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STUDII, CERCETARI SI EXPERIMENTARI COMPLEXE A ANGRENAJELOR DE MECANICA
FINA PRIN METODE ARMONICE DE INALTA PRECIZIE.

CAPITOLUL 1. GENERALITATI

Folosirea extinsa a electronicii in constructia instalatiilor de masurare favorizata de cresterea
gradului de integrare a componentelor complexe electronice, utilizarea metodelor matematice
complexe de prelucrare a valorilor masurate pe parcursul unei masuratori favorizata de
cresterea puterii de calcul a calculatoarelor moderne, usor accesibile, a dus la schimbarea
paradigmei operatiilor de masurare a componentelor mecanice. Rotile dintate, ca elemente
importante din sub-ansamblele mecanice, beneficiaza de aceasta schimbare de paradigma, ce
introduce electronizarea si calculul automat complex pentru cresterea vitezei de verificare
simultan cu o simplificarea complexititii componentei mecanice a sistemului. In aceasti teza
de doctorat va fi prezentata o metoda de prelucrare a variatiei distantei dintre doua roti dintate
aflate in angrenarea fortata care va determina cu rapiditate abaterile geometrice ale rotilor
dintate aflate in angrenare prin folosirea metodelor mecatronice complexe de analiza si
control.

Angrenajele cu roti dintate sunt printre elementele cele mai raspandite ale organelor de
masini. Verificarea lor are o importanta vitala din toate punctele de vedere ale instalatiilor in
care sunt montate: din punct de vedere al functionarii line, din punct de vedere al zgomotului
generat si din punct de vedere al sigurantei in functionare. De la aceste cerinte importante
rezulta ca verificarea din punct de vedere geometric si functional a elementelor rotilor dintate
reprezinta elementul cheie al asigurarii unei functionari optime al angrenajelor cu roti dintate.

Industria automobilelor este unul dintre utilizatorii cei mai importanti ai rotilor dintate,
care in cutiile de viteze si casetele diferential folosesc rotile dintate iar calitatea acestor
subansamble influenteaza calitatea finala a autoturismului atat din punct de vedere al
sigurantei cat si din punct de vedere al confortului si al poluarii sonore.

Tinand cont ca verificarea geometrica a rotilor dintate prin metode traditionale
reprezintd o operatie care consuma mult timp, iar principalul utilizator din lume al rotilor
dintate, industria automobilului produce si utilizeaza volume mari de roti dintate, lucrarea
propune realizarea unei metode noi, rapide si suficient de precise pentru verificarea rotilor
dintate atat in fluxul de productie cat si pe fluxul de montaj astfel incat toatd productia sa
poata fi verificata atét la realizare (ca element individual) cat si la montaj (ca ansamblu format
din roti dintate) ducand la o calitate crescutd a produsului final si la o determinare rapida a
zonelor cu probleme din cadrul liniei de fabricatie.

Combinand metoda de testare rapida cu dinte infipt cu analiza spectrului Fourier a
variatiei distantei dintre axe se va determina calitatea rotilor dintate verificate.

Verificarea cu dinte infipt reprezintd o metoda rapida de control a erorilor de angrenare
conform criteriului de functionare lina si se executa dupd o schema de angrenare ca in figura
urmatoare (fig. 1.1):

ing. STANCIU DANUT IULIAN 1
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Fig. 1.1 Schema de verificare cu dinte infipt.

Roata A=var ,
roata
etalon masurata

Traductor I ~¢ I o= I

deplasare

w1i=Wir \‘)er=Wp

L

resort pentru tinere

o N
Calculator in contact

interfata

Analiza cu ajutorul Transformatei Fourier realizeaza o descompunere a unei curbe
oarecare continue (in cazul nostru curba de variatie a distantei dintre axe) intr-o serie de
sinusoide simple.

Folosind cele 2 elemente prezentate mai sus (angrenarea cu dinte infipt si
descompunerea cu ajutorul Transformatei Fourier) se va determina legatura dintre parametrii
unui ordin al transformatei Fourier si elementele geometrice ale rotii dintate de verificat.
ordinul

Ca urmare, se va face mai Intai o analiza a elementelor geometrice specifice rotilor
dintate, o analizd a metodelor clasice de masurare a elementelor geometrice a rotilor dintate, o
prezentare teoretica a noii metode de masurare propusa, obtinerea de rezultate teoretice prin
realizare simularii numerice a angrenajului dintre doua roti dintate si aplicarea metodei
propuse asupra rezultatelor simuldrii si verificarea prin masurare practicd a unui set de roti
dintate.

Paradigma cercetérii domeniului presupune in sinteza utilizarea conceptelor de
proiectare inteligentd de analiza valorii ingineresti, de analizd a metodelor de masurare precisa
si ultra-precisd a elementelor geometrice, de aplicare a noii metode de mésurare (deja
propusd), de experimentare si realizare a simularilor numerice pentru angrenajele dintre roti,
de analiza a rezultatelor prin masurare digitalo a unui set de roti dintate si de selectare
stiintifica a materialelor de confectionare a rotilor dintate de functionare si a rotilor etalon.

ing. STANCIU DANUT IULIAN 2
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1.1 Testarea rotilor dintate prin angrenare cu dinte infipt

Testarea prin angrenare fortata presupune realizarea unui angrenaj format din 2 roti
conjugate dintre care una dintre ele va fi roata de verificat care se afla pe o sanie mobild cu un
grad de libertate (liniar sau unghiular) iar cealalta roata reprezinta roata etalon care are o
pozitie fixa, si prin care se antreneaza angrenajul (fig. 1.1). Prin rotirea rotii etalon se obtine
rotirea rotii de verificat; datoritd erorilor constructive ale rotii de verificat si datorita fixarii
rotii de verificat pe o sanie mobild se va obtine o variatie a distantei dintre axele celor 2 roti.

In figura 1.2 este prezentat modul de variatie a distantei dintre axele a doua roti dintate
aflate Tn angrenare fortata.

Fig. 1.2 Modul de variatie a distantei dintre axe pentru un angrenaj cu dinte infipt

0.300

0,150

0 4096.0

-0.150

~0.300

Pentru a putea determina legatura dintre parametrii geometrici ai angrenajului cu
variatia distantei dintre axe s-au stabilit realizarea urmatoarelor etape:

(1) Realizarea unor simulari ale unor seturi de angrenaje la care se introduc abateri de la
parametrii geometrici cu valori cunoscute (pentru roata de verificat, roata etalon fiind
consideratd o roata perfecta). Prin realizarea prelucrarilor ulterioare asupra acestor
seturi de date rezultate prin simulare se certificd metoda de prelucrare si totodata se
stabileste tipul de filtrare ce se va aplica

(2) Realizarea unor simuldri cu roti etalon cu abateri reale de la parametrii geometrici.
Prin aceasta se doreste a se determina metoda de prelucrare a datelor astfel sa se poate
elimina parametrii geometrici cunoscuti ai rotii etalon iar in continuare prelucrarea sa
se poata face ca si cum se foloseste o roata etalon perfecta

(3) Cu valorile stabilite de la punctele (1) si (2) se vor face experimentari de laborator si
se vor face comparatii intre valorile obtinute cu noua metoda si valorile obtinute prin
verificare cu mijlocele consacrate de masurare

ing. STANCIU DANUT IULIAN 3
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1.2 Transformata Fourier '

Analiza armonica, realizata in special cu ajutorul transformatei Fourier, este un
instrument matematic ce arata ca orice functie continua poate fi reprezentata de o suma de
functii sinusoidale.

Transfornoloata Fourier este definita de:

F(S)Ei[o fx)e ™ dx (1.1)

care mai este denumitd Transformata Fourier Directa
si

fx)=[ F(s)e”™ ds (1.2)

cunoscuta si ca Transformata Fourier Inversa

In realitate, in procesul de masurare, avem de-a face cu semnale care sunt esantionate
discret, de obicei la intervale constante, si de durata finitd sau periodica. Pentru astfel de date,
este necesar doar un numar finit de sinusoide si este necesard Transformarea Fourier Discreta
(DFT - Discret Fourier Transformation).

Pentru seturi de date discrete (cum sunt cele obtinute In procesul de masurare)
transformata fourier discreta de N puncte de date esantionate uniform xj (unde j = 0,...,N-1)
este definita prin formula:

N-—1
Xk:Z xie—ZTUJK/N (1.3)
J=0
iar transformata inversa prin formula
N-1
1 .
X = DX, N (1.4)
k=0

Rezultatul DFT al unei serii de timp de intrare in N puncte este un spectru de frecventa
in N puncte, de frecventd k, cu k variind de la 0 la (N/2-1), de la componenta 0 numita
componenta continua pana la cea mai inalta frecventa de valoare N/2. Fiecare valoare k
reprezintd numarul de sinusoide prezent in fiecare serie. Daca amplitudinea si faza fiecarei
componente este notata cu Ak(amplitudinea) si @k, atunci fiecare dintre sinusoidele
componente pot fi descrise de ecuatia:

X,(= Ay (1.5)

Pentru seturi de date achizitionate in procesul de masurare, rezultata Transformatei
Fourier Directe valoarea reala a spectrului sunt componentele pare iar valoarea complexa este
data de componente impare ale transformatei.

Transformata Fourier Directa este un algoritm matematic complex care necesita un
mare volum de calcul (N? operatii). Pentru a se mari viteza de executie James W. Cooley si
John W. Tukey ("An algorithm for the machine calculation of complex Fourier series," Math.
Comput. 19, 297-301-1965) au creat un algoritm, adaptat calculatorului electronic, care
madreste viteza de prelucrarea a datelor astfel incit este necesar doar un numar de operatii egal
cu N log,(N) operatii, algoritm denumit Transformata Fourier Rapida (FFT - Fast Fourier
Transformation), singura cerinta a algoritmului fiind ca numarul de puncte esantionate sa fie
putere a lui 2 (2,4,8,...1024,...)

1 O.Radu, GH. Sandulescu Filtre Numerice — Aplicatii, Editura Tehnica 1979 Bucuresti
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Pe scurt o prelucrare prin Transformata Fourier presupume obtinerea amplitudinii si
fazei a sinusoidelor ce compun curba supusa analizei (denumit prescurtat ca spectrul
transformatei), eliminarea / sau mentinerea componentelor sinusoidale specifice si
reconstructia curbei, prin transformata Fourier Inversa.

In figura 1.3 este prezentat modul de descompunere a unei curbe complexe in suma de
sinusoide perfecte.

Figura 1.3 Exemplu de descompunere si compunere a unei curbe reale folosind Transformata

Fourier
Curba de baza
Spectrul de
frecventa
Amplitudine

Ordin 1 /\
\\\ Ordin
\\\V/// frecventa

Ordin 2

Ordin 3

RN A A
VAAVAAVARV/

Ordin 5

Prin selectarea uneia dintre sinusoidele rezultate din descompunere sau prin selectarea mai

multor dintre sinusoidele rezultate se pot obtine informatii despre diverse abatere de forma
sau suprafatad a unei piese.
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CAPITOLUL 2. SIMULAREA ANGRENARII

2.1 Generalitati

Pentru simularea angrenarii s-a generat matematic evolventa (functie de modul ales) si
s-a pozitionat pe diametrul de divizare (angrenare) la unghiurile rezultate din numarul de dinti
ai rotii.

Evolventa a fost aproximata prin interpolare liniara, coordonatele punctelor de pe
evolventa fiind calculate conform figurii urmatoare:

Figura 2.1 Modul de generare

a evolventei inva=tg(o)- a; (o—unghiul exprimat in

radiani)

Pentru o variatie a raze R de la raza cercului de
baza pana la raza cercului exterior

coordonatele punctelor ce vor interpola evolventa
vor fi:

azarccos(rr—b) (5.1)
x=rcos(a) (5.2)
y=rsin(a) (5.3)

unde:
1, — raza cercului de baza
r — raza curenta (Tp...r.)°

Folosind aceste formule matematice, prin cunoasterea parametrilor de baza ai
evolventei (modulul si numarul de dinti) se poate construi in memoria unui calculator o roata
dintatd cu flancurile dintilor descrisi matematic fie sub forma interpolata liniar (ca o
succesiune de puncte geometrice in 2D) fi sub forma unei curbe de interpolare spline.

Folosind aceasta reprezentare digitizatd a unei roti dintate se poate simula numeric o
angrenare fortata (realizatd intre 2 roti dintate simulate numeric) din care sa rezulte variatia
distantei dintre axele celor 2 roti dintate conforma cu pozitia si stare flancului evolventic (pe
care are loc angrenarea).Pentru a se putea realiza simularea numerica s-a conceput si
implementat un software de simularea a angrenarii.

In figura 2.2 este prezentat ecranul de pornire al aplicatiei (care reprezinta totodata si
un instantaneu luat in timpul realizarii unei simulari.

3 https://khkgears.net/new/gear_knowledge/gear technical reference/involute gear profile.html
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Fig. 2.2 Ecranul de pornire al aplicatiei de simulare a angrenarii

Valorile numerice

Afisare informativa R
ale simularii

Parametrii specifici
rot1 angrenare

rotii etalon (fixa)

SimAngrenare - Sim30_5.000_20__30_5.000_20.sim
File Edit Comenzi View Window Help

DM ®2R[(& 2R=v P
Split View \
(- Roata Fixa Ungh.Fixa| _Ungh.Mobil Dist|
\ Nr dinti: 30 -0.087891 0.087898 0.001663|
Modul: 5.00 -0.175781|  0.175741  0.003057]
-0.263672|  0.263791  0.003716)

Puncte pe evolvents: 20
Excentricitate roata: 0.000
- Abateri pozitie Flanc Stang
Abateri pozitie Flanc Drept

-0.351562|  0.351835  0.004066)
-0.439453|  0.439843  0.004739]
-0.527344]  0.527485  0.004544]
-0.615234]  0.615132  0.004802]

Profil Dinti
-0.703125|  0.702784  0.005513]

0791016,  0.790844  0.005233

0.878906 0.879055 0.004899|

= Roata Mobila 0966797 | 0967140 0.004400)
- Nr dinti: 30 -1.054687 1055013 0.003437]
Modul: 5.00 -1.142578 1142875  0.002726]
-1.230469 1230724  0.002267]

Puncte pe evolventa: 20
- Excentricitate roata: 0.000
Abateri pozitie Flanc Stang
bateri pozitie Flanc Drept
ofil Dinti

-1.318359 1.318530 0.001954
-1.406250| 1.406317 0.001561
-1.494141 1.494074
-1.582031 1.581788

-2.197266| 2.197851
-2.285156 2.285611

0.010
0.005
-0.005

!”

!”/

/ 0.010

/

/

/’ Ready NUM

/ - 5 N i 1059 |

_ EN . g4 )

9/7/2018

Patlia‘u(rlletru .Sfl?eciﬁm Reprezentare grafica a
rotit de vertica distantei dintre axe

Simularea angrendrii este un proces iterativ prin care, pentru un anumit unghi al rotii
conducdtoare, gaseste pozitia de tangenta a rotii conduse (fig. 2.3) care se desfasoara astfel:

(1) Se determinad, pe orizontala, distanta minima dintre fiecare punct ce constituie profilul
fiecarui flanc al rotii de verificat si segmentele de dreapta ce constituie flancul dintilor
conjugati ai rotii de antrenare (vezi fig. 2.2)

(2) Se determina, pe orizontala, distanta minima dintre fiecare punct ce constituie profilul
fiecarui flanc conjugat al rotii conducdtoare si segmentele de dreapta ce constituie
flancurile dintelui rotii de verificat

(3) Se alege valoare minima dintre cele doua valori gasite la punctele 1 si 2
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Fig. 2.3 Evidentiere deplasarilor realizate de software-ul de simulare pentru a determina
porzitia optima de contact.

! Roata Fixa
(conducatoare

Roata Mobila
(de verificat,)

(4) Se realizeaza o deplasare pe orizontald valoarea deplasarii fiind egald cu valoarea

minima gasita la punctul 3

(5) In aceasta pozitie se determini, asemantor ca la punctul 1 si 2- adica prin fiecare
dintre punctele constituente ale profilelor rotilor de verificat si a rotii etalon, unghiul
minim dintre dinte si gol

(6) Se realizeaza rotirea rotii de verificat cu jumatatea unghiului gasit la punctul 5

(7) Se reia operatia de prelucrare de la punctul 1 pana cind distanta gasita este mai mica

decat toleranta impusa (uzual s-a folosit o valoarea a tolerantei de 0.001-0.002 mm) .

