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NOMENCLATURE

AHU =  Air handling unit
a =  False alarm threshold
b =  Fault diagnosis threshold

2
id =  Normalized distance square

EER =  Equipment efficiency ratio

caTD =  Condenser air temperature difference

eaTD =  Evaporator air temperature difference

vh =  Compressor volumetric efficiency

FDD =  Fault detection and diagnosis
GRNN =  General regression neural network
HVAC =  Heating, Ventilating, and Air-Conditioning
M =  Mean vector of residuals

rm� =  Refrigerant mass flow rate
m =  Mean
N =  Number of suction strokes per unit time
f ra =  Relative humidity of return air

disP =  Discharge pressure

sucP =  Suction pressure

capQ� =  Cooling capacity

RBF =  Radial basis function
RMS =  Root mean square
RTU =  Rooftop unit
s =  Standard deviation
S =  Covariance matrix of residuals

ambT =  Ambient temperature

condT =  Condensing temperature

disT =  Discharge line temperature

evapT =  Evaporating temperature

llT =  Liquid line temperature

maT =  Mixed air temperature

oaT =  Outdoor air temperature

raT =  Return air temperature

scT =  Sub-cooling

shT =  Superheat

1v =  Specific volume of compressor inlet refrigerant
VAV =  Variable air volume
W� =  Compressor power consumption
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Figure 2-1 Supervision approach of HVAC&R equipment.
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Figure 3-1 A generalized HVAC FDD system scheme
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Figure 3-3 2-dimensional residual distribution when system is running in a normal mode
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Figure 3-4 2-dimensional residual distribution when system is running in a fault mode
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Figure 3-6 Covariance matrix normalS of residuals at normal operation
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Figure 3-7 Fault detection sensitivity sacrificed by independence assumption
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Figure 3-8 False alarm introduced by independence assumption

 �� � � 	 � 9.>� ���� � �� � �	 � � � � � ��� � ��� 
 � � � 	 � 	 � �� � ��� � 	 �	 � ��� 
 � � 	 
 � ���� ��� � � ���� � 	 � � � � � ���� 	 � � ��

�
 � 	 � 	 
 � 	 
 � 	 ��� �� � � � 
 	 � ��-
 ��� �� �� � � 	 ���� 	 � 	 � �� � 
 � � � � 	 � �� � � � 	 �� 	 	 
 � �� 	 �� � � � 	 
 �� � 
 � � 
 � � 
 � �

� � 	 � � ��
 � � 
 � � 	 � � � ��� � � � 
 ��� 	 
 � 	 � � �� 3�111� �� � �
 � � �� 	 � C��� 	 E� � � � � � �� 
 � 	 � 
 � �� �� "�� � � � �� 	

� � � � 	 
 ��� � 	 � � ��� 
 ��� ��
 � �� � �	 � �� � ��� � ��� ������ 	 �� 	 �	 � ��� 
 ��� � 	 � � � �� ��� �� 	 ��� ��3�330��� � � 	 � 	 � ���

�
 � 	 � 	 
 � 	 
 � 	 � �� � � � � � 
 	 � � �� � �
 � � �� 	 � C� � � � 
 	 � E� � � � � � �� 
 � 	 � 
 � �� �� "�� �� 	 � 	 � �� � � � �� � � 	



27

� � 	 � �� � � �
 � � � 	 � �� 
 �� � � � � �� � � , � � � �	 � � � �� �� 	 � 	 ���� � 	 � �� � � � � � ����� � 	 , � � �� �� � 3�67"�� � 	 �� 	 	 
 � �� 	

� � � � 	 
 �� � 
 � � 
 � � 
 � �� � � 	 � � ��
 � � 
 � � 	 �� ) � 	 � �� � ��� � 	 �	 � ��� 
 � � �� � � ���	 � � � ���� � � 
 � �� 	 � � �� 	 � � � � � 	 
 �

� � 	 � � ��
 � � 
 � � 	 � � � � 
 � � 
 � �� � ��� � �� 	 � � � 
 	 � �� � 	 � � � �� � � ��3�330�� � � 
 � 	 , � 	 
 ��� �� �� � ��� � 	 �	 � ��� 


� 	 
 � ���� ��� ��� �� � � � ���� 	 � ���� �	 � �� � �� � �� ��� 
 �� 	 � � ��� ��
 �� � � � �	 � �<�� � � � ��� �� �� �� � "�

-
 �  �� � � 	 � 9.2�� �� 	 � 	 � �� � � � � 
 � ��� � � 	 � �� � � �
 � � � 	 � �� 
 � � 	 �� 	 	 
 � �� 	 � 
 � � 
 � �� � 
 � � � � � � 	 
 �

� �� �� �� � ��� 
 � ��� � � � 	 �� � � � � � ����� ��� �
 � � 	 ��� � 
 �3�330��� � ��� � ���� 	 �� � � � 	 
 �� � � 	 � � ��� 
 � � � � �� � � 	

� � 
 � �� 	 � 	 � � � � � 
 � � 
 � ��� � � � 	 � 	 � �� �� 	 � � � � � 
 � ��� 
 � � �� �
 � 	 � 	 
 � 	 
 � 	 � � � � �� � �	 � � � ��

� �� � � ���� � ��� 
 �� ��� ��� � ���� 
 � �� ��� �� 	 �� �� � 
 ���� ��� � � � � ��� �� 	 �� �� � 
 � �� � 
 �� 	 �� � � �� 	 � �� � �� 	 ���
 � ��

� �� � ��� � 	 � � � �� ���� �� �� ����� 	 � � � 	 �� 	 
 � ���� ��� �

6�� �
 �* � � � �� !/ � � �� 	"� / %	� �0 ) �� ��� � 	0 � �� � (

� 
 �� ��	 � 
 � ��� 	 ��� ��� 	 ��
 � 	 � 	 
 � 	 
 � 	 �� � � � 
 � ��� 
 ��� ��� �� � 	 �D� 
 �	 .� � � �� �� �
 � �� ��� 
 ��� �� � �� � �� �	

� � 	 � �� � � �
 � �� � 	 � � ��� � �� �� � .� �
 	 
 � �� 
 � ��� � � � � � ����� �� �� �� �� � ��� 
 � �

F �� 	 
 � � � � 	 
 	 � � �� 
 � � 
 � �� � �� �� �� � ��� 
 � ),( XXX MN S �� � � � � 	 � � � � � � � �	 � �� ��� � � � � � 
 	 �	 � � � � � 	


 	 � 
 � � 	 � �� � � XM � 
 � � � � � � � �� 
 � 	 � 
 � �� �� XS �� �� 	 � � � � � � � ����� � WP � ��� �
 � � � 	 � � XW ��

� � �� � �� �	 � �� ��� ��� 	 ��� ��� � �
 � �� �	 � �A

0�  � � 
 ��� 	 �� �� 	 
 XS � � spaceX - ����
 � ��� 	 �� � ��	 
 �
 � ��� � 
 � �� � 
 � ��� 
 �� �

XY FL= - 2/1 ��� � 	 � 	 � X �� �� 
 � �� � �
 ���
 ��� 	 �� � �� �
 � ��� � � � 	 ��L � 
 � �F � � 	 ��� 	

	 �� 	 
 � � �� 	 �
 � �� �� �� 
 � �	 �� 	 
 � 	 � �� � �
 � �� �� �� �� XS ��� 	 � � 	 � ��� 	 �� ��� 
 � �Y �� ��� 	

� � � � 	 � � � 
 � �
 � �� � �
 ���
 ��� 	 ��� � 
 � �� � 
 	 � �� � � � 	 �

6� -
 ��� 	 ��� � 
 � �� � 
 	 � �Y space- � ��� Y IS = ��� 	 
 	 � � �	 � N �K03�333�"��
 � 	 � 	 
 � 	 
 ��� 
 �


 � � 
 � ��� �� �� �� �� � �	 � �� � 
 � �	 � �� 1Y �� 2Y ��� �� NY ��� ��� �( 	 � � �	 � � 	 � �	 � �� 	 � �� � �� 
 � �� 
 ��

� � � � � �� 
 � 	 �
 � �� �� �

9� ) � � 
 � �� � 
 �� � � $��� 	 �� 	 
 	 � � �	 � �� � 
 � �	 � ��� ��� 	 � spaceX - �� �

),...,2,1(2/1 NiYX ii =F L= �

<� � � � � XM �� ��� 	 �� � 
 � �	 � ��
 ��� 	 � spaceX - �� � � ),...,2,1( NiMX i =+ �



28

7� � � �� � �� �	 ��� 	 �
 � 
 � 	 � �� ��� � �
 �� � WN �� ��� �
 � XW � 
 � ��� 	 
 �� � �� � �� �	 ��� 	 ��� 	 , � 	 
 � � �� �

N
N

f W= �

8� � 	 � 	 � ���� � 	 � �� � � ���� 	 �� �	 � � � K �K03"���
 	 � �� 
 � �� � � � � � �
 � �	 ��� 	 �� � � � � � ����� � WP � �

� � 	 � � � �
 � ��� 	 ��� 	 , � 	 
 � �	 � ),...2,1( Kjf j = �

) � �� �
 	 �� � � �� � 
 
 � ��� 
 �� �� � � � � � �
 � �	 ��� 	 ��� 	 � � 	 ��� � ��� � �� 	 �� ��� 
 � �� � � � � � � � �� � ��� � 
 �� �� � �� 	

�
 � �	 
 	 
 �	 � � � � �
 � � � � 
 �� � � � � 
 � � �	 � �� � ��� � � � � � �� 	 � D� 
 �	 .� � � �� � � �
 � �� ��� 
 � 
 	 �� � � � ��

� � � � � � �	 �� 
 � �� � � � �� 	 � �� �� � � � �� � � ��� �� � 	 � $�� �� 	 � �� � � � � � ����� �
 	 �� � � � ������� 	 , � �� 	 � �� 	 �� ��� 	 ��

�� � � 	 � 
 	 
 � � � � � 
 � � � � 
 � � �� ��� 
 � ��
 	 �� +� � ��� �� � � � � � � � � � ��.��
 	 � � 
 � �� � �� � �� � �� � � �� � ����� 
 � �

� � 
 � � �� ��� 
 � ��� � � 	 ���� �	 
 �� 	 
 � � � � � �� � � � 
 .��
 	 � �� � ��� � 	 �	 � ��� 
 � � 
 � � � �� � 
 � � �� �� +	 � ��� 
 � <

� � 
 � � � 	 � �� 	 � � ��� �� ���� 	 �D� 
 �	 .� � � �� �� �
 � �� ��� 
 �� 
 � ��� 	 ��
 � 	 � 	 
 � 	 
 � 	 �� � � � 
 � ��� 
 �
 	 �� � � � �

6�� �* � � �0 � ��9� ( 	( �� �� � � � 	0 � �� � (

) � �� � � 	 � ��� 
 � � � 	 � 	 
 �� � � � � �
 � �	 � � � � � � � � � � �� �	 � 
 	 � � �� 	 � 
 � � 
 � ��( 	 � � � �� �� 
 � 	 � 
 	 �� � � �� �� � � �

�� � ���� 	 �	 � ��� 
 �

 � � �� �0.� �
 	 
 � �� 
 � ��
 � � 
 � ��� �� �� �� � ��� 
 � ),( normalnormalxN sm ������� �� 	 ��.$
 � � 
 ��� � �

%73.99)3(%73.99)3( »<
-

»<-
normal

normal
normalnormal

x
proborxprob

s
m

sm

� � 	 � 	 ��
normal

normalx

s
m-

�� � 
 �� 	 �� 	 	 
 �� � ��� 	 �� �� �� 
 � 	 �� 	 �� 	 	 
 � x � 
 � ��� 	 �
 	 � 
 � normalm �
 � � 
 � ��( 	 �

� � ���� 	 �� �� 
 � � � � �� 	 � �� ��� 
 � normals ��) � 	 �� � � � � � ����� ��� � �� ��� x � � � � 	 �
 � � 
 � ��( 	 � �� �� �� 
 � 	 ��� � 


�� 	 �
 	 � 
 � normalm ��� ��	 � � ��� � 
 � 3��� �� � � � �� %73.99 ��) � �� �� � 
 �� 	 �� � 	 � ��� � ��� � ���� 	 �	 � ��� 
 �� ���

�� 	 ��� ��� � �
 � �� � � � 	 � � � 	 A

0� +	 �� � � �� � 	 � � � �� � a �� � � �� �� 	 � � �� � 
 � �� : � � 
 � ��� � a �� � � � � 	 � � � � 
 � ��� � � �� 	 �� � � � � 0027.0 �

� � �� � �
 	 � 
 � ��� 	 �� � � � � � ����� ��� � ��� �� 	 �� �� � 
 ��� � 0027.0 �



29

6� � � �� � �� �	 � �� 	 � 
 � � �
 � 
 � 
 � � 
 � ��( 	 � � � �� �� 
 � 	 � maxd � � � � 	 � � � 
 � �
 � � �� � �� 	 � � �� 	 
 � �� �� 	

� �� � 
 �
 � � �� � 	 � � � �� � a � � � � 	 �	 � � �
 � � �� � � � 
 � � 
 � �� � �� �� �� � ��� 
 � �� � �	 ��  � � � 0027.0=a �

�� 	 �� � � � 	 � � � 
 � �
 � �
 � � �
 � 
 �
 � � 
 � ��( 	 � �� �� �� 
 � 	 � maxd �� �	 , � � ���� �3�

9� F �� 	 
 �� �
 	 � � � � 	 
 	 
 �� ix ��� � �� � �� �	 ��� 	 �
 � � 
 � ��( 	 � �� �� �� 
 � 	 �� � �
normal

normali
i

x
d

s
m-

= ��-�

maxddi £ ���� 	 �� � � 	 � � �� 	 � �� � � �	 
 � �� � � � 
 � �� 	 � 	 � � �� � � 	 � 
 � � 
 � �� � ��� � � � � � 
 ��� 	 
 � 	 � � �

a-1 �� * 
 � �� 	 � � � 
 �� � � � �� ��� maxddi > �� �� 	 
 � � � �� � ��� �� � � � � � 
 	 � � � ��� � � � �� �� 	 � � �� � 


� � � � � � ����� �� ��a �

) � �� � 
 	 �� � � � � 	 ��
 �
 � �	 � � �� 	 � 
 	 	 � � �� � � �� 	 � � � � � � � ����� � � � �� � �� ��� 
 � � 
 � � � � 	 , � �� 	 � � � 	 � � � �����	

� � 
 � � �� ��� 
 �� 
 � �
 	 
 � � � �

-
 � � �� 	 � � � � � �� 	 � 0.� �
 	 
 � �� 
 � �� � � � 	 �� �� 	 � �� 	 � � �� � � � 
 	 � � �
 	 
 � �� 
 � � � 
 � � 	 � 	 � �	 
 � 	 � � �� � �� 	


 � ���.� �
 	 
 � �� 
 � ��� � � 	 ���) � 	 �� � 
 � ���� 
 ��� � �
 � � 
 � ��� � 	 � � ��� 
 �� � 
 �� 	 �� 	 � � ���	 
 �� �

amsm

a
s

m

-=<--

�

-=<
-

- 1))())(((

1)(

2
max

12

max

dxxprob

d
x

prob

normalnormalnormal

normal

normal

 � � � � � 
 � ���.� �
 	 
 � �� 
 � �� � � � 	 �� � �� 	 � � �� ��� ��� � �� � � � � 
 	 �	 � � � � 	 � � 
 	 � � 	 � �� � � � � � � 
 � �� �� 	 �A� x

� 	 � � 
 	 � �� �� 	 � �� � � X �� normalm �� 	 � � 
 	 � �� 	 � �� � � normalM ��� 
 � � 2
normals �� 	 � � 
 	 � �
 � �� �� � normalS �

) � 	 � 	 �� � 	 �

a-=<-S- - 1)))()(( 2
max

1 dMXMXprob normalnormal
T

normal

) � 	 �$	 � ��� �� 	 
 	 � � ��( �
 � ��� � 
 ��� 	 �0.� �
 	 
 � �� 
 � ���� �� �
 � ���.� �
 	 
 � �� 
 � ��� � � 	 ��� ��� 	 �	 � 
 �
 �
 �

2
maxd ��� � �� �� 	 
 � a-1 ��-��� � 
 �� 	 �� � � � 	 
 ��� � ��� )()( 1

normalnormal
T

normal MXMX -S- - � � ��� ��	 �

� � )(2 nc �� �� �� �� � ��� 
 ��� 	 	 �� � � 	 
 � �� �6"��� � 	 � 	 � n �� ��� 	 �� �
 	 
