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Abstract 

This thesis is a measurement evaluation type of project in which to perform a harmonic 

response analysis were the results will be compared to measurement data to verify if the 

ANSYS model is realistic in terms of dynamics. This includes proposing the different 

parameters that will affect the results of the comparison as well as how to improve further 

models. 

In 2014 Atlas Copco received a special customer order of a ST1530 loader with a Detroit 

engine instead of a Cummins engine which is commonly used in the ST1530. New dynamic 

analyses had to be performed by the Applied Mechanics Group, regarding harmonic response 

using data from a measurement of a ST1520 loader with a Detroit engine. A new design of the 

engine cradle was developed after several analysis iterations. In February 2015, new 

measurements were performed on the loader with the right Detroit engine and a new engine 

cradle. 

There are two different comparison tools/methods used in this thesis, one that consists of 

comparing the difference between the mean average value of both the ANSYS and the 

measurements results. The other tool/method is more accurate since it compares both the 

variation between the peaks and also the offset of the frequency.  

Results show that the measurement results in 800 rpm were very compatible with the analysis 

results in ANSYS, meanwhile at high speed the measurement results were only moderately 

compatible with the analysis results. The vibration in 800 rpm doesn’t exceed the Atlas Copco 

rule of thumb as opposed to the 2173 rpm. This is only considering the cradle, the cooler 

however consists of higher vibrations than the measurement data. Their rule of thumb is 

defined as a boundary for the maximum allowable vibration values. 

The model could’ve been a lot more accurate if the use of CAD models of both the engine and 

the cooler were implemented in the analysis. This is desirable but it does not work all the time 

as companies for these products can not issue a CAD model due to, e.g. Patents and such. 

  



 

 

Sammanfattning 

Denna avhandling är en mätutvärdering där man ska utföra en harmonisk responsanalys vars 

resultat kommer att jämföras med mätdata för att kontrollera om ANSYS modellen är 

realistisk i dynamiska termer. Detta inkluderar även att man ska föreslå de olika parametrar 

som kommer att påverka resultatet av jämförelsen samt hur man kan förbättra ytterligare 

modeller. 

Under 2014 erhöll Atlas Copco en speciell kundorder med en ST1530 lastare där man ville ha 

en Detroit motor istället för en Cummins motor som ofta används i ST1530. Detta resulterar i 

att nya dynamiska analyser måste utföras av Applied Mechanics Group, angående harmonisk 

respons där man använde data ifrån en mätning av en ST1520 lastare med Detroit motor. En 

ny utformning av motorvaggan utvecklades efter flera iterationer. I februari 2015 så utfördes 

nya mätningar på lastaren med rätt Detroit motor och den nya motor vaggan. 

Två olika jämförelse verktyg/metoder användes i denna avhandling. Det första 

verktyget/metoden testades, som består av att jämföra skillnaden mellan det genomsnittliga 

medelvärdet av både ANSYS och mätresultat. Det andra verktyget/metoden användes för att 

den är mer exakt eftersom den jämför både variationen mellan vibrationstopparna och även 

förskjutningen i frekvens. 

Resultaten visar att mätresultaten i låg hastighet (800 rpm) var mycket förenliga med 

analysresultaten i ANSYS, däremot vid hög hastighet (2173 rpm) var mätresultaten bara 

måttligt förenliga med analysresultaten. Vibrationerna i 800 rpm överstiger inte Atlas Copcos 

tumregel till skillnad från 2173 rpm, detta är bara med tanke på vaggan. Kylaren har däremot 

högre vibrationer än mätdata. Denna tumregel är definierad som en avgränsning för maximalt 

tillåtna vibrationsvärden. 

Modellen kunde varit mycket mer exakt om man hade implementerat CAD-modeller av både 

motorn och kylaren i analysen. Detta är önskvärt men funkar inte hela tiden då företagen för 

dessa produkter inte kan ge ut en CAD modell, pga. t.ex. Patent eller liknande. 
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1 Introduction 

 Company 

The company is named Atlas Copco and is known worldwide with 40 200 employees in 90 

countries. This thesis is associated with Atlas Copco Rock Drills AB in Örebro which has 

1629 employees including consultants in October 2014. 

1.1.1 History 

Atlas was established in Stockholm in 1873 by the railroad engineer Eduard Fränckel and 

financiers David Otto Francke and André Oscar Wallenberg. Fränckel became the company’s 

CEO. 

Walter Wehtje became CEO 1940. Wehtjes saw the market potential in the Swedish method. 

The Swedish method is lightweight pneumatic rock drills. This method had clear advantages 

over the competition and the world market was open. 

The name Copco came from the French Compagnie Pneumatique Commerciale. 

In 1997 the MR production is moved from Nacka to Örebro.  

In 2002 the production of Wagner products (loaders and trucks) is moved from Portland to 

Örebro. 

At the end of 2008, the world was hit by an economic crisis which also affected Atlas Copco 

greatly, especially due to mining customers’ investments decreased. Atlas took action to adjust 

capacity and costs, which gave immediate effect, largely thanks to the divided organization 

that responded quickly. 

In order for Atlas Copco to help their clients within various industries in a more focused way 

the company was divided into four business areas in 2011: Compressor Technique, Industrial 

Technique, Mining and Rock Excavation Technique, and Construction Technique. Each 

business was responsible for their own strategies within the group’s vision and mission, and 

created their own service divisions. 

The current CEO is named Ronnie Leten and Atlas Copco’s vision is: First in Mind – First in 

Choice®. 

1.1.2 Business Areas 

Atlas Copco’s Compressor Technique business area provides industrial compressors, vacuum 

solutions, gas compressors, process compressors, turbo expanders, equipment for air and gas 

treatment as well as air management systems. The business area has a global service network 

and innovates for sustainable productivity in the manufacturing, oil, gas and process 

industries. The main units of product development and manufacturing are located in Belgium, 

USA, China, South Korea, Germany, Italy and the UK.  

Industrial Technique business area provides industrial power tools, assembly systems, quality 
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safe products, software and service through a global network. The business area innovates for 

sustainable productivity for customers within the automotive and engineering industries, 

maintenance and vehicle service. The main units of product development and manufacturing 

are located in Sweden, Germany, USA, UK, France and Japan. 

The Mining and Rock Excavation Technique business area provides equipment for drilling 

and rock excavation with a complete range of related consumables and service through a 

global network. The business area innovates for sustainable productivity in mines and 

quarries, infrastructure, civil work, well drilling and geotechnical applications. The main units 

of product development and manufacturing are located in Sweden, USA, Canada, China and 

India. 

The Construction Technique business area provides construction tools, portable compressors, 

pumps, generators, lighting towers as well as paving and compaction equipment. The business 

area offers special rental services and provides service through a global network. Construction 

Technique innovates for sustainable productivity in infrastructure projects, civil engineering, 

oil and gas, energy, drilling and road construction. The main units of product development 

and manufacturing are located in Belgium, Germany, Sweden, USA, China, India and Brazil. 

1.1.3 Atlas Copco in Örebro 

Atlas Copco is located in different facilities throughout Örebro.  

  

Customer Shared 

Services (CSS) 

Surface and Exploration 

Drilling (SED) 

Rock Drills Automation 
Specialist Engineering 

Services (SES) 

Applied 

Mechanics 

Measurement 

Technique 

Industrial 

Design 

Material & Rock 

Drill Laboratory 
CMTEC Patents 

Underground Rock 

Excavation (URE) 
Rocktec (RTE) 

Atlas Copco Rock Drills AB (RDE) 

Mining & Rock 

Excavation Service 

(MRS) 

Figure 1 Work department of the thesis 
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Divisions 

There are five divisions, but only Rocktec is described. Some of the Underground Rock 

Excavation Division’s and the Surface & Excavation Drilling Division’s products are 

presented. 

URE’s products and tunneling process which were the products are used can be seen in Figure 

2 and Figure 3.  

Below are some examples of products and their applications of SED.  

Figure 3 Cycle of the tunneling 

AirROC P55 

FlexiROC D60 PowerROC T35 

SmartROC T40 

Figure 4 Products of SED 

Raise Boring – Raiseboring Deep Hole Drilling – Simba Tunneling – Boomer 

Flaking – Scaletec Rock Support – Boltec  
Loading and Hoisting – 

Scooptram & Minetruck 

Figure 2 Products of URE 
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Rocktec 

The Rocktec Division is also called RTE, develops and manufactures rock drills, rotational 

units, spare parts, hardware and software for automation solutions as well as technical 

specialist services such as counseling. Some of their drilling products can be seen in Figure 5. 

The modern laboratory and research center in Örebro provides services to all divisions within 

the business areas Construction and Mining Technique. It’s about applied mechanics, 

metrology, materials, industrial design and intellectual property rights.  

SES – Specialist Engineering Services 

It’s a group within RTE that provides the other divisions requested services. The following 

groups belongs to SES but only the Applied Mechanics is described: 

 Applied Mechanics 

 Industrial Design 

 Material Competence Center 

 Measurement Technique 

 Patents 

 CMTEC 

Applied Mechanics Group 

This group works with structural analysis, finite element dynamic analysis, MBS analysis, 

CFD (computational fluid dynamics) analysis, laboratory testing, fatigue testing, and 

performance tests on hydraulic cylinders.  

Their strengths are working in teams, have their own laboratory, deep product knowledge, 

good interaction with the design department.  

  

COP 3038 COP 3060MUX 

COP 1838ME 

Figure 5 Products of RTE 

Incoming 
assignment

Analysing

Simulation
Laboratory 

tests

Analysing 
results, report

Figure 6 Work cycle 
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 Project 

This thesis is a measurement evaluation type of project in which to perform a harmonic 

response analysis, were the results will be compared to measurement data provided by 

accelerometers which are located at points of interest. These measurement data is provided by 

the Measurement Technique Group which has performed the test in Kvarntorp Prototype test 

hall. 

In 2014 the company got an order of several ST1530 loaders with Detroit engines instead of 

Cummins engines which were previously used. New dynamic analyses had to be performed 

by the Applied Mechanics Group, regarding harmonic response using data from 

measurements of a ST1520 loader with a Detroit engine. A new design of the engine cradle 

was developed after several analysis iterations which can be seen in Figure 7. In February 

2015, new measurements were performed on the loader with the right Detroit engine and a 

new engine cradle. The objective with the analyses in 2014 were to verify that the engine 

cradle could handle dynamic loads caused by the new engine.  

Specification of requirements: 

 Master the tools that’s required for this project 

 Understand the model, how it’s constructed and how it functions 

 Implement specified analyzes 

The project will become a presentation of the comparison of results with measurement. 

  

2014 

New Design Old Design 

2015 

Figure 7 Old and New design of the engine cradle 



 

Rev 02, 2014-03-05 C Gustafsson, M Hemdan  6(64)  

1.2.1 Limitations 

The project shall include as according to below: 

 Perform harmonic response analyses for two rpm values. 

o The whole vehicle model exists and data from new measurements have to be 

applied to excite the engine. 

o Interesting points corresponding to those where accelerometers were placed 

have to be detected. 

o Results will be compared with measurements. 

 Additional work, if time admits. 

o Make a table with different parameters which affect the analysis result.  

o Document how results differ and suggest how results can correspond even 

better to measurements if needed. 

1.2.2 Requirements 

Tools required to complete the thesis: 

 Work place with a good computer with a good processor and a lot of memory 

 ANSYS Mechanical APDL 

 Microsoft Office Word, Excel etc. 

 Script (Specific macro for the analysis) 

 Licenses (Specific for ANSYS) 

 Books 

Other Requirements 

 No economic resources and no travel expenses 

 At least 30-40 hours of work each week for approximately 10 weeks 

 Guidance from the company supervisor and university supervisor 

o Good knowledge in ANSYS Mechanical APDL program 

o Pedagogical 

o Good knowledge about harmonic response analysis 
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1.2.3 Timetable 

1. Thesis work start (Including learning the program ANSYS Mechanical APDL) – 30th 

of Mars. 

2. Specification of the thesis work – 10th of April. 

3. Theory (see Methods – Step 1 and Step 2). 

4. Oral presentation, interim report – 27th -29th of April. 

5. Analysis. 

6. Post processing. 

7. Comparison. 

8. Submission of the preliminary report for peer review – 20th of May. 

9. Submission of the audit report, peer review – 26th of May. 

10. Oral Presentation, including opposition on another's work – 2nd -4th of June. 

11. Writing of report.  

12. Submission of the report, examined. 

13. Submission of the report, company. 

A. Meeting with Renny Rantakokko/Sizar Shamoon from the Measurement Technique 

Group concerning measurement and receiving data – Week 16 

* Preliminary meetings with company supervisor every Friday. 

* Preliminary meetings with university supervisor one day at the office or by email every 

week. 

  14 (1) 15 (2) 16 (3) 17 (4) 18 (5) 19 (6) 20 (7) 21 (8) 22 (9) 23 (10) 24 (11) 

1               

2               

3    A           

4              

5               

6               

7               

8              

9              

10               

11                       

12                       

13            

Table 1 Timetable for the project 
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2 Abbreviations 

Name Description 

ANSYS Simulation and analysis program ANSYS APDL version 15.0 

APDL ANSYS Parametric Design Language, a.k.a. ANSYS Classic 

CMT Construction and Mining Technique business area 

CSS Customer Shared Services 

DOF Degrees of freedom 

FE Model Finite Element Model 

IC Initial Conditions 

LHD Loaders Haulers and Dumpers department, part of URE 

MR Mining & Rock Excavation 

MRS Mining & Rock Excavation Services 

NVH Noise, vibration and harshness 

RBM Raise Boring Machines department, part of URE 

RDE Atlas Copco Rock Drills AB 

RMS Root Mean Square 

Rpm Revolutions per minute 

RTE Rocktec division 

SED Surface and Excavation Drilling division 

SES Specialist Engineering Services 

ST Scooptram 

SRSS Square root of the sum of the squares 

TME Tunneling and Mining Equipment department, part of URE 

URE Underground Rock Excavation division 

Table 2 Abbreviations 
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3 Terminology 

Parameter Name Unit 

𝐴𝑛, 𝐵𝑛, 𝑞 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑚 

𝐴 𝐴𝑟𝑒𝑎 𝑚2 

𝑎, �̈� 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝐴 

𝑐 𝐷𝑎𝑚𝑝𝑖𝑛𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑁𝑠
𝑚⁄  

𝐷 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑚 

𝐸 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑁
𝑚2⁄  

𝑓 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝐻𝑧 = 𝑟𝑒𝑣
𝑠⁄  

𝐹 𝐹𝑜𝑟𝑐𝑒 𝑁 =
𝑘𝑔𝑚

𝑠2⁄  

𝑔 𝐺𝑟𝑎𝑣𝑖𝑡𝑦 9.81 𝑚
𝑠2⁄  

𝐺 𝑇𝑜𝑟𝑠𝑖𝑜𝑛𝑎𝑙 𝑟𝑖𝑔𝑖𝑑𝑖𝑡𝑦 𝑁
𝑚3⁄  

𝑖 𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 √−1 

𝐼 𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑚4 

𝑘 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑁
𝑚⁄  

𝐾 𝑆𝑝𝑟𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 − 

𝐿 𝐻𝑒𝑖𝑔ℎ𝑡 𝑚 

𝑚 𝑀𝑎𝑠𝑠 𝑘𝑔 

𝑄 𝑀𝑜𝑑𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑁 

𝑠 𝐿𝑒𝑛𝑔𝑡ℎ 𝑚 

𝑡 𝑇𝑖𝑚𝑒 𝑠 

𝑢 𝑀𝑜𝑑𝑒 𝑠ℎ𝑎𝑝𝑒 − 

𝑣, �̇� 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑚
𝑠⁄  

𝑥 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑚 

Table 3 Alphabetical Terminology 
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𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑁𝑎𝑚𝑒 𝑈𝑛𝑖𝑡 

𝛼, 𝛽 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠 − 

𝛾 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 − 

𝜁 𝐷𝑎𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 − 

𝜆, 𝜇 𝐸𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒 − 

𝜉 𝐿𝑜𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 − 

𝜋 𝑃𝑖 3.14159265359 … 

𝜎 𝑆𝑡𝑟𝑒𝑠𝑠 𝑁
𝑚2⁄  

𝜐 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜 − 

𝜑, 𝜓 𝑃ℎ𝑎𝑠𝑒 𝑎𝑛𝑔𝑙𝑒 (𝐷𝑒𝑔𝑟𝑒𝑒𝑠) ° 

𝜔 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑟𝑎𝑑
𝑠⁄  

Table 4 Greek Alphabet Terminology 
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4 Background 

The objective of this work was to compare the ANSYS model accords with the actual 

measurements of the real model. 

It is of interest to know that the calculation model with assumed parameters produces results 

on par with the measurement results. 

