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The solution approach used will be called the "backward" approach 

and this will be the subject of the next section. The steady-state FRFs 

to be used in the analysis were obtained by introducing iw into equa-

tions 5.1 and 5.9-5.25. The FRFs are listed in Appendix D. Figure 

5.6 is a simplified block diagram summarizing the (steady-state) FRFs. 

5.3.4 Basic philosophy of the IIbackwardll approach 

The "backwardll approach is based on an understanding of how the 

exciter system works. Based on this understanding [5.6, 5.15], it is 

postulated that the exciter will deliver whatever output force level is 

required as long as none of the exciter limits is exceeded. If any 

exciter limit is exceeded, the limiting value determines the value of 

the output force level. 

The claim that the exciter will deliver the required output force 

(fq) when no limit is exceeded assumes that the steady state (uninte­

grated) error is zero. If the steady-state error were not zero, the 

desired force level would not be obtained because the DC reference 

voltage level £ was preset to give the desired force level when the 

error signal is zero. Justifications for claiming zero steady-state 

error when no limit is exceeded are discussed next. 

A system with one integration (at the origin) in the forward 

loop is called a type 1 system [5.53]. For type 1 systems, the steady­

state error for a step function input is zero [5.53]. Since the 

exciter is a type 1 system, its steady-state error for a step function 

input (i.e., £, the DC reference voltage level) is zero. Since a 

sinusoid is involved in the system (that is, a portion of the block 
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diagram involves DC signals and the rest is AC), one needs to be 

careful in applying the preceding conclusion about zero steady-state 

error to the exciter. Steady-state errors defined for inputs like 

steps are mean-ingless for sinusoidal inputs [5.54J. This conclusion is 

applicable to the exciter system since the sinusoidal signal could be 

regarded as the input. In this case, the reference DC voltage is 

turned on before the sinusoidal signal. If the sinusoidal signal is 

not regarded as the input signal, a derivation of the error signal will 

still be helpful because the exciter system appears different from 

systems used in classical error analysis. An approximate equation for 

the error was derived and is presented in Appendix C. It considers all 

the components in the closed loop and was found to be a first order 

ordinary differential equation for any load. Thus, the error decays 

exponentially with time to zero. 

Thus the fundamental postulate for the IIbackward" approach is valid. 

Furthermore, the exciter is a system with feedback. As long as the 

limits are not exceeded, or the system does not become unstable, the 

system will generate the desired force level at steady state. Finally, 

the postulate is based on current understanding of the theory of opera­

tion of hydraulic exciters [5.6, 5.15]. The "backward ll approach 

accounts for all the major influences affecting the response of an ideal 

system as listed by Unholtz [5.6], and accounts for some secondary 

influences. When secondary factors such as secondary resonances, leak­

ages, and nonlinearities may significantly affect the response of the 

system, the results of a "backward ll approach analysis will have to be 

used with caution. If the theory of operation, as currently under-
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stood, is incorrect, the analysis will lead to results which will not 

check with experimental data. 

5.3.5 Procedure for the IIbackward" approach 

Only the (steady-state) FRFs of the exciter components in the 

forward loop are needed to implement the "backward" approach solution. 

For each frequency, the procedure is as follows: 

Step 1: Compute the value of VI ,guess required to give the desired 

force level, Fspec(2.00 x 103 lbf or 8896 N). Use the FRFs in the 

forward loop. Compare this "guess" value of VI with the limit value. 

If VI,guess ~ VI, max' then, the integrator voltage limit has not been 

exceeded, and the desired force level can be generated if the remain-

ing limits are not exceeded. If VI, guess> VI, max' the value of 

VI, guess is reset to VI, max' because VI, max is the maximum value 

of VI" Calculate the value of II fq II guess corresponding to the new 

value of VI, guess. 

Step 2: Using the appropriate FRFs, calculate II qL II guess using the 

value of VI, guess from step 1. Compare II qL II guess with Qmax and 

reset the values of V I, guess' II f q II guess' and II qL II guess if 

/I qL II guess > Qmax· 

Step 3: Applying the same procedure used for qL in step 2 to the stroke 

II Ym - Uc II· It will be necessary to manipulate the FRFs to get an 

expression for II Ym - Uc " (see Appendix D). After calculating a 

\I Ym - Uc II guess us i ng 1\ qL II guess and \I f q II guess from step 2, 

reset V I, guess' II qL IIguess' II f q IIguess' and II Ym - Uc IIguess as needed. 



71 

The calculations for the exciter are complete. If fq IIguess in 

step 3 is the force generated by the exci ter, that ; s, II f q II. One has 

a set of values for the exciter variables such that the set of values is 

compatible with the systems dynamic and the constraint inequalities. 

More significantly, one has a scaling factor that can be used to deter­

mine (by scaling down) a corresponding value for the force, fs' at the 

point of excitation in the load structure. The scaling factor is the 

ratio of II fq I~uess in step 3 to the desired force level, Fspec. The 

scaling factor is not needed for the case of a simple load. For a 

complex load such as a drill pipe, the scaling factor will be used in 

multiplying the response obtained from an analysis using an ideal excite~ 

A detail which was not included in step 1 needs to be explained 

here. The load FRF is involved in the initial calculations (steps 1 and 

3). If a simple load were involved (for example, a pure spring), the 

appropriate load FRF (i.e., stiffness) would be used in the calculations 

in steps 1 and 3. 

If a complex load such as the drill pipe system is involved, then 

the load FRF is determined by the transfer matrix analysis where the 

forcing function (an ideal exciter) II fs II is located at the exciter 

location. II fs II is calculated using" fq II = 2.00 x 103 lb f (8896 N) 

and the equati on re 1 at i ng II f s II to II f q fI (see Append; x D). Once the 

load FRF is determined t the procedure is exactly the same as was the 

case for a simple load. After the overall load response scaling factor 

is obtained, the response (forces and displacements) at all points on 

the load structure can be obtained by multiplying the scaling factor by 

the response obtained from the transfer matrix analysis using an ideal 
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exciter. This means that the load response ;s obtained by IIscaling 

down (or Up)1I the response given by the ideal exciter. The "scaling 

down {or Up)1I ;s legitimate because the load ;s represented with a 

linear model. 

5.4 Results, Discussions, and Conclusions 

A computer program, XCITER, has been developed for implementing the 

IIbackward" approach and the listing is included as Appendix E. A numer­

ical example is worked out using the XCITER program and the data for the 

XCITE 1200-2 inertial mass exciter [5.10,5.16,5.17]. The results are 

discussed and validated by comparison with experimental data and by 

estimating some system parameters using a pseudo-eigenanalysis. 

5.4.1 Data for XCITE 1200-2 inertial mass exciter 

The numerical data employed in the analysis are summarized in 

Table 5.1. 

There is some uncertainty in some values used. For example, the 

mass of the cylinder casing and attached base plate was est'imated from 

the total mass and the moving mass. 

The stroke limit was listed as 2.00 in. (5.08'x 10-2 m). On con­

sulting with the manufacturer [5.13], it was determined that there is a 

compensator circuit used to ensure that this limit is never reached. A 

value for the stroke limit was selected by a simple analysis (see section 

5.3, IISo1ution Approach Selected ll
). Thus, the value used, attempted to 

take into account the effect of the compensator circuit. The analysis 

was as follows. In the stroke-controlled region of the performance 



73 

Table 5. 1 Data for XCITE 1200-2 Used in Analysis 
(* is used to denote items for which convenient values were 
selected because the data was not available in most cases.) 

Weight of moving mass, mg 
Effective cross-sectional area of 
cylinder piston, A 
Weight of cylinder casing and attached 
base plate, mcg 
Effective bulk modulus of hydraulic 
fl ui d, l3e 
Servova1ve transfer function, qo/iv 

where 

268. 1bf (1.19 kN) 

0.982 in. 2(6.335 x 10-4 m2) 

432. lbf (1.92 kN) 

2.00 x 105 psi (1.38 GPa) 

kv 

1 - (~)2 + 2 it; ~ 
Wv v Wv 

2.4 x 103 in. 3/(sec.A) (3.93 x 

10-2 m3/(s.A» 
Wv 238.89 Hz 

t;v 0.71 

Servova1ve coil resistance, R 
Servovalve coil self inductance, L 

[5.28] 5000. Ohm 

*Power amplifier gain, Gp 
*Multiplier gain, Gm 
Amplitude/of oscillator voltage, Vo 
Maximum output force generated in the 
cylinder, Fspec 

*Maximum valve flow, Q max 

*Stroke limit, SL 
*Maximum output voltage of the 

integrator, VI a , m x 

2.6 H 
5.00 
0.10 
1.414 V 

2.00 x 103 lbf (8896 N) 

21.175 in.~sec or 5.500 gpm 
(3.468 x 103 m3/sec) 
0.30 in. (7.62 x 10-3 m) 

10.0 V 
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curve of an inertial mass exciter with non-compliant load, 

where II Ym II is the stroke (zero peak) and harnlOni c mati on is assumed. 

Thus, 

Using the data from the performance curve of the XCITE 1200-2 for a 

noncompliant load [5.16J, and using m and A from Table 5.1, several 

values of II Ym II were calculated. For a frequency range of 5 to 9 Hz, 

II Ym II varied from 0.29 to 0.32 in. (7.37 x 10-3 to 8.13 x 10-3 m). 

Thus, for a first analysis, a value of 0.30 in. (7.62 x 10-3 m) was 

selected. Subsequent analysis should include the actual stroke limit 

circuit in the model. 

There were uncertainties about Qmax' the maximum valve flow. 

The rated flow for the servovalve used (MOOG 315020) is 15.4 in. 3/sec or 

4.000 gpm (2.524 x 10-4 m3/s). The exciter manufacturers said that 

flows of up to 26.18 in. 3/sec or 6.800 gpm (4.288 x 10-4 m3/s) were 

observed [5.l3J. A calculation similar to the calculation used to 

estimate SL was also used to estimate Qmax. That is, 

• 1\ qL II 
" f q II = mw II Ym 1/ = mw A 

Therefore, in the flow-controlled region of the performance curve, 

A 1/ f 9 II 
II qL II = Qmax = mw 
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Using data from the experimental performance curve at 15 Hz and the 

data from Table 5.1, one gets Qmax = 21.032 in.1sec or 5.463 gpm 

(3.447 x 10-4 m3/s). Thus, a value of 21.175 in.1sec or 5.500 gpm 

(3.470 x 10-4 m3/sec) was selected for a first analysis. 

10.OV was selected for the maximum value of the integrator 

voltage because this is a typical value for operational amplifier 

voltages. For the same reason, a gain of 0.1 was chosen for the 

multiplier gain. 

The parameters for the servovalve FRF were obtained by curve­

fitting a curve supplied by Moog [5.28J. The curves supplied by Moog 

were typical curves for standard Type 30 servovalves. The 

exciter servovalve is a Type 30 servovalve. Moog also provided 

values for Wv and Sv for an equivalent second-order system [5.28, 

5.29J. The curve for the equivalent system had a slope of -2 at 

frequencies higher than 200 Hz while the curve for a typical system 

had a slope of about -1 [5.28J. This showed that the typical curve 

approximates a first-order system at high frequencies. A first-order 

approximation [5.28J had a break point which was much lower than the 

break point for a typical response curve. Thus, one may conclude that 

the typical response curve may be better approximated with a first­

order system athigh frequencies and a second~order curve at low 

frequencies. Higher-order equivalent systems, or a second-order equiva-

lent system with both structural and viscous damping may yield better 

fits. 

A more convenient choice was a second-order equivalent system 

with large damping. Close to the servovalve natural frequency,wv' 
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this choice leads to amplitudes which are smaller than the amplitudes 

of a typical response curve. The high frequency slope is not consider­

ably different from the corresponding slope of the typical curve. 