Pentru fiecare increment unghiular a rotii conducétoare se realizeaza etapele descrise
anterior si se memoreaza pozitia X a centrului rotii de masurat, unghiul rotii conducétoare
(etalon) si unghiul rotii verificate.

Pentru simularea angrenarii a doua roti dintate s-a proiectat si realizat un program
software 1n care se pot introduce valorile specifice fiecarei roti din angrenare, erori specifice
cunoscute cu valori controlate (joc de flanc, excentricitate, abatere de pas dinti, eroare de
flanc, deplasare), se executa simularea si Tn urma finalizarii simuldrii se obtine variatia
distantei dintre axe sub forma unui tabel de date numerice. Prin prelucrare acestui tabel de
date rezultate se separa si misura erorile specifice introduse la inceperea simulirii. In
capitolul urmator este prezentat programul de simulare a angrenarii cu dinte infipt.

2.2 Software pentru simularea angrenarii

Pentru a simula angrenarea a doui roti dintate s-a realizat un software specializat. In
acest software se pot introduce parametrii geometrici specifici ai unei roti dintate (modulul,
numarul de dinti, abaterile de pas, de profil, jocul de flanc, excentricitate) si se obtine o
variatie a distantei dintre axele celor 2 roti din angrenare. Software-ul dispune de functii
pentru prelucrarea distantei dintre cele 2 axe(obtinuta prin simulare) prin transformata Fourier
rapida

ing. STANCIU DANUT IULIAN 8
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Figura 2.4 Ecranul de pornire al aplicatiei
Parametrii specifici Afisare informativa Valorile numerice
rotii etalon (fixa) roti angrenare ale simularii

Ungh.Fixal
-0.087891|
-0.175781|
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~0.439453|
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p -~ ‘. EEE e Reprezentare
roti de A S| Ao =
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2.021484] 2:021534 dlntre axe
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-2.197266)
f.oto ~2.285156)
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L

Figura 2.5 Ecranul de prelucrare date

Distanta dintre axe Spectrul de frecventa al ~ Seturi de filtre Ordinele de filtrare
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e View Wi 3
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Definire si utilizare filtre de prelucrare
Filtrele de prelucrare reprezintd seturi de ordine de frecventa din cadrul Transformatei
Fourier care aplicate datelor culese realizeaza eliminarea componentelor setate iar la

recompunere se va obtine un set de date filtrate.

Figura 2.6 Modul general de utilizare a filtrelor

Seturi de date definite

Fitre Definte ~ Sterge setul curent
set pas B ‘,:f/ in
seat | _aaes| ] Adauga un nou set
Static
(+ SetBaza \ " SetFiltrat
Nr. Crt de Ia| la ‘
L g2  Ordinele de frecventa ce se vor
‘" elimina din spectru de
frecventa
Sterge Ordin | Adauga Qrdin |
Aplica Filtru
Ordin Valoare(mm) ﬂ\
0 0.005
1 0.002
2 0.001
3 0.007
4 0.002
5 0.002
6 0.003
= 0.004 Setul pentru
8 0.004 care sunt
9 0.001 _—
10 ooo3| aﬁ§at'e
11 _0.003 valorile
12 = 0.003 .
— 0.001 numerice
14 0.003
15 0.002
16 0.002
17 0.001
18 0.002
19 0.001
20 0.001
21 0.001
22 0.001
23 0.001
24 0.001
25 0.000| -|
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CAPITOLUL 3. EXPERIMENTARI TEORETICE ASUPRA METODEI
DE DETERMINARE A PARAMETRILOR ANGRENAJELOR CU ROTI
DINTATE

3.1 Prezentarea generala a efectuarii testelor de simularea

Pentru a putea determina un model de prelucrare a datelor rezultate in cadrul
angrendrilor fortate a angrenajelor cu dinti cu profil evolventic este necesar a se executa o
serie de simuldri de a angrenarii in care se introduc erori ale rotii dintate cu abateri cunoscute
iar in urma realizdrii simuldarii si a prelucrarilor specifice abaterile cunoscute introduse la
inceputul simularii sa poata fi regasite in rezultatele obtinute.

Pentru a realiza si a evalua simularea angrenarii fortate s-au realizat urmatoarele
testelor

(1) Determinarea preciziei simularii

(2) Verificarea influentei jocului de flanc asupra angrenarii

(3) Verificarea influentei excentricitatii asupra rezultatelor simularii

(4) Verificarea influentei erorii de pas asupra rezultatelor simularii

(5) Verificarea influentei erorii de profil asupra rezultatelor simularii

(6) Verificarea influentelor combinate asupra rezultatelor simularii

3.2. Determinarea preciziei simularii.

Precizia simularii este un element important deoarece arata valoarea incertitudinii
rezultatelor obtinute In urma simularii. (Determinarea preciziei simuldrii este necesara
deoarece flancurile dintilor au fost generati prin interpolare liniara si aceastd metoda de
interpolare va genera o curba putin diferitd de evolventa teoretica.) Pentru determinarea
preciziei se va efectua simularea asupra unor angrenaje perfecte singurul element variabila
fiind modulul si numarul de puncte in care se efectueazi simularea. In urma testelor se va
obtine numarul optim de aproximare a evolventei raportat la un timp minim de prelucrare (o
precizie foarte mare a simularii poate necesita un timp excesiv de mare)

In urma experimentirilor am obtinut urmatoarele valori pentru precizia simularii si
pentru timpul de prelucrare

ing. STANCIU DANUT IULIAN 11
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Durata prelucrarii este prezentata grafic in figura 3.1 si cu valori numerice in tabelul 3.1

Figura 3.1 Grafic timp prelucrare / numar puncte aproximare evolventa (sinteza)

25000
20000
2 15000 —2
§ ——3
£ 10000 5
o
£ —4— 10
= 5000 »— 20
0
0 50 100 150 200 250
Numar puncte
Tabel 3.1 Timpul de prelucrare (valori a duratei in secunde)
Modul — 2 3 5 10 20
Nr. Puncte
20 273.828003| 269.843994| 269.015015 250.084| 298.671997
50 1674.244019| 1612.014038 | 1589.235962 1631.657| 1544.957031
75 3686.302979| 3325.426025| 3515.778076 3633.342| 3514.329102
100 5638.421875| 6175.974121 6342.250| 6297.648926
200 23411.650| 17178.203125

Precizia realizata a simularii corelata cu numarul de puncte de aproximare a evolventei
si cu modul rotii dintate de verificat

Variatia preciziei de prelucrare este prezentatd grafic in figura 3.2 si cu valori
numerice in tabelul 3.2

ing. STANCIU DANUT IULIAN
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Figura 3.2 Grafic precizie prelucrare / numar puncte aproximare evolventa (sinteza)

0.007
@ 0.006
o
o
2 0.005
a ——2
o 0.004
° ——3
; 0.003 5
g 0.002 —a— 10
g —— 20
g 0.001
v
0.000 —
0 50 100 150 200 250
Numar puncte
Tabel 3.2 Eroarea de prelucrare (mm)
Modul — 2 3 5 10 20
Nr. Puncte
20 0.005723 0.005723 0.005723 0.005723 0.005723
50 0.000746 0.000746 0.000746 0.000746 0.000746
75 0.000416 0.000416 0.000416 0.000416 0.000416
100 0.000265 0.000265 0.000265 0.000265
200 0.000065 0.000065

numar de 75 de puncte de evaluare a evolventei).

Din Tabelul 3.1 si Tabelul 3.2 se observa ca pentru o aproximare a evolventei
in 75 de puncte obtinem o precizie de 0.0004 mm cu un timp de prelucrare in jur de 3600 de
secunde ceea ce este acceptabil pentru prelucrarile anterioare. (in continuare vom lucra cu un

ing. STANCIU DANUT IULIAN
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3.3 Verificarea influentei jocului de flanc asupra angrenarii

Pentru a studia influenta jocului de flanc asupra distantei dintre axe din cadrul
angrenajului s-au efectuat o serie de simuldri cu valori diferite ale jocului de flanc.

Reprezentare grafica a variatiei distantei dintre axe pentru un angrenaj cu un joc de
flanc impus este prezentat in figura 3.3

Figura 3.3 Variatia distantei dintre axe pentru un joc de flanc de 0.1 mm
0.300

0.150

0 4096.0

~0.150

r0.300

Spectru de frecventa pentru un joc de flanc de 0.1 mm

Figura 3.4 Spectru frecventa pentru un joc de flanc de 0.1 mm
0.300

0.225

0.150

0.075

0 256.0

Valorile numerice ale spectrului sunt prezentate in tabelul urmator (Tabelul 3.3):
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Amplitudine Spectru — valori numerice

Tabel 3.3
Ordin Amplitudine
(mm)
0 0.2798
1 0.0000
2 0.0000
3 0.0000
(valoare 0 pana la componenta
2047 a spectrului)

Se observa ca componenta 0 a spectrului are valoarea de 0.2798 mm care pentru un
unghi mediu de presiune de 20 grade rezultd o valoare a jocului determinat de 0.1018 mm
dupa formula

Jreal: Jmaxurat /tan ( 200) (3 . 1)
Tabel 3.4
Valoare joc de flanc | Amplitudine Valoare corectata cu | Coeficient de corectie
componentd 0 din tan(20 grade) pentru valorile
spectru masurate
0.1000 0.2798 0.1018 2.7980
0.1500 0.4198 0.1528 2.7987
0.3500 0.9795 0.3565 2.7986

Prin analiza rezultatelor sintetizate prezentate anterior rezulta cd pentru a obtine jocul
de flanc se va extrage componenta 0 a spectrului de frecventa si se va diviza cu o valoare de
2.798. Aceasta valoare rezulta datoritd efectului de pana dat de unghiul de angrenare ca in
figura urmatoare

Variatie
radiala

Unghi de presiune

>

Variatie antrax
Figura 3.5 Influenta unghiului de presiune asupra determinarii jocului de flanc

Deoarece unghiul de presiune de 20 grade este doar in momentul 1n care contactul
dintre cele 2 roti are loc pe diametrul de divizare valoarea corectata determinata este de
2.7980 care este foarte apropiata de 2.747 (1 / tangentd(20°)).
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3.4 Verificarea influentei excentricitatii asupra rezultatelor simularii
Pentru a verifica modul de comportare a spectrului distantei dintre axe a unui angrenaj

pentru roata de testat digitizatd numeric.

Variatia distantei dintre axe pentru un angrenaj in care roata de verificat are o
excentricitate este reprezentata grafic in figura 3.6.

Figura 3.6 Variatie distanta dintre axe pentru o excentricitate impusa de 0.05 mm

0.200

0.100

0 4096.0

+0.100

+0.200

Spectrul initial al varitiei distantei dintre axe pentru acelasi angrenaj este prezentat in
figura 3.7.

Figura 3.7 Spectru initial distantad dintre axe pentru o excentricitate de (.05 mm
0.200

0.150

0.100

0.050

0 256.0
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Cu valorile numerice

Tabel 3.5
Ordin Amplitudine (mm)
0.0000 0.0000
1.0000 0.0500
2.0000 0.0000
3.0000 0.0000
(valoare 0 pana la componenta 2047 a spectrului)

Rezultatele experimentarilor sunt reprezentate in tabelul 3.6.

Table 3.6
Excentricitate impusa (mm) Valoarea amplitudine ordin 1 de frecventa
(mm)
0.05 0.05
0.1 0.1
0.2 0.2
0.3 0.3

In concluzie se poate spune ca excentricitatea este data de valoarea amplitudinii
ordinului 1 a spectrului de frecventa a variatiei distantei dintre axe.

ing. STANCIU DANUT IULIAN
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3.5 Verificarea influentei erorii de pas asupra rezultatelor simularii

Pentru a verifica influenta abaterii de pas asupra distantei dintre axe s-au realizat 4
simuldri cu abateri de pas distribuite aleator cu valorile maxime de 0.05, 0.1, 0.2, 0.3 mm si s-
au interpretat rezultate prin analiza spectrala.

Reprezentarea grafica a distantei dintre axe pentru o variatie de pas de max 0.05 mm

Figura 3.8 Variatia distantei dintre axe pentru o abatere de pas maxima 0.05 mm
0.200

0.100

0 4096.0

~0.100

+0.200

cu spectrul de frecventa al variatiei distantei dintre axe

Figura 3.9 Spectrul variatiei distantei dintre axe pentru o abatere de pas maxima 0.05 mm

0.050

0.038

0.025

0.013

0 256.0

S-au eliminat ordinele 0...1 (valoarea continua si excentricitate) si de la 60 (Numar
Dinti * 2) la numarul maxim al amplitudinii; s-a obtinut urmatoarea diagrama de variatie
filtrata
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Figura 3.10 Variatia filtrata a distantei dintre axe pentru abatere de pas de max (.05 mm

0.100

0.050

Min=-0.061 Max=0.032

360.0

~0.050

~0.100

Concluzii 6.5

In sinteza testarii variatiei de pas asupra variatiei distantei dintre axe a unui angrenaj
in angrenare fortatd avem:

Tabel 3.7

Impusa Obtinuta Abatere Angrenaj
Variatie de pas | 0.099 mm 0.094 mm 0.006 mm 30/20
Variatie de pas 0.200 mm 0.240 mm 0.040 mm 30/20
Variatie de pas 0.376 mm 0. 382mm 0.006 mm 30/20
Variatie de pas | 0.556 mm 0.545 mm 0.011mm 40/20

3.6 Verificarea influentei erorii de profil asupra rezultatelor simularii
Pentru a verifica influenta abaterii de profil asupra variatiei distantei dintre axe a
angrenajului un angrenaj compus dintr-un angrenaj perfect peste care suprapunem o abatere a

flancului cu o valoare maxim cunoscutd generata aleator.

Variatia specifica a distantei pentru un angrenaj in care este prezentd o abatere de la
profil a unei roti din cadrul angrenajului este data in figura 3.11.

ing. STANCIU DANUT IULIAN
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Figura 3.11 Variatie distantd intre axe pentru o eroare de profil de £0.010 mm
0.020

0.010

0 4096.0

0.010

=0.020

Spectrul de frecventa a datelor culese este aratat in figura 3.12

Figura 3.12 Spectrul de frecventa a variatiei distantei dintre axe pentru o eroare de profil de
+0.01 mm

0.010

0.007

0.005

0.003

0 256.0

Tinand cont de numarul de flancuri al rotii de verificat (60 pentru o roata de 30 de
dinti) vom selecta ca filtru datele care au o frecventd mai mare de numar de dinti / 2. (Obs.
Acest numadr a fost determinat experimental prin simularile efectuate pe parcursul tezei de
doctorat cat si prin experimentarile practice efectuate ce vor fi aratate in cele ce urmeaza.)

Variatia distantei dintre axe din care s-au eliminat frecventele 0-15 este prezentat in
figura 3.13
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Figura 3.13 Distanta dintre axe cu frecventele 0-15 eliminate
0.020

Min=-0.011 Max=0.007

0.010

0 360.0

~0.010

+0.020

Se observa ca nu putem obtine abaterea de flanc exact cum este pe roata de verificat
dar valoarea maxima (max — min) este apropiata (dupa cum se va vedea 1n rezultatele
prezentate mai jos.

Sinteza rezultatelor pentru diverse abateri de profil introduse;

Tabel 3.8
Valoare abatere de | Valoare abatere Abaterea
flanc introdusa de flanc obtinutd |(mm)
(mm) (mm)
0.016 0.018 0.002
0.033 0.029 0.004
0.045 0.038 0.007

Din acest tabel rezulta ca prin analiza armonica se pot obtine abaterile de profil ale
flancului dintilor, cu suficienta precizie, dar numai ca valoare globala la nivelul intregii roti si
nu ca pozitionare absoluta la nivelul dintilor rotii dintate.
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3.7 Verificarea influentelor combinate asupra rezultatelor simularii

Pentru a ne apropia de un caz real (in care sunt prezente simultan toate tipurile de erori
constructive ale rotilor dintate) au fost efectuate o serie de testari in care s-au introdus treptat
2, 3 sau mai multe erori de tipul si valoarea cunoscuta.