Previous measurement evaluations of loaders has been performed but with smaller engines 

which can be a source of uncertainty. 

 The Problem 

A harmonic response analysis will be performed using the new measurement data of a 

ST1530 loader. The results will then be compared with the results from the accelerometers. If 

time admits, suggestions of changes of parameters in the model to enhance accuracy will be 

applied. 

After a customer order of an existing product with a new engine, there was need for a new 

engine cradle. Because the engine cradle has an exposed/sensitive geometry, an analysis was 

needed to be performed based on the vibration requirements. 

Theorem needed for this thesis is how to use ANSYS Mechanical APDL, understanding on 

how to create a full vehicle model with nodes and connectors, and using measurement results 

from harmonic response analyses. 

This will be provided through tutorials in the program, reviews from the supervisor and other 

colleagues within their respective area of expertise. Atlas Copco is the leading company that 

uses FEA (Finite Element Analysis) in Örebro. 

  

Figure 8 Explanation of the cradles location in the ST1530 Loader 
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 Project History 

About 10 years ago Atlas Copco started to develop a method to use for, especially loaders 

regarding dynamic analysis/simulations. This method has been implemented into several 

projects as well as this thesis. The method (which will be described more in depth under the 

title method) can be divided into these groups: 

 Measurement 

 Modelling  

 Modal Analysis  

 Response Analysis  

 Evaluation 

 Interviews 

Several short interviews/questions has been done with several employees e.g. Viktor Öhrn 

from Material Handling – Loaders, regarding the CAD model, Sajan Varghese, Hanna 

Kristofferson, Jari Hyvärinen from Applied Mechanics, regarding the Method of 

implementation, Sizar Shamoon, Renny Rantakokko from Measurement Technique regarding 

measurement and engine data.  

The results of these interviews has been implemented into several different areas of this 

project, such as the FE model and Method chapters. 

 What have others done before 

It started with various scientists that has found out the theory about these analyzes (modal- 

and response analysis) and then through research documentation it’s described scrupulously. 

Software, such as ANSYS, has available customized instructions and reports that’s filled with 

facts will help the user. Their software’s programming regarding modal- and response analysis 

is based on the research documentations of the various scientists. Companies that utilizes 

solid mechanics calculations in their business areas have their own approach on how to 

implement software (ANSYS) with experimental measuring instruments to ensure acceptable 

performance results. They are then able to create their own method of how to tackle their 

products problem areas. 

Depending on what kind of results that the company want to achieve when listing vibration 

levels, displacements of the nodal points, stress etc. through its modal analysis, response 

analysis etc. The results can then be presented in various forms of post processing techniques 

using e.g. Campbell diagrams etc. This process is described visually in Figure 9 [10, 11, 12, 

13, 14, 15]. 

Scientific 

Reports 
Software 

Companies 

Approach 

Method of 

Implementation 
Results Measurements Documentation 

Figure 9 Presentation process of companies approach on analyzes 



 

Rev 02, 2014-03-05 C Gustafsson, M Hemdan  13(64)  

 Description of the field of technology 

Materials Technology 

Basic knowledge of materials technology and properties is required, to be able to have further 

understanding of how to interpret the analysis results and identify any deviations in the 

products material.  

Mechanics 

Advanced knowledge about basic mechanics which involves 2D and 3D calculations of 

simple and complex shapes on any type of product. Which affects mostly appreciation of 

various force values, division of forces where they affect the product, free body diagram etc.   

Solid Mechanics  

Advanced knowledge about solid mechanics which involves how materials technology and 

mechanics combined can measure different properties on various products with simple or 

complex shapes. Basic knowledge of stresses, bending of straight beams (tension, buoyancy, 

deformation), modal analysis, vibration, harmonic response analysis etc. 

Product Development 

Basic knowledge of product development which is partially necessary in the later stages of the 

project when evaluating results and making recommendations for further research.   

Physics 

Advanced knowledge of how different physical laws overlap between materials technology, 

mechanics and solid mechanics. Need to understand that several factors than just the 

theoretical facts may affect the realistic outcome in several different ways, such as time 

dependent factors.  

Mathematics 

The applied mathematics involves a combination of mechanics, solid mechanics and physics 

in various different categories. The required knowledge of having the ability to use 

information from mechanics, solid mechanics and physics, and how to apply these into 

mathematical functions. But also to be able to understand how these implements are 

interrelated. Basic knowledge about the mathematical theorem of modal analysis with initial 

conditions of harmonic excitation is required.  

Statistics 

Being able to read the diagrams/tables (such as a Campbell diagram) of different kinds and 

see what kind of values they generate and compare them with other graphs with similar 

analysis projects. Knowledge on how to document and create diagrams/tables is required, 

which makes it easier for future project workers to read the results. 
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 Theory 

This theorem has been limited down to the following paragraphs: 

 Static Analysis 

 FE Modal Analysis 

 FEA Eigensystems 

 Campbell Diagram 

 Resonance 

 FE Harmonic Response Analysis 

 SRSS 

 RMS 

These areas are processes/methods that is used when working with the ANSYS program. 

In some areas, relevant mathematics is presented where one can understand in a constructed 

way how the program solve these processes/methods mathematically, i.e. how the program 

has found out various results, such as natural frequencies. 

A lot of the terms used in theory is listed in Terminology and the following content of almost 

the entire theory area is referred to these references: [1,2,3,4,5,6,7,8,9,16,17,18,19,20,21,22] 

[Media: 1,2,3,4,5,6,7,8].   

4.6.1 Static Analysis 

A 1g static analysis in vertical direction is performed to determine the distribution of total 

engine mass over the engine dampers before performing a harmonic analysis. The reaction 

forces 𝐹𝑅𝑧 in vertical direction (z direction) at 4 mounting locations are post processed in this 

analysis. The engine mass distributed over 4 dampers is calculated using the following 

expression:  

Equation 1 

𝑚𝐸 =
|𝐹𝑅𝑧|

𝑔
 



 

Rev 02, 2014-03-05 C Gustafsson, M Hemdan  15(64)  

This is the general expression to calculate the effective mass, absolute amount of the reaction 

force divided by earth gravity (𝑔 = 9.81 𝑚 𝑠2⁄ ). 

The calculation of effective mass at the four damper locations uses Equation 1 and are listed 

below. 

𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃7 =
|𝐹𝑅𝑧,𝑃7|

𝑔
 𝑎𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑃7 

𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃8 =
|𝐹𝑅𝑧,𝑃8|

𝑔
 𝑎𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑃8 

𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃11 =
|𝐹𝑅𝑧,𝑃11|

𝑔
 𝑎𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑃11 

𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃12 =
|𝐹𝑅𝑧,𝑃12|

𝑔
 𝑎𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑃12 

The calculation of effective mass serves two purposes: 

1. Used to calculate damping coefficient of engine dampers. 

2. Used to calculate dynamic forces. 

  

Figure 10 Stiff beam element model of an engine over the dampers. 
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4.6.2 FE Modal Analysis (of vibrating systems) 

A modal analysis is a way of analyzing dynamic properties of structures under vibrational 

excitation. The modal analysis systems are composed of: 

1. Sensors, such as transducers (typically accelerometers) or non-contact via a laser 

vibrometer or stereo photogrammetric cameras. 

2. Data acquisition system and an analog-to-digital converter frontend (to digitize analog 

instrumentation signals). 

3. A host PC to view the data and analyze it. 

The typical excitation signals can be classed as impulse, broadband, swept sine, chirp and 

possibly others. Each of them has its own advantages and disadvantages. The analysis of the 

signals relies on Fourier analysis, where the resulting transfer function will show one or more 

resonances, whose characteristic mass, frequency and damping can be estimated from 

measurements. Any animated display of the mode shape is very useful to NVH (noise, 

vibration and harshness) engineers. 

This chapter explains the mathematical part of what vibrations is all about. The concept is that 

you can model any structural vibration as the summation of the individual contributions of 

each natural mode. This applies to both continuous systems like vibrating strength (beams or 

buildings) as it does to finite degree of freedom rigid body systems.  

The matrix form of the equation of motion for finite degree of freedom rigid body systems 

can be defined by using the Langrage method and is showed below [16]: 

Equation 2 

𝑀�⃗̈� + 𝐶�⃗̇� + 𝐾�⃗� = �⃗�(𝑡) 

𝑀 = 𝑀𝑎𝑠𝑠 𝑚𝑎𝑡𝑟𝑖𝑥      

𝐶 = 𝐷𝑎𝑚𝑝𝑖𝑛𝑔 𝑚𝑎𝑡𝑟𝑖𝑥 

𝐾 = 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑚𝑎𝑡𝑟𝑖𝑥     

�⃗�(𝑡) = 𝐹𝑜𝑟𝑐𝑒 𝑣𝑒𝑐𝑡𝑜𝑟 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝐷𝑂𝐹𝑠  

�⃗̈� = 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑒𝑐𝑡𝑜𝑟, 𝑜𝑟 2𝑛𝑑 𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒 𝑜𝑓 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑣𝑒𝑐𝑡𝑜𝑟 

�⃗̇� = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑣𝑒𝑐𝑡𝑜𝑟, 𝑜𝑟 1𝑠𝑡 𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒 𝑜𝑓 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑣𝑒𝑐𝑡𝑜𝑟 

�⃗� = 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑣𝑒𝑐𝑡𝑜𝑟 
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Advanced theory of FE Modal Analysis 

The basic premise of modal analysis is the modal expansion theorem, it’s basically the 

assertion that represents any motion set of vectors (�⃗̈�, �⃗̇�, �⃗�) as a superposition of each 

contributing mode. Each mode has a mode shape to it which is called {𝑢} and a time 

dependent behavior 𝑞(𝑡) that shows the amplitude. 

Equation 3 

{𝑥(𝑡)} = {𝑢}(1)𝑞1(𝑡) + {𝑢}(2)𝑞2(𝑡) + ⋯ + {𝑢}(𝑛)𝑞𝑛(𝑡) = [{𝑢}(1) … {𝑢}(𝑛)] {
𝑞1(𝑡)

…
𝑞𝑛(𝑡)

} 

If there are n degrees of freedom (DOF) then there will be n natural modes. 

The vector of generalized coordinates can be written: 

Equation 4 

�⃗� = 𝑢�⃗�(𝑡) 

These are often called the modal coordinates or the natural coordinates. 

Below is the relationship between the generalized coordinates and the modal coordinates. 

Equation 5 

�⃗� = 𝑢�⃗�     ,     �⃗̇� = 𝑢�⃗̇�     ,     �⃗̈� = 𝑢�⃗̈� 

Substitute (�⃗�, �⃗̇�, �⃗̈�) from Equation 5, into Equation 2 and pre multiply by 𝑢𝑇. 

Equation 6 

→  𝑢𝑇𝑀 𝑢�⃗̈� + 𝑢𝑇𝐶 𝑢�⃗̇� + 𝑢𝑇𝐾 𝑢�⃗� = 𝑢𝑇�⃗�(𝑡) 

Specify a row (s) from 𝑢𝑇, multiply with 𝑀, specify a column (r) and multiply it with 𝑢. In 

order to calculate the triple matrix problem above the following facts must be known: 

Equation 7 

𝑢(𝑠)𝑇𝑀 𝑢(𝑟) = 0        𝑓𝑜𝑟 𝑟 ≠ 𝑠 

This statement says that any non-zero result from 𝑢𝑇𝑀 𝑢 is when multiplying the (r) column 

2nd mode of vibration nth mode of vibration 1st mode of vibration 

Figure 11 Represents different types of mode shapes from 1 to n 
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from 𝑢 and the (r) row from 𝑢𝑇. Any other combination will have a zero result. Sometimes the 

mass matrix isn’t diagonal to start with but if the following calculations is done it will become 

a diagonal matrix. The following stiffness matrix is true as the mass matrix. There is a slight 

problem with the damping matrix which becomes diagonal only for ideal conditions of 

damping. 

Equation 8 

𝑢𝑇𝑀 𝑢 = [
⋱

𝑀𝑖

⋱

]   ,   𝑢𝑇𝐾 𝑢 = [
⋱

𝐾𝑖

⋱

]   ,   𝑢𝑇𝐶 𝑢 = [
⋱

𝐶𝑖

⋱

] 

The main reason for this method is by substituting (�⃗�, �⃗̇�, �⃗̈�) with (�⃗�, �⃗̇�, �⃗̈�) and pre multiplying 

the equation of motion by 𝑢𝑇 because the modes shapes are orthogonal to one another. This 

gives us when the damping conditions are right the equation for the modal force. 

Equation 9 

[
⋱

𝑀𝑖

⋱

] �⃗̈� + [
⋱

𝐶𝑖

⋱

] �⃗̇� + [
⋱

𝐾𝑖

⋱

] �⃗� = 𝑢𝑇�⃗�(𝑡) = �⃗⃗�(𝑡) 

By picking a mode, let’s say the r mode, the equation will now look like this: 

Equation 10 

𝑀𝑟 �⃗̈�𝑟 + 𝐶𝑟 �⃗̇�𝑟 + 𝐾𝑟�⃗�𝑟 = 𝑄𝑟(𝑡) 

This is now an n independent SDOF systems. 

The equation of motion in matrix form is described below that has 2 sets of mass, 2 sets of 

dampers, 2 sets of spring stiffness’s and displacements. An example is used on how Equation 

9 is produced from Figure 12.  

𝑥2 

𝑥1 

𝑐1 𝑘1 

𝑚1 

𝑘2 

𝑚2 

𝑐2 

Figure 12 Example of a mass system connected between the roof and floor with 

dampers and springs 



 

Rev 02, 2014-03-05 C Gustafsson, M Hemdan  19(64)  

Equation 11 

[
𝑚1 0
0 𝑚2

] {
�̈�1

�̈�2
} + [

𝑐1 0
0 𝑐2

] {
�̇�1

�̇�2
} + [

𝑘1 + 𝑘2 −𝑘2

−𝑘2 𝑘2
] {

𝑥1

𝑥2
} = {

𝑞1(𝑡)

𝑞2(𝑡)
} 

The mass matrix and the stiffness matrix has known values, whereas the stiffness matrix 

configuration can differ depending on how the system of mass, springs, dampers and external 

forces is constructed. 

When the mass matrix and stiffness matrix has been defined with known values, the next step 

is to find the undamped natural frequencies and mode shapes. 

Undamped Natural Frequencies and Mode Shapes 

The general expression of the undamped equation of motion is: 

Equation 12 

𝑚�̈� + 𝑘𝑥 = 0 

Let’s say that 𝑥(𝑡) = 𝐴𝑛 cos(𝜔𝑡) + 𝐵𝑛 sin(𝜔𝑡) and plug it into Equation 12. 

Equation 13 

(−𝑚𝜔2 + 𝑘)(𝐴𝑛 cos(𝜔𝑡) + 𝐵𝑛 sin(𝜔𝑡)) = 0 

The two expressions within the parenthesis is described as following: 

Equation 14 

(−𝑚𝜔2 + 𝑘) = 0     &    (𝐴𝑛 cos(𝜔𝑡) + 𝐵𝑛 sin(𝜔𝑡)) ≠ 0 

This expression (−𝑚𝜔2 + 𝑘) = 0 is then solvable to find the undamped natural frequency. 

Equation 15 

𝜔𝑛
2 =

𝑘

𝑚
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Linearized Undamped Equation of Motion 

From the general expression we can now describe it in matrix form, both the linearized and 

nonlinearized undamped equation of motion. They are described in Figure 13 and Figure 14. 

The linearized undamped equation of motion in matrix form with no external forces can be 

simplified shown below. 

Equation 16 

𝑀�⃗̈� + 𝐾�⃗� = 0 

Equation 17 

�⃗�(𝑡) = �⃗� cos(𝜔𝑡 − 𝜑)    &   �⃗̈�(𝑡) = −𝜔2�⃗� cos(𝜔𝑡 − 𝜑) 

Equation 18 

→      −𝜔2𝑀�⃗� cos(𝜔𝑡 − 𝜑) + 𝐾�⃗� cos(𝜔𝑡 − 𝜑) = 0 

Equation 19 

(−𝜔2𝑀 + 𝐾)�⃗� = 0 

Below is the nonlinearized undamped equation of motion in matrix form with no external 

forces implemented in Equation 16. 

Equation 20 

�⃗� = �⃗⃗�𝑒𝑖𝜔𝑡    →    ∗ [−𝜔2𝑀 + 𝐾]�⃗⃗�𝑒𝑖𝜔𝑡 = 0 

The mode shapes �⃗⃗� doesn’t generally have a zero value which means that the matrix 

[−𝜔2𝑀 + 𝐾] has to be zero. This means that the determinant of the matrix is zero which will 

𝑥

= 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

𝑞𝑛 

𝑥𝑛 

𝑞0 

𝑞 = 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 

𝑣0 

Figure 13 Linear undamped SDOF with IC 
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give the two natural frequencies (𝜔𝑛
2). In order to determine the mode shapes, reuse the 

*equation with the new calculated natural frequencies. 