This choice is suitable for the exciter response analysis because it 

is important to simulate accurately the slope of the servovalve 

response curve at high frequencies; the servovalve is a dominant exciter 

component at high frequencies. Therefore, a second-order equivalent 

system with a natural frequency of 238.89 Hz and a damping ratio of 

0.71 was selected for the analysis. Moog's typical curves cover the 

frequency range of 1 to about 350 Hz. Therefore, response analysis 

outside this range should be used with care. 

The values of various parameters selected here were considered 

adequate for a first analysis. Subsequent analyses should seek more 

reliable values for the parameters. 

The results of an analysis using the data will be discussed 

next. 

5.4.2 Results 

Using the IIbackward" approach and the data listed in Table 5.1, 

one gets the results given as Figures 5.7 to 5.16. 

Several conclusions are evident from the curves. First, the 

results for an exciter with a stiff load will be discussed. 
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5.4.2.1 Exciter with stiff load structure 

For a very stiff load, the theoretical performance curve coincides 

with the experimental curve up to a frequency of about 200 Hz (Figure 

5.7). Beyond 200 Hz, the theoretical curve under-predicts the force 

generated and has a steeper slope than the experimental curve. Before 

examining the discrepancy between the experimental and theoretical 

curves at high frequencies, the main features of the performance curve 

will be discussed. 

The main regions of the performance curve for a very stiff load 

can easily be identified in Figure 5.8. The theoretical performance 

curve has four main regions. Figure 5.7 and [5.6, 5.13] show that the 

experimental performance curve also has four main regions as discussed 

in Section 5.1. The main regions of the experimental and theoretical 

curves will be examined on the basis of the current theory of linear 

and inertial mass exciters as given in Section 5.1. 

Now, examining Figure 5.8 from left to right [5.6, 5.l3J, the 

first straight-line region of the theoretical curve (1 to 11 Hz) is the 

region controlled by the stroke limit of the cylinder piston. The 

piston oscillates at its maximum displacement relative to the cylinder 

casing. Other exciter components having limits saturate, but the 

stroke limit is the limit which determines the exciter output force 

in the lowest frequency region. Figure 5.7 shows that there is good 

agreement between the experimental and theoretical curves in this region. 

The second region of the theoretical curve shown in Figure 5.8 

is the region controlled by the flow limit of the servovalve. There 

is good agreement between the experimental and theoretical curves in 
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this region (Figure 5.7). In the following paragraphs, the third, 

the fourth, and the fifth regions will be discussed together. 

In the third region of the theoretical curve (21 to 202 Hz), 

no saturation occurs. Therefore, the controlling parameter is Fspec ' 

the rated force level, and the exciter generates the desired force 

level. The third region of the experimental and theoretical curves 

ends at about 200 Hz. According to Unholtz [5.6], this region ends at 

some frequency beyond wh' the hydraulic natural frequency (oil column 

resonance). The hydraulic natural frequency is due to the interaction 

of the moving mass and the "fluid springs" in the hydraulic cylinder. 

The equation forwh is [5.6, 5.20] 

wh = Ifi 

k = h 

(5.26a) 

(5.26b) 

where kh = stiffness of the ufluid springs. II Using the data in Table 

5.1, one finds that the value of wh is 120 Hz. Since the third break 

point occurs at 202 Hz, a value of 120 Hz for wh is consistent with 

Unholtz·s claim that the third break point would be at some frequency 

beyond who 

Beyond the third break point, the theoretical curve under­

predicts the force level. The fourth region has a steeper slope. The 

servovalve flow limit is not exceeded in the fourth region. Unholtz 

[5.6] had stated that the flow limit would be exceeded in this region. 

Several factors are considered responsible for these discrepancies. 
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There is a consensus in the literature on the general pattern 

of the fourth and fifth regions. The fourth and fifth regions of the 

XCITE 1200-2 performance curve have respectively slopes of about -2 

and -4 [5.16J. MTS INERTIA DYNE® inertial mass exciters have slopes 

of about -2.4 in the fourth regions and have no fifth regions [5.11]. 

The typical performance curve given by Unholtz [5.6] for a linear 

exciter with a pure mass load has respectively slopes of -2 and -4 in 

the fourth and fifth regions. A similar exciter, the lSI servo-

hydraulic vibrator, has a slope of -2 in the fourth region and has no 

fifth region [5.52]. The theoretical performance (Figure 5.8) curve 

has a slope of -3.7 between 200 and 400 Hz and -4.0 between 400 Hz and 

500 Hz. The consensus is a fourth region with a slope of -2 and a fifth 

region with a slope of -4. The slope of the fifth region of theoretical 

curve is the same as the slope of the fifth region of the experimental 

curve. The fourth region of the theoretical curve is steeper than the 

fourth region of the experimental curve. The factors and controlling 

limits which determine the slopes and the break frequencies are 

responsible for the discrepancy. 

Very little information was found in the literature on the 

controlling limits for the fourth and fifth regions since most of the 

researchers considered only the first three regions. Unholtz [5.6] 

stated that the controlling limit for the third break frequency and the 

fourth region was the servovalve flow limit. Within the frequency range 

where the third break frequency occurred, Unholtz explained that the 

actual limit variable was the displacement of the pilot spool of the 

servovalve. According to Unholtz, the fourth break frequency was 
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determined by the second break frequency of the servovalve. One should 

note that Qrnax would be the controlling limit for the third break 

frequency and the fourth region if the fourth region started in the 

flat portion of the servovalve response curve. In this region, the 

displacement of the pilot spool is not exceeded. 

In the present case, the controlling limits were deduced from 

[5.13], drawing supplementary material from Unholtz's theory. Beyond 

the hydraulic natural frequency (that is, 120 Hz), increasing values of 

qL' the servovalve flow rate, areneeded to maintain a constant force 

level. This is because of the increasing significance of the fluid 

compressibility. Increasing values of iv' the input current to the 

servovalve, vp' input voltage to the servovalve (power amplifier output 

voltage), and VI' the integrator output voltage are also needed. 

Further increases in the values of qL' iv' vp' and VI are needed 

because the servovalve FRF drops off with a slope of -2. At some 

frequency beyond wh' one of the limits is exceeded. This establishes 

the third break frequency and the fourth region. 

It is unclear which limit is exceeded first. The values of the 

limit values are uncertain. The displacement of the pilot spool of the 

servovalve was the controlling limit in Unholtz's example. In some 

exciters such as the XCITE 1200-2 inertial mass exciters and linear 

exciters with inertial back-up, the servovalve may be overdriven, 

that is, input voltages greater than the DC requirements of the coils 

may be employed [5.5,5.13]. This is feasible since both exciters 

involve MOOG 31 servovalves. For these servovalves, I'triple rated 

current can be supplied indefinitely with no damage to the servovalve" 
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[5.29]. Bell and Dolbey used "voltage forcing," that is, the drive 

amplifier had lIan output swing of +lOOV which ;s twenty times greater 

than the DC requirement of the coils" [5.5]. When voltage forcing 

was employed, the frequency response of the servovalve coil current to 

the input signal stayed flat beyond 500 Hz. 

If the servovalve is overdriven, and if iv, max' the servovalve 

rated current is not exceeded and remains flat, the controlling limit 

for the third break frequency and the fourth region ;s iv, max' The 

slope of the performance curve becomes -2 if the servovalve response 

approximates a first order model, and -3 if a second order model. The 

derivation used to compute these slopes is in Appendix F. Qmax 

could have been the controlling variable. In this case, the servovalve 

response curve would have a flat portion and the fourth region would 

start in the flat portion. This is unlikely in the XCITE 1200-2 since 

the use of Qrnax as the controlling limit for the fourth region yields 

a fourth region having a slope of -1. (Appendix F). 

vp or VI are probably the controlling limit variables for the 

fourth break frequency and the fifth region of the performance curve. 

Thi s break frequency occurs ina manner ana 1 ogous to the thi rd break 

frequency. This break frequency is determined by the interaction of the 

drop-off due to the servovalve coil response and controlling limit 

variable. In effect, the servovalve response has a cumulative slope 

of -4 beyond the fourth break frequency. This includes a slope of -1 

for the servovalve coil response which had been flat at lower frequencies. 

Thus, the slope of the performance curve in the fifth region is -4 

(Appendix F). 
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The factors determining the higher frequency break frequencies 

and regions have been discussed. The controlling limits depend on the 

servovalve employed and the hydraulic natural frequency. The controlling 

variables for the XCITE 1200-2 were deduced and the uncertainties 

explained. In the example problem presented here, Qmax and VI, max 

were the controlling limits. Further work should determine correct 

values for Qmax' VI, max' vp, max' and iv, max' and include these 

values in the computer program. 

Thus, a probable reason for the discrepancy between the slopes of 

the theoretical and experimental curves in the fourth region is an 

incorrect controlling limit for the fourth region. The correct limit 

is not yet known. Other reasons for the discrepancy will be discussed 

next. 

First, there is some uncertainty about the value of the effective 

bulk modulus, Se' used. Values reported or recommended in the 

literature vary from 1.0 x 105 to 2.7 x 105 psi (6.89 x 102 MPa to 1.86 

GPa) [5.14, 5.15, 5.55, 5.56]. Merrit [5.55] recommends the use of 

1.0 x 105 psi (6.89 x 102 MPa) but reports a value of 2.7 x 105 psi 

(1.86 GPa) for MIl-H-5606B hydraulic fluid, a hydraulic fluid for the 

inertial mass exciter [5.16]. Merritt's curve [5.55] for MIL-H-5606B 

hydraulic fluid gives a value of about 2.1 x 105 psi (1.45 GPa) for 

a temperature range of 100 to 200°F (38 to 93 C). The maximum tempera­

ture specified for the exciter hydraulic fluid is 160°F (71 C). 

Merritt [5.55] records an average value for petroleum based fluids of 

2.2 x 105 psi (1.52 GPa). The other references use other values. 

Thus, the choice of 2.0 x 105 psi (1.38 GPa) is an adequate choice 
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considering the uncertainties. Also, Merritt [5.57] explains that 

IITypica11y, the computed values of wh are some 40% or so higher than 

measured values. II ~1erritt states that "it is difficult to determine 

values for the effective bulk modulus and it is reasonable to assume 

that this quantity is the source of the discrepancy,1I that is the 

discrepancy between measured and computed values of who The effective 

bulk modulus is one of the variables called IIsoft" quantities in 

hydraulic controls. According to Merritt [5.58], a IIsoft quantity is 

one whose value can, at best, be pinned down to a possible range of 

values. A soft quantity is unreliable, nebulous, and a function of 

variables not easily known or controlled. II Clearly, there is consider-

able uncertainty in the value of Be used. While a value of Be = 2.0 

x 105 psi (1.38 GPa) yielded wh = 120.0 Hz, a value of Be = 1.0 x 105 

psi (6.89 x 102 MPa) yielded wh = 84.7 Hz. Since wh depends on Be' the 

computed value of wh is uncertain. More significantly, the value of 

Be has an effect on the value of servovalve flow beyond WhO According 

to Unholtz [5.6J, above wh !Ian increase in fluid flow from the valve 

is necessary to make up for the reduction in actuator shaft [i.e. 

cyl-inder pistonJ motion due to fluid compression. II S-ince additional 

flow ;s demanded for making up for the volume decrease due to fluid 

compression, the servovalve flow limit ;s reached at some frequency 

beyond who Too high a value for Be would lead to high value for Who 

and not enough volume decrease due to fluid compression to yield the 

servovalve flow limit. 

Another factor responsible for the discrepancy between the 

experimental and the theoretical performance curve is VI, max' the 
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voltage limit of the integrator. The value of 10.0 V was selected 

because this was a typical value for operational amplifier voltages. 

Since the third break point depends on the value of VI, max' one would 

expect inaccuracies in the value of the third break point if the 

selected value of VI, max is inaccurate. The value of VI, max also 

determines whether the servovalve flow capacity would be exceeded 

beyond the third break point. The model presented here does not yield 

saturation values for the servovalve flow beyond the third break point. 

