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A time domain simulation model for torsional vibrations of a work boat 

propulsion system was developed. It is suitable for both linear and nonlinear cases. The 

model is a combination of the Bond graph method and SIMULINK™ software. A typical 

work boat propulsion system is used as an example to illustrate the simulation procedure. 

Although the program is mainly designed for work boat torsional vibration simulation, 

it has application for a general dynamic system.

A dynamic test stand for testing elastic couplings was designed and fabricated. 

The dynamic properties of the coupling were measured. The test data were analyzed. 

The results show both stiffness and damping are strong functions of mean torque, 

vibratory velocity and temperature. The test results are presented in two different ways 

for the convenience of the user. One form is suitable for traditional frequency domain 

analysis. The other form is for time domain simulation.
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CHAPTER I 

INTRODUCTION

Torsional Vibrations in Ship Propulsion Systems 

The work boat makes a significant contribution to the American economy. 

According to the Army Corps of Engineers’ 1992 Inland Waterway Review, in 1989 

there were approximately 5,250 work boats in the U.S. fleet, with a combined propulsion 

output of 8.7 million horsepower, or an average of just over 1,650 horsepower per 

vessel. Since 1950 the total horsepower has increased 400 percent, up from 1.7 million.

The propulsion system for a typical work boat consists of an internal combustion 

engine, a coupling, reduction gears, and a propeller as shown in Figure A. 1. This mass- 

spring system has the potential to vibrate torsionally. When the system is excited at one 

of its torsional natural frequencies the resonance vibration produces large vibratory 

torques which may cause fatigue failure of shafting and/or hammering of gear teeth. 

Figure 1.1, for example, shows how the factor of safety of the shaft decreases rapidly 

when the alternating component of torque is increased while the mean torque remains 

constant (Jones et al. 1994). The same alternating torque increases the bending and 

compressive stresses in the gear teeth. If the vibratory torque exceeds the mean torque, 

the gear teeth will separate during the cycle of vibration and will produce impact loading, 

gear tooth hammering, which may result in excessive noise or chatter.

Several sources of excitation torque exist for powering the resonant vibrations in 

a typical marine vessel. The non-uniformity in the driving torque, due to the internal 

combustion engine, is the main source of the excitation. The excitation torque resulting

1
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100
(Alternating Torque/Mean Torque) 100, Percent

Figure 1.1 Influence of Alternating Component of Torque on Shaft Fatigue Life

from the propeller operating in a nonuniform wake is also significant. The manufacturing 

error of the meshing gear pairs and the variation of the gear pair meshing stiffness may 

excite the high frequency vibrations.

Background

Torsional oscillations of the internal combustion engine driven system have been 

studied for a long time as indicated by Porter’s (1927) discussion of the severity of 

torsional vibrations. The system is normally modeled as a lumped mass-spring linear 

system. The traditional analysis of the torsional vibration was conducted by Holzer. The 

Holzer method gives the system natural frequencies and normalized mode shapes by 

iterative calculation. Den Hartog (1956) describes the approach in detail in his book. The 

actual vibration amplitudes may be calculated by the energy method. The finite element 

method provides for the solution of the forced, damped system. The means of mitigating 

torsional vibration are also discussed by Den Hartog (1956). Jones et al. (1982) analyzed 

the torsional vibrations in work boat power trains and suggests that system tuning be
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accomplished by sensitivity studies. Each vessel’s power train has its own characteristic 

vibration signature.

In recent years, due to the fast growth in modern control research and the ready 

availability of high speed computers, some new developments have occurred in the 

numerical analysis area, especially in matrix computation. To apply the approach used 

in the modem control area to the study of torsional vibrations and to introduce modem 

control theory to vibration control is a new challenge. A few examples may be found in 

the dynamic analysis and control of the automobile power train system by using this 

technique (Cho et al. 1989, Choy et al 1991). Numerous papers are devoted to the study 

of the semi-active or active control of the car suspension system (Karnopp et al 1974, 

1990).

The ship’s power train system is a nonlinear system. For example, the torsional 

stiffness of gear teeth varies with angular position. The gear backlash has strong 

nonlinear properties. The traditional way of transforming a nonlinear system into an 

equivalent linear system has some drawbacks. How these simplifications affect the results 

is still unknown. No analytical solution has been found for nonlinear systems except in 

a few special situations. Several publications present studies of the dynamic properties 

of the gear pair by using a nonlinear model. For example, Singh et al. (1989) 

investigated the automotive neutral gear rattle due to backlash by numerical simulation. 

Kahraman and Singh (1990) studied the nonlinear dynamics of a spur gear pair by a very 

simple model. No reports have been located about the study of nonlinear torsional 

vibrations in boat propulsion systems.

The torsional elastic couplings used in ship drive trains are normally nonlinear. 

The dynamic properties for the HRC elastic coupling manufactured by Marine Gears, 

Inc., are unknown. Its characteristics depend mainly on the rubber elements and 

coupling geometry. Previous study shows that the dynamic properties of the HRC

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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coupling may depend on the mean torque, vibration frequency, vibration amplitude and 

temperature.

The mechanical properties of the elastomer material have been studied for a long 

time (Bert, 1973), and various models have been proposed to describe the elastomer 

behaviors. Some models are too simple to represent the elastomer material behaviors. 

Others are too complex to be used practically. Besides, almost all the studies are limited 

to the linear or linearized model with harmonic vibration. Since the elastomer material’s 

mechanical properties depend on the composition, the method of processing, the size and 

shape, and the manner in which is it used, the dynamic measurement of the coupling 

itself is necessary. The mathematical model which describes the coupling’s mechanical 

properties has to be simple for practical use yet be able to represent the real behavior of 

the coupling in its working range.

Objectives

The first objective of this research was to develop a time domain simulation 

model for torsional vibration analysis. The model should simulate both linear and 

nonlinear cases. The model is to be used to predict the severity of the torsional 

vibrations of the system. The nonlinear simulation will offer an optional method of 

analysis and will suggest the need for a different input data base. A typical marine 

propulsion system will be used through this paper to illustrate the method of analysis.

A second objective was to design a dynamic test stand and complete dynamic tests 

of the elastic coupling. The elastic coupling is an important component in the power 

train system as it not only transmits power, but also isolates engine excitation from other 

parts of the system and dissipates vibratory energy by damping. Knowledge of its 

dynamic properties is critical for successful simulation. 1
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Overview

In Chapter II of this paper, A Bond graph model of the marine propulsion system 

is proposed. By combining the Bond graph and SIMULINK™ software, a unique 

approach is introduced for time domain nonlinear simulation. The approach is shown to 

be very effective. Chapter III addresses the system’s component characteristics for time 

domain nonlinear simulation purposes. Chapter IV describes the design of the elastic 

coupling dynamic test rig and data acquisition system. In Chapter V, the test results are 

processed and presented in two different forms. Chapter VI develops the simulation 

program. A typical marine propulsion system is used as an example to describe the 

approach developed in this paper. Chapter VII presents conclusions and recommenda­

tions.
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CHAPTER II

MODELING THE TORSIONAL VIBRATION SYSTEM

Although all systems existing in the world are distributed, ideal elements are 

usually created to model real systems in order to simplify the calculations. This leads to 

a lumped model. From the energy point of view, a dynamic system will transmit, store 

and dissipate energy. Therefore, a few ideal elements, together with the topological 

structure, are sufficient to describe a dynamic system.

Method of Bond Graph 

The Bond graph method, which was originated by Paynter and developed by 

Karnopp and Rosenberg, is used here to describe the lumped system. Four variables, 

effort e(t), flow f(t), momentum p(t) and displacement q(t), are used in the Bond graph 

to describe the power flowing in the system. The relationships between these four 

variables are shown in Figure 2.1. For mechanical rotational ports, the variables are 

listed in Table 2.1. There are three one-port elements in the Figure 2.1, namely, resistor 

R, capacitor C and inductor I.

The constitutive equation for the R-element is between effort and flow in general 

and may be linear or not. The R-element dissipates and produces heat, or precisely 

entropy-flow. Power always enters and never returns. R-elements are irreversible. The 

Bond graph and block diagram for the R-element are shown in Figure 2.2(a).

The constitutive equation for the C-element is between effort and displacement. 

C-elements are energy conserving. The Bond graph and block diagram are shown in

6
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Table 2.1 Power and Energy Variables for Mechanical Rotational Ports

Generalized Variables Mechanical Rotation English Units

Effort, e Torque, T [in-lb]

Flow, f Angular velocity, co [rad/sec]

Momentum, p Angular momentum, pT [in-lb-sec]

Displacement, q Angular, <p [rad]

Power, P T(t)co(t) [(in-lb)/sec]

Energy, E J 'Td <p, J pT codpT [in-lb]

e f f o r t
(e)

nonentun  
p - J e d t

\ f )
f low

Figure 2.1 Tetrahedron of State
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R f = e/ 'R

-R e =  R.f

1/R

( o)  Resi stor

"7 ^ r f=cgf

7  * c

sC

1/C

1 / s

(b)  C a p a c i t o r

1/1

1 /s

( c )  I n d u c t o r

Figure 2.2 Constitutive Equations of Three One-port Elements: Resistor, Capacitor, and 
Inductor

— — =H

S o u r c e  o f  E f f o r t  S o u r c e  o f  Flow

Figure 2.3 Effort and Flow Sources
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Figure 2.2(b). Both derivative and integral causalities are possible for the C-element. 

Computers can integrate easily, but they take derivatives only with great difficulty.

I-elements are also energy storing. The constitutive equation is between 

momentum and flow. The block diagram and Bond graph are shown in Figure 2.2(c) 

with both derivative and integral causalities.

Two additional elements, effort and flow sources, Se, Sf, are used to model the 

interaction between the system and the outside world. The effort source gives effort 

independent of flow. The flow source gives flow independent of effort. In the context of 

thermodynamics, effort and flow sources are reversible. The Bond graphs for Se and Sf 

are shown in Figure 2.3. The causalities are mandatory.

The above five elements, including the two sources, are all one-port. They will 

be connected by the other elements, namely two-port, three-port and partly multi-port. 

These elements are used to describe the system structure.

The Transformer, TF, or Modulated Transformer is shown in Figure 2.4(a). Both 

efforts and both flows are proportional. Transformers conserve power and are reversible.

Gyrators, GY, are similar two-port elements, also called over crossed transform­

ers, since effort in one bond is proportional to flow in the other. The Bond graph and 

block diagram for gyrator are shown in Figure 2.4(b).

The parallel junctions (or p-junctions) and series junctions (or s-junctions) are 

illustrated in Figure 2.5. They conserve power and are reversible. Parallel junctions have 

equal efforts while the flows add up to zero. Series junctions have equal flows and the 

efforts add up to zero. The causal pattern of junctions is always same: At a p-junction 

one effort pushes inward, all others outward. At a s-junction one flow points inward, all 

others point outward.
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e p e
— A TF  -----

1, e
TF

,2 e

e 2 =Ke i 
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Figure 2.4 Constitutive Equations of Two-port Elements: Transformer and Gyrator
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Figure 2.5 Constitutive Equations of Parallel and Series Junctions
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Modeling of the Propulsion System by Bond Graph 

For a torsional system, there are two types of energy storage elements, spring and 

inertia, and one type of energy dissipation element, damper. A typical marine propulsion 

system shown in Appendix Figure A. 1 may be modeled as a mass-elastic system for 

torsional analysis as shown in Figure A .2.

To transform the above model of a torsional mechanical system into a Bond 

graph, the effort is torque and the flow is angular velocity. The C-element represents a 

torsional spring, the I-element represents the inertia, and the R-element represents a 

damper. The effort source is torque applied to the system. The Bond graph, which is 

based on the model of Figure A.2, is shown in Figure A .3.

State Space Formation of Bond Graph Model 

In order to simulate the system, the Bond graph presentation of the model must 

be transformed into one of two state space forms, namely,

X  = A X  + B U  (2 - 1 )

or

X  = $  (X,  U) ( 2 . 2 )

where X is called the state vector, A is the state matrix, B is the input matrix, and U is 

the input vector.