3.7.1 Abateri cunoscute excentricitate si profil flanc
Variatia distantei pentru un angrenaj aflat in angrenare fortata cu o abatere de
excentricitate si o abatere de flanc impusa este aratatd in figura 3.14

Figura 3.14 Diagrama distantd intre axe pentru abateri combinate de excentricitate (0.05
mmy) si abatere profil flanc (£0.020 mm)
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-0.050
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Cu spectrul din figura urmatoare (fig. 3.15):

Figura 3.15 Spectrul pentru angrenaj cu abateri combinata excentricitate (0.05 mm) si
abatere profil flanc (£0.020 mm)
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Valorile numerice ale spectrului sunt prezentate in cele ce urmeaza (doar primele 10
componente):

Tabel 3.9
OrdinAmplitudine (mm) 6 0.000
0 0.011 7 0.001
1 0.051 8 0.000
2 0.000 9 0.001
3 0.000 10 0.000
4 0.000
5 0.001

Pentru a obtine valoarea excentricitatii s-a retinut valoarea amplitudinii ordinului 1
(care reprezinta excentricitatea) cu valoarea 0.0509 mm

Pentru a obtine abaterea de la profilul flancului dintilor s-a introdus un filtru in care
sunt eliminate componentele 0-100, iar in urma filtrarii s-a obtinut urmatoarea diagrama a
distantei intre axe:

Figura 3.16 Diagrama de variatie a distantei dintre axe cu componentele 0 si 30 eliminate

0020 Min=-0.015 Max=0.013
0.010 | |
Il_“l‘ “lllllJiHl“n.rih“ gl & _ ;lh
H”lmlllw‘ w”n‘ulm W ﬂU
-0.010
| | |
-0.020

Rezultatele grupate ale celor 2 simuldri sunt prezentate in tabelul urmator:
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Tabel 3.10
Date de intrare Date obtinute prin Abaterea rezultata
(mm) prelucrare (mm)
(mm)
Excentricitate 0.0500 0.0509 0.0009
0.1000 0.1010 0.0010
Abaterea de la 0.0320 0.0280 -0.0040
profilul evolventic 14 o33 0.0310 0.0020

Se observa ca analiza armonica poate separa si masura cu suficienta precizie abaterile
de excentricitate si abaterile de la profilul evolventic ale dintilor rotii de verificat

3.7.2 Abateri cunoscute joc flanc, excentricitate si profil flanc

Pentru a obtine influenta jocului de flanc, a excentricitdtii si a profilului de flanc se introduce
valori cunoscute ale acestor abateri si se va obtine valoarea lor prin analiza prin analiza cu
transformata Fourier a variatiei distantei dintre axele angrenajului aflat in angrenare fortata.
Un exemplu al variatie distantei dintre axele celor 2 roti dintate aflate in angrenare
fortata este prezentat in figura 3.17

Figura 3.17 Diagrama distanta intre axe pentru abateri combinate de joc flanc (0.2mm),
excentricitate (0.15 mm) si abatere profil flanc (£0.015 mm)
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Cu spectrul din figura urmatoare:
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Figura 3.18 Spectrul pentru angrenaj cu abateri combinata joc flanc (0.2mm), excentricitate
(0.1 mm) si abatere profil flanc (£0.020 mm)

[1.000
0. 750
0.500
0.250
(9] 256.0
Valorile numerice ale spectrului sunt prezentate in cele ce urmeaza (numai primele 10
componente):
Tabel 3.11
Ordin. 3 0.0011 8 0.0010
Amplitudine(mm) 4 0.0009 9 0.0007
0 0.5408 5 0.0011 10 0.0007
1 0.1503 6 0.0003
2 0.0004 7 0.0011

Pentru a obtine valoarea jocului de flanc amplitudinea spectrului de ordin 0 a fost
impartita cu valoarea de 2.789 (determinata anterior — a rezultat 0.1932mm), pentru valoarea
excentricitatii s-a retinut valoarea amplitudinii ordinului 1 (care reprezinta excentricitatea) cu
valoarea 0.1503 mm

Pentru a obtine abaterea de la profilul flancului dintilor s-a introdus un filtru in care
sunt eliminate componentele 0 si 1 (valoarea medie si excentricitatea), iar in urma filtrarii s-a
obtinut urmatoarea diagrama a distantei intre axe:

Figura 3.19 Diagrama de variatie a distantei dintre axe cu componentele 0 si 1 (valoarea
continud si excentricitatea) eliminate
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Concluzie 3.7.2
Datele comparative obtinute sunt:

Tabel 3.12
Date de intrare |Date obtinute prin prelucrare | Abaterea rezultata
(mm) (mm) (mm)
Joc de flanc  |0.2000 0.1932 0.0068
0.2500 0.2415 0.0085
excentricitate |0.1500 0.1503 0.0003
0.2000 0.2009 0.0009
Abaterea de la |0.0270 0.0290 0.0020
profilul evolventic 1 34 0.0410 0.0070

Prin analiza valorilor din tabelul de mai sus rezulta ca prin analiza armonica putem
separa si masura abaterile de excentricitate, joc de flanc si abatere de la profilul evolventic al
dintilor rotii dintate de masurat.

3.8 Sintetizarea rezultatelor obtinute in urma simularilor teoretice

In urma simularilor efectuate, prezentate in capitolele anterioare putem realiza
sintetic, comparativ, valorile abaterilor introduse in angrenaj si valorile obtinute Tn urma
prelucrarilor astfel:

3.8.1 Joc de Flanc
Tabel 3.13

Valoare joc de flanc | Amplitudine Valoare corectatd cu | Coeficient de corectie
componenta 0 din tan(20 grade) pentru valorile
spectru masurate

0.1000 0.2798 0.1018 2.7980

0.1500 0.4198 0.1528 2.7987

0.3500 0.9795 0.3565 2.7986

3.8.2 Excentricitate
Tabel 3.14 — Joc de flanc:

Excentricitate impusa (mm) Valoarea amplitudine ordin 1 de
frecventd (mm)

0.05 0.05

0.1 0.1

0.2 0.2

0.3 0.3
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3.8.3 Abaterea de pas

Tabel 3.15 - Abaterea de pas:

3.8.5 Concluzii simulare numerica angrenare

Impusa Obtinuta Abatere Angrenaj
Variatie de pas | 0.099 mm 0.094 mm 0.006 mm 30/20
Variatie de pas | 0.200 mm 0.240 mm 0.040 mm 30/20
Variatie de pas 0.376 mm 0. 382mm 0.006 mm 30/20
Variatie de pas | 0.556 mm 0.545 mm 0.011mm 40/20
3.8.4 Influenta erorii de profil
Tabel 3.16 — Eroarea de profil:

Valoare introdusa | Valoare obtinutd | Abaterea

(mm) (mm) (mm)

0.0270 0.0290 0.0020

0.0340 0.0410 0.0070

0.0320 0.0280 -0.0040

(a) Jocul de flanc se poate determina prin divizarea armonicii 0 a spectrului cu valoarea
2.798 (valoare determinatd in urma simuldrilor si apropiatd ca valoare de 1 / tangenta

de 20°)

(b) Excentricitatea se poate determina prin retinerea armonicii 1 a spectrului variatiei
distantei dintre axe

(c) Abaterea de pas — prin folosirea analizei armonice nu am putut determina cu suficienta
precizie abaterea de pas, posibil datoritd limitdrilor simuldrii sau datoritd metodei de
prelucrare; aceasta problema va fi analizata suplimentar in etapele testarilor practice

(d) Abaterea de la profilul evolventic — se poate determina la nivelul global al intregii roti
dintate verificate prin folosirea spectrului mai mare de ordinul dat de eliminarea
componentelor 0 - Numar Dinti Roata de Verificat / 2
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CAPITOLUL 4. FOLOSIREA TRANSFORMATEI FOURIER
PENTRU ELIMINAREA ERORILOR ROTII ETALON FOLOSITE iN
ANGRENAREA FORTATA.

Dupa cum a rezultat in simularile prezentate anterior ca roata etalon s-a folosit o roata
perfectd (fara nici un fel de abateri de la parametrii geometrici constructivi si functionali). In
realitate asemenea roti nu exista, rotile reale avand erori constructive iar roti etalon cu valori
ale abaterilor foarte mici sunt foarte scumpe si greu de obtinut. Prin folosirea Transformatei
Fourier si prin aplicarea unei metode de prelucrare ardtatd mai jos se poate folosi o roata
obisnuita pe post de roatd etalon, reducand astfel costurile cu roata etalon si reducand astfel
erorile aparute in cazul in care se foloseste o roatd obisnuita pe post de roatd etalon.

Metoda de prelucrare propusa este urmatoarea:

1. Generarea valorilor de referintd ale rotii folositd ca roata etalon

1.1 Se méasoara roata ce se doreste a fi etalon print culegerea de puncte in coordonate
carteziene de pe fiecare flanc al rotii (se recomanda culegerea a unui numar cat
mai mare de puncte pe fiecare flanc)

1.2 Se porneste programul de simulare si se genereaza un angrenaj format din roata
mobild perfecta si roata fixa etalon la care se vor inlocui flancurile teoretice
perfecte ale dintilor cu flancurile obtinute pe masina de masurat in coordonate

1.3 Se executd simularea

1.4 Se aplica o Transformare Fourier asupra variatiei distantei dintre axe.

1.5 Se memoreaza intr-un fisier valorile parametrilor Transformatei Fourier

1.6 Se inchide prelucrarea.

2. Realizarea unei masurdri folosind o roata obisnuita ca roata etalon
2.1. Se monteaza angrenajul in instalatia de masurat.
2.2 Se realizeaza masurarea.
2.3 Se aplica o Transformare Fourier asupra variatiei distantei dintre axe.
2.4 Se incarca din fisierul salvat la punctul 1.5 valorile rezultatei Transformatei
Fourier
2.5 Pe baza proprietatii de liniaritate a Transformatei Fourier se executa o diferenta
complexa dintre spectrul curent al masurdtorii si spectrul salvat in fisier (al rotii
folosite ca etalon); astfel sunt eliminate influentele jocului de flanc si excentricitate ai
rotii etalon
2.6. Se recompune distanta dintre cele 2 roti dintate prin aplicarea Transformatei
Fourier Inverse
2.7 Se efectueaza prelucrarile necesare obtinerii parametrilor angrendrilor fortate prin
metodele prezentate in capitolele anterioare.

4.1 Testarea teoretica a noii metode de prelucrare

Pentru a testa aceastd metoda de prelucrare se vor efectua 3 simulari:
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1. Simularea realizata Intre o roatd etalon reala si o roatad de verificat geometric
perfecta

2. Simularea realizatd intre o roata etalon geometric perfect si o roata de verificat
reald

3. Simularea realizata intre cele 2 roti reale obtinute prin masurarea in metrlogie.

Obs. O roata reala reprezinta o digitizarea numerica a unei roti dintate prin culegerea
punctelor de masura pe flancul dintilor, culegere realizatd pe o masina de masurat n
coordonate.

4.1.1 Simularea 1

Contine un angrenaj format din roata etalon reala si o roata de verificat geometric
perfect. Roata etalon nu va fi geometric perfect (vom introduce valori ale excentricitatii,
jocului de flanc, abatere de la profilul evolventic). In urma simulirii vom obtine si memora
spectrul de frecventa al variatiei distantei dintre axele celor doua roti dintate. Roata etalon
generatd aleator va fi salvata pentru a fi folosita la realizarea angrenajului real cu roata de
verificat reald simulata.
Detaliile simuldrii sunt prezentate in cele ce urmeaza (tabelul 4.1, tabelul 4.2)

Tabel 4.1

Roata Roata Mobila (de

verificat)

Nr Dinti 30

Modul 5 (mm)
Unghi Presiune 20 (grade)
Deplasare Profil 0 (mm)
Nr Puncte Evaluare Evolventa |75

Abateri Totale Erori de Flanc
Max = 0.000 Min = 0.000

Tabel 4.2

Roata Roata Fixa (etalon)

Nr Dinti 30

Modul 5 (mm)
Unghi Presiune 20 (grade)
Deplasare Profil 0 (mm)
Nr Puncte Evaluare Evolventa |75

Cu deviatiile geometrice:
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Excentricitate 0.1lmm

Jocul de flanc 0.1lmm

Abaterea Maxima 0.011mm
Erorii de Flanc

Diagrama de variatie a distantei dintre axe este prezentata in figura 4.1, cu spectrul
prelucrarii prezentat in figura 4.2

Diagrama variatiei distantei dintre axe este prezentatd in figura urmatoare (fig. 4.1):

Fig. 4.1 Diagrama de variatie a rotii etalon reale
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Fig. 4.2 Spectru rotii etalon reale
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Valorile numerice ale spectrului vor fi salvate intr-un fisier pentru folosire in
prelucrarile ulterioare.

4.1.2. Simularea 2
Contine un angrenaj format din roata etalon geometric perfect si o roata de verificat reald (cu
abateri) simulata. Roata de verificat nu va fi geometric perfect (vom introduce valori ale
excentricititii, jocului de flanc, abatere de la profilul evolventic). In urma simularii vom
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obtine valorile abaterilor introduse pentru a fi folosite la compararea cu rezultatele obtinute
prin angrenarea rotii reale cu roata etalon reald. Roata de verificat generata aleator va fi

salvata pentru a fi folosita la realizarea angrenajului real cu roata etalon reala.
Detaliile simuldrii vor fi prezentate in cele ce urmeaza (tabelul 4.3, tabelul 4.4:

Tabel 4.3
Roata Roata Mobila (de
verificat)
Nr Dinti 30
Modul 5 (mm)
Unghi Presiune 20 (grade)
Deplasare Profil 0 (mm)
Excentricitate 0.1 |(mm)
Joc de flanc 0.1 |(mm)
Nr Puncte Evaluare Evolventa |75

Cu abaterile:
Tabel 4.4
Parametrul Valoare Unitati

introdusa

Joc de Flanc 0.100 mm
Excentricitate 0.100 mm
Abatere profil 0.006 mm
evolventa

Variatia distantei dintre axe prezentatd in mod grafic in figura urmatoare (fig. 4.3):

Fig. 4.3 Variatia distantei dintre axe pentru roata de verificat
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Aceasta roatd are urmatorul spectru (fig. 4.4):

Fig. 4.4 Spectrul pentru variatia distantei dintre axe
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Rezultate finale obtinute in urma prelucrarii, prin analizd armonica a angrenajului cu
dinte Infipt sunt prezentate in tabelul 4.5

Tabel 4.5 Rezultate simulare

Parametrul Introdus Obtinut prin Abaterea Unitati
prelucrare

Joc de Flanc 0.100 0.098 0.002 mm

Excentricitate 0.100 0.100 0.000 mm

Abatere profil 0.006 0.006 0.000 mm

evolventa

4.1.3 Simularea unui angrenaj cu ambele roti cu abateri geometrice

Simularea reala va fi realizatd dintr-un angrenaj realizat din cele 2 roti salvate in cele 2
simulari anterioare astfel incat angrenajul va fi format din roti care au erori geometrice, cu
valori cunoscute. In urma simulirii si folosind spectrul salvat la simularea 4.1.1 valorile
rezultate in urma analizarii datelor obtinute trebuie sa fie apropiate de valorile obtinute la
simularea 4.1.2.

Se realizeaza simulare si prelucrare prin analiza armonica.

