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On-line Fault Detection and Diagnosis for Heat Exchanger of
Variable Speed Refrigeration System Based on Current Information

Lee Dong-Gyu

Department of Refrigeration and Air-conditioning Engineering
Graduate School, Pukyong National University

Abstract

Recently, owing to system integration and automation, refrigeration
system has become more complicated one. The refrigeration system is
basically consisted of an evaporator, a condenser, a compressor, an
expansion valve, and pipes connected to each part. For saving energy
and improving efficiency, the use of a variable speed refrigeration
system(VSRS)with a compressor driven an inverter and a motor is
gradually increasing in the fields of heating, ventilating, and
air-conditioning(HVAC) industry. However this tendency also
causesdifficulty in finding fault causes when the system is failed.
Especially, if faults are not detected immediately and are not treated
adequately, even though simple faults of the system, they can cause
economically huge damage by inducing whole system shut-down. In
addition, energy consumption will be increased. Therefore, an efficient
on-line fault detection and diagnosis(FDD) is very important to predict
the performance degradation early and to prevent faults in advance".

The conventional studies for FDD have mainly depended on
pressure and temperature information. The pressure and temperature
information are basically monitored to confirm safety of the
refrigeration system. Moreover, the pressure and temperature reflect
static characteristics of a refrigeration system. However they are no
longer enough for FDD of a VSRS. Because feedback control which
is imperative to a VSRS causes compensation effect on the pressure
and temperature.



Inverters are essential to the VSRS in order to control compressor
speed. Current from an inverter is useful for FDD of mechanical
faults as well as electrical faults. The current information responds
sensitively according to thermal load variation of a VSRSin case of
mechanical faults. In addition, the current is hardly influenced by the
compensation effect of feedback control. Thus, FDD for a VSRS
based on the current information is faster and more precise than the
one based on the pressure and temperature information. Also the
current information can be utilized without extra cost because it is
always measured on purpose to prevent overcurrent in an inverter.

In this paper, two no fault model(NFM) is presented. One used
current, pressure and temperature as variables of NFM(1). The other
used only current as variable of NFM(2). And each FDD system
according to two NFM is indicated such as experimental equipment
and algorithm of FDD. Next, the experimental results by two FDD
systems is shown. We could know that one by NFM(2) is better than
the other by NFM(2) because it was faster and more precise FDD
system in case of FDD system by NFM(2). And one by NFM(2) had
easily reliability than the other. And the used reason of currnet in
FDD system in VSRS is indicated and the principle of current as
variable of FDD system in VSRS is presented.
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Table 2 Data of I, according to f, VO for NFM(2)

f [Hz] Vo (% Lws [A]
80 6.70

70 6.62

60 60 6.58
50 6.44

100 6.93

90 6.86

55 80 6.75
70 6.72

60 6.57

100 6.9

90 6.86

50 80 6.72
70 6.62

60 6.50

100 7.04

90 6.92

® S Ch Al NHTNA, 6.78
70 6.73

100 7.13

90 7.04

40 80 6.86
70 6.75
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Fig. 9 Tendency of data for NFM
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A4 AE 23

4.1 A8 A=
Photo. 12} Photo. 2= Z}Z} DAQ(Data Acquisition)¥} #|oJA| A~E 18] 31
P g 28 A B9 e g e,

Table 3= A4 2] Aok vpehdt)

Table 3 Specification of the experimental unit

Compressor | Type Vertical, Reciprocating Power 220V, 60Hz, 1.5kW

Condenser Type Fan fin type

Evaporator Type Pin-tube type Capacity 680kcal/h

Type EEV
Expansion Model JHEV 14A
valve Port size Q14
device Operating range = 0 ~ 506 pulse
Rated voltage DC 12V
Refrigerant Type R22
Type PWM
Inverter HP 3
Step valve Input voltage DC 24V
control Input signal 4 ~ 20mA
interface Output 0 ~ 400step
DC unit 32CH
Relay unit 32CH
A/D unit 16CH
PLC D/A unit 16CH
TC unit 16CH
CPU GM2
Chamber Size 1200x700%1650mm’
NI NI-6251

equipment CB-68LP
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Photo. 2 Variable speed refrigeration system
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4.2 A3 A7)