Only limit values for VI, max are obtained. Limit values for the servo­

valve flow were obtained in a trial run where the servovalve flow limit 

was arbitrarily lowered to 8.000 in.1sec or 2.078 gpm (1.311 x 10-4 

m3/s), the integrator voltage limit, VI x' arbitrarily raised to 20 V , rna 

and kp given a value of 3.50x 10-3 in.1(lbfoseC)(8032X lO-12m3/(Pa.s)). 

A third factor contributing to the discrepancy between the 

experimental and theoretical curves is kp' the flow-pressure coefficient 

defined in equation 5.6c. kp directly affects the damping ratio of 

the servovalve-piston combination [5.26J. Figure 5.8 and the other 

figures were generated using a zero value for kp. kp is also one of the 

factors which controls the value of the third break point. By trying 

several values of kp' it was determined that the third break point 

could be altered significantly through such changes in kp. The 

curve around the break points becomes more rounded as the value of kp 

is increased, and the theoretical curve looks more like the experi-

mental curve. 

A fourth factor contributing to the discrepancy is the servovalve 

FRF. The slope of the servovalve FRF contributes to the slope of the 
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fourth region of the performance curve [5.6, 5.13]. The servovalve 

FRF used in the present work is a curve fit of a typical curve for a 25% 

rated servovalve, that is, the curve associated with a servovalve driven 

with 25% of the rated current, or 25% of 10.0 rnA [5.29]. The corres­

ponding servovalve flow is 6.800 gpm or 26.18 in.fsec (4.288 x 10-4 

m3/s) at 3.0 x 103 psi (21.0 MPa). The flat portion of the curve fit 

ends at about 80 Hz. The flat portion of a 100% rated servovalve ends 

at about 30 Hz [5.29]. Thus, the response of the servovalve having 

a higher rating degrades at a lower frequency. The servovalve having 

a higher rating would demand larger valves of qL' iv' vp,and VI' If 

a servovalve having a higher rating had been used in the analysis, it 

would have been more likely that the limiting values of qL or iv would 

be exceeded in the fourth region. This would give a correct slope in 

the fourth region. A servovalve with a higher rating would be a better 

choice if the servovalve is overdriven in the fourth region. 

The last factor which could have led to the discrepancies is the 

servovalve flow limit. Moog's catalog states that the rated flow when 

no load is being driven is 26.18 in.1sec or 6.800 gpm (4.288 x 10-4 

m3/s). This corresponds to 3.00 x 103 psi (21.0 MPa) supply pressure. 

For 1.00 x 103 psi (6.99 MPa) valve drop, the rated flow is 15.4 in.~sec 

or 4.000 gpm (2.524 x 10-4 m3/s). A median value of 21.175 in.7sec 

or 5.500 gpm (3.470 x 10-4 m3/s) was used. The decrease in the value 

of the maximum flow with pressure drop suggests that the servovalve 

flow limit in the fourth region ;s much less than the limit in the 

second region, for example, where lower pressure drops are involved. 

This may be one reason why the flow limit was not exceeded in the fourth 
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region when a large value was used for the flow limit. 

I n any case, the servova 1 ve FRF obtained from ~100g covers on 1 y 

the frequency range up to about 300 Hz. Beyond this frequency, extrapo­

lated data was used. The experimental performance curve for the XCITE 

1200-2 covers only the frequency range up to 500 Hz. The theoretical 

curve duplicated the experimental curve up to about 200 Hz, and under­

predicted from about 200 Hz to 500 Hz. From 300 Hz to 500 Hz, the 

servovalve FRF used was an extrapolation and the theoretical performance 

curve was extended beyond 500 Hz because the frequency range of interest 

in the RVD application is 1 to 1000 Hz. Considering these items, 

the theoretical curve ;s an adequate representation of the performance 

of an XCITE 1200 with a noncompliant load. Moreover, predictions 

above 200 Hz will be under-estimates of the delivered force. This 

is desired since in an initial design stage one does not wish to be 

overly optimistic about the proposed system capabilities. 

5.4.2.2 Summary of discussion for exciter with stiff load structure 

A theoretical performance curve for an exciter with a stiff load 

was obtained by solving the exciter equations using the "backward ll 

approach. Good agreement between the theoretical and the experimental 

curves was obtained by selecting exciter parameter values when the 

values were either not available or when there were several published 

values. Beyond 200 Hz, there is some discrepancy between the experi­

mental and theoretical curves primarily due to uncertainty in the 

value of the effective bulk modulus, ~e' and due to the use of a zero 

value for kp' the flow pressure coefficient. Inaccuracies at high 
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frequencies in the servovalve FRF used also contributed to the discrep­

ancy. Very little has been reported in the literature about the 

performance of exciters at high frequencies, that is, beyond the third 

break poi nt. For examp'l e, a recent work [5. l5J on the control of 

multi-head shaking tables (linear exciter with a pure mass load) 

considered only the first three limiting variables: stroke, flow and 

rated force. Thus, the predictions of the analysis beyond the third 

break point are valuable for a qualitative understanding of the 

exciter performance. The significance of the results discussed is 

that one has an exciter model which duplicates fairly accurately the 

experimental performance curve which was determined for a noncompliant 

load. Thus, the model may be used to study the response of the exciter 

with a compliant load with appropriate considerations included for the 

casing motion. 

Before considering compliant loads, it might be useful to 

recapitulate the objectives of this work because the detailed discussion 

of some aspects of the dynamics of the hydraulics control system might 

have obscured these objectives. The primary objective of this chapter 

is to develop a design model for an electrohydraulic inertial mass ex­

citer which has force and power limits. The model takes into account 

the interaction between the exciter and the load structure. The load 

structure will be compliant and may have distributed inertia, damping, 

and compliance properties. Thus, the intent of the work has not been 

a detailed analysis of the electronics of the exciter, as has been 

demonstrated in the preceding. If useful results are found in 

connection with the exciter system, these would be discussed. 
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Nevertheless, the main intent is a design model, emphasizing the 

dynamics of the mechanical components of the exciter-load system. 

In the next section, the response of the inertial mass exciter with 

compliant load will be considered. 

5.4.2.3 Exciter with compliant load structure 

Figures 5.8 and 5.12 are theoretical performance curves for 

several values of the compliant load. The load is a simple spring. 

The general pattern of the curves is similar to the curve for the 

stiff load. The primary difference is the presence of a Ildipll which 

is an indication of a resonance frequency of the moving mass IIbouncingll 

on the series IIfluid spring ll and the load spring. 

The resonance frequencies of a system consisting of the moving 

mass, the mass of the casing and base plate, the IIfluid springll,and 

the load spring (Figure 5.17) were estimated by applying a pseudo­

eigenvalue analysis to the equations for the cylinder (Appendix F). 

One of these resonance frequencies, wh2 ' coincides with wh when the 

spring load is stiff. The other resonance frequency, wh2' coincides 

with the IIdipll in the perfonnance curve. The equations for whl and wh2 

are given below because they will aid exciter designers and users in 

predicting frequencies at which the performance of an inertial mass 

exciter would degrade severely when the load structure is compliant. 

The equations are 

(5.27) 
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m 

Fig. 5.17 Mechanical Analog for the System 
Consisting of the Hydraulic Cylinder, 
Moving Mass, and Load Structure. 
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For a compliant structure, kh is much larger than kL. For example, 

kh = 3.93 x 105 lbf/in. (68.8 MN/m) for Be = 2.0 x 105 psi (1.38 GPa). 

Clearly, kh » kL for compliant structures having kL = 2.00 x 103 lbf/in. 

(3.50 x 102 kN/m). For a compliant structure, an approximate value of 

wh2 may be obtained by applying kh » kL to the eigenvalue problem 

(Appendix F). This yields the formula 

(5.28) 

which defines where the udip" in the performance curve starts. For 

kL = 2.00 x 103 lbf/in. (3.50 x 102 kN/m) , the "dip" starts at about 

6 Hz (Figure 5.12) as predicted by equation 5.28. The value of mc 

used was determined by subtracting the weight of the moving mass, m, 

from the total mass of the exciter head. If an exciter vendor employs 

this formula, a better estimate of mc should be used. The user should 

remember that mc is an equivalent mass for the mass of the casing, the 

base plate, and the load, if any. Further discussion of these as we1l 

as the derivation of the mechanical analog and the pseudo-eigenanalysis 

are given ;n Appendix F. The significant point is that one has 

an accurate formula -and an approx"imate fonnula for predicting the 

frequency where the exciter response degrades when the load structure 

is compliant. 

The hydraulic natural frequency, wh or whl' remains essentially 

the same for various values of kL' because wh is essentially a function 

of kh and m, even for compliant structures. For highly compliant 

loads, the effect of mc may become noticeable because wh is given by 
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(5.29) 

Equation 5.29 was determined in the same manner as equation 5.28, 

assuming kh »kL· Since wh has a significant effect on the third 

break point, it is not surprising that the value of the third break 

point is essentially invariant with changes in the value of kL' as is 

who 

Incidentally, the value of wh calculated using equation 5.26a 

is the lowest natural frequency because the value of kh was determined 

assuming that the cylinder piston is centered [5.59]. According to 

Merritt [5.59], liAs the piston moves to either end of its stroke, the 

spring rate of the smaller volume" on a side of the piston IIdominates 

and the natural frequency is increased. 1I The hydraulic cylinder 

is thus a system involving time-varying stiffnesses even at steady 

state. Inclusion of time-varying stiffnesses leads to differential 

equations with periodic coefficients [5.60]. The equations will be 

like equations which have arisen in the analysis of gear teeth, and 

which have been solved using a transfer matrix method [5.60]. The 

major result is the fact that multiple frequencies are involved. 

The values of wh in the present work are conservative since the lowest 

natural frequency is computed. Future work should attempt to 

incorporate the time-varying stiffnesses. Since the present work is 

amenable to transfer matrix analysis (Chapter 6), inclusion of time­

varying fluid stiffness will be feasible using Da\'Is' multi-frequency 

transfer matrix approach [5.60]. 
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The "dip" frequency has been related to the load and exciter 

characteristics in equations 5.27 and 5.28. Figures 5.9-5.13 and 5.15 

show that, as the load stiffness is decreased, the frequency at which 

the "dip" occurs decreases. This is consistent with the results of 

the pseudo-eigenana1ysis and the formula for predicting the IIdip" 

frequencies (equation 5.28). 

With decreasing load stiffness, the force generated in the hydrau­

lic cylinder and the actual force in the test structure decrease. 

Beyond wh2' a resonance frequency of the mechanical portion of the 

exciter interacting with the load structure, a significant portion of 

the force generated in the cylinder is used up in shaking the exciter 

head casing (cylinder casing) and the base plate. This suggests that 

an inertial mass exciter would be inadequate for testing or driving 

a flexible structure over a wide frequency range if a constant force 

level is required. One wonders whether the feedback signal used in 

the exciter control loop should not have been the force in the load 

structure, fs' and not the force generated in the cylinder, fq. 

For example, Figure 5.11 show that fs falls off rapidly beyond about 

15 Hz. Since the feedback signal is fq' the exciter "thinksll that 

the force level is adequate because fq does not falloff. This means 

that the control components of the exciter would not sense and correct 

the drop in the level of the force at the excitation point. If f5 

had been fed back, from a point below the casing, this inaccuracy 

would have been corrected. 

The difference between magnitudes of fs and fq beyond the "dip" 

frequency is due to the mass mc' For a noncompliant load, mc would 
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make no difference. For flexible loads, mc leads to significant 

differences between fq and f s ' Two profitable ways to handle this 

situation are as follows. One may use fs as the feedback signal, as 

already suggested. Next, one could reduce the value of mc ' if fq is 

to remain the feedback signal. Even with a large value of mc ' the 

present exciter configuration (i.e. fq as feedback signal) has 

great potential in at least one class of flexible load applications. 

Since the force developed in the load structure close to resonance is 

high, it appears as if an inertial mass exciter would be an excellent 

tool for applications requiring only operation at or near resonance, 

if the structure ;s flexible. The results in Chapter 6 will give more 

definitive data concerning this potential use. 

