HITACHI

Inspire the Next

HITACHI

Inspire the Next

jﬂ&ﬁ@%ﬁkﬁ$&mﬁﬁ_ _ o
REEEE B B S W T E S = T BI10ES—F4 Y Contents
70t AREDERBETRERLU/-IREIEMBN 1. VSDEEENMTHREL /=BT RUYIREN
2. VSDEBRENECRELI=HY TV JtkiE
3. AB=ANI—-NICEEATDHIRE)
4. BIFRTSICEAIPREOHRIR
Htad BISER
AVERARNTPILTOTIYESRRIZ Yk
WS AT LEEE KA R T L
BB EE
© Hitachi, Ltd. 2018. All rights reserved. © Hitachi, Ltd. 2018. All rights reserved. 1
1-1 M HITACH!
HITACHI
Inspire the Next
Train Data

1. VSDEEENETREL =gl LIRSS

Hi st

Torsional-Lateral Coupled Vibration of Centrifugal Compressor
System at Interharmonic Frequencies Related to Control Loop
Frequencies in Voltage Source Inverter, 38th Turbomachinery
Symposium, Case Study 14, 2009
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VFD Induction Motor + Gear + Centrifugal Compressor

HS
4-Pole LS .
1200kW  Coupling C°‘;p""g
Induction |—| C
Motor _”_|
T 8588-
il m ‘Speed  1288orpm
Increaser
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Lateral Vibration on Low Speed Gear Shaft
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Frequency [Hz]

Cascade Plot of LS Gear
Shaft Vibration

Only max. 10um (p-p) vibration
with 16Hz was detected on HS

50um (p-p) vibration was
detected on LS gear shaft
around 1040-1140rpm
(17.3-19.0Hz), 570kW.

Dominant Frequency
Component: ca. 16Hz

Close to calculated 1st
torsional natural freq. f,,
(15.71Hz)

No significant vibration on
compressor shaft or motor
shaft was found.
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Lateral Vibration on High Speed Gear (Pinion) Shaft

f ,=16Hz

Vibration Amplitude
(ump-p)
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Frequency [Hz]

Cascade Plot of HS Gear

Shaft Vibration

Max. 10um (p-p) Vibration
with 16Hz Detected on HS
Gear Shaft

Lower Vibration on HS
Gear Shaft

Stiffer Pinion Bearings
Than Bull Gear Bearings at
Part-Load Due to Uploading
Bull Gear and Downloading
Pinion

+
[Concern: What s the Bxcitation Source? [IMIRYTRINE TRRY:HY

gear shaft. Gear
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Analysis for Torsional Natural Frequencies (FEM)

5000
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12 x rotor spegd

1 x rotor spe

peed (LS shaft): 1000rpm

Second natural frgeency: 2752cpm (45.87Hz)

—— ]

in. operating
Max. operalingigpeed (LS shaft): 1500rpm

First natural frequency: 942.6cpm (15.71Hz)

1000 2000 3000 4000 5000
Rotor speed [rpm]

Campbell Diagram
for Torsional Vibration

Motor Gear Compressor

) i

—

First Natural Frequency: 15.71Hz (943cpm)

—___

Second Natural Frequency: 45.87 Hz (2752cpm)

A

Third Natural Frequency: 422.1Hz (25324cpm)

Torsional Vibration
Mode Shapes
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Lateral & Torsional Vibration Calculation

Calculated Critical Speeds [rpm]

First Second Operating
Speed
Compressor 5220 17700 8588-12882
L | Pinion 21200-25600 - 8588-12882
L (HS Shaft) | Dependent on
Load
Bull Gear 3380-9450 - 1000-1500
(LS Shaft) Dependent on
Load
Motor 2078 - 1000-1500
Torsional 943(=15.71Hz) 2752

© Hitachi, Ltd. 2018. All rights reserved 7
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Estimation of Shaft Torque Causing 50um Shaft Vibration
Shaft torque is deduced by one-way lateral-torsional analysis.

