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How to Measure?
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How to Measure?

From Reference [3]
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From Reference [2]



Polygonized Wheel

From Reference [2]

From Reference [1]
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Polygonized Wheel

𝑧1: vertical displacement of wheel set 𝑘1
𝑧2: vertical displacement of the track

a: out-of-roundness amplitude

ቊ
𝑚1 ሷ𝑧1 + 𝑘1 𝑧1 − 𝑎 − 𝑧2 = 0

𝑚2 ሷ𝑧2 + 𝑐2 ሶ𝑧2 + 𝑘2𝑧2 − 𝑘1 𝑧1 − 𝑎 − 𝑧2 = 0
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Polygonized Wheel

𝑧1: vertical displacement of wheel set 𝑘1
𝑧2: vertical displacement of the track

a: out-of-roundness amplitude

ቊ
𝑚1 ሷ𝑧1 + 𝑘1 𝑧1 − 𝑎 − 𝑧2 = 0

𝑚2 ሷ𝑧2 + 𝑐2 ሶ𝑧2 + 𝑘2𝑧2 − 𝑘1 𝑧1 − 𝑎 − 𝑧2 = 0

⇒

ሷ𝑧1

𝜔1
2 + 𝑧1 − 𝑧2 = 𝑎

ሷ𝑧2

𝜔2
2 +

𝑐2
𝑘1

ሶ𝑧2 +
𝑘1 + 𝑘2
𝑘1

𝑧2 − 𝑧1 = −𝑎

where 𝜔1 = 𝑘1/𝑚1 and  𝜔2 = 𝑘2/𝑚2
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Polygonized Wheel

From Reference [4]

𝑧1: vertical displacement of wheel set 𝑘1
𝑧2: vertical displacement of the track

a: out-of-roundness amplitude

a→𝑎 𝑡 = 𝑎 sin(𝜔𝑡 + 𝜑)

Laplace transform:

𝑎 𝑠 =
𝑎(𝑠 sin 𝜃 + 𝜔 sin 𝜃)

𝑠2 + 𝜔2

ቊ
𝑧1 𝑠 = 𝐻𝑧1 𝑠 𝑎(𝑠)

𝑧2 𝑠 = 𝐻𝑧2 𝑠 𝑎(𝑠)
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Polygonized Wheel

𝑧1: vertical displacement of wheel set 𝑘1
𝑧2: vertical displacement of the track

a: out-of-roundness amplitude

Laplace transform of the solution:

(
𝑠2

𝜔1
2 + 1)𝑧1(𝑠) − 𝑧2(𝑠) = 𝑎(𝑠)

𝑧1(𝑠) − (
𝑠2

𝜔2
2 +

𝑐2𝑠

𝑘1
+
𝑘2
𝑘1

+ 1)𝑧2(𝑠) = 𝑎(𝑠)

𝐻𝑧1 𝑠 =
𝑧1 𝑠

𝑎(𝑠)
=

𝑠2

𝜔2
2 +

𝑐2𝑠
𝑘1

+
𝑘2
𝑘1

𝑠4

𝜔1
2𝜔2

2 +
𝑐2𝑠

3

𝑘1𝜔1
2 +

1
𝜔2
2 +

𝑘2
𝑘1

+ 1
1
𝜔1
2 𝑠2 +

𝑐2𝑠
𝑘1

+
𝑘2
𝑘1
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Polygonized Wheel

𝐻𝑧1 𝑠 =

𝑠2

𝜔2
2 +

𝑐2𝑠
𝑘1

+
𝑘2
𝑘1

𝑠4

𝜔1
2𝜔2

2 +
𝑐2𝑠

3

𝑘1𝜔1
2 +

1
𝜔2
2 +

𝑘2
𝑘1

+ 1
1
𝜔1
2 𝑠2 +

𝑐2𝑠
𝑘1

+
𝑘2
𝑘1

ሷ𝑧1 𝑠 = 𝑠2𝑧1 𝑠 = 𝑠2𝐻𝑧1 𝑠 𝑎 𝑠 = 𝑠2𝐻𝑧1 𝑠
𝑎(𝑠 sin 𝜃 + 𝜔 sin 𝜃)

𝑠2 + 𝜔2

ሷ𝑧1 𝑠 =

𝑠4

𝜔2
2 +

𝑐2𝑠
3

𝑘1
+
𝑘2
𝑘1
𝑠2

𝑠4

𝜔1
2𝜔2

2 +
𝑐2𝑠

3

𝑘1𝜔1
2 +

1
𝜔2
2 +

𝑘2
𝑘1

+ 1
1
𝜔1
2 𝑠2 +

𝑐2𝑠
𝑘1

+
𝑘2
𝑘1

𝑎(𝑠 sin 𝜃 + 𝜔 sin 𝜃)

𝑠2 +𝜔2
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Routh-criterion

For a fourth-order polynomial 𝑃 𝑠 = 𝑎4𝑠
4 + 𝑎3𝑠

3 + 𝑎2𝑠
2 + 𝑎1𝑠

1 + 𝑎0, if 

1. All the coefficients 𝑎𝑖 > 0

2. 𝑎3𝑎2𝑎1 > 𝑎4𝑎1
2 + 𝑎3

2𝑎0

3. 𝑎3𝑎2 > 𝑎4𝑎1

Then P(s) is stable.