Equation 21 Natural Frequencies 

𝑑𝑒𝑡|[−𝜔2𝑀 + 𝐾]| = 0     →        𝜔𝑛
2  → (𝜔11 & 𝜔12) 

Equation 22 Mode Shapes 

[−𝜔2𝑀 + 𝐾]�⃗⃗�𝑒𝑖𝜔𝑡 = 0 →    �⃗⃗� =
[−𝜔2𝑀 + 𝐾]

𝑒𝑖𝜔𝑡
 

Nonlinearized undamped equation of motion 

The continuation will begin with response to initial conditions. The following summation 

below does only include the modes that matter. 

Equation 23 

�⃗� = 𝑢�⃗�    →    �⃗� = ∑{𝑢}𝑖𝑞𝑖(𝑡)

𝑖

 

The next steps explains how to get the initial conditions in modal coordinates, by multiplying 

with 𝑢−1. 

Equation 24 

�⃗� = 𝑢�⃗�  →    𝑢−1�⃗� = 𝑢−1𝑢�⃗�  

�⃗�0 = 𝑢�⃗�0  →    𝑢−1�⃗�0 = �⃗�0 

�⃗̇�0 = 𝑢�⃗̇�0  →    𝑢−1�⃗̇�0 = �⃗̇�0 

We now seek nonlinearized equations for the SDOF system for the initial conditions, 

deflection 𝑥0 and velocity 𝑣0, whereas the 𝑥(𝑡) can be described in three equations: 

Equation 25 

𝑥(𝑡) = 𝑒−𝜁𝜔𝑛𝑡 (
𝑥0

√1 − 𝜁2
cos(𝜔𝑑𝑡 − 𝜓) +

𝑣0

𝜔𝑑
sin(𝜔𝑑𝑡)) 

Equation 26 Mathematical correct equation 

𝑥(𝑡) = 𝑒−𝜁𝜔𝑛𝑡 (𝑥0 cos 𝜔𝑑𝑡 +
𝑣0 + 𝜁𝜔𝑛𝑥0

𝜔𝑑
sin 𝜔𝑑𝑡) 

Equation 27 More practical for very low damping, 10 or 15 percent damping 

𝑥(𝑡) ≅ 𝑒−𝜁𝜔𝑛𝑡 (𝑥0 cos 𝜔𝑑𝑡 +
𝑣0

𝜔𝑑
sin 𝜔𝑑𝑡) 

𝜓 = 𝑃ℎ𝑎𝑠𝑒 𝑎𝑛𝑔𝑙𝑒 

The equation for mode 1 in modal coordinates will look almost the same as Equation 26 and 

is showed below: 
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Equation 28 

𝑞1(𝑡) = 𝑒−𝜁1𝜔1𝑡 (𝑞10 cos 𝜔1𝑑𝑡 +
�̇�10 + 𝜁1𝜔1𝑞10

𝜔1𝑑
sin 𝜔1𝑑𝑡) 

In Figure 14 shows how the world mostly behaves with viscous damping for a single degree 

of freedom system for the initial conditions: 

Comparing and securing Natural Frequencies 

After finding the natural frequencies, mode shapes, diagonalized mass matrix and 

diagonolized stiffness matrix, compare if the natural frequencies are correct by using these 

two independent single DOF systems below. 

Equation 29 

𝑚1�̈�1 + 𝑐1�̇�1 + 𝑘1𝑞1 = 𝑞1(𝑡) 

Equation 30 

𝑚2�̈�2 + 𝑐2�̇�2 + 𝑘2𝑞2 = 𝑞2(𝑡) 

Finding the two natural frequencies from the equations by using these formulas: 

Equation 31 

𝜔21 = √
𝑘1

𝑚1
     ,     𝜔22 = √

𝑘2

𝑚2
 

After calculating these natural frequencies 𝜔21 & 𝜔22, compare the values with the previous 

natural frequencies 𝜔11 & 𝜔12 of Equation 21 if they are the same or somewhat the same. If 

not, then there has been an error in the calculation arithmetic. 

𝜔11 = 𝜔21   &   𝜔12 = 𝜔22   →    𝐶𝑜𝑟𝑟𝑒𝑐𝑡!  

𝜔11 ≠ 𝜔21   &   𝜔12 ≠ 𝜔22   →    𝐸𝑟𝑟𝑜𝑟! 
  

𝑣0 = 𝑆𝑙𝑜𝑝𝑒 

𝑥0 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

𝜁𝑛𝜔𝑛𝑥0 = 𝑆ℎ𝑖𝑓𝑡𝑖𝑛𝑔 

 

𝑒−𝜁𝜔𝑛𝑡 = 𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 𝑑𝑒𝑐𝑎𝑦 

Figure 14 Nonlinear damped SDOF with IC 
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Rayleigh Damping Model 

Now the damping models needs to be defined but there is a problem, 𝑢𝑇𝐶 𝑢 is not always 

equal to a diagonolized damping matrix, i.e. the zero parts are not always zero. Because the 

orthogonalized principle doesn’t apply to the damping terms. 

Equation 32 

𝑢𝑇𝐶 𝑢 (=) [
𝑐1 (0)

(0) 𝑐2
] 

Through the Rayleigh damping model, generalization of the damping matrix for 1 DOF is as 

following: 

Equation 33 

𝐶 = 𝛼𝑀 + 𝛽𝐾 

Implement the same step that was made before in this chapter when the matrices was defined 

in Equation 8: 

Equation 34 

𝑢𝑇𝐶 𝑢 = 𝛼𝑢𝑇𝑀 𝑢 + 𝛽𝑢𝑇𝐾 𝑢 

Equation 35 

→ [
⋱

𝐶𝑖

⋱

] = [
𝑐1 0
0 𝑐2

] = 𝛼 [
⋱

𝑀𝑖

⋱

] + 𝛽 [
⋱

𝐾𝑖

⋱

] 

For a 2 DOF gives us: 

Equation 36 

𝑐1 = 𝛼𝑚1 + 𝛽𝑘1 

Equation 37 

𝑐2 = 𝛼𝑚2 + 𝛽𝑘2 

The damping ratio can be defined as following: 

Equation 38 

𝜁𝑛 =
𝑐𝑛

2𝜔𝑛𝑚𝑛
=

𝛽𝑘𝑛

2𝜔𝑛𝑚𝑛
      ,     (𝜔𝑛

2 =
𝑘𝑛

𝑚𝑛
)      ,   →   𝜁𝑛 =

𝛽𝜔𝑛

2
 

Note that 𝛽 can be set as 𝛼 depending on which damping term you calculate. But DOF’s with 

a mode higher than 1 will give a greater value of the second (or third) damping ratio, 

depending on mode, and be stuck with that value. For example, we set 𝛽 and the different 

frequencies at specific values, notice that there are different frequency values. 
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𝛽 = 0.01 ,   𝜔1 = 5.65ℎ𝑧 & 𝜔2 = 17.7ℎ𝑧  

𝜁1 =
𝛽𝜔1

2
= 0.0283 ≈ 3% 

𝜁2 =
𝛽𝜔2

2
= 0.0885 ≈ 9% 

Once 𝛽 is a set value you can match one parameter perfectly but you’ll be stuck with what the 

other parameter is. To summarize, the Rayleigh damping model guaranties us to have a 

diagonolized set of equation of motion. 
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4.6.3 FEA Eigensystems 

The general problem with nonzero damping is a quadratic eigenvalue problem, because for a 

vibrational modal analysis the damping is generally ignored leaving the 1st and 3rd terms on 

the left hand side. 

Equation 39 

𝑀�⃗̈� + 𝐾�⃗� = 0 

This is the general form of the eigensystem encountered in structural engineering using the 

FEM. To represent the free vibration solutions of the structure, a harmonic motion is assumed 

so that �⃗̈� = 𝜆�⃗� where 𝜆 is an eigenvalue. 

Equation 40 

𝑀𝜆�⃗� + 𝐾�⃗� = 0 

So in contrast the equation for static problems is: 

Equation 41 

𝐾�⃗� = �⃗�(𝑡) 

Which is expected when all terms having a time derivative are set to zero. When comparing to 

linear algebra, it’s more common to see the eigensystem expressed as: 

Equation 42 

𝐴 = 𝑀−1𝐾      ,     𝐴�⃗� = 𝜆�⃗� 

Where A is a square matrix, x is a vector (eigenvectors), and λ is a scalar (eigenvalues). 

Both equations can be seen as the same because if the general equation is multiplied through 

by the inverse of the mass, 𝑀−1, it will take the form of a latter. Because the lower modes are 

desired so solving the system is more likely to involve the equivalent of multiplying through 

by the inverse of the stiffness, 𝐾−1, which is a process called inverse iteration. When this is 

done the resulting eigenvalues, 𝜇, relate to that of the original by: 

Equation 43 

𝜇 =
1

𝜆
 

But the eigenvectors remain the same. The eigenvectors are equivalent to modes of physical 

systems.  
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4.6.4 Campbell Diagram 

When the results of eigenfrequencies and eigenvectors has been calculated from the 

undamped modal analysis, a Campbell diagram can be plotted. 

The Campbell diagram is a plot where, i.e. the engine operating range (Hz) and engine 

sources are plotted as a function of eigenfrequencies (Hz). This diagram is used to check for 

the existence of any critical eigenfrequency crossing with engine sources in the engine 

operating range. The intersection of the engine excitation orders with the eigenfrequencies in 

the diagram which shows the existence of the resonance. If the resonance is found within the 

engine operating range, then it is well recommended to proceed with any design 

modifications, prior to any further analysis. 

This example of a Campbell diagram shows engine speed (rpm) axis and frequency (Hz) axis 

with different boundary conditions on each axis depending on the analyze criteria. The red 

circles show the intersection of the engine excitation at each order which confirms the 

existence of resonance. 

4.6.5 Resonance 

Resonance is when a system is set into oscillation with a relatively large amplitude due to that 

the system is affected by a periodic series of impulses have a frequency equal or near equal to 

the natural frequency of the system. 

The quantitative description of resonance is most commonly in the linear single degree of 

freedom oscillator defined by the following equation. 

Equation 44 

𝑚�̈� + 𝑐�̇� + 𝑘𝑥 = 𝑐𝑜𝑠 𝜔𝑒𝐹(𝑡) 

Where m, c, k are the mass, damping coefficient and stiffness, respectively, of a linear 

mechanical system of displacement x,  𝜔𝑒 as the radian frequency and F is the amplitude of an 

external exciting force, as a function of time. In this system resonance occurs when the 

external forcing frequency 𝜔𝑒, comes close to the mechanical natural frequency 2𝜋𝑓 in the 

vicinity of the value √𝑘 𝑚⁄ .  

Figure 15 Example of a Campbell Diagram 
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4.6.6 FE Harmonic Response Analysis 

Harmonic response analysis is a linear analysis which gives us the ability to predict the 

sustained dynamic behavior of the structures. It enables a verification on whether or not the 

design will successfully overcome resonance, fatigue and other harmful effects of forced 

vibrations. 

This is a technique used to determine the steady-state response of a linear structure to loads 

that vary sinusoidally (harmonically) with time. The general idea is to calculate the structure’s 

response at several frequencies and obtain a graph of some response quantity (usually 

displacements) versus frequency. The peaks of responses are then identified on the graph and 

stresses are reviewed at those peak frequencies. 

The technique only calculates the steady-state, i.e. forced vibrations of a structure. The 

transient vibrations which occur at the beginning of the excitation are not accounted for in a 

harmonic response analysis.  

Only linear behavior is valid during this analysis and if there are any nonlinear elements they 

will be treated as linear elements. Other nonlinearities such as plasticity and contact (gap) 

elements is ignored even if they are defined. 

There are three harmonic response analysis methods available: 

1) The Full Method – This is the easiest of the three methods which uses the full system 

matrices to calculate the harmonic response, i.e. no matrix reduction where the 

matrices may be symmetric or unsymmetric. 

2) The Reduced Method – This method enables to condense the problem size by using 

degrees of freedom (DOF) and reduced matrices.  

3) The Mode Superposition Method – It sums factored mode shapes (eigenvectors) from 

a modal analysis to calculate the structure’s response. 

This analysis is started when the Campbell diagram has minimum of eigenfrequencies of the 

vehicle component that are excited by the critical engine orders in the engine operating range. 

In a usual practice the analysis is performed based on the Full matrix method. Special ANSYS 

macros are used which takes measurement excitations, calculates load spectrum and runs the 

harmonic response analysis. The engine damper properties and dynamic loads are calculated 

and used as input for this analysis. 

Stiffness and damping properties of engine dampers 

The dynamic forces generated by the engine are of great interest. These forces are then 

transferred from the engine to the vehicle power frame through the engine dampers. 

Therefore, the definition of correct stiffness and damping coefficients of engine dampers in 

the FE harmonic analysis is an important factor to get a correct frequency response. 

The following mechanical properties of the engine dampers are provided by the vendor:  
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𝐷𝑑𝑎𝑚𝑝𝑒𝑟 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑚𝑝𝑒𝑟  

𝐿𝑑𝑎𝑚𝑝𝑒𝑟 = 𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑚𝑝𝑒𝑟 

The static stiffness of the engine damper in the vertical direction 𝑘𝑑𝑎𝑚𝑝𝑒𝑟,   𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 is obtained 

from the force deflection diagram. 

The static radial stiffness of the engine damper is also normally provided by the vendor. 

Calculation of static bending and torsional stiffness of dampers 

Equation 45 Cross section area of the damper 

𝐴𝑑𝑎𝑚𝑝𝑒𝑟 =
𝜋𝐷𝑑𝑎𝑚𝑝𝑒𝑟

2

4
 

Equation 46 Young’s modulus of the damper 

𝐸𝑑𝑎𝑚𝑝𝑒𝑟 =
𝑘𝑑𝑎𝑚𝑝𝑒𝑟 ∙ 𝐿𝑑𝑎𝑚𝑝𝑒𝑟

𝐴𝑑𝑎𝑚𝑝𝑒𝑟
 

Equation 47 Torsional rigidity of the damper 

𝐺𝑑𝑎𝑚𝑝𝑒𝑟 =
𝐸𝑑𝑎𝑚𝑝𝑒𝑟

2(1 + 𝜐𝑑𝑎𝑚𝑝𝑒𝑟)
 

Equation 48 Static stiffness, Bending 

𝑘𝑑𝑎𝑚𝑝𝑒𝑟,   𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐸𝑑𝑎𝑚𝑝𝑒𝑟 ∙ 𝐼𝑑𝑎𝑚𝑝𝑒𝑟 ∙ 2

𝐷𝑑𝑎𝑚𝑝𝑒𝑟
 

Equation 49 Static stiffness, Torsion 

𝑘𝑑𝑎𝑚𝑝𝑒𝑟,   𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =
𝐺𝑑𝑎𝑚𝑝𝑒𝑟 ∙ 𝐴𝑑𝑎𝑚𝑝𝑒𝑟 ∙ 𝐷𝑑𝑎𝑚𝑝𝑒𝑟

2 ∙ 𝐿𝑑𝑎𝑚𝑝𝑒𝑟
 

Here are some explanations of the terms used: 

𝐷𝑑𝑎𝑚𝑝𝑒𝑟 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑚𝑝𝑒𝑟  

Figure 16 Force-deflection diagram of Trelleborg Metalastik isolators 

from the Trelleborg specification sheet 
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𝐿𝑑𝑎𝑚𝑝𝑒𝑟 = 𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑚𝑝𝑒𝑟 

𝑘𝑑𝑎𝑚𝑝𝑒𝑟 = 𝑆𝑡𝑎𝑡𝑖𝑐 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑚𝑝𝑒𝑟 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑓𝑜𝑟𝑐𝑒 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑑𝑖𝑎𝑔𝑟𝑎𝑚 

𝜐𝑑𝑎𝑚𝑝𝑒𝑟 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑚𝑝𝑒𝑟 

𝐼𝑑𝑎𝑚𝑝𝑒𝑟 = 𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑚𝑝𝑒𝑟 

Calculation of damping coefficient of dampers 

Equation 50 

𝑐 = 𝜉 ∙ √𝑘 ∙ 𝑚𝐸 

Whereas: 

𝑘 = 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑜𝑓 𝑑𝑎𝑚𝑝𝑒𝑟 

𝑚𝐸 = 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑠𝑢𝑝𝑝𝑜𝑟𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑑𝑎𝑚𝑝𝑒𝑟 

𝜉 = 𝐿𝑜𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 

Dynamic force calculation 

When performing the harmonic response analysis the dynamic force has to be specified. In 

the methodology used, displacement spectrum measurement data are transferred to load data 

through an energy equivalence approach.  