Torque vibration excites shaft vibration via force on teeth.
(1/2)F,

jvar_w2r  Transverse Pressure Angle 6
: 6= tan1(tana/cosp)

o= Normal Pressure Angle

B= Helix Angle

W2,
cancelled
ation

HS Gear Gear T,=(PCD/2) X F,
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Lateral Vibration Analysis of LS Gear Shaft

X-Probe Angle=15 degree right of vertical

e Y-prone nmge-1 aemree wove nrzoma NI EXCitation on Tooth Surface
= otoum — F, .=9.8-sin(2nf,.t) [N]
2 e | ~_ LS Gear Shaft Vibration
LI 16z Amplitude at Probe @ 16Hz
v | =0.101pm (p-p) (Calculated)
© e © F,=9.8X(50/0.101)=4851 [N]

Frequency Response to Unit T,=(PCD/2) X F,Xcos 6
Excitation Force of Gear

= =(0.806/2) X 4851 X cos
Force Applied on Gear =(PCD/2) X F, X cos ® Shaft 21.9°
Teeth (Bearing Stiffness and Damping =1815 [N*m]
(Double Helical) Calculated @ 1140rpm, 570kW) = 21.3% Rated Torque
© Hitachi, Ltd. 2018. All rights reserved. 8 © Hitachi, Ltd. 2018. All rights reserved. 9
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Estimation of Excitation Torque at Motor Air Gap

Amplification Factor for Torsional System
=107 [N*m]

\

1.3%rated torque at
motor air gap is suspected.

1 £,,=15.7 Hz

0 10 f ’ 20 30 40 50 60
n

Exsiation frequency [He] Close to maximum
AT OIS EL RS ir:t?::'il:r?go(:n?ct:iriml?:fcies
Gear Shaft aq

during motor factory test
(1.5%rated torque)

Merely 1.3% of air gap torque fluctuation

Assuming (=0.02

can cause 50 pm p-p lateral vibration!

© Hitachi, Ltd. 2018. All rights reserved. 10
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<€— Actual Cause and Effect

Effect Cause
LS Gear < Effective <& Torque at < Air Gap
Shaft Force on LS LS Gear Torque on
Vibration Gear Teeth Teeth Motor
50um 4854N 1815Nm Shaft
16Hz j 16Hz 16Hz A 107Nm
(1.3%)
AF L T AF

16.9 | 16Hz
0.101/9.8 Bearing ~ Geometry (¢=0.02
Lateral i (6, PCD) met
Stiffness, Geometry)
I;requency Damping Torsional
esponse Frequency

Response

© Hitachi, Ltd. 2018. All rights reserved. 11
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High Cycle Fatigue Evaluation

1200
1000 B Fatigue Factor of
N Safety 1.25 for
800 | \\ 107 Cycle Life

107 Cycle Life
600 |

400 T Stress at

. Max. Amp.

200 | \gondition

Alternating stress @ , [N/mm?]

0 200 400 600 800 1000 1200 1

Mean stress O ,, [N/mm?]

Modified Goodman Diagram
(Low Speed Coupling)

400

Mechanical strength
was verified.

No modification

was made on
machinery or VFD.

© Hitachi, Ltd. 2018. All rights reserved.
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Detailed Measurement (LS Gear Shaft Vibration)p = |f (nE 1|
bt c\1—

f;=1024Hz, n=29, slope: +30
,

1,=1024Hz, n=23, slope: +24 fn=16Hz  .=1024Hz, n=25, slope: -24
/

v / o1
1300 e s . — et
SN 7 Tow =
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5:_‘1 200 o
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; / B e ]
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& } X
1050 —r—
e 31 T :|50um
1000 e R e i Tem———
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0 -2 30 40
f -25%Hz, n=7, slope: -6 /
¢ Frequency [Hz] ¢ _1024Hz, n=29, slope: +30

f,=1024Hz, n=31, slope: -30

Cascade Plot of LS Gear Shaft Vibration
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Detailed Measurement (VFD Output Current)

f,=1024Hz, n=25, f-f Fundamental Frequency f+f
i ' f=1024Hz, n=23, slope: -23 L n1
slope: +25 © J £ ,=16Hz Al f,=16Hz J
1300 1 S A :
] e = =
T 7 ==\ =
S 1250 S A ; =
= |EN———— ; A 0
5 — A — §38
<= 1200 £ A - =4
7] L 7 S5E
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= e s sty N it v\ T
° e — 7\ ; g-g
3 1150 > E A : 2o
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g oo EE ey 2\ . >z
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1000 | R A PN 1T I J =32%
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f=1024Hz, 0
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Frequency [Hz]

f,=1024Hz, n=31, slope: +31

Cascade Plot of VFD Output Current
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InterharmonicsD R 9B 1 52—

Inclined Streaks of Interharmonic Frequencies in Shaft
Vibration Frequencies and VFD Output Frequencies

® Inclined streaks in LS shaft vibration frequency have:
Difference of Harmonics of Multiples of 6 and
Sampling Frequencies of VFD (1024Hz, 256Hz)

® Inclined streaks in VFD Output Current Frequency have:
Difference of Harmonics of Odd Numbers Other Than
Multiples of 3 and Sampling Frequencies of VFD
Inclination is opposite to that of shaft vibration.