 � �� 
 �� ���� 	 �� �� 	 
 �� �� �� �� � ��� 
 �

+� � �� 	 � � � � � 	 � � � 	 � �� � � � � �� � �� 	 � 
 � � 
 � ��( 	 � � � �� �� 
 � 	 � 
 	 �� � � � �� � � � 
 � ���.� �
 	 
 � �� 
 � �� � � � 	 � ��

� �
 � � ���� 	 
 ��� � ���� ��� 	 �0.� �
 	 
 � �� 
 � ��� � � 	 A



30

0� +	 ��� ��� � 	 � � � �� �a �� � ��� �� 	 �� �� � 
 � �

6� � � �� � �� �	 � 2
maxd � � � � 	 �	 � � �
 � � �� � � � )(2 nc � � �� �� �� � ��� 
 � �� � �	 � � � � � � 
 	 � � � ��� � � 	 � �� � � �

� �� 	 
 � a-1 � � 
 � � � �
 	 
 � �� 
 � n �� � ) � � �	 � 9.0� � � � � � � � � 
 	 � a � � 
 � � � � � � 	 � � � 
 � �
 �

2
maxd � � �� 	 � ��� � �� �
 	 
 � �� 
 � 7=n �

9� F �� 	 
 � � � 
 	 � � � � 	 
 	 
 �� iX �� � � �� � �� �	 � �� 	 � 
 � � 
 � ��( 	 � � � �� �� 
 � 	 � � , � � � 	 � � � �

)()( 12
normalinormal

T
normalii MXMXd -S-= - �� -�� 2

max
2 ddi £ �� �� 	 
 � �� 	 � � � � 	 � � �� 	 �

� � � �	 
 � �� � � � � � 
 	 � � 
 � � 
 � �� � ��� � � � � � 
 ��� 	 
 � 	 � � �� a-1 �� * 
 � �� 	 � � � 
 �� � � � �� ��

2
max

2 ddi > ���� 	 
 ��� ��� � ����� �� � � � 
 	 � ��� ��� �� ��� �� 	 �� �� � 
 �
 � �� � � � � � ����� �� ��a �

Table 3-1 a  and corresponding 2
maxd for dimension 7=n

a 3�0 3�30 3�330 3�3330 3�33330 3�333330

a-1 3�1 3�11 3�111 3�1111 3�11111 3�111111

2
maxd 06�30>3 02�<>79 6<�9601 61�2>>7 97�6727 <3�7602

6�$ 1� ) ��	( �� � � � � ��

� ��	 � � � � �� � ��� �� � � 	 �	 � �	 � � ��� �� � �
 � � � �� 
 �� �� � � 	 �	 � 
 �
 	 � � � �� � � � � 
 � � 
 	 
 �� � �� �� 	 � � � � �	 
 � ��

�� � ��� �



31

6�$�
  1� ) ��	( �� � � � � �� 	� ) �� �

) � � �� 	 
 ���� � �� 	 � � 	 �	 � �	 � � �� � ��� �� � 
 � $
 � � 
 � �� � ��� �� � 	 � �� ��� �� � �
 � � � �� 
 �� �� � $
 � � � �� 	

� � � � � � �	 � �� ��� � �� ��	 � � � ��� � ����� � 	 �	 � � � 	 � � 	 � �� � �� �� 	 ��� ��� �� � 
 � � ��� �� � �	 � �� � � �	 � � 
 � �	 ��� � 	 
 ��

� � � �	 
 �� ��� �� ���� 	 � �	 � � � 
 � �� 
 �� 	 � �� 	 �� � � �� �� 	 �� �� 	 � � 
 ���	 � $�

·  	 � � � � � � ��
 � ��	 
 � 	 � � �� � 	 �� ����� 	 � � 	 � � 	 B

·  � � � ��� 
 ���
 	 �� � � 	 � � 	 � ��� �����
 � � 	 � � 	 B

·  � � 
 � 	 
 � �
 � ��	 
 � 	 � � �� � 	 �� ����� 	 � � 	 � � 	 B

·  ��, � �� ���
 	 �� � � � � � ��
 � �� ����� 	 � � 	 � � 	 B

·  � �� � � � � � 	 ���
 	 ��	 
 � 	 � � �� � 	 �� �����
 � � 	 � � 	 B

·  �� 	 ��	 
 � 	 � � �� � 	 �� ���	 � 	 
 � 	 �� 	 �� 	 	 
 �� � 
 � 	 
 � 	 � ��
 �	 ��� 
 � �� � ��	 ��� �� �� ����� 	 � � 	 � � 	 B

·  �� 	 ��	 
 � 	 � � �� � 	 �� ���	 � 	 
 � 	 �� 	 �� 	 	 
 �	 � � � � � � �� � ��
 �	 ��� 
 � �� � ��	 ��� �� �� ����� 	 � � 	 � � 	 �

5 � 	 
 � � � �� � ��� �� � � 	 �	 � �	 � � � 
 � � �� 	 � � � � � 	 � � � 	 
 � 
 	 
 � � � � � 	 � � �� ��� � � 
 � � 	 � � � 
 � �� � 	 � � �� � �� �� 	

� � � �	 
 � � � � � � � � 	 �� �� 	 � � 
 �� �	 � $� � 	 � �� � ���� ) � 	 � 	 � � �� � ��� 
 � � �� � � 	 �� 	 � � �� 	 � � �� �	 � � �
 � � 	 � � 	 � � �

� 	 � � 	 � � 	 � 
 � � �� � 	 � � � 
 	 � � 	 �� ��� 	 � �� � �� 	 � � � �� 	 � � � 
 � 	 � � 
 � � 
 � �� � � 	 � � ��� 
 �� � � �� � � � 	 � 	 
 � � � � � 


�� 	 �� � �� �
 � �� � 
 � ���� 
 � ���) � 	 �
 � � 
 � ��� �� �	 �
 � � 	 �� �� � � � �� 	 ��� 	 �	 � ��
 � �	 � �� ���� 	 �
 � � 
 � ��� �� �	 �

� � � � � �� 
 � ��� 
 � � �� � � �� �
 � � � � 
 � ���� 
 � �� � � � � 	 � 	 � �� �� 	 � 	 � �� � � 
 � 	 � �� �
 �� � �
 � � � �� � �� 	 � � � � � 	 
 �


 	 � � � � 	 
 	 
 �� �� 
 � ��� 	 �
 � � 	 ��� � 	 � �� ��� 
 � ���) � 	 � 	 �� � 	 ������� �
 	 � 	 � � � � � ��� �� ����( 	 �� �� �� � � ���	 � ���

�� 	 
 ���� �� � �� � �� � �	 �� � � ��� 	 �� � 	 � �	 � ��� � � � � � ����� �� ��� 	 �
 � �� � � � 	 � ��� 
 � ��� �	 � � �� � �	 �� � 	 �� 	 � ��� 	

	 � �� 	 
 � 	 ��� �� �� � 
 � �	 
 � � � � ��� �
 � $	 �� �� �� � 
 � � �� �

6�$�* 1� ) ��	( �� � � � � �� 	� �� � � ���� � ��� �

) � 	 �� �� � 
 � � ��� �� � �	 � �� � 	 �	 � � � 	 � � 	 � �� � �� � � ���� 	 �� 
 � �
 	 � � ��� 	 �� � � 
 � 	 � ��
 �� 	 � �� � � �� ��� � ��� � ��	 � � �

�� � ����� � 	 �� � � � 	 � � � 
 � � ��� �� �� 
 �, � 	 �, � � � � � 
 ��� ��� �
 � ���.� �
 	 
 � �� 
 � ��� 	 � �� � � ��� � � � 	 ��) � �� 	 � �� 	

� � �� � � �� � ��� �� � �� 	 � 
 � � �� � � � � � � �	 � �� � 	 , � �� � �	 
 �� �� � �� 	 
 ���� �
 � � � � �� � � , � � � � � 
 �� �� 	 � � � � � 	 
 �


 	 � � � � 	 
 	 
 ��� 	 �� 
 � � ��� ���� � 
 � �
 	 � �� ��� ��� 	 �
 � � 
 � ��� � 	 � � ��
 � �	 ���� � 	 ��� � � � � �
 � �	 �� � 	 � ��� � 


�� 	 ��� � ���� �� � 
 � � �� �� � � 
 � � � � ��� 	 	 � �� � � 	 �9.1"�



32

Residual-2

Residual-1

Fault detection
boundary

Normal
operation region

Fault diagnosis
boundary

Fault diagnosis
boundary

Residual-2

Residual-1

Fault detection
boundary

Normal
operation region

Fault diagnosis
boundary

Fault diagnosis
boundary

Figure 3-9 Fault Detection and Diagnosis boundaries

) � � �
 	 �� � � � �� 	 � 	 �� � 
 � �� 	 � 	 � ��
 ��� �� �� �� � � A��� 	 �� � � � � � ����� �� 
 � �� �� �� 
 � 	 �
 	 �� � � � �

6�$�*�
  5�� � � � ����� 	� � �� � (

) � 	 �� � � � � � ����� �
 	 �� � � ��� �� � � 	 � �� 
 �� �� ��� ��� � ��� � � � 
 	 �	 � � �� � � � � �� �	 � �� ��� �� � � � 	 
 ��� � 	 � � ��� 
 �

� � � � � � �
 � � �� � �� 	 � � � 
 � ��
 � � � � �� �� �� 	 � � � � � � �� 
 � 	 � 
 � �� �� � currentS � � 
 � � 
 	 � 
 � currentM � � � 	

	 � ��
 � �	 � ���) � 	 �� � � � � � �����	 � �� ��� ���	 � 	 
 ���� � ��� �� � � � � � �
 � ��� ��� 	 
 �	 � ��
 � �	 � �� � �� � �� � �� ��
 � ��� 	

� � 	 � �� � �� ���� 	 �� � � � � � ����� �� �� �� �� � ��� 
 �� ��� �
 �	 � � � ��� � ���, � � � � � 
 ��

-� 	 � ��� ���� 	 �� 	 � �� � � �� �� 	 � �� 	 �� ���� 	 �� � �� �
 �� ���� 	 �
 � ���.� �
 	 
 � �� 
 � ��� � � � 	 �� ��
 � � 
 � ��� � 	 � � ��
 �

� �� �	 � �� � � � �� 	 � �� � ��� � 	 � 	 �� � � �� �� 	 � � � � � � � ����� � � �� �� 	 � � � � � 	 
 �� � �� �� �� � ��� 
 � � ��� �
 � 	 � � � � �� � ��

, � � � � � 
 �� �� � � � �� � �� �	 � �� ) � � � �
 � ���� � � � �� � �� ��� 
 � � �� � � � � � � ����� � � ��� �
 � 	 � � � � �� � ��� , � � � � � 
 ��

� � � � ��� 
 � �/ � � � 
 ��011>"�� � � � 
 	 � ��� � ���� 	 �� �� �� �� � ��� 
 � �� ��� ���
 	 � � � � 	 
 	 
 �� �� � 	 ��
 � 	 � 	 
 � 	 
 ��

) � 	 ��� ��� � �
 � �	 , � � ��� 
 �� � � �� 	 .� 	 � �� 	 � �� � �� � 	 
 ��6333"A

( ) ( )
�
�
�

�

�
�
�

�

�
�
	



�
�
�




S

-
+= Õ

= ),(2
1

2
1

1 kk

kMkM
erfCw

current

normalcurrent
jk

m

k
j

� � 	 � 	

�&��� ��� 	 ��
 � 	 � �� ���� � ����� � 	 �&�



33

jw �� ��� 	 �� �� � � � ����� �� ���� � ����� � 	 �&�

D��� ��� 	 �� � 
 � �	 �
 	 � 
 �� 	 � �� ��

S �� ��� 	 �� � � � ��� 
 � 	 �
 � ���� �

jkC L�0���� ( ) ( )kMkM normalcurrent - �� � � ��� 	 �� � 
 	 �� �� 
 �� � � jkd B� jkC �L �.0��� �� 	 �� �� 	 �

+� � � � ��� �� normal ��� ��� � �
 � � 
 � ��� �� �� �� � ��� 


+� � � � ��� �� current �� ��� ��� � ��	 
 ��� �� ���� � ��� 


$��� ��� 	 ��
 � 	 � �� ���� 	 �
 	 � � � �	 
 	 
 ��

5 � 	 
 � �� 	 � � � � � � � ����� � � �� �� 	 � 
 � � �� ��$	 �� � �� � ��� � �� � � � 	 � � 	 	 � � � �� � �� � �� �� 	 � � 	 � � 
 � � 
 � � �� ��$	 ��

� �� � � �� � �� �� � 	 � 	 ���� � 	 � � � �� ���� � ���� � � � � � ����� �� � ��� ��� � 	 � � � �� "��� �� �� � 
 � � �� ��� �
 � � 	 �

-��� � � �� 	 	 
 �� � � � 
 ��� � ���� 	 �>��	 � �� � � �� �� � 	 �
 � ���� � �� ��
 � 	 � 	 
 � 	 
 ���+� ������ �
 	 � 	 � � � � � ��� �� � ��� � �	

�� 	 �� � � � 
 � ��� 
 �� ���
 � 	 � 	 
 � 	 
 � 	 ���+�
 ��� � ��� ��� � ���� 	 �	 � ��� 
 ��D� 
 �	 .� � � �� �� �
 � �� ��� 
 �� � 
 �� 	

� � 	 � � �� � 	 � � �� � �	 � �� 	 � � � � � � � ����� � �� � � 	 � � � � �� � ���� ) � � �	 � 9.6� � � � � � � �� 	 � � 	 � � ��� � � � �� �� 	 � �� �

� ���	 � 	 
 �� 
 	 �� � � � � �� � � � 	 �� �� 	 � � 
 �� �	 � $� � 	 � � �� 63? � �� � � � � � �
 � � �� 	 � � � �� � � � ��	 � �	 � � � � � / � 	 � $	 �

�011>"�� � � � 	 
 � �� � 9� ��� �� � � ��� �� 	 � � �� 	 � � � 	 � � ��� ��  � � 
 � �� 	 � � 	 � � ��� �� ��� � � 
 � � 	 � � 	 	 
 � �� � �� �� 	

� � � � � � ����� � � � �� 	 � � � � 	 � � ���	 � 	 
 �� � � �� �� 	 � �� 	 
 � � � � � 	 � �� 	 � � � 
 	 �� ) � 	 � � � � � � � ����� � � �� � 	 �� �� 	 � � 
 �

�	 � $� � 	 ��
 � � 	 � � 	 � �� ��� ��� 	 ��	 � 	 ��� ���� �� ��� � ������ ���� � ��� � ����	 � 	 �� ��� ���, � �� .��
 	 �� 	 � �� �� ��� 
 �� � �

�� 	 �� �� � 	 � ��� � � � � � ����� ��� � �� � �� �
 	 �� � � � ���� � � 	 � 	 � ���� 	 ��� � ���� 	 �	 � ��� 
 ��� � 	 � � � �� �� � � �� �
 � �

� 	 �� � ���� �	 
 ���� �� ��� � �� �� � 
 � � �� �� ���� �� ��	 � 	 ����/ � �� �
 	 �� � � � �� � � �� �� �� � 
 � � 	 ��� 	 �� � � � 	 � ���� � ��

� �� � �� � 	 � � �	 � 	 �� �� � � � � 	 � 	 � �� �� 	 � 	 � �� 	 
 � 	 � �� � � � 	 �� �� 	 � � 
 �� �	 � $� � 	 � �� � 
 � � � � � �� � 
 � 	 � � � � 	 
 � �� 	

� � � � � � �����	 � � � � 	 � 	 � ��
 � �	 � � � ��� � �� 	 � D� 
 �	 .� � � �� � � � � � � � � � �� � ) � �� � �	 � � � � �� � � 	 ��	 � �  ! !

