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Data type Index FEMP ASHRAE Guideline 14 IPMVP
Monthly criteria % NMBE +5 +5 120

CV(RMSE) 15 15 -
Hour criteria % NMBE +10 +10 15

CV(RMSE) 30 30 20
Model

R? - > 0.75 > 0.75

1Yz, (m; —sp)
NMBE (Normalized Mean Bias Error) = = —— X 100(%)
1( l)
CV(RMSE) (Coefficient of Variation of the Root Mean Square Error) = = — X 100(%)
. 1 Yie1(m; — 59)?
NRMSE (Normalize Root Mean Square Error) = X 100(%) » currently used method
Mmax — Mmin n—p

m is the measure value,s is the simulated value,n is the number of measured data points and p is the number of adjustable
model parameters.

[4] Ruiz, German Ramos, and Carlos Fernadndez Bandera. "Validation of calibrated energy models: Common errors.” Energies 10.10 (2017): 1587.
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Pipe wall thickness:7.62mm=0.00762m
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flow rate = (flow velocity) X (pipe inner diameter)?x 1
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B8R 7/98 K ERENZH R EH LR NRERZRZ] > AIRERENGEREIE MR ERRKA - NI
B Es/SEHrE Mt E DR E - 8/SHERRGRE 1 LUE (FRert E HIBREEHYETRESE R -
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JK IR BN AE B AR X e vl 2= 5

RIEFEBEEE - clZHAKRKE ﬁﬁbi?ﬁﬁiifﬁﬁﬁﬁ/\\
RTZER - MIEREMERNSEE  ELEPRAE
N EEREFEZERT0%! - £EBABHEE ALLRA $§U40% °

- REVHHWEREER - oIREESMEHMNERINER - I8
FHERIEMERE R - AT EEEAI5%~20% (EBIRETR BIR1F
P E R EBNM)? -

« BFRTHERES UEHINIUERERX -

« 100ESJNNREE - TEZEISOORPMAKIVFAES b - 2 59HE
BEN A FERERN2NBEUREKR - (ZBIETRELF]
Fh A SR EZEENRER 77 )?
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Measure:

AR inlet pressure

outlet pressure
outlet air speed

motor power

Blowerinlet Blower outlet Aeration tank

© Multivariable Control System Lab,2024. 9 National Taiwan University of Science and Technology 39
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Sensors introduction

» Pressure sensor and Anemometer

» Sampling rate : 1000Hz

» Sampling time : 55 seconds per minute
» Measurement time : 1~2 hours

Pressure Air velocity Air velocity
- — »
Sensors type - . \,\/é ’
% 8 | " W\
g“:g PM20S FTS35-2011-0WMD T Frwesaorono
Input range 0-2(bar) 0-20(m/s) 0-40(m/s)
Output range 4-20(mA) 4-20(mA) 4-20(mA)
Scales 125 1250 2500
Precision +0.5% F.S. +2% F.S. +1.5% F.S.

© Multivariable Control System Lab,2024.

9 National Taiwan University of Science and Technology 40




2 B R

AIR

Induction Motor(A~E)

[ e ]
- - -_] F Experiment number | Running Measure

EXP.1 ABCDE E(1735rpm)

- - - -IT EXP.2 BCDEF E(1735rpm)
7 EXP.3 BCDEF F(1735rpm)

- - - -E EXP.4 BCDEF F(1860rpm)

© Multivariable Control System Lab,2024. 9 National Taiwan University of Science and Technology 41
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2P & @ distribution

145 : ; Data Hormal_ization
+  EXPA1 S o T Vi SN
14+ o ExP2|7] 0ot
0 EXP3
135 + ExP4 | 08t . Q
' Delta P
13+ 4 07 Power
» 2
me 12 C 05
E il &
115 Eons
1.1 03
1.05 0o b
o GEeD
DQE : L L = |:| - "-M\\d‘i‘mw’\-) i i I
2000 2100 2200 2300 2400 2500 2600 0 10 20 20 40 50 60 70
L.P (Pa) t(sec)

Both Q and DeltaP affect Power
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Q Model Energy Saving

