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ABSTRACT Limit  temneratire  differentinl
The control strategy of the thermal storage HVAC Urli'tjr_v Seco&fafv
system gives a large effect to the storage efficiency 6 E‘%@
which dominates the tank volume to a great extent. Ui Nat,
Authors introduce how the temperature distribution Tandy o | D60

of the tank varies and gives a considerable damage on Abo % fo Abo
the HVAC system performance, and how this kind of L to Wﬁfz

fault can be detected and diagnosed through the
pattern recognition of temperature profiles which are
obtained by storage system simulations.

INTRODUCTION

The water and/or ice storage system is widely used in
Japan for the power security. There are two typical
types used for the water storage, one is the so-called
multi-connected complete mixing tanks and the other
is the single temperature stratified tank. Several
design factors contribute to the size of the tank. | |
Nakahara et al. [1][2] showed how to decide the ¥ ¥
storage efficiency and identified the significant
factors and sensitivity of them. The system control W Thermal Storage tank I
strategies are the principal factors to keep hig QLultioconnoctod connleie Lixine
efficiency, which WOUlc_j give some vital effects when Figure 2 Simplified diagram of thermal storage system
they become malfunctioned.

Then, how to detect and diagnose these malfunctiond®ad. to: et point outlet temperature of HP, the heat pump,
becom n important subiect. Authors pr dt t,: allowable highest temperature of the chilled water to the
ecomes a portant subject. Authors propose Ocooling coil, t;: allowable lowest temperature to HiR,:

use the pattern recognition method using the |imit temperature differntial=t-to, At,: limit temperature
temperature profiles in case of the normal and faulty differentialts+ 4 8, —1t; p :density,c:specific heat
conditions for the most popular type of the tank, that
is, the multi-connected complete mixing tanks at the
IEA Annex25 research project [3]. The present paper
introduces that precisely the same approach is
available for another typical tank of type, that is, the
single tank with the temperature stratification.

STORAGE EFFICIENCY

From the practical design point of view, the storage
efficiency ns which is applied to calculate the tank
volume shown in Equation (1), is definedragure 1
using the temperature profile.

The horizontal axis of Figure 1 is the position, or the
volume, of the tank/. Thus, the storage efficiency is
the ratio of the actually stored heat to the nominal
heat stored in the water volurivewith the reference
temperature difference & 6 ,. Further discussion on
the storage efficiency shall be referred to [1].

SIMPLIFIED SYSTEM DIAGRAM

The Figure 2 shows a simplified diagram of HVAC
system with the thermal storage. What are important
from the viewpoint of the storage efficiency are as
follows. These are significant factors of the storage
V =Q,/ pcn A6, (1) efficiency as shown in the next chapter and often
Where, in Eq (1) and Figure 1, malfunction, which will give unfavorable damage.

V : water volumeQs: heat to be storeda 6 4. reference 1)The VWV, or the variable water volume system,

temperature difference of the chilled water, defined as the
weighted coil design temperature difference at the peak controlled by the two-way valve V2 and the CWV, or




the constant water volume system, controlled by the examined if it reached the value just as predetermined
three-way valve intermingle. [1]. The 1-D finite difference method was applied to
2) The three way mixing valve V1 controlled in PID calculate the temperature distribution. Reference [2]
action is used at the suction line of the heat pump,shows the detailed modeling of the temperature
HP, in order to keep the set-point temperature of thestratified tank. As to the system components, only the
outlet water constant. It keeps the water temperaturecooling coil was precisely modelled, because the outlet
to the cooling coil low enough during the daily cycle. temperature of the coil is the most important.

3) Another three-way control valve V3 in PID action
may be used to keep the return water temperatur
from the cooling coil as high as possible for the CWV
system. This control loop is called as CDT, hereafter.
4) With this system composition, the water in the tank
turns around only once a day.