� 	 
 � ���� ��� �� 
 � �� ��� � 	 � �� ��$�� ���� �� 	 �� �� � 
 � �



34

Table 3-2 Refrigerant Leak at 20% load
Fault
Level Method

Refrigerant
Leak

Comp.
Valve Leak

Liquid Line
Restriction

Cond.
Foul

Evap.
Foul

Monte-Carlo 0 0.0010 0 0 0
Normal Independent 0.0008 0.0007 0.0015 0.0009 0.0004

Monte-Carlo 0 0 0.0034 0 0
3.5% Independent 0.0016 0.0004 0.0028 0.0004 0.0002

Monte-Carlo 0.0318 0. 0.0135 0 0
7% Independent 0.0039 0.0002 0.0027 0.0002 0.0001

Monte-Carlo 0.0803 0 0.0041 0 0
10% Independent 0.0067 0.0001 0.0017 0 0

Monte-Carlo 0.1037 0 0.0004 0 0
14% Independent 0.0023 0.0001 0.0008 0.0001 0.0001
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Figure 3-10 Distance method for fault diagnosis
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Table 4-1 Thresholds for steady-state detector’s variables
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Table 4-2 Polynomial plus GRNN model parameters
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Table 4-3 Compressor map data
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Figure 4-1 Refrigerant flow rate prediction and measurement
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Figure 4-2 Cooling capacity prediction and measurement
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Figure 4-3 Compressor power consumption prediction and measurement
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Figure 4-4 EER prediction and measurement
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 � 	 � �� ��� � �� �� � �
 �� ��
 � � 	 � � 	 � �� ��� ��� � � ��	 � 	 ��� 	 � � � � 	 ��� 	 �� 
 �����

� 
 � � � �� 
 � 	 � � � � � ��� 
 � � �� �� 	 � �� �� �� � � � �	 � ��
 	 �� � ) � 	 � � 	 � � 
 � � �� � �	 � �
 � 	 � � � � � 	 �� � �� �� � 	 	 � � �� 	 �

� �� � 
 � � ��� �� 	 � � ��� ���' � � � �	 
 �� � ��
 ��� 	 � 	 ��� � �	 � �� �� � �� �� 	 � ��� � 	 	 �� �	 � 	 � �� ��� � �� A���� 	 �
 � 
 � 	 � �� �

� �	 � � � � � �� �	 � � � �
 �� �� �� 	 � 
 � 
 � 	 � � � �� � � � � 	 � �� � �� � 
 � � 	 � �� � 
 � � �� 	 � 
 � 
 � 	 � � � �� �� �� 	 � � �� � 
 � � 	 � �

) � 	 ��� �� � ��� � �	 ��
 �	 � � � �� 	 ��� ���� � 	 	 �� �� 	 � �� � 	 � � � 	 �� �� � 
 � � ��� �� � ��� � � �� � � � � �� � �� 	 � � � � � 	 � �� � 
 �

�
 � � � � 	 � ��� �� � 
 � � 	 � �
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-
 � � 	 � �	 � �
 � � �� 	 � � 	 � � ��� � � �� ) � � �	 � � <.7� �� � � � � � � <.63�� ��� �� � � � � � � 	 
 �� �� � �� � ��� �� � ��� �� 	 � � 	 � �

� 	 �� �� 	 � � 
 �� �	 � $� � 	 �� � 	 � 	 � � 	 �	 � �	 � � � 
 � � � �� � 
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�	 � 	 �� �� � � 	 �� �� 	 � � 
 �� �	 � $� � 	 � � � � � � 	 �	 � �	 � � � 
 � � � �� � 
 � � 	 � � � � �� � ��� �� � ��� �	 � 	 �� � � � 	 � �	 � � �� � 
 � �� 	

�� � 	 � �� �	 � 	 ��� 
 � � � �� � ��� �� � � � �	 � 	 �� �� ) � 	 � 	 � � 	 � 	 � 
 � � �
 � � � � 	 � �� � �� � 
 � � 	 � � �� � � � 
 � � �� � ��� �� � -�� �� 	

� �� � 
 � � �� ��� � 	 � � � �� �� 	 � 	 �� 	 ��� ��3�1117��� 	 �� �� 	 � � 
 ���	 � $� � 	 �� � � �� �� 	 �� 	 �	 � �	 � �� 
 � �� �� � 
 � � 	 �

� ���� 	 ��� � 	 � ���� � ����	 � 	 ��� 
 � �� ����� � � ��	 � 	 �� ���� � � 	 � 	 � ���� �� �� � � 
 � 	 �� � � �� ��	 � � ��� ��� � ��
 � � � � 	 � �

� �� � 
 � � 	 � � �� � � ��, � �� � ��
 	 � � 	 � �� �� ��� 
 � � �� �� 	 � �� � 	 � �� �� � ��� �	 � 	 �� � ��� � �� 	 � 63? � � 
 � � <3? � �� � �

�	 � 	 �� �� � ) � 	 � � 
 �� � � ���	 � 	 
 � 	 � � 	 �� 	 	 
 � �� 	 � � � �	 � � �� � � � 	 �� �� 	 � � 
 �� �	 � $� � 	 � � 
 � � ��, � �� � ��
 	

� 	 � �� �� ��� 
 � �� � � � � � � �� �	 � � � ��� � ��, � �� � ��
 	 � � � � � � � ��
 � ��  � � �� 	 � 
 � � 	 �� ��, � �� � ��
 	 � � � � � � � ��
 � � ��

� 	 � � �
 � �� � �� 
 � �	 � � 	 � �	 
 � 	 � �� �� 	 �� ��� 	 �� �� 
 � ���� � � 
 � 	 �� � 	 
 ��� 	 � 	 ��� �� ��� � ����) � �� � � �� ��
 � � � � 	 � �

� �� � 
 � � 	 � ���� 	 �� �� � 
 � � �� ��� � 	 � � � �� �� � � � �� �� 	 �� 	 ���� �3�11�

� � 
 � � �	 � � � ��� � �� 	 � � �	 � �� � � � �	 � � ��� � � � �� �
 	 � � � � � / �	 � $	 �� � 
 � � / �� � 
 � �0112� "�� �� 	 � � �� � � � 	 �
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 � �� �� � 
 � � 	 � ��� � � � � � � � ���� 	 �� � �� �� 	 ���) � 	 �C� ��
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 � �� 	 � ���� � �� 
 �	 � � 
 � �	 ���� 	 �C0� ��! 	 �	 � �	 � E��	 ���� 	 �� 
 ���	 � $� � 	 ��� � ����	 � 	 �

�� � 9�7? � �� �� �� �� � � �� � � � 	 � � � �� �� �� � 	 � � 
 � � >�2? � �� � � / �	 � $	 �� � 
 � � / �� � 
 4� � �	 � � ���� � 
 � � C� ��

! 	 �	 � �	 � E� �	 ���� 	 �� 
 �� �	 � $� � 	 � �� � ��� �	 � 	 �� �� � >? � �� �� �� 	 � � �� � � � 	 � � � �� �� �� � 	 � � 
 � � 1�7? � �� �

/ �	 � $	 ��� 
 � �/ �� � 
 4� ��	 � � �����+�
 ��� ���	 � � ��� �� � � � ���� ���� 	 �� �� 	 ���� � ��� ���) � 	 ��	 � � ��� �� ��/ �	 � $	 �

� 
 � �/ �� � 
 �� � �� � � � �� � 
 	 �C0� ��! 	 �	 � �	 � ��	 � 	 ��E��� � ��� �	 �� 	 �� � ��� 	 ��� � 	 � ���	 � 	 ��� ���� � ����� � ��� � �

�
 ��� � � � 	 � �� � ) � �� � �� � � 	 � � � � 	 � �� 	 ��� �	 � � ��� � � 	 �	 � � � �� � �� �	 � � � � � �
 �	 � � � �� ��
 � � �� 	 � �
 � � � �� � �� �� 	

�� � ����	 � 	 ����) � �� �� � � �
 � ��� � 
 	 ��� ���� 	 �� � � �	 
 ��� �� � � �

Table 4-5 Detected (normal, fault) points/ total operation points @ compressor valve
leakage fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �
 
 �� "J12 �� � �� "J0<> �
 &#�� "J6>> �*� &�� "J997 �** �� "J971
>? �� �� � "J032 �� �� � "J010 �� �� � "J96< �� �� � � "J<30 �� �� � � "J918
0<? �� �
 "J>6 �� �� � "J0<9 �� �� � "J608 �� �
 