Actually, any Bond graph composed of elements from the basic set may be 

organized into the form shown in Figure 2.6. The five vectors shown in Figure 2.6 are 

x  =  storage field input vector, Z =  storage field output vector, Din =  dissipation field 

input vector, Dout =  dissipation field output vector, U =  source vector.
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The constitutive equations for the storage field, if it is nonlinear, are

Z  = <{>S U )  ( 2 . 3 )

If the storage field is linear, the constitutive equations are

Z = S X  ( 2 . 4 )

For the dissipation field in the nonlinear case

D0u c = ^ ( D i n) ( 2 . 5 )

and in the linear case

D 0 u t = L D in  ( 2 . 6 )

where S and L are square matrices.

Din

D out

CR)

S o u r c e  (Se, S f )

J u n c t io n  S t r u c t u r e  
(p,s,TF,GY)

s t o r a g e  f i e ld d i s s i pa t i o n  f i e ld

Figure 2.6 Significant Vectors for Systems Having Integration Causality
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The junction structure yields expressions for the x  and Din vectors in terms of the 

inputs to the junction structure, namely, Z, Doul, and U. Provided that elements TF and 

GY all have constant moduli, this expression is

=  [ J ] D.out

u
^ s s  Dsl  J Su 

D L S Djrx J LU
D.out

u
( 2 . 7 )

The matrix J is always skew-symmetric, because the junction structure is energy 

conserving. If  there are no algebraic loops, the matrix JLL is zero.

If the system is linear, and the matrix JLL is null, the state space equations are

A = A X + B U ( 2 . 8 )

where

and

D ~ Ds l L J l u + J su

If the system is nonlinear, the state space equations are

X  DSSZ  + J s i P  out + Ds u U

that is

( 2 . 9 )

( 2 . 1 0 )

(2 . 11 )

( 2 . 1 2 )

Any dynamic system may be expressed by the equation (2.12), no matter if the 

system is linear or nonlinear. The theoretical solution for equation (2.12) is very difficult 

to obtain for the nonlinear case. For numerical simulation, the Equation (2.12) could be 

expressed in a block diagram as shown in Figure 2.7. This block diagram may be
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directly expressed in a simulation software, such as SIMULINK™, thus greatly 

simplifying the program development. For the nonlinear case in the block diagram, Y 

is the output vector, which is the function of state vector X, i.e.

7  = f ( X )  ( 2 . 1 3 )

For the linear case

Y = CX  ( 2 . 1 4 )

where C is a matrix.

The constitutive functions <j)s and <j)L will be studied in the next three chapters.

The formation of junction structure matrix could be completed by a computer program.

The junction structure matrix only depends on the system structure. Once the system is 

defined, the junction structure is defined.
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CHAPTER III

CHARACTERISTICS OF THE SYSTEM COMPONENTS 

Introduction

Several references (B.I.C.E.R.A., Den Hartog, etc) give detailed information 

about the characteristics of the components of the propulsion power train system. The 

information is tailored to fit the linear system, frequency domain analysis requirements. 

For example, the damping is given in the energy dissipation form. Stiffness and inertia 

are simplified to be constant. Excitation forces are decomposed into harmonic compo­

nents. For the time domain, nonlinear simulation using the method developed in the 

chapter II, the constitutive equations for the components have to be prepared as shown 

in Table 3.1. This chapter discusses the constitutive equations in general. The characteri­

stics of the elastic coupling will be investigated in the next two chapters.

Table 3.1 Constitutive Equations for Four Basic Elements

e lem en t input output
constitu tive  equation

linear n o n lin ea r

excitation to rq u e .T T = f r (t)

inertia an g u la r velocity , a an g u la r m om entum , p r p r= l u p T=f,(u))

sp ring an g u la r displacement,y> to rq u e .T T  =  K(0 T = f K(*0

d am p er angu la r velocity  ,oi  o r 

to rq u e , T

to rq u e .T  o r an g u la r v e loc i­

ty ,0 )

T = bcd  o r 

o>=T/b

T = f b(u>) o r 

u = f „ ( T )

16
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Excitations

There are two types of excitations in the propulsion system. The external 

excitations of diesel engine and propeller are the sources of vibrations at one to twelve 

times crankshaft speed or one to three times blade passage frequency, respectively. The 

internal excitations are the source of vibrations at the frequency of tooth meshing, while 

eccentricity of gear, misalignment of gear, and tooth errors may appear at shaft 

frequency.

Diesel Engine Excitations 

Diesel engine excitations are due to the combined effect of varying gas pressure 

and the variation in the effective reciprocating mass. The inertia torque is as follows 

(Den Hartog, 1956):

T i  =  —  n?r„ t o 2r 2 (-^t- s i n o t - s i n 2 ( « ) t - - ^  s i n 3 w t )  ( 3 . 1 )
2 2 rec 21 21

where

mrec =  reciprocating mass,

cot =  crank angle from top dead center,

r  =  crank radius,

1 =  length of connecting rod.

Torque on the crank due to gas pressure is a periodic function, which may be 

derived by thermodynamic analysis, but it is usually provided by the engine manufactur­

ers. Tangential pressure on the crank, pt, is the function of gas pressure and the position 

of the piston
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Figure 3.1 Crank Mechanism

s i n l ^ a
c cosp 9

where

pg=  gas pressure (psi), 

a  =  crank angle from top dead center,

|3 =  connecting rod angle (see Figure 3.1).

The gas pressure pg is a periodic function repeating itself every cycle of the 

engine or every one or two revolutions of the shaft for two- or four-cycle engines, 

respectively. The torque due to gas pressure is expressed as

Te = i d 2 r P t  0 - 3 )

where

d =  piston diameter

In the absence of test data for an engine, Porter’s data is recommended. When 

using that data, mean indicated pressure (mip or imep) is needed. The formula
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calculating mip is given as follows (Obert)

p b =  bmep  =
12'bhp‘3 3 , 000 -nx 

D~n
( 3 . 4 )

where

D = A L N, total piston displacement, in3 

pb=  bmep =  brake mean effective pressure, psi 

A = piston-face area, in2 

L = length of stroke, in

nx = number of revolutions required for each power stroke 

delivered. 2 for a four-stroke-cycle engine and 1 for 

a two-stroke-cycle 

N = number of cylinder (or pistons) in the engine 

n =  rpm,

7/m= bhp/ihp, mechanical efficiency 

bhp =  brake horsepower 

ihp = indicated horsepower

For time domain simulation, the gas torque may be rebuilt from Porter’s harmonic 

data by the following formula

where

y =  cot for two-stroke cycle engine, Vi cot for four-stroke cycle engine, 

a,, b| =  harmonic coefficients, 

r =  crank radius, in

( 3 . 5 )
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A =  piston face area, in2

For torsional vibration simulation, b0 may be excluded from the above formula 

if the mean load torque is not included in the analysis.

For the multi-cylinder engine, the excitation torque for every cylinder is the same 

except for the phase angles. These phase angles are determined by the firing order and 

crank vector relationships. For misfiring simulation, the a■, and bj corresponding to the 

nonworking cylinder has to be replaced with new values which represent the compression 

and expansion of the unbumed mixture.

Propeller Excitations 

The propeller blades produce alternating torque as they pass through the variable 

wake. Fluid mechanics analysis and actual measurements may be necessary to determine 

the propeller load characteristic. In the absence of the measured data, the following 

formulas may be used to calculate the rated engine torque, T ^ ,  at rated speed, n ^ ,  and 

the mean engine torque, Tm, at speed n.

zip
T xa ted  = 6 3 0 2 5  — 1 * ^  ( 3 . 6 )

n za ted

= T Ia te d  ( — ^ - ) 2 ( 3 . 7 )
za ted

where

HPnued =  engine rated horsepower at speed, nra[ed 

Trated =  engine rated torque (lb in) at speed, nraed 

nrated =  engine rated speed (rpm), 

n =  engine speed (rpm).

The following formula may be used to estimate the propeller excitation torque.T^.
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TeP = rP Tm r a t io  s in (z u pt)

* 2 5 - .  ( 3 ' 0)
p 60  r a t io

where

rp =  amplitude of alternating component of torque produced by the propeller 

blades at frequency zcop divided by Tm =  propeller torque excitation factor, 

z =  number of propeller blades, 

ratio =  gear ratio,

o)p =  propeller rotation speed, rad/sec, 

t =  time, sec.

The excitation factors are dependent on type of vessel and number of blades. The 

ranges of alternating propeller loads are given in Table 3.2. (Harrington)

Table 3.2 Propeller Torque Excitation Factors (rp)

No. of propeller blades 3 4 5

single-screw vessels 0 .0 7 -0 .1 2 0 .1 0 -0 .1 5 0 .0 6 -0 .1 0

twin-screw vessels with struts 0 .0 2 -0 .0 5 0 .0 2 -0 .0 5 0 .0 2 -0 .4

twin-screw vessels with bossing 0 .0 4 -0 .0 8 0 .0 4 -0 .0 6 0 .0 4 -0 .0 5

Damping

System damping dissipates the continuous flow of excitation energy into the 

system. Its value influences the vibratory amplitude significantly at resonance. The 

empirical data are available in several reference books (for example, Nestorides, Wang,

Q-).

Propeller torsional damping is produced by the action of the water on the
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vibrating propeller. In general, the propeller damping coefficient, bp, may be expressed 

as (Harrington)

where

Cp =  a constant.

As an approximation for many propellers, Cp = 3.7 to 4.0, which may be used 

in the absence of other data.

The energy loss in the bearings, gear mesh and shaft flexing is assumed to be 

hysteretic in nature and is expressed as follows

Wd =  energy dissipated per cycle of vibration, lb in/cycle,

$  =  relative damping factor,

K =  torsional stiffness of shaft, lb in/radian,

- ‘Pi) ~  angle ° f  twist ° f  shaft n, radian.

The equivalent viscous damping coefficient, CE, may be calculated by equating 

the energy dissipated by hysteresis damping to the energy dissipated per cycle by viscous 

damping. Of course, this relationship is only valid at one frequency of vibration, a>vib, 

and assumes no other frequencies offer significant dissipation of energy.

i n  l b  s ec  
r a d

( 3 . 9 )

Wd = ( 3 . 1 0 )

where

i( iK
(3 . 11 )

where

wvib =  vibration frequency, rad/sec.
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Inertia

For most elements which store kinetic energy in the system, the constitutive 

equations are linear. The equivalent inertia of a simplified system must have the same 

kinetic energy as the original system. For example, the equivalent moment of inertia of 

each crank mechanism is the function of crank angle:

J eQ = I rot + ^ mx e c ( r  COSO) t )  2 ( 3 . 1 2 )

where

Irol =  rotating inertia, lb in sec2 

mrcc =  reciprocating mass, lb sec2 /in 

r =  crank radius, in

cot =  crank angle from top dead center, radian.

The equivalent moment of inertia of engine damper may be a function of vibration 

frequency (Den Hartog):

Teff = ----------- —---- ;----r  ( 3 . 1 3 )
1 +  ( I d U vi b/ C ) 2

where

Id =  inertia of damper flywheel, lb in sec2

covib =  vibration frequency, rad/sec

C =  viscous friction coefficient of the damper, lb in sec.
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Stiffness

The torsional spring constant, K , may be evaluated by employing applied 

elasticity theory, testing, or finite element analysis. For example, the torsional stiffness 

for a spur gear may be calculated as follows:

For a spur gear, the actual gear tooth may be approximated by a tapered 

cantilever beam as shown in Figure 3.2 (Timoshenko and Baud). The tangential 

deflection due to bending and shear is <5bs

a — 1 2 F nC O S |3 lj3 3 a  \ / 3  1*1

ff lfr  U 2 ~ 2 L U L ~ l ) 1 ° g ’ J 1

___ 4FncosP  (L-a) (1+ n )
(h+h0) Eb

( 3 . 1 4 )

where

5bs =  bending and shear deflection, in.

E =  modulus of elasticity, psi 

{i =  Poisson’s ratio 

and the other variables are defined in Figure 3.2.