Q model Energy save
3100 T T T T T I 3400 : ; . :
+ EXPA + EXPreal
3050 1 o EXP2 3200 + O EXPZred
estimate model astimate model
3000 F ’ . O EXP.3estimate
%Jr 3000 + L~ ® ExP3rea
O EXP.4estimate
. 2050 + i 2800 F ® ExPdrea
g £
; 2900 g ﬁ
- 2600
e w
2 2850 f i 2
- y = 1382.71x + 1031.20 © - g
2800 | ]
R? =0.995 |
2750 | | 20 o
NRMSD=2.79%
2700 | %\ 2000 | i
2650 &g' 1800 1 X .\
1.15 1.2

© Multivariable Control System Lab,2024.

Q m3Isec

1.25 1.3 1.35 1.4 1.45 15 0.9 1 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8
Q m°Isec

A\ 4

average flow rate : 0.97  m7sec average flow rate : 1.18 m¥sec
(O Estimate : 2370.51 Watt (O Estimate : 2669.11 Watt

® Real :2152.95 Watt () Real : 1981.14 Watt
Energy saving rate: 9.18% Energy saving rate: 25.78%
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ok JE % =2 )

Delta P Model Energy Saving

delta P model Energy save
3050 I ' T | 3200 | —erdy . :
L + EXPA +  EXPAreal
3000 o4+ tﬁt+ O EXP2 O EXP2real
At estimate model 3000 Hraciag: estimate model | |
2950 QO  EXP3estimate
® ExP3real
2900 - 2800 O ExP4estimate ||
o = ‘4%-6 ® BxpPdreal
g 2850 F = 2600
= o]
S 2800 | 2
0° o3 2400
2750 |
y= -1.12x + 5300.53 2900 F
2700 | - - ®
R? =0.982 &33@; Q
- @ 0 2000
2650 F NRMSD=5.65% ] / ®
2600 : ' ' : ' ' . 1800 | . . ! . .
2000 2050 2100 2150 2200 2250 2300 2350 2400 1900 2000 2100 2200 /2300 2400 |2500 2600 2700
AP (Pa) /P (Pa)
average delta P : 2384.02 Pa average delta P : 2475.07 Pa

© Multivariable Control System Lab,2024.

(O Estimate : 2629. 46 Watt
Q Real : 2152.95 Watt

Energy saving rate: 18.12%

9 National Taiwan University of Science and Technology 44
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dp model
Q P Mode EXP.3 Energy saving
3400 ~ Energy model + :;t;g‘ymm
3200 - B ) 31909 e O s wsis
o ) ® EXP.3real
a0+ 3200
8 - 3000
E:, - g 2800 |
£2600 B2 — 0,996 Eu
o 2400 - % 2600 —
NRMSD=2.71% l—
2200
2000 4 " 2000 2200 2000
16 14 = m“’ 2000 i 20
- 1.6
Q (m¥/sec) ! 08 2600 AP (Pa) Te 1'23 1 08 NP AP (Pa)
Q (m“/sec)
oae , average delta P : 2384.02 Pa
.4 Energy saving
average flow rate : 0.97 m¥sec
Energy modie ) .
3400 i e (O Estimate : 2399.15 Watt
il e i @ Real :2152.95 Watt
3000
§ = Energy saving rate: 10.26%
2600 +
n.% 2400 -
2200
2000 — average delta P : 2475.07 Pa
+
1800 - 2 2®  average flowrate ¢ 1.18 m?sec
2 14 . . 1 . (o)
- im0 2% AP (Pa) 4 Estimate : 2652.84 Watt Energy saving rate: 25.32%

+ Real :1981.14 Watt
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Result

Statistical indicators mR2 = NRMSD
) 0.9958 0.9828 0.9960 0.9961
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1 0.0565
0.0279 0.0271 0.0270
1] | - | ]
Q model dp model Q dp model Q dp interaction model
Q model dp model Qdp model Q dp interaction model
R2 NRMSD R2 NRMSD R2 NRMSD R2 NRMSD
99.5% 2.79% 98.2% 5.65% 99.6% 2.71% 99.61% 2.70%
EXP.3 9.18% 18.12% 10.26% N/A
EXP.4 25.78% 12.61% 25.32% N/A
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Equipment Replacement

Measure:

inlet pressure

_fl

.

