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Editorial - Uvodnik

Vazeni ¢tenafi,

mame za sebou nezvykle horké léto. Nékolikrat se prepisovaly
rekordy maximalnich teplot vzduchu, a to napfic¢ celou nasi zemi.
Nékomu horka vadi, jini si je vychutnavaji, ale teploty kolem
40°C uzZ spise predstavuji vyzvu k preziti. Zatim jsou u nas
tyto extrémy ojedinélé, ale zfejmé si na tento trend musime
zacit zvykat. Mozna vas uklidni, ze zhruba 85 procent lidstva
Zije v teplejSim podnebi nez my. NepiSe za mé Skodolibost, jde
o holy fakt a nasi vyhodu. Tak si pojdme nestézovat a budme
radi za to, v jaké zemi zijeme.

Na nasledujicich strankach naleznete tfi odborné ¢lanky
vénovaneé vibrodiagnostice. At chceme nebo ne, uméla inteli-
gence postupné pronika i do tohoto oboru. Jesté pred nékolika
lety, kdyZz zaCala uméla inteligence vystrkovat rlizky, jsme ji
pfilis nevérili. Jednak jiz za nami byly urcité snahy a pokusy,
které ale pfili§ nefungovaly a postupné zanikaly, a jednak ve
vibrodiagnostice nejde jen o porovnavani naméfenych dat. Je
nutné znat konstrukci zafizeni, jeho provozni historii, rozumeét
principdm, funkcim a vlastnostem jednotlivych komponent, jako
jsou napf. loziska, ale musime také premyslet o zafizeni jako
celku, védét néco o dynamice a Fadu dalSich znalosti. AZ pfi
znalosti téchto ,zaklad(” mohu spravné a pfinosné analyzovat
ziskana data.

Jenze chyba lavky. Po obrovském boomu Al v posledni dobé
se zda, ze nic neni nemozné. Dostupné komunikacni aplikace
zalozené na velkych jazykovych modelech dokazou vyhodnotit
frekvencni spektrum — a tuto moznost ma dnes témer kazdy.
KdyzZ se Al poskytnou vySe zminéné informace o typu stroje
a zpUsobu provozovani, Ize dospét ke kvalitni analyze stavu
zafizeni. Jak se dale docCtete, Al za vas dokonce dokaze psat
celé protokoly. Rlizné aplikace zaloZené na principu strojového
uceni dokazou analyzovat data z on-line monitoringu a upozornit
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na odchylky, které by ¢lovék mohl prfehlédnout, nebo jejichz
odhaleni neni v lidskych silach kvili velkému mnoZstvi dat.
Na nize uvedeném odkazu se mlzete docist, jak Al za pomoci
neuronovych siti pomaha s diagnostikou hydrogeneratoru na
pfeCerpavaci vodni elektrarné.

Ano, uméla inteligence nas techniky zatim nenahradi, jiz dnes
v8ak napomaha, byt ¢asto jesté ne zcela dokonale. Stale jsme
teprve na za¢atku aktualniho rozmachu. MizZeme se nechat
prekvapit nebo k rozvoji také pfispét; casem uvidime, kam az
tento trend dojde. Kazdopadné nas ¢eka zajimava budoucnost
s otevienym koncem.

Preji ni¢im nerusené ¢teni nasledujicich ¢lanka.

Ing. Jakub Vsoldk, CTD
Vedouci odborné skupiny Vibrodiagnostika v ATD CR, z.s.

Zjistéte, jak Al méni
diagnostiku vodnich turbin

Naskenujte QR kod a zjistéte,
jak Al pomaha odhalit poruchy
dfive, nez nastanou.




Monitoring vibracia LLM

Vyuziti velkych jazykovych modelu
pro automatizovanou tvorbu zprav
v ramci monitorovani vibraci strojnich

systému

Use of Large Language models
for Automated Reporting

in Vibration Monitoring of
Machine Systems

Anotace / Abstract

Soucasné prostredky pro monitorovdni vibraci systéemda
strojd dokdZou automaticky informovat uZivatele o prekro¢ent
stanovenych limitG nebo pravidelné generovat tabulky a grafy.
Tyto vystupy vSak mohou byt pro netechnicky persondl obtizné
srozumitelné, pfitom pravé jejich porozumeéni je klicové pro roz-
hodovdni o dalsim provozu zafizeni. Tento ¢ldnek predstavuje
zpUsob, jak vyuZit velké jazykové modely k pfevodu predem
pfipravené sady dat do souvislého textu. Modely neprovddi
vlastni diagnostiku, pouze zpracovdvaji deterministicky pfipra-
vend data. Navrzené feSeni je mozneé integrovat do existujicich
procesl a umoZriuje automatizované generovat srozumitelné
zprdvy pro $irsi skupinu uZivateld, coZ zlepsuje informovanost
pfi provoznim rozhodovdni.

Current tools for vibration monitoring of machine systems
can automatically notify users when predefined limits are
exceeded or can generate tables and charts on a daily basis.
However, such outputs can be difficult for non-technical per-
sonnel to interpret, although their understanding is essential
for making decisions regarding further operation. This paper
introduces a method of using large language models to convert
pre-processed data into natural-language text. These models
do not perform diagnostics; instead, they operate solely on
deterministically prepared data. The proposed solution can
be integrated into existing business processes, enabling the
automated generation of reports that are easy to understand
for a wide audience. This increases the quality of information
and supports better operational decisionmaking.

Ing. Lubo$ Smolik, Ph.D., CTD

Centrum vyzkumu ReZ s.r.o.

Hlavni 130, Rez, 250 68 Husinec
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1. Uvod

Soucasné digitalni nastroje pro monitorovani stavu bézné
generuji tabulky, grafy a upozornéni na prekroceni limitd. Pfevod
téchto dat do srozumitelnych zprav je vSak ¢asto manualni
nebo se zaklada na predem definovanych Sablonach. Rychly
rozvoj velkych jazykovych modell (LLM), jako jsou GPT, Ge-
mini, Claude nebo DeepSeek, umozfuje mezi datovou vrstvu
monitorovaciho systému a vystupni zpravu vlozit novou vrstvu
tvofenou LLM, ktera pfevadi data na souvisly text. To odpovida
soucasnému trendu, kdy se LLM mimo jiné vyuzivaji pro prevod
strukturovanych dat do textu. [1]
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Zavedeni LLM do procesu diagnostiky vSak pfinasi otazky
tykajici se transparentnosti a robustnosti pouzitého modelu.
Transparentnost se tyka sledovatelnosti vztahu mezi vstupnimi
a vystupnimi daty, robustnost pak odolnosti modelu vici neu-
plnym, necekanym nebo nevhodné strukturovanym vstupdm.
[2] Podle nové edice normy ISO 13379-1 ma byt diagnosticka
hypotéza formulovana na zakladé analyzy symptom0 a dal$ich
elementd. [3] Pri pouZiti LLM ale mUZe byt obtizné doloZit, jak
konkrétni hypotéza vznikla.

V automatizovanych procesech je tedy vhodné LLM pouzit
pouze jako jazykovou vrstvu nad deterministickymi vstupy, nikoli
jako nastroj, ktery podklady pro hypotézu sam vytvari.