Figure 3.2 Timoshenko and Baud Gear Tooth Model
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The local total deformation due to contact stress is (Furrow and Mabie)

( 3 . 1 5 )

where

8C =  deflection due to contact, in. 

c =  center distance between gears, in.

<I> = pressure angle, degrees.

Assuming that contact deflection is divided equally between two teeth in the mesh 

and using only that component of contact deflection which is perpendicular to the tooth 

centerline, the contact deflection for pinion and gear is

where i =  1 for pinion, i =  2 for gear. The combined stiffness for pinion and gear is

The torsional stiffness with reference to the pinion side is

where Rj is the distance from the center of the pinion to the point where the force is 

applied.

For a gear set, the number of pairs of gear teeth vary as the gear rotates. The 

contact ratio is the average number of pairs of teeth in contact. For a gear set with 

contact ranging between 1 pair and 2 pairs of teeth, the combined stiffness for different 

contact ratios is shown in Figure 3.3. This indicates that the spur gear pair torsional 

stiffness may be approximated with two different spring constants K, and K2 as shown

S ci = f  S c C o s P i ( 3 . 1 6 )
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in Figure 3.4(a). If the gear backlash is considered, the relationship between torque and 

angle of displacement for spur gears may be expressed as Figure 3.4(b).

The position-varying gear torsional stiffness produces a time-varying torsional 

stiffness for constant speed, which may cause self-excited vibration. Figure 3.4 shows 

the step response of a one-degree-freedom mass-spring system with a constant stiffness 

and a time-varying stiffness.

For helical gear pair, finite element analysis is necessary to get the compliance 

of the teeth. Zhang’s results show that "The local compliance has a major influence on 

the total compliance. The compliance due to the effect of beam and foundation 

deformation is much smaller". The variation of the compliance is smaller compared with 

the spur gear pair. The flexibility due to total deflection may be approximated 

(B.I.C.E.R.A.) :

1 = J L  a 9.
K-total b

where

(3n =  helix angle at pitch line,

E lf Ej =  modulus of elasticity, psi 

Pt =  tangential force, lb 

8 — tooth deflection, in 

b =  face width, in.

The torsional stiffness of a single pair of helical gear with reference to the pinion side 

is Kp

( 3 . 2 0 )
1 K cotal

Multiplying this by the contact ratio may give an approximation of the average stiffness.

E, Er, c o s P n
( 3 . 1 9 )
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CHAPTER IV 

DESIGN OF THE DYNAMIC TEST STAND

Introduction

In the field of torsional vibrations, investigators are interested in the static and 

dynamic characteristics of the elastic coupling. Previous studies show that the dynamic 

properties may depend on the preload (mean torque), vibratory torque amplitude, 

frequency and temperature. The static stiffness values of HRC elastic couplings were 

measured by Elahi (1985). The results indicate that the static stiffness of the HRC elastic 

coupling is a strong function of the mean torque. The dynamic characteristics of HRC 

couplings are not available.

A typical HRC elastic coupling used in marine vessels consists of inner hub, 

cover flange, front plate and rubber elements as shown in Figure 4.1. There are six to 

twelve rubber elements in one coupling depending on the type and the capacity of the 

coupling. The rubber element is not a pure rubber material but a composite. It is 

reinforced with chords. The torque is transmitted from one side to another through the 

rubber elements which connect the inner hub to the cover flange with pins. There are a 

number of different configurations for elastic couplings in production.

In order to evaluate the influence of various parameters on the dynamic properties 

of the elastic coupling, the test stand design must provide for measurement of mean 

torque, damping, vibration torque, temperature, frequency and vibratory torque amplitude 

over the operating ranges. Namely, it has to meet the following requirements:

29
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(1) Provide the required mean torque from 20% to 110% of rated torque,

(2) Simulate the ambient operation temperature from 70°F to 120°F,

(3) Generate the vibratory torque with frequency from 0 to 50 hz,

(4) Vary the vibratory torque amplitudes from 5% to 50% of mean torque.

(5) Record two signals: the torque transmitted by the coupling and the angular 

displacement across the coupling, at the same time with a relative high sample rate.
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Description of Dynamic Test Stand

The test stand consists of mechanical, hydraulic, and electronic systems (Figure 

4.2). Figure 4.3 shows the left side view of the dynamic test stand. The test stand is 

symmetric with two identical elastic couplings. Using two couplings allows the preload 

torque of one coupling to react to the preload of the other coupling like a "four square 

test stand". The coupling inner hubs are mounted on the shaft. The front plate of the 

right coupling is connected to the frame. By twisting the front plate of the left coupling 

through a chain hoist, mean torque is applied. Then the front plate of the left coupling 

is locked down to the frame. The vibratory torque is generated by a rotating mass driven 

by a hydraulic motor, which is attached to a beam. The rotating mass is connected to the 

left coupling hub through a 30 inch long rectangular beam as shown in Figure 4.4. The 

required vibration frequency is achieved by adjusting the flow rate, which goes to the 

hydraulic motor from the hydraulic pump. The eccentric weight and its eccentric radius 

determine the vibratory amplitude. All the machine components are designed to 

withstand both static and dynamic requirements. For example, the shaft, which is shown 

in Figure 4.5, is designed to satisfy the strength requirement. At the same time, it must 

have a significant strain output to be measurable. The strain gages are attached on the 

surface of the shaft between the inner hubs to measure the strain, which can be converted 

to torque. Three Linear Differential Transformers (LVDT) are mounted at 120° apart. 

The LVDT core is connected to the inner hub through a tripod, the LVDT housing is 

connected to the front plate through a bracket.(see Figure 4.3).

For high temperature tests, a small insulated house covers the test stand (Figure 

4.6). The house is heated by several electrical heaters to achieve the required the 

temperature.
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Figure 4.2 HRC Coupling Dynamic Test Stand
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Figure 4.3 Left Side View of Dynamic Test Stand
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Figure 4.4 Right Side View of Test Stand
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Dynamic Analysis of Test Stand

Dynamic analysis of the test stand will provide the necessary data for checking 

components’ strength, estimation of the shaker force, design of hydraulic system and the 

calculation of the torque transmitted through the rubber elements.

The test stand may be modeled as a lumped system as shown in Figure 4.7. The 

torsional stiffness of the elastic coupling is Kr. Its value is unknown but can be estimated 

based on existing zero frequency test data. The coupling damping is Cr. Jj represents the 

inertia of right inner hub and the LVDT mounting device. J2 the inertia of the left inner 

hub and part of the shaker arm. The equivalent inertia of the shaker and part of the arm 

is J3. The torsional stiffness of the shaft is K[ . The equivalent torsional stiffness of the 

shaker arm is K2 . The data are as follows:

Ji =  hmb +  2.5 lb-in-s2

^2 ^hub "b ^arm

Jhub =  1.86 lb in s2 for HRC-63K, 5.0 lb in s2 for HRC-105K, 41.6 lb in s2 for 

HRC-390K

J3 =  Jarm +  Jshaker =  9.8 +  ms 302 

where m. is the weight of shaker and eccentric weight

K, =  5.13 x10s lb in/radian

K2 =  3 .83xlO 7 lb in/radian

Kr =  5.714x10s (HRC-63K), 9.69375x10s (HRC-105K), 4.76375x10s (HRC-

390K)

Cr=(K r̂ r)/(2x«r), $  =  1.1, co =  27rf

The system differential equations are
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( 4 . 1 )

where

J  =

Jx 0 0

0 J-2 0 

0 0 J ,

c =
cr 0 0 

0 cr 0 

0 0 0

K =

k 1+kr - k x 0

-*1 + k2+kI - k 2
0 -Jc, ic,

T =

The computer program is attached in Appendix C. The analysis results for the 

HRC-63K coupling are shown in Table 4.1.

777777777777

Figure 4.7 Torsional Vibration Model of Test Stand
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Table 4.1 Vibration Analysis Results o f the Dynamic Test Rig for HRC-63K Coupling with Half Rubber Elements

Vibration 
Frequency 

(f, hz)

Excitation
Torque

(Te,lb-in)

Excitation
Force
(Fe.lb)

Coupling
Vibratory

Torque
(Tc,lb-in)

Tc
over

Trated
(%)

Shaft
Vibratory

Torque
(Ts,lb-in)

Shaft
Surface
Strain
do-6)

LVDT
Stroke

(inches)

Eccentric
weight-
radius

(WR,lb-in)

Eccentric
Weight
(W.lbs)

Eccentric 
Radius 

(R, inches)

5 7875.00 262.50 3642.88 46.26 3684.78 52.22 .0510 102.77 10 10.28

5 17325.00 577.50 8034.34 101,77 8306,51 114.88 1122 226.09 10 22.65
10 7875.00 262.50 4082.50 51.84 4084.04 57.88 .0572 25.69 5 5.14

10 35398.75  ̂"506.62/'5 8005,97 101.66 8008.98 113.50 .1121 49.59 8 6.20
20 7875.00 262.50 7198.44 91.41 6881.14 97.52 .1008 6.42 2 3.21
20 8662,50 288.75 79)8.29 7569.26 107.27 .1109 7.07 2 3.53
30 7875.00 262.50 17084.33 216.94 15068.27 213.54 .2392 2.85 1 2.85
30 3780.00 126.00 8200,48 104.13 7232.77 102 50 .1)48 1.37 1 1.37
40 7875.00 262.50 3599.39 45.71 2803.71 39.73 .0504 1.61 1 1.61
40 17.325.00 577.50 7938.67 100,5.5 6368 37 87,41 ,1109 3.53 3 3,53
50 7875.00 262.50 1789.63 22.73 1158.91 16.42 .0251 1.03 1 1.03
50 35437.50 1181.25 8053,32 102.26 5215.09 73.91 .*528 4.62 1 4,62

O
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Design of Hydraulic System 

The vibratory torque is generated by a rotating mass which is driven by a 

hydraulic motor. Figure 4.8 shows the schematic drawing of the hydraulic system. The 

three phase electric motor operates at 1800 rpm. The specifications of the JSB Hydraulic 

Gear pump are listed in Table 4.2. The Dayton Fluid Motor performance data are listed 

in Table 4.3.

D a y to n  h y d r a u l ic  n o t o r

r e l i e f  v a lv e  
... f" ,~1

f lo w  c o n t r o l  v a lv eta n k p r e s s u r e

JSB punp

f i l t e r f i l t e r

e l e c t r i c  n o t o r

Figure 4.8 Test Stand Hydraulic System
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Table 4.2 JSB Gear Pump Specifications

Output

Normal

GPM

Output 

Cubic inches 

per Rev

GPM@RPM Max. Pressure (psi)
Stock

Number1800 RPM 3600 RPM
Continuous

Duty

Intermittent

Duty

9 1.16 9.03 18.06 4000 4400 4F671

Table 4.3 Fluid Motor Performance Data

Inlet Pressure

Flow

Model Range
500 psi 1000 psi 1500 psi 2000 psi 2500 psi

G PM Torque Speed Torque Speed Torque Speed Torque Speed Torque Speed

in-lbs RPM in-lbs RPM in-lbs RPM in-lbs RPM in-lbs RPM

4 28 1951 60 1862 93 1774 126 1686 159 1597

6 28 2971 60 2882 93 2974 126 2706 159 2617
4F656

8 28 3991 60 3902 93 3814 126 3725 159 3637

10 28 5000 60 4922 93 4834 126 4745 159 4657

The highest frequency to be operated is 50 HZ, which requires 3000 rpm for 

motor speed. The Dayton fluid motor 4F656 will give this speed if the flow rate is about 

8GPM. This 8GPM flow rate is supplied by the JSB hydraulic gear pump 4F671 @  1800 

RPM. Results of the dynamic analysis show the maximum required torque (which is the 

weight times radius) to excite the system for HRC-63K, HRC-105K and HRC-390K 

couplings is 50 in lbs, 40 in lbs and 210 in lbs, respectively. The Dayton 4F656 motor, 

which generates 126 in-lbs torque at pressure 2000 psi is enough for HRC-63K and 

HRC-105K tests, but is not sufficient for testing the HRC-390K coupling. Therefore, for 

testing the HRC-390K coupling, the eccentric weight is raised to the highest point and 

released.