The total effective mass calculated at nodes P7 and P8 (𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃7 & 𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃8) are 

assumed to be equally distributed among P1, P4, P6 and P9 for the force calculation at 

respective points. 

Equation 51 

𝑚𝑒𝑛𝑔𝑖𝑛𝑒,   𝑏𝑎𝑐𝑘 = 𝑚𝑃1 = 𝑚𝑃4 = 𝑚𝑃6 = 𝑚𝑃9 =
𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃7 + 𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃8

4
 

The total effective mass calculated at nodes P11 and P12 (𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃11 & 𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃12) 

are assumed to be equally distributed among P2, P3, P5 and P10 for the force calculation at 

respective points. 

Equation 52 

𝑚𝑒𝑛𝑔𝑖𝑛𝑒,   𝑓𝑟𝑜𝑛𝑡 = 𝑚𝑃2 = 𝑚𝑃3 = 𝑚𝑃5 = 𝑚𝑃10 =
𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃11 + 𝑚𝐸,𝑑𝑎𝑚𝑝𝑒𝑟,𝑃12

4
 

These two effective masses are added together to determine the total effective mass. 
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Equation 53 

𝑚𝑡 =
𝑚𝑒𝑛𝑔𝑖𝑛𝑒,   𝑏𝑎𝑐𝑘 + 𝑚𝑒𝑛𝑔𝑖𝑛𝑒,   𝑓𝑟𝑜𝑛𝑡

2
 

The dynamic force can be derived from the following energy equations: 

Equation 54 

𝐸 = �⃗�(𝑡)�⃗� =
1

2
𝑚𝑡�⃗�2 

Substitute �⃗� = 𝑥𝑒𝑖𝜔𝑡 and �⃗� = 𝑖𝜔𝑥𝑒𝑖𝜔𝑡. 

Equation 55 

�⃗�(𝑡)𝑥𝑒𝑖𝜔𝑡 =
1

2
𝑚𝑡𝑖2𝜔2𝑥2𝑒2𝑖𝜔𝑡     ,     𝑖2 = −1 

Equation 56 

→    �⃗�(𝑡) = −
1

2
𝑚𝑡𝜔2𝑥𝑒𝑖𝜔𝑡 

Where as: 

�⃗� = 𝐹𝑜𝑟𝑐𝑒 𝑣𝑒𝑐𝑡𝑜𝑟 

�⃗� = 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑣𝑒𝑐𝑡𝑜𝑟 

𝑥 = 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

𝜔 = 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

𝑓 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

𝑚𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 

�⃗� = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑣𝑒𝑐𝑡𝑜𝑟 

The real and imaginary part of the load at each accelerometer location for each frequency is 

defining the spectrum that is used as a load in the FE harmonic analysis. 

Another way to calculate the different velocities in the velocity vector, explained in Equation 

54 is to calculate the angular velocity and multiply it with the displacement. This method can 

only be done if the angular velocity is linear. 

Equation 57 

𝑣𝑛 = 𝜔𝑥 = 2𝜋𝑓𝑥 
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4.6.7 SRSS – Square Root of the Sum of the Squares 

SRSS is a method to sum up all of the “small” values around the “larger” values, make them 

square and take the square root of the summation. In order to simplify peaks in graph 

diagrams this method is used to sum up stress due to vibrations during a certain rpm. 

Here is the mathematical formula: 

Equation 58 

𝜎𝑀 ≅ √∑(𝜎0
2 + ⋯ + 𝜎𝑁

2 + ⋯ + 𝜎𝑀
2 )      

The defined stresses of  𝜎𝑁 and 𝜎𝑀 has a defined frequency value of  𝑓𝑁 and 𝑓𝑀. 

  

𝜎0 

𝜎𝑁 

𝜎𝑀 

𝑓1 

𝜎 − 𝑀𝑃𝑎 

z 

x 

y 

𝑓 − 𝐻𝑧 

𝑓0 𝑓𝑁 𝑓𝑀 

Figure 17 Example of the SRSS method 
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4.6.8 RMS – Root Mean Square 

Root Mean Square is also known as quadratic mean which is a method that’s used to calculate 

the square root of the mean squares of a quantity. In a set of n values {𝑥1, 𝑥2, … 𝑥𝑛} the RMS 

equation will be the following: 

Equation 59 

𝑥𝑟𝑚𝑠 = √
1

𝑛
(𝑥1

2 + 𝑥2
2 + ⋯ + 𝑥𝑛

2) 

For a continuous function (or a wave length) the corresponding equation will be: 

Equation 60 

𝑓𝑟𝑚𝑠 = √
1

𝑇2 − 𝑇1
∫ [𝑓(𝑡)]2

𝑇2

𝑇1

𝑑𝑡 

Where 𝑇1 ≤ 𝑡 ≤ 𝑇2. 

The function over time is: 

Equation 61 

𝑓𝑟𝑚𝑠 = lim
𝑇→∞

√
1

𝑇
∫ [𝑓(𝑡)]2

𝑇

0

𝑑𝑡 

The Root Mean Square value is mostly used in physics and electric engineering. 
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 Description of ANSYS Mechanical APDL and ANSYS Workbench 

The calculation program which will be performing the modal analysis and the harmonic 

response analysis is named ANSYS Mechanical APDL. It’s a FEM program which calculates 

solid mechanics on 2D and 3D products. The older version is called Mechanical APDL which 

uses specific licenses such as, mechanical, structural etc. and different scripts can be applied 

for specific analysis types. Here we see the homepage before starting the work.  

When the “Run” button has been pressed the following window (Figure 19) will appear. In 

that window all of the modelling, setting boundary conditions, generating a solution, 

postprocessor, animation etc. can be done in the Main Menu. 

1) Choose a license type 

3) Set a working directory and chose the working file 

2) Implement specific settings depending on the work type  

4) Run the program 

Figure 18 Homepage of ANSYS Mechanical APDL 
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Here are some pictures that will describe the more modern ANSYS Workbench program.  

First chose an analysis type so that the analysis window will appear. First implement 

engineering data such as density, Young’s modulus, stiffness etc. and when that’s finished 

import an existing CAD file (preferably a STEP file) or model the scenario in the “Geometry” 

tab. 

  

Main Menu for 

modelling, 

analysis, plots, 

animations etc. 

Toolbar to save the file, resume the model etc. 

Write shortcut commands here. 

Properties of current workspace. 

Orientation commands. 

Figure 19 Mechanical APDL workbench window 

2) Analysis window 

1) Pick analysis type in the Main Menu 

Figure 20 Homepage of ANSYS Workbench 
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 Explanation of following numbers in Figure 21. 

1) Engineering Data Sources is were materials or other specific property implementations 

are created.  

2) Toolbox is were properties of the materials are specified. 

3) Properties of Outline Row is were specific values are implemented in the materials 

properties. 

4) Here can the materials properties be listed and a graph diagram can also be plotted of 

each material property.   

Various tabs for modelling 

Tree outline that shows every step in the modelling 

Ruler with specified units 

Figure 22 Geometry window in ANSYS Workbench 

3 

2 
4 

1 

Figure 21 Engineering data window 
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Explanation of following numbers in Figure 23. 

1) Outline of the Model tree with different tabs that shows the coordinate systems, mesh, 

the various analysis types etc.  

2) Current model that was created in or exported into ANSYS.  

3) Different types of boundary conditions such as loads, forces, acceleration, supports etc. 

4) Various tools for constraints, vision, animation etc. 

5) Settings for the different types of boundary conditions. 

 

2 1 

5 

4 

3 

Figure 23 Model window in ANSYS Workbench 
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5 FE Model 

Previous work will be providing the model used in this thesis. The model contains of several 

super elements and an engine cradle with the cooler attached to it. This super element 

combines all parts surrounding the cradle. Meanwhile the cradle is connected to its 

surroundings by the use of beam elements and spring elements. The engine is modelled with 

beam elements connected to the mounting points. Nodes of the engine are the same as the 

measurement locations described in Figure 24 which is taken from Applied Mechanics report 

PPM-L2014-0441. 

 Mesh 

The mesh of this modal is of moderate interest for the analysis due to the variable of interest 

is the overall, i.e. not detailed stress and the vibration. 

The mesh contains of different element types were as the element size of the mesh is <0,03 m. 

The overall model contains of 70 724 elements and 1 391 157 nodes. 

  

Displacements 

Super elements 

Cooler 

Cradle 

Z 

X 
Y 

Figure 24 Calculation model of the ST1530 with a Detroit engine 
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 Material 

The material used in the engine cradle is structural steel which is isotropic as well as linear 

elastic that has a yield strength of 355 MPa. Structural steel has the following data: 

Property Value Unit 

Poisson’s ratio 0,3 - 

Young´s modulus 2,1 ∙ 105 MPa 

Density 7850 kg/m3 

Table 5 Structural steel data 

 Boundary Conditions 

There are a few boundary conditions bestowed upon this model. 

 As seen in Figure 24 at the bottom of the model are 2 displacements, there are two 

more displacements that doesn’t show in the picture. These were fixed in all six 

degrees of freedom. It’s very important that elements symbolizing wheels are to 

resemble reality. This means they aren’t to be too stiff.  

 Another “Assumption”/ boundary condition is that the positioning of the front part of 

the loader with the bucket doesn’t matter.  

 The loader is to be presumed horizontal during the analysis. 

 And the last boundary condition is that the engine is to be modelled as a rigid box 

with a mass point and moment of inertia. 
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6 Method 

A dynamic problem usually occurs due to engine vibrations. The problems can always be 

corrected by the usage of analysis. Dynamic analysis can also help to prevent dynamic 

problems if done beforehand. This is where applied mechanics group steps in, the procedure 

to ensure a machine’s wellbeing is a very complicated one and thus will be shortened. It starts 

with measurements around the component to gather data which is later used for solid 

mechanics analysis as well as modal analysis and response analysis. A representational flow 

chart of the dynamic process is shown in Figure 25. 

In the chapter below the method of dynamic analysis will be explained. 

 Methods of Implementation 

It is important to have a description of the model so that the analysis turns out to be as 

accurate as possible. One major source of uncertainty is the engine. Ideally one would want 

the manufacturer of the engine to supply dynamic data such as modes. But in reality this is 

rarely possible. Instead, it must be modelled as a rigid box that contains a mass point with 

moment of inertia at its center of gravity. 

6.1.1 Engine data 

The measurements are performed on stationary vehicle with engine running at three different 

rpm: low idle, high idle and an rpm in between. Vibration displacements are measured using 

accelerometers at 8 locations on the engine for different engine operating rpm levels. The 

measurement data is transformed into displacement amplitude and phase spectrums. The 

Figure 25 Flow chart of the dynamic analysis methodology. A, B, C and D 

represents the work flow 
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displacement spectrum data is then used for the calculation of the engine dynamic force, �⃗�(𝑡), 

which is calculated using energy equivalence approach (Equation 56). The dynamic force is 

usually used when analyzing a design of the model that doesn’t match the measured object. To 

verify the design of a certain model with the measured object, the usage of displacement is 

implemented. The schematic representation of the accelerometer locations are shown below in 

Figure 26. During measurement the relative position of all accelerometers are measured as 

shown in Figure 27. 

Figure 26 Measurement locations on engine 

Figure 27 Sensor geometry, the position in space is based on old measurement 
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The peak vibration displacement amplitude and corresponding phase spectrum is up to about 

200 Hz. The 8 measurement locations are used as data inputs in the FE harmonic response 

analysis. One such example of measurement data taken on engine operating at 800 rpm is 

shown in Figure 28. 

The measurement data is used as loads to the simulation model. The loads can be applied as 

either a deflection load or a force load. The latter should correspond best with reality of how 

the engine affects the vehicle and is therefore presumed to generate the best simulation 

results. The simulation model should include all essential parts of the vehicle thus the use of 

super elements for less critical parts is possible, this is used to reduce the simulation time.  

6.1.2 Simulation model 

The model has nodes at locations close to the measurement points which is seen in Figure 29. 

Figure 28 Measured vibrations displacement amplitude and phase on engine at 800 rpm 

Figure 29 View of the model with nodes 
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The engine has a mass point with moment of inertia at its center of gravity and stiff springs 

attaching it to its mounting points. The engine is assumed to be stiff compared to the vehicle 

and to not deform to any significant degree.    

The entire FE model assembly is to have linear elastic behavior. 

6.1.3 Initial simulations 

 Perform a few static simulations to verify that the model behaves as expected. 

 Make an initial modal analysis to locate the vehicles resonance frequencies and then 

compare these with the frequency peaks from the measurement of the engine’s 

vibration spectra. This was made in a previous work, results are shown in the report 

TD2014-1233/PPM-L2014-0268. 

 Perform a static simulation with gravity load to determine the engine’s equivalent 

mass loading on its mounting points (front/back, left/right). This is explained in 

Equation 1 in the Theory chapter. This mass loading is important to know if the load is 

applied as a force but it is also important to know for the calculation of dampers. The 

calculation of dampers can be done using these equations (Equation 45, Equation 46, 

Equation 47, Equation 48, Equation 49, Equation 50, Equation 53 and Equation 56) in 

the Theory chapter. 

To do this procedure all elements as well as nodes from the super element and spring 

elements connecting the super element with the cradle has to be removed from the 

model. The resulting model should be the same as in Figure 31.  

Figure 30 View of the model with the super element 
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Once the model is reduced down to the engine and cradle without any springs, the 

dampers were defined at their respective locations. A gravitational load is applied on 

the model to later on verify the mass distribution to the 8 measurement locations 

mentioned before. The usage of displacement on the dampers position will calculate 

the reaction force which will later help obtain the sum of the mass. The data in Table 6 

will be used in case of model change to determine the force on the engine block. 

  Front Back 

Damper 

node 
400010 400011 400012 400013 400014 400015 

Damper 

Mass 

(kg) 

462,6 609,8 316,5 339,3 352 346,9 

Table 6 Mass per engine damper at 1g acceleration 

  Front engine Back engine 

Node 

number 
400102 400103 400105 400107 400100 400101 400104 400106 

Mass 

(kg) 
268,1 338,675 

Table 7 Mass per engine node at 1g acceleration 

 Checking the dampers stiffness as well as damping is a crucial part of the process. The 

calculations on the damping both in axial and in lateral directions were made in the 

previous analysis report, PPM-L2014-0268. The formulas below were used. At 

maximum speed, axial static stiffness is multiplied with a certain value taken from 

previous measurements, this value has developed through experience to receive the 

Cooler 

Engine 
Beam 

elements Engine mass point at center of gravity 

Cradle 

Damper 

Figure 31 Cradle with cooler, engine and dampers 
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dynamic axial stiffness. This needs to be compared in this analysis to ensure the right 

damping at the different speeds. 

Equation 62 

𝑘𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠 = 𝛾 ∙
𝐹𝑚𝑎𝑥

𝑠𝑚𝑎𝑥
 

Equation 63 

𝑘𝑠ℎ𝑒𝑎𝑟 = 𝛾 ∙ 𝑘𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠 

Equation 64 

𝑐 = 𝛾 ∙ 𝜉√𝐾 ∙ 𝑚𝑡𝑜𝑡 

𝜉 = 𝐿𝑜𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 

𝐾 = 𝑆𝑝𝑟𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 

𝑘 = 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 

𝛾 = 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 

𝑐 = 𝐷𝑎𝑚𝑝𝑖𝑛𝑔 

When the model is verified, one can apply the loads from the measurements and start a 

dynamic simulation. The objective of this is to predict the location of the high stress regions 

as well as discover the largest vibrations. 

6.1.4 Dynamic simulations 

FE harmonic analysis is started when the Campbell diagram has minimum of the 

eigenfrequencies of the vehicle component that are excited by the critical engine orders in the 

engine operating range. In usual practice, FE harmonic analysis is performed based on Full 

matrix method. Special ANSYS macro’s are used which takes measurement excitations, 

calculates load spectrum and runs the harmonic response analysis. The following steps are 

made when preforming a harmonic response analysis. 

 Perform one harmonic simulation for each rpm-set of loads and sweep the frequency 

in roughly the range of 0 to 200 Hz. 

 A more detailed sweep is preformed near the frequency peaks shown by the engine 

measurements. It is at these frequencies that the excitation energy is usually high. 

 To account for that, some of the vehicle’s resonance frequencies might be located 

close to the engine’s vibration frequency peaks. The load is applied as a rectangular 

shaped frequency spectrum in which the peaks of the engine’s vibration spectra have 

been broadened to rectangular boxes whose load amplitude is given by the 

measurements and whose width is given by a user specified control parameter. 
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Assumptions 

 The dynamic factors and loss factors for the engine dampers are assumed, see 

Equation 50, Equation 62, Equation 63 and Equation 64. 