5.4.2.4 Simple formulas for constructing performance curves 

The study of the response of inertial mass and linear exciters 

has shown that it is possible to derive simple relationships for the 

major regions of the performance curve. Future work should attempt to 

derive these relationships. 

Preliminary derivations are included in Appendix F and 

the simple formulas are summarized as Table 5.2. Table 5.2 is 

applicable to inertial mass exciters and linear exciters with mass 

load and noncompliant back-up structures. Some formulas for compliant 

load and back-up structures are included in Appendix F. 

For noncompliant load or back-up structures at frequencies less 

than wh' the exciter is equivalent to mass m driven by a force fq 

(Figure F.3). For frequencies beyond wh' the exciter is equivalent 
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Table 5.2 Simple Formulas for Constructing Exciter Performance Curves 

Region 
(And 
Controlling 
Limit) 

1 
(SL) 

wb1 = 

2 
(Qmax) 

wb2 = 

3 
(Fspec) 

wb3 ;;; 

m SL W 
2 

Qmax 
A SL 

m Qmax 
A w 

A Fspec 
m Qmax 

Fspec 

[ kh ky w/ i y, 

A Fs ec 

mw kh 
II 2 

A{kh - mw ) 

II f q II 

max J 1/3 

" iv, max 

Slope of 
log II f Q II 

versus 
log w 

+2 

+1 

o 

-3 
(-2 for 
a first 
order 

servovalve 
FRF 

[ 2 _ R2 i 2 ]1/2 
vp, max v, max (If v is con-

p, max 

II __ m_w _k_h --=-­

A(kh - mw2) 

trolling limit for 
region 5) 

1 
i wL + R II v p ,max -4 
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Table 5.2 (continued) 

1 
iwL + R 

-4 
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to a two degrees of freedom system comprising masses m and m , and the 
c 

springs (Figure 5.17 or F.3). The straight-line asymptotes for the 

regions of the performance curve were derived using the one degree 

or two degrees of freedom models and the controlling limits for the 

regions. 

One notices that the straight-line asymptotes (log-log plot) in 

Table 5.2 have slopes consistent with experimental data. One may 

sketch a performance curve from the asymptotes and break frequencies. 

For example, the fourth region may be constructed in the following 

way [5.52]. Locate wh and Wv (hydraulic and servovalve natural 

frequencies) on the asymptote for the second region. At wh' draw a 

-20 dB/decade line until Wv is reached. Then, increase the slope to 

-40 dB/decade. This line is the asymptote for the fourth region. 

The sketching of a performance curve for exciters with compliant 

load or back-up structure is complicated by the presence of the "dip" 

frequency. The regions of the performance curve are not as well defined 

close to the "dip" frequency. Further work is needed in constructing 

the performance curve when the load or back-up structure is compliant. 

For compliant and noncompliant load or back-up structures, the 

formulas were derived for kp = O. kp has significant effect at 

frequencies beyond wh for compliant load or back-up structures. For 

this case, the formulas will need to be re-derived and kp included. 

Finally, load damping was not considered but will not alter 

the results significantly unless excessive damping is involved. The 

analysis in Chpater 6 allows for load damping. 
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5.4.2.5 Linearized analysis of vibrating systems with limited power 

supply 

The "backward" approach has provided a means for accounting for 

the interaction of a source of vibrational energy and the load structure 

being vibrated. 

Kononenko, in his book on vibrating systems with limited power 

supply [5.61J, explains that the "motion of an oscillating system 

under the action of such an energy source [that is, an energy source 

of limited power] is accompanied by interaction between the energy 

source and the system." Continuing, Kononenko states: 

"This fact invalidates the traditional formulations of 
the theory of oscillations where only the action of the 
energy source on the oscillating system is concerned and 
any possible influence of the oscillating system on the 
energy source is disregarded. An alternative formulation 
of the problem is required, which not only takes account 
of the influence of the source of energy on the system but 
also considers the reciprocal influence of the system on 
the source of energy. 

If an oscillating system is subject to such a limited 
excitation source the system characteristics may be 
affected. Strictly speaking, the characteristics of the 
system become dependent on the properties of the energy 
source. II 

Traditional formulations of the theory vibrations have been able 

to yield useful results without considering the effect of the energy 

source on the structure. Some nonlinear analysis which incorporate 

these effects are now available in the literature [5.61-5.63]. The 

analyses yield effects characteristic of nonlinear systems, effects 

such as instability at resonance. Analyses of this type are often 

complicated, and are seldom suitable as design tools. 
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A growing class of problems has emerged as a result of the 

artificial excitation of structures. In this class of problems, a 

limited power supply is involved, there is interaction between the 

energy source and the test structure, inspite of the fact that insta­

bility at resonance may not be an important concern. In this case, 

complex nonlinear analyses may not be necessary or convenient. 

The IIbackward" approach is \vell-suited for this class of 

problems. It provides a straight-forward tool which an average 

engineer can use to predict the interaction between a limited power 

supply exciter and the load structure. 

With regard to Zonic Technical Laboratories' inertial mass 

exciters, Russell [5.8] writes that the "only real limitation to 

inertial excitation is that the mass of the test structure be much 

larger than that of the exciter heads. (Loading can seriously affect 

data taken on structures where the exciter head mass is significant).11 

The "backward ll approach has provided a means for quantifying this 

clainl. The results of the present work show that the mass of the 

load is not the only factor that could degrade the performance of the 

energy source (exciter). The compliance of the test structure is an 

important factor. One can estimate the frequency at which the 

force degradation would occur, and can use the formulas for the IIdipll 

frequency to estimate the amount of stiffening or reduction in mass 

needed to move the Ildip" frequency out of the frequency range of 

interest. Potentially, one may use this approach to filter off the 

effect of mass loading of the exciter in test results. All that might 

be necessary would be to multiply the results by a scaling ratio such 
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as " fs II / II fq II. The preceding is another method for implementing 

the mass cancellation problem which Spectral Dynamics Corporation of 

San Diego attempted to solve electronically [5.64]. 

The "backward ll analysis is not limited to the analysis of "inertial 

mass exciters. The approach may be extended to any exciter system 

involving feedback. 

5.4.3 Conclusions 

1. A quasi-linear analysis of an inertial mass exciter with load and 

system constraints can be handled using the "backward ll approach. 

The theoretical results from the "backward ll approach and experi­

mental data check, when the exciter is acting on a stiff support. 

However, this is the only data available. The results for a stiff 

support and flexible loads are consistent with what is known about 

the response of inertial mass exciters. The results for compliant 

loads have not surprised the manufacturer. 

2. The IIbackward" approach has been shown to be a convenient and 

effective means for including both the interaction of the load 

and the exciter, and the effect of exciters with limited power 

supplies on the load structure. 

3. The "backward" approach could be used to incorporate more realistic 

forcing functions (that is, forcing functions with power supply 

limits and interaction with load) in the design and the analysis 

of vibrating systems. Classical vibration analysis assumes that 
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the structure being shaken by the exciter has no effect on the 

exciter and that the exciter has adequate power supply to provide 

the desired force level. This is not true in some important 

problems. 

4. It has been shown that an inertial mass exciter has the same 

mechanical response as a linear exciter with a pure mass load or 

an inertial back-up. Thus, the results of the present analysis 

are applicable to this class of linear exciters. Designers of 

linear exciters can gain valuable insights into profitable 

trade-offs that can be used. For example, trade-offs between 

allowing a large stroke limit (which degrades high frequency 

performance) and short strokes (which degrades low frequency 

performance). The effect of complex loads on a linear exciter 

response may be studied using the present model. 

5. The analysis presented in this section can provide inertial 

mass exciter vendors with frequencies at which to expect 

exciter performance to degrade when the test structure is 

flexible. The analysis agrees with and explains the observa­

tions by some exciter users that the exciter becomes 

incapable of generating the desired force levels when the 

test structure is flexible [5.13]. Exciter vendors could 

include plots like Figure 5.14 in the users' manual to help 

users applying the exciter to flexible loads. Equations 5.27 

and 5.28 are formulas for estimating the frequency at which 

the force level degradation due to load compliance will occur. 
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6. The model generated could be a useful tool for the design of 

inertial mass exciters to be used in shaking flexible loads. 

The results suggest that the use of the force fs in the 

structure at the point of excitation as the feedback signal 

may yield better performance than the use of fq' the force 

generated in the hydraulic cylinder, if the mass of the cylinder 

casing and base plates is not small. This is because fs is the 

force level that one would want to control and fs is signifi­

cantly different from fq when me is not small. As long as mc 

is not small, inertial mass exciters are inadequate for exciting 

flexible structures over a wide frequency range if a reasonably 

constant force level is desired. 

7. The model developed in this chapter can handle continuum loads 

as conveniently as simple loads. Since it is a quasi-linear 

model, it will be a convenient design and study tool for evaluating 

an electrohydraulically driven RVD system. 
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6. TRANSFER MATRIX ANALYSIS OFAN ELECTROHYDRAULICALLY DRIVEN RVD SYSTEM 

In Chapter 4, a continuum model for a RVD system driven with an 

ideal exciter was analyzed using transfer matrices. In Chapter 5, the 

procedure for analyzing a simple or complex structural system driven 

with a nonideal (real) exciter was developed and implemented. This 

procedure is that used to implement the transfer matrix analysis of a 

RVD system driven with a nonideal exciter. Therefore, this chapter will 

consist largely of results and discussions. 

In Append; x G, the "backward ll ana lysi s wi th a transfer matri x 

model of the structure is related to classical transfer matrix theory. 

This serves as a formal validation of this application of the "backward" 

analysis. Further insights on the effect of the motion of the loadstruc­

ture on the exciter response are gained by examining the elements of a 

transfer matrix for a nonideal exciter. 

6.1 Model Used and Implementation 

The procedure for implementing the "backward" analysis for a com­

plex structure was described in Chapter 5. In effect the problem had 

been reduced to the original case, a structural system driven with an 

ideal exciter. The overall system response is computed using the ideal 

exciter as the driver. Then, the internal exciter variables are calcu­

lated and the overall system response is scaled down (or up) if an 

exciter limit is exceeded. Scaling is legitimate since the model of 

the structure is linear. 
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The analysis was applied to the RVD system. The RVD configuration 

used has been described in Chapter 3 (Figure 3.1). The nonideal 

exciter driving the RVD system is the exciter studied in Chapter 5. 

The "backward" analysis with a transfer matrix model of the load 

structure is implemented by wedding the LSDVPI computer program with 

the XCITER program. LSDVPI was employed in Chapter 4. The XC ITER pro­

gram is introduced as a subroutine of LSDVPI. The XCITER is called by 

the main subroutine of LSDVPI. 

The LSDVPI program with the XCITER subroutine is verified by using 

a transfer matrix model for a pure spring load. The results are iden-

tical with the result for the XCITER program as shown in Chapter 5. 

The next section considers the results of the analysis of the RVD 

system with a nonideal exciter using the LSDVPI program with the XCITER 

subroutine. 

6.2 Results and Discussions 

The performance curve (log Ilfq II versus log w) for an electro­

hydraulic inertial mass exciter driving a RVD system is given in Figure 

6.1. Ilfsll!l the amplitude of the external force at the point of exci­

tation is graphed in Figure 6.2. 

The general pattern of the performance curve for the exciter 

driving an RVD system is similar to the curves for the exciter driving 

a compliant load. The primary difference is the occurrence of many "dips" 

in the former. The force level is maintained almost to the same degree 

as the case of a stiff load. The dips occur at higher frequencies, 
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just like the IIdips" in the less compliant loads in Chapter 5 (Figure 

5.9, for example). As far as I Ifql I is concerned, the exciter has good 

performance within its frequency range of operation. 

