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Most heating, ventilation and air conditioning (HVAC) control systems are considered as
temperature control problems. In this work, the predicted mean vote (PMV) is used to
control the indoor temperature of a space by setting it at a point where the PMV index
becomes zero and the predicted percentage of persons dissatisfied (PPD) achieves a
maximum threshold of 5%. This is achieved through the use of a fuzzy logic controller
that takes into account a range of human comfort criteria in the formulation of the
control action that should be applied to the heating system to bring the space to comfort
conditions. The resulting controller is free of the set up and tuning problems that hinder
conventional HVAC controllers. Simulation results show that the proposed control strat-
egy makes it possible to maximize the indoor thermal comfort and, correspondingly, a
reduction in energy use of 20% was obtained for a typical 7-day winter period when
compared with conventional control.

List of symbols Met  human metabolic rate (WAN

pv relative air velocity (m/s)

T, outdoor air temperature (°C) fy ratio of body’s surface area when fully
T; internal air temperature (°C) clothed to body’s surface area when nude
Tj surface temperature of the jth construg;, thermal resistance of the clothingl)
tion element (°C) R convection heat transfer coefficient
T« Mean radiant temperature (°C) (W/m2K)
Ty surface temperature of clothing (°C) M mass of air in a room (kg)
A surface area of thgth construction m, input ventilation mass flow rate (kg/s)
element (M) Q latent heat gain (kJ)
; internal relative humidity (%) h Specific enthalpy of water vapour
$eye  Outdoor air relative humidity (%) (kJ/kg)
S percentage saturation C Specific heat capacity of air (kJ/kgK)
g moisture content of air (kg/kg)
Oss moisture content of air at saturation
(kg/kg) 1 Introduction and review
H, internal air enthalpy (kJ/kg)
H, outdoor air enthalpy (kJ/kg) Over the years, a large number of thermal comfort
Pw,, partial pressure of saturated wateindices have been established for the analysis of
vapour at a given temperature (Njm  indoor climates and the design of heating, venti-
a,b constants lation and air conditioning (HVAC) systenks

Several have been used to assess the extent to
Address for correspondence: CP Underwood, School of the B which an eXiSting room climate achieves satisfac-
Environment, University of Northumbria, Ne\;vcastle upon Tynlﬁgry com_fort conditions for _occupants. A thermal
NE1 8ST, UK. E-mail: chris.underwood@unn.ac.uk comfort index, called effective temperatuker],
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has been proposed as a combination of indgdant. However, they do require information on
temperature ) and indoor relative humidity plant dynamics during commissioning since the
(¢;)- This concept was further developed angroportional, integral and derivative gain
adopted as a thermal comfort index bgonstants of this controller require to be deter-
ASHRAPE® and has been widely adopted as mined either by manual tuning or by online
design and comfort performance criterion fauning in some way. Since these constants
decades. depend on system parameters in most cases, re-
Fanget published a general comfort equatiotuning is necessary when the parameters them-
which makes it possible, for specified activitgelves change (e.g., due to changes in plant
and clothing levels, to calculate all combinationgperating point, operating mode, malfunction or
of the environmental variables (air temperatureyodifications to the plant itself).
air humidity, mean radiant temperature, and rela- One alternative to this, which requires no
tive air velocity) which will create optimal ther-knowledge of plant dynamics, is fuzzy logic
mal comfort. In order to derive the comfortontrol (FLC)!! This, coupled with the vague-
equation, Fanger supposed that for long expaess and subjectivity of thermal comfort in prac-
sures to a constant thermal environment withtige, make fuzzy logic well suited for the
constant metabolic rate, a heat balance can édsluation and control of thermal sensation as a
established for the human body such that bodilyzzy concept in which the comfort range can be
heat production is equal to heat dissipatiopvaluated as a fuzzy range rather than an isolated
Based on these assumptions, Fanger developembmfort variable.
thermal sensation index to predict the mean ther-The PMV-based fuzzy logic controller investi-
mal sensation vote on a standard scale for a laggged in this work starts with the evaluation of
group of persons depending on the four thermle predicted mean vote level and compares this
environmental variables, together with a definedlith the required comfort range in order to arrive
activity level and ‘clo-value’ based on clothingat a linguistic definition of the comfort sensation.
worn by the occupants. He defined this as Tane controller then adjusts the air temperature set
‘predicted mean vote’ (PMV) and, concomipoint in order to satisfy the required comfort
tantly, a ‘percentage of persons dissatisfiddvel given the prevailing values of other comfort
(PPD) was also defined. ISO Standard #4885 variables contributing to the comfort sensation.
adopted Fanger’s proposals based on a PMV of Be objectives of this work are thus:
with a tolerance of +0.5. » To develop a model sufficient for investigatin
The role of HVAC services is to provide these h mf prt nsation trol of th hg t'g
standards of comfort at minimum energy use anat € comiort sensation controt of the heating