 
 "J622 �� �� � � "J719 � � ��

G	 � 	 � 01? �� �
 � "J032 �� �� � "J013 �� �
 
 � "J93< �� �� � � "J<69 �� �� � � "J781
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62? �� �� � "J032 �� �� � "J08< �� �
 
 � "J96< �� �� � � "J<96 �� �� � � "J>26

Table 4-6 (Right, wrong) diagnosed points/ total detected steady-state points @
compressor valve leakage fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �
 
 �� "J00 �� � �� "J>3 �
 &#�� "J028 �*� &�� "J632 �** �� "J661
>? �6
 �� "J90 �&� �� "J23 �$#�� "J78 �6
  �� "J901 �66#�� "J998
0<? �*�� "J6 ��  �� "J<1 �&&�� "J22 �***�� "J666 �$$� �� "J77<
01? �*
 �� "J60 �66�� "J99 �**� �� "J663 �6� � �� "J9<3 �$
 
 �� "J700

 � � ��
G	 � 	 �

62? �
  �� "J01 � � �� "J13 �** �� "J661 �6� 
 �� "J9<0 �� 
 � �� "J>0>

Table 4-7 Average (r ight, wrong) fault diagnosis ratio @ compressor valve leakage fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �� : . ��� � � " �� : . ��� � � " �� : . ��� � � " �� : . ��� � � " �� : . ��� � � "
>? �3�1809��� � � " �3�1<02��� � � " �3�19>1��� � � " �3�1683��� � � " �3�198>��� � � "
0<? �3�1089��� � � " �3�107>��� � � " �3�1323��� � � " �3�13>7��� � � " �3�1013��� � � "
01? �3�2209��� � � " �3�22>>��� � � " �3�222>��� � � " �3�2>08��� � � " �3�2238��� � � "

 � � ��
G	 � 	 �

62? �3�>><>��� � � " �3�>>1<��� � � " �3�>893��� � � " �3�>972��� � � " �3�>683��� � � "

Table 4-8 Detected (normal, fault) points/ total operation points @ refrigerant leakage
fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �
 
 �� "J12 �� � �� "J0<> �
 &#�� "J6>> �*� &�� "J997 �** �� "J971
9�7? �� �� � "J03< �� �� � "J0<7 �� �� � � "J608 �� �
 � � "J961 �� �� � "J0>7
>? �� �� "J032 �� �� 
 � "J607 �� �� � � "J6>1 �� �
 � � "J99< �� �� � � "J66<
03? �� �
 � "J03> �� �� 
 "J088 �� �� � � "J96< �� �
 � � "J998 �� �� � � "J>23

 � � ��
G	 � 	 �

0<? �� �� "J>6 �� �� � "J0<7 �� �� 
 � "J966 �� �� � � "J91< �� �� � � "J8<8

Table 4-9 (Right, wrong) diagnosed points/ total detected steady-state points @
refrigerant leakage fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �
 
 �� "J00 �� � �� "J>3 �
 &#�� "J028 �*� &�� "J632 �** �� "J661

 � � ��
G	 � 	 �

9�7? �� �
 � "J93 �$�� 
 "J8> �
 6� �� "J09> �*� $�� "J6<7 �#� �� "J8>
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>? �� �� "J> �
 *
 �� "J060 �
 #� �� "J083 �*$
 �� "J670 �
 #� �� "J08<
03? �*� �� "J6< �#*�� "J86 �
 � � �� "J0>3 �*$$�� "J677 �� 6
 �� "J>90
0<? �#�� "J8 �
 
 �� "J00 �
 *� �� "J063 �6
 � �� "J90< �$&
 �� "J720

Table 4-10 Average (r ight, wrong) fault diagnosis ratio @ refrigerant leakage fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �� : . ��� � � " �� : . ��� � � " �� : . ��� � � " �� : . ��� � � " �� : . ��� � � "
9�7? �3�11>9�� �� � � � " �3�111<�� �� � � � " �3�120<�� � � " �3�116<�� � � " �3�1>>1��� � � "
>? �3�1233��� � � " �3�1272��� � � " �3�1>>6��� � � " �3�122<��� � � " �3�1>>8��� � � "
03? �3�1<3<��� � � " �3�1>>1��� � � " �3�1<20��� � � " �3�1887��� � � " �3�1726��� � � "

 � � ��
G	 � 	 �

0<? �3�1317��� � � " �3�1732��� � � " �3�1<3<��� � � " �3�1277��� � � " �3�1819��� � � "

Table 4-11 Detected (normal, fault) points/ total operation points @ condenser fouling
fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �
 
 �� "J12 �� � �� "J0<> �
 &#�� "J6>> �*� &�� "J997 �** �� "J971
0<�8? �� �
 � "J032 �� �� � � "J608 �� �
 � � "J901 �� �� � "J<90 �� �� � � "J>06
61�6? �� �� � "J032 �� �� � � "J013 �� �� 
 � "J608 �� �� � � "J622 �� �� � � "J<23
<0�<? �� �
 "J13 �� �� � "J0>9 �� �
 � � "J931 �� �� � � "J<02 �� �
 � � "J687

 � � ��
G	 � 	 �

78�0? �� �� � "J032 �� �� � � "J608 �� �
 � 
 "J900 �� �� � � "J<03 �� �� � � "J7<<

 Table 4-12 (Right, wrong) diagnosed points/ total detected steady-state points @
condenser fouling fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �
 
 �� "J00 �� � �� "J>3 �
 &#�� "J028 �*� &�� "J632 �** �� "J661
0<�8? �*� �� "J63 �
 
 � �� "J003 �*6� �� "J693 �6$�� "J97 �#$� �� "J873
61�6? �6� �� "J9< �
 � � �� "J03> �
 *#�� "J068 �
  #�� "J018 �� 6$�� "J<97
<0�<? �*�� "J6 �&� �� "J23 �*
 
 �� "J600 �6� � �� "J9<< �*� � �� "J63>

 � � ��
G	 � 	 �

78�0? �
 � �� "J0< �
 66�� "J099 �*6*�� "J696 �666�� "J999 �� &� �� "J<2<
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Table 4-13 Average (r ight, wrong) fault diagnosis ratio @ condenser fouling fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �� : . ��� � � " �� : . ��� � � " �� : . ��� � � " �� : . ��� � � " �� : . ��� � � "
0<�8? �3�1961��� � � " �3�17<6��� � � " �3�19>9��� � � " �3�17<<��� � � " �3�1777��� � � "
61�6? �3�201>��� � � " �3�29<7��� � � " �3�2688��� � � " �3�2988��� � � " �3�271<��� � � "
<0�<? �3�8712��� � � " �3�829<��� � � " �3�816<��� � � " �3�>383��� � � " �3�>969��� � � "

 � � ��
G	 � 	 �

78�0? �3�7097��� � � " �3�7838��� � � " �3�7760��� � � " �3�7<92��� � � " �3�7>7>��� � � "

Table 4-14 Detected (normal, fault) points/ total operation points @ evaporator fouling
fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �
 
 �� "J12 �� � �� "J0<> �
 &#�� "J6>> �*� &�� "J997 �** �� "J971
06? �� �� � "J032 �� �� 
 
 "J011 �� �� � 
 "J908 �� �� � � "J909 �� �� � � "J022
6<? �� �� � "J037 �� �� � "J07> �� �
 � � "J969 �� �� � � "J<61 �� �� � � "J<37 � � ��

G	 � 	 � 97? �� �� "J18 �� �� � "J600 �� �
 � "J608 �� �
 � � "J622 �� �� � "J062

Table 4-15  (Right, wrong) diagnosed points/ total detected steady-state points @
evaporator fouling fault

G� � � �G	 � 	 �
63? <3? 83? 23? 033?

