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With growing realization of the benefits brought by fault detection and diagnosis(FDD), a large body
aof research pertinent to FDD methods for centrifugal chillers has been conducted during the past two
decades. However, at the present time, relatively few FDD methods can handle multiple simultaneous
Saults on centrifigal chillers. This article describes the development of some decoupling features, which
are the basis of a decoupling-based FDD methodology that can handle multiple simultaneous fuulls on
centrifugal chillers. The performance of the decoupling features were validated and evaluated by the
laboratory data from a 90-ton centrifugal chiller tested in a laboratory environment.

Introduction

Buildings consume more and more energy— cur-
rently about 73% of electricity and 40% of primary
energy in the United States (DOE 2009). Among
various building energy systems, centrifugal chillers
are large contributors of energy usage and mainte-
nance costs for HVAC systems. The performance of
centrifugal chiller degrades gradually due to faults
introduced during initial installation or developed
in routine operation, The parasitical faults in chifler
systems lead to inefficient operation, degraded per-
formance, additional maintenance costs, and shorter
equipment fongevity. Fault detection and diagnosis
{FDD) technology has the potential to guard against
faunlts, reducing energy penalty, equipment down-
time, and maintenance ¢osts.

During the past 20 years, a large body of sys-
tematic FDID research on chiller systems has been
conducted. To meet imperative needs for a com-
prehensive study of automated FDD for centrifugal
chillers, a three-phase research project for develop-

ment, evaluation, and laboratory and field testing
of FDD methods for centrifugal chillers has been
spousored by ASHRAE since 1998. The first phase
{1043-RP; Comstock and Braun 1999) identified
some common and important faults for centrifugal
chillers based upon frequency of service and main-
tenance costs; a database of chiller performance was
built for fault-free and faulty operation under dif-
ferent levels of fault severity and different operat-
ing conditions on a 90-ton laboratory centrifugal
chiller. The second phase (1275-RP, Reddy 20606)
was initiated to evaluate the effectiveness and ro-
bustness of four promising FDD methods using the
tools provided by 1043-RP (Comstock and Braun
£999) and to identify which was the most promis-
ing for subsequent ficld evaluation and adoption, as
well as to develop a general and practical evalua-
tion methodology for assessing the performance of
FDD methods. Jia and Reddy (2003} proposed a
generic model-based FDD method for chillers us-
ing characteristic features that are sensitive to some
faults. Similar to the multivariate regression method
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evaluated by Reddy (2007a), a simple regression
model-based FDD method for large chillers was
presented by Reddy (2007b). The simple regression
model using only a thermal load as a regressor to
describe the changes of characteristic features under
different operating conditions was developed. The
model predictions were compared with actual per-
formance data to generate the residuals, which were
used to detect and diagnose faults. Wang and Cui
(2006) proposed a strategy that which consisted ofa
model-based chiller FDD scheme to handle typical
chiller faults. The chiller FDD scheme was devel-
oped based on six performance indices, which were
deduced from theorctical analysis to characterize
the health condition of centrifugal chillers.

Many existing FDD methods have good perfor-
mance in handling faults that happen individually.
However, the existing FDD methods for centrifu-
gal chillers can hardly deal with multiple faults
that happen concurrently. Li and Braun (20072} de-
veloped a decoupling-based (DB) FDD (DB-FDD)
method for vapor compression cycle equipment to
handle the multiple-simultaneous faults. The DB-
FDD method has been implemented on a package
unit system in both laboratory and field environ-
ments, which demonstrated its accurate and robust
performance. The key to handling multiple simulta-
neous faults lies in identifying the decoupling fea-
tures, which are uniguely dependent on individual
faults (Li and Braun 2007b). The decoupling fea-
tures can also be used as virtual sensors to monitor
and diagnose faults in vapor compression air con-
ditioners (L1 and Braun 2009a, 2009b, 2009¢). The
centrifugal chiller also uses the vapor compression
cycle and expericnces certain faults encountered
by package vapor compression units, such as low
refrigerant charge, refrigerant overcharge, noncon-
densable gas in refrigerant, etc. However, there are
some differences between package unit system and
centrifugal chillers system, for example, the differ-
ent refrigerant mass flow rate control method, dif-
ferent heat exchanger type, different refrigerant cool
method, different symptom of faults, ete. Therefore,
the decoupling features for package unit system can
hardly be applied directly to centrifugal chillers. The
key point of applying the DB-FDD method in cen-
trifugal chillers is to identify the decoupling features
specifically pertinent to centrifugal chiller systems.

This article developed some decoupling features
for common faults that ocour in centrifugal chillers,
and the detailed strategy for developing those decou-
pling features is presented. Finally, the performance

of the developed decoupling features were validated
and evaluated with the laboratory data frorn a 90-ton
chiller tested in a laboratory environment.

Methodology of DB-FDD method

To handle the multiple-simultanecous faults, Li
and Braun (2007a) formulated model-based FDD
techniques in a general mathematical way (Equa-
tion 1) and found that decoupling is the key to handle
multiple-simultaneous faults. As shown in Equation
2, the decoupling methodology transforms a compli-
cated multiple-input and multiple-output FDD prob-
temn into a finite number of simple single-input and
single~output problems. That is, a fault indicator
termed the decoupling feature is uniquely related to
a single fault and is independent of the impacts of
other faults and driving conditions. Consequently,
multiple faults can be handled;
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where variable [ vepresents a certain state variable
of the diagnosed system (e.g., subcooling), fault i
represents a certain fault of the diagnosed system
(e.g., refrigerant overcharge), and f;; () denotes the
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function relationship between fault j and variable i,
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where feature i represents a decoupling feature for
Jaudt i, and f;; (-) denotes the function relationship
between fault | and feature i,

It is obvious that full decoupling can easily han-
die multiple simultaneous faults, but the criterion
of full decoupling is not a necessary condition and
can be lowered. The worst case can be handled as
shown in Equation 3, in which feature { can only be
affected by fault j, where j < I; partial decoupling
is sufficient for an FDD application;
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From the above mathematical derivation, it
can be seen that the key to handling the maultiple

simultaneous faults lies in identifying the decou-
pling features, which are uniquely dependent on
individual faults. Theoretically, an infinite number
of decoupled-feature sets can be constructed
mathematically as long as detailed system models
are available. But, in fact, limited by physical
conditions, the detailed system models are hard and
cost prohibitive to build, so the desired decoupling
features are difficult to develop. To address this
problem, Li and Braun (2007a) developed a non-
mathematical decoupling approach that is based on
individuai component modeling and various con-
ceptual decoupling to identify decoupling features.
The taxonomy methodology was involved in the
approach to address and decouple the interactions
among different faults. From microscopic and
mactoscopic pointg of view, Li and Braun (2007a)
categorized seven common rooftop units’ faults into
two classes: component-level fauits and system-
level faults, The charactetistic of component-level
faults is that their source impact can be confined
to a component. The source impact here means
the direct impact from the fault. On the contrary,
the source impact of system-level faults cannot be
confined to a specific component. So, decoupling
of component-level and system-level faults can
be achieved by investigating their source impacts,
respectively. From a fault cause point of view, the
common rooftop units’ faults are divided into oper-
ational faults and service faults. Operational faults
usually develop during normal running and occur
randomly or gradually, while service faunlts are intro-
duced with service. Since the service laults can be
detected, diagnosed, and repaired immediately after
installation or service, they will not oceur simulta-
neously with operational faults. Therefore, coupling
between service faults and operational faults can be
decoupled.