it is the HVAC control system that has the crucial 'Sl}(;szjeer?/ellr(]) a guc”(()jrgl:gols Ezgfé which responds
influence over this. Previous work has shown P gy P

that it is possible to reach these objectives if the essentially subjective basis of comfort

: ensation.
HVAC control strategies are based on a thermal compare the developed control strategy

sensation index instead of air temperature, : : g
78 with a conventional method of building space
aloné-"8and the advantages of such a strategyhea,[ing control.

have been reported in terms of improved thermal

comfort performance and energy savir{.
Presently, the proportional-integral-derivative System model

controller continues to satisfy most non-domestic

HVAC applications. One of the reasons for theifhe dynamics of a building space depend on

popularity is that they require litteepriori infor- external microclimate variables, building

mation about the plant and do not necessaripnstruction, user influences (e.g., adventitious

require detailed modelling information about thmternal heat generation) and the imposed HVAC
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plant. Thermal response modelling of buildingxtent. This is particularly evident when the
spaces has received widespread attention overfibbowing prevail (either individually or in
past 30 years or so, however, the treatment of thimbination):
_problem over the relatively short time periods of large spaces;
importance in control system design and synthe- larlv shaned spaces:
sis has received very limited attention. Particular' cguiany shaped sp ' —
to this problem is a sufficiently accurate descri|5- where there is a high degree of glazing; .
. B : .’ where bare heating surfaces form the main
tion of the building envelope that is computation- method of space heatin
ally efficient at those time intervals necessary for P 9.
fully dynamic HVAC plant participation. Accounting for these conditions in the assess-

A model which addresses the main features wient of T, is feasible in theory but not easy in
this problem is described elsewhéfd? and a practical situation in which a single point
adapted for the specific purpose of this work in teeasurement is generally used to inform control.
following. In principle, three adaptations (besideRart of the problem is concerned with the point of
internal air temperature) were needed in orderieeasurement since the occupant sensation of
prosecute a full thermal comfort sensation analgemfort is spatially dependent. In small spaces
sis but only two of these were incorporated. Thhis is not significant and in a large space it can
three adaptations were mean radiant temperatuye;dealt with by dividing the space into a number
relative humidity; and mean relative air velocityof rectilinear sub-spaces with a point of measure-
Only the first two were incorporated in the modehent in each. A further possibility for those
developed previously since it was assumed tlggaces exhibiting one or more of the features
for the heated and naturally ventilated case wifentioned above is to implement a model-
interest in this work, that mean relative air velo@assisted strategy in which a thermal model of the
ity (besides being difficult to evaluate dynamispace is used to offset measurements made at a
cally) would be insignificant in most applicationssingle point. None of these avenues have been

explored in the present work and form the basis

2.1 Mean radiant temperature of further work in the field.

The mean radiant temperature has a significant
influence on the body’s rate of heat loss and th@2 Relative humidity
its comfort state as defined by the Fanger Relative humidity in the space is calculated
PMV.1.14Calculation of the mean radiant tempemsing standard psychrometric properties of
ature is complicated by the non-uniform ‘viewair1516 Details of the algorithm used can be
that the body has of the various surfaces makif@und in Appendix A. The uniformity of this
up a room space. Thus an approximation has bgemameter within the space is again an issue (see
used in the present work, and the mean radiaftove concerning ) however in most cases
temperature has been calculated by the followitige air moisture content (on which the relative
equation based on an area-weighted mean hiamidity is dependent together with prevailing
which the indexnc refers to the number ofair temperature) will be well mixed unless the

instruction elements involved: space is very large. In any case the relative
e humidipy is Iess_ influential on overall comfort _
2 AT sensation than is the case with temperature vari-
T -1 : 1 ables. Again, non-uniformity in relative humidity
mrt (1) is not considered in the present work.