NFM(1)S ©]&3t VSRS FDDSE o]&3le] S&HHdds i)

Table 4 Time interval of fault imitation and fault
ratio at the time interval

Time[sec] Fault ratio[%]
1,200 ~ 3,100 10
4,000 ~ 6,000 20
6,500 ~ 8,400 30
9,200 ~ 11,300 50

12,000 ~ 70
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(a) Current information according to change of fault ratio
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Temperature [ ]
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(e) Result of fault identification according to fault ratio

Fig. 12 Result of on-line FDD about condenser fouling in a

VSRS
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Fig. 13 Result right after fault imitation
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Fig. 14 The results according to condenser fouling
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Fig. 15 On-line FDD result of VSRS corresponding to condenser fouling
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Appendix

Appendix A A ¥ 3] HAEA (Linear regression analysis)

AsAne HALAL 4 (1), @9 AFHALINS gt

Y; = By + 01y + Boy + - + 8,2, T € (1)

y=X0B+e )

4 (g FEE abra A Q9 2o) Ak 4714 y= FHEF L,
Xt SYuselth ek AR &2 get sd A @9 A 3)F 2ol
gt

Q= Yét = ce= (4~ X) (y—X9) )
=yy—28Xy+ B XXp

PHe ArlEshd 4 @9 ol fek,

29 _ oyxyagx'x (4)

ap

Se-07t A W oA Aol Aot A, 2wl 57t 449 909
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X' Xb=Xy

(X'X)'X'Xb=(X'X)'Xy )

= A, Fetarat sk A 3E b= A (6)3 o] 7zl

b=(X'X)'Xy (6)
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Appendix B ¥ X #|0]7] (Fuzzy controller)

B-1. &34 0] B-2. ¥} & A|o]

® Rule base(&Z#|°1) ® Rule base(Z < = A|o])
—Rule base —Rule base
I e
3 -3 3 i§ jg. i§ jg. ]
e

FRule lnad Fule load :

® Membership function(-&#]©]) e Membership function(}& &= A o])

NB NM NS 70 PS PM PB NB NM NS 20 PS PM PB
-3 -2 05 0 05 2 5 2Be -8 = -‘ 0 J 2 3 DEce
NB NM NS zZ0 PS PM PB

E B E 2
008 0-04 002 o o2 o g _See 02 o3 0% . 0 0.02 0.04 005 HESee

NB NM NS 720 PS PM PB NB NM NS 20 PS PM PB

12 -6 -25 0 25 6 12 Qutput 825 -5 -125 0 125 225 625 Output
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Appendix C &Y H©|E (Look up table) A7 &2~

C-1. main

Private Sub Lookupstart_Click()
Lookupcreator.Show
End Sub

Private Sub Vtstart Click()
calVt.Show
End Sub

C-2. public ¥

Public colnumber As Integer
Public colnumber2 As Integer
'Public u As Integer

'Public ¢ As Integer

Public Wi As Single

Public constp As Integer
Public constpl As Integer
Public constpS As Integer

Public ruleval(25, 25) As Integer
Public Memval(25, 25) As Single
Public memvalbe(25, 25) As Single

Public Lookup(100, 100) As Integer
Public Lookup1(100, 100) As Single
Public Lookup2(100, 100) As Integer

Public traffic1(1000, 100) As Integer
Public CarVt(1000) As Integer
Public dayrow As Integer

Public mrow(30) As Integer
Public mcol(30) As Integer
Public fuzzysetl(9) As Integer
Public fuzzyset2(9) As Integer
Public fuzzyset3 As Integer
Public membershipl(9) As Single
Public membership2(9) As Single
Public membership3(9) As Single
Public RL(20, 20) As Integer

Public Wi2(9, 3) As Single
Public fi(100, 100) As Integer
Public Wi_max(100) As Single
Public fi max(100) As Integer
Public m2(9, 3) As Integer
Public Quan(25, 8) As Single

(Visual basic)