V diagnostice strojnich systémii 1ze rozlisit
dva sméry pouziti LLM:

1) prevod strukturovanych dat, jako jsou Udaje
z historie provozu a namérena data, do souvislého
textu, [4]

2) konzultacni rezimy kombinujici praci se
zaznamy udrzby, normami ¢i technickymi manualy
s interaktivnim dotazovanim uzivatele. [5]

Tento ¢lanek ukazuje, jak integrovat LLM do procesu moni-
torovani stavu za U¢elem automaticke tvorby zprav o chovani
monitorovaného systému. Popsan je cely fetézec od zpracovani
dat z monitorovaciho systému pfes sestaveni datoveho balicku
a promptu pro LLM aZ po sjednoceni dil¢ich vystupd do jednoho
dokumentu, ktery je mozné pravidelné ukladat nebo rozesilat
e-mailem. V souladu s principy uvedenymi vySe LLM slouzi pouze
jako jazykova nadstavba nad deterministickymi vysledky. Inte-
grace je demonstrovana na pfikladu zprav o vibra¢nim chovani
vyhovuijicich normé ISO 20816-2. [6]

2. Popis procesu automatizované
tvorby zpravy o chovani systému stroju

Zakladni kroky procesu automatizované tvorby zpravy o cho-
vani systému strojll jsou zobrazeny ve vyvojovém diagramu na
Obr. 1a popsany v nasledujicich kapitolach.

2.1. Spusténi procesu

Proces mlize byt spustén dvéma zplsoby. Prvnim je spusténi
planované v pfedem definovanych intervalech, napriklad kazdy
den v 7.00. Druhym je spusténi pfi udalosti, napfiklad pfi pfekro-
¢eni mezni hodnoty vibraci pro vystrahu dle ISO 20816-2. [6]

Uvedené zplsoby spusténi Ize realizovat bud pfimo v systému
monitorovani stavu, pokud umoznuje vyvolani externich akci (tj.
spusténi skriptd, maker nebo program), nebo na platformé pro
automatizaci procesd(, jako je Microsoft Power Automate nebo
open-source nastroje jako n8n, Huginn a Node-RED.

Definice
deskriptord

signdlu

Databdze
nebo
"' Planované Madtend

Roazdéleni do

Zpracovani dat datowych

balitki

Udélastni
spurstlni

Odeslan promptu

Vygenenovani Ulekeni fetérch
testu pomoci do Sablony
LLM {napf. HTML)
UloEeni wstupd
(napf. odeslani
e-mailil)

Obr. 1: Vyvojovy diagram zobrazuje zakladni kroky procesu automatizované tvorby zpravy s vyuzitim dat z databaze

monitorovani stavu systému strojd
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2.2. Nacteni dat

V dalSim kroku jsou nac¢tena data z databaze monitorovaciho
systému. Pristup k nim mUze probéhnout prostfednictvim API
konektoru, pfimého databazového dotazu nebo nactenim soubor(
z datového ulozisté. V tomto kroku se zaroven urCuje rozsah
nacitanych dat, tedy ¢asovy interval, ve kterém se pracuije, a vzor-
kovaci perioda, pokud ji zvoleny zpUsob naditani dat umoZznuje
nastavit.

V predstaveném pfikladu monitorovani vibra¢niho chovani tur-
bogeneratoru jsou nacitany hodnoty loziskovych vibraci, ¢inného
vykonu generatoru a otacek stroje za poslednich 14 dni.

2.3. Zpracovani dat

Zpracovani zahrnuje validaci dat, tedy vyrazeni vzork( s chy-
béjicimi nebo neplatnymi hodnotami a vzorkl s nevyhovuijici
hodnotou indikatoru kvality dat dle 1SO 13374-2. [7] Zbyvajici
data je obvykle nutné synchronizovat na konstantni vzorkovaci
periodu, aby bylo mozné vypocitat deskriptory jednotlivych méreni
a zajistit jejich vzajemnou porovnatelnost. [3]

Nejcastéji pouzivanymi deskriptory statickych méfeni, coz jsou
v piipadé vibraci napfiklad rozkmity vychylky vibraci S nebo
efektivni hodnoty rychlosti vibraci V

eff

jsou stfedni hodnota
a smeérodatna odchylka o,. Pro méfeni x vzorkované s konstantni
vzorkovaci periodou jsou definovany vztahy

i=1 i=1

kde x; je i-ty vzorek a n je celkovy poCet analyzovanych vzorkd.

Aby byl proces popisu chovani monitorovaného systému trans-
parentni a nezavisly na rozhodovani LLM, jsou kvalita méfeni
a pfitomnost anomalii popsany samostatnymi, deterministicky
definovanymi binarnimi indikatory. Tyto indikatory jsou obvykle
zvoleny tak, aby bylo mozné jednoznacné posoudit, zda kratko-
dobé chovani méfené veli¢iny odpovida zakladnim hodnotam
pfi ustaleném provozu. Pokud chovani odpovida zéakladnim hod-
notam, je indikator roven hodnoté O (false). Pfikladem binarnich
indikator( jsou

b = {1 KYZ  Xpax1d > Hotad t Kax * Or1aa
S 0 jinak,
I kdy: o,,,>k, 0,44
e~ {[} jinak, '

Monitoring vibracia LLM

kde b_,. ukazuje, zda momentalni maximalni hodnota x __ .,

prekraCuje oCekavanou maximalni hodnotu a b ukazuje, zda

mefeni x momentalné kolisa vice nez je obvyklé. u, ,,a 0, jsou

X, 14
stfedni hodnota a smérodatna odchylka méfeni x za poslednich

14 dn( ustaleného provozu a x a o, ,, jsou maximalni hodnota

max,1d
a smérodatna odchylka méfeni x za posledni 1 den provozu.
Koeficienty k. a k se voli s ohledem na zakladni hodnoty
a kriti€nost monitorovaného systému. Typické hodnoty jsou
K, € <2, 6 ake (1, 2).

Kromé vypoctu deskriptorl a binarnich indikatord Ize nactena
data analyzovat pomoci detektord anomalii, jejichZ cilem je iden-
tifikovat neobvyklé chovani méfeni a urcit okamzik jeho vyskytu.
Podrobnéjsi popis detektord anomalii Ize nalézt napf. v ¢lanku [8].

Do tohoto kroku patfi rovnéz vykresleni trendl jednotlivych
méreni do grafd.

2.4. Rozdéleni do datovych baliéku

Pro dalsi zpracovani je vhodné rozdélit vysledky vypoétl do
samostatnych datovych bali¢k(, z nichZ kazdy reprezentuje
logicky ucelenou ¢ast informaci, napf. deskriptory, indikatory,
alarmy (anomalie) a grafy.

Kazdy balicek ma obsahovat nasledujici
metadata:
a) identifikace monitorovaného systému,
b) datum a ¢as vytvoreni datového balicku,
c) provozni stav monitorovaného systému,
pokud ho 1ze jednoznacné urcit.

Jednotlivé prvky datového bali¢ku by mély
byt dale doplnény o:

a) oznaceni mista, kde bylo provedeno meéreni,
napr. L1 horizontalng,

b) casovou charakteristiku provedeného méreni,
napr. poslednich 24 hodin,

c) oznaceni daného prvku, napf. primeérna hladina
rychlosti vibraci v mm/s,

d) hodnotu prvku nebo soubor datovych bodl
v pfipadé graf.

Takto strukturované datové bali¢ky odpovidaji pozadavku ISO
133791 na jednoznacnou identifikaci diagnostickych elementd. [3]
Datove balicky se nejcastéji vytvareji ve formatu JSON, ktery
je dnes standardem v APl rozhranich pouzivanych pro vzda-
leny pristup k LLM i k platformam pro automatizaci procesu.
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K vyhodam formatu JSON patfi jednoducha struktura, jedno-
znacna Citelnost a moznost kombinovat texty, ¢isla i strukturo-
vana data. Nevyhodou je pak vétsi velikost vyslednych soubor(
zplsobena textovou reprezentaci dat. Alternativou k formatu
JSON jsou napriklad strukturovany format XML nebo binarni
formaty jako Protobuf.