Spectrul prelucrarii este dat in figura urmatoare (fig. 4.5):
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Fig. 4.5 Spectrul prelucrarii pentru simularea combinata a 2 roti cu abateri geometrice
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0.250
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3.‘7‘ Ordin 2 556.0

Pentru acest caz, in care nu s-a extras spectrul rotii fixe avem urmatoarele rezultate

(tabelul 4.6):
Tabel 4.6

Introdus Masurat (simulat) | Abatere Unitati
Excentricitate 0.100 0.300 0.200 mm
Joc de flanc 0.100 0.439 0.339 mm
Abaterea de profil |0.015 0.006 0.009 mm
al flancului dintelui

4.1.4 Extragerea din spectrul prelucrarii a spectrului rotii fixe etalon obtinut la
simularea de la punctul 4.1.1

Pentru a realiza aceasta extragere trebuie mai intai sa incarcam din fisierul salvat
spectrul cu comanda de meniu Comenzi — Incarcare Componente — Incarcare Spectru; se
va incarca fisierul cu spectrul salvat, si apoi se executd apoi comanda Comenzi — Genereaza
Raport Masurare

Vor apare direct valorile masurate (folosirea unui spectru extern implica o serie de
operatii care nu se pot executa de la tastatura)(fig. 4.6):

Fig. 4.6 Rezultatele masuratorilor realizate in urma prelucrérii cu un
spectru extern al rotii fixe (etalon)

LA SimAngrenare - Sim_ l:ornbu'lat.su

File Edit Comenzi VYiew Window Help
D & =@ & %= v P il
RAPORT DE MASURARE —

Joc de Flanc = 0.100 —
//

Excentricitate RDA= 0. 100

Eroare de pas = 0.009

Eroare de flanc = 0.009
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Valorile obtinute sunt prezentate in tabelul urmétor (tabelul 4.14):

Tabel 4.7

Introdus Masurat (simulat) | Abatere
Excentricitate 0.100 0.100 0.000 mm
Joc de flanc 0.100 0.100 0.000 mm
Abaterea de profil al |0.006 0.009 0.003 mm
flancului dintelui

Rezultatele finale comparative intre metoda de prelucrare fard extragerea spectrului
rotii etalon si prelucrarea cu extragerea spectrului rotii etalon sunt prezentate in tabelul 4.8

Rezultate finale (tabelul 4.8)

Tabel 4.8
Introdus Masurat (simulat) |Masurat cu eliminare

fara eliminare spectru roata fixa

spectru
Excentricitate 0.100 0.300 0.100 mm
Joc de flanc 0.100 0.439 0.100 mm
Abaterea de profil al | 0.006 0.015 0.009 mm
flancului dintelui

Se vede din acest tabel ca metoda de eliminare a spectrului are rezultate foarte bune,
astfel incat se poate folosi o roata dintatd normala (cu abateri geometrice) pe post de roata

etalon.

Per ansamblu prelucrarea prezentatd in punctele anterioare 4.1.1 — 4.1.3 arata astfel in

forma grafica (fig. 4.7):
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Fig. 4.7 Prezentare diagrama prelucrare date in cazul folosirii unei roti dintate obisnuitd drept
roatd etalon

OBTINERE SPECTRU PRELUCRARE UTILIZARE SPECTRU ROATA FOLOSITA
' (referint3) CAROATA ETALON

Roata de
verificat

Roata de
verificat genprata
SIMULARE din punctele|culese Méasurare
pe flancul diptilor
la masina de¢ masurat
OBTINERE in coordonate SETRERE
SPECTRU :
SPECTRU
S'Mli'-ARE SIMULARE
SALVARE l
SPECTRU
Aceste operatii

se executd o ¢

singura data Spectru
prelucrare

DA Instalatia are
traductor

unghiular

Y

Toate componen-
tele spectrului

—.  ROat3 perfectd geometric (etalon)

—————— Roat3 cu abateri geometrice (reale) Prelucrare Spectru
obtinut

Obtinere parametrii
finali roatad masurata

RAPORT
MASURARE

Pentru masurarile efectuate cu dispozitivul de masurare automata se salveaza spectrul
de prelucrare care ulterior va fi folosit in cadrul dispozitivului de masurat.
Pentru eliminarea spectrului pot apare 2 situatii:

1. - Instalatia de masurat poseda un traductor de pozitionare unghiulara a rotilor
caz in care se poate folosi la corectie Intreg spectrul rotii folosita ca etalon.
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2. Instalatia nu are un traductor unghiular pentru pozitionarea unghiulara a rotilor
de masurat si atunci pentru corectie se extrag doar componentele de ordin 0

4.2. Aplicarea simularii asupra unor roti reale

Pentru a realiza aceasta testare s-au folosit un angrenaj format din 2 roti dintate de 26
de dinti cu modulul de 2.4 mm (de la treapta de viteza mers inapoi din cutia de viteza folosita
la autoturismul Logan) masurate pe masina de masurat in coordonate. Pentru a realiza aceasta
testare s-au efectuat etapele:

= Masurarea rotilor pe masina de masurat in coordonate (obtinerea coordonatelor
punctelor culese pe flancurile dintilor, pentru cele 2 roti aflate In angrenare)

= Obtinerea abaterilor de la forma evolventei a flancurilor dintilor

= Realizarea simularilor folosind punctele culese pe flancurile dintilor

= Aplicarea metodei de analizd armonica asupra rezultatelor obtinute in urma
simuldrilor

Etapa I:

Pentru a obtine spectrul armonic al rotii folosita ca etalon (masuratd anterior pe o
masind de masurat in coordonate) vom realiza simularea numerica a angrenarii intre o roata
etalon la care vom incarca direct coordonatele carteziene ale punctelor aflate pe flancul
fiecarui dinte (vom obtine o roate reald digitizatd numeric). Pentru a incarca un set de flancuri
reale rezultate Tn urma unei masuratori pe masina de masurat in coordonate se executa
comanda: Comenzi — MMC — Incarca Roata Fixa din MMC dupa care se selecteaza
fisierul cu seturile de coordonate carteziene al punctelor de pe evolventele dintilor. In urma
simularii se obtine o variatie specificd a distantei dintre axe la care aplicand Transformata
Fourier obtinem un spectru de prelucrare.

Obs. Abateri de la profilul evolventei, abateri totale (obtinute la etapa anterioara de
masurare a rotilor dintate)

Max = 0.016 mm, Min = -0.020 mm

Diagrama variatiei distantei dintre axe este aratata in figura 4.8

Fig. 4.8 Variatia distantei dintre axe pentru simularea de determinare a spectrului
rotii folosite ca etalon

0.200

0.100

(0] 4096.0

-0.100

~0.200
(variatia este datd de suma tuturor abaterilor geometrice ale rotii dintate)

ing. STANCIU DANUT IULIAN 36



STUDII, CERCETARI SI EXPERIMENTARI COMPLEXE A ANGRENAJELOR DE MECANICA
FINA PRIN METODE ARMONICE DE INALTA PRECIZIE.

Etapa I

Efectudm o simulare a angrenarii intre o roata etalon perfecta si roata 2 (considerata
roata de masurat) pentru a obtine parametrii care nu au putut fi obtinuti prin masurarea pe
masina de masurat in coordonate.

Se porneste simularea pentru un angrenaj de 2 roti de 26 dinti si modul 2.4 la care se
inlocuiesc flancurile rotii 2 (de masurat) cu flancurile obtinute pe masina de masurat in
coordonate cu comanda Comenzi — MMC — Incarca Roata Mobila din MMC

Se executd simularea si se va obtine o variatie a distantei dintre axe ca in figura 4.9

Fig. 4.9 Variatia distantei dintre axe obtinutd in cadrul simularii cu roata de verificat
0.300

0/150

(0] 4096.0

-0.150

~0.300
(variatia este data de suma tuturor abaterilor geometrice ale rotii dintate)

Din aceeasi simulare prin comanda Comenzi — Genereaza Raport de Masurare
obtinem valorile masurate ale rotii:

RAPORT DE MASURARE

Joc de Flanc = 0.112
Excentricitate Roata = 0.006
Eroare de flanc = 0.038

(Valorile rezultate in raportul de masurare sunt calculate de catre software-ul
specializat de masurare)

Etapa III:

Inainte de a implementa noua metodi de prelucrare vom efectua o simulare compusa
din cele 2 roti dintate masurate prin coordonate. Pentru aceasta vom deschide o noud
prelucrare care va contine 2 roti dintate de 26 dinti si modul 2.4. Dupa deschidere se Incarca
pentru fiecare rotile dintate din simulare se vor incarca punctele carteziene obtinute la
masurare pe masina de masurat in coordonate (din meniul Comenzi — MMC) pentru fiecare
dintre cele 2 roti dintate.

Pentru anceput vom obtine un raport de masurare fard a folosi spectrul rotii etalon,
vom obtine urmatoarele valori:
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RAPORT DE MASURARE

Joc de Flanc =
Excentricitate Roata =
Eroare de pas =
Erocare de flanc =

0.219

0.076
0.036

0.003

Variatia distantei dintre axe va fie influentata de abaterile de forma geometricd a
ambelor roti dintate si prin urmare valorile rezultate din prelucrarea distantei dintre axe vor
trebui sa fie mai mari decat cele ale unei singure roti, ceea ce si rezultd (comparandu-le cu
cele obtinute la Etapa 1II)

In continuare vom extrage din spectrul obtinut din prelucrarea distantei dintre axe a
doua roti reale (fiecare cu abateri geometrice proprii) spectrul obtinut din simularea dintre o
roatd perfecta (generata teoretic de catre software-ul de prelucrare) si roata reald folositd ca si
etalon. Pentru aceasta se va incérca spectrul simulat salvat in cadrul etapei I, Incarcare care se
efectueaza cu comanda Comenzi — Incarcare Componente — Incarca Spectru (fig. 2.14)

kin continuare se executi comanda Genereaza Raport de misurare (Comenzi -->

Genereaza Raport de Masurare); va rezulta urmatorul raport de masurare:
RAPORT DE MASURARE

Joc de Flanc

= 0.123

Excentricitate Roata = 0.007

Eroare de pas

= 0.072

Eroare de flanc = 0.036

Valorile obtinute vor fi apropiate de cele obtinute la Etapa II.

Valorile rezultate si cele mdsurate sunt prezentate in tabelul urmator (tabelul 4.9):

Tabel 4.9
Componenta masuratd | Valoare Valoare Valoare rezultatd din | Abaterea
obtinuta prin angrenarea a celor 2 | (mm)
angrenare cu roatd roti masurate
perfecta (fara eliminare
(mm) spectru)
(mm)
Joc de flanc 0.112 0.219 0.107
Excentricitate 0.006 0.003 -0.003
Abaterea de la profil 0.036 0.036 0.00

Erorile rezultate prin metoda cu eliminare a spectrului componentei rotii folosita ca
etalon sunt prezentate in tabelul 4.10
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Tabel 4.10
Componenta masuratd | Valoare Valoare Valoare rezultata din | Abaterea
obtinuta prin angrenarea a celor 2 (mm)
angrenare cu roata roti masurate
perfecta (cu eliminare spectru)
(mm) (mm)
Joc de flanc 0.112 0.123 0.011
Excentricitatea 0.006 0.007 0.001
Abaterea de la profil 0.036 0.036 0.000

Din acest tabel rezulta ca metoda ofera suficienta precizie pentru a fi folosita la
diagnosticarea rapida a angrenajelor cu roti dintate.

ing. STANCIU DANUT IULIAN

39




STUDII, CERCETARI SI EXPERIMENTARI COMPLEXE A ANGRENAJELOR DE MECANICA
FINA PRIN METODE ARMONICE DE INALTA PRECIZIE.

CAPITOLULS. SINTETIZARE REZULTATE FINALE

5.1. Sintetizarea rezultatelor simularilor si a testelor practice

Prin simulare, in cadrul testarilor metodei de masurare cu spectru auxiliar aratata
anterior, s-au obtinut urmatoarele valori ale parametrilor impusi si cei obtinuti prin masurarea
simulatd pe calculator:

Tabelul 5.1 Joc de Flanc — masurare simulata

Valoare joc | Amplitudine Valoare Abatere Coeficient de corectie
de flanc | componentd | corectata cu (mm) pentru valorile
(mm) 0 din spectru | tan(20 grade) masurate
(mm) (mm)
0.1000 0.2798 0.1018 0.0018 2.7980
0.1500 0.4198 0.1528 0.0028 2.7987
0.3500 0.9795 0.3565 0.0065 2.7986
Tabel 5.2 Excentricitate — mdsurare simulata
Excentricitate impusa Valoarea amplitudine ordin 1 Abatere
(mm) de frecventa (mm)
(mm)
0.05 0.05 0.000
0.1 0.1 0.000
0.2 0.2 0.000
0.3 0.3 0.000
Tabel 5.3 Abaterea de pas — masurare simulata
Impusa Obtinuta Abatere
(mm) (mm) (mm)
Variatie de pas  |0.099 0.094 0.006
Variatie de pas 0.200 0.240 0.040
Variatie de pas 0.376 0. 382 0.006
Variatie de pas  |0.556 0.545 0.011
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Tabel 5.4 Influenta erorii de profil — masurare simulata

Valoare introdusa (mm) Valoare obtinutd (mm) Abaterea (mm)
0.016 0.018 0.002
0.033 0.029 0.004
0.045 0.038 0.007

Tabel 5.5 Testari practice (cu folosirea unui fisier de spectru auxiliar — valori medii obtinute)

Parametrul Valori obtinute in | Valori masurate cu | Abatere | Observatii
metrologie (mm) |instalatia (mm) (mm)
(valori medii)

Joc de flanc 0.112 0.097| -0.013|Nu s-a folosit etalon de
valoarea diametrului de
divizare

Excentricitate 0.009 0.015| 0.006

Abatere cumulata 0.036 0.033| -0.003

de profil

5.2. Metoda de prelucrare rezultata

Din analiza rezultatelor sintetizate la subcapitolul 12.1 concluziondm ca metoda de
analiza armonicd prin Transformata Fourier poate fi folosita la determinarea calitati
angrenajelor cu roti dintate cu flancul dintelui in profil evolventic astfel:

(1) Jocul de Flanc — se determina cu suficientd precizie prin Transformata Fourier prin
extragerea amplitudinii componentei de ordin 0 din spectrul de frecventa obtinut si
divizarea lui cu parametrul determinat experimental in valoare de 2.798.

(2) Excentricitatea angrenajului — este determinat direct din amplitudinea componentei de
ordin 1 a spectrului de frecventa obtinut prin Transformata Fourier

(3) Abaterea de la profilul evolventic — se poate determina la nivelul global al intregi roti
dintate prin filtrarea variatiei distantei dintre axe prin eliminarea componentelor
cuprinse intre ordinul O si ordinul data de numarul de dinti ai rotii de verificat
amplificat cu 2 (amplificare datorata contactului simultan pe 2 flancuri are fiecarui
dinte), recompunerea profilului si determinarea diferentei valorilor Maxim — Minim pe
profilul recompus.

(4) Abaterea de pas — nu se poate determina cu precizie prin analizd armonica, pentru ea
fiind necesar a se folosi o altd metoda (eventual printr-un traductor unghiular cu o
precizie adecvatd numarului de dinti ai rotii ce se va verifica)

(5) Loviturile care reprezintd micile deformatii de la suprafata dintilor (si care
influenteaza direct criteriul de functionare lind) se pot determina prin retinerea
componentelor armonice cu o frecventd mai mare cu de aproximativ 4 ori numarul de
dinti ai rotii de verificat (aceasta prelucrare necesita si o testare practica in stabilirea
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armonicilor ce se vor selecta); prin recompunerea profilului cu armonicile eliminate se
obtine un profil din care se va raporta valoarea maxima in valoare absoluta.

(6) Folosirea spectrului auxiliar pentru imbunatatirea calitatii verificarii prin metoda
armonica, pentru a putea fi folosit cu succes, necesita o structurd mecanica a instalatiei
de verificat pentru a putea fixa roata etalon intr-o pozitie unghiulara fixa repetabila.

In concluzie pentru obtinerea rapida a calitatii geometrice a unui angrenaj prin
folosirea metodei armonice se pot aborda 2 cai:
1. prin folosirea unei roti etalon din punct de vedere metrologic
2. prin folosirea ca etalon unei roti selectate din productie astfel Incat sa aiba
abateri geometrice cat mai mici.

5.2.1 Aplicarea metodei in cazul folosirii unei roti etalon

Prin folosirea unei roti etalon in cazul verificarii rotilor dintate cu dinte infipt
prelucrarea armonica se simplifica deoarece toate variatiile distantei dintre axe sunt
determinate direct de roata dintata de verificat astfel ca In urma prelucrarii sunt obtinute direct
abaterile rotii de verificat. Aceastd metoda este de preferat din punct de vedere al preciziei ce
se va obtine dar nu este de preferat din punct de vedere al costurilor (rotile dintate etalon sunt
foarte scumpe si greu de procurat).