To estimate the horse power needed for the system, take the HRC-390K coupling 

with 1/4 of the elements installed as an example. The energy dissipated by the elastic
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coupling is:

wd = ± y rK4>2 = |v |/r r<j) (4.2)

where

K =  coupling stiffness =  4.76 xlO 6 lb in /radian,

if/t =  relative damping =  1.2 ,

<t> =  vibratory amplitude =  0.05 inches,

T =  rated torque = 97500 lb in.

Substituting the above values yields Wd = 292.5 lb in/cycle. Considering two elastic

couplings, the total dissipated energy is Wd = 585 lb in/cycle. The maximum power

which occurs at 50 Hz frequency is

585 lb - in  50 c yc le s
Power = Wd x f  = ---------------   se^ = 4 . 4 3  HP.

12 In  550 f t - l b  
f t  sec  HP

The power provided by the Dayton fluid motor at 7 GPM with 2000 psi pressure 

and an efficiency of 80% is

Power = —9-2— = ,(7 GPM) ( 2 0 0 0 p s i )  _ 10 2i  HP 
171411 1 7 1 4 x 0 . 8

which is sufficient to drive the shaker.

The pump’s inlet pipe has a diameter 3/4" which gives a cross sectional area of 

0.44 in2. With 8 GPM flow rate the average fluid velocity in the suction line is

_ o Gallon 2 3 1 m 3 mm f t  1 c c . ,Vin  8 -------- :--------  ^  ,  ,   —r-  —  —— = 5 .8 3  ffc/SeCmm Gallon 60 sec 12 .44

The pump’s outlet pipe has a diameter 1/2" which gives a cross sectional area of
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0.196 in2. With 8 GPM flow rate the average fluid velocity in the high pressure line is 

13.1 ft/sec. Both velocities meet the design requirements of 6 fps in the inlet and 15 fps 

in the outlet for the pump.

In order to evaluate the coupling’s dynamic stiffness and damping, two signals, 

torque transmitted by coupling and the relative angular displacement of the coupling, 

must be recorded in the time domain. The torque transmitted by the coupling may be 

indirectly obtained by measuring the strain on the surface of the shaft. The relative 

angular displacement may be evaluated by measuring the change in length between points 

on the inner hub and the outer hub of the elastic coupling at a specific radius.

Instrumentation of Testing System

R

Figure 4.9 Wiring Diagram of Four Strain Gages
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Figure 4.9 shows the connection of strain gages in a Wheatstone bridge for 

measuring the torsional strains. The gages are mounted at a 45° angle with the shaft axis. 

Gages R, and R3 are diametrically opposite on the shaft surface, and the same restriction 

holds with gages R2 and R4. The full wheatstone type bridge system results in automatic 

temperature compensation for all gages and elimination of the effects of all strains other 

than torsional strain. Two Micro-Measurements 2-element 90° rosette are used in this 

circuit. The specifications are as follows:

Type: CEA-06-187UV-350

Resistance: 350.0+0.4%  ohms at 24°C

Gage factor: 2.065+0.5%  at 24°C

Since the strain gage signal is relatively small, electrical noise at 60 Hz may occur 

and a d.c. offset voltage may exist, a signal conditioner is employed to amplify the 

output, to filter out the noise, and to balance the bridge. Figure 4.10 shows the circuit 

of the signal conditioner which was designed and built by Jeff Rayburn and modified by 

the author. The amplifier section of the circuit has two different gains 100 and 250. The 

null balance section of the circuit shown in Figure 4.10 is used to balance (i.e., "zero") 

the bridge. It consists of a 50 kfi potentiometer and two 10 k0 resistors. This 

compensates for differences in resistance due to the lead wire lengths, thermal strains, 

solder joints, etc. The signal conditioner has two outputs, one passes through the low 

pass filter, and the other is unfiltered. The low pass filter is designed to achieve the 

cleanest possible signal without attenuating the strain gage signals of 0 to 50 Hz by 

setting the break frequency at 1000 cps.

The circuit and block diagram for measuring the relative angular movement 

between the inner and outer hubs is shown in Figure 4.11. The angular movement is 

evaluated from changes in chord length as measured by LVDTS. Three LUCAS 1000 

DC-E Liner Variable Differential Transformers (LVDT) are used in this experiment.
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The specifications are:

Input: + I5V  DC (nominal), ±20 ma

Operating Temperature Range: 32°F to +160°F

Survival Temperature Range: -65°F to +200°F

Shock Survival: 250g for 11 milliseconds

Vibration Tolerance: lOg up to 2KHZ 

Output Impedance: less than 1 Ohm

Nominal Liner Range: ±1.000 inches

Scale Factor: 10.0 

Response -3dB: 200HZ

DC-E 1000

INPUT □UTPUT
+ 15VDC 

RED t
+ -1 0 V D C
w n i i E

-1 5 V D C
BLK

1

CDMMDN
GRN

Figure 4.11 LVDT Circuit
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The scale factor is calibrated for each LVDT by the manufacturer. The serial 

numbers, S/N, and scale factor, SF, are: S/N 8178 SF =  10.385 V/in, S/N 8176 SF 

= 10.419 V/in, S/N 8171 SF =  10.361 V/in.

Both strain and displacement are measured at the same time at high speed. The 

computer data acquisition system board DAS 1402 is used to receive the signals. 

DAS 1402 board is multi-function, high speed, analog and digital interface board for the 

PC computers. The DAS 1402 offers 8 differential or 16 single-ended analog input 

channels with 12-bit resolution at 100,000 samples/sec. Input ranges are software- 

programmable. The DAS1402 offers gains of 1, 2, 4, and 8 . The input ranges for the 

bipolar setting are respectively: +  10V, +5V, +2.5V , ±  1.25V.

Figure 4.12 shows the configuration of the test stand data acquisition system. 

Channel 0 reads filtered strain gage signals, channel 1 receives unfiltered strain gage 

signals, channels 3, 4, 5 receive the LVDT signals. Two computer programs, 

"Static.bas" and "Dynamic.bas", which were used in this test, are attached in Appendix

D. The programs record the readings at a high speed and save them to a data file.
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S t r a in  G ages
CGoge F cc to r :2 .0 6 5 )

LVD T S /N 81 76 LVDT S/N8171 L V D T  S /N 81 78

^ n p l i f  i e r / F  i l t e r

CHO CH] CH2 CH3 CH4

(Ga-rv4 o r  8)  (Gain 4 o r  8 ) (DQ'n 1) (Go.n 1) (Gain: 1)

DAS 1402

Computer

Figure 4.12 Test Stand Data Acquisition System

Signal Processing

The data recorded from the A/D board are voltage signals and must be converted 

to the corresponding torque and angular displacement values.

The strain on the surface of the shaft at 45°, £@45«, can be calculated as follows 

for a four active arm bridge made of strain gages having the same resistance:
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( 4 . 3 )
G F

stra ined  T7  unstrained
in

( 4 . 4 )

where

GF =  gage factor,

Vr =  ratio of change in voltage, 

Vin =  bridge excitation voltage, 

Voul =  bridge output voltage. 

The shear strain y  is

where

G =  shear modulus of elasticity, 

d =  shaft diameter.

For a gage factor, GF, of 2.065, a bridge excitation voltage Vin, a shaft diameter, 

d, of 2.5" and a steel shaft with G =  11.5X106 psi, the torque, T, transmitted by the 

shaft is given below, if the bridge is initially balanced, and Vr = (  V01U / Vin)strained.

Y 2 x eei5. -  ^ ( 4 . 5 )

where

r  -  torsional stress =  T
J

T =  torque on the shaft,

J =  polar moment of inertia of the shaft.

For a solid circular shaft, torque on the shaft is

T  _ yG rcd3 
1 6

( 4 . 6 )
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T = yGnd2 = 2 ee45.G7i d 3 = VzGnd2 
16 16 8 GF

( 4 . 7 )

T =  -  11 • 5x106x71x2 • 53 x V  = - 3 4 . 1 7 1 x 1 0 s -̂ 2H£
2 . 0 6  5 x 1 ^ x 8  out v,. „

Let Vi0, Vn represent the initial reading of the strain gage channels 0 and 1 , let 

V0, V[ represent the channels 0 and 1 readings. The amplifier gain for the strain gage 

bridge was set to 100. The gain of the DAS 1402 board for strain gage data channels 0

and 1 is 8 (+  1.25 V). The mean torque is evaluated as follows:

T m e a n  = 3 4 . 1 7 1 x 1 0 s x V i 0  x ——  x —
2 0 4 8  100 V i n  ( 4 . 10)

= 2 0 8 .  5 6 3 2 4  V i 0 / V i n  ( i n - l b s )

where

Vin =  bridge excitation voltage.

The vibratory torque is calculated as follows:

T vibra tory  = 2 0 8 . 5 6 3 2 4  ( V 0 ~ V i o ) / V i n  ( i n - l b s ) ( 4 . 1 1 )

The relative angular displacement between inner hub and outer hub of coupling 

from Figure 4.13 is 59

60  =  2 ■ / 1 i  + b l \ ■ , h  Va i c s m ( - -  — ) -  a r c s m (—- )
2 R  2 R

( 4 . 8 )

where

R =  16", radius where is the LVDT is mounted, 

lj =  initial distance between two mounting points,

51 =  12 - Irrelative displacement between two mounting points.
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<50

Figure 4.13 Relationship Between LVDT Linear Displacement and Coupling Angular 
Twist

The relationship between the relative displacement and output voltage is

5 2  -   ̂^ o u c ~  ^ o u t  i n i t i a l ) ( 4  9 )

S F

where SF is the scale factor supplied by the LVDT manufacturer.

Let Vj2, Vi3, V i4 represent the initial readings of the three LVDTs channels 2 , 3 

and 4; let V2, V3, V4 represent the channels 2, 3 and 4 readings. The gain of the
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DAS 1402 board for channels 2, 3, and 4 is 1 (±  10 V). The three linear relative 

displacements are:

8 1 , =
2 0 4 8  1 0 . 4 1 9  ( 4 . 1 2 ;

= 4 . 6 8 6 4 5 0 2 x l 0 ~ 4 (V2 ~Vi 2 )

62 ( V3 ~ Vi 3 ) .. 10
2 2 0 4 8  X 1 0 . 3 6 1

= 4 . 7 1 2 6 8 4 6 x l 0 ' 4 ( V3 ~ V i 3 )

( 4 . 1 3 )

3 2 0 4 8  1 0 . 3 8 5  ( 4 . 1 4 )

= 4 .7 0 1 7 9 3 5 x l 0 -4 (V4 ~ V U )

The angular displacements are:

Sip, = 2 [ a r c s i n ( ^1 ^ 1 ) - a r c s i n — ] ( 4 . 1 5 )
2 R 2 R

where

i =  1, 2, 3

1; =  LVDT initial distance between two mounting points 

R =  radius o f mounting points =  16"

The average value of the above three values 8<pu 8<p2 and 8<p3 will be used as the 

mean angular displacement. The use of this average value will minimize the effect of 

differences in the values of 8<p, which are recorded in three places 120° apart.
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CHAPTER V 

ANALYSIS OF RESULTS

Modeling the HRC Elastic Coupling 

Various models may be employed to model the behavior of rubber like material 

(Bert, 1973). A simple one, which is the most frequently used, is the Kelvin-Voigt 

model. It is composed of a spring in parallel with a dashpot, as shown in Figure 5.1.

For a given mean torque,Tm, a given temperature, 6, and a known sinusoidal 

displacement <p =  cpvsin(a!t), the reaction torque T can be measured as shown in Figure 

5.2.