 The stiffness and damping in all dampers are assumed to be frequency independent in 

the analysis, see chapters Stiffness and damping properties of engine dampers & 

Calculation of static bending and torsional stiffness of dampers in the Theorem. 

 Damping is neglected in the modal analysis, see Equation 12. 

 The eigenfrequencies of the structural modes are assumed to be constant with 

the rpm level of the engine, explained FEA Eigensystems and Campbell 

Diagram chapters in the Theorem. 

Output from FE harmonic response analysis 

 The force response or transfer functions at engine mount location and at specific 

locations on the vehicle component under study are calculated in the FE 

harmonic analysis. These results are used to compare with the measurement 

results to validate the FE model. 

 SRSS-summation of the highest amplitude peak frequencies is performed, 

explained in the Theory chapter.  

 The result is a vibrating vehicle whose frequency dependent vibration amplitude 

depends on the engine’s rpm value. A post analysis is required after the dynamic 

simulation to locate critical stress regions and to determine if modifications to the 

vehicle and/or the engine’s mounting are needed. 

6.1.5 Post-analysis  

 Frequencies: Identify regions of critical rpm-values by plotting a Campbell diagram. 

 Velocity: Plot the velocity in /POST26 as a function of frequency for several locations 

in the vehicle (explore all of x, y and z components). The velocity usually gives a first 

indication of which frequencies are critical and where to find critical stress regions. 

The velocity is also a good indicator of how critical these regions are.  

 Stress 1: Plot the stress in the vehicle at the frequencies with highest velocity response 

in the point mentioned above.  

 Stress 2: Evaluate the combine results from the whole response spectra. 
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 Tools 

The chosen tools for this project are ANSYS Mechanical APDL and MS Office Word & 

Excel. These will be shortly described and compared with other similar programs on why we 

chose these specific programs. The comparison method of analysis and measurement results 

will be described with tables and some graphs (at interesting nodes) showing interesting peaks 

at different frequencies. 

6.2.1 Comparison of ANSYS Mechanical APDL and ANSYS Workbench 

This short evaluation is based on our own experiences and some interviews with our 

supervisors’ coworkers.  

Modelling: The modelling process in APDL is similar to the one in ANSYS but there is two 

significant differences. First, modelling process in APDL is handled through the Main Menu 

in Preprocessor while in Workbench it’s handled through an easier process in different tabs. 

Second, if there was a modelling error, i.e. a hole extrude needs to be placed somewhere else. 

In APDL the hole has to be filled, then recreated and relocated at the desired area. While in 

Workbench, one can just enter the sketch and exchange the values to the correct ones.  

Engineering data: A specific macro in APDL controls how measurement data from an Excel 

file to be managed and by the usage of Main Menu determine all the material data. In 

Workbench, open the tab "Engineering Data" (Figure 20) and through it one can determine all 

the material data (Figure 21). 

Mesh: In APDL one can choose the "Element type" that the mesh should have and a lot more 

complex mesh can be set. In Workbench when choosing the mesh, the mesh will be over the 

entire product which means “what you see is what you get” and the time for creating it is a lot 

shorter. 

Boundary Conditions: A specific macro In APDL that controls how the analysis will be 

designed. In the Workbench, you have to manually describe how the application will perform 

its analysis. 

Analysis type: A complete macro for APDL controls what is to be calculated or open it up 

postprocessor from the Main Menu (Figure 19). It’s a lot faster to select a new analysis type in 

APDL. In step 1 of Figure 20, choose the analysis type that you want, then you can also 

connect multiple analyzes with each other. 

Script: Both programs are compatible with various scripts in the form of macros. You have 

more control of the macro in APDL than in Workbench. 

Plot results: A specific macro in APDL that recalculates displacements to velocities and plots 

all these results in graph and table form with values. In Workbench the results can be seen 

directly on the screen if the chosen “result” is open under the “Solution” tab. 

Plot time: Time is approximately the same between the programs but it's the prework with 

modeling, mesh, boundary conditions, etc. that takes a little while to do with Workbench than 
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in APDL. 

Summary: It depends on what the user prefers. ANSYS Mechanical APDL is an application 

where you can control the analysis process much better through the programming or manual 

operation via the Main Menu. You can also use the scripts made in the form of macros when 

you have almost full control of what you want to perform. The Workbench is much easier to 

use because it is a more recent program with simple and easily available commands through 

the modeling tree. It is possible to introduce macros in Workbench but they are not so viable 

due to the macro is invisible in the modeling tree so one have less control over how an 

analysis is to be performed, i.e., "What you see is what you get".  
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6.2.2 MS Office Excel/Word 

During this project the use of Microsoft Excel and Word was a huge part of the comparison 

stage.  Rather than using the ANSYS charts of the vibrations in the comparison, the usage of 

extracted data of these chart was taken and made into excel diagrams. This was due to 

unreadable charts from ANSYS.   

Microsoft Excel is a program mostly used for collecting data and plotting graphs. Excel is 

rather a simple software to use compared to other software, such as MATLAB within the field 

of data collection and plot charts. Due to the repetitive task of producing several graphs 

Microsoft Excel offers the use of macros to simplify repetitive tasks which results in time 

saving. Microsoft Word was a tool used to present the diagrams from Excel and made the 

comparison easier to read. 

6.2.3 Comparison Method of Analysis and Measurement Results 

Mean Average Value Method 

The first method that was used was sort of an averaging method which were to identify all the 

peaks in the measurement graph by adding together the maximum value (at each XYZ axis) 

of each peak and dividing by the same number of peaks. Then an average value has been 

received of the respective XYZ axis that’s then divided by 3 (number of axes). 

To get the average value of the ANSYS graph was to take the largest value (at each XYZ axis) 

within each square peak, add them together and then dividing them by the same number of 

peaks. Then an average value has been received of the respective XYZ axis that’s then 

divided by 3 (number of axes). 

Equation 65 

𝑣𝑥 =
𝑣𝑥1 + 𝑣𝑥2 + ⋯ + 𝑣𝑥𝑛

𝑛𝑝
, 𝑣𝑦 =

𝑣𝑦1 + 𝑣𝑦2 + ⋯ + 𝑣𝑦𝑛

𝑛𝑝
, 𝑣𝑧 =

𝑣𝑧1 + 𝑣𝑧2 + ⋯ + 𝑣𝑧𝑛

𝑛𝑝
 

When the average value on each axis (XYZ) is found, add them together and divide by 3 

(number of axes), i.e. this is a mean average value method. Here’s an example: 

Equation 66 

𝑣𝐴 =
𝑣𝑥 + 𝑣𝑦 + 𝑣𝑧

3
, 𝑣𝑀 =

𝑣𝑥 + 𝑣𝑦 + 𝑣𝑧

3
,   

𝑣𝐴

𝑣𝑀
≅

1,8

1,54
≅ 1,17 ≈ 117(%) → 17% 𝑔𝑟𝑜𝑤𝑡ℎ 

These values can be seen in Figure 32. 
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Peak to Peak Variation Method 

The other method is a comparison method which identifies differences (such as growth and 

reduction) of values between the ANSYS results and the measurement results.  

First step was to gather all data from measurements and ANSYS results. These was listed in 

various Excel files, all data from ANSYS results were plotted into diagrams while there was a 

need to add more data in the measurement files. So it was possible to create peaks velocity 

values of zero was added 0,5Hz in front and after the measurement result values. Next step 

was to identify square peaks from ANSYS graph results and peaks from measurement graph 

results that had a significant difference of size and displacement. These values was then 

gathered into a table that listed velocities and frequency displacements at identified peaks of 

interest of each graph (ANSYS and measurement) results. These are shown in Figure 32, 

Figure 33 and Table 9.  

This method was used instead of the Mean Average Value Method because it could give much 

more accurate and reliable results in different aspects rather than one value describing the 

whole result of that specific node.  

  

Figure 32 Left Front Mnt comparison graphs with average values 𝑣𝐴 and 𝑣𝑀 

Figure 33 Cradle Left Front Mnt comparison graphs at 800 rpm 
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Color      

Difference 

levels 
Very Small Small Noticeable Large Critical 

Table 8 Color scale for the Comparison table 

Title 
Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~20 

         

Vibration Difference 

(mm/s) 
         

Offset (Hz) 

~40 

         

Vibration Difference 

(mm/s) 
         

Offset (Hz) 

~60 

         

Vibration Difference 

(mm/s) 
         

Offset (Hz) 

~80 

         

Vibration Difference 

(mm/s) 
         

Offset (Hz) 

~100 

         

Vibration Difference 

(mm/s) 
         

Offset (Hz) 

~120 

         

Vibration Difference 

(mm/s) 
         

Table 9 Table of the comparison method 

 

Graph data Node/Accelerometer 

position 

Exact Frequency 

values at peak 

Velocity values at 

peak 

Axis 

Large difference 

Notable difference  

Approximate frequency value of peak  

Description 

Small differences 
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7 Results 

Results regarding the comparison between the dynamic analysis made in ANSYS and 

measurement will be presented in the section below as well as the results from the SRSS 

stress calculation and measurement. This will be presented in tabular form for both low idle 

(800) rpm and high idle (2173 rpm). The peaks selected in the tables are of interest and they 

were selected from approximately the same position in the graphs, both in ANSYS and 

measurements. These graphs are located in Appendix A. The following scale was used to 

identify percentage differences. 

𝐶𝑜𝑙𝑜𝑟 𝑆𝑐𝑎𝑙𝑒 Very small Small Noticeable High Critical 

(%) 0 − 25 25 − 100 100 − 200 200 − 500 500 → 

Table 10 Scale for the percentage difference 

To identify the position of high vibrations, a red circle has been placed. Although there are 

low vibrations at some nodes, the highest vibration value has been marked with a red circle. 

The full results in table form can be seen Appendix B. 

Atlas Copco has a rule of thumb regarding vibration values, which is defined by a certain 

value 𝑣 that limits allowed vibration levels on the engine cradle. Every value below the rule 

of thumb is considered to be good and safe, while values above the limit is considered bad 

and critical. 

The result diagrams in the Appendix have their own unique scale which shows different 

vibration values. Some of the diagrams that doesn’t have the Atlas Copco rule of thumb limit 

showed very low vibration levels. So these diagrams were magnified and thus the limit 

disappeared out of the scale.  

Diagrams on the same set of page has the same scale and the reason of having diagrams with 

different scales was to have a clearer vision of the graphs, when on some diagrams showed 

very high vibration values versus very small vibration values, to facilitate the comparison 

process. The definition of each scale on every vibration diagram is defined by values 𝑣1 →
𝑣28 as the maximum and 𝑣0 as its minimum as well as starting point. The definition of Von-

Mises stress in the SRSS pictures in Appendix is defined by values 𝜎1 → 𝜎2 as the maximum 

and 𝜎0 as its minimum as well as starting point.   
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 Summary of comparison results 

7.1.1 Cradle 800 rpm and 2173 rpm 

The following results of 800 rpm have been summarized in Table 11 and Figure 34. All of the 

peaks in the ANSYS and measurement diagrams has had a maximum offset of ± 2,5 Hz. High 

vibrations that occurred was dominant in the Y direction. The most critical frequencies are 40 

Hz and 80 Hz. The vibration levels has been quite low at all node locations, only in Cradle 

Left, the vibrations had its highest peak here. No node exceeded Atlas Copco’s rule of thumb 

for vibration levels. 

800 rpm – 

Cradle  

Frequency regions with 

peaks of interest (Hz) and a 

vibration limit for the rest 

of the peaks 

Highest vibration value 

(mm/s) 

Highest value 

difference (mm/s) 

Highest percentage 

difference (%) 

Left 40, 80    +351,7 at 86 Hz 

Left Front Mnt 40    +358,1 at 100 Hz 

Left Rear Mnt 40    +913,6 at 15 Hz 

Left Top 40    +413,2 at 80 Hz 

Right 40, 80    +992,3 at 86 Hz 

Right Front Mnt 40    +353,3 at 120 Hz 

Right Rear Mnt 40    +841,2 at 120 Hz 

Right Top 40    +718,2 at 60 Hz 

Table 11 Summarized results of Cradle in 800 rpm 

  

Figure 34 Summarized results of Cradle in 800 rpm 



 

Rev 02, 2014-03-05 C Gustafsson, M Hemdan  53(64)  

The following results of 2173 rpm has been summarized in Table 12 and Figure 35. All of the 

peaks in the ANSYS and measurement diagrams has had a maximum offset of ± 3,5 Hz. High 

vibrations that occurred was also here dominant in the Y direction. The most critical 

frequencies are 90 Hz and 162 Hz which had high vibration peaks that occurred at almost 

every node. There were 5 nodes that exceeded Atlas Copco’s rule of thumb for vibration 

levels, Cradle Left, Cradle Left Front Mnt, Cradle Left Rear Mnt, Cradle Right, and Cradle 

Right Front Mnt. Three of these nodes from the ANSYS results had vibrations reaching 

critical level. 

2173 rpm – 

Cradle  

Frequency regions with 

peaks of interest (Hz) and a 

vibration limit for the rest 

of the peaks 

Highest vibration value 

(mm/s) 

Highest value 

difference (mm/s) 

Highest percentage 

difference (%) 

Left 90, 108, 

162, 180 

   +1485,4 at 180 Hz 

Left Front Mnt 90, 162, 198    +498,4 at 54 Hz 

Left Rear Mnt 90, 162, 198    +246,2 at 90 Hz 

Left Top 90    +1568,4 at 180 Hz 

Right 90, 108, 

162, 180 

   +1270,7 at 180 Hz 

Right Front Mnt 90, 162, 198    +274,3 at 180 Hz 

Right Rear Mnt 90, 108, 

162, 180 

   +3420,0 at 144 Hz 

Right Top 90, 162    +1933,3 at 72 Hz 

Table 12 Summarized results of Cradle in 2173 rpm  

Figure 35 Summarized results of Cradle in 2173 rpm 
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7.1.2 Cooler 800 rpm and 2173 rpm 

Only frequency area of 40 Hz has been compared in table form in Appendix B because the 

peak of interest appeared within that region. Data before 36 Hz hasn’t been compared due to a 

lot of irregularities but they can be seen in the diagrams in Appendix A. All of the peaks in the 

ANSYS and measurement diagrams has had a maximum offset of ± 2,0 Hz. High vibrations 

that occurred was also here dominant in the Z direction. The most critical frequency is 40 Hz 

were very high vibrations occur in the ANSYS model. Vibrations from measurements has 

shown to be below Atlas Copco’s rule of thumb, with its highest vibration value in the node 

Cooler Left Top. 

800 rpm – 

Cooler  

Frequency regions with 

peaks of interest (Hz) and a 

vibration limit for the rest 

of the peaks 

Highest vibration value 

(mm/s) 

Highest value 

difference (mm/s) 

Highest percentage 

difference (%) 

Left Low 40    +546,5 at 40 Hz 

Left Top 40    +593,4 at 40 Hz 

Right Low 40    +171,3 at 40 Hz 

Right Top 40    +551,6 at 40 Hz 

Table 13 Summarized results of Cooler in 800 rpm 

Frequency areas of 90 Hz and 163 Hz is considered most critical as they appear on almost 

every node. Data before 36 Hz hasn’t been compared due to a lot of irregularities but they can 

be seen in the diagrams in Appendix A. All of the peaks in the ANSYS and measurement 

diagrams has had a maximum offset of ± 2,5 Hz. Every node has vibration values exceeding 

the rule of thumb for vibration. Measurements on the cooler shows that vibration levels stay 

below their rule of thumb.  

2173 rpm – 

Cooler 

Frequency regions with 

peaks of interest (Hz) and a 

vibration limit for the rest 

of the peaks 

Highest vibration value 

(mm/s) 

Highest value 

difference (mm/s) 

Highest percentage 

difference (%) 

Left Low 90, 163, 

(20) 

   +2776,4 at 163 Hz 

Left Top 90, (20)    +2409,7 at 163 Hz 

Right Low 90, 163    +6053,6 at 163 Hz 

Right Top 54, 90, 163    +6055,0 at 163 Hz 

Table 14 Summarized results of Cooler in 2173 rpm 
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 Stress 

The measured value during high and low idle is no more than 𝜎 MPa. This measurement was 

made on the cradle in bending and was obtained in stationary condition. The position of the 

strain gauge is approximately on the middle of the support on the right side facing the engine. 

As seen in the Figure 36. 

The corresponding position on the ANSYS model both on low and high idle produced the 

following results. At low idle the maximum stress (Von-Mises) is 𝜎1 MPa and at high idle the 

maximum stress is 𝜎2 MPa (both using the SRSS) as shown in the pictures below.  