The plot (Figure 6.2) of I Ifsl I, the actual force generated at the 

point of excitation, shows much greater degradation of force level than 

the plot of Ilfqll. A large number of "dips" and IIbumps" may be seen on 

the plot of I Ifsl I. Away from the "dips," the force level is similar 

to the force level fo~ the less compliant structures, say, a structure 

with kL equal to 2.0 x 106 lbf/in. (3.50 x 102 MN/m) in Figure 5.9. This 

is not surprising considering the stiffness of the drill string. Using 

the displacement and force data generated in Chapter 4, the dynamic 

stiffness was found to be 1.239 x 105 lbf/in. (21.70 MN/m) at 38.4 Hz. 

This is an estimate of the minimum dynamic stiffness. 

The application of the exciter to a continuum structural load 

reveals an aspect of the exciter response which was not clear in the 

application of the exciter to a simple spring load (Chapter 5). The 

analysis in Chapter 5 showed that the exciter response degenerated the 

most for the most compliant spring load. kL' the stiffness of the load, 

is the ratio of the force at the excitation point and the displacement 

at the same point. For a pure spring load, a higher value for kL means 

a stiffer load. For a continuum structural load such as the drill 

pipes, a higher value of kL does not necessarily mean a stiffer load. 

In some cases, a higher value of kL means that the displacement of the 

excitation point is close to zero. This occurs in nodes of response 

where the excitation point is a node. That is, the excitation point is 
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stationary. Thus, kL is the stiffness of the load as seen at the point 

of excitation. 

This definition of kL suggests some measures for reducing the 

degradation of the exciter response in compliant loads. It is not 

necessary to stiffen the load to improve the performance. All that is 

necessary is the minimization of the displacement at the excitation 

point. For any narrow frequency range, one could locate the excitation 

point close to a node in the mode shape. This may not be possible for 

some applications where the excitation point is fixed or where a wide 

frequency of operation is required. In these cases, the exciter response 

may be improved by using the displacement at the excitation point as an 

additional feedback signal. The feedback will be used to minimize the 

value of the displacement at excitation point. Further discussions on 

this are included in Chapter 7. 

The general pattern of the cuvves for I Ifql I and I Ifsl I are con­

sistent with the performance of the exciter. This point was discussed 

;n Chapter 5. The results in this chapter give far more convincing 

evidence. Inertial mass exciters are used to shake utility towers 

[6.1] and other continuum structural members which have responses that 

are very similar to the drill string response. Since fq is the force 

monitored and fed back in the XCITE 1200-2, for example, one might 

think that the required force level is delivered over the operating 

range. However, a large number of "dips" and "bumpsll are found in the 

plot of the actual force delivered to a compliant structure. Most of 

these "dips" and "bumps" are not found in the plot of I Ifql I. Since 

Ilfqll and Ilfsll are very different, using Ilfqll as the feedback 
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signal for controlling I Ifsl I will yield incorrect values of I Ifsl I. It 

could also be desirable to move the IIdipsll and IIbumps" out of the fre­

quency range of operation. 

The presence of a large number of resonance frequencies suggest the 

need for an exciter design which accommodates the phase changes accom­

panying resonance. The present design of XCITE 1200-2 involves a 

compensator circuit for stroke limiting. The circuit does not sense 

the displacements of the load structure and the cylinder piston. Such 

designs were motivated by the initial applications of inertial mass 

exciters, that is, very large and noncompliant structures such as dams. 

The results of the present work show that current and potential appli­

cations call for a reconsideration of this design. Several re-design 

considerations were discussed in Chapter 5. Meanwhile, users should be 

warned of the fact that performance curves in manufacturer·s manuals 

and brochures are not strictly applicable to compliant load or test 

structures. 

Several resonance frequencies have been found within the operating 

range of the exciter. The hydraulic natural frequency (120 Hz) is not 

the lowest natural frequency ;n the system. Merritt [6.2] considered 

an electrohydraulic servosystem with a load having many degrees of 

freedom. Merritt states that structural resonances which are lower 

than the hydraulic natural frequency dominate the frequency response. 

However, Merritt gives an example where the hydraulic natural frequency 

dominates the frequency response, whether the structural resonances are 

lower or higher than the hydraulic natural frequency. In this example, 

the load structure may be omitted in the model for designing the 
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servosystem because system components with nondominating natural fre­

quencies may be omitted in hydraulic control theory. In the present 

work, the effect of the hydraulic natural frequency is not clear. Some 

of the structural resonances are higher than the hydraulic natural 

frequency and some are lower. In Chapter 5, the significance of the 

hydraulic natural frequency was discussed in detail. The system limits 

were the most dominating factors in the frequency response. The hydrau­

lic natural frequency had a secondary role. 

Several researchers studied complex models of oscillating systems 

with many degrees of freedom, interacting with a nonideal energy source. 

Kononenko [6.3] writes that the "interaction of a complex oscillating 

system with an energy source ;s most prominent near the natural fre­

quencies of the system. II Kononenko also states that, "in a "nonlinear 

system, active interaction may take place not only for the n-th sub­

harmonic but also for higher and fractional harmonic resonances. 1I The 

present work has identified resonance frequencies in the operating 

range of the exciter. Since the interaction of the load and the exciter 

are prominent close to these frequencies, detailed analyses near these 

frequencies will be useful. Kononenko's analysis will be a good 

starting point for such analyses. Nayfeh and Mook [6.4] include similar 

analyses and have extensive references. In the chapter on continuous 

systems, including nonlinear constraints or boundary conditions, Nayfeh 

and Mook discuss the cost and benefits of various analysis methods for 

continuous system. They discussed numerical, analytical, and numerical­

analytic methods. A third significant reference is Evan-Iwanowski's 

Resonance Oscillations in Mechanical 'Systems [6.5]. All the analysis 
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methods involve the discretization of the continuous structure, the 

use of a finite number of modes~ or a truncated series. This is not a 

serious limitation since the resonance frequencies have been determined 

fairly accurately from a continuum analysis. The nonlinear analysis 

methods are attractive because one may discretize the structure such 

that the resonance frequency of interest is obtained. Then, nonlinear 

analysis methods may be used for a qualitative study of the response 

near the resonance frequency. One may include nonlinear effects such 

as the pressure-flow curve for the servosystem, the time-varying stiff­

ness of the hydraulic fluid, the saturation nonlinearities, and the on­

off condition at the rock-bit boundary. If the nonlinear analysis 

methods described in the preceding references are inadequate for handling 

any of the nonlinearities, or for handling a number of nonlinearities 

simultaneously, one could use a simulation language such as CSMP [6.6]. 

Figure 6.2 shows that it is possible to generate, at the point of 

excitation, forces larger than the force generated in the cylinder. In 

applications, such as RVD, this is desirable. As long as one is not 

operating at the IIdip" frequencies, the exciter performance is adequate 

for compliant, continuum structural loads. Thus, the inertial mass 

exciter is excellent for applications in structural systems operating 

over narrow frequency ranges, especially near resonance frequencies. 

This is the subject of the next chapter. 

6.3 Conclusions and Recommendations 

1. The IIbackward ll analysis provides a noniterative solution of 
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the response of a continuum model of a structural load (the RVD system) 

driven with a nonideal exciter (an inertial mass exciter). The con­

tinuum model is provided via transfer matrices. The introduction of a 

nonideal exciter becomes a direct extension of the analysis using an 

ideal exciter. The analysis results for the ideal exciter case are 

scaled as needed to yield the nonideal exciter case. The LSDVPI program 

with the XCITER subroutine is used to implement this analysis. 

2. The inertial mass exciter is capable of generating the desired 

force level when driving an RVD system as long as the IIdip" frequencies 

are avoi ded. 

3. Performance curves in manufacturers' literature are not strictly 

applicable to compliant load structures. Users should be warned about 

this. Performance curves for the exciter driving a compliant structure 

should be included in manufacturers' literature. 

4. Re-design directions for inertial mass exciters as deduced in 

Chapter 5 have been confirmed by the analysis of an exciter driving a 

more realistic structure. 

5. Detailed time-transient nonlinear analysis of the RVD system 

driven with an inertial mass exciter will be useful. Judicious dis­

cretization will yield simple models of the structure which will pro­

vide valid qualitative results near resonance frequencies. 

6. Inertial mass excitation of compliant structures has great 

potential in applications requiring operation on or near resonance 

frequenci es. 
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7. POWER FLOW ANALYSIS FOR RVO 

The models discussed in Chapters 4 and 6 will be used to study the 

power losses and the power delivered to the rock during RVO. Power 

losses and delivery have been studied using the "pedestrian" analysis 

and the transfer matrix model of an RVO system driven with an ideal 

exciter. Since the results of the study have been published [7.1-7.3], 

only a summary is presented here. Further insights gained from a 

transfer matrix model of an RVO system driven with a nonideal exciter 

will be discussed. 

7.1 Power Equations [7.1,7.2] 

The equations used in the calculation of power delivered and dis­

sipated in the RVD system are reproduced here for reference. The 

nomenclature is the same as the nomenclature used in Chapters 3 and 4. 

The total input power into the drill string, Po is 

(7. 1 ) 

The average power delivered to the rock, that is~ the power dissipated 

in the structural damper, PR, is 

(7.2) 
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The power lost to the fluid is 

(7.3) 

and the power delivery ratio is 

(7.4) 

7.2 RVD System Driven with Ideal Exciter [7.1-7.3] 

Significant conclusions were made from power calculations based on 

"pedestrian" and transfer matrix solutions. Major reasons for the 

failure of the DRI development of an RVD system were deduced. Future 

design directions were discovered. A summary of the details follows. 

7.2.1 Results of "pedestrian" analysis 

Some conclusions were made in the author's M.S. thesis [7.4). The 

thesis was a study of the viscous losses using a very simple approxi­

mation of the RVD system t namely, a free-free and a fixed-free uniform 

pipe vibrating in a fluid. Since the conclusions were based on very 

approximate models, verifications were recommended. 

In [7.4]t for example t several measures were recommended for 

reducing power losses in RVD. Since the power loss was maximum at the 

resonance frequencies, it was recommended that operation away from the 

resonance frequencies be considered. However t the recommendation 

indicated that "off resonance operation would significantly lower 
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vibratory output to the rock.1I The "pedestrian" analysis [7.2, 7.3] 

included calculations of power delivered to the rock (Figure 7.1), 

power losses into the drilling fluid, and efficiencies (Figure 7.2). 

The "pedestrianll analysis confirmed the conclusions in [7.4]. Both 

power losses and delivery had maximum values at the resonance frequen­

cies. Nevertheless, substantial power delivery is available at several 

peaks. A study of both the power and efficiency data shows that peak 

power and efficiency do not occur at the same frequency. Therefore, 

"one should choose to operate at the frequency for peak power delivery 

if the goal is to maximize the penetration rate" [7 .. 2]. 

To include the calculation of the power delivery to the rock, a 

representation for the rock-rock bit boundary was necessary. The 

recommendations in the author's M.S. thesis work included the modeling 

of the dynamic rock properties using a boundary condition describing an 

elastic support. The "pedestrian" analysis included a representation 

of the rock-rock bit boundary using a structurally damped spring. The 

results obtained compared well with experimental data. 

Operation at lower frequencies was recommended in the author's 

M.S. thesis [7.4]. Lower frequencies ensured lower fluid shear veloci­

ties and lower power losses. The IIpedestrian" analysis [7.2] showed 

that considerable power delivery may be obtained at several lower fre­

quency resonance frequencies. The largest value of the power delivery 

occurred at lower frequencies (Figure 7.1). Finally, vibration isola­

tion was recommended as a measure for reducing power losses [7.4]. As 

Figures 7.3 and 7.4 show, the "pedestrian" analysis confirms the 

validity of the recommendation. 
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The "pedestrian" analysis was applied to the DR! RVO unit used in 

the 1957 tests [7.3]. The results show that the unit uprobably failed 

because of several reasons over and beyond the transmission line pro­

blem. 1I One reason is viscous power losses which had already been men-

tioned in [7.4]. Other reasons are reproduced next. 