§

! 2.3 Input data
In practice, most building spaces experience Input data for the adapted system model were
asymmetry in the radiant field at least to sommsed on a space in a campus building at the
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University of Northumbria. The building exhibitswhen ‘cool’ or ‘cold’. The PPD is estimated to be
relatively high thermal capacity on account of itS8% when the PMV is zero, and the target indoor
traditional construction and the heating systetamperature is set with respect to this point.
comprises hot water natural convectors with

local feedback control. 4 Conventional comfort-based control

3 Thermal comfort indices In order to identify a reference performance for a
comfort-based control strategy, a conventional
The thermal comfort sensation is expressed usiagproach was first developed based on a
Fanger’'s predicted mean vote (PMV) angdroportional-plus-integral-plus-derivative (PID)
percentage persons dissatisfied (FPB)which controller, a method commonly used in space
the environmental factors of influence are roommeating control’-18 The resulting controller and
air temperature, relative humidity, mean radiaféedback path were added to the adapted system
temperature, and air velocity. In the presemiodel as summarized in Figure 1. The controlled
work, a constant mean was used for the air velo@riable (PMV) is calculated at each time step
ity. In addition, there are human factors assodrom prevailing values of room air temperature,
ated with activity level, and the thermalelative humidity and mean radiant temperature
resistance of clothing. The relationship betweemnth the room air velocity, activity and clothing
PMV, PPD and the thermal sensation of the ocdevels treated as constants. This is compared with
pant is summarized in Table! based on a a reference value of PMV and the resulting error
neutrality at zero PMV (positive when the theris applied to the controller. External temperature,
mal sensation is ‘warm’ or ‘hot’ and negativesolar radiation and casual heat gains act as distur-
bances, as shown in Figure 1. The output of the
PID controller is given by:

Table 1 Relationship between PMV, PPD and thermal sensa- t de(t)
tion® U(t) = kpelt) + ki [e(t) + kg e 2)
PMV Thermal sensation PPD (%0) 0
+3 Hot 100 Where e(t) is the error, ultis the control
+2 Warm 75 signal anokp, ki, ky are proportional, integral and
" Sightly warm 2 derivative gain constants, respectively.
1 Slightly cool 25 The initial parameters of the controller were
-2 Cool 75 based on those actually in use in the building
-3 Cold 100 space to which the model was applied (see
Disturbances
Controller Valve Heat l Space
Ref
o —p > —> Fter PP » PWY

Figure 1 Closed loop system
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Section 2.3), these values being 03K the planes of minimum normalized error to initiate

0.01K3s1 and 0.5sK! (representingkp, k, K, the tuning algorithm, tuned controller parameters

respectively). This produced a reasonabf 1.527K%, 0.005Ks%, and 0.050sK! respec-

response but with overshoot (Figure 5), leadirttyely were obtained fok, k;, k. In this way, the

to sub-optimal thermal comfort and unnecessaifjitial mapping resulted in substantial reductions

use of energy. in computational effort needed by the tuning algo-
A tuning algorithm was adopted to adjust théthm. The response of the system under tuned PID

controller parameters in order to eliminate thgontroller is shown in Figure 5 showing an

overshoot. The MATLAB Non-linear Controlimprovement over the existing case.

Design (NCD) Blockset was us€d- a gradient-

based optimization designed to minimize a co8t Fuzzy logic control (FLC)

function (i.e., a weighted maximum constraint

violation of the constrained (control) variableYnder well-tuned PID control, performance is

with reference to perturbed values of the tunalicellent within the narrow operating range

variables (controller parameters). To give initia¥ithin which the plant was tuned as is evident

estimates of the controller parameters, an er@pove. Once the plant operating region changes

mapping method was used based on the initggnificantly (e.g., as a result of a change in

parameters given above as shown in Figures 2s8ason), then the need for retuning becomes

and 4. Using the initial mapped values from withigvident. Also, it is not possible to adequately