Diagrama de prelucrare folosind o roata etalon este prezentata in figura 5.1

Fig. 5.1 Metoda de prelucrare armonica la folosirea unui roti dintate etalon din punct de
vedere metrologic

Roata de
verificat

+

Roata etalon \?
o din pul q
5vedere metrologic—

Stocare variatie
distanta dintre axe

Efectuare prelucrare
armonica prin
Transformata Fourier

FFT)

Raportare rezultate
Jocul de Flanc = Amplitudine armonica[0] / 2.798
Excentricitate = Amplitudine armonica[1]
Abatere de la profilul evolventic =
Recompunere
profil prin pastrarea elementelor armonice > Nr. Dinti*2 si < Nr. Dinti * 4
si raportarea Maxim - Minim al profilului recompus
Loviturile =
Recompunere profil prin pastrarea armonicilor > Numar Dinti * 4
si raportarea maximului in valoare absoluta
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5.2.2 Aplicarea metodei in cazul folosirii unei roti obisnuite ca roata etalon
Aceastd metoda este mai putin precisd decat metoda cu roata etalon din punct de
vedere metrologic dar prin aplicarea metodelor dezvoltate pe parcursul acestei teze folosind o
roata obisnuita rezultatele se pot apropia foarte mult de rezultatele obtinute cu o roata etalon.
Marele avantaj al acestei cea de a doua metoda consta intr-un pret mult mai mic si timp de
executie foarte mic. (o roatd dintatd etalon poate ajunge la preturi de zeci de mii de euro cu
un timp de livrare de pana la 6 luni).
Aceasta cea de a doua metoda, de prelucrarea prin analiza armonica a distantei dintre
axele rotilor dintate este diferita in functie de structura constructiva a instalatiei de masurat:
1. fara traductor unghiular pe roata etalon (situatie a instalatiilor deja realizate care se pot
moderniza cu aceastd metodd) — nu poate elimina excentricitatea rotii folosita ca roata
etalon, dar prin sortarea unei roti dintate cu o excentricitatea cat mai mica acest
neajuns se poate elimina.
2. cu traductor unghiular, pentru instalatiile ce se vor realiza si care vor utiliza metoda
propusa
Diagrama de prelucrare a procedeului care foloseste o roata obisnuita drept roata
etalon este prezentata in figura 5.2
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Fig. 5.2 Diagrama de prelucrare
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Raportare rezultate
Jocul de Flanc = Amplitudine armonica[0] / 2.798
Excentricitate = Amplitudine armonica[1]
Abatere de la profilul evolventic =
Recompunere
profil prin pastrarea elementelor armonice > Nr. Dinti*2 si < Nr. Dinti * 4
si raportarea Maxim - Minim al profilului recompus
Loviturile =
Recompunere profil prin pastrarea armonicilor > Numar Dinti * 4
si raportarea maximului in valoare absoluta

Obtinere parametrii
finali roatd masurata

RAPORT
MASURARE
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5.3 Aplicatii In practica a noii metodei prezentate in teza

O mare parte din metoda prezentata a fost deja utilizata la uzinele Dacia-Renault
pentru verificarea calititii angrenajelor inainte de a fi montate in ansamblul final. In figurile
urmatoare sunt prezentate diverse implementari ale metodei prezentate, aflate in exploatare la
uzinele Dacia Mioveni.

1. Instalatia de verificare a loviturilor si a grosimii de fosfat pentru coroana diferential

(realizatd la INCDMTM Bucuresti pentru demonstrarea tezei de doctorat si aplicatd

industrial la S.C. Dacia-Renault, Pitesti)

Fig. 5.3 Instalatie de verificat prezenta lovituri si grosime strat fosfat coroana diferential

Legenda:
1 — Batiu 2 — Suport coroana diferential de
verificat
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3 — Pupitru comenzi masurare
4 — Pupitru comenzi depanare

5 — Suport piese etalon
6 — Calculator industrial

7 — Imprimanta prin percutie
8 — Pinionul etalon
9 — Bariera luminoasa de protectie

Instalatia de verificarea loviturilor, excentricitatii si grosimii de fosfat pentru cutia de
viteza vitezele I — IV si o instalatie separatd pentru vitezele I si V (realizata la

INCDMTM Bucuresti pentru demonstrarea tezei de doctorat si aplicata industrial la
S.C. Dacia-Renault, Pitesti)

Fig. 5.4 Instalatia de verificat vitezele II-IV, joc de flanc, excentricitate si lovituri de la Dacia
Mioveni

E—

F PR
g
i

Legenda:

1 — Pupitru de comanda bi-manuala 6 — Pinion viteza a II-a
2 — Pinion viteza a I1l-a

7 — Pinion viteza a [V-a
3 — Pinion viteza I-a 8 — Cilindru pneumatic de mentinere in
4 — Arbore de antrenarea angrenare
5 — Calculator Industrial
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5.4 Contributii originale

Metoda de verificare si masurare a rotilor prin angrenare cu dinte infipt este o metoda
folosita, pana acum la determinarea loviturilor prezente pe suprafata de angrenare a dintilor
evolventici. Metoda prezentata, de determinare a parametrilor geometrici ai rotilor dintate prin
analiza spectrald cu transformata Fourier a variatiei distantei dintre axele rotilor angrenare cu
dinte infipt, reprezinta in intregime o metoda originald de verificare rapida a parametrilor
geometrici ai rotilor dintate.

Metoda a fost dezvoltata initial ca raspuns la o cerere de verificare la lovituri a
coroanei diferential folosita la automobilele DACIA, cerere emisd de S.C. DACIA-
RENAULT Pitesti, apoi a fost dezvoltata pentru verificarea trenului de antrenare la cutiile de
viteze folosite tot pe automobilele DACIA. Dezvoltarea finala a fost elaborata pe parcursul
prezentei teze de doctorat.

Pe plan international Incercari de determinare a calitatii angrenajelor s-a facut mai ales
prin analiza zgomotului si vibratiilor culese cu traductoare de vibratii (accelerometre) sau cu
traductoare de zgomot, si nu prin analiza complexa a distantei dintre axe. (Ca exemple vezi
referintele bibliografice)

Principalele elemente originale al tezei sunt:

* introducerea transformarii din domeniul “rotatie” in domeniul ’timp” astfel incat o
rotatie reprezinta o unitate de timp iar raportarile din domeniul frecventei ( frecventa
=1 / timp) sunt de fapt raportarile la o rotatie. (de exemplu excentricitatea reprezinta o
frecventa de 1 Hertz — in domeniul timp, sau o sinusoida pe o rotatie - in domeniul
rotatie.

» asociere dintre spectrul de frecventa al Transformatei Fourier, aplicata variatiei
distantei dintre axele rotilor dintate cu dinte infipt, si parametrii geometrici specifici
unei roti dintate evolventica cu dinti drepti (stabilirea frecventelor pentru determinarea
jocului de flanc, excentricitatii, abaterii de forma de la profilul evolventic, prezenta
loviturilor)

» stabilirea frecventei si a coeficientului de corectie a amplitudinii necesar determinarii
jocului de flanc

» stabilirea frecventei care va fi influentata de excentricitatea rotii de masurat

» stabilirea domeniului de frecvente care sunt influentate de abaterea de la profilul
evolventic al flancului dintilor

» folosirea unei roti dintate obisnuite ca roata etalon, prin masurarea rotii pe o masina
universala de masurat in coordonate, introducerea datelor in software-ul specializat de
prelucrare si simulare angrenare si folosirea rezultatelor pentru corectarea ulterioard a
masuratorilor.

» Testarea teoretica a noii metode de masurare si testare a rotilor dintate prin realizarea
unui software specializat de simulare a angrenarii cu dinte infipt.
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5.5 Domenii si directii de cercetare in viitor

* Folosirea spectrului auxiliar a dat rezultate foarte bune in simuldrile efectuate dar
necesita realizare de teste extinse practice.

+ Imbunititirea masuririi pe masinile de masurat in coordonate a rotii dintate ce va fi
folosita ca etalon pentru a realiza o digitizare cat mai buna a ei (ideal ar fi de utilizat o
masind de masurat in coordonate cu palpator de fortd constantd pentru scanarea
continud a flancurile dintilor).

* Efectuarea a cat mai multe testari pentru a se putea valida modul de prelucrare prin
analizd armonicd asupra unor angrenaje reale.

* Implementarea unui software care va folosi inteligenta artificiald pentru determinarea
frecventelor si amplitudinilor elementelor spectrale folosite pentru determina
incadrarea dimensiunilor geometrice masurate in tolerantele impuse de normele
metodologice internationale

5.7 Impactul tezei de doctorat

Prin noua metoda de analiza a elementelor geometrice ale rotilor dintate evolventice se
madreste viteza de verificare a rotilor dintate simplifica instalatiile de masurare si verificare a
rotilor dintate usurand totodatd implementarea lor in liniile de productie. Prin monitorizarea si
verificarea calitatii Intregii productii de roti dintate se reduc pierderile financiare si se
imbunatateste calitatea produsului finit. Prin folosirea unei tehnologii digitale de control se
usureaza integrarea instalatiei de verificare n cadrul conceputului Industriei 4.0 (sau cea de a
patra revolutie industriald) si se usureaza introducerea proceselor de control digitale conduse
de inteligenta artificiala.

Impactul tezei de doctorat este exprimat in fapt concret prin caracterul de “’teza industriala”
aplicata in industria automobilului din Romania.
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CHAPTER 1. OVERVIEW

The widespread use of electronics in the construction of measuring installations, favored by
the increased degree of integration of complex electronic components, the use of complex
mathematical methods of processing values measured during a measurement process - favored
by the increase of the computing power of modern, easily accessible computers - has lead to a
shift in the paradigm of operations of measuring mechanical components. The gears - as
important elements of the mechanical sub-assemblies - benefit from this paradigm shift,
which introduces complex electronics and automatic calculations in the approach, with the
view to increase the verification speed along with a simplification of the complexity of the
mechanical component of the system. In this doctoral thesis, I will present a method of
processing the variation of the distance between two gears involved in a forced gear assembly
that will quickly determine the geometric deviations of the said gears, by using complex
mechatronic methods of analysis and control.

Gears are common elements of machine parts. Their verification is of vital importance
from all points of view in terms of the equipment in which they are installed: from the point
of view of smooth operation, from the point of view of the noise generated, and from the
point of view of safety in operation. The need to satisfy these important requirements make it
obvious that the geometric and functional verification of the gears is the key to ensuring the
optimum operation of the gears.

The automotive industry is one of the most important users of gears, as gearboxes and
differentials feature gears as key components and the quality of these sub-assemblies
influences the final quality of the vehicle both in terms of safety, and in terms of comfort and
noise output level.

imposed that the geometric verification of gears by means of traditional methods is a
time-consuming operation, and the world's leading user of gears - the automotive industry -
produces and uses large quantities of gears, this work proposes a new method that is both fast
and effective enough and that is employed in the detection of errors of gears both in the
production flow and in the assembly flow, so that the entire set of gears can be verified both
during production (as single unit), and in the assembly process (as a set of gears), which leads
to an increased quality of the final product and a quick determination of problem areas in the
production line.

By combining the fast inserted tooth test method with the Fourier spectrum analysis of
the variation of the distance between the axes of two gears engaged in a forced gear assembly,
we will determine the quality of the gears that will be subjected to the test.

The inserted tooth test is a quick method of detecting gear errors according to the
smooth running criterion and it is based on a gear assembly scheme as depicted below (fig
1.1)
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Fig. 1.1 Inserted tooth check scheme.
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The analysis made with the help of the Fourier transform generates a decomposition of
an almost continuous curve (in our case —the curve of variation of the distance between the
axes) in a series of simple sinusoids.

Using the two elements presented above (the inserted tooth based gear assembly and
the decomposition based on the Fourier Transform) the connection between the parameters of
an order of the Fourier transform and the geometric elements of the gear that needs to be
checked for errors will be determined.

As aresult, we will first make an analysis of the geometric elements specific to the
gears, an analysis of the classical methods of measuring the geometric elements of the gears, a
theoretical presentation of the new measurement method proposed, thus obtaining theoretical
results by generating a numerical simulation of the gear assembly established between two
gears and applying the proposed method on the results of the simulation and verifying its
efficiency by means of the practical measurement of the parameters of a set of gears.

Synthetically, the paradigm of research in this field involves the use of smart design
concepts of engineering value analysis, of the analysis of precise and ultra-precise methods of
measurement of geometric elements, of the application of the (already proposed) novel
measurement method, of the experimentation and the numerical simulations for obtaining the
parameters of the gear assembly, of the analysis of results generated by means of a digital
measurement of a set of gears, and of the scientific selection of materials that should be used
for the manufacturing operating gears and of standard gears.
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1.1 Checking of gear errors by means of the inserted tooth gear assembly

This type of test based on a forced gear assembly is based on building a gear assembly
consisting of two conjugate gears, out of which, one is the gear that needs to be checked for
errors—which is placed on a moving sledge with a degree of freedom (linear or angular)- and
the other gear is a standard gear, which has a fixed position, and through which the gear is
driven (fig. 1.1). By turning the standard gear, the gear that needs to be checked for errors is
rotated; because of the constructive errors of the gear that needs to to be checked for errors
and of the fixed position of the latter on a mobile sledge, a variation of the distance between
the axes of the two gears is obtained.

Figure 1.2 shows the variation of the distance between the axes of two gears engaged
in a forced gear assembly.

Fig. 1.2 The variation of the distance between the axes of two gears engaged in a forced gear
assembly
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In order to be able to determine the connection between the geometric parameters of
the gear and the variation of the distance between the axes, the following steps have been
taken:

(1) Running of simulations on a series of gear sets to which deviations from geometric
parameters with known values are introduced (in the gear that needs to be checked for
errors—the standard gear being considered a perfect gear). By applying further
processing on these data sets resulting from simulation, the processing method is
certified and at the same time the type of filtering that needs to be applied
subsequently is established.

(2) Running of simulations on standard gears with real deviations from the geometric
parameters. This is intended to determine the method of data processing so that the
known geometric parameters of the standard gear can be eliminated and further
processing can be applied just like in the case of using a perfect standard gear.

eng. STANCIU DANUT IULIAN



STUDIES, RESEARCH AND COMPLEX EXPERIMENTS OF FINE MECHANICAL GEARS BY
HIGH PRECISION HARMONIC METHODS.

(3) Execution of laboratory experiments based on the values set out in (1) and (2) and
drawing out comparisons between the values obtained with the novel method and the
values obtained by the means of verification with the established means of
measurement.

1.2 Fourier transform '

The Harmonic analysis — performed mainly with the help of the Fourier transform—is
a mathematical tool that shows that any continuous function can be represented by a sum of
sinusoidal functions.

The Fourier transform is defined by:

F(S)Ef fx)e ™ dx (1.1)
which is also called the Direct Fourier Transform
and

fx)=[ F(s)e”™ ds (1.2)

also known as the Reverse Fourier Transform

In reality, in the measurement process, we are dealing with signals that are discreetly
sampled, usually at constant intervals, and of finite or periodic duration. For such data, only a
finite number of sinusoids are required and the Discrete Fourier Transformation (DFT) is
required.

For discrete data sets (such as those obtained in the measurement process) the discrete
Fourier transform of N uniformly sampled data points xj (where j =0, ..., N-1) is defined by
the formula:

N-1
X,=D x,e MKW (1.3)
j=0
and the inverse transform by the formula
N-1
xj:% 3 X, (1.4)
k=0

The DFT result of a series of entry points in N points is a frequency spectrum in N
points, frequency k, with k ranging from 0 to (N / 2-1), from component 0 called the
continuous component to the higher value frequency N / 2. Each value k represents the
number of sinusoids present in each series. If the amplitude and phase of each component is
denoted by Ak (amplitude) and @k, then each of the component sinusoids can be described by
the equation:

X,=A4,"" (1.5)

For data sets acquired in the measurement process, the result of the Direct Fourier
Transform is the real value of the spectrum are the even components and the complex value
are imposed by odd components of the transform.