1. The driver was not placed optimally relative to the 
structural mode at which the drill string was shaken. 

2. Optimum power could not be delivered to the drill 
string because of the driver placement. 

3. The system might have been more effective if the 
frequency were reduced to about 89.6 Hz. 

The re-design insights gained from the IIpedestrian" analysis of the 

DRI 1957 test unit are applicable to future RVD units. The insight in 

connection with the use of a vibration isolator has been discussed. 

Other insights are reproduced next. 

1. The driver must be frequency-variable for optimum power 
de 1 i very. 

2. The driver shall be of variable force level to help 
prevent early rock bit failure and to provide a means 
of compromising between rotary and vibratory drilling 
effects. 

3. The driver should be automatically controlled in both 
frequency of operation and the levels of the dynamic 
force so that manual intervention will be eliminated 
and peak performance will occur at all times. 

4. Several optimizations exist. These include optima 
for the placement of the isolation, type of isolation, 
position of driver, frequency of operation, and drill 
string configuration. 
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liThe overall conclusion is that rotary-vibratory units have been 

based on a sound idea of adding vibratory to rotary energy to fracture 

the rock. However, its implementation might have suffered from either 

excessive viscous power losses, excessive dynamic response, or an inade­

quate ability to couple vibratory power to the rock. Total vibratory 

system design of the drill string was lacking. Several optimizations 

exist and should be sought. Automatic selection and control of 

operating frequencies and force levels should enable a rotary-vibratory 

drilling unit to add rock fracture power to the already available 

rotary fracture power without excessive mechanical failure of the 

components. II 

7.2.2 Results of transfer matrix analysis 

The results of the transfer matrix analysis of RVD system driven 

with an ideal exciter are identical with the results of the Ilpedestrianll 

analysis. The significance of the transfer matrix model is in the 

availability of a convenient design and analysis tool. 

The "pedestrian lt analysis would require cumbersome algebraic mani­

pulations whenever any system component is removed or introduced. With 

the transfer matrix model, one may conveniently introduce models for 

vibration isolators, structural components with distributed stiffness, 

inertia, and damping properties, and various models for the rock bit 

boundary. Different types of exciters may be included. One could 

introduce displacement forcing functions, eccentric-weight exciters, or 

electrohydraulic exciters. 
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The model was used to study the power levels in an actual RVD system 

driven with an eccentric weight exciter, the Hawker-Siddeley's Superdrill 

[7.5]. The study confirmed the need for operation slightly off reso­

nance to protect the drill bit. 

The transfer matrix model has been proven to be an effective design 

and analysis tool. However, the application of the ITIodel involving an 

ideal exciter (that is, a concentrated axial harmonic force) has limita­

tions. The models gave reasonable answers in most cases and gave 

useful information on trends. The models gave unusually large power 

levels (Figure 7.3) for some configurations primarily because of the 

ideal exciter used as the driving force. An ideal exciter implies 

infinite power capability. Therefore, there is a need for a more 

realistic model for the exciter. A model for an electrohydraulic 

exciter is an example of a more realistic model. Power analysis using 

the model are discussed next. 

7.3 RVDSystem Driven·with Nonideal Exciter 

The results of the analysis involving an ideal exciter are con­

firmed by the analysis involving a nonideal exciter, an electrohydraulic 

inertial mass exciter. The analysis involving a nonideal exciter pro­

vides further design insights. Before discussing these insights, the 

extent to which the results may be applicable to RVD will be discussed. 

The power and force levels for the inertial mass exciter used in 

the analysis (XCITE 1200-2) are lower than the levels considered in the 

RVD analysis using an ideal exciter. The peak force available from an 
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XCITE 1200-2 is 2.00 x 103 lbf (8.90 kN) [7.6]. The maximum hydraulic 

power available to the exciter is 10.0 hp (7.46 kW) [7.6]. After one 

accounts for the power dissipated in the exciter, only a fraction of 

the hydraulic power is available for exciting the drill string and 

fracturing the rock. The force and power levels considered in a 

typical RVD system are respectively 11.0 x 103 lbf (48.9 kN) and 11.2 hp 

(8.35 kW) of vibratory power [7.3]. 15.0 hp (11.2 kW) of rotary power 

was used in [7.2]. Therefore, direct comparison of the power levels 

for the RVD systems driven with a nonideal and an ideal exciter is 

probably invalid. 

One may not scale up the results from the nonidea1 exciter analysis. 

The XCITE 1200-2 is rated to generate 2.00 x 103 lbf (8.90 kN). One may 

not scale up the exciter parameters to get a force rating of 11.0 x 103 

1bf (48.9 kN) because there is no simple relationship between exciters 

with different force ratings. For example, the XCITE 1100-50 has a 

force rating of 1.00 x 103 lbf (4.45 kN) and its moving mass weighs 

55 lbf (2.45 x 102 N) [7.7]. The XCITE 1200-2 has a rating of 2.00 x 

103 1bf (8.90 kN) and its moving mass weighs 268. lbf (1.19 kN) [7.6]. 

For higher force ratings, pumps, and servovalves with higher ratings 

will be required. Other examples of the absence of a simple scale 

factor for exciters with different force ratings may be found in the 

literature on the MTS inertial mass exciter [7.8]. 

However, one may scale down the RVD power levels computed using 

the ideal exciter~ ~~hen the RVD power levels for an ideal exciter 

generating 2.00 x 103 lbf (8.90 kN) were computed, they had the same 

values as the case for the nonideal exciter, except at the lower, the 
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higher, and the "dip" frequencies. One concludes that the inertial mass 

exciter is capable of generating as much power levels as the ideal 

exciter within the operating range of the exciter and away from the 

resonance frequencies. 

The RVD power levels and ratios computed using the XCITE 1200-2 

parameters are shown in Figures 7.5 and 7.6. These should be used 

primarily for qualitative analysis. The data are primarily benchmark 

data since new system components such as the servovalve, the pump, and 

the moving mass will be needed for an exciter for a higher force rating. 

An exciter with a higher force rating and sufficient supply power will 

be necessary for generating typical RVD power levels. 

When a new exciter for RVD is designed, the power levels should be 

re-computed using the parameters for the new components. The method of 

analysis described in Chapters 5 and 6 is applicable to the new exciter. 

Inertial mass exciters capable of generating much large forces than 

the XCITE 1200-2 are available f7.8]. Therefore, an RVD system driven 

with an inertial mass exciter is feasible as far as the generation of 

vibratory power is concerned. 

A potential problem in the application of inertial mass exciters 

to RVD is the space limitation problem in drilling. A typical hole 

size in small hole drilling is 10.0 in. (.254 m). For a down-hole 

drilling application, the exciter has to be designed to fit in a small 

hole. 

For down-hole applications, a modification may be necessary in the 

model of the exciter. The exciter could be designed to fit into a 

10.0 in. - (.254 m -) hole and be about 30.0 ft (9.14 m) long. In 



o 

OJ .. 
o 

.. 
,,--,0 

o 
r­
z 
t--Iru 

o 

140 

10 20 30 40 50 60 70 80 90 100 110 
FREQUENCY (HERTZ X 10 ) 
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this case, the exciter casing, consisting of the hydraulic cylinder and 

the support plates, is a thick pipe. Detailed modeling the thick pipe 

could become necessary. A model of the casing should include the distri­

buted properties (stiffness, inertia, and damping). In the analysis in 

Chapters 5 and 6, the exciter casing was modeled as a mass mc. In a 

case requiring a continuum model for the exciter casing, the transfer 

matrix method will be convenient. 

One method for introducing the continuum model for the exciter 

casing is suggested by the fluid analogy of the hydraulic cylinder 

(Chapter 5). The RVD system may be represented as in Figure 7.7. The 

nomenclature used in Figure 7.7 is explained in Appendix G. The 

mechanical components of the exciter become a IIbranch li to the main 

structural system (the drill string). The transfer matrix for the 

branch may be derived in the conventional way. The transfer matrix 

would be similar to the transfer matrix to a spring-coupled mass, an 

analogous case in bending vibration [7.9]. The non-mechanical driving 

function may be introduced via a transfer matrix for a concentrated 

force [7.10]. Thus, the use of the fluid analogy has provided a 

refinement to the IIbackward ll analysis, allowing for the detailed 

modeling of the structural component of the exciter when necessary. 

An RVD system driven with a down-hole exciter may be modeled using the 

model developed here. The major problems in using a down-hole exciter 

are the space limitation and hostile operating environment. One wonders 

whether it will be possible to fit a moving mass large enough to develop 

the necessary force levels in a typical small hole. The present analy­

sis may be used to get preliminary answers to this question. 
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The present analysis may be applied directly to a top-hole driven 

RVD system because the space limitation problem does not exist. An 

exciter with a higher force rating will be needed for the analysis. The 

present results based on the XCITE 1200-2 are adequate for making pro­

jections as to the design of a suitable exciter for RVD. The RVD con­

figuration (Figure 3.2) used in obtaining the results is convenient for 

comparing the effects of the ideal and nonideal exciters. 

On examining the data from which the plot in Figure 7.4 was made, 

one finds that the resonance frequencies appear identical with the 

resonance frequencies of the RVD system driven with an ideal exciter. 

The optimal frequency is still the same. For some resonance frequen­

cies, these observations are consistent with the physics of the problem. 

However, the Inass loading effect of the exciter is expected to alter 

some of the resonance frequencies. The inertial properties of the 

exciter are small when compared with the drill-string inertia. Thus, 

the resonance frequencies associated with the ideal and the nonideal 

exciters are imperceptibly different. An actual down-hole exciter may 

influence the structural characteristics of the drill string. Some of 

the resonance frequencies may be changed and some resonance frequencies 

associated with the structural part of the exciter may be introduced. 

Using the model of the nonideal exciter, one may estimate the 

efficiency of the power transfer. The ideal exciter model allowed for 

only the calculation of a power delivery ratio, which is not strictly 

the efficiency. The input hydraulic power to the exciter is known. 

It is the product of the load flow, qL' and the load pressure, PL 

[7.11]. Leakage flows and friction are neglected. 
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A rough estimate of the RVD efficiencies may be obtained using an 

estimate provided by Brown and Moxley [7.12]. They stated that the 

"true efficiency of a hydraulic vibrator system is around 20 to 35 per­

cent, with the bulk of the input power consumed in heating the fluid." 

Therefore, the true efficiency of the RVD system driven with an inertial 

mass exciter is 20 to 35 percent of the power delivery ratios in Figure 

7.6. This yields more realistic values than the values from the 

results involving the ideal exciter. 

The present analysis involving the nonideal exciter does not assume 

infinite power capability as was done in the analysis with an ideal 

exciter. Figure 7.8 and 7.9 show the power delivery and ratio for a 

perfectly vibration-isolated RVD system. The corresponding plots for 

the ideal exciter case are in Figures 7.3 and 7.4. Again, direct com­

parison is not possible except by scaling down the power levels for the 

ideal exciter case. Clearly, the power levels are no longer infinite. 

The present analysis had limits which prevented infinite power genera­

tion. By comparing Figures 7.5 and 7.8 one notices that the advantage 

of using vibration isolation power delivery capability is increased by 

about a factor of 2. Unfortunately, the highest power delivery peaks 

are no longer available in Figure 7.8, as they were in Figure 7.3, 

because these peaks occur outside the operating range of the exciter. 

The last significant feature of the present analysis is the fact 

that the interaction between the exciter and drill string is accounted 

for. In the ideal exciter case, the interaction was neglected. Thus, 

the only difference between the RVD system with and without vibration 

isolation is the difference in the drill string configuration. The 
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driving force was the same. For the nonideal exciter case, the value 

of the driving force changed when the drill string configuration was 

changed. Fi gures 7. 10 and 7. 11 ill ust rate thi s. A compari son of 

Figures 6.1 and 7.10 shows that the force generated in the cylinder when 

the drill string is not vibration isolated degrades more than when the 

drill string is vibration isolated. Many more "dips" are present in 

Figure 6.1. The external force at the point of excitation in the case 

without vibration isolation degrades less than the case with vibration 

isolation (Figures 6.2 and 7.11). These observations are consistent 

with the results discussed in Chapter 5. A stiffer load leads to less 

force level degradation. The perfectly vibration-isolated drill string 

is stiffer than the drill string without vibration isolation. The latter 

is longer. Since vibration isolation leads to force level degradation, 

there appears to be a trade-off between the power recovered through 

vibration isolation and the power lost due to force level degradation. 