: � �
 � � �
 
 �� "J00 �� � �� "J>3 �
 &#�� "J028 �*� &�� "J632 �** �� "J66
1

06? �6&�� "J92 �
 **�� "J066 �
  *�� "J016 �
 
 
 �� "J000 �
 6#�� "J098
6<? �6 �� "J91 �� � �� "J>> �*
 � �� "J60> �6
 � �� "J90< �66� �� "J99

3
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Table 4-16 Average (r ight, wrong) fault diagnosis ratio @ evaporator fouling fault
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Table 4-17 Detected (normal, fault) points/ total operation points @ liquid-line
restriction fault
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Table 4-18  (Right, wrong) diagnosed points/ total detected steady-state points @ liquid-
line restriction fault
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Table 4-20 Average (r ight, wrong) fault diagnosis ratio @ liquid-line restriction fault
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Table 4-21 Performance comparison of previous and improved FDD method
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Figure 4-5 Impact of parameter c  on the performance of FDD for different compressor
valve leakage fault levels with 20% cooling load
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Figure 4-6 Impact of parameter c  on the performance of FDD for 3.5% compressor valve
leakage fault with different cooling load
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Table 4-22 Actual /estimated per cent change of compressor power consumption

Fault levelFault
name normal 1 2 3 4

compnv 1/1.3 2/2.4 3/3 4/3.5 7/5.6
refleak 1/1.2 1/-0.7 1/-0.25 -1/-5 -2.5/-6

condfoul 1/1.2 2.5/2.7 4/5.8 7/9.6 10/13.8
evapfoul 1/1.2 1/1.2 -1/0.6 -2/-0.6

llrestr 1/1.2 1/-2 -0.5/-3.8 -3/-7 -8/-13

Table 4-23 Actual /estimated per cent change of cooling capacity on refrigerant side

Fault levelFault
name normal 1 2 3 4

compnv 1.5/1 -4/7.5 -5/10 -7/12 -15/22
refleak 1/1 1/-0.2 1/-1.6 -1/-3.6 -3/-6.5

condfoul 1/1 1/0.2 -1.5/-0.5 -3.5/-2 -6/-5
evapfoul 1.5/1 0.6/-0.2 -2/-2.5 -4/-3.8

llrestr 1.5/1 1/-1 -1/-2 -3.5/-6 -12/-12

Table 4-24 Actual /estimated per cent change of refrigerant flow rate

Fault levelFault
name normal 1 2 3 4

compnv 1.5/1.5 -3/8 -5/9.5 -7/12.5 -15/22
refleak 1.5/1.5 -0.2/-1 -1.5/-3 -3/-6 -6/-9

condfoul 1.5/1.5 2/1.5 3/3 3/4 4/5
evapfoul 1.5/1.5 0.5/0.5 -1/-0.4 -2/-2

llrestr 1.5/1.5 -1.5/-3 -4/-6 -9/-12 -22/-24
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Figure 2 Residual in 1-D.
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Table 1 Diagnosis rules for rooftop air conditioners (with a fixed orifice as the expansion
valve).
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Table 2  Statistical FDD method parameters used by Breuker and Braun (1998b).

FDD Design Parameter “ Low-Cost”  Design “ High-Performance”
Design

Steady-state model Twb / Tamb polynomial,
1st order polynomial

Tra / Twb / Tamb

polynomial. Tsh, Thg 3rd

order polynomial, Tsc,
DTea 2nd order
polynomial, others 1st

order polynomial
Measurements Tevap, Tsh, Thg, Tcond, Tsc Tevap, Tsh, Thg, Tcond, Tsc,

DTea, DTca

Steady-state detector (SSD) threshold 0.04 F2 0.04 F2

Forgetting factor for SSD method 0.7 0.7
Fault probability ratio threshold 2.0 2.0
Confidence interval for model
uncertainty

68% 68%

FDD buffer size / frequency 30 measurements @ 5
second intervals

30 measurements @ 5
second intervals

Detection error safety factor 10 10
Detection error threshold (calculated) 0.0029 0.0029
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Table 3 Sensitivity of Statistical FDD method (low-cost design) on a rooftop unit with a
fixed orifice.

Performance
Index

Refr igerant L iquid L ine Compressor Condenser Evaporator

Leakage
(% Leakage)

Restr iction
(% DP)

Valve Leak
(% Dhv)

Fouling
(% Lost area)

Fouling
(% Lost flow)

1st All 1st All 1st All 1st All 1st All
Fault Level (%) 9.7 12.5 9.0 10.5 17.5 20.0 16.4 19.5 27.2 Max
% Loss Capacity 5.5 7.1 4.6 5.4 10.7 12.2 3.2 3.6 15.3 >19.4
% Loss COP 3.2 4.1 3.3 3.8 11.9 13.6 4.6 6.2 13.5 >17.4
DTsh 9.2 10.5 7.8 8.9 -5.9 -6.8 -1.9 -3.0 -4.6 <-5.5

DThg 7.6 9.3 7.9 9.0 0.0 0.4 2.3 2.4 -3.8 <-5.1

Table 4 Sensitivity of Statistical FDD method (high-performance) on a rooftop unit with
a fixed orifice.

Performance
Index

Refr igerant L iquid L ine Compressor Condenser Evaporator

Leakage
(% Leakage)

Restr iction
(% DP)

Valve Leak
(% Dhv)

Fouling
(% Lost area)

Fouling
(% Lost flow)

1st All 1st All 1st All 1st All 1st All
Fault Level (%) 5.4 Max 2.1 4.1 3.6 7.0 11.2 17.4 9.7 20.3
% Loss Capacity 3.4 > 8 1.8 3.4 3.7 7.3 2.5 3.5 5.4 11.5
% Loss COP 2.8 > 4.6 1.3 2.5 3.9 7.9 3.4 5.1 4.9 10.3
DTsh 5.4 > 11 2.3 4.8 -1.8 -3.6 -0.6 -1.6 -1.7 -2.7

DThg 4.8 > 10 2.4 4.8 0.0 0.0 1.8 2.3 -1.2 -2.7
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The following 5 tables list probability computation results using Monte-Carlo simulation
and simple independence assumption. At each load level, numbers on the first line are
calculated using Monte-Carlo simulation and those on the second line using
independence assumption.

Refrigerant leakage fault results at other load levels

Load Fault
Level

Refrigerant
Leak

Comp.
Valve Leak

Liquid Line
Restriction

Cond.
Foul

Evap.
Foul

0 0 0 0 0Normal
0 0 0.0035 0 0

0.0004 0 0.0164 0 01
0.0010 0 0.0071 0.0001 0.0001
0.0213 0 0.0597 0 02
0.0063 0 0.0163 0 0
0.0634 0 0.0768 0 03
0.0081 0 0.0109 0 0
0.1517 0 0.0488 0 0

40%

4
0.0113 0 0.0061 0 0

0. 0.0040 0 0.0001 0Normal
0.0001 0.0002 0.0055 0.0003 0.0001
0.0064 0.0009 0.0121 0.0006 01
0.0040 0.0008 0.0056 0.0013 0.0005
0.0759 0 0.0496 0 02
0.0142 0 0.0100 0 0
0.2388 0 0.0255 0 03
0.0464 0 0.0044 0 0
0.3412 0 0.0255 0 0

60%

4
0.0755 0 0.0044 0 0

0 0 0 0 0Normal
0 0 0.0043 0 0

0.0039 0 0.0543 0 01
0.0004 0 0.0187 0 0
0.0669 0 0.1683 0 02
0.0045 0 0.0276 0 0
0.2874 0 0.0867 0 03
0.0427 0 0.0145 0 0
0.1621 0 0.3133 0 0

80%

4
0.0105 0 0.1078 0 0

0 0.0010 0 0.0002 0.0003Normal
0 0 0 0 0

0.0016 0 0.0048 0.0010 01
0.0026 0.0004 0.0027 0.0007 0.0004
0.0807 0 0.0815 0 0

100%
2

0.0050 0 0.0065 0 0
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0.4284 0 0.0563 0 03
0.1285 0 0.0030 0 0
0.4382 0 0.1120 0 04
0.1624 0 0.0262 0 0
Compressor valve leakage fault results