The Direct Fourier Transform is a complex mathematical algorithm that requires a
large volume of calculation (N? operations). In order to increase the execution speed, James
W. Cooley and John W. Tukey ("An algorithm for the machine calculation of complex Fourier
series," Math. Comput. 19, 297-301-1965) created an algorithm, adapted to the electronic

1 O.Radu, GH. Sandulescu Filtre Numerice — Aplicatii, Editura Tehnica 1979 Bucuresti
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computer, which increases the speed of data processing so that only a number of operations
equal to N log2 (N) operations is required; this is the algorithm called Fast Fourier
Transformation (FFT), the only requirement of the algorithm being that the number of
sampled points be a power of 2 (2,4,8, ... 1024, ...)

In short, a Fourier Transform processing involves obtaining the amplitude and phase
of the sinusoids that make up the curve under analysis (abbreviated as the transform

spectrum), eliminating / or maintaining specific sinusoidal components and reconstructing the
curve through the Inverse Fourier Transform.

Figure 1.3 shows the decomposition of a complex curve into the sum of perfect sinusoids.

Figure 1.3 Example of decomposition and composition of a real curve using Fourier

transform
Curba de baza
Spectrul de
\ frecventa
Amplitudine

Ordin 1 ////,\\
\\\ Ordin
\\\w/// frecventa

. i AN
Ordin 2

Ordin 3

RN A A
IVAAVARAVARV/

Ordin 5

By selecting one of the sinusoids resulting from the decomposition or by selecting several of
the resulting sinusoids, information can be obtained about various deviations of the shape or
surface of a part.
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CHAPTER 2. GEAR SIMULATION

2.1 Overview

To simulate a gear assembly, the involute was generated mathematically (depending
on the chosen mode) and it was positioned on the division diameter (assembly) at the angles
resulting from the number of teeth of the gear.

The involute was approximated by linear interpolation, the coordinates of the points
on the involute being calculated according to the following Figure:

Figure 2.1 Generation mode

of involute mva=tg(a)- a; (a—angle expressed in

rradians

For a variation of R-rays from the radius of the
base circle to the radius of the outer circle,

the coordinates of the points that will interpolate
the involute will be:

azarccos(T) (5.1)
x=rcos(a) (5.2)
y=rsin(a) (5.3)

where:
1, - radius of the base circle
r - current radius (rp ... re)’

Using these mathematical formulas, by knowing the basic parameters of involute
(modulus and number of teeth), one can build—in the memory of a computer— a gear with the
sides of the teeth described mathematically either in a linearly interpolated form (expressed as
a sequence of geometric points in 2D), or in the form of a spline interpolation curve.

Using this digitized representation of a gear, one can numerically simulate a forced
gear assembly (made of two numerically simulated gears)—which results in the variation of
the distance between the axes of the two gears according to the position and condition of the
involute flank (where the engagement is established) .In order to perform the numerical
simulation, a gear simulation software was designed and implemented.

Figure 2.2 shows the home screen of the application (which is also a snapshot taken
during a simulation).

3 https://khkgears.net/new/gear_knowledge/gear technical reference/involute gear profile.html
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Fig. 2.2 Gear simulation application start screen
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to be checked
The gear assembly simulation is an iterative process that—for a certain angle of the

driving gear—helps identify the tangent position of the driven gear (fig. 2.3), as follows:

(1) It is determined — horizontally - the minimum distance between each point which
constitutes the profile of each side of the gear that needs to be checked for errors and
the straight segments which constitute the side of the conjugate teeth of the drive gear
(see fig. 2.2)

(2) The minimum distance between each point constituting the profile of each conjugate
flank of the driving gear and the right-hand segments constituting the flanks of the
tooth of the gear that needs to be checked for errors shall be determined horizontally.

(3) The minimum value of the two values found in 1 and 2 is chosen.
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Fig. 2.3 The movements made by the simulation software to determine the optimal contact
position.

' Roata Fixa
{ (conducéatoare

Roata Mobila
(de verificat)

(4) A horizontal movement shall be made, the value of the movement being equal to the

minimum value found in 3

(5) In this position, the minimum angle between the tooth and the gap shall be
determined, in the same way as in 1 and 2 , i.e. by each of the constituent points of the
profiles of the gears that needs to be checked for errors and the standard gear

(6) The gear that needs to be checked for errors shall be rotated at half the angle found in
5

(7) The processing operation described in 1 is repeated until the distance found is less

than the value of the required tolerance (usually a tolerance value of 0.001-0.002 mm

has been used).

For each angular increment of the drive gear are performed the steps described above
and we store the X position of the center of the measuring gear, the angle of the drive
(standard) gear, and the angle of the gear that needs to be checked for errors.

To simulate the engagement of two gears, a software program was designed and
developed. This program allows entering the specific values of each gear, the specific errors
known with controlled values (flank gap, eccentricity, tooth pitch deviation, flank error,
displacement).By means of the software, the simulation is performed and after the completion
of the simulation, the variation of the distance between the axes is obtained in the form of a
numerical data table. By processing this table of resulting data, the specific errors introduced
at the beginning of the simulation are separated and measured. The following chapter presents
the toothed gear simulation program.

2.2 Gear simulation software

To simulate the engagement of two gears, a specialized software was developed. In
this software, one can enter the specific geometric parameters of a gear (modulus, number of
teeth, pitch deviations, profile, flank gap, eccentricity), and obtain a variation of the distance
between the axes of the two gears in the gear. The software has functions for processing the
distance between the two axes (obtained by simulation) using the fast Fourier transform
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Figure 2.4 Application startup screen
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Defining and use of the processing filters
The processing filters represent sets of frequency orders within the Fourier Transform
that—applied to the collected data— generate the elimination of the set components and, upon

re-composition, a set of filtered data is obtained.

Figure 2.6 General use of filters
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CHAPTER 3. THEORETICAL EXPERIMENTS ON THE METHOD OF
DETERMINING THE PARAMETERS OF GEAR ASSEMBLIES

3.1 Overview of the execution of simulation tests

In order to be able to determine a data processing model resulting from forced gear
assemblies consisting of gears with involute profile, it is necessary to perform a series of gear
simulations in which errors of the gear are introduced with known deviations and after
performing the simulation and the specific processing the known deviations introduced at the
beginning of the simulation can be found in the results obtained.

The following tests were performed under a forced gear engagement simulation

(1) Determining the accuracy of the simulation

(2) Checking the influence of the flank clearance gap on the gear

(3) Verification of the influence of eccentricity on the simulation results

(4) Checking the influence of the pitch error on the simulation results

(5) Checking the influence of the profile error on the simulation results

(6) Verification of the combined influences on the simulation results

3.2. Determining the accuracy of the simulation

The accuracy of the simulation is an important element because it shows the value of
the uncertainty of the results obtained after the simulation (Determining the accuracy of the
simulation is necessary because the tooth flanks were generated by linear interpolation and
this interpolation method will generate a curve slightly different from the theoretical
involute.) To determine the accuracy, the simulation will be performed on perfect gears, the
only variables being the type of the gear and the number of points to which the simulation is
applied. Following the tests, the optimal number of approximation of the involute relative to a
minimum processing time will be obtained (a very high accuracy of the simulation may
require an excessive amount of time).

Following the experiments, we obtained the following values for the accuracy of the
simulation and for the processing time.
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The processing time is depicted in Figure 3.1 and its numerical values are expressed in Table

3.1

Figure 3.1 Processing time graph / number of involute approximation points (synthesis)

25000
20000
S 15000 —2
§ ——3
% 10000 5
= —4— 10
= 5000 —— 0
0
0 50 100 150 200 250
Number of points
Table 3.1 Processing time (duration values expressed in seconds)
Module — 2 3 5 10 20
Nr. points
20 273.828003| 269.843994| 269.015015 250.084| 298.671997
50 1674.244019| 1612.014038 | 1589.235962 1631.657| 1544.957031
75 3686.302979| 3325.426025| 3515.778076 3633.342| 3514.329102
100 5638.421875| 6175.974121 6342.250| 6297.648926
200 23411.650| 17178.203125

The accuracy of the simulation is correlated with the number of points of
approximation of the involute and with the type of gear that is checked for errors.

The variation of the processing accuracy is shown graphically in Figure 3.2 and its
numerical values can be found in table 3.2
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Figure 3.2 Processing accuracy graph / number of evolving approximation points (synthesis)
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Table 3.2 Processing error (mm)
Module — 2 3 5 10 20
Nr. points
20 0.005723 0.005723 0.005723 0.005723 0.005723
50 0.000746 0.000746 0.000746 0.000746 0.000746
75 0.000416 0.000416 0.000416 0.000416 0.000416
100 0.000265 0.000265 0.000265 0.000265
200 0.000065 0.000065

Table 3.1 and Table 3.2 show that for an approximation of the involute of 75 points,
we obtained an accuracy of 0.0004 mm with a processing time of approximately 3600
seconds, which is acceptable in terms of processing duration. (Next we will work with an n
approximation of the involute of 75 points).
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3.3 Checking the influence of the flank clearance on the gear

In order to study the influence of the flank clearance on the distance between the axes
within the gear assembly, a series of simulations with different flank clearance values were
performed.

A graphical representation of the variation of the distance between the axes for a gear
with a set flank clearance is shown in Figure 3.3

Figure 3.3 Variation of distance between the axes for a 0.1 mm flank clearance
0.300

0.150

0 4096.0

~0.150

+0.300

Frequency spectrum for a 0.1 mm flank clearance

Figure 3.4 Frequency spectrum for a flank clearance of 0.1 mm
0.300

0.225

0.150

0.075

0 256.0

The numerical values of the spectrum are presented in the following table (Table 3.3):
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Amplitude Spectrum - numerical values

Table 3.3
Order Amplitude
(mm)
0 0.2798
1 0.0000
2 0.0000
3 0.0000
(value 0 of component 0 of the
spectrum)

It is observed that component 0 of the spectrum has the value of 0.2798 mm which for
an average pressure angle of 20 degrees results in a value of the determined clearance of
0.1018 mm according to the following formula

Jreal: Jmaxurat /tan ( 200) (3 . 1)

Table 3.4 (values expressed in mm)

Flank clearance value | Component 0 Corrected value, with | Correction coefficient
amplitude in the tan (20 degrees) for the measured
spectrum values

0.1000 0.2798 0.1018 2.7980
0.1500 0.4198 0.1528 2.7987
0.3500 0.9795 0.3565 2.7986

The analysis of the synthesized results presented above shows that in order to obtain
the flank clearance, component 0 of the frequency spectrum will be extracted and divided by a
value of 2.798. This value is caused by the foul-up effect caused by the gear angle as shown in

the following Figure.

Figure 3.5 Influence of the pressure angle on the determination of the flank clearance

Pressure angle

Radial

k

Wheelbase variation

variation

Because the pressure angle of 20 degrees is generated only when the contact between
the two gears takes place on the division diameter, the determined corrected value is of
2.7980, which is very close to 2.747 (1 / tangent (20 ©)).
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3.4 Verification of the influence of eccentricity on the simulation results

In order to verify the behavior of the spectrum of the distance between the axes of a
toothed gear, a series of simulations with different imposed values of eccentricity for the
digital test gear were performed.

The variation of the distance between the axes for a gear assembly in which the gear
that needs to be checked for errors has a imposed eccentricity is depicted in Figure 3.6.

Figure 3.6 The variation of the distance between the axes for a imposed eccentricity of 0.05
mm
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The initial spectrum of the variation of the distance between the axes for the same gear
assembly is shown in Figure 3.7.

Figure 3.7 Initial distance spectrum between axes for an eccentricity of 0.05 mm
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With numerical values

Table 3.5
Order Amplitude (mm)
0.0000 0.0000
01/01/00 0.0500
02/01/00 0.0000
03/01/00 0.0000
(value 0 to the 2047 component of the spectrum)

The results of the experiments are represented in table 3.6.

Table 3.6
Imposed eccentricity (mm) Amplitude value of the 1st order of
frequency (mm)
0.05 0.05
0.1 0.1
0.2 0.2
0.3 0.3

In conclusion, it can be said that the eccentricity is imposed by the value of the
amplitude of the 1% order of the frequency spectrum of the variation of the distance between
the axes.

3.5 Checking the influence of the pitch error on the simulation results

In order to verify the influence of the pitch deviation on the distance between the axes,
4 simulations were performed with randomly distributed pitch deviations with maximum
values of 0.05, 0.1, 0.2, 0.3 mm, and the results were interpreted using the spectral analysis.

The graphical representation of the distance between the axes for a pitch variation of
max 0.05 mm is shown below.
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Figure 3.8 Variation of distance between the axes for maximum pitch deviation (.05 mm
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0 4096.0
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-0.200

with the frequency spectrum of the variation of the distance between the axes

Figure 3.9 Spectrum variation spectrum for a maximum pitch deviation 0.05 mm
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0.025
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0 256.0

Orders 0O ... 1 (continuous value and eccentricity) and from 60 (Number of Teeth * 2)
to the maximum number of amplitude were eliminated; the following filtered variation
diagram was obtained:
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Figure 3.10 Filtered variation of distance between the axes for pitch deviation of max 0.05

0.100 Min=-0.061 Max=0.032
0.050
0 360.0
~0.050
~0.100
mm
Conclusions

In the synthesis of the pitch variation effect on the variation of the distance between
the axes of a gear in forced engagement we have obtained the following:

Table 3.7
imposed/ Set Obtained Deviation Gear assembly
value

pitch variation  |0.099 mm 0.094 mm 0.006 mm 30/20

pitch variation 0.200 mm 0.240 mm 0.040 mm 30/20

pitch variation 0.376 mm 0.382mm 0.006 mm 30/20

pitch variation  |0.556 mm 0.545 mm 0.011Tmm 40/20

3.6 Checking the influence of the profile error on the simulation results

To check the influence of the profile deviation on the variation of the distance between
the axes of the gear assembly, we use a perfect gear over which we superimpose a deviation
of the flank with a maximum known value generated randomly.

The specific variation of the distance for a gear assembly featuring a deviation from
the profile of a gear within the gear assembly is depicted in Figure 3.11.
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Figure 3.11 The variation of the distance between the axes for a profile error of = 0.010 mm
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The frequency spectrum of the collected data is shown in Figure 3.12

Figure 3.12 Frequency spectrum of the variation of the distance between the axes for a profile
error of = 0.01 mm
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Taking into account the number of flanks of the gear that needs to be checked for
errors (15 for a gear consisting of 30 teeth) we will select as a filter the data that have a higher
frequency of number of teeth / 2. (Note: This number was determined experimentally by the
simulations performed under the framework of this doctoral thesis as well as through the
practical experiments performed that will be shown in the following part of the work.)

The variation of the distance between the axes from which the frequencies 0-15 were
eliminated is shown in Figure 3.13.
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Figure 3.13 Distance between axes with frequencies 0-15 removed
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It is observed that we cannot obtain the real flank deviation on the gear that needs to
be checked for errors, but the maximum value (max - min) is close to the real value (as one
can see in the results presented below.

Below, I present the synthesis of results for various profile deviations introduced.

Table 3.8
Flank deviation Flank deviation |Deviation
value entered value obtained (mm)
(mm) (mm)
0.016 0.018 0.002
0.033 0.029 0.004
0.045 0.038 0.007

From this table, one can observe that - by harmonic analysis - the profile deviations of
the flank of the teeth can be obtained, with sufficient precision, but only as an overall value at
the level of the whole gear and not as an absolute positioning at the level of the gears.
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3.7 Verification of the combined influences on the simulation results

In order to approach a real case (in which all types of construction errors of the gears
are present simultaneously) a series of tests were performed in which 2, 3 or more errors of
the known type and value were gradually introduced.

3.7.1 Known deviations of eccentricity and flank profile
The distance variation for a gear involved in a forced gear assembly with a imposed
(set) eccentricity deviation and flank deviation is shown in Figure 3.14

Figure 3.14 Axis distance diagram for combined eccentricity deviations (0.05 mm) and flank
profile deviation (x 0.020 mm)

0.100

0.050

0 4096.0

-0.050

~0.100

The spectrum is depicted in the following Figure (fig. 3.15):

Figure 3.15 Gear spectrum with combined eccentricity deviations (0.05 mm) and flank profile
deviation (£ 0.020 mm)

0.100

0.075

0.050

0.025

0 256.0

eng. STANCIU DANUT IULIAN



STUDIES, RESEARCH AND COMPLEX EXPERIMENTS OF FINE MECHANICAL GEARS BY
HIGH PRECISION HARMONIC METHODS.