The significant factors and interactions between two
&actors were abstracted through the analysis of
variance and the estimation tables of the storage
efficiency were obtained for two types of the thermal
storage tank. The detail of these process, together
with description of the mixing models and

5) In_g\dditionk therﬁ_ a;lre several ]{fﬂ‘?fe factori whichh consideration on how the factors and levels were
contribute to keep high storage efficiency such as thegg|acteq, are described elsewhere.[1][2]
the difference between the HP outlet temperature, the

allowable highest temperature rise, etc. [1] The Table 1 shows the factors and levels chosen for
the simulation and statistical analyses. Tiable 2

ESTIMATION TABLES OF is the estimation tables of storage efficiency for two

STORAGE EFFICIENCY types of tanks composed of significant factatg.is

Simulations were carried out for eighty-one cases, thethe factor effect to be summed up over all significant
combination of which was determined by the design factors. When actual temperature difference is kept
of experimentTwo days of simulation was supposed higher than the designed due to high temperature
enough to determine the steady state and the limitreturn water at the partial load of VWV system, the
temperature rise of the lowest temperature tank is Storage efficiency may become larger than 100%.

Table 1 Factors and levels for experimental design

lactor (i) Level (i)
i factor name 1 2 3
A Peak dimensionless depth of complete mixing region 0.1 0.3 0.7
B Min. /Max. Load ratio 0.8 0.5 0.2
C Existence of CDT for CWV Yes (2) Yes (1) No
D CWV Load ratio to total load 0.2 0.5 0.8
L Limit temp. difference ratio for primary circuit 0.6 0.4 0.2
F Limit temp. difference ratio for secondary circuit 0.4 0.3 0.2
G Number of tanks 40 20 10
I Operation schedule of generator 0-24 18-12 22-8
Table 2 Estimation table of the thermal storage efficiency
TYPES Multi-connected complete mixing tanks Single temperature stratified tank
Factor ne= 9641+ SAn ;; () ne=9092+ 5An 1 (%)
(1) Level () Level ()
1 2 3 1 2 3
A - - - 7.56 7.48 -15.03
B 2.85 0.94 -3.79 2.07 -0. 04 -2.03
C 9. 47 1. 76 -11.23 9. 67 1.27 -10. 94
Apij D 3.63 0.20 -3.83 2.79 -0. 12 -2.67
E - - - 4.07 0.72 4. 80
F 7.19 0.76 -7.95 6.91 -1.58 -5.33
G 6. 20 -0.21 -5.98 —* —* —*
H 5. 50 -7.29 1.79 6. 83 -9.17 2.33
BXD -5.92 0.18 5.73 -4, 41 0.21 4.20
-0. 30 -0.49 0.79 -0.75 0.35 0. 39
6. 22 0.31 -6. 52 5. 16 -0. 56 -4.59
CXD -5.03 -0.32 5.35 -6. 56 0.49 6. 06
-1. 06 -0.23 1.29 0.25 -1.77 1.53
6.09 0. 54 -6. 64 6. 31 1.28 -7.59
AnijXAnlJ  CXF 1.93 -1.29 0. 64 #1 Nunber of tank = 1
2.49 0.35 -2.84
-4, 42 0.94 3.48 Combination of levels (/X )
FXG -1.01 -3. 05 4.06 1X1 1X2 1X3
0.96 1. 03 -1.99 2X1 2X2 2X3
0. 05 2.01 -2.07 3X1 3X2 3X3




was a three way valve and that the V3 did not work to
FAULT SIMULATION ) bypass flow from the last tank. This may be the
The faulty phenomena observed in the thermal storaggypical and popular fault in the secondary circuit and
tank are affected not only by its proper faults but alsoca|led as Faulp in the following chapters.