2.5. Vygenerovani textu pomoci LLM

LLM generuje text na zakladé textového vstupu, tzv. pro-
mptu. Pro zajisténi transparentnosti a robustnosti a minimalizaci
zkresleni (biasu) je vhodné prompt strukturovat do nékolika
¢asti v souladu s ramci pro strukturovani promptd, napt. ROSES.
[9] Prvni ¢ast promptu vymezuje roli a odbornou perspektivu
LLM, napf.:

Jsi soucasti systému pro monitorovani stavu rotacnich strojd.
Tvym Ukolem je analyzovat dodana data a vyhodnocovat hladinu
vibraci v souladu s ISO 20816.

Jednoznacné vymezenirole pomaha LLM korektné interpre-
tovat zadani. Nasleduje specifikace ukolu, ktera jednoznacné
popisuje kroky, jez ma model provést, coz omezuje volnost
interpretace. Nize je priklad specifikace Ukolu, pokud vstupni

1ag @ bmax textove oznacene

data pro LLM zahrnuji hodnoty o,
jako MaxVibration a HighLevel:

» Najdi mohutnost vibraci (severity) v. mm/s za uplynulych
24 hodin jako maximum z hodnot parametru ,MaxVibration'.
Zafad mohutnost do pasma A (nizsi nez 3.8 mm/s), pasma B
(mezi 3.8 a 7.5 mm/s) nebo pasma C (vyssinez 7.5 mm/s). Uved
mohutnost, pasmo a prislusné misto.

Identifikuj mista, kde je HighLevel = true, a popis je jako mista
s vysSi hladinou vibraci, nez bylo v uplynulych 14 dnech obvyklé.
Pouze pokud zadné takové misto neexistuje, napis: ,Nebyla
identifikovana zadna mista s vyssi hladinou vibraci nez obvykle.”

« Uved strucny zaveér. Pokud je mohutnost v pasmu A nebo
v pasmu B, je mozny dlouhodoby provoz. Pokud je mohutnost
v pasmu C, stav vyzaduje pozornost diagnostika. Pokud jsou
hladiny vibraci netypicky vysoke, vyzaduji kontrolu dodanych
trend( diagnostikem. Pokud jsou ukazatele v normé, v zavéru
je nekomentu;j.

Treti Cast promptu tvori specifikace vystupu, ktera definuje
pozadovanou formu a styl vystupu. Pro zajiSténi transparentniho
vystupu je vhodné specifikovat pravidla pro odhady:

« Misto je vzdy slozeno z oznaceni loziska a sméru vibrace
formou pfislovce. Napf.: L1 horizontalng, L2 vertikalng, L3
v obou smérech.
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« Musi uvadét vécné a strucné zavéry bez zbytecnych detaill.

« Musi byt technicky presny a vychazi pouze z dodanych dat.
Odhady jsou oznaceny Stitkem [EXTRAPOLACE]. Hypotézy
jsou oznageny &titkem [HYPOTEZA].

« Nepouziva nazvy poli ve vstupnich datech (napf. MaxVibration’).
Misto toho pouziva srozumitelny technicky popis jejich vyznamu.

» Nepouziva seznamy ani odrazky. Misto toho pouziva souvisly
text.

« Nesmi obsahovat pozdravy, podékovani ani vyzvy k dalsi
interakci.

Posledni ¢ast promptu poskytuje LLM deterministicky pfipra-
vena vstupni data, napr.:

« Bearing: L1 - horizontal, MaxVibration: 2.1, HighLevel = false;

« Bearing: L1 - vertical, MaxVibration: 0.6, HighLevel = false;

2.6. UloZeni fetézcl do $ablony a rozeslani
e-mailem

Texty vygenerované pomoci LLM a datové bali¢ky jsou
nasledné vlozeny do Sablony vystupniho dokumentu. Z hle-
diska implementace je nejjednodussim feSenim pouziti Sablon
v HTML5, které umoznuji dostatec¢nou kontrolu nad strukturou
a formatovanim vystupu pfi zachovani kompatibility s emailovymi
klienty, snadnou integraci do vétsiny emailovych klientd a také
jednoduchy prevod do dokumentd Microsoft Word. Pfimé pouziti
Sablon ve formatu MS Word je mozné, ale nakladné, jelikoz
vyzaduje nejvySsi urovné licenci Microsoft Power Automate
nebo vyuziti nastroji externich poskytovatell. Alternativou je
pouziti sazeciho systému LaTeX, ktery poskytuje typograficky
kvalitni vystupy, av8ak jeho editace mlze byt pro bézné uzivatele
méné intuitivni.

Pfiklad na obrazku 2 ukazuje zdznam o vibracnim chovani
turbogeneratoru automaticky vygenerovany s vyuzitim HTML5
Sablony. Jednotlivé prvky zaznamu jsou oznaceny barvou podle
toho, jakym zpUsobem byly vygenerovany.

3. ZkuSenosti z provozu a diskuze

RozSifena verze promptu popsaného v kapitole 2.5 byla po-
uzivana pro monitorovani tfi parnich turbin uvedenych v tab.
1. Charakteristiky provozu jsou souhrnné vykresleny pomoci
Sankey diagramu na obr. 3. Prompt byl oproti verzi v kap. 2.5
rozsSifen o zpracovani smérodatnych odchylek méfeni. Déle je
analyzovano a diskutovano celkem 186 automaticky vygene-
rovanych zprav, pro jejichz vytvoreni byla pouzita platforma
Microsoft Powet Automate a model GPT 4.1 Mini bézici na
platformé Microsoft Azure.
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® Zaznam o vibraénim chovani

Zarizeni: TGO1 Legenda:
Datum: 2026-01-01 Preddefinovany text (Sablona)
Metadata z datového balicku
Vystaveni zaznamu: ® 2026-01-01, 07:00:1 ® Text vygenerovany platfor-
Soucasny stav: Maximalini hodnota mohutnosti vibraci za uplynulych 24 hodin je mou pro
4,4 mm/s na lozisku L7 v horizontdlnim sméru, coz spada do pasma automatizaci procesd
B (mezi 3,8 a 7,5 mm/s). Loziska L4 a L6 vykazuji vy$si hladinu Text vygenerovany LLM

vibraci nez bylo v uplynulych 14 dnech obvyklé. V Zaddném misté
nebylo zaznamenano vyrazné kolisani hladiny vibraci nad béznou
droven.

® Hodnoty deskriptor(i z da-
tového balicku

Tab.: Primérné hodnoty rychlosti vibraci v mm/s za poslednich 24 hodin.

Smér L1 (mm/s) L2 (mm/s) L3 (mm/s) L4 (mm/s) L5 (mm/s) L6 (mm/s) L7 (mm/s)
horizontalni e16 o1 e3,4 026 ®3,7 °2 04,3
vertikalni 00,6 014 e16 00,7 ®33 00,4 e19

Obr. 2 Ukazka automaticky vygenerovaného zaznamu o vibra¢nim chovani turbogeneratoru chovani s texty vyznacenymi

dle zplsoby jejich vytvoreni

Zafazeni mohutnosti vibraci do spravného pasma dle ISO
20816-2 proved! ve vSech pfipadech pouzity LLM spravné.

