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Background Theory

®LMD/ELMD
®TKEO




LMD (Local Mean Decomposition)

®Decompose a raw signal into a series of product functions (PF)

®Step 1.
® Find the local extreme points n; (i = 1, 2,..., M) of the target signal x(t)

® Calculate the local mean value m; and local envelope magnitude q;
Ni+tniyq

n;—m;
. al _ | l l+1|




LMD

Step 2. Connect all m; and a; by using straight lines. Then obtain a varying
continuous local mean function m 1 (t) and local amplitude function a4 ; (t) via
the moving average method.
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LMD

® Step 3. hy 1 (t) = x(t) —my 4 (¢)

e
® Step 4. Set 51 1(t) as the target signal and repeat steps (1-3) until a; ,(£) = 1
"' salf) = Al ’
By (t)=x(t) —my (1), ap(t)
hyo(t) =5y, (1) = my,(1), where < 512(t) = Eijg::{v
My (1) = Sy gnoay (E) = My (1), 5, (t) = hya(t)
L ay ,(t)




LMD

Step 5.
® The envelope signal a, (t) = []iL; aq;(t)
® The first PF is given as PF; (t) = a,(t)sy,(t)

® Corresponding instantaneous phase @4(t) = cos™?! (Sl,n(t))

® Corresponding instantaneous frequency f; (t) = Js4¢1 (1)

2mtdt




LMD

Step 6.
Ou,(t) = x(t) — PF,(¢)
®Set u, (t) as target signal and repeat the steps (1-5) until u;(t) contains no
oscillations
(4, (© = x(©) = PE©)
u, () =u, (t) — PE(¢)

LA

ku](t) =u,_,(t) = PE_,(¢)

ox(t) = X_, PF; (1) + u(0)



ELMD (Ensemble LMD)

® Step 1. x;(t) = x(t) + Bn;(t),n;(t): white noise

® Step 2. Using LMD: x;(t) = Z§=1 PF; ;(t) + u;(t)

1
® Step 3. PF}(t) — 7Z{=1 PFL,](t)




ELMD

( Vibration signal x(r) ]

Initialize the ensemble number I and
the added noise amplitude

i=1
— i=i+1 4}%

Add white noise §_(r) to the original
signal x(t):
x (t)=x(t)+ B (1)

v

Decompose x;(t) using LMD method
and obtain a series of PFs: {PF i ()}

Yes

Mo
Calculate ensemble mean:
PF; (t) = % z}!ﬂpj:,.r i (1)
¥
[ Output the final PFs -]




TKEO (Teager-Kaiser Energy Operator)

dx(t) d?x(t)

® continuous form: W[x(t)] = ( o )2 —x(t) qc2

® discrete form:  WY[x(n)] = [x(n)]*—x(n + Dx(n — 1)




TKEO

®Consider an undumped linear mass-spring oscillator with mass m and spring
stiffness k

® Motion of the mass: mix(t) + kx(t) = 0

®Solution: x(t) = Acos(wt + 0), w = (k/m)Y/?,0: arbitrary initial phase
0x(t) = —Aw sin(wt + 8) ,%(t) = —Aw? cos(wt + 9)

®Total mechanical energy E = —k[x(t)]2+ m[x(t)]2 mA?w?

YIx()] = -~

dx(t)\2 d?x(t)

) x(t)——= = A% w?



TKEO
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Combination

® ELMD => Select PF =>=> TKEO

>N _1(PF;(n)PFj(n-T))?
(XN=1 PF? (1))?

® First-shift Correlated kurtosis CK]- =

0T = :—S, E;: sampling frequency, f,,: fault frequency

m

_\T __

® Pearson’s correlation coefficient PCC; = |§i§:§_;$|)| ITI;II? ;]TI
- ' J Frj

CK j—min(CK)

max(CK)—min(CK)

® Sensitive Parameter SP; = PC(; - fj, where f; =



Results

Signal decomposition Extract the AM signal and FM

using ELMD signal using TKED
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