Figure 5.1 Kelvin-Voigt Model

54
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T n

T o r s i o n a l  Angle <p

Figure 5.2 Oscillatory Torque and Angular Displacement at A Given Operating Point

Figure 5.3 Phase Diagram of Torque
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If vibration amplitude is small, the model can be assumed to be linear. The 

reaction torque may be expressed as

T  = T K ( i p) + r c(<p) = r vs i n ( c o t  + e) (5.1)

where the angle e  is the phase angle between measured torque and input displacement, 

(Figure 5.3), TK = K<? = K <pv sin(cot) is the spring torque, and t c = C<p = Cto <pvc o s  ( co t)  

is the damping torque. From Figure 5.3, the spring constant is

XVcos(e)K = —*■--------- - (5.2)
V v

and the equivalent viscous damping coefficient is

T „ s i n ( e )
C E = - a . ---------—  (5.3)

W<Pv

The energy dissipation by cyclic stress and strain within a rubber like material is 

often referred to as hysteresis damping. Hysteresis damping can be formulated in terms 

of complex stiffness quantities:

K* = K( 1 + j t | )  (5.4)

where

K =  a spring constant giving the stiffness of the elastic element,

i] =  tan e =  a loss factor resulting from the deformation of the elastic element

lagging the applied force during sinusoidal motion,

J = \Z~T-

The relative damping coefficient, ip, is the ratio of the damping energy Wd 

produced mechanically by the coupling during a vibration cycle and converted into heat 

energy, to the elastic strain energy We with respect to the mean position.
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0)D

Torsional angle

Figure 5.4 Hysteresis Loop

In Figure 5.4 Wd is shown as an ellipse and We as a triangle. The relationship between 

loss factor tan e  and relative damping is

tane = (5.6)
2 TZ

The energy dissipated in one cycle for equivalent viscous damping may be 

expressed as
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co q>“C E  =  ~ Z ~ ^ ~ Z  ( 5 ' 8 >

The relationship between relative damping coefficient and equivalent viscous damping 

coefficient is

(5.9)
2 u co

Data Processing

For a given mean torque, Tm, temperature, 0, vibratory frequency, f, and 

vibratory amplitude, Tv, the torque and displacement signals are recorded in time 

domain. Figure 5.5 shows one set of signals which indicates that they are not perfect 

sinusoidal curves because of the noise and nonlinear properties. For approximation, it 

is assumed that both torque and displacement are harmonic. The vibration amplitude and 

phase angle may be extracted by least square curve fitting. Assume the signal is 

sinusoidal with a frequency co in the following form:

y  = a sinw t  + b cosw t  + c (5.10)

where

y =  torque or displacement,

t =  time

a, b, c are three unknown constants.

For a set of measured data {ti? yh i = 1, 2, 3, ...,  n}, the above equation can be 

written in a matrix form:
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Figure 5.5 Measured Vibratory Torque and Displacement 'o
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s i n w COS  (i) t j i
( \  
Y i

s i n o )  fc2 COSO) t 2 1
( a

. = «y 2

s i n c e  t n COSO) t n 1
[c

Vn

( 5 . 1 1 )

or

A X  = Y ( 5 . 1 2 )

where A 6  Rnx3 , X €  R3xl, Y E RnXl

It can be proved that the least square solution of above equation is:

X  = (A tA)  -1 A t Y : 5 . 1 3 ;

9-

u .

£

-2TT

Angular displacement O t

Figure 5.6 Phase Difference Between Vibratory Torque and Angle of Twist
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The least square curve fitting gives the vibratory torque transmitted by the shaft, 

Tshaft, relative displacement of the coupling, <pv, and the phase angle between them, s ,  

(Figure 5.6). The actual vibratory torque of rubber elements is Tv =  Tshaft - J co2, where 

J is the summation of hub and LVDT mounting device inertia. The vibration frequency

is 03.

The coupling dynamic stiffness, relative damping and equivalent viscous damping 

for a given mean torque, temperature, frequency, and vibratory torque amplitude are 

calculated by Equations (5.2), (5.6) and (5.3) respectively. A computer program, which 

does the least square regression and calculates the stiffness and damping, is in Appendix

E.

Dynamic Stiffness

Figure 5.7 shows the angular displacement versus torque curve for the HRC-63K 

coupling for static conditions. This static curve gives the overall view of the coupling 

behavior, but it is not suitable for dynamic analysis because of the viscoelastic nature of 

the elastomer material. The static stiffness of the coupling is the slope of the curve, 

which shows that the stiffness is increasing when the mean torque is increased. The 

dynamic stiffness of the coupling at a given mean torque is not the tangent of the static 

torque versus displacement curve. It is always larger than the tangent of the static curve 

due to hysteresis damping.

For every different mean torque, Tm, frequency, f, vibratory amplitude, Tv, and 

temperature, 0, the dynamic stiffness, K, is obtained. Both static and dynamic test results 

indicate that the dynamic stiffness is a strong function of the mean torque. The vibratory 

torque amplitude, vibration frequency, and temperature have the influence on the 

dynamic stiffness more or less. Therefore, the relationship between dynamic stiffness , 

K, and mean torque, Tm, vibratory torque amplitude, Tv, frequency, f, and temperature,
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6, is assumed to be in a form:

K  = q  Tma f b TVC 6d ( 5 .1 4 )

Take the logarithm on both sides to linearized the equation:

logic*: = log10Ci + alog10Tm + blog10f  + c logl0Tv + dloglo0 (5 .1 5 )

For a group of test results (K(i), Tm(i), f(i), Tv(i), 6 ( i), i= l ,2 ,. . . ,n } , the above equation 

may be written in a matrix form

1 log10r B(l) log10f  (l) log l0r v(l) log lo0(D e log10X'(i)'
1 log10T„<2) log10f  (2) lo g 10r r (2) log i06(2) a

b -
lo g 10tf(2)

1 ^ogl0Tm(n) lo g 10f(n) log107V(jj) log106(n)
c
d log10JC(n)

where e =  log10 C,.

Substituting over 500 sets of data into the above equation yields: C, =  5.5378 x 

104, a =  .6545, b =  -.1538, c =  -.0948, d =  -.4953, for HRC-63K coupling.

K =  5 .5 3 7 8 X 1 0 4 Tm6545 f - 1538 7 y ° 948 O' ' 4953 (5 . 17)

where

K =  dynamic torsional stiffness, in-lbs/rad,

Tm =  mean torque, in-lbs, 

f  =  frequency, Hz,

Tv =  vibratory torque amplitude, in-lbs,

6 =  operating temperature, °F.

The dynamic stiffness is a function of four variables. It is extremely difficult to 

present the measured values with calculated values in one graph to virtually check the 

regression because K is a function of four variables. Figure 5.8 shows the measured 

values (marked with "x") and values calculated by Equation (5.17) (marked with
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The abscissa is the mean torque; the ordinate is the dynamic stiffness. Both frequency 

and vibration amplitude vary while temperature is constant, 6 =  110°F. This plot shows 

that the regression is reliable. Figure 5.9 shows the histogram of Equation (5.17), where 

abscissa is the relative error between the measured stiffness and the calculated stiffness: 

Relative Error =  (Kmeasured - The ordinate is the number of occurrences.

It indicates again that the regression is acceptable since 85% of the population has errors 

of less than ± 10%.

Since the vibration torque amplitude is unknown prior to the analysis, it is 

inconvenient to use Equation (5.17) to calculate the stiffness. As the stiffness, K, is not 

a strong function of vibration torque amplitude, for simplicity, an estimated vibratory 

torque amplitude, say 25% of mean torque, may be substituted to get the dynamic 

stiffness:

K  = 6 . S lB e x lO 4 ^ 5597 ^ ' • 15386 ' -4953 (5 . 18)

Although Equation (5.18) is convenient for single frequency vibration analysis, 

it is impossible to interpret the frequency, f, for free vibration and multi-frequency 

vibration. Alternatively, the dynamic stiffness could be assumed to be the function of 

mean torque, Tm, the temperature, 6, and vibration velocity amplitude, <pv, which is 

the product of vibration frequency and vibratory amplitude, <pv  = 2 it  f  <pv

K =  C 2 T *  (2 7t-f-(pv) *0° = C 2 T * < f> bv Q c  ( 5 . 1 9 )

Least square regression gives: C2 =  1.9703 xlO 4, a =  .6043, b =  -.1210, c =  - 

.4502. That is

K =  1 . 9 7  0 3 x l 0 4 T^'6043 <p~'121o0 ‘ -4502 (5 . 20)

where

(pv = amplitude of the angular velocity, rad/sec.
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Figure 5.9 Histogram of Error of Dynamic Stiffness Between Measured Values 
and Values Predicted by Equation (5.17)
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Figure 5.10 Histogram of Error of Dynamic Stiffness Between Measured Values 
and Values Predicted by Equation (5.20)
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Figure 5.10 shows the histogram of error between measured values and values predicted 

by Equation (5.20). Equation (5.20) is suitable for time domain simulation. The angular 

velocity, <pv, is available at every integration time step by feedback technique.

Damping

For frequency domain analysis, investigators prefer to use the relative damping 

coefficient. But for time domain simulation, the equivalent viscous damping is more 

convenient. The test results presented here give damping values both ways.

In the same fashion, assume the relative damping coefficient, is a function of 

mean torque, vibratory torque amplitude, vibratory frequency and temperature in a form:

ilf = C3 f b T y Q d ( 5 . 2 1 )
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Figure 5.11 Histogram of Error of Relative Damping Between Measured Values 
and Values Predicted by Equation (5.21)
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The constants are found to be: C3 =  42.2834, a =  -.2644, b =  .2841, c =  -.0131, d = -  

.3819. Figure 5.11 is the histogram of the relative error, - âicuiaiedV&aicuiatcd, of

Equation (5.21) which shows that 80% of values fall within ±20% of the equation’s 

value.

Since the vibratory torque amplitude is unknown and since it does not influence 

damping very much, an estimated value, Tv = 25%Tm, may be substituted to simplify 

the formula:

i|r = 4 3 . O 5 8 3  Tm' 2775 f - 28410 - - 3819 ( 5 . 2 2 )

Substituting (5.21) and (5.17) into (5.9) gives the expression of equivalent viscous 

damping:

CE = 5 . 9 3 1 2 x l 0 4 Tm3901 f - - 8697 T ; ' 107 9 6 - - 8772 ( 5 . 2 3 )

If the vibratory torque, Tv, is assumed to be 25% of mean torque, Tm, the viscous 

damping coefficient is:

CE = 6 . 8 8 8 2 x 1 04 T„f822 f ’8697 0 ' ' 8772 (5  . 2 4 )

For multi-frequency time domain simulation, assume the equivalent viscous 

damping in the form:

CE = C4 Tma ( 2 n  f t } y ) b  0 C = C4 T *  <j>* 0 C ( 5 . 2 5 )

The coefficients are: C4 =  737.6065, a =  .3808, b =  -.3890, c =  -.6803. Figure 5.12 

shows the histogram of relative error for Equation (5.25).
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Conclusions

Equations (5.17) and (5.22) indicate:

(1) The mean torque has a significant influence on the dynamic stiffness. The 

dynamic stiffness increases when the mean torque is increased. This nonlinear property 

is largely due to the nonlinear geometry of the HRC elastic coupling. The lever arm of 

the rubber element increases rapidly when the angular deflection increases.

(2) The relative damping decreases as the mean torque increases.

(3) The stiffness and damping vary inversely with temperature (Figures 5.13,

5.14).

(4) The stiffness is not a strong function of frequency, and the data indicates that 

stiffness varies inversely with frequency (Figure 5.15). This is opposite to the expected 

results.

(5) The damping per Figure 5.16 increases with increasing frequency.

(6) The influence of the vibratory torque amplitude on stiffness and damping is 

not very significant (Figure 5.17 and Figure 5.18). The stiffness decreases as vibratory 

amplitude increases. The relative damping decreases as the vibratory amplitude increased.
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CHAPTER VI 

SIMULATION OF THE PROPULSION SYSTEM

Introduction

In this chapter, a typical marine propulsion system, which is shown in Figure A. 1 

of Appendix A, will be used to illustrate the approach developed in Chapter II. The 

mass-spring model for Figure A .l is shown in Figure A .2. Its corresponding Bond 

graph is illustrated in Figure A. 3.

