq(Tin — Ta)e # (;:?(1 —e V0 -1

In the next section, we utilize the derived formula to extract the
radiator’s gain and time constant for the approximation LPV model.

3.4. Radiator LPV model

Parameters K,y and 7,59 of the radiator LPV model (9), are
derived based on the best first order fit to the step response of the
radiator dissipated heat (28). Using the tangent to Q(t) at t=0%, we
obtain the time constant. The slope of the tangent at t=0" is made
equal to the first derivative of

Qpnat + (Qo — Qpinar)e™ ed (29)
i.e. the first order approximation of Q(t). It gives:
Trad = Qﬁnal —% (30)

ChCW,B(Tin —Tq )(% - 1)
Steady state gain is also obtained as follows:

K., — innal - Qo
rad = —
qi
in which Qgnq and Qg are the dissipated heat by the radiator in
steady state corresponding to flow rates q; and qg respectively.

These two parameters depend also on room temperature and
supply water temperature. However, we have assumed a constant
feed water temperature for the heating system. Therefore, varia-
tions of K,4q and t,44 against a number of flow rates and room
temperatures are shown in the following figure. Room tempera-
ture varies between 5 and 25°C and flow rate changes between the
minimum and the maximum flow rates i.e. 0 and 360 ’%g.

It is apparent from Fig. 6 that radiator’s time constant does not
vary with room temperature alterations. However, the small signal
gain decreases with an increase in the room temperature which
seems rational. There is also a slight difference between the sim-
ulation and the analytic results with regard to the time constant.
This is due to employing different methods in t,44 calculations. In
simulation, the time constant is taken as the time when 0.63 of the
final value is met while in calculations, this is derived based on the
tangent to Q(t) and its first order approximation.

Fig. 7 shows how the LPV model (9) with the derived parame-
ters matches the simulation model (1). In the next section, we will
design a gain scheduling controller based on the developed radiator
LPV model.

4. Gain scheduling controller design based on flow
adaptation

In the previous section, we developed a linear parameter vary-
ing model of the radiator instead of the high-order nonlinear model
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(1). To control the system, among various possible control struc-
tures, a gain scheduling approach is selected which is a very useful
technique for reducing the effects of parameter variations [24].

The term of flow adaptation, here, is chosen to further empha-
size on the operating point-dependent controller. The main idea of
designing an adaptive controller is to transform the system (9) to
one which is independent of the operating point. The controller,
subsequently, would be designed for the new transformed system
which is a linear time invariant (LTI) system. The block diagram of
this controller is shown in Fig. 8.

The function g is chosen in a way to cancel out the variable
dynamics of the radiator and to place a pole instead in a desired
position. The desired position corresponds to a high flow rate or a
high demand condition. In this situation, the radiator has the fastest

K.t i Parameter e
i Profiles
T, 1 |
ref + !
s K. A+—) | g(X,,7,) is Radiator & Room
. 7:_5‘ q ]’;
Controller

Fig. 8. Block diagram of the closed loop system with linear transformation

dynamic. Therefore, the simplest candidate for the linear transfer
function g is a phase-lead structure, as follows:

Khd Trqas +1
Krad Thas +1

8(Krad» Trad) = (31)

in which Kp4 and 74 correspond to the gain and time constant of
radiator in the high demand situation when the flow rate is maxi-
mum. Consequently, the transformed system would behave always
similar to the high demand situation. By choosing high demand as
the desired situation, we give the closed loop system the possibility
to place the dominant poles as far as possible from the imaginary
axis, and as a result as fast as possible.

The controller of the transformed linear time invariant (LTI)°
system is, therefore, a fixed PI controller. The rationale for choos-
ing a PI controller is to track a step reference with zero steady
state error. Parameters of this controller is calculated based on
the Ziegler-Nichols step response method [20]. To this end, the
transformed second order control-oriented model i.e.