7.2.1 Low idle – 800 rpm 

 

Figure 36 Position of the rosette strain gauge. Taken 2015-02-10 at site 

Figure 37 SRSS Stress at 800 rpm 
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7.2.2 High idle – 2173 rpm 

 

Figure 38 SRSS Stress at 2173 rpm 



 

Rev 02, 2014-03-05 C Gustafsson, M Hemdan  57(64)  

8 Discussion 

 Evaluation of Results 

Our two different comparison methods/tools that is described in Tools was tested which 

focuses on different areas. The one used in the thesis focuses on the peaks and peaks variation 

rather than the overall difference in a certain node. This method was considered to be more 

accurate than the Mean Average Value Method. This way the results in this thesis can be used 

in future work when developing the current model into a more realistic model. 

When the results were compiled it was seen that at low speed (800 rpm) the measurement 

results of the accelerometers on the real cradle were very compatible with the analysis results 

in ANSYS. At high speed (2173 rpm) the measurement results of the accelerometers on the 

real cradle were moderately compatible with the analysis results in ANSYS. There were 

differences that are notable but they are not so big in value. This means that the model has to 

be developed so that it can correspond to reality. 

The main reason to why the vibration levels are so low at 800 rpm could be: 

 Many of the assumptions hasn’t made any significant difference to the overall results. 

 Modes from the engine and the cooler has low influence due to low oscillation of the 

whole engine cradle. 

 Modelling of the FE model corresponds to the real model accurately. 

The main reason to why the vibration levels are so high at 2173 rpm could be: 

 All or some of the assumptions has made noticeable and/or significant difference to 

the overall results. 

 Modes from the engine and cooler has had noticeable and/or very high influence due 

to high oscillation creating high vibration levels of the whole engine cradle. 

 Modelling of the FE model doesn’t correspond to the real model which has given quite 

significant differences in the results. 

The thesis objective has been reached through this comparison. This data will be used in 

future work to ensure a better analysis model. The results weren’t as accurate as one would 

hope and the cause of this can be some of the parameters shown in the next sub chapter. 

In order to verify if the results were correctly a verification had to be made. This verification 

was composed of a comparison between the measured data of displacements and the 

corresponding data of displacements from ANSYS of 2 nodes in the engine. The data in both 

ANSYS and from the measurement should be the same. This verification was made to check 

that the analysis was compatible with the correct measurements. 

In the next project, a verification could be needed to minimize the errors that can occur during 
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a work process by making sure that the data is sufficient as well as correct when working. 

Another problem that can arise is the result in the excitation point which is not consistent with 

the input data, therefore verifying that the excitation data is corresponding with the input data 

to avoid errors in the results. If such error occurs then an investigation must be made. This 

could result in redoing the whole work process or a part of the process, which means a loss in 

valuable work time.   

8.1.1 Sustainable development 

Vibration measurement projects are often with consideration on how to reduce vibration and 

noise around the vehicle to make it pleasant for the surroundings as well as the operator. In 

some cases laws on acceptable vibration/noise levels have been implemented to ensure a safe 

work environment. This can be seen as irrelevant in this thesis but in fact even “local” 

vibrations in smaller systems such as the engine or cradle can easily propagate into the whole 

vehicle and later result in an unpleasant work environment. This is why reducing vibrations 

everywhere in the vehicle is crucial. 

The comparison is a method to verify if one has considered/created the correct calculation 

model and thus taken responsibility for their calculations. In order to give the customers a 

sense of security.  
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8.1.2 Parameters that affects the analysis model 

The following risk factors were discussed in a way that it might affect the results of the 

comparison between ANSYS and reality.   

Engine 

 The engine is modeled with beam elements which gives it a rigid behavior. 

 Dynamic behavior of the engine is not known. 

 The position of engines center of gravity   

Cooler 

 Include a CAD model of the cooler in the analysis to ensure a more reliable result.  

Cradle 

 The connection between engine and cradle consist of beam elements and the stiffness 

of these connections affect transfer.  

Dampers 

 Different factors between low and high idle.  

Wheel 

 Damping in the wheels. 

Measurement 

 The surrounding (environment) when the measurement was taken. 

 Human factors such as positioning of accelerometers for example. 
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8.1.3 Construction ideas 

This section was not part of the thesis but it’s worth mentioning. A discussion about 

construction ideas and how to minimize vibrations in such a system might be possible. To 

conclude the discussion the following factors might decrease the fatigue in the cradle. 

The positioning of the cross bracket in the cradle is crucial to the vibration. Reconstructing 

the cross bracket to a position exact below the center of gravity of the engine will probably 

decrease the vibration. 

The coolers mass will be pressuring the dampers below it, if the cooler gets heavier, then that 

will result in a decrease in vibration on the rear part of the cradle. Based on Equation 8 and 

Equation 32, one can note that the damping matrix will not be a consistent diagonal matrix as 

the entire cooler acts as a damper with external forces, such as its own mass and rotational 

force from the fan blades, impacting at these nodes. It may be necessary to use the Rayleigh 

Damping Model that helps to define the damping matrix, using assumptions. 

 Recommendations  

To ensure a better analysis, recommendations of actions have been complied. A complete 

CAD model of both the engine and the cooler is desirable to be used in further analysis to 

ensure reliable (more realistic) results. 

Further recommendations are to check the connection between engine and cradle on how the 

model would react if two different transfers were made, one at low idle and one at high idle. 

Also on how implementing two different damping factors at the different speeds would affect 

the results.  

Do a harmonic response analysis on 1500 rpm to ensure no occurring deviations. 

This type of analysis has been done before but the comparison method has never been 

documented. A documentation of the comparison will legitimize the procedure as well as 

making it more of a standardized process when comparing a CAD model with real vehicles. 

Another idea is to automate the method of comparison with the use of macros to easier gather 

data and graphs over the differences but also make a representational result in the form of a 

table on each node as shown in this report. This will save a lot of time in future work. 

Based on HDI (Human Development Index), when a documentation of the comparison and an 

automation of the process with the use of macros or scripts has been made, the results will 

grant a time saving work process (from probably days to hours) which might result in a 

healthy economic plan for future comparison projects. There is no need for a long training 

session of this documentation, but a short preview is necessary for a basic understanding of 

the comparison method [23].  
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9 Conclusion  

The comparison and discussion can be concluded into some separate statements 

 The measurements for the cradle at 800 rpm is very compatible with the analysis 

results in ANSYS but at high speed (2173 rpm) the measurement results on the real 

cradle was only moderately compatible. There are differences that are notable but they 

are not so big in value. 

 A verification had to be made to ensure that the right data was used in the 

displacement on the engine. This verification is composed of a comparison between 

the engine displacement data that was measured against engine displacement data in 

ANSYS.  

 For better results in the future a complete CAD model of both the engine and the 

cooler is to be used.  Also a check on how the connection between engine and cradle 

would affect the model if two different transfers where made.  

 Automating the method of comparison with the use of macros would increase the 

efficiency of this type of analysis as well as documentation of this method. 

 In low idle (800 rpm) the most critical frequencies are 40 Hz and 80 Hz were vibration 

levels doesn’t exceed their rule of thumb. 

 In high idle (2173 rpm) the most critical frequencies are 90 Hz and 162 Hz. Vibration 

levels were very high at all nodes and at 5 of them vibration levels exceeded Atlas 

Copco’s rule of thumb. Three of these nodes had vibration levels exceeding their rule 

of thumb. 

 The cooler in 800 rpm show peaks of interest around 40 Hz which has resulted in very 

high vibration values from the ANSYS model exceeding their rule of thumb by far. 

Measurements has shown to have very low vibrations. 

 The cooler in 2173 rpm has shown two critical frequencies of 90 Hz and 163 Hz. 

There has even been quite high vibrations at 20 Hz in the ANSYS model. Vibrations 

from the ANSYS results has been exceeding their rule of thumb with its highest value 

at node Cooler Right Top. Measurements has shown to be ok but noticeable vibration 

levels around but not exceeding their rule of thumb. 



 

Rev 02, 2014-03-05 C Gustafsson, M Hemdan  62(64)  

10 References 

[1] Angeles, Jorge, Mechanical Engineering: Dynamic Response of Linear Mechanical 

Systems: Modeling, Analysis and Simulation.  

Örebro: Ebrary, 2012 – ISBN-10: 9781441910264, ISBN-13: 9781441910271 

[2] Thompson, William T., Theory of vibration with Applications. 3rd Edition. Prentice-Hall 

Inc., Englewood Cliffs, 1998, page 201. 

[3] Hughes, Thomas J. R., The Finite Element Method. Prentice-Hall Inc., Englewood Cliffs, 

1987, page 582-584. 

[4] Structural Analysis Guide – Release 5.5. Keyword: Harmonic Response Analysis. 

Canonsburg, PA 15317, 1998. 

Retrieved 2015-04-13 

URL: http://mostreal.sk/html/guide_55/g-str/GSTR4.htm  

[5] Bodelind, Bertil; Persson, Allan, Hållfastighets-och materialtabeller. Örebro: 

Kurslitteratur, 2001-2004 – ISBN-9789144038254. 

[6] Sunnersjö, Staffan, FEM i praktiken - en introduktion till finita elementmetodens 

praktiska tillämpning. Örebro: Kurslitteratur, 1999 – ISBN- 9789175485416. 

[7] Cook, Robert D., Malkus, David S., Plesha, Michael E., Witt, Robert J., Concepts and 

Applications of Finite Element Analysis. Örebro: kurslitteratur, 2001 – ISBN - 

9780471356059. 

[8] Halliday D.,Resnick R., Fundamentals of Physics. 3rd Edition. Wiley, New York, 1988. 

[9] Oxford University Press, A Dictionary of Physics. 6th Edition. Örebro: Kurslitteratur, 

2009-2014 – ISBN-13-9780199233991, elISBN-9780191726798. 

[10] Linflow, Hendrix, Jim; ANKER-ZEMER Engineering AB. Karlskoga, Sweden. 

Retrieved 2015-05-26 

URL: http://www.linflow.us  

[11] Anker-Zemer Engineering AB. 70202 Örebro, Sweden. 

Retrieved 2015-05-26 

URL: http://www.anker-zemer.com/linflow.htm  

[12] ANSYS, Inc. Keyword: Campbell Diagram. Canonsburg, PA 15317, 2015. 

Retrieved 2015-05-26 

URL: http://www.ansys.com   

  

http://mostreal.sk/html/guide_55/g-str/GSTR4.htm
http://www.linflow.us/
http://www.anker-zemer.com/linflow.htm
http://www.ansys.com/


 

Rev 02, 2014-03-05 C Gustafsson, M Hemdan  63(64)  

[13] ANSYS, Inc. Keyword: Engine Vibration. Canonsburg, PA 15317, 2015. 

Retrieved 2015-05-26 

URL: http://www.ansys.com   

[14] SAE International. Keyword: Campbell Diagram. Warrendale, PA 15096, 2015. 

Retrieved 2015-05-26 

URL: http://www.sae.org/  

[15] SAE International. Keyword: Engine Vibration. Warrendale, PA 15096, 2015. 

Retrieved 2015-05-26 

URL: http://www.sae.org/  

[16] Wolfram MathWorld, Eric Weisstein. Keyword: Lagrange Multiplier. 2015.  

Retrieved 2015-05-27 

URL: http://mathworld.wolfram.com/LagrangeMultiplier.html  

[17] Blevins, Robert D., Formulas for natural frequency and mode shape. Krieger Publishing 

Company, 2001– ISBN-1575241846, 9781575241845. 

[18] Tzou, H. S.; Bergman, L. A., Dynamics and Control of Distributed Systems. Cambridge, 

University Press, 2007 – ISBN-0521033748, 9780521033749. 

[19] Zhi-Fang, Fu; Jimin, He, Modal Analysis. Butterworth-Heinemann, 2001 – ISBN-

0080511783, 9780080511788. 

[20] Morin, David, Normal modes. Harvard, Chapter 2, page 1-26. 

URL: http://www.people.fas.harvard.edu/~djmorin/waves/normalmodes.pdf  

[21] Kay, Steven M., Fundamentals of Statistical Signal Processing: Practical algorithm 

development, 3rd Edition. Prentice-Hall PTR, 2013 – ISBN-013280803X, 

9780132808033. 

[22] Moon, Todd K.; Stirling, Wynn C., Mathematical Methods and Algorithms for Signal 

Processing. Prentice-Hall, 2000 – ISBN-0521033748, 9780521033749. 

[23] KTH Vetenskap & Konst, Kungliga Tekniska Högskolan. Keyword: Hållbar Utveckling – 

Social Hållbarhet. Brinellvägen 8, 100 44 Stockholm, 2015. 

Retrieved 2015-06-08 

URL: https://www.kth.se/om/miljo-hallbar-utveckling/utbildning-miljo-hallbar-

utveckling/verktygslada/sustainable-development/social-hallbarhet-1.373774  

 

  

http://www.ansys.com/
http://www.sae.org/
http://www.sae.org/
http://mathworld.wolfram.com/LagrangeMultiplier.html
http://www.people.fas.harvard.edu/~djmorin/waves/normalmodes.pdf
https://www.kth.se/om/miljo-hallbar-utveckling/utbildning-miljo-hallbar-utveckling/verktygslada/sustainable-development/social-hallbarhet-1.373774
https://www.kth.se/om/miljo-hallbar-utveckling/utbildning-miljo-hallbar-utveckling/verktygslada/sustainable-development/social-hallbarhet-1.373774


 

Rev 02, 2014-03-05 C Gustafsson, M Hemdan  64(64)  

Media 

[1] Vandiver, J. Kim. 19. Introduction to Mechanical Vibration [Video on the internet]. MIT 

2.003SC Engineering Dynamics, 2011, 3 September 2013. 

Retrieved 2015-05-04 

URL: https://www.youtube.com/watch?v=9_d8CQrCYUw  

[2] Vandiver, J. Kim. 20. Linear System Modeling a Single Degree of Freedom Oscillator 

[Video on the internet]. MIT 2.003SC Engineering Dynamics, 2011, 3 September 2013. 

Retrieved 2015-05-04 

URL: https://www.youtube.com/watch?v=wzEqF_UQkks  

[3] Vandiver, J. Kim. 21. Vibration Isolation [Video on the internet]. MIT 2.003SC 

Engineering Dynamics, 2011, 3 September 2013. 

Retrieved 2015-05-04 

URL: https://www.youtube.com/watch?v=f1pxiNDTyHc  

[4] Gossard, David. 22. Finding Natural Frequencies & Mode Shapes of a 2 DOF System 

[Video on the internet]. MIT 2.003SC Engineering Dynamics, 2011, 3 September 2013. 

Retrieved 2015-05-04 

URL: https://www.youtube.com/watch?v=9CPA6WG6mRo  

[5] Vandiver, J. Kim. 23. Vibration by Mode Superposition [Video on the internet]. MIT 

2.003SC Engineering Dynamics, 2011, 3 September 2013. 

Retrieved 2015-05-04 

URL: https://www.youtube.com/watch?v=tm51lwadMOc  

[6] Vandiver, J. Kim. 24. Modal Analysis: Orthogonality, Mass Stiffness, Damping Matrix 

[Video on the internet]. MIT 2.003SC Engineering Dynamics, 2011, 3 September 2013. 

Retrieved 2015-05-04 

URL: https://www.youtube.com/watch?v=OxcCPTc_bXw  

[7] Vandiver, J. Kim. 25. Modal Analysis: Response to IC’s and to Harmonic Forces [Video 

on the internet]. MIT 2.003SC Engineering Dynamics, 2011, 3 September 2013. 

Retrieved 2015-05-04 

URL: https://www.youtube.com/watch?v=p9DHjoLS3GA  

[8] Vandiver, J. Kim. 26. Response of 2-DOF Systems by the Use of Transfer Functions 

[Video on the internet]. MIT 2.003SC Engineering Dynamics, 2011, 3 September 2013. 