Simulation Program Development 

For the Bond graph shown in Figure A.3, there are 19 torsional springs (bonds 

1 to 19), 20 inertias (bonds 20 to 39), 20 station-to-ground dampers (bonds 40 to 59), 

and 19 station-to-station dampers (bonds 60 to 78). The storage field input vector is :x  

=  [f] f2 ... f19 &2o e2i ... e39]T, where f  is angular velocity, e is torque, and the subscript 

is the bond number. The corresponding vector X is: X =  [qx qj ... q19 p20 p21 ... p39]T, 

where q is angular displacement, p is angular momentum. The storage field output vector 

is: Z =  [et %  ••• e19 f20 f21 ... f39]T. The dissipation field input vector is: Din =  [f^ f41... 

f59 fgo f6i f^P- The dissipation field output vector is: Dout =  [e40 e41 ... eS9 e^, e61 ... 

e78]T. The source vector is: U =  [uj u2 ... un]T.

73
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The constitutive equation for the storage field is

Z = $ S U )  ( 6 . 1 )

The equation (6.1) may be written in a matrix form for this case:

Si K l 0 . . 0 0 0 0 Qi

e 2 0 *1.2 • . 0 0 0 0 Qz

e i 9 0 0 . • K . l 0 0 0 <3i9

■̂ 20 0 0 . . 0 J l , l 0 0 P20

2̂1 0 0 . . 0 0 l / j ' l , 2  ■ 0 P21

0 0 . . 0 0 0 P39

where ku , ku ,. . . ,  k* i are torsional spring rates and j u , j x 2, • - -, j4,i are inertias. 

Nonconstant rates and inertias are acceptable for this analysis method since they may be 

functions of other parameters. Figure 6.1 is the simulation block of the storage field. 

The constitutive equations for the dissipation field are

Dout = ^ L (Din) ( 6 . 3 )

In matrix form:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

75

e 40 K : 0 . . 0 0 0 . . 0 *4 0'
0 ^1.2 • . 0 0 0 . . 0 *41

0 0 . • £ 4.1 0 0 . . 0
3 ■

e 60 0 0 . . 0 fll . l 0 . . 0 *6 0

e 61 0 0 . . 0 0 *1.2 • . 0 *61

e78 0 0 . . 0 0 0 . • B4,l. *7 8

where bu , b12,...,b 4il are station-to-ground damping factors and B , ,, B12,.. . ,  B41 are 

station-to-station damping factors. Some of these factors are not constants due to 

nonlinearity. The simulation block for the dissipation field is shown in Figure 6.2.

The inputs U are external excitations, which include 20 engine cylinder excitations 

and 1 propeller excitation. The block diagram is shown in Figure 6.3.

The outputs Y are torques on each shaft. They are functions of state variables X. 

Figure 6.4 shows the block diagram.

The junction structure matrices, which define the relationship between five vectors 

and control the flow of vectors, depend on the structure of the original model. The 

junction structure equations are

where the matrix JLL is null. Other matrices are formed by the program according to the 

bond graph of Figure A .3. The program is listed in Appendix B. The input for the 

program is the matrix JUNCT, which describes the inputs and outputs of each bond. For 

instance, the input to bond 1 is bond 20, and the output is bond 21. The inputs to bond 

30 are bonds 10 and 69 and the outputs are bonds 11, 50 and 70.
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The simulation block diagram, which is written in SIMULINK™ program, is 

shown in Figure 6.5. By clicking on the "Load Data" box, the input data, which includes 

the formation of junction structure matrices, parameters needed for constitutive equations, 

and excitations, are read into the program. Several algorithms are available for the 

integration of ordinary differential equations.

Simulation Results

The program calculates the torque on each shaft for a given engine speed. By 

varying the engine speed from idle to rated speed, a group of data are obtained. Since 

the excitation by this engine is given in harmonic coefficients, the phase angles between 

the different harmonics are unknown, the reconstruction of the gas torque curve is 

impossible without the phase angles. In this example, the torque on each shaft for each 

harmonic is calculated. It is noted that the resultant torque is less than the algebraic 

summation the torque obtained for each harmonic due to the phase angles. The results 

are presented separately in Figures 6.6 to 6.11.

Figure 6.6 shows the vibratory torque in the gear box input shaft due to propeller 

excitation. It can be seen that there are two critical speeds for this shaft for propeller 

excitation. The total torque in the shaft is shown in Figure 6.7. Figures 6.8 and 6.9 show 

the torque in the propeller shaft due to propeller excitation. The torque in the crankshaft 

(shaft number 10) due to the engine’s 5th order harmonic is shown in Figure 6.10 and 

Figure 6.11. It can be seen that for a considerable speed range (550 rpm to 1000 rpm) 

the actual torque is larger than the mean torque, not only at the resonance point, but also 

away from the resonance point. This again shows the importance of the time domain 

simulation. The same results at resonance points were obtained by Jones (1994) in the 

frequency domain, thus verifying this program.
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS

Time Domain Torsional Vibrations Simulation 

The advantage of time domain simulation over frequency domain analysis is 

obvious. It not only gives the results at resonance points for a single frequency, but also 

gives the results for any operating points. The method developed in this paper is suitable 

for both linear and nonlinear cases. For the linear case, the natural frequencies and their 

corresponding mode shapes may be extracted easily, thus giving the user the information 

which usually is obtained only by frequency domain analysis. The model is expressed in 

a very unique block diagram form (not program codes), which enables the user to study 

the sensitivity easily. For example, one can study the influence of the coupling stiffness 

and damping on the system by simply clicking the mouse to change the parameters.

The model may also be used to simulate abnormal working cases, such as engine 

misfiring, propeller hitting a log, etc. The author has successfully simulated the engine 

misfiring, which is very difficult to obtain by the traditional frequency domain method. 

The results are not presented here due to space limitations. Furthermore, the applications 

of the simulation model are not limited to marine propulsion systems. It can be used to 

simulate any lumped dynamic system, mechanical system, electrical system, hydraulic 

system or hybrid system.

It is noted that although the model works fine for most nonlinear systems, it may 

give a false or at least incomplete result for some very special cases. For instance, it is 

found the strong nonlinearity of the gear backlash may cause the system to have more

85
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than one result. The results are strong functions of initial conditions. Sometimes the 

system may even diverge. For these special cases, a simple model may be set up first 

to investigate the nonlinearity. The results can be easily incorporated into the system 

model.

The available information for propeller and engine excitations are not complete. 

The engine manufacturers have not realized the advances in the torsional vibrations area. 

Engine harmonic coefficients are commonly supplied by engine manufacturers. The most 

important data, the gas pressure curve, which is the basis of the published torque 

harmonics, is often not available.

Dynamic Properties of the HRC Elastic Coupling 

The dynamic test stand developed in this research has been successfully used to 

measure the dynamic properties of the HRC couplings. The results show that the dynamic 

properties of the HRC elastic coupling are nonlinear and are a function of many factors. 

The dynamic stiffness, K, of the HRC-63K is a function of mean torque, Tm, vibration 

frequency, f, vibratory torque amplitude, Tv, and temperature, 6:

K=  5 .5378xl04 T̂6545 f ' 1538 iy 0948 0'-4953 (7 . 1)

For free and multi-frequency vibration, the above equation may be written in another

form:

K=  1.9703 xlO4 r / 043 <jy1210e-'4502 (7 . 2)

where (j>v is the amplitude of the angular velocity.

The relative damping, \p, of the HRC-63K is determined as:

T|r = 4 2 . 2 8 3 4  T y 2644 f - 2841 r " ' 0131 0 " - 3819 ( 7 . 3 )
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The viscous damping factor, CE, are presented in two different forms:

CE = 5 .9312 x 104 T„3901 f - - 8697 r ; -1079 0--8772 ( 7 . 4)

CE = 737.6065 rm3808 <jV3890 0--6803 (7.5)

It seems that there is a relationship between static and dynamic stiffness of the 

HRC coupling. Although the relationship is obvious, its mathematic expression is 

difficult to obtain. Further research to define this relationship is necessary.

The dynamic properties of the HRC coupling depend mainly on the rubber 

elements and coupling geometry. Determining the relationship between the properties of 

a single rubber element and a whole coupling may provide a useful design process which 

will simplify the design of new couplings.
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APPENDIX A 

DESCRIPTION OF A TYPICAL MARINE 

PROPULSION SYSTEM
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%
%7Ks stfcroutine is used to fam  j^Wian matrix

%
JUNCT=[1 20-21

2 21 -22 0
3 22-23 0
4 23-24 0
5 24-25 0
6 25-26 0
7 26-27 0
8 27-28 0
9 28-29 0
10 29-30 0
11 30-31 0
12 31 -32 0
13 32-33 0
14 33-34 0
15 34-35 0
16 35-36 0
17 36 37 0
18 37-38 0
19 31 -39 0
20 0 0 •40
21 1 60 41
22 2 61 42
23 3 62 43
24 4 63 44
25 5 64 -45
26 6 65 46
27 7 66 47
28 8 67 48
29 9 68 -49
30 10 69 -50
31 11 70 31
32 12 71 32
33 13 72 33
34 14 73 34
35 15 74 35
36 16 75 36
37 17 76 37
38 18 77 38
39 19 78 39
40 20 0 0
41 21 0 0
42 22 0 0
43 23 0 0
44 24 0 0
45 25 0 0
46 26 0 0
47 27 0 0

0 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

-1 30 0 0
-2 31 0 0
3  32 0 0
4  33 0 0
3  34 0 0
3  35 0 0
-7 36 0 0
3  37 0 0
3  38 0 0

-10 39 0 0
-11 -70 0 0
-12 -71 -19 -78
-13 -72 0 0
-14 -73 0 0
-15 -74 0 0
-16 -75 0 0
-17 -76 0 0
-18 -77 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
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48 28 0 0 0 0 0
49 29 0 0 0 0 0
50 30 0 0 0 0 0
51 31 0 0 0 0 0
52 32 0 0 0 0 0
53 33 0 0 0 0 0
54 34 0 0 0 0 0
55 35 0 0 0 0 0
56 36 0 0 0 0 0
57 37 0 0 0 0 0
58 38 0 0 0 0 0
59 39 0 0 0 0 0
60 20-21 0 0 0 0
61 21 -22 0 0 0 0
62 22-23 0 0 0 0
63 23-24 0 0 0 0
64 ?4 -28 0 0 0 0
65 25-26 0 0 0 0
66 26-27 0 0 0 0
67 27-28 0 0 0 0
68 28-29 0 0 0 0
69 29-30 0 0 0 0
70 30-31 0 0 0 0
71 31 -32 0 0 0 0
72 32-33 0 0 0 0
73 33 34 0 0 0 0
74 3435 0 0 0 0
75 31 36 0 0 0 0
76 36 37 0 0 0 0
77 37-38 0 0 0 0
78 31 -39 0 0 0 0

InanI=sns<JUNCT): 
J=zaos(nun)', 
fcr i=1: m; 

fcrj=2:n;
if JUNCTEj) - =  0 

k=£tegUNCT5j)); 
J5J0 = kUUNCTSJ; 

end
end

end
% |Js sJ s)Jsu |
% J=  I I
% { Jls Ji JLi |
% Jss(39x39)

Jss= J(139,139);
Jd= J(139,40:78);
Jls=J(40:78,139);

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
01
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JI=J(40:78,40:78);

%Now we need Jsu (39X11) and Jb (39x11) 
Jsu=zeros(39,11);
Jsu(21,1)=1; JsU2Z2)=1; Jstf23,3)= 1; 
JsU24.4)=1; JsU25,5)= 1; Jsu(26,6)=1; 
Jsu(27,7)= 1; JsU2S3)=1; Jsu<29,9)= 1; 
Jsu(30,10)=1; Jsu(38,11)=1;

JL=zeras(39,11);

%abcwe program fnstixi the jjicten matrix tarrrig
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%
%Nalid Frequencies, Mode Shapes and Forced Vbation Analysis 
%of Beastic Cotpiig Test Stand
%
%FJename: HRCjti

% Analyse sutaHe far HRC63, FRC105, and HRC 390 
%-Uy 23th, 94 
%Rewsed Jan 8,1995
%The beam is oomectted to rner h ii of the right side capfrig
%
%(1)Model Diagam 
% K1 K2
% J1 J2— J3
% Kr| JCr Kr||Cr
%
%
deer,

fre=rputfVba6an Fregjency (HZ):T;
id=1; %id= 1 far HF!C63, 2 far H1C105,3 far HRC390