Another trade-off exists. As explained in Chapter 6, locating the 

exciter at a node of the mode shape of the structure (the drill string) 

leads to the least force degradation. This is because the exciter 

"sees" the load structure as infinitely stiff when the exciter is 

located at the node. An infinitely stiff load yields the best force 

generation. On the other hand, no power is delivered to the drill 

string when the exciter is located at the node of the mode at the struc­

ture is vibrating. Thus~ one should seek to place the exciter as far 

away from the node as is necessary to prevent excessive force level 

degradation. 
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It has been shown that inertial mass exciters are capable of 

acting as drivers for RVD. For frequencies close to the "dips" in the 

performance curve for the exciter t it will be useful to move the exciter 

location close to a node to improve the exciter performance. However, 

the exciter should not be located so close to a node to yield zero 

input power to the drill string. Within the operating range of the 

exciter and away from the dips, adequate force levels are available 

when the exciter is driving a rotary-vibratory drill string. An exciter 

with a higher force rating, say, 11.0 x 103 lbf (48.9 kN) is necessary 

to generate typical RVD power levels. Finally, vibration isolation is 

still effective in recovering power losses. In the case of nonideal 

(real) exciter, one should realize that the exciter performance is 

dependent on the structure being driven. If vibration isolation leads 

to a more compliant load, the power loss recovery will be reduced. In 

the next chapter, the conclusions and recommendations discussed in this 

chapter and other chapters will be summarized. 
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8. SUM~1ARY OF CONCLUSIONS AND RECOMMENDATIONS 

An RVD system driven with an ideal exciter has been modeled. The 

IIpedestrian" analyses yielded the following results: 

1. Insights into the failure of DRIls development of an 

RVD system. These include the failure to provide 

variable frequency excitation, effective vibration 

isolation, and proper placement of the exciter. 

2. Insights into future re-design directions, and future 

experimental modeling and study. These include the 

need for a complete system understanding and design. 

As 'far as power levels were concerned, RVD is technically feasible. 

A continuum transfer matrix for a damped pipe element was derived. 

Distributed mass, stiffness, internal material damping, and external 

fluid damping were accounted for in the transfer matrix. A transfer 

matrix analysis using the damped continuum transfer matrix confirmed the 

results of the "pedestrian" analyses. The transfer matrix is also a 

convenient means for handling multi-element models for the drill string 

and other components which appear necessary_ The components include 

vibration isolators and nonideal (real) exciters. 

An RVD system driven with a nonideal exciter has also been modeled. 

The interaction between the exciter and RVD system was accounted for. 

The exciter had finite power capability. The following results were 

obtained: 

1. An RVD system driven with an inertial mass exciter is 

feasible as far as power levels are concerned. An 
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exciter with a higher force rating such as 11.1 x 103 1bf 

(48.9 kN) will be necessary. 

2. A potential problem in the down-hole application of 

inertial mass exciters to RVD is space limitation. 

Usual hydraulic system problems are expected. 

3. Vibration isolation still yields power loss recovery. 

Significant results were obtained on the effect of a load structure 

on the response of an inertial mass exciter. They are: 

1. There;s considerable degradation of the exciter 

response when the load structure is compliant, 

especially at the resonance frequencies of the 

exciter-load system. Formulas are provided for 

estimating these frequencies. 

2. Locating the exciter close to the node of the mode 

of response of the load could lead to improved per­

formance if the reduction in the power delivered to 

the load is not excessive. 

3. A re-design idea deduced from the analysis is the use 

of the force generated at the point of excitation 

as the feedback signal. 

Future work on the RVD system analysis should include: 

1. An experimental study of an RVD system aimed at 

further confirmation of the results of the present 

work: 
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1.1 Verification of power levels 

1.2 Verification of the feasibility of an RVD 

system driven by a top-hole inertial mass 

exciter. 

2. Time-transient simulation of an RVD system driven with 

an inertial mass exciter. This will give insights into 

the drilling process. The rock-rock bit boundary 

should be modeled as an on-off process. The saturation 

and nonlinear phenomena in the exciter should be included. 

The phenomena are the nonlinear pressure-flow rela­

tionships (for the exciter servovalve) and the satura­

tion in the fluid flow, in the voltage signals, and 

the piston displacements. This simulation will also 

yield re-design directions for the exciter. 

3. A more accurate model for the rock-rock bit boundary. 

The model should be compatible with the transfer 

matrix formulation. 

4. A more accurate model for the drilling fluid. The 

model should be compatible with the transfer matrix 

formulation. 

5. Further refinements in the drill-string model should 

include the stiffness of the derrick and supporting 

cables and the inertia of the swivel, the kelly, and 

the traveling block. 
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6. A re-consideration of the coupling between bending) torsional, 

and longitudinal vibrations of an RVD drill string. 
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Appendix A 

Computer Program Listings of MAT and INIVAL 

Subroutines for the Harmonic Analysis of 

a Damped Pipe System 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUBROUTINE MAT(ORIGM,Xll,GClOC.K,Z,XMC,Xlll,XMC1,Sl) 
COMMON KRESP,KKSWT,NROGT.M,N,~D,NDtNJT 
COMMON/SLCK8/FFO,GGSSP,XXKSSP 
COMMON/BlCK9/LINEAR,NUSTEP 
COMMON/BLCKII/SCAlEF,NIDEAL 
COMMON/BLCK14/FFFO 
DOUBLE PRECISION ORIGM(13,13),Z,SlI13,13) 
DIMENSION MTYPE(40} 
COMPLEX*16 CRIGC(13,13),ORIGCI(13,13),DCMPlX,COSQET,CUCCS f CDSIN 
DOUBLE PRECISION ORIGRC13,131,ORIGlI13,13),CVIS,AREA,E,RHONEW 
DOUBLE PRECISION G,FO,XD 
DOUBLE PRECISICN XKSSP,GSSP,XllD 
COMPlEX*16 BETA,BETAI,ARG,XKSC,EC,EA 
DOUBLE PRECISION GCLOCO,GROD 
DOUBLE PRECISION XMSI 
DOUBLE PRECISION UO 
DOUBLE PRECISION XMUU,XKFlU,RHOROD.OO,OI,RHOFlU 
DOUBLE PRECISION XKSPR,CDASH 
DOUBLE PRECISION FFO,XXKSSP,GGSSP 
COMPlEX*16 XKMC 
DOUBLE PRECISION CDASHM,XMS2,XlElEM 
DOUBLE PRECISION DOP,DIP,DOC,OIC 
DOUBLE PRECISION FfFO 

$$$$$$$$$$$$$$$$$$$$$S$$$$$$$$$$$$$$$SS$$$$$$$$$$$$$$$$$$$$$$ 

FOLLOWING IS THE USER - WR1TTEN SECTION OF MAT 

PCWERPlT 
PCWERPl T 

t\ XC IT 
NXCITT 

POWER 

NXCI TT 

SEE GLOSSARY AT THE END OF MAT FeR THE DEFINITIONS CF THE VARIABLES. 
THE USER SHOULD TRY TO AVOID MAKING CHANGES ABOVE THE TOP 
DOLLAR lINE OR BELOW THE BOTTCM DOLLAR LINE(WITHOUT BECOMING 
fAMILIAR WITH THE LOGIC) 
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(J'1 

t.O 



C 

c 

c 

C 
C 

c 

c 
c 

DATA KKDON/OI 
DATA E,G,FO,GRODI.20684211D12,9.806100,4893J.442DQ,Q.OO/ 
DATA E,G,FO,GRODI.2068427IDI2.9.8067DO,8896.000000,O.DOI 
8896 N=2000 LBF. 
DATA XKSSP,GSSP/O.630456661411322SC09,1.D-lI 
DATA RHORODI16819.546DOI 

DATA XKSPR,CDASH/3.5023622D C5,42C9.84D-031 
DATA MTYPE/6,1,14,1,11 

DATA XO/Z19.456D 001 
XO IS NOT USED IN THE COMPUTATION. 
DATA CDASHM,XlELEM/I100.D OQ,9.144C 001 

XLELEM IS LENGTH OF PIPE/COLLAR ELEMENTS 
CDASHM IS EQUIVALENT VISCOUS DAMPING CCEFFICIENT 

XXKSSP=XKSSP 
GGSSP=GSSP 
FFO=FO 
FFFO=FO 

C FOR EXAMPLE: 
C FOR A SYSTEM CONSISTING OF A STRUCTURAllY DA~PEO SPRING 
C FOLLOWED BY AN AXIAL ROD AND A SPRING-DASHPCT COMBINATION ,AND 
C DRIVEN BY A DISPLACEMENT FORCING fUNCTICN CODE AS FOllOWS: 
C DATA MTVPE(1),MTVPE(2),MTVPE(3)/lt2,3! 
C DATA IfUNC/21 .SEE FURTHER DETAILS 1~ DOCUMENTATION. 
C 
C $$$S$$$$$$$$$$$$$SS$$$$$$$$$$$$$S$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
C 
C 

DO 500 1= 1, 13 
00 500 J=1, 13 
ORIGR'I ,J) = O. DO 
ORIGI(I,JJ=O.OO 
ORIGMCI,J)=O.DO 

NXCITT 

POWER 
PDrJER 
POWER 
NXC ITT 

~ 

Q) 

o 



ORIGC(I,J)=tO.DO,O.DO) 
500 CRIGCI{I,J)=(O.DO,O.DO) 

C 
C 

c 
c 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 

11 
C 
C 
C 
C 

C 
22 

C 
C 
C 
C 
C 

OCLOCD=OCLOC 
XLIO=XLI 

K DENOTES THE FIELD SECTION 

MM=MTYPEtK) 
GC TO (11,22,33,44,55,66,17.88,99,lOlC,llll,1212.1313,1414),MM 

EVALUATION OF PHYSICAL CONSTANTS(DAHPI~G CGEFFICIENTS,ETC) 
INVOLVED IN THE T.M. SEE DOCUMENTATION feR T.M. ALSO SEE GLOSSARY AT THE 
END OF MAT FeR THE MEANING OF THE VARIABLES. 