Retrieved 2015-05-04 

URL: https://www.youtube.com/watch?v=fK9AGvLf3yw    

https://www.youtube.com/watch?v=9_d8CQrCYUw
https://www.youtube.com/watch?v=wzEqF_UQkks
https://www.youtube.com/watch?v=f1pxiNDTyHc
https://www.youtube.com/watch?v=9CPA6WG6mRo
https://www.youtube.com/watch?v=tm51lwadMOc
https://www.youtube.com/watch?v=OxcCPTc_bXw
https://www.youtube.com/watch?v=p9DHjoLS3GA
https://www.youtube.com/watch?v=fK9AGvLf3yw


 

Rev 01, 2014-03-05 C Gustafsson, M Hemdan  I  

Appendix A: Graphs 
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Appendix B: Tables (and some graphs) 

800 rpm 

Cradle Left 
Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

 Offset (Hz) 

~20 

20 20 20 20,5  22 20 +2,5 +10 0 

Vibration Difference 

(mm/s) 
      +165,5 -6,3 +13,5 

Offset (Hz) 

~40 

40 40 40 42,5 41 41 +6,3 +2,5 +2,5 

Vibration Difference 

(mm/s) 
 

 

  
 

 +77,4 +23,6 -19,4 

Offset (Hz) 

~60 

60 60 60 62,5 62,5 62,5 +4,2 +4,2 +4,2 

Vibration Difference 

(mm/s) 
      -50 +152,8 +48,8 

Offset (Hz) 

~73 

73 73 73 74 74 72,5 +1,4 +1,4 -0,7 

Vibration Difference 

(mm/s) 
      +98,3 +115,1 +114,9 

Offset (Hz) 

~80 

80 80 80 78 78 82,5 -2,5 -2,5 +3,1 

Vibration Difference 

(mm/s) 
 

 

    +165,9 +8,6 -6,2 

Offset (Hz) 

~86 

86 86 86 84 88,5 88,5 -2,3 +2,9 +2,9 

Vibration Difference 

(mm/s) 
      +103,1 +351,7 -13,7 

Offset (Hz) 

~100 

100 100 100 100 100 102,5 0 0 +2,5 

Vibration Difference 

(mm/s) 
      +211,5 +160 -76 

Offset (Hz) 

~120 

120 120 120 122,5 122,5 122,5 +2,1 +2,1 +2,1 

Vibration Difference 

(mm/s) 
      +3,1 +32,9 -19,7 
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Cradle Left Front 

Mnt 

Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~20 

20 20 20 20,5 22,5 20,5 +2,5 +12,5 +2,5 

Vibration Difference 

(mm/s) 
      +31,1 -23,9 +6,2 

Offset (Hz) 

~40 

40 40 40 42,5 42 42,5 +6,3 +5 +6,3 

Vibration Difference 

(mm/s) 
 

 

    +93,6 +5,1 +60,2 

Offset (Hz) 

~60 

60 60 60 62,5 62,5 62 +4,2 +4,2 +3,3 

Vibration Difference 

(mm/s) 
      -43,2 -19 +69,4 

Offset (Hz) 

~80 

80 80 80 78 78 78 -2,5 -2,5 -2,5 

Vibration Difference 

(mm/s) 
      +104,7 +37,7 +28,3 

Offset (Hz) 

~100 

100 100 100 100 98 100 0 -2 0 

Vibration Difference 

(mm/s) 
      +358,1 -57,1 +20 

Offset (Hz) 

~120 

120 120 120 122,5 122,5 121 +2,1 +2,1 +0,8 

Vibration Difference 

(mm/s) 
      +8,4 -3,6 -2,7 
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Cradle Left Rear 

Mnt 

Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~13 

13 13 13 11,5 13 11,5 -11,5 0 -11,5 

Vibration Difference 

(mm/s) 
      +48,7 -50 +913,6 

Offset (Hz) 

~20 

20 20 20 20,5 20 20,5 +2,5 0 +2,5 

Vibration Difference 

(mm/s) 
      +146,4 +26,6 +301,6 

Offset (Hz) 

~40 

40 40 40 42,5 42,5 41,5 +6,3 +6,3 +3,8 

Vibration Difference 

(mm/s) 
 

 

    +59,9 +30,5 +34,6 

Offset (Hz) 

~60 

60 60 60 62,5 62,5 58 +4,2 +4,2 -3,3 

Vibration Difference 

(mm/s) 
      -19,1 +144,4 +126,3 

Offset (Hz) 

~80 

80 80 80 78 82,5 78 -2,5 +3,1 -2,5 

Vibration Difference 

(mm/s) 
      +375,5 -1,1 +546,2 

Offset (Hz) 

~100 

100 100 100 98 102,5 100 -2 +2,5 0 

Vibration Difference 

(mm/s) 
      +286,4 +26,1 +275,9 
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Cradle Left Top 
Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~20 

20 20 20 22,5 22,5 22,5 +12,5 +12,5 +12,5 

Vibration Difference 

(mm/s) 
      +62,9 +13,4 -31,4 

Offset (Hz) 

~40 

40 40 40 42,5 42,5 42,5 +6,3 +6,3 +6,3 

Vibration Difference 

(mm/s) 
  

 

   +15,7 +38,5 +3 

Offset (Hz) 

~60 

60 60 60 62,5 62,5 62,5 +4,2 +4,2 +4,2 

Vibration Difference 

(mm/s) 
      -13,8 +74 +18,8 

Offset (Hz) 

~80 

80 80 80 78 78 82,5 -2,5 -2,5 +3,1 

Vibration Difference 

(mm/s) 
      +413,2 +27,1 -37,8 

Offset (Hz) 

~100 

100 100 100 102,5 102,5 102,5 +2,5 +2,5 +2,5 

Vibration Difference 

(mm/s) 
      +43,75 +80 -46,2 
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Cradle Right 
Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~20 

20 20 20 22,5 22,5 20,5 +12,5 +12,5 +2,5 

Vibration 

Difference 

(mm/s) 

      +62,3 -37,5 +59,1 

Offset (Hz) 

~40 

40 40 40 41 41 41 +2,5 +2,5 +2,5 

Vibration 

Difference 

(mm/s) 

 
 

  
 

 +271,8 -14,3 -20,1 

Offset (Hz) 

~60 

60 60 60 62,5 62,5 62,5 +4,2 +4,2 +4,2 

Vibration 

Difference 

(mm/s) 

      +103,1 -23 -13,3 

Offset (Hz) 

~73 

73 73 73 73 74 73,5 0 +1,4 +0,7 

Vibration 

Difference 

(mm/s) 

      +393,3 +113,6 +31,7 

Offset (Hz) 

~80 

80 80 80 78 78 78 -2,5 -2,5 -2,5 

Vibration 

Difference 

(mm/s) 

 
 

    +254,8 -7,6 -11,5 

Offset (Hz) 

~86 

86 86 86 88,5 88,5 88,5 +2,9 +2,9 +2,9 

Vibration 

Difference 

(mm/s) 

      +180,8 +992,3 -45,9 

Offset (Hz) 

~100 

100 100 100 98 102,5 98 -2 +2,5 -2 

Vibration 

Difference 

(mm/s) 

      +28,4 +381,8 -80,2 

Offset (Hz) 

~120 

120 120 120 122,5 122,5 122,5 +2,1 +2,1 +2,1 

Vibration 

Difference 

(mm/s) 

      +234,1 +16,4 -9,7 
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Cradle Right Front 

Mnt 

Peaks 

(Hz) 

Measurement ANSYS 
Percentage Difference 

(%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~20 

20 20 20 22,5 20 20 +12,5 0 0 

Vibration Difference 

(mm/s) 
      +13,9 -60,0 +78,3 

Offset (Hz) 

~40 

40 40 40 41 42,5 42,5 +2,5 +6,3 +6,3 

Vibration Difference 

(mm/s) 
  

  

  +54,6 -79,3 -27,6 

Offset (Hz) 

~60 

60 60 60 62,5 62 62 +4,2 +3,3 +3,3 

Vibration Difference 

(mm/s) 
      +120,7 -47,7 -60,0 

Offset (Hz) 

~73 

73 73 73 73 75,5 74 0 +3,4 +1,4 

Vibration Difference 

(mm/s) 
      +297,1 -46,1 -14,5 

Offset (Hz) 

~80 

80 80 80 78 78 78 -2,5 -2,5 -2,5 

Vibration Difference 

(mm/s) 
      +85,4 -78,0 -11,2 

Offset (Hz) 

~86 

86 86 86 88,5 84 84 +2,9 -2,3 -2,3 

Vibration Difference 

(mm/s) 
      +310,5 -50,4 -39,3 

Offset (Hz) 

~100 

100 100 100 98 102,5 100,5 -2,0 +2,5 +0,5 

Vibration Difference 

(mm/s) 
      +33,9 -39,1 -21,8 

Offset (Hz) 

~120 

120 120 120 122,5 120,5 119,5 +2,1 +0,4 -0,4 

Vibration Difference 

(mm/s) 
      +353,3 -62,5 -66,7 
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Cradle Right Rear 

Mnt 

Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~20 

20 20 20 22,5 20 22,5 +12,5 0 +12,5 

Vibration 

Difference (mm/s) 
      +24,3 +23,6 +740,0 

Offset (Hz) 

~40 

40 40 40 41,5 41 41,5 +3,8 +2,5 +3,8 

Vibration 

Difference (mm/s) 
  

 

   +140,6 +23,8 +46,0 

Offset (Hz) 

~60 

60 60 60 62,5 62,5 62,5 +4,2 +4,2 +4,2 

Vibration 

Difference (mm/s) 
      +109,0 +142,9 +266,7 

Offset (Hz) 

~73 

73 73 73 73 72 73 0 -1,4 0 

Vibration 

Difference (mm/s) 
      +287,0 +294,7 +230,0 

Offset (Hz) 

~80 

80 80 80 78 82,5 78 -2,5 +3,1 -2,5 

Vibration 

Difference (mm/s) 
      +147,4 +2,2 +151,6 

Offset (Hz) 

~100 

100 100 100 98 102,5 102,5 -2,0 +2,5 +2,5 

Vibration 

Difference (mm/s) 
      +83,9 +28,3 +154,5 

Offset (Hz) 

~120 

120 120 120 122,5 122,5 122,5 +2,1 +2,1 +2,1 

Vibration 

Difference (mm/s) 
      +270,3 +68,9 +841,2 
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Cradle Right Top 
Peaks 

(Hz) 

Measurement ANSYS 
Percentage Difference 

(%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~20 

20 20 20 22,5 22,5 22,5 +12,5 +12,5 +12,5 

Vibration 

Difference (mm/s) 
      +42,3 +0,4 -15,7 

Offset (Hz) 

~40 

40 40 40 42,5 42,5 42,5 +6,3 +6,3 +6,3 

Vibration 

Difference (mm/s) 
  

 

   -72,1 +188,7 -52,4 

Offset (Hz) 

~60 

60 60 60 62,5 62,5 62,5 +4,2 +4,2 +4,2 

Vibration 

Difference (mm/s) 
      +718,2 -10,4 -62,0 

Offset (Hz) 

~73 

73 73 73 75,5 71 75,5 +3,4 -2,7 +3,4 

Vibration 

Difference (mm/s) 
      +88,2 -33,3 -80,0 

Offset (Hz) 

~80 

80 80 80 78 78 82,5 -2,5 -2,5 +3,1 

Vibration 

Difference (mm/s) 
      +484,2 +358,8 -61,1 

Offset (Hz) 

~86 

86 86 86 88,5 88,5 88,5 +2,9 +2,9 +2,9 

Vibration 

Difference (mm/s) 
      -71,9 +333,3 -79,5 

Offset (Hz) 

~100 

100 100 100 102,5 102,5 102,5 +2,5 +2,5 +2,5 

Vibration 

Difference (mm/s) 
      -32,4 -51,4 -82,7 

Offset (Hz) 

~120 

120 120 120 122,5 122,5 122,5 +2,1 +2,1 +2,1 

Vibration 

Difference (mm/s) 
      -67,7 +39,3 -60,5 
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Cooler Left Low 
Peaks 

(Hz) 

Measurement ANSYS Procentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~40 

40 40 40 41,5 41 41,5 +3,8 +2,5 +3,8 

Vibration Difference 

(mm/s) 
  

 

   +321,2 +546,5 +157,0 

 

 

  

𝑣25 𝑣25 

𝑣0 𝑣0 

𝑣 𝑣 
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Cooler Left Top 
Peaks 

(Hz) 

Measurement ANSYS Procentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~40 

40 40 40 41,5 41,5 41,5 +3,8 +3,8 +3,8 

Vibration Difference 

(mm/s) 

 

     +116,3 +593,4 +156,1 

 

 

  

𝑣26 𝑣26 

𝑣0 𝑣0 

𝑣 𝑣 
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Cooler Right Low 
Peaks 

(Hz) 

Measurement ANSYS 
Procentage Difference 

(%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~40 

40 40 40 41,5 38 41,5 +3,8 -5,0 +3,8 

Vibration Difference 

(mm/s) 
  

 

   +171,3 +58,3 +139,0 

 

 

  

𝑣27 𝑣27 

𝑣0 𝑣0 

𝑣 𝑣 
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Cooler Right Top 
Peaks 

(Hz) 

Measurement ANSYS 
Procentage Difference 

(%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~40 

40 40 40 41,5 41,5 41,5 3,8 3,8 3,8 

Vibration Difference 

(mm/s) 

 

     88,8 551,6 182,7 

 

 

  

𝑣28 

𝑣0 𝑣0 

𝑣28 

𝑣 𝑣 
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2173 rpm 

Cradle Left 
Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 38,5 38,5 36,5 +16,9 +6,9 +1,4 

Vibration 

Difference 

(mm/s) 

      +12,1 -85,7 -70,4 

Offset (Hz) 

~54 

54 54 54 56 54 56,5 +3,7 0 +4,6 

Vibration 

Difference 

(mm/s) 

      +112,6 -23,3 -10,6 

Offset (Hz) 

~90 

90 90 90 92 89,5 89 +2,2 -0,6 -1,1 

Vibration 

Difference 

(mm/s) 

    
 

 +68,2 +91,8 -26,6 

Offset (Hz) 

~108 

108 108 108 110,5 110,5 110,5 +2,3 +2,3 +2,3 

Vibration 

Difference 

(mm/s) 

 
 

    -79,5 -47,5 -14,3 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 128,5 +2,0 +2,0 +2,0 

Vibration 

Difference 

(mm/s) 

      -69,9 -28,8 -67,5 

Offset (Hz) 

~144 

144 144 144 146 146,5 145,5 +1,4 +1,7 +1,0 

Vibration 

Difference 

(mm/s) 

      +89,1 +23,0 +46,3 

Offset (Hz) 

~162 

162 162 162 161,5 162 161 -0,3 0 -0,6 

Vibration 

Difference 

(mm/s) 

 
 

    +27,4 +43,4 +35,4 

Offset (Hz) 

~180 

180 180 180 179 179 183,5 -0,6 -0,6 1,9 

Vibration 

Difference 

(mm/s) 

      -51,0 +1485,4 6,3 
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Cradle Left 

Front Mnt 

Peaks 

(Hz) 

Measurement ANSYS 
Percentage Difference 

(%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 38,5 38,5 38,5 +6,9 +6,9 +6,9 

Vibration 

Difference 

(mm/s) 

      -27,6 -38,9 -63,9 

Offset (Hz) 

~54 

54 54 54 56 53,5 55,5 +3,7 -0,9 +2,8 

Vibration 

Difference 

(mm/s) 

      +498,4 -33,9 -18,8 

Offset (Hz) 

~90 

90 90 90 92 89 92,5 +2,2 -1,1 +2,8 

Vibration 

Difference 

(mm/s) 

 
 

    +134,9 -52,5 +8,9 

Offset (Hz) 

~108 

108 108 108 110,5 110,5 106,5 +2,3 +2,3 -1,4 

Vibration 

Difference 

(mm/s) 

      -84,2 -69,3 -88,8 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 124 +2,0 +2,0 -1,6 

Vibration 

Difference 

(mm/s) 

      -37,7 -76,5 -88,9 

Offset (Hz) 

~144 

144 144 144 146 146,5 146 +1,4 +1,7 +1,4 

Vibration 

Difference 

(mm/s) 

      0 -84,5 -68,3 

Offset (Hz) 

~162 

162 162 162 161,5 165 161 -0,3 +1,9 -0,6 

Vibration 

Difference 

(mm/s) 

 
 

    +45,1 -91,4 -44,2 

Offset (Hz) 

~180 

180 180 180 183,5 183 179 +1,9 +1,7 -0,6 

Vibration 

Difference 

(mm/s) 

      +56,8 -3,9 -0,6 

Offset (Hz) 

~198 

198 198 198 198,5 197 201 +0,3 -0,5 +1,5 

Vibration 

Difference 

(mm/s) 

      -36,4 -96,3 -51,7 
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Cradle Left 

Rear Mnt 

Peaks 

(Hz) 

Measurement ANSYS 
Percentage Difference 

(%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 38,5 38,5 37 +6,9 +6,9 +2,8 

Vibration 

Difference 

(mm/s) 

      -32,7 -83,2 -78,7 

Offset (Hz) 

~54 

54 54 54 56,5 56,5 56,5 +4,6 +4,6 +4,6 

Vibration 

Difference 

(mm/s) 

      +149,1 -25,2 -27,3 

Offset (Hz) 

~90 

90 90 90 89,5 89 92,5 -0,6 -1,1 2,8 

Vibration 

Difference 

(mm/s) 