0.64

Norma lized Error
(e
~J
Vi

0.5)
0.015

Figure 2 Normalized error versus kp, ki
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Norma lized Error
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Figure 4 Normalized error versus kg, kp
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; s=sn: Tuned PID
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Figure 5 Closed loop response with PID control

generalize the required parameter specification fems will be described. More fundamental infor-
different applications — for example a PIDnation can be found in the literatfi®&23 The
controller optimized for the control of heating in atatic fuzzy controller consists of four main func-
higher thermal capacity space will be sub-optimabnal blocks (Figure 6): fuzzification interface;
and possibly even unstable in a low thermal capdazzy control rules; inference engine, and
ity space. Similar difficulties arise with the widedefuzzification interface.
choice of heating systems that can be applied. In
addition, in the case of comfort control, a desirégll Fuzzification interface
comfort sensation will vary with both application The fuzzification interface consists of the
and season and is, in any case, subjective (Talukowing operations:
1). One solution is a controller that can respond to
this essentially subjective problem with experierfl) Performs a scale mapping that transfers the
tial information about plant response and user input variable ranges into a corresponding
requirements. A fuzzy logic controller has the universe of discourse (quantization/normal-
potential to meet these needs. ization).

In this section the basic structure of the fuza2) Performs the fuzzification strategy that
logic controller applied to comfort control prob-  converts crisp input data into suitable
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, ut
Inference ) Defuzzification Outp

Engine Interface

Input

Fuzzy Control Fuzzification |
rule Interface

Figure 6 Structure of a fuzzy logic controller

linguistic variables, which may be viewed adepends on the problem to be dealt with and the
labels of fuzzy sets. choice of the number of fuzzy sets and how those
fuzzy sets are divided over the universe of
The fuzzification strategy converts the crisgdiscourse depends generally on how the
input data into fuzzy sets (linguistic variablesjontroller output should be related to the
such as, coldCOLD), cool (COOL), slightly controller input. For example, designing a fuzzy
cool (SCOOL), neutra(NEUT), slightly warm controller for controlling a non-linear process
(SWARM) warm (WARM)and hot (HOT)The requires knowledge of the non-linearity of the
fuzzification action consists of a set of analogymocess. There is no standard design scheme that
membership functions, describing the inpuwtan be employed to choose the number and posi-
linguistic terms. The membership function can kd@n of the fuzzy sets, and too few people realize
of a variety of shapes (e.g., triangle, trapezoithat this is a problem.
etc.). The overlapping of fuzzy sets together with
When building a fuzzy controller, one of thduzzy inference and defuzzification result in
first questions which arises, after having chosémerpolation. If the membership functions are
the inputs, is how many fuzzy sets will be needednvex and normal and the sets are a fuzzy parti-
and how the fuzzy sets should be divided on thien, then the interpolation depends only on the
universe of discourse of the inputs. More or les®arest surrounding characteristic set of points
standard types of fuzzy sets on a universe afd each characteristic point is uniquely defined
discourse of controllers are shown in Figure 7(8y a fuzzy rule. This is because there are no more
and (b). than two overlapping membership functions at
The choice of membership functions useany point on the universe of discourse.
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Figure 7 Types of membership functions: (a) linear and (b) logarithmic
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5.2 Fuzzy control rules be used by the plant in order to create indoor

The dynamic behaviour of a fuzzy system itermal comfort. The controller, making it easy
characterized by a set of imprecise conditiontd apply and generic to a wide range of heating
statements, which form a set of decision rules. Thentrol problems uses a linguistic description of
process can be expressed linguistically as a setlaf thermal comfort sensation. Overlapping
linguistic decision rules of the form: IEfpnditions triangular membership functions were used for

are satisfiedl Then @Action can be inferred input (fuzzification) and output (defuzzification)
There are four ways to derive fuzzy contradf the fuzzy system.
rules2>:26 The input membership functions were defined

« From experiential knowledge of the plangﬁlgss_sgg'sg Sgg)%]LfgéZC))/O”?_pltlrl[EE?I:[SSS)V;\rllQel\Avan-
behaviour and control problem. ,\é\IARM and I-,|OT as shown in Figur’e 8.