Robustnost textu generovaného LLM v(i&i shodnym vstupnim Za pozornost stoji pifipad turbiny TG02,
datdim se ligila v zavislosti na kvalité dat. U turbiny TGO1, ktera kde byly ze zcela shodnych vstupnich dat
se vyznacovala nejstabilngjsim provozem, byl text pro shodné vygenerovany dva stylisticky odliSné texty
vstupy generovan konzistentné. U turbin TG02 a TGO3, kde se stejnym vécnym obsahem:
hodnoty méfeni kolisaly a dochazelo k neplanovanym odsta-
venim, obsahoval generovany text pro shodna vstupni data i. ,Vzhledem k tomu, ze maximalni mohutnost
drobné odchylky. To nazna¢uje moznou souvislost mezi kvalitou vibraci spada do pasma B, je mozny dlouhodoby
vstupnich dat a stabilitou LLM, kterou by bylo vhodné ovéfit provoz. Nicméneé zvysené hladiny vibraci na
na vétsim souboru dat. nékolika mistech vyzaduji pozornost a kontrolu

trendl diagnostikem.*

Datovasada Sledované obdobi Vypadek systému Pocet zprav

ii. ,Celkoveé je provoz mozny, avSak vibrace na
nékterych mistech jsou zvysené a vyzaduji

TGO1 12.3-19. 6. 2026 28.4-18.5.2026 80 ) ) ) y .
pozornost diagnostika na zaklade dodanych

TGO2 25.5-19. 6. 2026 bez vypadku 26 trendd.®

TGO3 12.3-19.6. 2026 28.4-18.5.2026 80

Tab. 1 Prehled sledovaného obdobi, vypadku dat Tento nélez otevira otdzku, do jaké miry je stylisticka varia-
a velikosti datové sady na monitorovanych parnich bilita pfi pravidelné rozesilanych zpravach pfipustna a zda by
turbinach (ndzvy turbin jsou anonymizovany) méla byt omezena dodatecnym deterministickym zpracovanim

textu nebo oSetfena explicitnéjSim promptem.
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AT ODY. FEA L '"""I Obr. 3 Sankeydv diagram

Iﬂwr-'l & irmig,
0 sechinah 1 P plenou hisdino (F=27]

b'. i, jednasmarnd (V nabo H) (ns=35)

znazornujici vztah mezi tremi
soubory informaci: namérenou
mohutnosti vibraci (pasma dle

1 bk, shaniiderie. WL RTURSEP ISO 20816-2), zvysenou hladinou
12 sabinka, fesneimden (V o W in=16) vibraci nad zakladni hodnoty
B2 sodiukn. cbounmdms (W HT fre13 a vyslednym doporu(:enl'm
Phaa B n=160; I“ (I B A e e vt vygenerovanym LLM. Sitka tokd
Srduvbed Bendl e l0dy odpovida Cetnosti zaznamd, které

3+ bofiska. ohoaumibmil (V.81 Im=5E3)

—Pyamg Db

U turbiny TGO3 se navic opakované
(5x v prubéhu sledovaného obdobi) objevila
formulaéni nepiesnost:

iii. ,Nebyla identifikovana zadna mista s vysSim ko-
lisanim hladiny vibraci, nez je obvyklé, kromé loZiska
L7 horizontalné, kde je zaznamenano zvysené kolisani
vibraci."

Tato rozporna formulace by mohla byt zachycena dodate¢nou
validaci textu.

4, Zavér

Clanek ukazal, jak integrovat velké jazykové modely (LLM) do
procesu monitorovani vibraci systému strojd, kde LLM slouzi
jako jazykova nadstavba nad deterministicky vypoctenymi
hodnotami. Ovéfeni na provoznich datech tfi parnich turbin
potvrdilo, Ze tato architektura zachovava spravnost technického
zavéru (napf. zafazeni do pasma vibraci) i pfi zhorsené kvalité
vstupnich dat.

Urcita variabilita se ale projevuje ve stylistické konzistenci
textu, pficemz roste s podilem chybéjicich nebo neplatnych
vstupnich hodnot a s podilem binarnich indikator(. Otevienou
otazkou zUstava, zda frekvence takovych odchylek systematicky
souvisi s uvedenymi vlastnostmi vstupnich dat a zda by bylo
mozné tuto souvislost ovéfit na rozsahlejsim souboru provoznich
dat.
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danou kombinaci kategorii napfic¢
vrstvami prochazeji.

Cmenbity-Tinoh [nebi—

Podékovani

Prispévek vznikl v ramci institucionalni podpory na dlouhodoby
koncepcni rozvoj vyzkumné organizace poskytnuté Ministerstvem
préimyslu a obchodu Ceské republiky.

Literatura

1. Patil, R. a Gudivada, V. A review of current trends, techniques, and challenges in
large language models (LLMs). Applied Sciences, 2024, ro¢. 14, s. 2074. DOI: 10.3390/
app14052074. 2. CSN EN ISO/IEC 22989: Informaéni technologie - Uméld inteligence
- Pojmy a terminologie umélé inteligence. Praha: Ceskd agentura pro standardizaci,
2023. 3. 1SO 13379-1: Condition monitoring and diagnostics of machine systems —
Data interpretation and diagnostics techniques - Part 1: General Guidelines. Edition 2.
Zeneva: Mezindrodni organizace pro normalizaci, 2025. 4. OXMAINT. Beyond numeric
scores: How to fuse maintenance logs and sensor data with LLMs. Online. Maintenance
Management Software For Teams. 2025. Dostupné z https://oxmaint.com/blog/post/
data-fusion-predictive-maintenance-sensor-logs-lim. 5. Boonmee, A.; Wongsuwan,
K. a Sukjai, P. Consultation on industrial machine faults with large language models.
Online. Arxiv. 4 Oct 2024. Dostupné z https://arxiv.org/html/2410.03223v1. 6. CSN
ISO 20816-2: Vibrace — Méfeni a hodnoceni vibraci strojd. Cdst 2: Plynové turbiny,
parni turbiny a generdtory nad 40 MW s kluznymi loZisky, na pozemnich zdkladech
a jmenovitymi otackami 1500 r/min, 1800 r/min, 3 000 r/min a 3 600 r/min. Praha:
Ceskd agentura pro standardizaci, 2018. 7. €SN ISO 13374-2: Monitorovdni stavu
a diagnostika strojii — Zpracovdni, komunikace a prezentace dat - Cdst 2: Zpracovdni
dat. Praha: Urad pro technickou normalizaci, metrologii a stdtni zkusebnictvi, 2009.
8. Chandola, V.; Banerjee, A. a Kumar, V. Anomaly detection for discrete sequences:
A survey. IEEE Transactions on Knowledge and Data Engineering, 2012, roc. 24,
¢. 5, 5. 823-839. DOI: 10.1109/TKDE.2010.235. 9. R.0.S.E.S Framework Structure.

AiPromptsX, 2026. Dostupné z https://aipromptsx.com/prompts/frameworks/roses.

Cldnek prosel recenznim fizenim.



Vibraéni diagnostika a RCA

Od detekce poruch k odstranéni
jejich pricin: Vibracni diagnostika

a RCA v praxi

From fault detection to root cause elimination: Vibration

analysis and RCA in practice

Uvod

Vibracni diagnostika pfedstavuje pokrocily nastroj monito-
rovani stavu strojd, ktery umoznuje z provoznich dat odhalit
nejen existenci poruchy, ale i jeji charakter a pravdépodobnou
pficinu. Diky tomu je mozné identifikovat vznikajici zavady
v rané fazi, Casto jesté predtim, nez ovlivni funkci zafizeni
nebo zpUsobi odstavku. Vibraéni diagnostika tak pini klicovou
Ulohu detekéniho mechanismu v ramci prediktivni a proaktivni
udrzby. Za pouziti dalSich metod technické diagnostiky, jako
napf. sledovani zmén urovneé hluku, termografie aj., Ize zvysit
pfesnost identifikace poruch a jejich pFicin.