Under the guide of the decoupling methodology,
decoupling features for six common chiller faults
were developed in this study.

Taxonomy of common faults in
centrifugal chillers

To find decoupling features, it is necessary to
have a comprehensive understanding on the com-
mon chiller faults. A taxonomy of common chiller
faults would contribute to grasping the interactions
among different faults, which provides a guide to
find the desired decoupling features.
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Figure 1. Taxonomy of chiller faults.

As shown in Figure [, six common chiller faults
(reduced condenser water flow rate, reduced evap-
orator water flow rate, low refrigerant charge, re-
friperant overcharge, condenser fouling, noncon-
densable gas) were divided into two categories:
component-level faults and system-level faults.
From the fault cause point of view, they were di-
vided into operational faults and service faults.

The reduced condenser water flow rate fault, just
as its name implies, is a component-level fault. Re-
ducing the condenser water flow rate at a constant
condenser entering water temperature would raise
the condenser watcr leaving temperature, hence
causing higher condenser temperature and pressure,
thereby leading the compressor to work harder and
draw more power. Since the reduced condenser wa-
ter flow rate fault happens and develops when the
system is running, it is classified as an operational
fault.

Similar to the reduced condenser water flow rate
fault, the reduced evaporator water flow rate is also
a component-level and operational fault,

Since most centrifugal chillers run under a pos-
itive pressure condition after being charged (typ-
ically, R134A is used in centrifugal chillers), the
noncondensable-gases fault is usually introduced
during the service period. Moreover, the noncon-

densable gas tends to acoumulate in the condenser.
Its primary effect is to increase heat transfer re-
sistance, resulting in high condenser pressure and
temperature, Therefore, the noncondensable gas
is considered to be a component-level service
fault.

In water-cooled centrifugal chillers, fouling ac-
cumulates gradually in the condenser tubes regard-
fess of the water treatment processes employed.
Hard deposits, such as scale, significantly affects
the heat transfer within the condenser, which leads
to increased energy consumption of the compressor.
Physically, this impact is confined to the condenser
component. In addition, the condenser fouling fault
develops stowly when the system is running, so it
is classified as a component-level and operational
fault.

The low refrigerant charge and the refrigerant
overcharge is a system-level fault, since these two
faults can occur anywhere in the system and the di-
rect impact cannot be confined to certain particular
location. For refrigerant overcharge fault, it usu-
ally happens during service, so it is a service fault.
Refrigerant low charge has two possible causes: re-
frigevant is undercharged or refrigerant leakage hap-
pens. Therefore, low charge can be either a system-
level operational fault or a service fault.
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Figure 2. Required sensor information for decoupling features.

Development of decoupling
features for centrifugal chiller
system

Based on DB methodology, the decoupling fea-
tures for six common chiller faults were developed
in this study: (1) reduced condenser water flow,
(2) reduced evaporator water flow, (3) low refriger-
ant charge, (4) refrigerant overcharge, (5) noncon-
densable gas in the refrigerant, and (6) condenser
fouling. The actual measurements (bare symbols)
and derived variables (circled symbols) used in the
methodology are shown in Figure 2. The required
measurements are common onboard measurements
in the field.

Figure 3 describes the sequence of steps used to
implement the proposed methodology. Decoupling
features for the reduced condenser water flow fault
and the reduced evaporator water flow fault will run
first. At this step, the condenser and evaporator wa-
ter flow in the chiller can be monitored, and the
estimated condenser water flow rate will be used for
the other decoupling features. Once a reduced con-
denser water flow fault is detected, the fault will be
verified and removed. If the condenser water flow is
normal, the decoupling feature for noncondensable
gas will run. Once a noncondensable gas fault is
found, the fault will be repaired immediately. If the
feature does not detect a noncondensable gas fault,
the decoupling features for condenser fouling, low
refrigerant charge, and refrigerant overcharge faults
will run to detect and diagnose corresponding chiller
faults. The strategies of decoupling features are de-
scribed in the following.

Component-level faults decoupling

Decoupling feature for reduced condenser
water flow rate fault

Usually the condenser water flow rate is kept at
constant; the comparison between actnal condenser
water flow rate and rated condenser water flow rate
could be chosen as an independent feature for re-
duced condenser water flow rate fault.

For water flow rate reduction fault, the most
straightforward method is to insert a water flow me-
ter in the water loop to monitor water flow rate di-
rectly. However, expensive initial costs and require-
ments of continuous maintenance and calibration
lirnit the application of the water flow meter in the
field. Tn this study, a virtual water flow meter was
developed to monitor the water flow rate in the sys-
tem,

Applying energy balance theory on the con-
denser, the condenser water flow rate can be ex-
pressed as follows:

iy X (haie — hur)
Cp X (oo — Teai)’

(4

Meond =

where 1, is the refrigerant mass flow rate, Ay, is
the refrigerant enthalpy at the compressor outlet,
hy is the condenser outlet enthalpy, #igone 18 the
condenser water flow rate, T,y, is the condenser wa-
ter leaving temperature, Ty; is the condenser water
entering temperature, and ¢, is the specific heat of
water.

With the exception of the refrigerant mass flow
rate, which can be measured directly or calculated
indirectly using chiller onboard measurements, all
parameters on the right side of Equation 4 are
known. If s, can be predicted, then #1,,,4 can be
calculated according to Equation 4.

In order to obtain the refrigerant mass flow rate,
a predicted model was developed according to the
following equations:

H/{w = aerh -+ b: (5)

W.fh = mpt‘ X (kr!!a‘ - h.\‘m')a (6)
where W, is the actual compressor power input,
W, is the theoretical compressor power input, s,
is the predicted refrigerant mass flow rate, A, is the
refrigerant enthalpy at the compressor outlet, and
by 18 the refrigerant enthalpy at the compressor
inlet,
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Figure 3. Decoupling-based FDD implementation sequence.

The coefficients used in Equation 5 were ob-
tained from nine operating points of the “Normat 27
benchmark test in the 1043-RP project. Considering
the implementation in the field, the structare of nine
selected operating conditions is similar to that in
chifler manufacturers’ rating output table (Table 1}.
Table 1 lists an example of chiller manufacturer’s
rating output table. One could get a similar table
from the submittals of the chiller or the chiller man-
ufacturer. In the first column of Table t, the man-
ufacturer lists load conditions from (0% to 100%
load. The water temperatures at the condenser inlet,
Tedi» and the water temperatures at the cvaporator
outlet, Ty, are specified conditions. The fourth and
fifth columns of the table list the volume flow rates

of cooling water through the condenser and chilled
watcr through the evaporator, respectively. W, isthe
power input required by the compressor, and P
and P, are the refrigerant pressure of the con-
denser and evaporator, respectively. The final two
columns show the condenser subcooling and com-
pressor suction superheat for cach of these rating
conditions, respectively.