* By modeliing or observing a human operatorS”g., e 77y sets were ascribed to the output
manual interpretation of the problem. ariables: FC, CL,SCL, MDL, SOPOP, FO) to

* From a model of the plant behaviour anf‘ﬁorm the output membership functions as shown
control pr(_)blem. _ in Figure 9

» Selft-learning and adaptation by the controller’ s -co ging to the number of the fuzzy sets of
(self-organization). the input and the output, seven fuzzy rules may

5.3 Inference be defined as follows:

There are in general four methods of fuzzgl: If PMV is ‘COLD’ Then Vp is'FO’
reasoning?® Mamdani’s minimum operation R2: If PMV is ‘COOL’ Then Vp is‘OP”’
method is the most common, involving two funcR3: If PMV is ‘SCOOLThen Vp is'SOP
tions: R4: If PMV is ‘NEUT Then Vp isMDL’
1) Determine for any fuzzy controller inputggj :; me :i \?VVXQII\Q/IMFEZSPVVRSISC?_CL
which rules are applicable. : b

2) Determine the fuzzy control action by usin&wz It PMVis 'HOT" Then Vp isFC

fuzzy reasoning. The relationship between the input and the
output of the controller according to these fuzzy
5.4 Defuzzification strategies rules is shown in Figure 10.

At the output of inference the process is a Using Mamdani’'s minimum operator method
fuzzy set (i.e., for example, Figure 7). A nonfor inference, the control action is a fuzzy set,
fuzzy control signal (i.e., a crisp value) can behich requires a defuzzification strategy to
established through a defuzzification. There aobtain a crisp control signal. The COG method
several methods for defuzzifying to a crisgvas used to convert from fuzzy values to crisp
value?® of which the centre of gravity methodvalues, forming the actual control signal, which
(COQG) is the most commonly used. This methaxhn then be applied to the heating valve.
is based on taking the aggregate of the fuzzyThe overall system (building, heating system,
outputs from each rule, weighted by their gradesid outdoor climate files) with the PMV based

of fuzzy input set membership. fuzzy logic controller and, for comparison, the
PID-based comfort controller is shown in Figure
6 A PMV-based fuzzy logic controller 11. A switch has been added to the model, before

the non-linear valve, to select between PID and
The PMV-based fuzzy logic controller proposetlizzy logic control actions. Two different
here evaluates the predicted mean vote (PMwl)itdoor climates have been used; one in
level and, if this level is out of the comfort rangesebruary (a winter month) and the second in
provides the air temperature set point that shouigbril (a spring month).
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Figure 8 Membership functions of the fuzzy controller input

The calculation of the predicted mean votgpical winter conditions and the energy
(PMV) and the predicted percentage of persodemands in both cases were integrated to reveal
dissatisfied (PPD) is determined using an energy saving of approximately 20% due to
MATLAB function based on three inputs from thehe PMV-based FLC when compared with
simulation model; the internal air temperature, tl@nventional tuned PID control.
mean radiant temperature, and the relative humid-In order to test the general applicability of the
ity of the internal air. Because the activity antivo control systems, the building construction
clothing levels are application-dependent, thedata were changed to those representing a very
values were entered as constants. low thermal capacity structure while keeping the

The resulting PMV based fuzzy logicoverall thermal transmittance of each element
controller was applied to the building space armbnstant and the controller specifications
its heating system. Figure 12, shows the systeamained unchanged. This would have the effect
response under tuned PID and PMV-based FL@&f.making the system much more responsive thus
As can be seen, the performance of the PMdhallenging the PID controller originally tuned
based FLC is superior to PID controller in termf®r a high thermal capacity application. Results,
of reference point tracking. Results wershown in Figure 13, reveal that the fuzzy
extended over a 7-day cycle of space heatingdantroller maintains excellent tracking of the
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Figure 9 Membership functions of the fuzzy controller output

-3 -2 -1 0 1 2 3
PMV

Figure 10 Input/output relationships for the fuzzy controller
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Figure 13 Low thermal capacity building with PID control and PMC-based FLC

reference condition whereas the tuned PID give$D control of this problem are identified and an
a reasonable response but with significant oveaternative strategy based on a fuzzy logic
shoot. Thus the robustness characteristic of tbentroller (FLC) is developed. There is a natural
PMV-based FLC is superior to that of the PI@ppeal in this in that the essentially subjective
controller. In practice, the PID controller woulccomfort control problem can be easily mapped
either have to be tuned for each individual applonto a universe of discourse of input fuzzy sets and
cation, or tuned for an expected least-damp#tk associated inference which ultimately forms a
case (in which case it would behave sub-optiequired control action can be carried out qualita-
mally in all other applications) whereas thévely. The resulting FLC is compared with a PID