Samotna detekce zavady vSak neni cilovym stavem. Pokud
se udrzba omezi pouze na sledovani trendl a vyménu kom-
ponent po dosazeni kritického stavu, zQstava stale ve fazi
prediktivni udrzby. Pro pfechod k proaktivnimu pfistupu je
nezbytné odpovédét nejen na otazku ,Co selhalo?”, ale pfe-
devsim ,Proc¢ k selhani doslo?" Pravé zde vstupuje do procesu
analyza kofenovych pfi¢in (RCA). Pfedstavuje systematicky
a strukturovany pfistup k identifikaci skutec¢né pficiny pro-
blému, nikoliv pouze jeho symptomd.

V nasledujicim ¢lanku je popsano spojeni vibra¢ni diagnos-
tiky a RCA pro feSeni opakujicich se problémd reverzniho
dopravniku.

Pozadi projektu

Na zac¢atku celého projektu stal poZzadavek zakaznika na
implementaci metod vibra¢ni diagnostiky pro sledovani stavu
lozisek plniciho dopravniku drtice odpadu. Zminény dopravnik
trpél velmi ¢astymi neplanovanymi odstavkami se prdmérnym
¢asem mezi poruchami v ramci nékolika dnl. NejcastéjSim
poruchovym modem bylo pfed¢asné selhani nékterého z lo-
#isek dopravniku. Udrzba byla jen zfidkakdy schopna zachytit
pfiznaky poskozeni loZiska pfed jeho selhanim, které mnohdy
zpUsobilo poskozeni i dalsich komponent stroje. Cilem zékaz-
nika bylo identifikovat vznikajici poSkozeni s vétsim ¢asovym
pfedstihem a predejit tak neplanovanym odstavkam.

K samotné implementaci vibrodiagnostického systému vsak
zékaznik pfistupoval zpoc¢atku skepticky, mozna kvli Spatné
predchozi zkusenosti s monitoringem vibraci. Z dévodu po-
zadavku zakaznika na nizky naklad byly instalovany snimace
vibraci pouze na tfi loziska dopravniku. Soucasti instalace
nebylo otackové Cidlo, konfigurace méficich bodl byla tudiz
provedena ve zna¢né omezeném rozsahu — s odhadem otacek
ze spektra, bez znalosti sméru otaceni reverzniho dopravniku
a bez moznosti spousténi méfeni pouze za urlitych podminek,
v navaznosti na méreni otacek.

Piripady poskozeni pohledem vibraci

Monitoring stavu lozisek byl zalozen na analyze obalky
signalu zrychleni (acceleration envelope). Tato metoda je po-
uzivana k detekci periodicky opakujicich se razl, vznikajicich
od rané faze poskozeni valivych lozisek. Podle propusténého
frekvencniho rozsahu je obalka standardné oznacovana ENV1
(5-100 Hz), ENV2 (50-1000 Hz), ENV3 (500-10 000 Hz), ENV4
(5000-40 000 Hz).

Prvni detekce symptomu poskozeni nastala jiz po nékolika
dnech mérfeni vibraci. Snimace detekovaly vyznamny na-
rdst hodnot parametrd zrychleni a obalky zrychleni ve vSech
meéfenych frekvencnich rozsazich se symptomem uvolnéni
loZiska. Vzhledem k nizkym otac¢kdm dopravnikovych bubnd
(cca 60 ot/min) byl projev poskozeni nejlépe detekovatelny
v ¢asovém zaznamu, pravidelnymi razy s frekvenci otaceni
hnaciho hidele (viz obrdzek 1).

V tomto pfipadé pomohla detekce poskozeni (uvolnéni)
loziska predejit neplanované odstavce dopravniku a lozisko
bylo vyménéno béhem operativni prestavky. Obdobny scénar
s loziskem poSkozenym mechanickym uvolnénim se opakoval
témér s tydenni periodicitou, provozni zivotnost montovanych
loZisek byla tedy kriticky nizka. Opakujici se problém vedl
k hlubsi investigaci za podpory tymu aplika¢nich inZzenyra,
jejimz vysledkem bylo zjisténi kofenové pficiny problému
a stanoveni napravného opatieni.
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Obr. 1: Porovnani signalu loZiska s poskozenim (vlevo)

a loZiska po vyméné (vpravo), pozn. 4x nizsi rozsah osy
amplitudy signalu na obrazku dole, vpravo

Algoritmus Protean a strojové uceni

Se v€asnou detekci pomohl algoritmus ,Protean”, diagnos-
ticky nastroj vyuZzivajici prvky strojového uceni. [1] Nastaveni
tohoto parametru v popsané aplikaci bylo zaméfeno na analyzu
Casoveého zaznamu signalu. Nejlepsi vysledky detekce posky-
toval Protean pfi analyze signalu obalky zrychleni v rozsahu
500-10 000 Hz (ENV3). Algoritmus Protean pfi vyhodnoceni
¢asového zdznamu vyuziva kombinaci parametrd ¢asové ana-
lyzy, konkrétné Crest Factor, Skewness, Kurtosis a True Peak.
V8echny zminéné metody se podileji na jednotné, celkové
procentualni hodnoté indexu progresu, v jehoz jednotkach je
Protean zobrazovan na Casové ose. Zména kteréhokoliv ze
zminénych parametr( tedy ovliviiuje hodnotu Proteanu.

Algoritmus strojového u¢eni nasledné na zakladé prfedcho-
ziho vyvoje trendu Proteanu vypocte pfedpokladany rozsah
pro pfisti naméfené hodnoty. Pfisnost o¢ekavaného rozsahu
definuje diagnostik. Pokud definovany pocet naméfenych
hodnot prekroci oCekavany rozsah, algoritmus alarmem upo-
zorni diagnostika a automaticky vypocte novy pfedpokladany
rozsah hodnot. V pfipadé&, ze vyvoj trendu opakované klesne
pod definované procento prliméru, je rozsah také prepocitan,
jakozto korekce, bez alarmu.

Protean alarmyy

s Ak ' &
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Obr. 2: Porovnani vyvoje celkovych hodnot (pk-pk) parametru ENV3 (nahore) a indexu progresu algoritmu Protean (dole)
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Implementace algoritmu Protean -
detekce poskozeni

Obrdzek 2 porovnava trend algoritmu Protean analyzujici
¢asovy zaznam signalu a celkovych hodnot (pk-pk) parametru
ENV3 (obalky signalu zrychleni, 500-10 000 Hz) v rémci nékolika
tydn@. Casova osa zachycuje rozvoj dvou pFipad( poskozeni
a dvou vymen loziska hnaciho hfidele dopravniku. V prvnim pfi-
padé se rozvoj poskozeni projevil narlistem obou sledovanych
parametr(, pficemz trend Proteanu vykazal zménu s mirnym
predstinem. Lozisko bylo vyménéno v operativni pauze a bylo
nalezeno poskozeni zplsobené uvolnénim. Ve druhém pfipadé
byla zména trendu patrna i v celkovych hodnotach, algoritmus
Protean vsak vznikajici abnormalitu indikoval vyraznéji a upozornil
na jeji pfitomnost opakovanym alarmem.

V pfipadé druhé vymény jiz bylo pfipraveno napravné opatfeni
v podobé& zmény typu loziska a s touto vyménou zakaznik mj.
také preSel na loziska SKF. Zavedenim této zmény oba parametry
vykazuji stabilni trend.

KofFenové pri¢iny a napravna opatieni
Na obrazku nize je viditeIné porovnani stavu loZiska vymeé-
néneého na zakladé doporuceni diagnostiky a noveho loziska
pfipraveného k montazi. Vyménéneé lozisko bylo pfedmétem
investigace, béhem niz bylo identifikovano nékolik problémd:

Nevhodny zpUsob fixace vnitiniho krouzku
loziska na hrideli.