Tq KqKr

0 OF w119 (32)

5 LTI stands for linear time invariant.
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controllers are shown. The PI controller designed for the low demand condition is very slow for the high demand situation.

is approximated by a first-order system with a time delay as
follows:

Ta ks
= e
q 1+71s

(33)

The time delay and time constant of the above model can be
found easily by looking into the time response of the second-order
model (32) to a unit step input q. The step response is derived and
shown in the following:

Thd
Ta(t) = KpgKa(1 + ——
a(t) = KyaKa( NE—

=t Ta =t
— t 34
€7Thg +Thd—faefa )q(t) (34)
in which g(t)=u(t) is the unit step input.
The apparent time constant and time delay are calculated based
on the time when 0.63 and 0.05 of the final value of T, is achieved,
respectively. The positive solution of the following equation gives

the time delay when x =0.05 and the time constant when x =0.63.
(2= X% = 2X(Thg + Ta)t> — 4XThaTa = O (35)

Solving the above equation for t and L, the PI parameters comes
out of the Ziegler-Nichols step response method. The parameters

are the integration time T; = 3L and proportional gain K, = % with
a = kk and DC gain k=Kj,g x Kq.

5. Simulation results

We designed the proposed flow adaptive controller for the
case study which was described earlier in Section 2. The con-
troller is applied to simulation models of room and radiator.
Parameter values used in simulation are listed in Table (2). PI
controller parameters are obtained as K. =0.01 and T; =400. Ambi-
ent temperature is considered as the only source of disturbance
for the system. In a partly cloudy weather condition, the effect
of intermittent sunshine is modeled by a fluctuating outdoor
temperature. To this end, a random binary signal is added to
a sinusoid with the period of 12 hours to model the ambient
temperature.

Simulation results with the designed controller and the corre-
sponding ambient temperature are depicted in Figs. 9 and 10. The
results are compared to the case with fixed PI controllers designed
for both high and low heat demand conditions.
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The simulation results of the proposed control structure show
significant improvement in the system performance and stability
compared to the fixed PI controller.

6. Discussions and conclusions

In this study, we investigated an inefficient operating condi-
tions of TRV controlled radiators. The condition is discussed as a
dilemma between stability and performance which we dealt with
using a new generation of thermostatic radiator valves. Using the
new TRV, flow estimation and control becomes possible. Based on
the estimated flow, we have developed a gain scheduled controller
which guarantees both performance and stability for the radiator
system. To this end, we derived analytically, low-order models of
the room-radiator system parameterized based on the estimated
operating point.

All gain scheduling control approaches operate based on the
basic assumption that all system states can be measured or esti-
mated and a generalized observability holds [24]. In this study,
however, we should clarify the validity of this assumption. The
parameters that we need to measure or estimate are room tempera-
tures and radiator flow rates. Measuring the first state is mandatory
when the goal is seeking a reference for this temperature. However,
radiator flow rate is not easily measurable.

To have an estimation of the radiator flow rate, one possibility
is to use a new generation of TRVs in which the valve is driven
by a stepper motor. Experiments show that this TRV can give a
rather precise estimation of the valve opening. Knowing this fact
and assuming a constant pressure drop across the radiator valve,
we would be able to estimate the flow rate.

We have shown throughout the paper that using the new gen-
eration of TRVs, a gain scheduling controller would guarantee the
performance of the radiator operation. In the current study, how-
ever we did not discuss the robustness of the proposed controller
with respect to the model uncertainties. This task is postponed to
be studied in future studies.

References

[1] Danfoss, Thermostatic radiator valves: benefits, 2011,
http://www.radiatorcontrol.com/benefits.aspx

[2] S.Svendsen, H.M. Tommerup, M. Beck Hansen, Energy project villa, Main report,
Partners: Technical University of Denmark, Department of Civil Eng. and Rock-

wool, Denmark, March 2005.

[3] J. DeGreef, K. Chapman, Simplified thermal comfort evaluation of MRT gradi-
ents and power consumption predicted with the bcap methodology, ASHRAE
Transaction 104 (2) (1998) 1090-1097.

[4] K. Chapman, J. Rutler, R. Watson, Impact of heating system and wall surface
temperatures on room operative temperature fields, ASHRAE Transactions 106
(1)(2000) 506-514.

[5] H. Hanibuchi, S. Hokoi, Simplified method of estimating efficiency of radiant
and convective heating systems, ASHRAE Transactions 106 (1) (2000) 487-494.

[6] DINV18599-5, Energy efficiency of buildings - calculation of the energy needs,
delivered energy and primary energy for heating, cooling, ventilation, domes-
tic hot water - part 5: Delivered energy for heating systems, Tech. rep., DIN
Deutsches Institut fur Normung, 10772 Berlin, Germany, 2007.