The numerical values of the spectrum are presented below (only the first 10 components):

Table 3.9
Order Amplitude (mm) 6 0.000
0 0.011 7 0.001
1 0.051 8 0.000
2 0.000 9 0.001
3 0.000 10 0.000
4 0.000
5 0.001

In order to obtain the eccentricity value, the value of the amplitude of order 1 (which
represents the eccentricity) with the value 0.0509 mm was stored.

In order to obtain the deviation from the profile of the flank of the teeth, a filter was
introduced in which the components 0-100 are eliminated, and after the filtration, the
following diagram of the distance between the axes was obtained:

Figure 3.16 Diagram of the variation of the distance between the axes with components 0 and

30 removed
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0.010 | | |
Al,“l‘ “llllli‘illﬂh.rtl'“ gl N d
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-0.010
| | |
-0.020

The grouped results of the two simulations are presented in the following table:
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Table 3.10
Input data Data obtained by The resulting
(mm) processing deviation
(mm) (mm)
Eccentricity 0.0500 0.0509 0.0009
0.1000 0.1010 0.0010
Deviation from the 0.0320 0.0280 -0.0040
involute profile 0.0330 0.0310 0.0020

One can note that the harmonic analysis can separate and measure - with sufficient
precision - the deviations of eccentricity and the deviations from the involute profile of the
teeth of the gear that needs to be checked for errors.

3.7.2 Known deviations in terms of flank clearance, eccentricity and flank profile

In order to obtain the influence of the flank clearance, of the eccentricity and of the flank
profile, known values of these deviations are introduced and their value will be obtained by
Fourier transform analysis of the variation of the distance between the axes of the gear
engaged in a forced gear assembly.

An example of the variation of the distance between the axes of the two gears engaged
in a forced gear assembly is shown in Figure 3.17

Figure 3.17 Axis distance diagram for combined flank clearance deviations (0.2 mm),
eccentricity (0.15 mm) and flank profile deviation (= 0.015 mm)
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The spectrum is depicted in the following Figure:
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Figure 3.18 Gear spectrum with combined deviation of flank clearance (0.2mm), eccentricity
(0.1mm), and flank profile deviation (£ 0.020 mm)
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The numerical values of the spectrum are presented below (only the first 10
components):
Table 3.11
Order. Amplitude 3 0.0011 8 0.0010
(mm) 4 0.0009 9 0.0007
0 0.5408 5 0.0011 10 0.0007
1 0.1503 6 0.0003
2 0.0004 7 0.0011

To obtain the value of the clearance, the amplitude of the spectrum of order 0 was
divided by 2.789 (previously determined — the result was 0.1932mm), for the value of the
eccentricity, the value of the amplitude of order 1 (representing the eccentricity) was stored,
with the value 0.1503 mm.

In order to obtain the deviation from the flank profile of the teeth, a filter was
introduced in which components 0 and 1 are eliminated (average value and eccentricity), and
after the filtering process, the following diagram of the distance between the axes was
obtained:

Figure 3.19 Diagram of variation of the distance between the axes with components 0 and 1
(continuous value and eccentricity) removed

0.020 Min=-0.015 Max=0.014

0.010

0 360.0

~0.010

r0.020

eng. STANCIU DANUT IULIAN



STUDIES, RESEARCH AND COMPLEX EXPERIMENTS OF FINE MECHANICAL GEARS BY
HIGH PRECISION HARMONIC METHODS.

Conclusions
The comparative data obtained are presented below.
Table 3.12
Input data Data obtained by processing | The resulting
(mm) (mm) deviation
(mm)
Flank clearance 0.2000 0.1932 0.0068
0.2500 0.2415 0.0085
eccentricity 0.1500 0.1503 0.0003
0.2000 0.2009 0.0009
Deviation from the  0.0270 0.0290 0.0020
involute profile 0.0340 0.0410 0.0070

The analysis of the values in the table above shows that - by harmonic analysis - we
can separate and measure the deviations of eccentricity, flank clearance, and deviation from
the involute profile of the teeth of the gear that needs to be checked for errors.

3.8 Synthesis of the results obtained in the theoretical simulations

Following the simulations performed, presented in the previous chapters, we can make
a synthetic comparison of the values of the deviations introduced in the gear assembly and the
values obtained as a result of the processing as follows:

3.8.1 Flank clearance
Table 3.13 Flank clearance (Values in mm)

Flank clearance Component 0 Value corrected with | Correction coefficient
amplitude of the tan (20 grade) for the measured
spectrum values

0.1000 0.2798 0.1018 2.7980

0.1500 0.4198 0.1528 2.7987

0.3500 0.9795 0.3565 2.7986

3.8.2 Eccentricity
Table 3.14 - Eccentricity:
imposed eccentricity (mm) Amplitude value of the 1st order of
frequency (mm)
0.05 0.05
0.1 0.1
0.2 0.2
0.3 0.3
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3.8.3 Pitch deviation

Table 3.15 - pitch deviation:

imposed(set) Obtained Deviation Assembly
pitch deviation  |0.099 mm 0.094 mm 0.006 mm 30/20
pitch deviation 0.200 mm 0.240 mm 0.040 mm 30/20
pitch deviation 0.376 mm 0. 382mm 0.006 mm 30/20
pitch deviation  |0.556 mm 0.545 mm 0.011mm 40/20
3.8.4 Influence of profile error

Table 3.16 — Profile error:

Value entered Value obtained Deviation

(mm) (mm) (mm)

0.0270 0.0290 0.0020

0.0340 0.0410 0.0070

0.0320 0.0280 -0.0040

3.8.5 Conclusions of the numerical simulation applied to the gear assembly

(a) The flank clearance can be determined by dividing the 0 harmonic of the spectrum by
the value 2.798 (value determined from the simulations and approximated as a value
of 1/ tangent of 20 °).

(b) The eccentricity can be determined by retaining harmonic 1 of the spectrum of the

variation of the distance between the axes.

(c) The pitch deviation cannot be determined by using the harmonic analysis since I could
not determine the pitch deviation with sufficient precision, possibly because of the
limitations of the simulation or because of the processing method; this problem will be
further analyzed in the practical testing stages.

(d) The deviation from the involute profile can be determined at the global level of the
entire gear that needs to be checked for errors by using the higher spectrum of the
order imposed by the removal of components 0 - Number of teeth of the gear that
needs to be checked for errors / 2.
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CHAPTER 4. USING THE FOURIER TRANSFORM TO ELIMINATE
MASTER GEAR ERRORS OF GEARS INVOLVED IN A FORCED
GEAR ASSEMBLY

As it resulted from the simulations previously presented, the standard gear was used
as a perfect gear (there were no deviations from the constructive and functional geometric
parameters). In reality, such gears do not exist, as real gears have constructive errors and
standard gears with very small deviations from parameters are very expensive and are difficult
to obtain. By using the Fourier Transform and applying a processing method shown below, an
ordinary gear can be used as a standard gear, thus reducing costs with the standard gear and at
the same time reducing errors when using a normal gear as a standard gear.

The proposed processing method is presented below:

1. The generation of reference values of the gear used as a master gear

1.1 The measuring of gear that is intended to be used as a master gear by collecting
points in Cartesian coordinates from each side of the teeth of the gear (it is
recommended to collect as many points as possible on each side).

1.2 The simulation program is initiated and a gear assembly - consisting of the perfect
mobile gear and the fixed standard gear, whose perfect theoretical flanks of the
teeth will be replaced with the flanks obtained on the coordinate measuring
machine - is built.

1.3 The simulation is performed

1.4 A Fourier transform is applied to the variation of the distance between the gears

1.5 The values of the Fourier Transform parameters are stored in a file

1.6 The processing is completed.

2. The running of a measurement using an ordinary gear used as a master gear.
2.1. The gear assembly is mounted in the measuring plant.
2.2 The measurement is performed.
2.3 A Fourier transform is applied to the variation of the distance between gears axis.
2.4 The values of the Fourier transform result are loaded from the file saved as
specified in 1.5.
2.5 Based on the linearity property of the Fourier Transform, a complex difference is
established between the current spectrum of the measurement and the spectrum saved
in the file (corresponding to the gear used as a standard) gear, thus eliminating the
influences of the flank clearance and the eccentricity of the master gear.
2.6. The distance between the two gears is recomposed by applying the Reverse
Fourier Transform.
2.7 The necessary processing is carried out to obtain the parameters of the forced gear
assembly by using the methods presented in the previous chapters.
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4.1 Theoretical testing of the new processing method

To test this processing method, 3 simulations will be performed:
1. The simulation featuring a real master gear and a perfect geometric gear
2. The simulation featuring a perfectly geometric master gear and a real checked
gear
3. The simulation featuring a two real gears obtained following a metrology
measurement

Note: a real gear is a numerical digitization of a gear obtained by collecting the
measuring points on the side of the teeth using a coordinate measuring machine.

4.1.1 Simulation 1

It features a gear made of real master gear and a perfect geometric gear. The standard
gear will not be geometrically perfect (we will introduce values of eccentricity, flank
clearance, and deviation from the involute profile). Following the simulation, we will obtain
and store the frequency spectrum of the variation of the distance between the axes of the two
gears. The randomly generated master gear will be saved for using in the building of the gear
assembly featuring a real gear and a simulated real gear.
The simulation details are presented below (table 4.1, table 4.2)

Table 4.1

Mobile gear (that needs to be
checked for errors)

No teeth 30

Module 5 (mm)
Pressure angle 20 (grad)
Deviation Profile 0 (mm)

No. Involute Evaluation Points |75

Total Flank Errors(mm)
Max = 0.000 Min = 0.000

Table 4.2

Fixed gear (master gear)

No teeth 30

Module 5 (mm)
Pressure angle 20 (grad)
Deviation Profile 0 (mm)
No. Involute Evaluation Points |75
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With the following geometric deviations:

Eccentricity 0.1mm
The flank clearance 0.1mm
Maximum Flank Error Deviation 0.011lmm

The variation diagram of the distance between the axes is shown in Figure 4.1, with
the processing spectrum shown in Figure 4.2

The diagram of the variation of the distance between the axes is presented in the following
Figure (fig. 4.1):

Fig. 4.1 Real master gear variation diagram

1.000

0.500

(0) 4096.0

~0.500

~1.000

Fig. 4.2 Real master gear spectrum

1.000
Ordin O

0.750

0.500

0.250
Ordin 1

\0) 256.0

The numeric values of the spectrum will be saved in a file for use in further
processing.

eng. STANCIU DANUT IULIAN



STUDIES, RESEARCH AND COMPLEX EXPERIMENTS OF FINE MECHANICAL GEARS BY
HIGH PRECISION HARMONIC METHODS.

4.1.2. Simulation 2
It features a gear assembly consisting of a perfectly geometric standard gear and a real
simulated check gear (with deviations). The gear that needs to be checked for errors will not
be geometrically perfect (we will introduce values of eccentricity, flank clearance, and
deviation from the involute profile). Following the simulation, we will obtain the values of the
deviations introduced, in comparison with the results obtained by engaging the real gear with
the real master gear. The randomly generated check gear will be saved for using in the
building of the gear assembly featuring a real gear and a real master gear.
The details of the simulation will be presented in the following tables (table 4.3, table 4.4):

Table 4.3

Mobile gear (for check)

No teeth 30

Module 5 (mm)
Pressure angle 20 (grade)
Moving Profile 0 (mm)
Eccentricity 0.1 |(mm)
Flank clearance 0.1 |(mm)
No. Evolution Evaluation Points |75

With deviations:
Table 4.4
Parameter Value entered | Units
Flank clearance [0.100 mm
Eccentricity 0.100 mm
Involute profile |0.006 mm
deviation

The variation of the distance between the axes shown graphically in the following Figure (fig.
4.3):

Fig. 4.3 Variation of distance between the axes for the gear that needs to be checked for errors
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0.300

0.150

(0] 4096.0

=0.150

~0.300

This gear has the following spectrum (fig. 4.4):

Fig. 4.4 Spectrum for the variation of the distance between the axes

0.300

Ordin O
0.225

0.150

Ordin 1
0.075

0 256.0

Final results obtained after processing by means of the harmonic analysis of the
toothed gear are presented in Table 4.5

Table 4.5 Simulation results

Parameter Introduced Obtained by Deviation Units
processing

Flank clearance |100.000 0.098 0.002 mm

Eccentricity 0.100 0.100 0.000 mm

Involute profile |0.006 0.006 0.000 mm

deviation

4.1.3 Simulation of a gear assembly featuring two gears with geometric deviations

The real simulation will be performed using a gear made from the two gears saved
after the two previous simulations so that the gear assembly will consist of gears that have
geometric errors with known values. Following the simulation and using the spectrum saved
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in the simulation 4.1.1, the values resulting from the analysis of the data obtained must be
close to the values obtained in the simulation 4.1.2.

A simulation and a processing by means of harmonic analysis is performed.

The processing spectrum is depicted in the following Figure (fig. 4.5):

Fig. 4.5 Spectrum of processing for the combined simulation of two gears with geometric
deviations

1.000

0.750
Ordin O

0.500

0.250
Ordin 1

0 Ordin 2 556.0

For this case, in which the spectrum of the fixed gear was not extracted, we have the
following results (table 4.6):

Table 4.6
Introduced Measured Deviation Units
(simulated)
Eccentricity 0.100 0.300 0.200 mm
Flank clearance 0.100 0.439 0.339 mm
Deviation of the 0.015 0.006 0.009 mm
tooth flank profile

4.1.4 Extraction from the processing spectrum of the standard fixed gear
spectrum obtained from the simulation in section 4.1.1

To perform this extraction, we must first load the spectrum with the menu command
from the saved file Comenzi — Incarcare Componente — Incarcare Spectru; the saved
spectrum file will be loaded, and then the command will be executed Comenzi — Genereaza
Raport Masurare.

The measured values will appear directly (the use of an external spectrum involves a
series of operations that cannot be performed via the keyboard) (fig. 4.6):
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Fig. 4.6 Results of measurements made after processing with a
external spectrum of the fixed gear (standard)

SimAngrenare - Sim_combinat:sim [N

File Edit Comenzi View Window Help

0O = = B2 7 —_—y P

RAPORT DE MASURARE _—

Joc de Flanc = 0.100 -
E=xcentricitate RDA = 0.100
Eroare de pas = 0.009

Eroare de flanc = 0.009

The values obtained are shown in the following table (Table 4.14):
Table 4.7

Introduced Measured Deviation
(simulated)
Eccentricity 0.100 0.100 0.000 mm
Flank clearance 100.000 0.100 0.000 mm
Deviation of the tooth |0.006 0.009 0.003 mm
flank profile

The final results - comparing the processing method without extracting the spectrum
of the standard gear and the processing method featuring the extraction of the spectrum of the
standard gear - are presented in Table 4.8

Final results (table 4.8)

Table 4.8
Introduced |Measured (simulated) |Measured with fixed

without spectrum gear spectrum

removal removal
Eccentricity 0.100 0.300 0.100 mm
Flank game 100.000 0.439 0.100 mm
Deviation of the tooth |0.006 0.015 0.009 mm
flank profile

One can observe from this table that the method of eliminating the spectrum has very
good results, leading to the conclusion that a normal gear (featuring geometric deviations) can
be used as a standard gear.
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Overall, the processing presented in the previous sections (4.1.1 - 4.1.3) can be
depicted as below (fig. 4.7):

Fig. 4.7 Presentation of a data processing diagram for the use of a regular gear as a standard
gear
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Reporting results
Flank Clearance = Harmonic Amplitude [0] / 2,798
Eccentricity = Harmonic amplitude [1]
Deviation from the involute profile =
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profile by keeping the harmonic elements > No. teeth*2 si < No. teeth * 4
and Maximum-Minimum reporting of the recomposed profile
Strokes =
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and reporting the maximum in absolute value

Obtaining parameterd
final measured wheel

MEASURING
REPORT

For measurements made with the automatic measuring device, the processing
spectrum that will later be used in the measuring device is saved.
If we want to eliminate the spectrum, than two situations can occur:
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1. The measuring plant features an angular positioning transducer for the gears in
which case the entire spectrum of the gear used as a standard gear can be used
for making the correction.