C-3. Lookupcreator

Private Sub rule Click()
Call RL_Load
Call Go_MFGI1

'Test = 1
End Sub

Private Sub RL_Load()

Dim exApp As Excel.Application

Dim wb As Excel. Workbook

Dim ws As Excel.Worksheet

Set exApp = CreateObject("excel.application")

Set wb =
exApp.Workbooks.Open("C:\AMCL\RL.xIs")

Set ws = whb.Sheets.Item("sheet]")

Dim s As String

constp = Textl100
st = 7 - (constp / 2): en = 7 + (constp / 2)

constpl = constp + 1
For i = 1 To constpl
For j = 1 To constpl

St=t—T "l
st +j -1

a

b

(IRl

ruleval(i, j) = ws.Cells(a, b)

Next j
Next i

End Sub
Private Sub Go_MFG1()

MSFlexGridl.Cols = constpl + 1

MSFlexGrid1.ColWidth(0) = 25 * 15

For i = 1 To constpl 'MSFlexGridl.Cols - 1
MSFlexGrid1.ColWidth(i) = 25 * 15

Next i
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With MSFlexGridl

Row =0
For j = 1 To MSFlexGridl.Cols - 1
.Col =
.Text = -constp / 2 + j - 1
Next
End With

constp2 = constp + 2

For i = 1 To constpl
For j = 0 To constpl
MSFlexGridl.Rows =i + 1
MSFlexGridl.Row = i
If j = 0 Then
MSFlexGrid1.Col = 0
MSFlexGridl.Text = -constp / 2 + i -

Else
MSFlexGrid1.Col = j
MSFlexGridl.Text = ruleval(i, j)
End If
Next j
Next i

End Sub

Sub MSFlexGridEditl(Grd As Control, Edt As
Control, KeyAscii As Integer)
Select Case KeyAscii
Case 0 To 32
Edt = Grd
Edt.SelStart = 1000
Case Else
Edt = Chr(KeyAscii)
Edt.SelStart = 1
End Select

EdtMove Grd.Left + Grd.CellLeft, Grd.Top +
Grd.CellTop, _
Grd.CellWidth, Grd.CellHeight
Edt.Visible = True

Edt.SetFocus
End Sub

Sub EditKeyCodel(Grd As Control, Edt As Control,

KeyCode As Integer, Shift As
Integer)
Select Case KeyCode
Case 27
Edt.Visible = False

Grd.SetFocus

Case 13
Grd.SetFocus
Case 38
Grd.SetFocus
DoEvents
If Grd.Row > Grd.FixedRows Then
Grd.Row = Grd.Row - 1
Case 40
Grd.SetFocus
DoEvents
If Grd.Row >
Grd.Row = Grd.Row + 1
End Select

Grd.Rows Then

End Sub

Private Sub MSFlexGridl_GotFocus()
If Textl.Visible = False Then Exit Sub

MSFlexGridl = Textl
Textl.Visible = False
End Sub

Sub MSFlexGridl_KeyPress(KeyAscii As Integer)
MSFlexGridEditl MSFlexGridl, Textl,

KeyAscii

End Sub

Sub MSFlexGridl_DblClick()
MSFlexGridEdit] MSFlexGridl, Textl, 32
End Sub

Private Sub MSFlexGrid1l_LeaveCell()
If Textl.Visible = False Then Exit Sub

MSFlexGridl = Textl
Textl.Visible = False
End Sub

Private Sub Textl Keydown(KeyCode As Integer,
Shift As Integer)

EditKeyCodel MSFlexGridl, Textl, KeyCode,
Shift
End Sub

Private Sub Textl KeyPress(KeyAscii As Integer)

If KeyAscii = 13 Then KeyAscii = 0
End Sub

1

'Membership function

Private Sub membershipfunction_Click()
Call MF_Load

Call Go_MFG2

End Sub

Private Sub MF_Load()

Dim exApp As Excel.Application
Dim wb As Excel.Workbook
Dim ws As Excel.Worksheet

Set exApp = CreateObject("excel.application")

Set w =
exApp.Workbooks.Open("C:\AMCL\MF xIs")