The nine operating points consist of three chiller
loads (30%, 60%, and 100%), three water tem-
perature at the condenser inlet (29.4°C [85°F],
23.9°C [75°F], and 18.3°C [65°F]), and a fixed
water temperature at the evaporator outlet (7.2°C
[45°F]). As shown in Figure 4, the actual compres-
sor power input was plotted against the theoretical
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FWC FEW P cotd P evap
Percent Ty (°C T (°C (L/S (L/S (Kpa (Kpa T, (°C Tu (°C
foad °F) CF)  (cfm))  (cfm)) W (kW) (psih  (psi)) CF) CE)
100 300 7.0 1043 91.6 3110 821.0 268.0 4.6 0.6
(86.0) (44.6)  (1655.6) (1454.0) (119.00  (3R.9) (8.3) (1.1}
90 277 7.0 104.3 91.6 2533 748.1 269.0 4.2 0.6
(81.9)  (44.6) (1655.6) (1454.0) (108.5)  (39.0) (7.6) (L.1)
80 253 7.0 104.3 91.6 211.9 678.3 269.9 3.8 0.6
(77.5) (44.6) (1655.6) (1454.0) (98.4) (39.1) (6.8) (t.1)
76 23.0 7.0 104.3 91.6 i81.3 615.4 270.9 34 0.6
(73.4)  (44.6) (1655.6) (1454.0) (89.2) (393} (6.1) (1.1)
60 20.7 7.0 1043 91.6 156.8 556.7 271.8 3.0 0.6
(69.3)  (44.6) (1655.6) (1454.0) (80.7)  (39.4)  (54) (L1
50 (8.3 7.0 164.3 91.6 135.8 560.1 272.8 2.6 0.6
(649)  (44.6) (1655.6) (1454.0) (39.6) 4.7 (LD
40 18.3(64.9y 7.0 1043 91.6 121.9 489.4 273.8 2.2 0.6
(44.6)  (1655.6) (1454.0) (71.0) 397y (4.0) (L)
30 18.3 7.0 i04.3 91.6 106.2 478.7 274.7 1.7 0.6
(64.9)  (44.6) (1655.6) (1454.0) 694y  (39.8) (3.1) (L)
20 18.3 7.0 [04.3 91.6 86.4 467.9 2757 1.2 0.6
(649)  (44.6) (1655.6) (1454.0) (678)  (40.0) (2.2) (LD
10 18.3 7.0 104.3 91.6 57.7 456.8 276.7 0.6 0.6
{64.9) (44.6) (1655.6) (1454) (66.2) (40.1) (1.1 (1.1}

FWC: Condenser water flow rate; FWE: cvaporator water flow rate.

compressor power input, and a fitted curve was

developed.

The inputs of the refrigerant mass flow rate pre-

dicted model include the actual compressor power
input, compressor inlet conditions (refrigerant pres-
sure of the evaporator and refrigerant temperature
at compressor inlet), and the compressor outlet
conditions (veftigerant pressure of the condenser

and refrigerant temperature at compressor outlet).
The output is the predicted refrigerant mass flow
rate.

Figurc 5 shows a plot of the predicted refrig-
erant mass flow rate against the actual refrigerant
mass flow rate. In Figure 5, s, is the predicted
refrigerant mass flow rate in kg/s, and #2040 s the
actual refrigerant mass flow rate in kg/s. The data

100
80
g
= 60
=
40
20
20 30 40 &0 60
Win{kW)

Figure 4. Actual compressor power input vs. theoretical compressor power input (Normal 2 datasets of 1043-RP).
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Figure 5. Predicted refrigerant mass flow rate pletted vs. the
actual refrigerant mass flow rate.

were obtained from all the fault tests in the 1043-RP
project. Except for 5 test data points out of 648, the
refrigerant flow rate predicted model estimates are
within 3:10% of the data. From the predicted results,
the refrigerant mass flow rate predicted model could
estimate the refrigerant mass flow rate accurately.

According to Equation 4, the condenser water
flow rate can be calculated. Therefore, the condenser
water flow rate can be predicted by the developed
virtual water flow rate meter.

Decoupling feature for reduced evaporator
water flow rate fault

Similar to the reduced condenser water flow fault,
the evaporator water flow rate could also be pre-
dicted by the developed virtual water flow rate me-
ter,

From an energy balance on the evaporator,

Hy X (h.nm - h.’!)

TC’UO) ’ (7)

n‘qeunp =
Cp X (T:fui -

where 1, 18 the refrigerant mass flow rate, Ay, is
the refrigerant enthalpy at compressor inlet, Ay is
the saturated liquid enthalpy, #i1.yq is the evaporator
water flow rate, 7, is the evaporator water entering
temperature, and T, is the evaporator water leaving
temperature.

All the parameters other than s, and rioyqp in
Equation 7 can be measured directly or calculated
indirectly. As described above, i, can be predicted
accurately; thus, My, can be calculated according
to Equation 7. Therefore, the evaporator water flow

rate can also be predicted by the developed virtual
water flow rate meter.

As an aid to reader’s comprehension, the imple-
mentation method of the virtnal water flow meter is
briefly introduced below.

1. Based on manufactwers’ data (Table ), the
condenser heat rejection rate (Quong = Meond %
cp % (Toge — Tes)) and the evaporator cooling
rate (QEuap = rheuap XLy X (Tevi - Tevo)) can
easily be calculated, followed by the theoretical
compressor power (W, = chm!“Qevap)'

2. Actual compressor power input (W) in Table |
and the theoretical compressor power (W) are
used to obtain the curve fits as in Figure 5.

3. Based on the chiller onboard measurements (re-
frigerant pressure of the condenser, refrigerant
pressure of the evaporator, refrigerant tempera-
ture at compressor inlet, refrigerant temperature
at compressor inlet, actual compressor power in-
put) and the relationship of theoretical compres-
sor power input and actual compressor power
input, the refrigerant mass flow rate can be pre-
dicted.

4. Use the refrigerant mass fiow rate obtained from
Step 4 and the chiller onboard measurements
(liquid line temperature; refrigerant pressure of
the condenser; refrigerant pressure of the evap-
orator; reftigerant temperature at compressor
infet; and water temperatures at the condenser
inlet, at the condenser outlet, at the evaporator
outlet, and at the gvaporator outlet) to calculate
water flow rate in the condenser loop and
evaporator loop.

Decoupling feature for noncondensable gas in
system fault

As analyzed above, the noncondensable gas fault
is a service fault. This fault is usually introduced
into the system during the service period. Therefore,
this fault should be diagnosed and fixed during the
commissioning period.