Therefore, 
𝑠4

𝜔1
2𝜔2

2 +
𝑐2𝑠

3

𝑘1𝜔1
2 +

1

𝜔2
2 +

𝑘2

𝑘1
+ 1

1

𝜔1
2 𝑠2 +

𝑐2𝑠

𝑘1
+

𝑘2

𝑘1
is stable.
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Polygonized Wheel

𝐻𝑧1 𝑠 =

𝑠2

𝜔2
2 +

𝑐2𝑠
𝑘1

+
𝑘2
𝑘1

𝑠4

𝜔1
2𝜔2

2 +
𝑐2𝑠

3

𝑘1𝜔1
2 +

1
𝜔2
2 +

𝑘2
𝑘1

+ 1
1
𝜔1
2 𝑠2 +

𝑐2𝑠
𝑘1

+
𝑘2
𝑘1

ሷ𝑧1 𝑠 = 𝑠2𝑧1 𝑠 = 𝑠2𝐻𝑧1 𝑠 𝑎 𝑠 = 𝑠2𝐻𝑧1 𝑠
𝑎(𝑠 sin 𝜃 + 𝜔 sin 𝜃)

𝑠2 + 𝜔2

Since 
𝑠4

𝜔1
2𝜔2

2 +
𝑐2𝑠

3

𝑘1𝜔1
2 +

1

𝜔2
2 +

𝑘2

𝑘1
+ 1

1

𝜔1
2 𝑠2 +

𝑐2𝑠

𝑘1
+

𝑘2

𝑘1
is stable by Routh-criterion,

the necessary and sufficient for all roots having negative real parts is 

ሷ𝑧1 𝑠 =෍

𝑖=1

4
𝐴𝑖

𝑠 + 𝑝𝑖
+

𝐵𝑠 + 𝐶

𝑠2 + 𝜔2

ሷ𝑧1 =෍

𝑖=1

4

𝐴𝑖𝑒
−𝑝𝑖𝑡 + 𝐷𝑐𝑜𝑠(𝜔𝑡 + 𝜑)
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Adaptive Noise Cancellation

3 km/h

8 km/h

18 km/h

From Reference [5]
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Adaptive Noise Cancellation

From Reference [5]
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Adaptive Noise Cancellation
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Without Noise Cancellation With Noise Cancellation

From Reference [5]



Wigner-Ville Distribution

 Wigner-Ville Distribution
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Wigner-Ville Distribution STFT

From Reference [5]



Ensemble EMD
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Step 2:

y(t)=x(t)
Step 3: do

Step 4:

ℎ𝑘 𝑡 is an IMF?

1. Local maximum > 0

2. Local minimum < 0

3.
𝑢1 𝑡 +𝑢0(𝑡)

2
< 𝑡ℎ𝑟𝑒𝑠

From Reference [6]

ℎ𝑘 𝑡 = 𝑦 𝑡 −
𝑒𝑚𝑖𝑛 𝑡 + 𝑒𝑚𝑎𝑥 𝑡

2

Step 1:

Add noise

𝑦 𝑡 = ℎ𝑘 𝑡 N

YStep 5:

𝑥0 𝑡 = 𝑥 𝑡 −෍

𝑠=1

𝑛

𝑐𝑠(𝑡)

has only 0 or 1

extreme?
𝑦 𝑡 = 𝑥0 𝑡 N

Y

Step 6:

All IMFs are single

frequency signals? 

Add noise with 

different SNR

Y

N

end



Ensemble EMD
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Ensemble EMD EMD From Reference [7]



Results

 24th-order wheel polygon

 OOR amplitude: 0.02 mm

 v = 300 km/h

 R = 460 mm

 𝑓 =
𝑣

λ
=

𝑛𝑣

2𝜋𝑅
= 24 ∗

300 𝑘𝑚/ℎ

2𝜋∗460 𝑚𝑚
= 691.9 𝐻𝑧
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Raw vibration 

signal x(t) 

Adaptive Noise

Cancellation
EEMD WVD

From Reference [1]



Results
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From Reference [1]

f=691.9Hz

WVD EEMD-WVD



Results—change OOR amplitude
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From Reference [1]



Results—real wheel 
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From Reference [8]



Results—real wheel 
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