Nevhodny zplsob fixace vnitfniho krouzku loZiska na hideli.
Hlavni zjisténou pricinou poruch bylo pouziti excentrického zamku,
ktery zajistuje spravné upnuti loZiska pouze pfi jednom sméru
otaceni. U reverzniho dopravniku, ktery pravidelné méni smér
otaceni, proto dochazelo k uvolhovani lozZiska na hfideli. Po Upravé
loziskového uzlu bylo zabezpeceni pevné montaze loZiska na hfi-
deli dosazeno za pomoci stavéciho $roubu. Unosnost tohoto typu
fixace ovéfil softwarovym vypocétem tym aplikacnich inzenyrd.

Nevhodny typ tésnéni.

Provozovatel v aplikaci plvodné pouzival tésnéni navrzené
pro potravinarsky pramysl, tedy pro mnohem Cistéjsi prostiedi,
nez v jakém dopravnik skutecné pracuje. Plnici dopravnik drtice
odpadu pracuje v prostfedi s vysokou kontaminaci jak agresivnimi
plyny, tak pevnymi &asticemi. U&innost plivodniho t&snéni nebyla
pro tuto aplikaci dostate¢na. Na obrazku 3 |ze pozorovat havarijni
stav vysoce zkorodovaného a znecisténého loziska. Po zvazeni
provoznich podminek bylo navrzeno pouziti kontaktniho multi-ba-
riérového tésnéni 2RF. V navaznosti na zménu tésnéni byl navrzen
také prechod na mazivo LGEM 2, které je vhodné pro aplikace
s nizkymi otackami a poskytuje zvySenou ochranu proti korozi.

Vibraéni diagnostika a RCA

Obr. 3: Stav loziska po vyméneé v planované odstavce
(vpravo) a nové montovaného loziska v loziskovém
télese (vlevo)

Typ loZiska ne zcela odpovidajici zatizeni.

Nedilnou soucasti vypoctu lozZiskového uzlu je analyza pro-
vozniho zatiZeni a kontrola, zda mu aplikované lozisko odpovida.
Pfi kontrolnim vypoctu bylo vsak zjisténo, ze plvodni typ loZiska
plné neodpovidal provoznimu zatizeni. Proto byl navrzen prechod
na unosny typ loziska SKF YAR 212, dopInény o loziskoveé téleso
TUJ 512.

Zavér

V ¢lanku byl popsan pribéh servisniho projektu, ktery zakazni-
kovi umoznil implementaci proaktivni udrzby za pomoci zavedeni
on-line vibra¢ni diagnostiky a metod kofenové analyzy pficin
selhani— RCA. Diky kombinaci vzdalené diagnostiky vibraci, ana-
lyze kofenovych pficin a navrzenym napravnym opatfenim bylo
dosazeno vyrazného snizeni neplanovanych odstavek zafizeni.
Z plvodniho stavu, kdy méla loZiska dopravniku Zivotnost nékolik
tydnd, doslo k vyraznému zvyseni spolehlivosti, prodlouzeni
provozni zivotnosti lozisek i celého zafizeni a soucasné k vyznam-
nému snizeni nakladd na Udrzbu i ztrat zplsobenych odstavkami.
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Automotive Gearbox Condition
Monitoring: A Review
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Abstract

Automotive gearboxes are among the dominant sources
of vibration and noise in vehicle drivetrains, directly influ-
encing passenger comfort, durability, and compliance with
increasingly stringent noise regulations. Effective condition
monitoring of automotive gearboxes is therefore essential for
early fault detection, quality control, and predictive mainte-
nance. This review provides a comprehensive overview of
vibration- and noise-based condition monitoring techniques
applied to automotive gearboxes, with particular emphasis on
frequency analysis, order analysis, and envelope analysis. The
fundamental excitation mechanisms associated with gears,
rolling bearings, shafts, and assembly inaccuracies are first
discussed, together with their characteristic spectral signatu-
res. Classical frequency analysis is reviewed as a diagnostic
tool for identifying gear mesh irregularities, misalignment,
and imbalance under steady operating conditions. The review
then highlights order analysis as a key method for gearbox
diagnostics under variable speed and load conditions, ena-
bling accurate tracking of gear mesh orders, sidebands, and
long-term degradation trends. Furthermore, rolling bearing
fault detection techniques are examined, focusing on the iden-
tification of inner ring, outer ring, cage, and rolling element
defects using order-based and envelope analysis approaches.

1. Introduction

Noise and vibration reduction has become one of the key
challenges in modern automotive engineering due to increas-
ingly strict legislative requirements and growing customer
expectations regarding ride comfort and perceived vehicle
quality. Among the various vehicle subsystems, the drivetrain,
and particularly the gearbox, represents a dominant source
of structure-borne noise and vibration that can significantly
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influence both interior and exterior noise levels [1]. As a com-
plex mechanical system composed of gears, rolling bearings,
shafts, and housing, the automotive gearbox is highly sensitive
to manufacturing tolerances, assembly accuracy, operating
conditions, and progressive wear, shown in Fig. 1.

Input and output shaft bearing carrier

Input shaft

Output shaft

Fig. 1 Automotive manual gearbox [2]

Vibration and noise generated by automotive gearboxes
originate primarily from dynamic excitation mechanisms such
as gear tooth meshing, bearing rolling contact, shaft rotation,
imbalance, misalignment, and clearance effects [3]. These ex-
citations propagate through the gearbox housing and mounting
structures, where they are radiated as airborne noise into the
vehicle interior. Consequently, gearbox vibration and noise are not
only indicators of acoustic comfort but also valuable sources of
diagnostic information reflecting the technical condition, reliability,
and durability of the transmission system.

Condition monitoring based on vibration and noise analysis
has therefore become an essential tool in automotive gearbox
diagnostics. Compared to destructive inspection or purely visual
assessment, vibration-based methods enable non-invasive de-
tection of early-stage faults, allowing timely corrective actions
and supporting predictive maintenance strategies [4]. Typical
gearbox faults include gear tooth wear, pitting, eccentricity,



bearing race damage, clearance increase, and assembly-related
misalignments, all of which produce characteristic signatures in
vibration and noise signals.

Classical frequency analysis using the Fast Fourier Transform
(FFT) remains one of the most widely applied techniques for
gearbox diagnostics under steady-state operating conditions.
By analyzing vibration spectra, it is possible to identify shaft
rotational frequencies, gear mesh frequencies, bearing char-
acteristic frequencies, and their harmonic components, which
are closely related to specific mechanical defects [5]. However,
automotive gearboxes often operate under variable speed and
load conditions, where conventional frequency-based methods
become less effective due to frequency smearing and shifting
spectral components.

To overcome these limitations, order analysis has been increas-
ingly adopted for automotive gearbox condition monitoring. Order
analysis enables the transformation of vibration signals from the
time domain into a rotationally synchronous domain, allowing
spectral components to be expressed as dimensionless orders
rather than fixed frequencies [6]. This approach is particularly
suitable for vehicle powertrains, where speed variations are
inherent during acceleration, deceleration, and gear shifting.
Order analysis has proven effective for detecting gear mesh
irregularities, misalignment, imbalance, and long-term degradation
trends in both engines and transmissions.

In addition to gear-related faults, rolling bearings play a critical
role in gearbox noise generation and reliability. Bearing defects
such as inner ring clearance, outer ring damage, or rolling element
wear often generate impulsive vibrations that are difficult to detect
using standard spectral analysis alone. Envelope analysis and
order-based bearing diagnostics provide enhanced sensitivity to
such faults and enable early detection of bearing-related damage
in automotive gearboxes [7].