by faults at any part of HVAC system. At the same Th hy th fault wpical and lar i

time the thermal storage faults affect the operational ? r"easonTvk\: yHVeASCe' autts a;ethyplca tan pol_pu f‘r dIS

performance of HVAC system and the building as foflows. 1he IS one of the most complicate
and difficult system to control properly because of the

environment. Experiences show that a peculiarI ; nd fr nt thermal disturban wher h
control fault around the thermal storage tank gives garge a eque ermal disturbances, wnereas the

characteristic transition of the temperature profiles ofallowance for the en_v[rpnmental quality is not so
the tank, which somehow provides an information onharrow due to the flexibility .Of human comfort.Oq t.he
the exist’ence of some kind of faults other hand the HVAC designers have not sufficient

o . ) knowledge on the control theory, while the control
The original simulation program was developed for personnel, in the design as well as in the field , have
calculating optimal storage capacity based on thejttle knowledge on the HVAC theory. The owners, in

given design conditions, so that it did not include theaddition, care little for the maintenance quality.
room model, and the room temperature was suppose

to be kept constant. It is correct as long as the wate
temperature for cooling is kept proper due to the
premise of optimal design with no-fault operation. In
order to make it possible to simulate the faulty
condition, where the water temperature is expected t ; S o
reach abnormal condition in which the heating and/oriorces to fix the control action, if ever no claim is fed
cooling load to keep nearly constant room back from occupants.

temperature cannot be extracted sufficiently, aSIMULATION RESULTS

simplified calculation model to estimate dynamic The temperature profiles as well as the heat balance
thermal behavior of the room was introduced [4]. between the rate of heat extraction and chiller output
After an optimal capacity of the tank is decided, two obtained by fault simulations in both types of storage
kinds of designated faulty conditions are given at thetanks, for two cases among eighty one cases, are
initial stage of simulation, that is at 0:00 in the shown inFigure 3 and Figure 4as® and® , for
morning, and the fault simulation begins only for one the normal and two faulty conditionghe figure @

day for both conditions. The calculation results for shows the cooling load, which has three patterns as

hat means no one cares how to tune the control
parameters optimally, which results either hunting of
actuators or widening the proportional band only for
obtaining stability. Maintenance engineer, who is also
nows little about relating knowledge, often manually

each case are listed as follows. shown in Table 1 by the B and D factors, and the heat
a)optimal capacity pump qperation profiles, which also has three patterns as
b)storage efficiency shown in the same table by the factor H.
c)temperature profiles for the normal condition The temperature profiles are shown in two dimensions,
d)temperature profiles for two faulty conditions the parameter of which is the time increment in every
e)room temperature variation and the rate of heat two hours. The most symptomatic phenomena for each
extraction fault are observed as follows. As seen in the heat
finlet and outlet water temperatures over the heat balance graph, cooling load cannot be sufficiently
pump and the cooling coil extracted by the cooling coil in case the chilled water
FAULTY CONDITIONS ?ut:et temperature is raised abnormally higher due to the
aults.

The more a factor has a significant factorial effect, the i

more significant effects result when the factor goeshormal operation

out of order. The present paper pays attention to th&Vatching carefully at the profiles, very few temperature
importance of control strategies, because they havgrofiles intersect each other in the normal operation. The
strong relations with the effects of these significantpeak temperature point of each profile is fixed at the
factors. Referring Figure.2 and Table.2, two kinds ofposition of the return tank, or the last tank. The highest
faulty conditions are selected for examination. temperature of the initial tank during a day is limited at

1) The valve V1 malfunctions to fix its position as the_point o_f_ limited temperature rise following the
sucking all of water from the last tank to which 9€sign conditions.
chilled water returns from AHU coils and no water Faulty operation ©®

rovy from the initial tank to the valve. This fault i§ the | the faulth condition the profiles wave and the peak
typical and most popular control fault in the primary emperature points gradually move,so that the profiles
circuit and shall be called as Faaltn the following. iersects each other.Thus, the initial tank temperature
2) Both the valve V2 for VWV system and V3, when rises as the peak temperature point moves over the
it is provided, for the CWV system went out of order design condition. These symptoms do not always
or installed another way by mistake. It was supposedappear very clearly. When the design temperature
as the result, that the two way valve worked as if itgjfference for the primary, or the chiller, side, and the
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Figure 3 Temperature profiles and heat balance for the multi-connected complete mixing type tanks
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Figure 4 Temperature profiles and heat balance for the single temperature stratified tank



secondary, or AHU, side, are similar, the symptomdifference is sometimes not so large. The middle
becomes unclear. So is the results when the CW\Migure @ in Fig.3 and 4 shows the results of Fourier
system load overwhelms the VWV system load. analysis. The difference mainly exists in the value,