      +246,2 -32,7 -55,2 

Offset (Hz) 

~108 

108 108 108 110,5 110 110,5 +2,3 +1,9 +2,3 

Vibration 

Difference 

(mm/s) 

      -64,4 +132,7 -60,4 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 128,5 +2,0 +2,0 +2,0 

Vibration 

Difference 

(mm/s) 

      +20,1 -66,1 -76,9 

Offset (Hz) 

~144 

144 144 144 146 146,5 146,5 +1,4 +1,7 +1,7 

Vibration 

Difference 

(mm/s) 

      +51,0 +21,6 +134,7 

Offset (Hz) 

~163 

163 163 163 161,5 161 163 -0,9 -1,2 0,0 

Vibration 

Difference 

(mm/s) 

      +91,6 -69,2 +99,3 

Offset (Hz) 

~181 

181 181 181 183,5 183 183,5 +1,4 +1,1 +1,4 

Vibration 

Difference 

(mm/s) 

      +73,9 +2,2 +64,9 

Offset (Hz) 

~198 

198 198 198 199 201,5 201,5 +0,5 +1,8 +1,8 

Vibration 

Difference 

(mm/s) 

 
 

    -13,9 -86,0 -22,4 
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Cradle Left Top 
Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 38,5 38,5 38,5 +6,9 +6,9 +6,9 

Vibration 

Difference (mm/s) 
      -41,4 +23,2 -73,8 

Offset (Hz) 

~54 

54 54 54 56 56,5 56,5 +3,7 +4,6 +4,6 

Vibration 

Difference (mm/s) 
      +166,2 +96,5 -41,6 

Offset (Hz) 

~90 

90 90 90 92,5 92,5 92,5 +2,8 +2,8 +2,8 

Vibration 

Difference (mm/s) 
  

 

   +56,2 +105,0 -43,7 

Offset (Hz) 

~108 

108 108 108 110,5 108,5 110,5 +2,3 +0,5 +2,3 

Vibration 

Difference (mm/s) 
      +95,6 -95,9 -62,3 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 128,5 +2,0 +2,0 +2,0 

Vibration 

Difference (mm/s) 
      -82,9 +7,0 -74,7 

Offset (Hz) 

~162 

162 162 162 165,5 165,5 165 +2,2 +2,2 +1,9 

Vibration 

Difference (mm/s) 
      -66,4 -26,9 +47,5 

Offset (Hz) 

~180 

180 180 180 183,5 183,5 183 +1,9 +1,9 +1,7 

Vibration 

Difference (mm/s) 
      +86,3 +1568,4 -59,2 

Offset (Hz) 

~198 

198 198 198 201,5 201,5 199 +1,8 +1,8 +0,5 

Vibration 

Difference (mm/s) 
      -53,1 -16,5 -47,7 
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Cradle Right 
Peaks 

(Hz) 

Measurement ANSYS 
Percentage Difference 

(%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 38,5 35,5 38,5 +6,9 -1,4 +6,9 

Vibration 

Difference (mm/s) 
      +46,0 -94,8 -76,7 

Offset (Hz) 

~54 

54 54 54 55,5 54 56 +2,8 0 +3,7 

Vibration 

Difference (mm/s) 
      +198,4 -57,3 -52,9 

Offset (Hz) 

~90 

90 90 90 89,5 89,5 89 -0,6 -0,6 -1,1 

Vibration 

Difference (mm/s) 
    

 

 +59,5 +280,1 -55,3 

Offset (Hz) 

~108 

108 108 108 106,5 110,5 110,5 -1,4 +2,3 +2,3 

Vibration 

Difference (mm/s) 
 

 

    +53,1 -49,4 +12,4 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 128,5 +2,0 +2,0 +2,0 

Vibration 

Difference (mm/s) 
      -50,2 -48,3 -30,4 

Offset (Hz) 

~144 

144 144 144 142 146,5 146,5 -1,4 +1,7 +1,7 

Vibration 

Difference (mm/s) 
      -53,7 -9,0 -71,1 

Offset (Hz) 

~162 

162 162 162 161,5 162 161 -0,3 0 -0,6 

Vibration 

Difference (mm/s) 
    

 

 +83,7 +200,4 -48,8 

Offset (Hz) 

~180 

180 180 180 179 179 183,5 -0,6 -0,6 +1,9 

Vibration 

Difference (mm/s) 
      -15,2 +1270,7 -51,1 

Offset (Hz) 

~198 

198 198 198 198,5 201,5 197 +0,3 +1,8 -0,5 

Vibration 

Difference (mm/s) 
      -85,1 +56,9 -82,8 
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Cradle Right 

Front Mnt 

Peaks 

(Hz) 

Measurement ANSYS 
Percentage Difference 

(%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 38,5 34 38,5 +6,9 -5,6 +6,9 

Vibration 

Difference (mm/s) 
      -16,8 -93,1 -76,0 

Offset (Hz) 

~54 

54 54 54 56 56,5 56,5 +3,7 +4,6 +4,6 

Vibration 

Difference (mm/s) 
      +246,7 -64,7 -61,2 

Offset (Hz) 

~90 

90 90 90 89,5 92,5 89,5 -0,6 +2,8 -0,6 

Vibration 

Difference (mm/s) 
 

 

    +76,9 -60,8 -45,7 

Offset (Hz) 

~108 

108 108 108 106,5 109 110,5 -1,4 +0,9 +2,3 

Vibration 

Difference (mm/s) 
      -37,0 -85,3 -36,9 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 126,5 +2,0 +2,0 +0,4 

Vibration 

Difference (mm/s) 
      -67,0 -79,5 -76,9 

Offset (Hz) 

~144 

144 144 144 142 146,5 146,5 -1,4 +1,7 +1,7 

Vibration 

Difference (mm/s) 
      +20,5 -75,6 +16,1 

Offset (Hz) 

~162 

162 162 162 161,5 162,5 162,5 -0,3 +0,3 +0,3 

Vibration 

Difference (mm/s) 
 

 

    +92,0 -72,9 +34,3 

Offset (Hz) 

~180 

180 180 180 179 182,5 179 -0,6 +1,4 -0,6 

Vibration 

Difference (mm/s) 
      -28,5 +207,5 +274,3 

Offset (Hz) 

~198 

198 198 198 197,5 201,5 201,5 -0,3 +1,8 +1,8 

Vibration 

Difference (mm/s) 
      -32,8 -84,8 -32,1 
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Cradle Right 

Rear Mnt 

Peaks 

(Hz) 

Measurement ANSYS Percentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 38,5 38,5 36 +6,9 +6,9 0,0 

Vibration 

Difference 

(mm/s) 

      -22,3 -79,6 -86,9 

Offset (Hz) 

~54 

54 54 54 56 56,5 56,5 +3,7 +4,6 +4,6 

Vibration 

Difference 

(mm/s) 

      +293,2 +81,9 +302,3 

Offset (Hz) 

~90 

90 90 90 89,5 89 92,5 -0,6 -1,1 +2,8 

Vibration 

Difference 

(mm/s) 

    
 

 +117,0 
+70,9 

+2191,9 

Offset (Hz) 

~108 

108 108 108 106,5 110 107 -1,4 +1,9 -0,9 

Vibration 

Difference 

(mm/s) 

 
 

    +144,3 -39,3 +75,7 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 128,5 +2,0 +2,0 +2,0 

Vibration 

Difference 

(mm/s) 

      -15,8 -9,0 -39,1 

Offset (Hz) 

~144 

144 144 144 145 146,5 146,5 +0,7 +1,7 +1,7 

Vibration 

Difference 

(mm/s) 

      +116,7 +3420,0 +572,1 

Offset (Hz) 

~163 

163 163 163 161,5 161 161 -0,9 -1,2 -1,2 

Vibration 

Difference 

(mm/s) 

     
 

+135,4 +348,2 +102,6 

Offset (Hz) 

~181 

181 181 181 179 183 183,5 -1,1 +1,1 +1,4 

Vibration 

Difference 

(mm/s) 

      +10,6 +258,3 +192,8 

Offset (Hz) 

~198 

198 198 198 199 201,5 201 +0,5 +1,8 +1,5 

Vibration 

Difference 

(mm/s) 

      -59,7 +29,3 +130,7 
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Cradle Right Top 
Peaks 

(Hz) 

Measurement ANSYS 
Percentage Difference 

(%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 38,5 38,5 38,5 +6,9 +6,9 +6,9 

Vibration 

Difference (mm/s) 
      -58,8 +135,9 -66,9 

Offset (Hz) 

~54 

54 54 54 55 56 56,5 +1,9 +3,7 +4,6 

Vibration 

Difference (mm/s) 
      -27,3 -66,7 -84,0 

Offset (Hz) 

~72 

72 72 72 74,5 74,5 74,5 +3,5 +3,5 +3,5 

Vibration 

Difference (mm/s) 
      +1933,3 +174,7 -71,4 

Offset (Hz) 

~90 

90 90 90 92,5 92,5 92,5 +2,8 +2,8 +2,8 

Vibration 

Difference (mm/s) 
  

 

   -74,4 +44,1 -86,8 

Offset (Hz) 

~108 

108 108 108 110,5 110,5 110,5 +2,3 +2,3 +2,3 

Vibration 

Difference (mm/s) 
      -43,3 +104,5 -61,2 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 128,5 +2,0 +2,0 +2,0 

Vibration 

Difference (mm/s) 
      -41,5 +41,9 -70,6 

Offset (Hz) 

~162 

162 162 162 161 161,5 165,5 -0,6 -0,3 +2,2 

Vibration 

Difference (mm/s) 
  

 

   -82,0 +47,3 -79,7 

Offset (Hz) 

~180 

180 180 180 183,5 183,5 183,5 +1,9 +1,9 +1,9 

Vibration 

Difference (mm/s) 
      +66,4 +389,1 -6,1 

Offset (Hz) 

~198 

198 198 198 201,5 201,5 201,5 +1,8 +1,8 +1,8 

Vibration 

Difference (mm/s) 
      -57,3 -9,8 -38,1 
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Cooler Left 

Low 

Peaks 

(Hz) 

Measurement ANSYS Procentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 35,5 38,5 36,5 -1,4 +6,9 +1,4 

Vibration 

Difference 

(mm/s) 

      -37,9 -63,2 -75,6 

Offset (Hz) 

~54 

54 54 54 56,5 53,5 55 +4,6 -0,9 +1,9 

Vibration 

Difference 

(mm/s) 

      +1577,6 +134,5 -1,1 

Offset (Hz) 

~90 

90 90 90 89,5 89,5 89 -0,6 -0,6 -1,1 

Vibration 

Difference 

(mm/s) 

   
 

  +159,6 +111,4 -80,6 

Offset (Hz) 

~108 

108 108 108 110,5 110,5 107 +2,3 +2,3 -0,9 

Vibration 

Difference 

(mm/s) 

      -25,6 -35,3 -52 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 128,5 +2,0 +2,0 +2,0 

Vibration 

Difference 

(mm/s) 

      -64,5 +27,3 -90,1 

Offset (Hz) 

~163 

163 163 163 161,5 163 164 -0,9 0 0,6 

Vibration 

Difference 

(mm/s) 

    

 

 +79,4 +2276,4 +1,0 

Offset (Hz) 

~181 

181 181 181 183 183,5 183,5 +1,1 +1,4 +1,4 

Vibration 

Difference 

(mm/s) 

      +68,2 +533,3 +62,3 

Offset (Hz) 

~199 

199 199 199 201,5 201,5 201,5 +1,3 +1,3 +1,3 

Vibration 

Difference 

(mm/s) 

      +39,6 +142,8 -63,2 
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Cooler Left Top 
Peaks 

(Hz) 

Measurement ANSYS Procentage Difference (%) 

X Y Z X Y Z X Y Z 

 Offset (Hz) 

~36 

36 36 36 36,5 36,5 37 +1,4 +1,4 +2,8 

Vibration 

Difference 

(mm/s) 

      +86,1 +300,0 -83,8 

Offset (Hz) 

~54 

54 54 54 53 52,5 52,5 -1,9 -2,8 -2,8 

Vibration 

Difference 

(mm/s) 

      +145,2 +67,4 +88,1 

Offset (Hz) 

~90 

90 90 90 89,5 92 90 -0,6 +2,2 +0,0 

Vibration 

Difference 

(mm/s) 

      +159,0 +25,9 +138,0 

Offset (Hz) 

~108 

108 108 108 110,5 110,5 109 +2,3 +2,3 +0,9 

Vibration 

Difference 

(mm/s) 

      +727,9 -39,4 -69,9 

Offset (Hz) 

~126 

126 126 126 125,5 125,5 125,5 -0,4 -0,4 -0,4 

Vibration 

Difference 

(mm/s) 

      -49,4 +29,7 -71,3 

Offset (Hz) 

~163 

163 163 163 162 162 162 -0,6 -0,6 -0,6 

Vibration 

Difference 

(mm/s) 

      -39,5 +2409,7 +54,7 

Offset (Hz) 

~181 

181 181 181 183,5 183,5 183,5 +1,4 +1,4 +1,4 

Vibration 

Difference 

(mm/s) 

   
 

  +137,6 +247,5 +1129,5 

Offset (Hz) 

~199 

199 199 199 201,5 201,5 201,5 +1,3 +1,3 +1,3 

Vibration 

Difference 

(mm/s) 

      +59,5 +68,6 +65,8 
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Cooler Right 

Low 

Peaks 

(Hz) 

Measurement ANSYS Procentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~54 

54 54 54 56 53,5 56,5 +3,7 -0,9 +4,6 

Vibration 

Difference (mm/s) 
      +263,6 +131,3 +43,6 

Offset (Hz) 

~90 

90 90 90 89,5 89,5 92,5 -0,6 -0,6 +2,8 

Vibration 

Difference (mm/s) 
   

 

  +185,2 +116,5 -60,2 

Offset (Hz) 

~108 

108 108 108 106,5 110 108 -1,4 +1,9 0,0 

Vibration 

Difference (mm/s) 
      +98,2 -38,3 -49,3 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 124 +2,0 +2,0 -1,6 

Vibration 

Difference (mm/s) 
      -40,8 +40,8 -96,4 

Offset (Hz) 

~163 

163 163 163 161,5 162 162 -0,9 -0,6 -0,6 

Vibration 

Difference (mm/s) 
      +138,6 +6053,6 +83,7 

Offset (Hz) 

~181 

181 181 181 183 183,5 183,5 +1,1 +1,4 +1,4 

Vibration 

Difference (mm/s) 
      +348,4 +901,9 -6,8 

Offset (Hz) 

~199 

199 199 199 201,5 201,5 201,5 +1,3 +1,3 +1,3 

Vibration 

Difference (mm/s) 
      -41,2 +158,7 -27,3 
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Cooler Right 

Top 

Peaks 

(Hz) 

Measurement ANSYS Procentage Difference (%) 

X Y Z X Y Z X Y Z 

Offset (Hz) 

~36 

36 36 36 36 36,5 36,5 0,0 +1,4 +1,4 

Vibration 

Difference 

(mm/s) 

      +101,7 -38,0 -60,5 

Offset (Hz) 

~54 

54 54 54 56,5 54 56,5 +4,6 0,0 +4,6 

Vibration 

Difference 

(mm/s) 

      +645,1 +113,1 +204,4 

Offset (Hz) 

~90 

90 90 90 89,5 89,5 89,5 -0,6 -0,6 -0,6 

Vibration 

Difference 

(mm/s) 

   
 

  +1410,4 +38,5 +589,9 

Offset (Hz) 

~108 

108 108 108 110 110,5 110,5 +1,9 +2,3 +2,3 

Vibration 

Difference 

(mm/s) 

      -17,4 -80,9 -12,4 

Offset (Hz) 

~126 

126 126 126 128,5 128,5 127,5 +2,0 +2,0 +1,2 

Vibration 

Difference 

(mm/s) 

      -78,7 -23,7 -62,8 

Offset (Hz) 

~163 

163 163 163 165 161 162 +1,2 -1,2 -0,6 

Vibration 

Difference 

(mm/s) 

   
 

  +1488,5 +6055,0 +184,6 

Offset (Hz) 

~181 

181 181 181 183,5 179 183 +1,4 -1,1 +1,1 

Vibration 

Difference 

(mm/s) 

      +208,6 +170,2 +302,3 

Offset (Hz) 

~199 

199 199 199 198 200 201,5 -0,5 +0,5 +1,3 

Vibration 

Difference 

(mm/s) 

      

+103,0 -14,0 +200,0 
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Appendix C: Plots 

Stress SRSS 

800 rpm 

  

𝜎0 𝜎1 
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2173 rpm 

 

 

𝜎0 𝜎2 



   

 

 

 

 

 

 

 

  