= inlet air speed

outlet pressure

24
)
24

| \ 4 Motor power

g

© Multivariable Control System Lab,2024. 9 National Taiwan University of Science and Technology 48
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« FIEZHm

- HIRENEIRAVMIER
- BB E e MR AR ELET {h
- BEREEZEHEIBLFS
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- SHIEREHEIE

v OREBRE

) 5 0 8 (% ) S LY 2 )

0

v EED/)ILE .

ERE ==
v *%Qﬂ.
AL OB RCAIgs 408 2

v HURREAFEER
BoiE—=SSE IR EEES
_/J\H—IE/EJ

» Pressure sensor and Anemometer

» Sampling rate : 1000Hz

» Sampling time : 55 seconds per minute
» Measurement time : 1~2 hours

CHEEER

© Multivariable Control System Lab,2024.

Sensors type

Pressure

Air velocity

Air velocity

=:i=
=S

PM20S

T ,,

~ %
J b \ =
FTS35-2011-0WMD

FTM85-4011-0WMD

Input range 0-2(bar) 0-20(m/s) 0-40(m/s)

Output range 4-20(mA) 4-20(mA) 4-20(mA)
Scales 125 1250 2500

Precision +0.5% F.S. +2% F.S. +1.5% F.S.
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7K JE| 1% Z£ A

> b E ‘
Tl v g S BRI R E R e o
BFahE - CLT ) R R
Q =VAX60
Q : ;n & (m3/min)
V:hi(m/s)
Az o ff(m?)
> B4 A

% 3 BRA RPIEBLGERBE S B Do gy T
RIS e : qu
vEATRA o

AP = Py — Py
AP: & % (bar)
P » T B4 (bar)
Py 2 v B4 (bar)
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€% 2 F HC
o] At A ARE A3 B

» Following the International Performance Measurement and Verification Protocol (IPMVP), option A(Key parameter

measurement) and option B (All Parameter measurement), the least square method is used to build four kinds of regression

models. The specific weight was neglected, which imply that option A is used.

*  Model 1: @ isthe key parameter *  Model 3: Q and AP are the key parameters
Perec = Co + C10Q Perec = Co + €10 + CAP
* Model 2: AP is the key parameter -« Model 4 : Q and AP are the key parameters and add coupling term

Petec = Co + (1AP Pejec = Co + C1Q + C,AP + C3QAP

P, 1S the electrical power, AP is the differential pressure and @ is the air volume flow rate.

© Multivariable Control System Lab,2024. 9 National Taiwan University of Science and Technology 52
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volume flow rate): b % % B = pF ¥ p 738 i eng BHEA > ¥ * B =5 [cmm] > 7 F[m3/min] -
mass flow rate): b # 28 R T EOFHETE FI R ERX U ZF I EE RE o F BSOS
103/ » 2§ BRE€ 3 TR > PR TRARIIE S L ERT L TE

2> —

e ILFEF 5\

Gl R RlpE > B R  BA R

P~ 0.3784¢ P sq; RS IG R  EAES v kA K

T

v

y = 0.465

7 %Rk o RirE E R e dn iR o

He o Pazf chB R4 [mmHg] > @5 4
HER([%] 0 Psge » ®frzin B[mmHg] > T
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146 x10°
%  BM-7301A
*  BM-7301C l 1.455 - § _
% BM-7301D
% BM-7301E 1.45 _
O BM-7301A(New) |
O BM-7301C(New) 1.445 - ]
O BM-7301D(New) f i
100 O BM-7301E(New) ] < 1441 * .
£ =
E P - _
S 90Ff _ Z 1435
£ 3
<] 0O 143+ .
80 | _ % |
1.425 - .
0r 1 142 1
60 | . 1.415 * .
m 1.41 1 1 1 1 1 1

50 ' ' ' ' ' 0.85 9.9 .95 10 10.05 10.1 @
42 425 43 435 A4 445 45 455 46 465 .