2. The plant does not have an angular transducer for the angular positioning of
the measuring gears and then only the components of order 0 are extracted for
making the correction.

4.2. The application of the simulation on real gears

To perform this test, a gear consisting of two 26-tooth gears with a 2.4 mm module
(from the reverse gear of the gearbox used by the Logan brand), measured on a coordinate
measuring machine. To perform this test, the following steps were taken:

= Measurement of the gears on the coordinate measuring machine (obtaining the
coordinates of the points collected on the sides of the teeth, for the two gears in
the gear assembly).

= Obtaining the deviations from the involute shape of the flanks of the teeth.

= Performing simulations using the points collected on the sides of the teeth.

= Application of the harmonic analysis method on the results obtained from the
simulations.

Step I:

To obtain the harmonic spectrum of the gear used as a master one (previously
measured on a coordinate measuring machine), we will perform the numerical simulation of
the gear assembly between a standard gear to which we will directly load the Cartesian
coordinates of the points on the flank of each tooth (we will obtain a digital real gear). To load
a set of real flanks resulting from a measurement on the coordinate measuring machine, we
run the following command: Comenzi — MMC — Incarca Roata Fixa din MMC after which
the file with the Cartesian coordinate sets of the points on the tooth involute Following the
simulation, we obtain a specific variation of the distance between the axes, to which we apply
the Fourier Transform and we obtain a processing spectrum.

Note: Deviations from the evolution profile, total deviations (obtained at the previous
stage of measuring gears)

Max =0.016 mm, Min = -0.020 mm

The diagram of the variation of the distance between the axes is shown in Figure 4.8
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Fig. 4.8 Variation of the distance between the axes for the simulation of determining the
spectrum of the gear used as a standard gear

0.200
0.100
o 4096.0
-0.100
-0.200
(The variation is the sum of all the geometrical variations of the gear)
Steps 11

We perform a gear simulation featuring a perfect standard gear and gear 2 (considered
the measuring gear) to obtain the parameters that could not be obtained by a coordinate
measuring machine.

We initiate the simulation for two 26-tooth gears and a module of 2.4 in which the
flanks of gear 2 (the gear that needs to be checked for errors) are replaced with the flanks
obtained on the coordinate measuring machine via the command: Comenzi — MMC —
Incarca Roata Mobila din MMC

We run the simulation and obtain a variation of the distance between the axes as in

Figure 4.9

Fig. 4.9 The variation of the distance between the axes obtained in the simulation with the
gear that needs to be checked for errors

0.300

0.150

(0) 4096.0

-0.150

=0.300
(the variation is imposed by the sum of all the geometric deviations of the gear)

From the same simulation, via Comenzi — Genereaza Raport de Masurare we obtain
the measured values of the gear:
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RAPORT DE MASURARE
Flank Clearance = 0.112
gear eccentricity = 0.006
Flank error = 0.038

(The values resulting from the measurement report are calculated by the specialized
measurement software)

Step I11:

Before implementing the new processing method ,we will perform a simulation
featuring the two gears measured by coordinates. To this ens, we will initiate a new
processing that will contain 2 gears for two 26-tooth gears and a module of 2.4. After
beginning the processing, the Cartesian points obtained for the measurement will be loaded
for each of the gears in the simulation on the coordinate measuring machine (from the menu
Comenzi — MMC) for each of the two gears.

First, we will obtain the measurement values without using the standard gear
spectrum; we will get the following values:

RAPORT DE MASURARE

Joc de Flanc (Flank Clearance) = 0.219
Excentricitate Roata(gear eccentricity) = 0.003
Eroare de pas (Pitch error) = 0.076

Eroare de flanc (Flank Error) = 0.036

The variation of the distance between the axes will be influenced by the deviations of
the geometric shape of both gears and therefore the values resulting from the processing of the
distance between the axes will have to be greater than those of a single gear, which is
confirmed (by comparing them with those obtained in Step II).

Following, we will extract from the spectrum obtained from the processing of the
distance between the axes of two real gears (each with its own geometric deviations) the
spectrum obtained from the simulation between a perfect gear (theoretically generated by the
processing software) and the real gear used as a master gear. To this end, the simulated
spectrum saved in Step I will be loaded via the command Comenzi — Incarcare
Componente — Incarca Spectru (fig. 2.14)

We will execute the next command: Genereaza Raport de masurare (Comenzi -->
Genereaza Raport de Masurare); the following measurement report will result:

RAPORT DE MASURARE

Joc de Flanc(Flank Clearance) = 0.123

Excentricitate Roata(gear eccentricity) = 0.007

Eroare de pas(Pitch error) = 0.072
Eroare de flanc(Flank error) = 0.036

The values obtained will be close to those obtained in Step I1.

The resulting and measured values are shown in the following table (Table 4.9):
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Table 4.9
Measured component | Value obtained by Value resulting from | Deviation
engagement with a | the engagement of the | (mm)
perfect gear two measured gears
(mm) (no spectrum
removal) (mm)
Flank clearance 0.112 0.219 0.107
Eccentricity 0.006 0.003 -0.003
Deviation from the 0.036 0.036 0.00

profile

The errors resulting from the employment of the method of eliminating the spectrum
of the component of the gear used as a standard one are shown in Table 4.10.

Table 4.10
Measured component | Value obtained by Value resulting from | Deviation
perfect gear the engagement of the | (mm)
engagement 2 measured gears
(mm) (with spectrum
removal) (mm)
Flank clearance 0.112 0.123 0.011
Eccentricity 0.006 0.007 0.001
Deviation from the 0.036 0.036 0.000

profile

This table proves that the novel method provides sufficient accuracy if intended to be
used in the rapid diagnosis of gear errors.
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CHAPTER 5. SYNTHESIS OF FINAL RESULTS

5.1. Synthesizing the results of simulations and practical tests

By simulation - in the tests of the auxiliary spectrum measurement method shown
above - the following values of the imposed parameters and of those obtained by computer
simulated measurement were obtained:

Table 5.1 Flank clearance - simulated measurement

Flank Component | Value corrected Deviation Correction coefficient
clearance | amplitude 0 | with tan (20°) (mm) for the measured values
value in the (mm)
(mm) spectrum
(mm)

0.1000 0.2798 0.1018 0.0018 2.7980

0.1500 0.4198 0.1528 0.0028 2.7987

0.3500 0.9795 0.3565 0.0065 2.7986

Table 5.2 Eccentricity - simulated measurement
Imposed eccentricity Amplitude value of the 1st Deviation

(mm) order of frequency (mm)
(mm)
0.05 0.05 0.000
0.1 0.1 0.000
0.2 0.2 0.000
0.3 0.3 0.000
Table 5.3 Pitch deviation - simulated measurement
Imposed Obtained Deviation
(mm) (mm) (mm)
Pitch deviation |0.099 0.094 0.006
Pitch deviation |0.200 0.240 0.040
Pitch deviation |0.376 0.382 0.006
Pitch deviation |0.556 0.545 0.011
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Table 5.4 Influence of profile error - simulated measurement

Value entered (mm) Value obtained (mm) Deviation (mm)
0.016 0.018 0.002
0.033 0.029 0.004
0.045 0.038 0.007

Table 5.5 Practical tests (using an auxiliary spectrum file - average values obtained)

Parameter Values obtained | Values measured |Deviation | Remarks
in metrology with the (mm)
(mm) installation (mm)
(medium values)

Flank clearance 0.112 0.097 -0.013 | No split diameter
standard value was
used

Eccentricity 0.009 0.015 0.006

Cumulative 0.036 0.033 -0.003

profile deviation

5.2. The resulting processing method

From the analysis of the results summarized in sub-chapter 4.1, I conclude that the
method of harmonic analysis by means of Fourier transform can be used to determine the
quality of gear assemblies consisting of gears with involute profile, can be applied as follows:

(1) The Flank Clearance - is determined with sufficient precision by the Fourier
Transform by extracting the amplitude of the order 0 component from the obtained
frequency spectrum and dividing it with the experimentally determined parameter of
value 2.798.

(2) Gear eccentricity - is determined directly from the amplitude of the 1st order
component of the frequency spectrum obtained by the Fourier Transform

(3) Deviation from the evolutionary profile - can be determined at the global level of the
entire gear by filtering the variation of the distance between the axes by removing
components between order 0 and order imposed by the number of teeth of the gear that
needs to be checked for errors amplified by 2 simultaneously on the two flanks of each
tooth), the re-composition of the profile, and the determination of the difference of the
Maximum - Minimum values on the recomposed profile.

(4) Pitch deviation - cannot be determined accurately by harmonic analysis, making it
necessary to use another method (possibly by using an angular transducer with an
accuracy related with the number of teeth of the gear that needs to be checked for
errors)

(5) Flank strokes - which represent small deformations on the surface of the teeth (and
which directly influence the criterion of smooth operation) - can be determined by
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retaining the harmonic components with a higher frequency by about 4 times the
number of teeth of the gear that needs to be checked for errors (this processing
requires and a practical test in determining the harmonics to be selected); by
recomposing the profile with the eliminated harmonics a profile is obtained; it will
allow to report the maximum value in absolute value.

(6) The use of the auxiliary spectrum to improve the quality of verification by the
harmonic method, in order to be used successfully, requires a mechanical structure of
the installation built in such a way as to allow the fixing of the standard gear in a
repeatable fixed angular position.

In conclusion, in order to quickly obtain the geometric quality of a gear by using the
harmonic method, two approaches can be identified:
1. by using a standard gear — in terms of metrological parameters;
2. by using as a standard a gear selected from functional gears but in such a way
as to feature as little geometric deviations as possible.

5.2.1 Application of the method when using a standard gear

When performing a test featuring an inserted tooth for checking the parameters of a
standard gear, the harmonic processing is simplified because all variations in the distance
between the axes are determined directly by the gear to be checked so that the deviations of
the gear that needs to be checked for errors are obtained directly after processing. This
method is preferable in terms of the accuracy that will be obtained, but it is not preferable in
terms of costs (standard gears are very expensive and difficult to obtain).

The processing diagram using a standard gear is shown in Figure 5.1
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Fig. 5.1 Harmonic processing method applied to a standard gear — in terms of metrological
parameters
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5.2.2 Application of the method when using an ordinary gear as a standard gear

This method is less accurate than using a standard gear — in terms of metrological
parameters, but by applying the methods developed under the framework of this thesis, by
using an ordinary gear the results can be very close to the results obtained with a standard
gear. The great advantages of this second method consist in a much lower price and a very
processing time (a standard gear can reach prices of tens of thousands of Euros, with a
delivery time of up to 6 months).

This second method, consisting in the processing - by harmonic analysis — of the
distance between the axes of the gears is different depending on the constructive structure of
the measuring plant:

1. if placed on a standard gear, without an angular transducer (in case of installations
already made and which can be upgraded with this method) — one cannot eliminate the
eccentricity of the gear used as a standard gear, but by sorting a gear with a minimum
eccentricity this shortcoming can be eliminated.

2. If the plant features an angular transducer, for the installations that will be built at a
future time and that will use the proposed method
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The processing diagram of the process using an ordinary gear as a standard gear is
shown in Figure 5.2.

Fig. 5.2 Processing diagram
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5.3 Practical applications of the novel method presented in the thesis

An important part of the method presented has already been used in Dacia-Renault
plants to check the quality of the gears before being assembled in the final assembly. The
following figures depict various deployments of the presented method, currently under use in
the plants of Dacia Mioveni.

1. Plant for checking the strokes and the thickness of phosphate layer of the differential
crown (produced at INCDMTM Bucharest for the demonstration of the doctoral thesis
and applied industrially at S.C. Dacia-Renault, Pitesti)

Fig. 5.3 Plant for checking shocks and strokes and the thickness of phosphate layer of
the differential crown
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Components:

1 — Base support

2 —Differential crown support part

3 — Measuring commands panel

4 — Troubleshooting commands panel
5 — Standard part support

6 — Industrial computer

7 — Percussion printer

8 — Standard pinion

9 — Visual protective barrier

2. Plant for checking shock, eccentricity, and phosphate thickness for gearbox, for gears
II-IV, and a separate plant for gears [ and V (produced at INCDMTM Bucharest for

the demonstration of the doctoral thesis and applied industrially at S.C. Dacia-Renault,
Pitesti)

Fig. 5.4 Plant for checking gears II-1V, flank clearance, eccentricity, and strokes, installed at
the headquarters of Dacia Mioveni

e p—
e
v -:‘-"‘"‘.".-l--— ;

e

Components:

1 — Bi-manual control panel
2 — Third speed drive gear

3 — First speed drive gear

4 — Drive shaft

5 — Industrial computer

6 — Second speed drive gear

7 — Fourth speed drive gear

8 — Pneumatic cylinder used for gearing
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5.4 Original contributions

The method of checking and measuring gear parameters using the method of an
inserted teeth has been used up-to-date to determine the bumps present on the gearing surface
of gears with involute profile. The method presented, for determining the geometric
parameters of the gears by spectral analysis with the Fourier transform of the variation of the
distance between the axes of the gears, is entirely an original method for rapid verification of
the geometric parameters of the gears.

The method was originally developed in response to a request for testing the bumps on
the differential crown used in DACIA vehicles, at the request of S.C. DACIA-RENAULT
Pitesti, and it was afterwards developed to check the drive train for gearboxes of the same
brand. The final development was elaborated during this doctoral thesis.

Internationally, attempts to determine the quality of the gears were made mainly by
analyzing the noise and vibration levels picked up by vibration transducers (accelerometers)
or by noise transducers, and not by means of a complex analysis of the distance between the
axes. (For examples, see the list of references)

The main original elements of the thesis include the following:

* The introducing the transformation from the “rotation” range to the “time” range so
that a rotation is a unit of time and the frequency reporting ( frequency = 1 / time)
represent in fact reports of a rotation. (For example eccentricity has a frequency of 1
Hertz - in the time range, or a sinusoid on a rotation - in the rotation range).

* The association between the frequency spectrum of the Fourier transform, applied to
the variation of the distance between the axes of the gear assemblies based on an
inserted tooth, and the geometric parameters specific to a gears with involute profile
with straight teeth (the determination of frequencies for determining the flank
clearance, the eccentricity, the shape deviations and the presence of shocks).

* The determination of the frequency and of the amplitude correction coefficient
necessary to determine the flank clearance

* The determination of the frequency that will be influenced by the eccentricity of the
measuring gear.

* The establishment of the range of frequencies that are influenced by the deviation
from the involute profile of the flank of the teeth.

* The use of an ordinary gear as a standard gear, by measuring the gear on a universal
coordinate measuring machine, entering the data in the specialized gear processing
and simulation software and using the results for the proper correction of the
measurements.

* Theoretical testing of the new method of measuring and testing gears by developing a
specialized software for simulating an inserted tooth gear assembly.
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5.5 Fields and directions for future research

* The use of the auxiliary spectrum gave very good results in the performed simulations,
but requires extensive practical tests.

* Improving the measurement on the coordinate measuring machines of the gear that
will be used as a standard wheel to obtain its best possible digitization (it would be
very useful to use a coordinate measuring machine with constant force probe for
continuous scanning of the flanks of the teeth).

* Carrying out as many tests as possible in order to be able to validate the processing
method based on harmonic analysis applied to real gears.

* Implementation of a software that will use artificial intelligence to determine the
frequencies and amplitudes of the spectral elements used to determine the
measurement of geometric dimensions measured in the tolerances imposed by
international methodological norms.

5.7 The impact of the doctoral thesis

The new method of analysis of the geometric elements of gears with involute profile increases
the speed of verification of the gears and simplifies the construction of measurement and
verification plants while facilitating their implementation in the production lines. By
monitoring and verifying the quality of the entire production of gears, financial losses are
reduced and the quality of the finished product is improved. The use of the digital control
technology facilitates the integration of the testing plant into the concept of Industry 4.0 (or
the fourth industrial revolution), and facilitates the spread of digital control processes driven
by artificial intelligence.

The impact of the doctoral thesis is expressed in a concrete way by the fact that it is an
"industrial thesis" — whose concepts and approach are actually applied in the automotive
industry in Romania.
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