When mixed with a two-phase refrigerant, the
noncondensable gas exerts a partial pressure that
changes the relationship between the refrigerant sat-
uration temperature and total pressure. When non-
condensable gas exists in the system, the condensing
temperature derived based on the condenser pres-
sure would be higher than the actual condensing
temperature. The temperature difference between
actual condensing temperature and derived con-
densing temperature would be a function of pressure
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that comes from air in the system. Therefore, the
difference between actual condensing temperature
and saturation temperature deriving from measured
condenser pressure could be used as a decoupling
feature for the noncondensable gas fault. A decou-
pling feature for the noncondensable gas fault was
developed to be:

ATcrm(! = T Leond,cls (8)

whete Toondmy 18 actual measured condensing tem-
perature, and Toneer 18 the calculated condensing
temperature derived from the condenser pressure
with saturation tables. As discussed above, when
there is noncondensable gas in the system, the cal-
culated condensing temperature should be higher
than the actual measured condensing temperature,
80 AT,ona Was considered as a decoupling feature to
detect and diagnosc the noncondensable gas faultin
the system.

A natural and straightforward solution for de-
tecting and diagnosing a noncondensable gas fault
is to add a temperature sensor inside the condenser
shell for comparison with the saturation tempera-
ture derived from the condenser pressure measure-
ment. Unfortunately, this measurement is usually
not available in centrifugal chillers,

Since there is no refrigerant condensing tem-
perature measurement, a black-box model was
developed to describe the relationship between the
expected output (condensing temperature) and driv-
ing conditions in chiller system. The condensing
temperature is assumed to have a function of three
driving conditions {condenser heat rejection rate,
refrigerant temperature at compressor outlet, and
condenser water leaving temperature) that express
the operating states of chiller system:

cond,ms

Teond,pr = @0+ @1 @eona + a2 annd + a3 T
-+ ¢ty Tj” + a5 Ty, + a5 Tczdo
+ 7 Tedo » Tais + a3 Tais - Oond
+ a9 Teto + Qoonds 9)

where Toond pr 18 the predicted condensing tempera-
ture, Geune 18 the condenser heat rejection rate, Ty,
is the refrigerant temperature at compressor outlet,
and 7.4, 1s the condenser water leaving temperature.
The coefficients in Equation 9 are determined from
the “Normal 2” benchmark test and all fault tests
other than the noncondensable gas fault test in
the 1043-RP project. As shown in Equation 9, the

inputs of the predicted model are condenser heat
rejection rate, refrigerant temperature at compressor
ocutlet, and condenser water leaving temperature.

Decoupling feature for condenser fouling fault
Applying heat transfer theory to the condenser,

AT
n LT

. Te—Teto
= Meond X Cp x AT,

cond = UA
Ocond b3 (10)

where Q.qnq 18 the condenser heat rejection rate, A T
is the condenser water tempetature difference, Toy
is the condenser water leaving temperature, T,y is
the condenser entering temperature, U4 is overall
heat conductance of heat exchanger, T, is the refrig-
erant condensing temperature, ¢, is the specific heat
of water, and #i.,.q 18 the condenser water flow rate,
UA can be expressed as

. T — Teus
UA = Fipona % Cf’ x In F:—T:;;
o < C. % In T — Tedo + Teao — Teai
cond P TL - ngn
AT
= gy X Cp x| 1+ —Fx—1}.
cond p ( T. — Tg-a‘o)

(1)
According to 1275-RP (Reddy 2006), the UA
value is an important feature to diagnose the con-
denser fouling fault. As the severity level of con-
denser fouling fault increases, the UA value would
decrease. So the UA value should be a good indica-
tor for detecting and diagnosing the condenser foul-
ing fault. Unfortunately, the low refrigerant charge
fault and the refrigerant overcharge fault also have
strong impacts on the UA value. As the severity of
the low refrigerant charge fault increases, the UA
value increases; as the severity of refrigerant over-
charge fault increases, the UA value decreases. So,
how to eliminate the impact of refrigerant charge
level faults on the UA value is critical to decouple
the condenser fouling fault from other faults.
Equation 11 expresses that the UA vahie is a
function of the condenser water temperature differ-
ence (A7) and the condenser approach temperature
(APPR, the difference between the condensing tem-
perature and the leaving water temperature), Table 2
shows the average deviations of AT, T, and APPR
from the normal condition for different faults under
four severity levels {1043-RP). As shown in Table 2,
when a low refrigerant charge faults, a refrigerant



HVAC&R RESEARCH 95

Table 2. Average deviation of AT, Ty, and APPR under different faults with four severity levels (SE) in 1043-RP.

Fault SLt SL2 SL3 SL4
AT
Reduced condenser water flow 12.4% 26.5% 45.3% 70.2%
Reduced evaporator water flow 1.0% 1.5% 1.6% 1.7%
Low refrigerant charge ~-0.4% —0.6% -0.1% -0.1%
Refrigerant overcharge 0.0% 0.7% 4.8% 10.2%
Condenser fouling 0.4% 2.5% 2.8% 6.4%
T:‘TL‘
Reduced condenser water flow 10.5% 24 4% 33.9% 61.5%
Reduced evaporator water flow -0.3% £.2% 1.5% 2.9%
Low refrigerant charge 0.9% —4.7% ~35.5% —66.0%
Refrigerant overcharge 25.7% 32.2% 68.9% 113.1%
Condenser fouling 4.1% 0.1% 4.9% 1.2%
APPR
Reduced condenser water flow 5.8% 9.1% 7.6% 21.7%
Reduced evaporator water flow ~1.4% 2.8% 2.1% 2.5%
Low refrigerant charge 8.3% ~6.1% -37.2% -53.0%
Refrigerant overcharge 39.5% 44.1% 79.6% 129.3%
Condenser fouling 14.8% 14.9% 28.1% 53.8%

Note: SL1 in refers to severity level 1 from 1043-RP.

overcharge fault or condenser fouling fault happens,
AT varies from —0.6% to 10.2%, while APPR varies
from —53.0% to 129.3%. Thus, APPR has a stronger
impact on the UA value compared to AT, Therefore,
the key point to decouple the condenser fouling fault
from other faults is to eliminate the influence of the
refrigerant charge fault on APPR,

A decoupling feature for the condenser fouling
fault was developed as below:

. AT
[J4* P eond X Cp x In (1 -+ m:) . (12)

In Equation L2, U4* is a pseudo condenser over-
all heat conductance that excludes the influence to
which refrigerant charge faults lead. APPR* is a
pscudo condenser approach temperature that elimi-
nates the impact to which refrigerant charge faults
result. APPR* can be calculated as

APPR* = APPR - APPR, ., {13)
where APPR is actual approach temperature, and
APPR,,s is the variation of approach temperature
to which refrigerant charge faults lead. APPR, s is
identified by following formula:

APPR,GJ‘ = AT\E Ksc.upprv (14)

where AT,. denotes the deviation of subcooling
from the normal condition. Kqp- value was deter-
mined from the refrigerant charge fault tests datasets
in project 1043-RE, which denotes the relationship
between subcooling and condenser approach tem-
perature, {Note that the K o value was obtaimed
from the refrigerant charge {ault tests datasets in
project 1043-RP, which is not easy to get in the
field. The Kcap- value could be trained to find the
relationship between subcooling and condenser ap-
proach temperature using manufacturers’ data, and
the value may be required to tune in field’s imple-
mentation.} {t can be seen from Table 2 that refrig-
erant charge faults have significant influences on
subcooling. Subcooling is a good indicator to flag
the refrigerant charge faults and to refiect the sever-
ity level of refrigerant charge faults. Thus, APPR,s
could indirectly indicate the impact of refrigerant
faults on the condenser approach. Once the im-
pact of refrigerant faults on approach temperature is
sliminated successfully, the condenser fouling fault
could be decoupled from other faults by UA4*.