Although numerous experimental studies have addressed
individual aspects of gearbox noise, vibration, and diagnostics,
a consolidated overview focusing specifically on automotive
gearbox condition monitoring remains limited. The objective of
this review is therefore to systematically summarize and synthe-
size vibration- and noise-based diagnostic methods applied to
automotive gearboxes, with particular emphasis on frequency
analysis, order analysis, and envelope analysis.

2. Research Methodology

This review adopts a systematic literature-based methodology
focused on vibration- and noise-based condition monitoring tech-
nigues applied to automotive gearboxes, as shown in Fig. 2. The
methodological approach is designed to synthesize experimental
findings, diagnostic principles, and practical insights reported in

Vibration analysis

selected peer-reviewed journal articles and international con-
ference proceedings authored by the present researchers. The
reviewed studies were chosen to ensure consistency in applica-
tion domain, measurement philosophy, and diagnostic objectives.
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Fig. 2. Cutaway view of automotive manual gearboxes [2]

2.1. Selection of Reviewed Studies

The review is based on six core publications addressing noise
and vibration sources, diagnostic methods, and condition moni-
toring of automotive gearboxes under laboratory and operational
conditions [1, 3-71.

These studies were selected because they
collectively cover:

Identification of gearbox-related noise sources
within the vehicle drivetrain [1, 3]

Frequency analysis for detection and localization of
vibration and noise sources [4]

Comprehensive reviews of gearbox noise and
vibration diagnostics [5]

Order analysis for early-stage fault detection under
variable speed conditions [6]

Rolling bearing fault detection using order and
envelope analysis techniques [7]
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The selected articles focus exclusively on automotive gear-
boxes and related drivetrain components, ensuring relevance
to real vehicle applications rather than generic industrial gear
systems.

2.2. Diagnostic Framework and Signal Acquisition
Across the reviewed studies, gearbox condition monitoring is
primarily based on vibration signal acquisition using piezoelec-
tric accelerometers mounted on the gearbox housing and, in
some cases, on the engine block. Rotational speed signals are
simultaneously acquired using speed sensors synchronized with
the gearbox input shaft. This dual-signal approach enables both
frequency-domain and order-domain analyses.

Measurements were conducted under controlled laboratory
conditions using complete automotive powertrains as well as
during operational testing, allowing evaluation of gearbox behavior
under varying speed, load, and temperature conditions [4, 6, 71.
The vibration signals represent structure-borne noise generated
by gears, rolling bearings, and shafts, which are directly related
to mechanical excitation mechanisms inside the gearbox.

2.3. Frequency Analysis Methodology

Frequency analysis based on the Fast Fourier Transform (FFT)
constitutes a fundamental diagnostic method reviewed in this
study, as shown in Fig. 3. In the analyzed literature, frequency
spectra are used to identify characteristic excitation frequencies
such as shaft rotational frequencies, gear mesh frequencies, and
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bearing characteristic frequencies [3-5]. Harmonic components,
sidebands, and amplitude modulation effects are examined to
detect faults including gear tooth wear, eccentricity, imbalance,
and shaft misalignment.

The review evaluates the applicability of frequency analysis
primarily under steady-state operating conditions, where rota-
tional speed remains approximately constant. Limitations of this
approach under transient conditions, such as acceleration and
deceleration, are critically discussed based on experimental
observations reported in the reviewed studies [4, 5].

2.4. Order Analysis Methodology

Order analysis is reviewed as a key diagnostic technique for
automotive gearboxes operating under variable speed conditions,
as shown in Fig. 4 and Fig. 5. In the analyzed studies, vibration
signals are resampled with respect to rotational angles rather
than time, enabling spectral components to be expressed as
dimensionless orders of rotational speed [6]. This approach allows
accurate tracking of gear mesh orders, shaft-related orders, and
their harmonics independently of speed variations.

Order analysis is applied to identify gear mesh irregularities,
misalignment effects, clearance issues, and long-term degrada-
tion trends in both transmissions and engine—-gearbox interactions
[6, 7. The review synthesizes how order analysis improves fault
detectability compared to classical frequency analysis, partic-

ularly during dynamic operating regimes typical of automotive
applications.

Fig. 3. Detection and localization of the noise and vibration on the car gearbox using frequency analysis [4]
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Fig. 4. Condition monitoring of engine and transmission using order analysis [7]

Fig. 5. (a) Engine and Transmission, (b) delta-ANALYSER [7]
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2.5. Rolling Bearing Fault Analysis

Rolling bearing diagnostics are reviewed using both envelope
analysis and order-based bearing analysis techniques, as shown
in Fig. 6. The reviewed studies calculate characteristic bearing
frequencies associated with inner ring, outer ring, rolling elements,
and cage motion, based on bearing geometry and rotational speed
[4, 7]. Envelope analysis is applied to detect impulsive vibration
components generated by bearing defects, while order analysis
enables consistent fault tracking under varying speed conditions.

The review compares the sensitivity of these methods for
early-stage bearing fault detection and discusses their integra-
tion with gearbox-level diagnostics to provide a comprehensive
assessment of transmission condition [7].

3.Results and Discussions

3.1.Identification of Dominant Noise and
Vibration Sources in Automotive Gearboxes
Across the reviewed studies, it is consistently observed that
automotive gearbox noise and vibration are dominated by ex-
citation mechanisms associated with gears, rolling bearings,
and shafts [1, 3-5]. Experimental vibration spectra measured on
gearbox housings reveal that gear mesh frequencies and their
harmonics constitute the most prominent spectral components,
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Water T W1
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pump

C TW2

even in newly manufactured or correctly assembled gearboxes.
Bearing-related frequencies and shaft rotational components
generally appear at lower amplitudes but become dominant when
faults or assembly inaccuracies are present.

Results presented in [3] and [5] demonstrate that improper gear
meshing, eccentricity, and clearance effects lead to amplitude
modulation of the gear mesh frequency, producing character-
istic sidebands spaced by shaft rotational frequencies. These
modulation effects are clearly visible in frequency spectra and
represent reliable indicators of gearbox assembly quality and
mechanical condition.

Fig. 7 concerns the first gear ratio of the gearbox, where the
noise tolerance limits of the gear parameters were not sufficiently
met. The parameters were exceeded by 50 um and by 10 um.
It shows the measured overall (MIX) noise spectrum under load.
The figure makes it possible to observe the difference between
this case (red curve) and the serial measurements of fault-free
gearboxes produced on the same day (black curves). The mea-
sured spectrum exhibits a relatively increased broadband noise
level. The first harmonic frequency (14th order) corresponding to
the first gear ratio is, compared with fault-free gearboxes, within
tolerance. However, the second (28th order) and third (42nd
order) harmonic frequencies of this gear ratio are increased by
up to 10 dB compared to the others.
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Fig. 6. Engine and transmission simulation using Reilhofer Order Calculator (ROC) software [7]
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Fig. 7. Noise spectrum of gearbox first gear ratio when the engine in acceleration (Channel MiIX) [1]

3.2. Frequency Analysis for Fault Detection and
Localization

Frequency analysis proved to be an effective diagnostic tool for
detecting gearbox faults under steady-state operating conditions.
In [4], frequency spectra of gearbox vibration signals were used
to localize sources of excessive noise and vibration by comparing
measured spectral components with analytically calculated shaft,
gear mesh, and bearing frequencies. A representative result is the
spectrum of the input shaft, where the amplitude of the second
harmonic of the shaft rotational frequency exceeds that of the
first harmonic. This spectral characteristic is widely recognized
as a clear indicator of shaft misalignment.