Moreover, if the temperature rise in the initial tank distribution and the degree of the sine and cosine
appears in the evening when the cooling load profilecompPonents. This suggested a possibility of quantif-
is much alike triangle, that means small cooling loadic2tion using these factors as parameters for FDD.

in the early morning and late evening, the faulty pARAMETERS FOR MAPPING DATA
phenomena does not affect the room temperature as

long as it is the first day of the faulty operation. If the As shown above, factors describing the variation of

fault is not detected and recovered, the roomtEe frﬁquenlcy and phasekof the tﬁ mpelraturef pro f”eS%f
condition will be vital in the following days. the thermal storage tank are the value of sine an

. cosine components, their distribution and degree of
Faulty operation @ the frequency of Fourier transform. Quantification
In the fault@ condition the profiles become rather trial using these factors were conducted as follows.

flat, resulting the temperature rise over the designatee{-he twenty three parameters composed from real

limited value in the initial tank. This is because th_e- values as well as the Fourier values were supposed to
elevated temperature of return water at the partiabpeck the significance for FDD, the fault detection

load, higher than the designed value, which is @y giagnosis. The parameters were reduced by
typical phenomena of the VWV control using tWO checking the internal correlation and statistical

way valve, does not appear. Again, it will be obvious gjqhificance. Finally two significant parameters was
that the phenomena will not appear clearly if thederived as the most valuable for recognizing

cooling load has a flat pattern, as the coil outlet watelyitterence of patterns between the normal and the
temperature is kept almost constant. faulty ones.

FOURIER TRANSFORMATION Maximum value of Fourier transform

As seen in of Figure 3 andl4 the characteristics of The difference among the normal and the faulty was

the frequency and phase of the temperature profilg)pserved especially at tf&S zone, as explained in
pattern seem to have decisive factors to discriminate ge following and as shown in Figure 3 and 4, as well.
fault from the other or from the normal. In order to

quantify them the temperature profiles were analyzed1
into Fourier transformation. Two dimensional Fourier

) The real value along the time axis begins with a
larger value and then decreases.

transform is expressed as Equation (2). 2) The real value along tk_le space axis begins with a
[F ]_ caco (G, C.SO smaller value and then increases.
kd= - O 3) The dominant frequency in Fourier analysis gives a
C
BSE&EL %“ ! S8 O characteristic information of temperature profiles.
. %oszﬁkf %oszgs E Actually the lower frequency was seen dominant.
=2 Z Z X, O ok N on 0 Then, the maximum value of the components of the
NM & & %in—’ in2ls O zone defined as described in Equation (3) is selected
M M O as one of the parameters.
k=0120N/2 | =0120M /2 F,,=Max(C,S) 3)
® O<k<N/2 k=N/20N [ =2,2,0M /2
Q= _
H k=0 N/2 _ .
. 0<l<M/2 Maximum value of frequencies over threshold
<| < H H
a, = b ) along the time axis
| =0, M/2

It is observed that the profiles along the time and
Where, space axis varies considerably, if compared with the
x: temperature of the tank water [C], and it was supposediormal one. It was calculated that the time axis
to be two dimensional real periodic function with the time variation was more significant in the FDD. Therefore,
5 the.number of tanke in case of the muli-connectod <, MeXIMUM ValueFy of the frequencies over a
complete mixing tanks type, while it is the number of layers certain threShOId_Val_ue along the time axis Wafc‘
for numerical calculation in case of single temperatureSe€lécted as a significant parameter as shown in
stratified tank typeC,S sine and cosine components of Equation (4) and (5).