2 10
delta P(N/m?) x10* i T P. (N/m%) x T
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1| 1 ZE 4

£ D
Ly

wy,
o
3

[ BM-7301A ] [ BM-7301A(New) ]
90 T T T T T 120 I I T T T T T T
Q (m3/min)
85 : o | Delta P (kpa) (4) | (1) :50% Loading
Q (m3/m|n) Power (kW) @
80 - Delta P (kpa) [T . 0 1
Power (kW) 100 | @ : 60% Loading
75t :
. _ %0 | (3) : 70% Loading
65 . 80 | @ : 75% Loading
60 - n 70 |
55 ¢ A
% 60 - i
50 .
450 [ . S0r 1
40 1 1 1 1 1 40 I 1 i I I i’—QI/—’l—
0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80 90
File Rumber | File number
\ |
Z p R pFRER gy
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AR & -3

LModeI 1 )

vt
20 x10

Perec = Co + C10Q
Co = 188046.1326
C, = —118307.5047

Estimated — Actual

Power equation

NMBE = —-0.00 %

delta P(bar)

. O  Old blower data
a® ®  Estimate power (50%) || NRMSE = 22.47%
5h A Actual power (50%)
®  Estimate power (60%) || Cv(RMSE) = 1.37%
A Actual power (60%) 5
or @ Estimate power (70%) || R© = 0.7130
A Actual power (70%)
s . . . ‘ ‘ ‘ | | l @® Estimate power (75%)
"0 02 04 06 08 1 12 14 16 18 2 A Actual power (75%)
Q(m°/sec)
LModeI 2
162107 Pejec = Cp +C1 AP
Co = 6223.3912
C, = 173813.6148
Power equation 0
O  Old blower data NMBE = —0.00 %
@ Estimate power (50%) NRMSE = 2.200
A Actual power (50%) 20%
® Estimate power (60%) || Cv(RMSE) = 0.13%
. A Actual power (60%)
A @  Estimate power (70%) || R? = 0.9973
A A Actual power (70%)
0.4 ‘ LA . | | ‘ ‘ . | @® Estimate power (75%)
03 035 04 045 05 055 06 065 07 075 08 A Actual power (75%)

Energy saving rate = Estimated D —
New Estimated Actual
Energy-
blower energy energy :
. . . saving rate
Loading consumption consumption
% Watt Watt %
50 41577.74 40930.82 1.56 %
60 2422.49 50236.11 -1973.74 %
70 -27539.35 60295.78 318.94 %
75 -40494.83 65618.25 262.04 %
New Estimated Actual
Energy-
blower energy energy .
. . . saving rate
Loading consumption consumption
% Watt Watt %
50 79965.07 40930.82 48.81 %
60 80345.96 50236.11 37.48 %
70 80860.56 60295.78 25.43 %
75 81025.84 65618.25 19.02 %

© Multivariable Control System Lab,2024.
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By a3

(SH

AR el

Model 3
Pelec = CO + CIQ + CzAP
4 Co = 7430.9568 C, = —895.1678 b'l\(')‘\",x‘(’er Esetr:g‘rated Q]C:fa' Energy-
10 B ; 9y 9y saving rate
14 C, = 172875.3903 Loading consumption consumption
i % Watt Watt %
O oubowsrsan || NMBE = 0.00% . .
®  Estimate power (50%) || NRMSE = 2.19% 50 79666.35 40930.82 48.62 %
A Actual power (50%) '
® Estimate power (60%) || Cy(RMSE) = 0.13% 60 79748.91 50236.11 37.01 %
A Actual power (60%) 0
o ® Estimate power (70%) || R? = 0.9973 70 80034.02 60295.78 24.66 %
0.6 A Actual power (70%) 75 80100.39 65618.25 18.08 %
05 @ Estimate power (75%)
15 A Actual power (75%)
Qm®/sec) 2 03 delta P(bar)
LModeI 4
Pelec == CO + C]_Q + CzAP + C3QAP
Co = —63490.4759 C, = 79937.1829 b'l\c'mr Eztr'lg‘rate‘j eAnC:;‘a' Energy-
C, = 332589.16 = : B Y | saving rate
g 2 = 1679 C3 = —182102.4420 Loading consumption consumption
P i 0, 0,
e L 6| Wen | Waw |
@ Estimate power (50%) NRMSE = 2.16% 50 80930.07 40930.82 49.42 %
A Actual power (50%) ’
®  Estimate power (60%) || Cy(RMSE) = 0.13% 60 81918.17 50236.11 38.68 %
0.8 A Actual power (60%) 0
® Estimate power (70%) RZ = 0.9973 70 8249840 6029578 2691 /0
0.6 o
: 05 A Actual power (70%) 75 82670.49 65618.25 20.63 %
o @ Estimate power (75%)
amsee) i o b3 delta P(bar) A Actual power (75%)