System-level faults decoupling

The refrigerant charge fault is one of the most
problematic issues for HVAC&R systems. Im-
proper charge faults can be introduced during initial
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Table 3. Subcooting and superheat of 3-ton R-4 10A split unit using TXV under different outdoor temperatures (Shen 2006),

Measurements (°C (°F))

28.30 36.05 41.78 47.09 49.96 52.64
Outdoor Temperature (82.94) (96.89) (107.20) (116.76) (121.93)  (126.75)
Toc 7.79 8.04 7.60 7.82 7.26 7.43

(14.02)  (14.47) (13.68) (14.08) (13.07) (1337
T 4.43 4.54 4.19 4,59 4.18 4.43

(7.9 (8.17) (7.54) (8.26) {7.52) (7.97)

installation or developed during routine operation.
Physically, a low refrigerant charge and refrigerant
overcharge fault cannot happen simultaneously;
therefore, there is no coupling among these two
faults.

Decoupling feature jor a low refrigerant charge
Jault

Li and Braun (2007b) developed a feature for
refrigerant charge that is expressed as

K. h
AT.;'C—.;II e (Tvc' - r\'c,rrtmd) - "k""i”(]:h - Tv.’a,rﬂlerf)»

xe (15)
where T, and T, are liquid line subcooling and
suction line superheat. Too,ueq a0d Ty pureq are the
system subcooling and superheat at the rating con-
ditions for the air conditioner. The ratio X,,/K,. is
the slope of a straight kine plot of (Too— Ty rured)
V5. (T — Tyt rarea). The reltigerant charge feature of
Equation 15 is positive for refrigerant overcharge
and ncgative for refrigerant undercharge. The mag-
nitude of the deviation from zero is an indication of
the fault severity. For a package unit system with a
fixed orifice expansion device, Equation 15 implies
that subcooling would increase when superheat in-

7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

Subcooling ()

0% 20% 40%

creases for a given refrigerant charge. For a package
unit system with a thermostatic or electric expansion
valve, the superheat is relatively constant, and there-
fore, Equation 15 denotes that subcooling is almost
constant for a given charge. Table 3 is the test data of
a 3-ton R-410A split unit using a thermal expansion
value (TXV) as an expansion device (Shen 2006).
Table 3 shows that superheat is relatively constant
for a given charge, and subcooling is also nearly
constant under different driving conditions.

Li and Braun (2007b) demonstrated that the re-
frigerant charge feature has very good performance
on package unit system. However, this feature can-
not be applied directly to the centrifugal chiller sys-
tem. For a centrifugal chiller witk a TXV device,
the suction superheat is relatively constant under
different driving conditions because the thermal ex-
pansion valve maintains a constant superheat as the
load changes. However, the amount of subcooling
in the condenser is not constant under different load
conditions. It was noted that condenser subcooling
has a linear relationship with percent of maximum
chiller capacity. Figure 6 shows the subcooling un-
der different chiller load conditions. The data are
from the “Normal 2” benchmark test in the 1043-RP

60% 80%

100%

120%

Percent of Maximum Chilter Capacity
Figure 6. Subcooling vs. percent of maximum chitler capacity (Normat 2 datasets of 1043-RP),
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Figure 7. Dependence of Ty on condenser water temperature difference.

project. “Normal 2” is one of the fault-free bench-
mark tests from 1043-RP. The test was performed at
27 different operation conditions of chiller capacity
and operating temperatures, which was tdentified
the best benchmark data among several fault-fice
datasets by 1275-RP (Reddy 2006). Tt can be seen
in Figure 6 that subcooling increases linearly as the
percent of maximum chiller capacity.

In centrifugal chillers, the inlet guide vane is usu-
ally used to control the capacity of the compressor.
The compressor capacity is modulated by automatic
adjustment of prerotation vanes that whirl the re-
frigerant gas at the impeller eye. With load con-
dition changes, the suction vanes, located just in
front of the centrifugal impeller eye, would be in
degrees of opening or closure to control the mass
flow of refrigerant pumped through the compressor.
When they are closed, very likely at lower load point,
there would be a small center opening that allows a
small amount of refrigerant through the compressor.
Meanwhile, the TXV would open widely to ensure
the evaporator to be flooded with the majority of
the refrigerant, thereby causing less subcooling in
the condenser. Therefore, the amount of subcool-
ing in the condenser at rating conditions has strong
relationship with refrigerant flow rate in the sys-
tem. {n other words, subcooling is not constant at
different rating conditions. Therefore, decoupling
features for refrigerant charge level faults in pack-
age units cannot be applicd dircctly to centrifugal
chitler system. A modified decoupling feature for
low refrigerant charge fault in centrifugal chillers is
expressed below:

K\'!
(T‘C - Y;t.rm‘ed) - ?'(T;ffl -

s

AT

se—sh T

T

¥ fr,r{rreu')‘

(16}

where ™ rued a0 Ty, roreq i Equation 16 are pre-
dictions determined from the model, describing how
rated subcooling and superheat vary under different
driving conditions.

How to identify subcooling and superheat at rat-
ing conditions is critical to the modified decoupling
feature for refrigerant charge faults in centrifugal
chillers. It was noted that the subcooling under rat-
ing conditions has a linear relation with the cou-
denser water temperature difference. As shown in
Figure 7, subcooling at rating conditions is a strong
linear function of condenser water temperature dif-
ference. The coefficients in the regression model of
Figure 7 are determined from the nine data points
of the “Normal 27 benchmark test in the 1043-RP
project.

The condenser water temperature difference is
considered as the best driving condition for esti-
mating T, .., at normal refrigerant charge level

s
because of the following reasons.

1. As stated above, for a given heat exchanger, sub-
cooling is highly related to refrigerant flow rate
in the system. For a centrifugal chiller system,
the inlet guide vane is usually used to control the
capacity of compressor by modulating the re-
frigerant mass flow rate through the compressor.
The refrigerant mass flow rate increases linearly
with increasing load condition. When the con-
denser water flow rate is constant, the condenser
water temperature difference would be a good
indicator to reflect the variations of toad condi-
tions. Therefore, subcooling is a function of the
condenser water temperature difference.

For a given heat exchanger, subcooling is also
influenced by the condenser water flow rate.
At a given load condition, when the condenser
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water flow rate reduces, the condenser water
temperature difference would increase. A higher
condenser water temperature difference tends to
cause a higher temperature difference between
the water and the condensing refrigerant, which
tends to improve the heat transfer effectiveness.

Therefore, less area is needed for condensing re-

gion, more area can be provided for subcooling.