Set ws = whb.Sheets.Item("sheet]")

constp = Text100

constpl = constp + 1
constpS = constp * 2 + 1
For i = 1 To constp5

For j = 1 To constpl

Memval(i, j) = ws.Cells(i, j)
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Next j
Next i

End Sub

Private Sub Go_MFG2()

MSFlexGrid2.Cols = constpl + 1

MSFlexGrid2.ColWidth(0) = 25 * 15

For i = 1 To MSFlexGrid2.Cols - 1
MSFlexGrid2.ColWidth(i) = 25 * 15

Next i

With MSFlexGrid2

Row =0
For j = 1 To MSFlexGrid2.Cols - 1
.Col =
.Text = -constp / 2 + j - 1
Next
End With

constp2 = constp + 2

For i = 1 To constp5
For j = 0 To constpl
MSFlexGrid2.Rows =1 + 1
MSFlexGrid2.Row = i
If j = 0 Then
MSFlexGrid2.Col = 0
MSFlexGrid2.Text = -constp + i -1
Else
MSFlexGrid2.Col = j
MSFlexGrid2.Text = Memval(i, j)
End If
Next j
Next i

End Sub

Sub MSFlexGridEdit2(Grd As
Control, KeyAscii As Integer)
Select Case KeyAscii
Case 0 To 32
Edt = Grd
Edt.SelStart = 1000
Case Else
Edt = Chr(KeyAscii)
Edt.SelStart = 1
End Select

Control, Edt As

EdtMove Grd.Left + Grd.CellLeft, Grd.Top +
Grd.CellTop, _

Grd.CellWidth, Grd.CellHeight
Edt.Visible = True

Edt.SetFocus
End Sub

Sub EditKeyCode2(Grd As Control, Edt As Control,

KeyCode As Integer, Shift As
Integer)
Select Case KeyCode
Case 27
Edt.Visible = False

Grd.SetFocus

Case 13
Grd.SetFocus
Case 38
Grd.SetFocus
DoEvents
If Grd.Row > Grd.FixedRows Then
Grd.Row = Grd.Row - 1
Case 40
Grd.SetFocus
DoEvents
If Grd.Row >
Grd.Row = Grd.Row + 1
End Select
End Sub

Grd.Rows  Then

Private Sub MSFlexGrid2_GotFocus()
If Text2.Visible = False Then Exit Sub

MSFlexGrid2 = Text2
Text2.Visible = False
End Sub

Sub MSFlexGrid2 KeyPress(KeyAscii As Integer)
MSFlexGridEdit2 MSFlexGrid2, Text2,

KeyAscii

End Sub

Sub MSFlexGrid2 DblClick()
MSFlexGridEdit2 MSFlexGrid2, Text2, 32
End Sub

Private Sub MSFlexGrid2 LeaveCell()
If Text2.Visible = False Then Exit Sub

MSFlexGrid2 = Text2
Text2.Visible = False
End Sub

Private Sub Text2 Keydown(KeyCode As Integer,
Shift As Integer)

EditKeyCode2 MSFlexGrid2, Text2, KeyCode,
Shift
End Sub

Private Sub Text2 KeyPress(KeyAscii As Integer)
If KeyAscii = 13 Then KeyAscii = 0
End Sub

1

' Look up table

Private Sub lookcreate Click()
Call createl

Call Go_MFGS5

End Sub

Private Sub createl()