[7] P.Rathje, Modeling and simulation of a room temperature control system, in:
Proceedings of SIMS87 Symposium, Scandinavian Simulation Society, 1987, pp.
58-69.

[8] P.Andersen, T.S. Pedersen, ]. Stoustrup, N. Bidstrup, Elimination of oscillations
in a central heating system using pump control, in: IEEE American Control
Conference, Chicago, Illinois, 2004, pp. 31-38.

[9] F.Tahersima,]. Stoustrup, H. Rasmussen, Stability-performance dilemmain trv-
based hydronic radiators, in: IEEE Multi-Conference on Systems and Control,
Denver, Colorado, USA, 2011.

[10] F. Tahersima, J. Stoustrup, H. Rasmussen, Eliminating oscillations in trv-
controlled hydronic radiators, in: IEEE Conference on Decision and Control,
Orlando, Florida, USA, 2011.

[11] ASHRAE, ASHRAE Handbook 1990, fundamentals, ASHRAE Inc., Atlanta, 1990.

[12] AK.Athienitis, M. Stylianou, J. Shou, Methodology for building thermal dynam-
ics studies and control applications, ASHRAE Transactions 96 (2) (1990)
839-848.

[13] M.L.Kurkarni, F. Hong, Energy optimal control of residential space-conditioning
system based on sensible heat transfer modeling, Building and Environment 39
(1)(2004) 31-38.

[14] G. Hudson, C.P. Underwood, A simple building modeling procedure for mat-
lab/simulink, Building Simulation 99 (2) (1999) 777-783.

[15] H.Madsen, ]. Holst, Estimation of a continuous time model for the heat dynam-
ics of a building, Energy and Buildings 22 (1) (1995) 67-79.

[16] K.M. Letherman, CJ. Paling, P.M. Park, The measurement of dynamic thermal
response in rooms using pseudorandom binary sequences, Building and Envi-
ronment 17 (1) (1982) 11-16.

[17] J. Braun, N. Chaturvedi, An inverse gray-box model for transient building load
prediction, HVAC Research 8 (1) (2002) 73-99.

[18] B.Xu, L. Fu, H. Di, Dynamic simulation of space heating systems with radiators
controlled by trvs in buildings, Energy and Buildings 40 (9) (2008) 1755-1764.

[19] F. Tahersima, J. Stoustrup, H. Rasmussen, P. Gammeljord Nielsen, Thermal
analysis of an hvac system with trv controlled hydronic radiator, in: IEEE Inter-
national Conference on Automation Science and Engineering, Toronto, Canada,
2010, pp. 756-761.

[20] K. Astrom, T. Hagglund, PID Controllers, ISA, North Carolina, 1995.

[21] O.Paulsen, S. Grundtift, Dynamisk afprevning af smd varmecentraler, Tech. rep.,
Teknologisk Institut, Jydsk Teknologisk Institut, 1985.

[22] L.H. Hansen, Stochastic modeling of central heating systems, Technical Uni-
versity of Denmark, Dept. of Mathematical Modeling, Denmark, 1997, Ph.D.
thesis.

[23] Danfoss, Valve bodies type ra-n with integrated presetting, 2010,
http://heating.danfoss.co.uk

[24] K. Astrom, B. Wittenmark, Adaptive Controller, DOVER Publications Inc., Mine-
ola, New York, 2008.


http://www.radiatorcontrol.com/benefits.aspx
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0010
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0015
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0020
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0025
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0030
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0035
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0040
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0045
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0050
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0055
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0055
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0055
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0055
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0055
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0055
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0055
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0055
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0055
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0060
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0065
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0070
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0075
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0080
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0085
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0090
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0095
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0100
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0105
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0110
http://heating.danfoss.co.uk
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00299-5/sbref0120

	An analytical solution for stability-performance dilemma of hydronic radiators
	1 Introduction
	2 Stability-performance dilemma
	3 System modelling
	3.1 Heat balance equations
	3.2 Control oriented models
	3.3 Radiator dynamical analysis
	3.4 Radiator LPV model

	4 Gain scheduling controller design based on flow adaptation
	5 Simulation results
	6 Discussions and conclusions
	References