So, ata given load condition, the subcooling also

varies lincarly with changing of condenser water

flow rate.

3. From the implementation cost point of view, the
condenser temperature difference is readily ob-
tained from the on-board measurements of cen-
trifugal chillers. Thus, the condenser tempera-
ture difference is a good regressor for predicting
the amount of subcooling at normal refrigerant
charge level.

Based on the above analysis, T, ..., is associ-
ated with variations of the refrigerant flow rate and
the condenser water flow rate. The condenser wa-
ter temperature difference has a strong relationship
with the refrigerant flow rate and the condenser wa-
ter flow rate. Therefore, it was selected as a good
regressor to estimate subcooling at normal refriger-
ant charge under different driving conditions.

For a centrifugal chiller with a TXV, the suction
superheat is neatly constant. Therefore, T}, . can
be obtained easily from the manufacturers’ rating
data shects. In this study, a mean suction superheat
is determined from the datasets of the “Normal 27
benchmark test in the 1043-RP project.

For a system using a TXV as the expansion de-
vice, the suction superheat only fluctuates around
the rating value over a relatively small range. In
this case, it is not possible to estimate the ra-
tio of — S.'I/KS‘(.'} since (val/ch') * (nhmrm,mred) &2
(Ten— Toprarea} = 0. Li and Braun (2009b) enmiployed
an empirical value of Ky /K, equal to 1/2.5. In
order to evaluate this ratio, the feature of AT,
was tested using fault-frec data and faulty data un-
der four severity levels (specifically, Normal 2, re-
duced evaporator water flow, reduced condenser wa-
ter flow, and condenser fouling) containing 361 ob-
servations. The ration of K,,/K,,. was set as 1/2.5.
The results show that the average of 361 data points
is 0.02; the standard deviation is about 0.3. For
a system with a normal charge, AT,., should
be constant at about zero. The tolerance limits of
361 measurements were also calculated, and the re-
sults shows that the upper tolerance limit is 1.02°C
(1.84°F) and the lower tolerance limit is —0.98°C

{(—1.76°F), which means 99% of the measurements
fali in the range from —0.98°C (—[.76°F) t01.02°C
(1.84°F) with a 95% confidence level. From the test
results, it is reasonable to set the ratio of K,./K,. as
1/2.5 for implementing the feature.

The low refrigerant charge feature shown in
Equation 16 is relatively dependent on the refriger-
ant charge; it is negative for low refrigerant chatge.
The magnitude of the deviation from zero is an in-
dication of the severity level of the low refrigerant
charge fault.

Decoupling feature for refrigerant overcharge
level fault

A modified decoupling feature for refrigerant
overcharge fault is expressed below:

K:;h

Arstﬁsh = (T‘:U - ?.'\:.ru.'ed) - K_(T-'\’f? - ﬁj}.l'll!ﬂd .
sc

(7N

The refrigerant overcharge feature of Equation
17 is positive for refrigerant overcharge. The mag-
nitude of the deviation from zero is an indication of
the severity level of the refrigerant overcharge fault.

Validation of decoupling features
for centrifugal chiller

The datasets from ASHRAE 1043-RP (Com-
stock and Braun 1999) were used to evaluate the per-
formance of proposed decoupling features for com-
mon faults that happened on centrifugal chillers.
The scope of this study was limited to six com-
mon faults: reduced condenser water flow fault, re-
duced evaporator water flow fault, low refrigerant
charge fault, refrigerant overcharge fault, condenser
fouling fault, and noncondensable gas fault. In the
real world, there may be other faults that could im-
pact the proposed decoupling features; this issue is
not considered in this work. In 1043-RP, six com-
mon individual faults were artificially introduced
at different fault scverity levels (see Table 4), and
the unit was tested at 27 different operating condi-
tions of chiller load (low load, 30%; medium load,
50%—60%; high load, [00%), evaporator water leav-
ing temperature, and condenser water entering tem-
perature. Although fault tests in 1043-RP are indi-
vidual fault tests instead of multiple simultancous
faults test, they could also be used to test whether the
proposed decoupling features for each fault are in-
dependent of driving conditions and all other chiller
faults.
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Table 4. Fault levels introduced to six chiller fautts

99

Reduced Reduced Low
condenser evaporator refrigerant  Refrigerant  Condenser Noncondensable
Fault level water water charge overcharge fouling gas
0 0 0 0 0 0 0
1 10% 10% 10% 10% 12% 1%
2 20% 20% 20% 20% 20% 1.7%
3 30% 30% 30% 30% 30% 2.4%
4 40% 40% 40% 40% 45% 5.7%

Validation of decoupling features for
reduced condenser water flow rate fault

In order to guantify the severity of condenser wa-
ter flow rate fault, the normalized condenser water
flow rate was chosen as a feature for decoupling the
reduced condenser water flow rate fault. The nor-
malized condenser water flow rate is defined as

Normalized condenser water flow rate
Predicted condenser water flow rate

Designed condenser water fiow rate’

Figure 8 shows the normalized condenser water
flow rate, which is estimated using the developed
virtual water flow meter under different fault types
and foad levels. It can be seen from Figure 8 that the
feature is only influenced by the reduced condenser
water flow rate fault. The reduction of condenser
water flow rate is proportional to the fault level and
independent of other faults. Thus, decoupling be-
tween the reduced condenser water flow rate fault
and other faults was achieved.

Figure 9 shows filtered results for the normaliza-
tion of the estimated condenser water {low rate for
different faulis and load levels. The average of nine
steady-state data points for each load condition (low,
medium, and high} were plotted to show the perfor-
marnce of decoupling feature. The same method was
also used in evaluating other decoupling features.
Each validation of other decoupling features in this
article contains a figure similar to Figure 9.

It shows more clearly in Figure 9 that decoupling
for the reduced condenser water flow rate fault is
achieved successfully. The feature is sensitive to
the reduced condenser water flow fault; 15%—-20%
water flow reduction can be detected by this feature,
All the faults other than the reduced condenser water
flow rate fault have little impact on the feature.

Validation of decoupling features for
reduced evaporator water flow rate fault

Like the reduced condenser water flow rate, the
normalized evaporator water flow rate was chosen
as a decoupling feature for the reduced evaporator

-3 10f Over

—a— rediiced cond water —s— reduced svap water —a--ref leak
—w— cond fouling

—a— non-cond gas

Normalization of
Condenser Water Flow
Rate

0 1 2 3 4 v

1 2 3 4 o 1
Fault Level

2 3 4

Figure 8, Decoupling reduced condenser water flow rate fault using aormalized predicted condenser water flow rate.
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Figure 9. Filtered results for reduced condenser water flow rate fault decoupling.

water flow rate fault. The normalized evaporator
water flow rate is defined as

Normalized evaporator water flow rate

Predicted evaporator water flow rate

" Designed evaporator water flow tate’

Figure 10 shows the normalization of the esti-
mated evaporator water flow rate, which is caleu-
fated using the developed virtual flow meter under
different fault types and load levels. Tt can be seen
from Figure 10 that the feature is only influenced
by the reduced evaporator water flow vate fault, The
reduction of the evaporator water flow rate is pro-
portional to the fault level and independent of other
fauits. Therefore, the decoupling between the re-
duced evaporator water flow rate fault and other
faults is fully achieved.