Dim
Dim
Dim
Dim
Dim
Dim
Dim

nl As Integer
n2 As Integer

k As Integer
num As Single
den As Single
mem3 As Single
maxl As Single
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Dim max2 As Single Lookup(e, ¢) = num / den "FA 54
End If
For e = 1 To constp5 'Lookup(e, ¢) = Lookupl(e, ¢) * 10
For ¢ = 1 To constp5
num = 0: den = 0
nl =0 Next ¢
n2 =0 Next e
For j = 1 To constpl End Sub
If Memval(e, j) < 0 Then Function MIN(a, b)
If a >= b Then MIN = b
nl =nl +1 If a <b Then MIN = a
fuzzysetl(nl) = j
membershipl(nl) = Memval(e, j) End Function
End If Function MAX(a, b)
If a >= b Then MAX = a
If Memval(c, j) < 0 Then If a <b Then MAX = b
n2 =n2 + 1 End Function
fuzzyset2(n2) = j
membership2(n2) = Memval(c, j) Private Sub Go_MFG5()
End If MSFlexGrid5.Cols = constp5 + 1
Next j MSFlexGrid5.ColWidth(0) = 25 * 15
For i = 1 To MSFlexGrid5.Cols - 1
x =0 MSFlexGridS.ColWidth(i) = 25 * 15
Next i
For R1 =1 To nl
For R2 = 1 To n2 With MSFlexGrid5
Row =0
Wi MIN(membershipl(R1), For j = 1 To MSFlexGrid5.Cols - 1
membership2(R2)) Bol.= j
f3 ruleval(fuzzyset1(R1), .Text = -constp + j - 1
fuzzyset2(R2)) Next
End With

convf3 = f3 + (constp / 2) + 1
constp2 = constp + 2

maxl = 0
max2 = 0 For i = 1 To constp5
y=0 For j = 0 To constp5
x=x+1 MSFlexGridS.Rows = 1 + 1
MSFlexGridS.Row = i
For m = 1 To constp5 If j = 0 Then
MSFlexGrid5.Col = 0
If Memval(m, convf3) <> 0 Then MSFlexGridS.Text = -constp + i - 1
y=y+1 Else
mem3 = Memval(m, convf3) MSFlexGrid5.Col = j
Wi2(x, y) = MINWi, MSFlexGrid5.Text = Lookup(i, j) Y/
mem3) ' TR A minAAF 10
m2(x, y) = m - constp - 1 End If
maxl = maxl + Wi2(x, y) Next j
* m2(x, y) Next i
max2 = max2 + Wi2(x, y)
End If End Sub
Next m

Private Sub Go_Colsize()
num = num + maxl

den = den + max2 Dim iCols, data
Next R2 On Error Resume Next
Next R1
targetFileName = "rulebase.txt"

If den = 0 Then

Lookup(e, ¢) = 0 'num / den Open targetFileName For Input As #1
Else
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While Not EOF(1)
Line Input #1, data

data = Split(data, ",")

iCols = UBound(data) + 1

Wend
Close #1

Textl = iCols
colnumber = iCols
End Sub
Private Sub Go_Colsize2()
Dim iCols, data

On Error Resume Next

targetFileName = "membership.txt"

Open targetFileName For Input As #1

While Not EOF(1)
Line Input #1, data

data = Split(data, ",")

iCols = UBound(data) + 1

Wend
Close #1

Text2 = iCols
colnumber2 = iCols

End Sub
Private Sub Go_MFG23()

Dim dat2() As Single

ReDim dat2(colnumber2) As Single

n=1

MSFlexGrid2.Cols = colnumber2 + 1

MSFlexGrid2.ColWidth(0) = 30 * 15

For i = 1 To MSFlexGrid2.Cols - 1
MSFlexGrid2.ColWidth(i) = 22 * 15

Next i

With MSFlexGrid2
Row = 0

n=n+1

Loop
Close #l

End Sub

For j = 1 To colnumber2 "™SFlexGridl.Cols -

.Col =

.Text = -(colnumber2 / 2 - 0.5) + (j - 1)

Next
End With

Open "membership.txt" For Input As #l1

Do Until EOF(1)

MSFlexGrid2.Rows = n + 1

MSFlexGrid2.Row = n

For i = 0 To MSFlexGrid2.Cols - 2

Input #1, dat2(i)
MSFlexGrid2.Col = 0

MSFlexGrid2.Text = -colnumber2 + n

MSFlexGrid2.Col =1 + 1
MSFlexGrid2.Text = dat2(i)
Memval(n, i + 1) = dat2(i)
Next
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Appendix D ¥ A]A|o]7] PLC A2 (Ladder diagram)
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Appendix E ZZAAG A2 (Labview)
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E-2. Al 4% &2~
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