© Multivariable Control System Lab,2024.
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Cik % BF I8 B

[ BM-7301C ] BM-7301C(New) ]
90 T T T T T 120 T T T T T
Q (m3/min)
o | ] 110 L Delta P (kpa) . - 45% Loadin
Q (m3/min) Power (kW) @ @ - 45 oad g
80 F Delta P (kpa) [ .
Power (kW) 100 | (2) : 55% Loading

75 ] 90 i

ol _ (3) : 65% Loading
80 - _

65| : (4) : 75% Loading
70 -

60 .
60 .

5T WWW

50 - ) 50 - .

45 - ar I

40 1 1 1 1 1 30 | | 1 1 1

0 5 10 15 20 25 30 0 20 40 60 80 100 120
File number File number
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Perec = Co + C10Q

CK & -3l

| | . | | | | . | |
03 035 04 045 05 055 06 065 07 075 0.8
delta P(bar)

9 x10%
Co = 87987.0212
°r C, = —1779.6519
r Power equation
i a O Old blower data NMBE = —0.00 %
o5l O  Estimated power (45%) _
. . A Actual power (45%) NRMSE = 26.12%
5| @ Estimated power (55%) Cv(RMSE) =0.16%
A Actual power (55%)
4 @ Estimated power (65%) R? = 0.0319
4r A Actual power (65%)
A @ Estimated power (75%)
%0 02 04 06 08 1 12 14 16 18 2 A Actual power (75%)
Q(m3/s_ec)
LModeI 2
g x10% Perec = Co +C1 AP
//4.// Co = 82175.2046
° C; = 9751.6179
r Power equation
X a O  Old blower data NMBE = 0.00 %
36 O  Estimated power (45%) _
- . A Actual power (45%) NRMSE = 26.52%
5L @ Estimated power (55%) CU(RMSE) =0.17%
A Actual power (55%)
4 ® Estimated power (65%)| | RZ = 0.0024
4r A Actual power (65%)
A @ Estimated power (75%)
3 A Actual power (75%)

. . _ Estimated — Actual G
nergy saving rate = Estimated
New Estimated Actual
Energy-
blower energy energy .
: . . saving rate

Loading consumption consumption

% Watt Watt %

45 86105.19 35359.30 58.93 %

95 85529.07 44249.07 48.26 %

65 85038.41 53360.67 37.25%

75 84553.49 63267.53 2517 %

New Estimated Actual
Energy-
blower energy energy .
: . . saving rate

Loading consumption consumption

% Watt Watt %

45 86299.11 35359.30 59.03 %

95 86326.85 44249.07 48.74 %

65 86348.54 53360.67 38.20 %

75 86372.29 63267.53 26.75 %

© Multivariable Control System Lab,2024.
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By a3

(SH

LModeI 3

Pelec = CO + CIQ + CzAP
Co = 82149.026 C; = —1852.5437
C, = 13636.4053

CK & -3l

Power equation

Old blower data
Estimated power (45%)
Actual power (45%)
Estimated power (55%)
Actual power (55%)
Estimated power (65%)
Actual power (65%)
Estimated power (75%)
Actual power (75%)

>®h»repP>ep>OO0o

NMBE = 0.00 %
NRMSE = 26.06%
Cv(RMSE) = 0.16%
R? = 0.0366

5 03 . delta P(bar)

Pelec == CO + C]_Q + CzAP + C3QAP
Cp =915351.4691 C(C; = —934208.224
C, = —1911037.5591 (53 = 2153708.9482

Power equation

Old blower data
Estimated power (45%)
Actual power (45%)
Estimated power (55%)
Actual power (55%)
Estimated power (65%)
Actual power (65%)
Estimated power (75%)
Actual power (75%)