Figure 11 shows the filtered results of the normal-
ization of the estimated evaporator water flow rate
for different faults and load fevels. It can be seen

clearly that coupling between the reduced evapora-
tor water flow rate fault and other faults is achieved.
The filtered results show that the developed virtual
water flow meter has good and robust performance
in monitoring the water flow rate in the water loop
of the chiller system.

Validation of decoupling features for
noncondensable gas fault

Figure 12 illustrates the performance of AT ua
for different fault types with different fault levels
and load conditions, It can be seen from Figure 12
that the noncondensable gas fault has a significant
influence on the feature AT,,,,, while other faults
have smiall impacts on it. It can be scen that, in
addition to several data points, the AT, value of
all the faults other than the noncondensable gas fault
is basically within £1°C (1.8°F). The exceptional
data points may be caused by measurements noise

—e— reduced cond water —a- reduced evap water —a— ref leak
-~ cond fouling

—e— non-cond gas

ot ref OVEr

58 12
£E8 . |
£ % T 08
o gt
=% 3 06
E 3¢ 04
g ] 0.2

b ]

0 1 2 3 4 0

1 2 3 4 0 1 2 3 4
Fauit Level

Figure 16, Decoupling reduced evaporator water tlow rate fauit using normalized predicted evaporator water flow rate.
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Figare 11, Filtcered results for reduced evaporator water flow rate fault decoupting.

or modeling error. This issue can be eliminated or
relieved by using the mean theorem.

Figure 13 shows filtered results for noncondens-
able gas fault decoupling. From Figure 13, it can
be seen that after the filtering process, the excep-
tion data points disappear, and the AT, value of
all the faults other than noncondensable gas fault is
within £1°C (1.8°F). The feature of AT,y was
evaluated using normal test data and faulty data
under four severity levels (specifically, Normal 2,
reduced evaporator water flow, reduced condenser
water flow, low refrigerant charge, and refrigerant
overcharge condenser fouling) containing 567 ob-
servations. The results show that the average of 567
data points is —0.03°C (-0.05°F); the standard de-
viation is about 0.39°C (0.7°F); the upper tolerance
limit is 0.98°C (1.76°F); and the lower tolerance
Hmit is —1.04°C (-[.87°F), which means 99% of
the measurements fall in the range from —1.04°C
(~1.87°F) t0 0.98°C (1.76°F) with a 95% confidence
level. It can be seen from Figure 9 that the AT g

value is influenced primarily by the noncondensable
gas fault. With the severity level of the noncondens-
able fault aggravates, the magnitude of the deviation
from zero increases, The AT, ¢ value for the non-
condensable gas fault with different faults and load
levels is basically less than —1.5°C {<2.7°F}. Only
at high load conditions of the noncondensable gas
fault under a lower fault level (fault level 2) was the
AT.ong value larger than —1°C (—1.8°F). This small
fluctuation may be caused by system disturbances or
modeling error. Such small fluctuations would not
change the performance of the decoupling feature.
Therefore, decoupling between noncondensable gas
fault and other faults is basically achieved.

Validation of decoupling features for
condenser fouling fault

Similar to the analysis in the validation of AT oy,
the normalized feature value of U4* (UA* is divided
by normal the UA value, which is a mean value from

»—ref over

—e—reduced cond water —m—reduced evap water —a—ref leak
—x— cond fouling

—s—non-cond gas

ATeond(C)

0 1 2 3 4 o 1
Fault Level

2 3 4

Figure 12. Decoupling noncondensable gas in refrigerant fault using AT pn.



102

Vouume 17, NumBER 1, FEsruAry 2011

—e— recluced cond water —a— reduced evap water —-a-- ref leak

- ref over —— cond fouling —s—non-cond gas

2
= 1
O
:g' 0
c -1
e -2
< 3

-4

01 2 3 4 1223 4 012 3 4
Fault Level

Figure 13. Filtered results for noncondensable gas fault decoupling,

“Normal 2” of 1043-RP) was also ¢valuated using
normal test data and faulty data under four severity
levels (specifically, Normal 2, reduced evaporator
water flow, low refrigerant charge, and refrigerant
overcharge} containing 361 observations. The re-
suits show that the average of 361 data points is
0.96; the standard deviation is about 0.08; the upper
tolerance limit is 1.18, and the lower tolerance limit
is 0.74, which means 99% of the measurements fall
in the range (0.74, 1.18) with a 95% confidence
level.

Figure 14 shows the performance of the decou-
pling feature for the condenser fouling fauli. Since
subcooling would be overstated when there is non-
condensable gas in the system, an assumption was
made that there is no noncondensable gas in the
system. The assumption is reasonable because the
noncondensable gas fault can be flagged and re-
moved during the commissioning period. The same
assumption was also made when the decoupling fea-
ture of AT,_; and AT}_ . were evaluated.

se—sh c—sh

From Figure 14, the decline trend of the UA™*
value is expected for the condenser fouling fault.
When the severity level of the condenser fouling
fault increases, the Ud4* value decreases. In terms
of FDD sensitivity, the feature shows poor perfor-
mance in detecting the condenser fouling fault, At
lower fault levels, the condenser fouling fault can
barely be detected by the feature. Only at fault level
4 does the feature work (about 25% reduction com-
pared with fault-free condition). According to 1275-
RP (Reddy 2006), fault level 4 of the condenser
fouling fault would cause a 1.8% energy penalty.
Therefore, in the sense of practical use, the low
FDD sensitivity of the feature would not affect the
FDI implementation.

Figure 14 also reveals that the reduced condenser
water flow rate fault and the low refrigerant charge
fault have some impacts on this feature. The impact
from the reduced condenser water flow rate fault was
expected, since the condenser water flow rate does
have a strong influence on this feature. However,

I —e—reduced cond water —&— raduced evap water —a—ref leak - ref over —x— cond fouling |
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-
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Figure 4. Decoupling condenser fouling fault using U™,
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this would not affect the FDD application, because
it was demonstrated that the decoupling feature for
the reduced condenser water flow rate is not affected
by the condenser fouling fault, so partial decoupling
could relieve or solve this problem. For the impact
from the low refrigerant charge fault, the fluctuation
of the UA* value may be caused by the measurement
toise or modeling error,

Figure 15 shows the filtered results of U4™ for dif-
ferent fault types, fault severity levels, and toad con-
ditions. In the filtered results, it can be seen that the
impact from the low refrigerant charge fault greatly
decreases. At fault level 4, the U4* value is primar-
ily influenced by the condenser fouling fault and the
reduced condenser water flow rate fault. The con-
denser fouling fault could be detected successfully
by the feature. Therefore, a partial decoupling for
the condenser fouling fault can be achieved in terms
of FDD application.

1 2 3 4 0 1
Fault Level

Figuare 15, Fittered results for condenser fouling fault decoupling.