JhU)=[1.86 541.61; %inerlia of h i
Knfa=[2*5.714e5 9.69375e54.76375e6t %coupfcg stiffaess

%1/2 dements far FRC 63,1/4 elements far other 
Trate=[63000 105000 3900001; %rated tagje

em=hputTEstrnated Eccentric mass Ob):');
m=(15+emV386; %mass of eadtalicn device + eccentric weight
%15 is an estimated nuttier

J1 =JhiCd)+2.5; %tnertia of coding hner hub + LVDT hddng 
J2=JhiGd)+ 1356; %heria of copkig hner l ib  + patof tieu
J3=9_8+m*30'2; %Egivdert herta of mass m + part of beam
J=dagfrJ1 J2  J3D; %herta matrix

K1 =5.13e6; %stifihess of the shaft
K2=353e7; %tarshrel stiflhess of beem
.Kr1=Kiifa65; %stifiness of the rubber
Ki2=Kai*fc

K=[K1+Kr1 -K1 0; %stiflhess matrix
•K1 K1+K2+Kr2 -K2;
0 -K2 K3;

A=feros(35) eyeO,
■rnvUTK zems(35lb %state space matrix (exdUda dsrrpng)

%NaUd Frecpendes and Mode Shapes
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M l=eg(A );

\M1)=abs(d(1,1)>;

shapefcl)= siy<red(v(13 ,1  ))).*abs(\A13 ,1  )t 

w(2)=afos(d(3/3));

d^pe(:2)=agn(red(v(13^)))*absM 133t

w13)=abs(d(5,5)):

^^■J3)=a^MV3M.*dosMV3,5lY,

tfepCFreqjerries:T 

dsp(w/2/p) 

dspOVkxfe Shapes:!

*p(stepe)

%Fregjency response

Cr1=Kr1*1.1A4*pr2*fe); % damro of elastic coding
Cr2= Kr2* 1.1 A4*pT2*fre);
C=[Cr1 0 0: %danpng matrix
0Cr20:
0001

fatrior=rputn:actDr');
%
1 0 =  [0ft025*O 25*TrateW *fectot

ifid=  = 1 

T0(3)=7tX3)*2; 

end

omega=2*pi*tre: 

i=sc»rK-1h
*ela=hv(K-omega'2*J+i*amega*C)*10:
tfcpCFracpency Response:!

cJspftheta)

dsplabsfthetal)

TT=K1 *(theSa(1Vfrete(2l);

eps= 8*£tedOA11.566^*2.5*3);

stroke=ebstlheta(1))*16;

Tr1=Kr1*itetttefc<1));

peroent=Tr1*4*4/Trate(id);

if id= = 1

percent =  percat/2 ;

end

%Exdtalions

%torqje on the shaft 
%strosi on the shaft 
%vfaafcn stroke, 16" is the length

%\teory torque on coupfrig

%for HRC 63, half elements

cfepfExdtation torque:! 
dspfTOO))
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dspnbrtjje on the shaft1) 
cfcpfebsfTT))
dspf'Strat on ihe shaft*) 
drspfeps);
dspCVbadon Stroke:*) 
cfspfetrcke)
dspCVbatoy torqje on coifAtg:')
drspfTrl)

tfcpfpercent)
%
% output femiat
%f TO FO Truhber % Tshaft Strait Stoke WR W R

out= [Ire 71X3) 7TX3V30 Tr1 percent*100 ahsOT) eps*1e6 stroke 9.7876*TOt3V30/fre*2 em 9.7876*TO(3)/30feA2 
en t

fphtfl1,*%5cl %&2f %62t %62t %62f %82f %62f %8.4f %62f %62f %6.2fn*1out)
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This program dspbys the static toque ttaistitied by the shaft 
It also shows the LVDT"s reactog
This pagan may be Ltsed far stabc test or for test stand set pt
■Ragan name: STATIC BAS
'Authcr Anyiig Shen 9/22/93 Rewritten 10/19/94

STH51 : Indbde the sippfed Q4FACEH (or Q7FACEB). THsfie 
canters at tncfcn DECLARAticn sptported by the diver. 

$NCUJD£ 'CMFACEBT

STB9 2 : Define ALL locd variables regfiad by the pmgan has. NOTE:
you m et avoid dedamg and usmg QuckBASC variables on the

*/■
DM NunOffioads AS NTEGBT 
DMDSfftASNTEGBT 'Brer tag
DM DAS16G0 AS LONG ' Device Hande

' DMENSON
YOUR VARIABLES 

HERE 
DM fiter AS NTH33T 
DM ADVaiue AS LONG 
DM I J  AS NTEGST 
DM a$, YN$, p1$, p2$
DM vO, v1, v2, v3, v4 AS DOUBLE 
DM tvO, n/1, rv2.iv3, rv4 AS DOUBLE 
DM FACTORS) AS DOUBLE 
DM torgje, force AS DOUBLE

FACIORd) = 10: FACTORI2) = 5 
FACTOR® = 2.5: FACTOR(4) = 125
f . n x  n  w/ / / / / / . ‘/ / /  f t  t t  I t  f t  ( '  tfV A X  J t t f  f t  t t  f t 1' p t v  TTTTTrtTTtfrfr t t J t  f t IF t t  t t t v t f J i t t

tV l 4  — ** St I S t ffS t tff  St f t  t t  t t  t t  t t  t !  f t  t t t !  t !  t!  J t  f t f f i t  t !  t t  t t  !H ! f !  t !  II"
p l v  n n n n n t r  n ittttT T T tT  T f ifr t r ttT tt  f t t f i r f i t i i t  t t t t t s t t t t t j

a s
prwt

prwt

PRTTT " His pmga n  was used to ched< toe charnel readng" 
PRWT
PRWT" The p ag an  was written by A. Sten"

50 a$ = WKEY$: F  a$ = "" GOTO 50

FEW OPBJ "fc 4tow" FOR OUTPUT AS #1

' STB13: His step kifefees the htand data teties acoordng to the 
' hformaion con a ted h  the ocnigpatian fie DAS1600.CFG.

a$ = "DAS1600.CFG" + CHT$(0)
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DERR = DAS1600DEVOPS\l%(SSEGADD(a$), NunOfBoads)
F DERR O  0 THBI BSP: PRWT "ERROR HEXSiDBTR); " OCCURHD DURNG '..DEVOPBV'": STOP

' STB3 4: This step estzHshes corrmzicatxxi with the dhier through the 
'Device Hande.

DffiR = DAS1600GETDEVHAMXE%(0, DAS1600)
F (DBW < > 0) THBM Bffi3: FRNT "BiROR HEX$(DBfflfc " OCCURS) DURNG '..GETDEVHAMXE”: STOP

'PLACE
YOUR PROGRAM CODE 

HERE
300 CIS

NPUT " Fter(5,10,100,200...)", t e r

1000 vO = 0: v1 = 0: v2 = 0: v3 = 0: v4 = 0 
FORI = 1 TO te r  

DffiR = KADRead%(DAS1600,0, 3, ADVdue)
F DBIR < >  0 THEN Bffi3: PRNT "BIROR HEX$(DffiR); "DURNG" 

KADReecf": STOP 
vO = vO + ADVake

DBW = KADRead%(DAS1600,1,3, ADVdue)
F  DERR < >  0 THEN BSP: PRNT "fflROR HEX$(DBTR); "DUFiNG" 

KADRead’ ":STOP 
v1 = v1 + ADVdue
DB3R = KADRead%(DAS1600, Z  0, ADVabe)
F  DBS? < >  0 THB\1 B E 3: PRNT"BIROR "; hEX$(DffiR); "DURNG" 

'KADRead'STOP 
v2 = v2 + ADVabe
DBtR = KADReed%(DAS1600,3,0, ADVdue)
F D B B O  0 THBJ Bfflf3: FRNT "BIROR HEX$(DB!R); "DURNG" 

KADRead"': STOP 
v3 = v3 + ADVabe
DBTR = KADRead%(DAS1600,4,0. ADVaba)
F  DERR < >  0 THBJ Bffl3: PRNT "BIROR FEX$(DERR); "DURNG" 

KADRead "-.STOP 
v4 = v4 + ADVabe

NEXT I

vO = vO / t e r  v1 = v1 / t e r  v2 = v2 / te r  
v3 ~ v 3 / te r  v4 = v 4 / te r  
vO = ((vO 116) AND &HFFF) - 2048 
v1 = «v1 /16) AAD &HFFF) - 2048 
v2 = « v 2 /16) AND SMTP) - 2048 
v3 = ((v3 /16) AMO &FFFF) - 2048 
v4 = «v4 /16) AND &HFFF) - 2048
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rvO = vO / 2048! * FACTORS) 
rv1 = v1 / 2048! * FACT0R(4) 
rv2 = v2 / 2048! * FACTORO) 
rv3 = v3 / 2048! * FACTORfl) 
rv4 = v4 / 2048! * FACTORd)

toque = 10428162# * (ABS(vO) + ABS|v1)) /10.883
farce = terqe /18!
percent = toque * 2 / 63000 * 100
PRWT USNG p1$; vO, v1, vZ v3, v4
FRNT

RHl/l PRNT #1, USNG p1$; vO, v1, vZ v3, v4 
PRNT USNG p2$; farce, toque, percent 
PRNT

a$ = NKEY$: F a$ = THBM 1000

5 a$ = MflEY$: F a J  = "" TTBil 5

RBVI CLOSE #1 
END

TYogam DYNAMCEAS reeds fc/e chamds (04) smrtaneously with 
'dflerent gph: ch Ol: (streit gages) gain = 0 (+-125v)
'di 24: (3 LVDTs) gait = 3 (+-10v)
'January 17,1995

' His fle includes afl farctfan DECLARAfion SLppcrted by the diver.
' $NCLUD& 'Q4FACEBT

DIVI BuHA(20000) AS NTEGER ' A/D data buffer 
DM CHANGANARRAYI50) AS NTHST 'Chantemaray

DM NonOffioads AS NIBGB1 
DM DERR AS NTEGER 
DM DEVHAMXE AS LONG 
DM ADHAMXE AS LONG

TGTE USSR USH) VARIABLES HERE

DM 1%, J  AS NTEGS1 
DM RATE AS NTK23?
DM NunOfDeta AS NTEGER 
DM TotaDataAS NTEGER 
DM FfeNameS, a$, p$
DM DT, Tme AS DOUBLE

P$ It fill jllltill If11 Htt
RATE = 5000 'total saqpfe rate (HZ)

DT = 5 / RATE 'tine (second) rtervd between sarrpfaig

'  B rcrlag

' Device Hande 
' AD Frame Ftancfe
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RATE = 10000000/RATE 
PJunCHData = 500 'fcr ere chamd 
TotaData = 5 * NunOData 'fcr fve dBnrcfc 
FfeName$ = "f15_31.dyn"
[\PJT "He name (Yng?jdyn)", Hei\lame$

STB11: His step is mandatory; it iitiafces the htemal data tabes 
acccrtfog to the ’nfonmtim oontaned in the ccnfguation Se 
DAS1600.CFG.

a$ = "DAS1600.CFG" + CWt$(0)
DBH = DAS1600DEVOPB\l%(SSEGADO(a$), NanOffioatds)
F DBRR < > 0 THBJ B S 3: PRNT "ERROR EEX$(DBfffl; " OCCURS) DURNG '.JDEVOPBJ'": STOP

STEP 2  H is step is mmdatiry; it estahfcfBS c a rm ricalion with the diver 
through the Deuce Hande.

DBTR = DAS1600GETDEVHANDLE%(0, DEVHANDLE)
F (DBRR < >  01THEN Bffi3: PRNT "ERROR HEX${D£RR); " OCCURH5 DURNG '..GETDEVHAMXE": STOP

' STB3 3: To perform arty M3 operations, you must fcst get a Hande to an 
' M3 Frame (the cfata tabes nsirfe the diver pertfcrrg to M3 operations).