\

Firm correlation between shaft vibration and VFD
output current is suspected.

© Hitachi, Ltd. 2018. All rights reserved. 15
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Relation of Between Shaft Vibration Frequencies VFD Control Loop
and VFD Output Frequencies
VFD Output Freq. [Hz]: f:VFD Fundamental Freq. [Hz] — @
— H > Torque |—
foi = 1fenfl = Sideband 1 :Arbitrarily Existing e 1] e B
. e Flux 2-phase /
N Frequencies Constant Freq. [Hz] LR o Vo Aﬁg—ﬁ* N rranstorm |—af dovter o] it
Shaft Vibration Freq. [Hz]: . . .. 4 g ation ontre cel
£ =|fAnE 1) n:Positive Odd Integer — N K
oot Other Than 3 o
Voltage Current
Compens |e—] 3-phase /
Frequency aton ranstor
| Compensat matlon &
ion CcT
As f, several sampling frequencies °°§§{§fﬁ°’
are used in VFD control loop.
Block Diagram of VFD Control System
© Hitachi, Ltd. 2018. All rights reserved. 16 © Hitachi, Ltd. 2018. All rights reserved. 17
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Assumed Cause of Sideband in VFD Output Current > Measurement of torque & current in factory test is important
in case VFD characteristics are unknown.
Harmonics were contained in a feedback control signal. ) ) o _
‘ > Strength evaluation by lateral-torsional analysis is essential
. . to determine mechanical soundness.
More than half the sampling frequency folded back into
lower frequencies. > Information of any possible frequencies used in VFD control
; and the resulting amplitude of torque pulsation should be
Sideband frequencies were raised by modulation between disclosed in advance by VFD vendor.
harmonic frequencies and sampling frequencies occurred > Reduction of amplitude of fundamental frequency harmonics

in VFD control loop.

=» Harmonics enhance
sidebands.

© Hitachi, Ltd. 2018. All rights reserved. 18

would decrease amplitude of sideband frequencies.
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VFD§ -{ o] A 5
R % B
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VSD INGA—=Z]
EEFIEOPI/NSA—4: High controller gain (3 %EHi)

Kp=10, Ti=2.5s,
n-Ctrl Open Loop: Magnitude
50
Torsional resonance (113.3 rad/s = 18 Hz)

g | i Gain + 10.4 dB
= P e— [
2 0 S X 1133
T —— Y:1036 !
2 T i
= |
g 50 ¥
=

-100

10" 10° 10’ 10° 10°
n-Ctrl Open Loop: Phase
Phase Margin=82.1596

100 e
Z 0
g J L
I
©
& -100 ———t L

/////
200
10" 10° ' 10° 10°

Angular frequency [rad/s]
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VSDOEE HIfH/NTG X—%2]
HEHEDPI/NSA—4: Low controller gain with notch filter (%)

Kp=1, Ti=5s, inserted band-stop (notch) filter
n-Ctrl Open Loop: Magnitude
TTTT T

50 . T

= Torsional resonance (1133 rads = 18 Hz)
=X 0\ Gain-247dB
) i o S T
2 e B "
€ e x 1133
§ 50 e e n
=

-100

10" 10° 10' 10° 10°
n-Ctrl Open Loop: Phase
Phase Margin=59.0988

100
= o0 -
3 R
a
© I ———
& -100 froeeoehoedes i S

[ — L
-200 :
10" 10° 10 10° 10°

Angular frequency [rad/s]
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VSD NG A—3F
EEFIEDPI/INSA—4%: Low controller gain with notch filter (X} %)

Load
Speed Speed Torque Torque | Torque Elastic Speed
Ref. + ~ Error [ Speed Ref. Torque Actual + A N Actual
> g Mechanical
_ | controller Controller System
Speed
Actual
(filtered)
R Speed
Elastic Actual
Mechanical
System

Actual

b) Notch filter on speed error.

© Hitachi, Ltd. 2018. All rights reserved. 31
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) Molor torque - no disinc component at 17.5 Hz Xy B EHIRE)
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