Similarly, results from differential gear measurements in [4]
show increased amplitudes at gear mesh frequencies accom-
panied by imbalance-related harmonics, as shown in Fig. 8.
These findings confirm that frequency-domain analysis enables

direct correlation between spectral features and physical fault
mechanisms, such as misalignment, eccentricity, and gear tooth
clearance. However, the reviewed results also highlight that fre-
quency analysis loses diagnostic clarity when rotational speed
varies significantly, as spectral components shift and smear across
frequency bins.

3.3. Gear Fault Signatures in Frequency and Order
Domains

A consistent observation across the reviewed articles is that
gear-related faults primarily manifest as increased amplitudes at
the gear mesh frequency and its harmonics [3-6]. In healthy gear
assemblies, higher harmonics of the gear mesh frequency decay
rapidly, resulting in a relatively clean spectrum. In contrast, worn
or misaligned gears exhibit elevated second and third harmonics,
often accompanied by pronounced sidebands.

Fig. 8. Spectrum of vibration of differential gear at the 5th speed degree [4]
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The illustrative spectra discussed in [5] show how specific gear
defects can be differentiated based on their spectral signatures.
For example, eccentric gears or bent shafts produce modulation
of the gear mesh frequency at the shaft rotational frequency, while
tooth wear and surface damage lead to broadband increases and
stronger harmonic content. These patterns provide a valuable
diagnostic framework for interpreting measured gearbox vibration
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Fig. 9. 5th-gear level spectrum of vibration measured

by Order Analysis [3]

In traction, Fig. 9 (left) shows the marked effect of the pinion
gear mesh frequency with amplitude of fundamental = 0.39 Gs
(ORD 19.12). This shows the effect of eccentricity. The clearance
of the input shaft bearings (in the shape of glasses) is manifested
at BPFO = 205 Hz. The clearance of bearing near the clutch is
manifested at BSF = 129 Hz. Backward, Fig. 9 (right) shows the
marked effect of the pinion gear mesh frequency with amplitude
of the fundamental = 0.25 Gs and amplitude of the 2nd harmonic

58| 2/2026 | TECHNICKA DIAGNOSTIKA

= 0.1 Gs. This shows the effect of eccentricity. The clearance of
input shaft bearings (in the shape of glasses) is manifested at
BPFO = 205 Hz. The clearance of bearings near the clutch at
BSF =134 Hz.

3.4. Advantages of Order Analysis under Variable
Speed Conditions
Order analysis emerges as a key diagnostic method for auto-
motive gearbox condition monitoring under realistic operating
conditions involving variable speed and load [6]. Results from
long-term powertrain testing demonstrate that expressing spectral
components as dimensionless orders enables consistent tracking
of gear mesh behavior independent of rotational speed changes.
In [6], order spectra revealed abnormal increases in gear mesh
orders at the 4th and 5th speed degrees of manual transmission
after prolonged operation. Trend analysis of these orders over time
showed gradual amplitude growth, indicating progressive gear
tooth wear and increased vibration levels. These results illustrate
the strength of order analysis for early-stage fault detection, where
absolute vibration levels may remain below alarm thresholds.
Furthermore, order analysis enabled the identification of inter-
action effects between the engine and the transmission. Increased
second-order harmonic components of the crankshaft were
found to excite transmission gear mesh orders, highlighting the
importance of considering the entire powertrain as a coupled
dynamic system rather than analyzing the gearbox in isolation.
Load step 201 of gear mesh between gearwheels zl4 and zll4
was chosen to analyze where crankshaft speed ranged from 3100
RPM to 3399 RPM, gear between 3.50 and 4.50, torque from
50 Nm to 100 Nm, and oil temperature ranged from 79.50°C to
103°C. The amplitude of the 1st harmonic component of 2.9423¢g
is significant, while the amplitude of the 2nd harmonic component
of 0.3644g and the amplitude of the 3rd harmonic component
of 01327g are small. This indicates the effect of imbalance, as
shown in Fig. 10.

3.5. Rolling Bearing Fault Detection Using
Envelope and Order Analysis

Rolling bearing diagnostics represent one of the most challeng-
ing aspects of gearbox condition monitoring due to the impulsive
and often low-amplitude nature of bearing fault signals. Results
from [4] and [7] show that envelope analysis effectively enhances
bearing fault signatures by demodulating high-frequency reso-
nance bands excited by bearing impacts.

In [7], order-based bearing analysis revealed progressive in-
creases in the harmonic components of the inner ring fault order
of a gearbox bearing at the 4th and 5th speed degrees, as shown
in Fig. 1. These increases were clearly visible in order spectra and



trend plots, even when conventional frequency spectra showed
limited sensitivity. The findings confirm that order analysis signifi-
cantly improves bearing fault detectability under variable speed
conditions compared to frequency-domain methods alone.
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Importantly, the reviewed results demonstrate that bearing
defects often coexist with gear-related faults, emphasizing the
need for integrated diagnostic approaches combining frequency
analysis, order analysis, and envelope analysis.
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Fig. 10. Load step 201: crankshaft speed (3100-3399 RPM), gear (3.50-4.50), torque (50-100 Nm), oil

temperature (79.50-103°C), effect of imbalance of gear mesh between zl4 and zll4 [6]
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Fig. 11. Load step 201: crankshaft speed (3100-3399 RPM), gear (3.50-4.50), torque (50-100 Nm), oil

temperature (79.50-103°C), Bearing 3: inner ring clearance [7]
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4. Conclusions

This review has presented a comprehensive overview of
vibration- and noise-based condition monitoring techniques
applied to automotive gearboxes, with a particular focus on
frequency analysis, order analysis, and envelope analysis.
Automotive gearboxes remain one of the dominant sources of
drivetrain noise and vibration, and their complex mechanical
structure makes early fault detection essential for ensuring
reliability, durability, and acoustic comfort.

The reviewed studies demonstrate that classical frequency
analysis is an effective diagnostic tool for identifying gearbox
faults under steady-state operating conditions. Gear mesh
irregularities, shaft misalignment, imbalance, and clearance
effects can be reliably detected through characteristic spectral
features such as harmonic growth and sideband modulation.
However, the applicability of frequency analysis is limited
under variable speed conditions, which are inherent to real
vehicle operation.

Order analysis has been shown to be a key diagnostic
method for automotive gearbox condition monitoring, par-
ticularly under transient operating regimes. By expressing
vibration components as dimensionless orders, order analysis
enables consistent tracking of gear mesh and bearing-related
excitations independent of speed variations. The reviewed
results confirm its strong capability for early-stage fault de-
tection, long-term degradation assessment, and analysis of
engine-transmission interaction effects.

Rolling bearing fault detection remains a challenging task
due to the impulsive and often low-energy nature of bearing
defect signals. Envelope analysis and order-based bearing
diagnostics significantly enhance fault sensitivity, allowing
reliable identification of inner ring, outer ring, cage, and rolling
element defects even under varying operating conditions.
The reviewed studies highlight the importance of integrating
bearing diagnostics with gearbox-level analysis to obtain
a complete assessment of transmission health.

Overall, this review confirms that no single diagnostic method
is sufficient for comprehensive automotive gearbox condition
monitoring. A combined diagnostic approach that integrates
frequency analysis for fault localization, order analysis for
variable-speed operation, and envelope analysis for rolling
bearing faults provides the most robust and reliable solution.
Future research should focus on the integration of these meth-
ods into onboard condition monitoring systems, the application
of data-driven diagnostic techniques, and the adaptation of
condition monitoring strategies to emerging drivetrain tech-
nologies, including electrified and hybrid powertrains.
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