>ebedP>el>0OOo

NMBE = —0.00 %
NRMSE = 25.85%
Cv(RMSE) = 0.17%
R? = 0.0522

Q(msfsec] 2 03

delta P(bar)

New Estimated Actual
Energy-
blower energy energy .
: . . saving rate
Loading consumption consumption
% Watt Watt %
45 85956.88 35359.30 58.86 %
95 85395.94 44249.07 48.18 %
65 84915.52 53360.67 37.16 %
75 84443.96 63267.53 25.08 %
New Estimated Actual
Energy-
blower energy energy :
. . . saving rate
Loading consumption consumption
% Watt Watt %
45 82422.52 35359.30 57.10 %
95 77870.14 44249.07 43.18 %
65 76791.40 53360.67 30.51 %
75 78847.56 63267.53 19.76 %

© Multivariable Control System Lab,2024.
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2 B R

- B IEEEES

=t
-|-§
Caw

1R
1

£4

residual R? & %  residual R? & & residual R? & & ¥ residual R? & X

BM-7301A 22.47% @ 0.71 1.56% 2.20% 099 48.81% 2.19% 0.99 48.62% 2.16%  0.99 49.42%

— BM-7301C @ 26.12% @ 0.03 | 58.93% | 26.52% @ 0.00 | 59.03% | 26.06% | 0.04 58.86% & 25.85% | 0.05 57.10%
BM-7301D @ 28.12% 0.48 52.83% @ 3.23% 0.99 48.37% 3.15% 099 48.47/7% 3.13% 0.99 48.30%
— BM-7301E 22.80% 0.00 54.36% 11.43% 0.75 51.99% 10.53% 0.79 52.02% 10.42% @ 0.79 50.66%

>R B ATECR 452 50% 0 f T B (7 & R v 0 F) G i lodel 2 AR TR TR
BORREPELA 0 T R A E AT R G EWRIT R AT S ek -

> R E - TR R & ST RS
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I ek [ o 3= 51

RN 7

© Multivariable Control System Lab,2024.

55 kW
1770 rpm
240/480 V
163/81.5 A

60 Hz

4

94.5 %

55 kW
1500 rpm
350.2 Nm

380V

96.3 A

100 Hz

8

95.7 %
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TR AR AJE T - ——— = = - ~

N E
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&
<
\___________
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9 il JL s 2= 5]

2. BE . ERTE ST

AR R RE > N1-9253 DAQ

o k¥ Sampling rate:1000 Hz

> B4 RPIR »  Sampling time:55sec/min

i & R - : j (s

A1 —— 7R NI1-9244 DAQ

»  Sampling rate:10000 Hz

o B iE Sampling time:40sec/min

\ J | RAERER : :

NI1-9227 DAQ

Sampling rate:10000 Hz
Sampling time:40sec/min
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BRZER 8

( Y
S B : = 2HT B
| BRI RS

T Ot

A LIRS R Zs
AL FE 3 AL EE B&EEVE B& i B4 5 SH S
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I i [, g 5= A1)

« P4 1 1000HZ
« BRIFRF E L 8HR2040

« BRE R 204604 BTt
Rl & (FTS35-2011-0WMD)

B 18

PM20s

gy

Si PM20S

R A3
v (PMZOS)

AC 110V

o
PRER
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I i [ g == 51

T nfEs+
(NI 9227)

« P~k 1 10000HZ

S
« BRIFER AL &BHE20F ource
e T RE R 204 ~60%4 or NN
T R+
PT NN N
Load

Data

\ 4

AC 110V

TRERE CompactDAQ 1 4 5
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I i [ 5 5= A1)

ERIZFRFFKAG

‘:

g PM20S

o\,
FTS35-2011-0WMD

i ~ 4 [F] 0~2(bar) 0~20(m/s) 0~40(m/s) +20(mA)
Bl 4~20(mA) 4~20(mA) 4~20(mA)
i) 125 1250 2500
* R +0.5% F.S. +2% F.S. +1.5% F.S. +50(ppm)

© Multivariable Control System Lab,2024.
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I?EI I'RHE

31

ERIZFRFFKAG
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