DERR = KGetADFrame%(DEVHAI\DLE, ADHAMXE)
F ID B IR O  0) THBJ Effi3: PRNT "ERROR EtX$(DBTR];" OCCURS) DURNG 'KGETADFRAME'": STOP

' STH3 4: Asagi the data array dedated above to Ihe Frame Hande 

DfflR = KSetBuf/o(ADHAM3LE BuflA(0), Totdata)
F  DAS1600ERR < >  0 TTBI BEH3: PRNT "BIROR HSX$(DAS1600B)R);" OCCURH3 DURNG KSetBuf": STOP

' STB3 5: Create the may of chamal/gsn pais

CHANGANARRAY(0) = 5 ' # of chanfgato pas
CHANGANARRAY(1) = 0: CHANGANARRAYI2) = 3 'C taiO , G ai8
CHANGANARRAYI3) = 1: CHANGANARRAYI4) = 3 ' Chan 1, Gat 8
CHANGANARRAY(5) = 2CHANGANARRAYI6) = 0 'C hanaG ah l 
CHANGANARRAY(7) = 3: CHANGANARRAYI8) = 0 ' Chan 3, Gwi 1
CHANGANARRAY(9) = 4: CHANGANARRAYI10) = 0 ’ Chan 3, Gan 1

STB3 6: Reformat the chanei/gan array so 1hat it is readatfe by the 
DAS-1600 diver. Note that after this step, this may s  no longer 
reedafcle font CkickBASIC; use KRestateChalGAiy% to restate it to the vetoes 
esasdcyied efave.

DERR = KPormatChanGAiy%(CHANGANARRAY(0))
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FDEBT < >  0 THBM BH33: PRNT "BTROR HEX$(DSiR); ” 0CCIWS3 DURNG TCFormatChnGAry'": STOP

' STEP 7: Assiyi the reformatted ChameH3aoi array to the AID Frame.

DBW = KSetOrnGAry%[ADHANDLE, CHANGANARRAYIO))
F DBTR < > 0 THBJ Bffi3: PRNT "BTROR FEX${DSTR);" OCCURS) DURNG 'KSetCtmGAiy"': STOP

STB9 8: THs examfie proyam uses the htemd (defedt) corweraon dock 
sauce; the Howiig cal specttes the chider to the Clock Sauce 
(1MHz or 10MHz)

DBTR = KSetCkRate%(ADHAMXJE, RATS ' ACUUSTTHS NUMBBTLATBT 
F DBTR < > 0 THEN Bffl3: PRNT "BBTOR FEX$(DB!R); " OCCURS) DURNG 'KSeOrRate'": STOP

OS
LOCATE 22,1; PRNT "Press a key to start Synchronous Acq..."
DO
LOOP WHLE NKEY$ = ""
LOCATE 22,1: PRNT "Synchronous Acq ncn« acSve...Wat

' SlfcP 9; Beyt Syndmaus data ayisiticn.

DBTR = KSyncStat%(ADHANDLE)
FDERR < >  0 THEN Bffi3: FRNT "BTROR "; HEX$(DeTR); " OCCURS) DURNG KSyncStarf": STOP 

PRNT "Accpciticn is done.. -AID Data is BUFFAO anay."

' STB310: Display and write the tesdts to a  fie 

OFBJ FfeName$ FOR OUTPUT AS #1 

Tub = 0!
FOR J  = 0 TO NimOfData -1 
FRNT USNG p$; Tme:
PRNT #1, USNG p$; Tme;
FOR P/o = OTO CHANGANARRAYIO) -1

PRNT (((BuRAfl% + 5 * J) /16) AND &HFFF) - 2018); 
PRNT#1,(((BuflA0% + 5 * J) /16) AND &HFFF) - 2048); 

NEXT P/o 
PRNT #1,
PRNT
Tme = Tme + DT 
NEXT J 
CLOSE #1 
END
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%Postprocessng Dynamic Test Data
%Ffe name: posun (Jan. 28,95, Feb. 8, Feb 12)

%Note: AnnpHer gah is 100

dear
«0=-676;
vi1=676;
vi2=-235;
vQ=-242;
vW=807;
Vn= 10.867;
11=3.5;
12= 3375;
13=3125; 
h i)=  136+35;

bad f14_73yn %bad the test data
ccmmon=f14_7; %stne to camion
deer f14_7;
%above parameters need to be changed every Sme 
t=corrnitrt:,1); %frst colxnn is trne 
Tmean=1CM28162*(abs(vi0)+ abs(vi1 ))AArx 
%meen toxyje is cdoiateri acoati tg to the ridai leadbgs

DT1 =20356324*(oonmon(-^FviO)/Vn; %\Aralny taqje with Ster 
DT2= 208.56324*(ccnmon(^3Hi1 Wn; %viratay tnqje without fiter 
[ftl, At1, pKtf, at1, btl, ctl, T1_new] = least0(tDT1); 
dspfTaqjeTIT,
%cal bast square a if t to get frequency, ampitude, phase, ofeet 
%chack the curve to decide to cal bastl or bast2 or bastO 
pause;
[ft2, At2, pHt2, at2, bt2, ct2, T2_new] = bast0(tDT2);
dspCTorqje T2T,
pause;

d1 =4.6864502e4*(carmor(^4Hi2); 
d2=4.7126846e4<,(ccmmor(-^yv£3); 
d3=4.7017935e4‘(commDrii6)vH);

%refetive ds. far S/W 8176 
%refefivetis. for S/N 8171 
%rdafive ds. for S*l 8178

pH1 =2*(asM(d1 +HV32)«jn!l1/32)); 
pH2=2*(asn((ci2+l2)/32)esH)2/32)); 
pK3= 2*(ash((cC+B)/32)esr(t3/32));

%rdafive angdar ds. SAI 8176 
%SHi 8171 
%Slti 8178

p*otitpH1 ,tpH2,tpti3)flnd.«e(Three FWljnrse; 
%pK=(pH1+pH2+pH3V3; %average angdar dsplacement

[fphil, ApN1, ptfriil, apH1, bpH1, cpH1, pHnewl] = bastOftpNI); %cuveft 
dspCQspbcomenO;

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

108

pause

ftaN2, ApH2. pĥ ]H2. apH2. bpK2, cpH2. pH newZl = leastO(tpK2); %cuveft
dspCDsftecemenO;
pause

(tpH3, ApK3, phpH3, apH3, bpK3, qpH3, pfi_new3] = feast0flpH3); %cuve6t
cbpCDfeplacement'};
pause

dsp('ApH1:'h (fsptApHU 
dsp('ApH2:1; dsp(Apti2); 
dsp('Apii30; dfep(ApK3); 
dspCfphil:'): dEspHpHIk 
dspl'tfC.'); cfcpltfia 
dsp('1pK3:'): cfep<iiphj3h 
dfepl'pt^KIO; <fep(pHpH1); 
dstftfiiiZ.'Y, c£sp(pHpH2J; 
dspCp^K3:T; dsp<ptipK3);

o/o.   .........................
f=(ft2+1pK1+$pH2+fpH3)Ar; %\Arathn fetjjency
%f=tft2+fcN1+t«3]/3;

ApN=(ApK1+ApN2+ApK3)/3;
%Aph=(ApH1+ApK3V2;

+pt^pK2+pJ^K3V3;
%p^=(pHpH1 +phpK3)®

cpH=(cpH1 +cpK2+cptt3V3;
%cpH=(cpH1+ cpK3)/2;

scafe1=tAtl-{2*pi*flA2*ApH*li±))/At1; %scafe vfcratay tmtjje tfawn
scafe2=(At2-C*pi*ir2*ApK*hij)/At2;

Tidbberi =T1_new*scde1; %scafe vbatery dewn d e  Id hiis ciertia
Trite2=T2_new*scate2;
Ar1=At1*scafe1;
Ar2=At2*sccfe2;

ptt(tT1_new,y,t Tn*ber1/n^icl6lerri_new, Tn±iber2T; 
pause;
plot(tT2_new,y,t Tnijbar2. V), gid,Wle('T2_new, JnibaZY, 
pace

*0=0; %jjst choose one cycle
te=1/f,
dt=MD|/aOO;
t_shcrt=tDxltte;
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ph$hart=ApH, srt2*pi*f*t_shart+ phphfl+cpH; 
pfaftjhart, phi_short),gid 
pose
T2short=At2*sn(2*pi*f*t_stat+phit2)+ct2'
Tniber=T2short, sc£te2; 
pfat(t_short Tciitehgid 
pace
pfollpKshat TniteLgid
pajse

%siijia<(2£1),plo<(pN_siiort, Tiubberi^id %put three Sgues h  one page 

%xfebe#'AncjJar CSsptacemen! (rad)’);

%yfebdCVfaatoty Tcrcpa (bii)');
%<defHytaesis Loop');

%sctptot(2£2),pfaft_short. Tnite),gjd 
%xfetei('trne (seconds)');
“/oytatolCVljatay Torque (bii)1);
%StfeCVfaa<ay Torcpe vs. imej,

%sJ*iad2^^,pfa(pHjhTU_shal3,gid 
%ytebeK'time (seconds)1);
%xfebd('AngJar dsplacanent (lacs');
%1itle(Tme vs. angdar dspbcement');
% print -cfas loop

% p0USe

%si***(1,1,1)

ddt f̂a=abs(phit2-phi?hi);
%C= At2*scde2*sfadetaphiM2*pi*f*Aph);
%K= 2*(At2*sc£te2*cos(detaphi])/Apti 
%K1=K/scate2;
%Wd=C*p*(2*pi*f)*Aphr2;
%sa= 2*Wd1ApH*At2*scde2);

K=2*Ar2/ApH;
K1=2*At2/Aptt 
sa=2*pi*ten(detapH);

<d = fapenfmC63.0UT, 'aT; 
out1= [Tmean Tmeen*2*3000*100 f Ar2 At2 Ar2/Tmeen*100 Aph); 
out2=[K K1 sa detapHMSOfoil; 
aut=[out1 out21;
IpHfl' TTVIeen Temarvteted (re Tniier Tshaft Tniber/Tmean ApN Vi); 
£Hfl1,'%10.2f %62S %62f %102f %102f %62f %6.4fin'put1);
dspT y,
fpmtfT K K1 sa ctitn');
fpmlflV %10.2f %10.2f %6.4f %6.4fn\ ai2r,
cSspC "h

%phase dfference between face and cSs.
%damphg C 
%stiffness K

%area

%retaSve cferrpng
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fprrtflid.'f14_7 %10.2f %6J2f %62f %10J2f %10.2f %62f %6.4f %10J2f %10.2f %6.4f %6.4fln\ out); 
fcbseffaO;

trcion [f, Airp, pH. a  b, c, ynew) = leastO ftyD 
%Pbst Ptocessiig fcr tine cfcmaii sigH 
%t = line
%y -  anrtpfijde (cotid be cfcpacement cr toegje)

%progan to thd the average ieqjency f

y=y1-meen(y1);

hdex1 = Q;
far i=1 iengtHyM;

ifyO> =0&  y(i+1)<=0 
rriexl = (hdex1jl;

end
end

dt1=0;
far j= 1 : fengtNrdexD-1

dt1 = [dt1 t(ndex1(j+1 )HCndex1 ©)]; 
end

hdex2=Q;
fcr i=1 iengtft(y}-1;

ifyffl<=0& y{+1)>=0 
hdex2=rndex20;

end
end

dt2=D;
far j=  1 : lengHhdex2}-1 

*2=[dt2 tfhdex2<j+1 )HWex2(j))l; 
end

fl = 1Aneerfdt1k 
f2=1AneeridO; 
f=ff1+f2ia

% feest s g ia e  p ro g am

omega = 2*pi*1:

A=[sifamega*D cosfomega*t) onesOength(t),1)l; %fam matrix A 
B=A\y1; %fcid coefficient B

y_new=A*B;
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ptotityl, Y,ty_new/i/)flrit

a=BCIk b=Bf2h c=B(3); %y=asin(oniega I) + b coslomega t) + c
Arrp=sqrt(a''2+b'2);

ph'̂ aBnflVa);
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