2 3 4

Validation of decoupling features for low
refrigerant charge fault

Figure 16 shows the performance of the decou-
pling feature (AT, __,) for the different faults and
load levels. It can be seen from Figure [6 that
AT, is primarily inflaenced by the low refriger-
ant charge fault, With the severity level of low reftig-
erant charge fault aggravates, the magnitude of the
deviation from zero increases. In Figure 16, it can
also be seen that AT, shows better performance
when the chiller runs at medium and high load con-
ditions. As analyzed above, subcooling has a strong
relationship with load conditions. With load condi-
tions decreases, subcooling would drop accordingly.
At the low load condition (30% load), subcooling at
rating condition is only about 2°C. Such low sub-
cooling would affect the performance of AT,

since centrifugal chillers also spend some of the time

J —e—reduced cond water -—a— reduced evap water —a— ref leak —w— cond fouling [
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Fipure 16. Decoupling low refrigerant charge fault using AT,
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Tigure 17. Filtered results for low refrigerant charge fault decoupling,

running at medium condition and high load condi-
tions. Therefore, this is not a problem in terms of
FDD application. The low refrigerant charge fault
can still be detected and diagnosed by the developed
feature when chillers run at medium load condition
and high load condition.

From the FDD sensitivity point of view, it can
be seen from Figure 16 that the refrigerant charge
ts undercharged by 20%, which could hardly be de-
tected and diagnosed. Grace et al. (2005) conducted
an experimental investigation on the effect of refrig-
erant charge level on the performance of a chiller
system and indicated that a targe chiller could work
over a wide range of charge levels, 25% below and
25% above the design charge level, without signifi-
cant impact on its performance. Fortunately, the pro-
poscd decoupling feature for the refrigerant charge
fault could provide steady and accurate FDD results
when the charge level deviates from normal charge
by —30% (fault level 3).

Figure 16 also shows that AT, is slightly im-
pacted by reduced condenser water fault and con-

denscr fouling fault at higher fault levels. These
small impacts may be caused by modeling error or
measurement noise. Figure 17 shows the filtered re-
sults of AT, for the different faults and load
levels. In the filtered results, it can clearly be seen
that the coupling from low refrigerant charge fault
to other faults is broken. All faults other than re-
frigerant charge faults have small impacts on this
featare.

Validation of decoupling features for
refrigerant overcharge fault

Figure 18 shows the performance of the decou-
pling feature (AT,f ) for different fault types,
fault levels, and [oad conditions. It can be seen from
Figure 18 that the refrigerant overcharge fault has a
considerable influence on the refrigerant overcharge
feature. When refrigerant overcharge fault occurs,
the value of AT,}_, is positive. With severity level
of refrigerant overcharge aggravates, the magnitude
of the deviation from zero increases. All the other

| —s—reduced cond water —a— reduced gvap water —x— ref over —x— cond fouling|

Fault Level

Figure 18. Decoupling refrigerant overcharge fault using AT
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Figure 19. Filtered results for refrigerant overcharge fault decoupling,

faults have little impact on the feature. For the same
reason as low refrigerant charge fault, the decou-
pling feature for refrigerant overcharge fault shows
poor performance when the chiller runs at low load
condition. Fortunately, this feature works at medium
and high load conditions.

Figure 19 also illustrates the filtered resulis of
ATY_,, for different faults, fault levels, and load
levels. It can be seen from Figure 19 that the cou-
pling from the refrigerant overcharge fault to other
fauits is broken. All the other faults have little im-
pact on this feature. The value of AT, is pro-
portional to refrigerant overcharge fault level. Sim-
ilar to the results of the low refrigerant charge fault
test, the developed decoupling feature is sensitive
for refrigerant overcharge fault when the system is
overcharged by above 30% (fault level 3).

Conclusions and discussions

Based on the decoupling methodology proposed
by Li and Braun (2007a), several decoupling fea-
tuves for centrifugal chillers were developed in this
study. The decoupling features for different chiller
faults were developed based on a comprehensive un-
derstanding of chiller system, faults cause, faults im-
pact, and cost consideration. The rich onboard mea-
surements of the chiller system were exploited to
develop the decoupling features for different chiller
faults. The performance of the decoupling features
was tested and validated with the laboratory data
from a 90-ton centrifugal chiller tested in a labora-
tory environment, The validation results show that
the couplings among different centrifugal chiller
faults can be broken fully or partially by the de-
veloped decoupling features.

In terms of application, the proposed decoupling
features lay a strong basis for detecting and diagnos-
ing multiple simultaneous faults occurring on cen-
trifugal chillers. These decoupling features could be
combined together as a chiller FDD tool to be in-
tegrated into the controllers in chillers to monitor
and diagnose faults. Each of developed decoupling
features could also be implemented as an individual
virtual sensor to autoinatically monitor some im-
portant parameters of chiller system. For exampie,
the developed virtual water flow meter in this study
shows good performance in indicating the water
flow rate in the water loop of chiller system. There-
fore, it could replace the actual water flow sensor
on chillers so as to reduce the expensive initial cost
and maintenance cost,

The scope of this research has been limited to the
chiller type in 1043-RP. The developed decoupling
features may be required to adjust and tune to adapt
to different chiller type, design, and controls.

Nomenclature

APPR = condenser approach temperature

APPR* = pseudo condenser approach temperature
that excludes the impact of refrigerant
charge faults

APPR,,r = variation of approach temperature to
which refrigerant charge faults lead

¢p = specific heat of water at constant pres-
sure

Pais == refrigerant enthalpy at compressor out-
let

Ay = condenscr outlet enthalpy

Foue = refrigerant enthalpy at compressor inlet

K = slope of refrigerant charge vs. liquid ling

subcooling
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average ratio of subcooling vs. con-
denser approach

the slope of refrigerant charge vs. suc-
tion line superheat

condenser water flow rate

evaporator water flow rate

refrigerant mass flow rate

predicted refrigerant mass {low rate
reftigerant pressure of the condenser
refrigerant pressure of the evaporator
condenser heat rejection rate
evaporator cooling rate

water temperature at the condenser inlet
water temperature at the condenser out-
let

calculated condensing temperature that
derived from condenser pressure with
saturation tables

actual measured condensing tempera-
ture

predicied condensing temperature
refrigerant temperature at compressor
outlet

water temperature at the evaporator inlet
water tempetature at the ¢vaporator out-
let

liquid line temperature

liquid line subcooling

liquid line subcooling at rating condition
model predictions that describe how
rated subcooling vary under different
driving conditions

suction line supetrheat

suction tine superheat at rating condition
model predictions that describe how
rated superheat vary under different
driving conditions

refrigerant temperature at compressor
inlet

overall heat conductance of heat ex-
changer

pseudo condenser overall heat conduc-
tance that excludes the influence of re-
frigerant charge faults

actual compressor power input
theoretical compressor power input
condenser water terperature difference
decoupling feature for noncondensable
gas

deviation of subcooling from normal
condition

ATw.sn = decoupling feature for low reftrigerant
charge fault

ATE. = decoupling feature for refrigerant over-
charge
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