Fourier transform, respectivelly, M: total time and total

number of divided number of the tank , that is, the space. The componentba,; of the converted matrika are

. calculated by filtering with the threshold valbdérom
The results [4] showed that composition of both they,q riginal Fourier matrixH] and has the value of
sine and cosine components are different between thgjihar k. k-N/2 or 0 depending on its magnitude as

normal the faulty for the identical cases but that theghoun in Equation (5).



F, = Max(Fa,) (4 group of which has more than seventy data. The
k =120N | =1.2,0M Mahalanobis's distance[5][@) is calculated by the
’ ' following equations (6) and (7). The ellipses shown in
k k<N/2 F |>bg these figures were drawn for one and a half of the
Fa, =dk—-N/2 k=N/2 “ o standard deviations . The most probable answer of
B 0 |F |< bH grouping for any data is the one that the Mahalanobis'
M= distance is the shortest.
k =1,2,TIN | =1,2,0IM
-1
Data Mapping D?=(x-p)'y (x-H) (6)
. . . .
Thefigure 5 and_Flgure 6 show mapping results of X = [Xlxzxsm%]
all the data obtained from fault simulation on the two
dimensional planes, using the param_eters des_cribed I‘l:[l‘lluzu?,l:l]ﬂlp]T
above, for two types of tank. The horizontal axis of )
them isF,, and the vertical axis i5, . Both of them (&, 0,0, Glo-pg
gre normalized using the_mean values of all _the cases 0,0, 022 0 0,0,0
in order to make applicable to any partial load ) = %]]] 0 (7)
conditions and to any design conditions. L A E
2
The distributions of the coordinates among normal %Pal 0502 Op

cases, faultd cases and faulb cases are expected to

be different each other, which means successful FDD.PERFORMAI\ICE OF FDD
The results of the performance of the fault detection

DATA GROUPING and fault diagnosis obtained from grouping method

How to group the data on the map for each normalwith Mahalanobis’ generalized distance for two types

and fault case is the next question. The performancef thermal storage tank are showrnTiable3 for four

of FDD depends upon the quality of grouping cases of threshold valiein equation (5), that is, 0.1,

method. 0.3,0.5 and 1.0.

. . . . . 2
The bivariate normal distribution M(o ) was  The fault@ is discriminated from the normal on the
supposed for each three group data. The center of th@iapped area with more than 96% probability of fault
distribution and the probability ellipse are calculated detection notwithstanding tHe value. In case of the
from the enough volume of the sampled data, every fault @ the probability of detection reduces a little.

27 27
O : normal U : normal
v faultD : faultD
A fault2) : fault2)
FI 1 - Fl 1 -
m}
0 L L L L | 0 L L L L |
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25

Figure 5 Mapping and grouping normal and faulty

data for the multi-connected complete mixing tanks

Figure 6 Mapping and grouping normal and faulty

data for the single temperature stratified tank

Table 3 Performance of FDD ( fault detection / fault diagnosis, or classification )

Threshold |The multi-connected complete mixing tanks | The single temperature stratified tank
b Fault@ Fault® Fault® Fault®
0.1 0.97 / 0.76 1.00 / 0.76 1.00 / 0.68 1.00 / 0.69
0.3 0.91 / 0.66 0.96 / 0.80 0.93 / 0.63 0.99 / 0.71
0.5 0.88 / 0.68 0.99 / 0.83 0.93 / 0.49 1.00 / 0.64
1.0 0.86 / 0.45 0.99 / 0.91 0.95 / 0.61 1.00 / 0.65




The threshold gives little effect on the performance and the three way valve for the CDT control in CWV
as far as it is below 1.0 and the smaller value lookssystem,fault @, were supposed to take place at O
slightly better, as it can pick up higher frequency o'clock after normal operation.

components. 2)Dynamic fault simulation of the two kinds of

The performance of fault diagnosis, or classification, reference thermal storage systems was carried out and
is not so high as the fault detection, becausedata for FDD was acquired

simulation results showed that the temperature 3)Variations of the phase, frequency and amplitude

profiles of the two kinds of faults sometimes '\ .o analyzed by way of two dimensional real
resembles each aother when a certain kind of Fourier transform.

combination of factors were selected ) )
dIn order to quantify the temperature profiles for

DISCUSSIONS FDD, two significant parameters composed from
Fourier value were selected after checking twenty
three parameters with the internal correlation and
the statistical significance.