PMV-based FLC would not require this. controller tuned to give optimal performance for a
given case, consisting of a building space with high
7 Conclusions thermal capacity. A further comparison is then

made using the same controller specifications but
In this work, a control strategy has been developeith a low thermal capacity building space. Results
for the space heating of a building space in whighow that the FLC gives better control tracking and
the comfort sensation as quantified by predictedbustness than the PID controller for both appli-
mean vote forms the control variable. Difficultiegations. This work has addressed the extremes of
associated with the lack of generality inherent Ipuilding space thermal capacity in arriving at these
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conclusions and further work needs to be done on Auliciems A. Thermobile controls for human
the applicability of the results to a wider range of comfort. The Heating and Ventilation Engineer
construction types, heating system types (and 1984;31-3.

modes) and microclimate conditions. It is likely8 Fountain M, Brager G, Arens E, Bauman F,
that some degree of self-adaptation will therefore BentonEC. Comfog gor_mlgpl forgih%ri'_timl?f’cc“'
be necessary and a neuro-fuzzy approach 5spancy' nergy and Buildings994; 21 1-13.

. X . 9 Culp CH, Rhodes ML, Krafthefer BC, Listvan
presently being actively explored. Further work is” \; “sijicon infrared sensors for thermal comfort

also needed on the essentially spatially-variable 5nq control ASHRAE Journal993: 38—42.
nature of certain variables which contribute t9o MacArthur JW. Humidity and predicted mean

comfort sensation (Sections 2.1, 2.2). One area vote based comfort contrdh\SHRAE Trans.
meriting further work is the use of model-assisted 1986; 1: 5-17.

compensation in which a thermal model is used 1@ King PJ, Mamdani EH. The application of fuzzy
predict the spatial distribution of the variables of control systems to industrial processes.
interest with reference to a single point of measure- Automatical977; 13: 235-42.

ment. From this, the measurement can subdg- Gouda MM, Danaher S, Underwood CP.

; . + . Modelling the heating of a building space using
%?tﬁ?rt]h{hgessgéu;ted to account of non-uniformity Matlab and SimulinkProceedings of IMACS

Symposium on Mathematical Modelljngenna,
2000; 1: 91-4.
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i-1
Appendix A |n(PW91)=2031T +a,In(T) (A1-3)

To calculate the relative humidity of a buildingn which,

, the int | air enthalgy, ) is first calcu-
space, the internal air enthalgy, is first calcu _5674.5359 a, = 6.3925247

lated from a room air total heat balance as @ ~
follows: a, = -0.9677843 x 1
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=0.62215% 10°° a, = 0.20748« 108 Hence the percentage saturation (to which the

a; = 0.94840% 1012 ae 4.16350109. _relat_ive h_umidity may be taken as a close approx-
imation) is obtained:

The saturation pressure over wateg (D= 200):
¢; = 1009(T) / 9,{T)) (A1-8)

In(Pu) = SHT+b,In(T)  (a1-4)

i=-1

Where: Appendix B
b 4 = = -5800.2206 by, = 1.3914993 The thermal comfort indices (PMV and PPD) are
b, =-0.048640239 b, =0.4176476& 104 calculated as follows:
7
b = —0.14452093 10~ b = 6.5459673. PMV = (0.352 exp(—0.42et) + 0.032)
From the model-input value of external air relative x (Met —0.35(43 — 0.061Met — pv)
humidity @), the mass of water vapour of the — 0.42(Met- 50) — 0.0023M¢44
mixture @) of the external air is obtained from: —pv) -0. 0014Met(34 =T
— 3.4 x 1681 (T, +273)4 T,
bext = 1009(T) / 9{T,) (A1-5) +273f —f h (T ~T)) (51 1)
Thus the enthalpy of the outdoor &it is given Where T, is calculated iteratively from the
by: following equation:
H, = hg(T,) + CT, (A1-6) T, = 35.7 — 0.032Met — 0.18Icl(3.4
_ _ _ x fy((Ty + 273)4 T+ 273))
The mass of water vapour in the internal air + 1Ty = T) (B1-2)

T.))is given by:
(9(T))is given by PPD = 1 — 0.95 exp(~0.003353PMV
9(T) =(H -CT)/h (A1-7) — 0.217PM\?) (B1-3)
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