Load Fault
Level

Refrigerant
Leak

Comp.
Valve Leak

Liquid Line
Restriction

Cond.
Foul

Evap.
Foul

0 0.0009 0 0 0Normal
0.0008 0.0007 0.0015 0.0009 0.0004

0 0.1821 0 0.0010 01
0.0022 0.0033 0.0012 0.0017 0.0013

0 0.1950 0 0.0083 02
0.0006 0.0011 0.0004 0.0007 0.0006

0 0.3200 0 0.0520 03
0.0010 0.0078 0.0003 0.0027 0.0021

0 0.4560 0 0.0261 0

20%

4
0.0009 0.0154 0.0001 0.0020 0.0019

0 0 0 0 0Normal
0. 0. 0.0035 0. 0.
0 0.1210 0 0.0088 01

0.0017 0.0068 0.0039 0.0021 0.0015
0 0.1267 0 0.0015 02

0.0010 0.0042 0.0021 0.0015 0.0013
0 0.2589 0 0.0013 03

0.0025 0.0142 0.0034 0.0017 0.0014
0 0.5018 0 0.0005 0

40%

4
0. 0.0433 0. 0.0008 0.0009
0 0.0042 0 0.0001 0Normal

0.0001 0.0002 0.0055 0.0003 0.0001
0 0.2646 0 0.0284 01

0.0038 0.0414 0.0022 0.0058 0.0029
0 0.2359 0 0.0120 02

0.0007 0.0194 0.0007 0.0040 0.0027
0 0.3796 0 0.0038 03

0.0001 0.0628 0.0001 0.0014 0.0007
0 0.5551 0 0.0002 0

60%

4
0. 0.1418 0. 0. 0.
0 0.0002 0 0. 0Normal
0. 0. 0.0043 0. 0.
0 0.0447 0. 0.0005 01
0 0.0008 0. 0. 0.
0 0.0460 0 0.0001 02
0 0.0011 0 0.0001 0
0 0.3026 0 0.0002 03
0 0.0418 0 0. 0.
0 0.4446 0 0 0

80%

4
0 0.173 0 0. 0.

0.0013 0 0.0003 0.0005 0Normal
0. 0. 0. 0. 0.
0 0.0837 0 0.0139 01
0. 0.0019 0. 0.0004 0.0001
0 0.2135 0 0.0133 0

100%
2

0. 0.0188 0. 0.0004 0.
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0 0.3440 0 0.0261 0.3
0. 0.1559 0. 0.0003 0.
0 0.2125 0 0. 04
0 0.2605 0 0 0

Liquid-line restriction fault

Load Fault
Level

Refrigerant
Leak

Comp.
Valve Leak

Liquid Line
Restriction

Cond.
Foul

Evap.
Foul

0 0.0010 0 0 0Normal
0.0008 0.0007 0.0015 0.0009 0.0004

0 0 0.0107 0 01
0 0 0.0054 0 0
0 0 0.0517 0 02
0 0 0.0025 0 0
0 0 0.1318 0 03
0 0 0.0120 0 0
0 0 0.2728 0 0

20%

4
0 0 0.0185 0 0
0 0 0 0 0Normal
0 0 0.0035 0 0
0 0 0.0453 0 01
0. 0. 0.0199 0. 0.
0 0 0.1144 0 02
0. 0. 0.0159 0. 0.
0 0 0.2264 0 03
0. 0. 0.0512 0 0
0 0 0.3884 0 0

40%

4
0. 0. 0.0834 0. 0.
0 0.0039 0 0.0001 0Normal

0.0001 0.0002 0.0055 0.0003 0.0001
0.0001 0 0.1175 0 01

0. 0. 0.0247 0. 0.
0 0 0.1911 0 02
0. 0. 0.0324 0. 0.
0 0 0.1833 0 03
0. 0. 0.0034 0. 0.
0 0 0.4476 0 0

60%

4
0. 0. 0.1179 0. 0.
0 0.0002 0 0 0Normal
0. 0. 0.0043 0. 0.
0. 0 0.2369 0 01
0. 0. 0.0322 0. 0.
0 0 0.3390 0 02
0. 0 0.0554 0 0
0 0 0.3362 0 03
0. 0. 0.0220 0. 0.
0 0 0.5134 0 0

80%

4
0. 0. 0.1780 0. 0.
0 0.0011 0 0.0002 0.0005Normal
0 0 0 0 0

0.0007 0 0.1834 0 01
0. 0. 0.0165 0 0

0.0001 0. 0.3195 0 0
100%

2
0. 0. 0.0256 0. 0.
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0 0 0.4360 0 03
0. 0. 0.0750 0. 0.
0 0 0.5160 0 04
0 0 0.2725 0 0

Condenser fouling fault

Load Fault
Level

Refrigerant
Leak

Comp.
Valve Leak

Liquid Line
Restriction

Cond.
Foul

Evap.
Foul

0 0 0 0 0Normal
0.0008 0.0007 0.0015 0.0009 0.0004

0 0.0036 0 0.0085 01
0.0010 0.0010 0.0012 0.0016 0.0005

0 0 0 0.2660 02
0.0007 0.0020 0.0001 0.0061 0.0010

0 0 0 0.3090 03
0.0001 0.0008 0 0.0060 0.0004

0 0 0 0.3874 0

20%

4
0 0.0002 0 0.0121 0.0001
0 0 0 0 0Normal
0 0 0.0035 0 0
0 0 0 0 01

0.0002 0.0002 0.0061 0.0004 0.0001
0 0 0 0.1459 02

0.0006 0.0033 0.0002 0.0173 0.0011
0 0 0 0.3325 03

0.0001 0.0006 0 0.0264 0.0002
0 0 0 0.4713 0

40%

4
0 0 0 0.0673 0
0 0.0039 0 0.0001 0Normal

0.0001 0.0002 0.0055 0.0003 0.0001
0 0.0188 0 0.0597 01

0.0010 0.0067 0.0013 0.0160 0.0020
0 0 0 0.2499 02

0.0001 0.0041 0 0.0332 0.0015
0 0 0 0.3925 03
0 0 0 0.0958 0
0 0 0 0.3925 0

60%

4
0 0 0 0.9580 0
0 0 0 0 0Normal
0 0 0.0043 0 0
0 0.0041 0 0.0216 01

0.0002 0.0007 0.0050 0.0018 0.0001
0 0 0 0.2959 02
0 0.0037 0 0.0606 0.0008
0 0 0 0.4842 03
0 0 0 0.1513 0
0 0 0 0.6731 0

80%

4
0 0 0 0.1944 0
0 0.0012 0 0.0002 0.0004Normal
0 0 0 0 0
0 0.0094 0 0.0906 01
0 0.0187 0 0.0418 0.0036
0 0 0 0.2785 0

100%
2

0 0.0020 0 0.1188 0.0002
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0 0 0 0.4503 03
0 0.0003 0 0.0735 0
0 0 0 0.7896 04
0 0 0 0.2815 0

Evaporator fouling fault

Load Fault
Level

Refrigerant
Leak

Comp.
Valve Leak

Liquid Line
Restriction

Cond.
Foul

Evap.
Foul

0 0.0011 0 0 0Normal
0.0008 0.0007 0.0015 0.0009 0.0004
0E-3 0.0550 E-3 0 E-3 0.0300 E-3 0.3800 E-31

0.0007 0.0007 0.0015 0.0008 0.0007
0 0 0 0.0014 0.18902

0.0007 0.0017 0.0004 0.0015 0.0028
0 0 0 0 0.33873

0.0006 0.0015 0.0002 0.0010 0.0035

20%

4

0 0 0 0 0Normal
0 0 0.0035 0 0
0 0 0 0 0.00641

0.0002 0.0003 0.0028 0.0004 0.0005
0 0 0 0 0.15352

0.0002 0.0008 0.0006 0.0005 0.0028
0 0 0 0 0.45603

0.0002 0.0014 0.0001 0.0004 0.0247

40%

4

0 0.0040 0 0.0001 0Normal
0.0001 0.0002 0.0055 0.0003 0.0001

0 0.0001 0 0 0.11691
0.0003 0.0010 0.0011 0.0014 0.0039

0 0 0 0 0.37572
0.0001 0.0013 0 0.0006 0.0353

0 0 0 0 0.47843
0.0001 0.0007 0 0.0002 0.0348

60%

4

0 0 0 0 0Normal
0 0 0.0043 0 0
0 0 0 0 0.05991
0 0.0002 0.0009 0.0001 0.0009
0 0 0 0 0.26752
0 0 0 0 0.0145
0 0 0 0 0.45463
0 0.0001 0 0 0.0543

80%

4

0. 0.0011 0 0.0003 0.0004Normal
0 0. 0.0001 0.0001 0.0001
0 0 0 0 0.19471
0 0 0 0 0.3991
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Figure 1  Test unit condenser coil circuitry
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