In order that the FDD presented in this paper

becomes a realistic on-line method, there are several
problems to be studied further. One thing is if it is

available for the partial load season operation. 5)The threshold value for the second parameter has
Authors have already studied it on the simulation hot always affected the performance for fault

basis [4] and reached a conclusion that exactly the detection and diangnosis as long as it is below 1.0.

same approach using the same parameters foe)Data grouping using Mahalanobis' generalized

mapping and grouping is effective with almost the distance on the probability ellipse showed a

same level of performance of FDD. satisfactory performance of FDD for both types of

The second problem is if it is effective even in case Storage tanks. The parameters available are the
of actual installations. Authors are making several Same, too.

trials, too, using actual field data as introduced 7)The proposed method is only applicable to those
elsewhere in Japanese [7][8]. The actual operation faults which clearly affect the temperature profiles

data has many kind of noises as follows. of the thermal storage tank. However, it is believed
1)Measured data are not always correct due to the that most of thermal storage faults affect the
sensing fault and/or communication noise. temperature profiles, so that the pattern recognition

method based on the temperature profiles is

2)lt is not clear whether the data come from the )
considered powerful.

normal operation or from the faulty operation.
3)Therefore, it is necessary once to commission the8)Several other problems to be solved remains for the

system and obtain the data as normal as possible. present method to become available for FDD in the

: real system.
4)The control algorithm and control parameters are y

not optimized,but rather faultily tuned. In that case, REFERENCES
even the normal-like operation generates faulty [1]N.Nakahara, K.Sagara : Water Thermal Storage Tank, Partl -
data. Basic Design Concept and Storage Estimation for Multi-
) ) connected Complete Mixing Tanks, ASHRAE Transactions,
The item 1) should be solved by maintenance. The Vol.94.2,1988
item 2), 3) and 4) should be solved by preliminary [2]N.Nakahara, K.Sagara, M.Tsujimoto : Water Thermal Storage
; Tank, Part2 - Mixing Model and Storage Estimation for
survey and adjustment of the coniro] system _and then Temperature-Stratified ~ Tanks, ASHRAE  Transactions,
gather the normal data beforehand. Usually it should /94,2 1988

be done just after completion at least for one year.  [3]Technical Report of IEA-Annex-25, IEA, 1997.1

Other kinds of fault simulation than those described [4]M.Zheng, N.Nakahara : Study on Fault Detection and
above will give more information which are useful to ~ D/8gnosis of Thermal Storage Systems with Pattern

h ) ' faul R . I Recognition, SHASE Transactions, No.63, 1996.10
screen these ‘upstream’ faults, or inoptimality. [5]M. Kendall: Multivariate Analysis, second it#dn, Charles

Griffin, 1980
CONCLUSION ’
) )  [6]P. C Mahalanobis: Historical note on théddatistic, Sankhya,
In order to identify selected thermal storage operation 9, 237, 1948
faults, mapping data using appropriate parameters[7]M.Zheng, N.Nakahara : Study on the Dynamic Simulation and

based on Fourier transform on the two dimensional Fault Detection of HVAC Systems, Part9-Fault Detection and
Diagnosis of the Thermal Storage Control Faults with Actual

plane and grouping by the statistical principle have  \easured Data, Proceedings of AlJ Academic Meeting, 1996.9
proved fairly effective in detecting and localizing (Japanese)

faults as follows. [8]M.Zheng, N.Nakahara :Study on the Fault Detection of the

. . . Thermal Storage System with Pattern Recognition, Part3 -
1) Two kinds of control faults, one is malfunction of Method for Practical Use and Verification by the T-Hospital

the three way valve at the primary circtidtult®, and Data, Proceedings of AlJ Tokai Chapter Academic Meeting,
the other is malfunction of the two way valve at AHU ~ 1997.2 (Japanese)
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