CONTINUE 

PHYSICAL CONSTANTS FOR A STRUCTURALLY DA~PED SPRING 

XKSC=XKSSP*DCMPLX{l.DO,GSSP) 
GO TO 100 

CONT 1 HUE 

$$$$$$$$$$$$$$$$$$$$SS$$$$$$$$$$$$$$S$$$$S$$$$$$$$$$$$$$$$$$$ 
FOLLOWING IS THE OPTIONAL USER - WRITTEN SECTION OF MAT 

MAKE CHANGES IN THIS SECTION IF THE VALUES OF CVIS .kHONEW, 

...... 
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C AND AREA ARE AVAILABLE.THIS SECTION IS USED TO CALCULATE THE 
C VALUES OF THESE VARIABLES FOR AN AXIAL RCO ELE~ENT VIBRATING 
C ---------
C IN A VISCOUS FLUIO(ROD INCLUDES INTERNAL STRUCTURAL DAMPING.). 
C FOR DETAILS ON CODING THIS SECTION AND 
C feR OTHER CASES SEE THE DGCUMENTATION. 
C THE USER SHOULD TRY TO AVOID ~AKING ChANGES ABOVE THE TOP 
C DOLLAR LINE OR BELOW THE BOTT(~ DOLLAR LINEIWITHOUT BECOMING 
C FAMILIAR WITH THE LOGIC ) 
C 
C PHYSICAL CONSTANTS FOR AN AXIAL RDO ELEMENT ~ITH EXTERNAL 
C VISCOUS AND INTERNAL STRUCTURAL OAMPING,AND CONCENTRATED AXIAL 
C FORCE 
C 

c 
C 
C 

c 
c 
c 
c 
c 

AREA=3.14*(OG**2-DI**2)/4. 
XKfLU=(Z*RHOflU/(2.*XMUU))**(O.5) 
CVIS=3.14*XMUU*XKFLU*(DO+DI) 
RHONEW=3.14*X~UU*XKFlU*(DO+OIJ/Z+RHOROD*AREA/G 

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$~$$ 

CALCULATION OF CONSTANTS INVOLVED IN T.M fOR AXIAL ROO ~ITH 
INTERNAL STRUCTURAL AND EXTERNAL VISCOUS DAMPING. 
EC=E*DCMPLX(l.DO,GROO) 
EA=EC*AREA 
BETA=DCMPLX(RHONEW*Z**2,-Z-CVIS)/EA 
BETAI=CDSQRT(BETA) 
ARG=BETAI*(XLIO-GClCCDl 

C COMPLEX TRANSFER MATRIX FOR AXIAL ROD (WITH EXTERNAL VISCOUS 
C ---------
C AND INTERNAL STRUCTURAL DAMPING,AND CONCENTRATED AXIAL FORCE 
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C OR DISPLACEMENT 
C )SAME AS PILKEY PAGE 1II-35,T.M.l.3.1,IF RHO*Z**2 IS REPLACED 
C BY (RHONEW*I**Z-CVIS1,AND E BY E*ll.+I*GROD).FOR EXTENSION COLUMN, 
C SEE PILKEY,PAGE III-II 
C 

C 
C 

C 
C 
C 

c 
C 

C 
C 

GRIGC(l,l)=CDCOS(ARG) 
ORIGC(I,Z)=COSIN(ARGJ/EA/BETAI 
ORIGC(2,1)=-BETA*EA*COSINIARG)/BETAI 
ORIGC(2,2l=CRIGC(1,lJ 
ORIGC(3,3)=(1.DO,O.OO} 
GO TO 60 

33 CONTINUE 

PHYSICAL CONSTANTS FOR A SPRING AND A DASHPOT IN PARALLEL 

XKSC=DCMPLX(XKSPR,CDASH*Z) 
GO TO 100 

44 CONTINUE 

C T.M. FOR A POINT MASS 
C -------
C PESTEL P.53 
C 
C 

ORIGCll,ll=(l.DO,O.DO) 
ORIGC(2,l)=-XMS1*(1.DO,O.DO)*I**2 
ORIGC(Z.2)=ORIGC(1,1) 
ORIGC(3,3)=CRIGC(1,1) 
GO TO 60 

--' 
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55 CONTINUE 
C T.M. FOR CONCENTRATED FORCE 
C PILKEY P.III-15,T.M.1.2.8 

C 

ORIGC(1 f l)=(1.DO,O.DO) 
QRIGC(2,2)=ORIGC(l,ll 
ORIGC(2,3)=-FO*OCMPLXll.ODO,O.OCO) 
ORIGC(3,3)=CRIGC(I,1) 
GO TO 60 

66 CONTINUE 
XMUU=O.05DO 
RHOFlU=1500.00 
01=.0911800 
00=.114300 
GO TO 22 

71 CONTINUE 
XMUU=O.05DO 
RHOFLU=1500.DO 
01=0.016200 
00=0.203200 
GO TO 22 

88 CONTINUE 

C TM FOR PUINT MASS (GROUNDED VIA A OAShPGT) IN SERIES WITH A 
C SPRING (OBTAINED BY LEFT 
C MULTIPLYING POINT MASS T.M. BY AXIAL SPRING T.M.) 
C $$SPRING PRECEDES MASS** 

IF(MTVPE(K}.EQ.11) GO TO 1112 
AREA=3.14*tOO**2-DI**2)/4. 

GO TO 1113 
1112 AREA=3.14D OO*(OOP**2-DIP**2+00C**2-0IC**2)/8.0 00 

DO=(OOP+DOC)/2.D 00 
DI=(DIP+DICJ/2.D 00 

C THE EXPRESSION ABOVE HANDLES THE ElEME~T BETWEEN DRILL PIPES AND 
C COLLARS. 

....I 
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C AREA IS IS AN'AVERAGE'AREA ,WHICH WHEN MULTIPLIED BY XLELEM 
C GIVES THE CORRECT VALUE OF SURFACE AREA. 

1113 XKFlU=(Z*RHCFlU'(2.*XMUU})**(0.5) 
CDASHM=4.o00*XMUU*XKFLU*AREA*XlElEM/(OC-DI) 
XMS2=XMS2+CDASHM/Z 
IF(MTVPE(K).EQ.9) GO TO 1114 
ORIGC(2,2)=(1.0 00,0.0 OO)+(-XMS2*(1.D oo,o.~ JO)*l**2+ 

1 DCMPlX(O.D OO,Z*CDASHM))/XKMC 
ORIGC(1,2)=tl.D 00,0.0 OO}/XKMC 

1114 ORIGC(2.1)=-XMS2*(1.D 00,0.0 OO}*Z**2+DCMPlX(O.) JJ,Z*CJASHMl 
ORIGCC1,1)={1.D 00,0.0 00) 
ORIGC(3,3)=ORIGC(l,l) 
GG TO 60 

99 CONTINUE 
XMS2=lOl.8D 00 

01=.0911800 
00=.114300 
XMUU=O.0500 
RHOFlU=1500.00 
ORIGC(2,2)=(1.0 00,0.0 00) 
GO TO 88 

1010 CONTINUE 
XMS2=203.7D 00 

XKMC=(6.43199D 01,0.0 00) 
01=.0911800 
DO=.114300 
XMUU=O.0500 
RHOFlU=1500.DO 
GO TO 88 

1111 CONT I NU E 
XMS2=1099.90 00 

XKMC=(6.30380D 08,0.0 00) 
DOP=O .11430 00 
OIP=0.09718D 00 

--' 
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00C=0.20320 00 
0IC=0.07620 00 
XMUU=O.0500 
RHOFlU= 1500.00 
GO TO 88 

1212 CONTINUE 
XMS2=1996.20 JO 

XKMC=(6.30380D 08,0.0 00) 
01=0.076200 
00.=0.2032 DO 
XMUU=O.05DO 
RHOFl U= 1500.00 
GO TO 88 

1313 CONTINUE 

C 
1414 

C 

C 

XMS2=998.10 00 
XKMC=(6.30380D 08,0.0 00) 
01=0.016200 
00=0.203200 
XMUU:O.05DO 
RHOFLU=1500.00 
GO TO 88 

CONT INUE 
NONIDEAL EXCITER. 
NIDEAl=1 
GO TO 55 

100 CONTINUE 
C 
C TRANSFER MATRIX FOR A STRUCTURALLY DAMPED SPRING;PILKEY,PAGE 
C III-31,T.M.l.3.6,WHERE K=K*(l.+I*G) OR PESTEl PAGE 113 
C 
C THIS IS 
C ALSO TRANSFER MATRIX FOR A SPRING AND CASHPOT IN PARALLEL{PESTEl 

NXCIT 
NXCIT 
NXCIT 
NXCIT 

--' 
0'1 
0'1 



C EQ.4-5S}:SET XKSC=XKSPR+I*COASH*Z. 
C BY USING APPROPRIATE EXPRESSIONS FOR XKSC THIS T.~. CAN BE 
C APPLIED TO VARIOUS COMBINATIONS OF SPRINGS AND DASHPOTS(WITH AND 
C WITHOUT STRUCTURAL DAMPING).REf.PfSTEL P.lII. 
C SPRINGS AND DASHPOTS HERE REFER TO AXIAL SPRINGS AND DASHPCTS. 
C 

c 
c 

c 
c 
c 
c 
c 

c 
c 

'QRIGC (1,1)=( 1.00,0.00) 
ORIGCll,2)=(1.DO,O.DO}/XKSC 
ORIGC(2,2)=(I.DO,O.OO) 
ORIGC(3,3)=(1.OO,O.DO) 
GO TO 60. 

60 CONTINUE 

IN THIS SECTION THE r.M.IS MANIPULATED SUCH THAT THE REAL AND 
COMPLEX PORTIONS ARE SEPARATED .REF:PIlKEY P.II-35 A~DoESTEl P.IOl 
DRIGR AND ORIGI ARE REAL AND I~AGINARY PARTS OF ORIGC 

DO 10 1=1,3 
DO 10 J=1,3 
OR1GR(I.Jl=ORIGClI,J) 
ORIGCI(I,JJ=(O.DO,l.OOJ*ORIGC(I,J) 

10 ORIGI(l,J)=-ORIGCI(I,J) 

C FOLLOWING IS THE TRANSFER MATRIX (~ITH REAL COMPONENTS) 
C R=FERENCE :PILKEY PAGE 11-85 
C 

DO 20 1=1.2 
00 30 J=1,2 

30 ORIGM(I,J)=ORIGR(IfJ) 
DO 40 J=3,4 
JJ=J-2 

.-I 
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c 
c 

c 

40 CRIGMCI,J)=-ORIGI(I,JJ} 
20 ORIGM(I.5)=ORIGR(I,3) 

DO 5 1=3,4 
11= 1- 2 
DO 6 J=1.2 

6 ORIGM(I,J)=ORIGI(II,J) 
00 7 J=3,4 
JJ=J-2 

1 ORIGM{I,Jl=CRIGRlII,JJ) 
5 ORIGM(I,S)=OR1GI(II,3) 

ORIGM(S,S)=l.DO 

901 

904 
906 

665 
666 

700 

221 
223 

KKDON=KKDON+K 
IF(KKDON.EQ.1)GO TO 907 
RETURN 
kRITE(6,906)OI,DO,RHORCD,RHOFLU 
WRITE{6,9061E,G,FC,GROO 
WRITE(6,904)XKSSP,GSSP 
WRITE(6,904)XO,XMUU 
FORMAT(2X,2D15.8) 
FORMAT(2X,4D15.8) 
FORMAT(3X,'Z AND K =') 
FORMAT(3X,015.8,IS} 
WRITE(6 t 665) 
WRITE(6,666)Z,K 
WRITE(6,100)lINEAR,NUSTEP,DElI 
FORMAT(215,E15.8) 
IF(lINEAR.EQ.I1GO TO 221 
RETURN 
WRITE(6,223) 
FOR MAT ( • 1 • ,IX, • W ( R AD IS) I ,5 X , • A ( X 0) • , 9 X , 1 B ( X 0) • ,9 X , • U ( X 0) , ,9 X t 

l'U(l)',lOX,'PROCK(W)',5X,'PTOTAl(h)',5X,'RATIO',lJX,'FClBS)') 

PCHERPl T 
PGWERPlT 
POWERPlT 
POl-IE RPl T 
PC~E RPl T 
PCWERPlT 

....... 
O'l 
co 



c 

c 
c 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

RETURN 

lIST OF SYMBOLS 

XKSPR :STIFFNESS OF STRUCTURALLY DAMPED SPRINGI#/IN) 
XMS1:MASS(POINTJ (#-SEC**2/IN) 
CDASH:DAMPING COEFfICIENT OF DASHPGT(N-S/M) 
RHOROD:WEIGHT DENSITY GF COLUMN MATERIAl(N/M~*3) 
AREA:CROSS SECTIONAL AREA OF AXIAL ROD (M**2);E:YCUNG'S FOR COLUMN 
MATERIAL (N/M**2) 
RHOFLU:MASS DENSITY OF FLUID 'KG/~**3);GSSP:STRUCTURAl DAMPING 
COEFFICIENT(SPRING);GROO:STRUCTURAl DAMPING CGEFFICIENT(RQO) 
EC:COMPLEX MODULUS OF ROD 
01 AND DO:INSIDE AND OUTSIDE DIAMETERS GF ~OU. 
FO,UO :AMPlITUDE OF FORCING FUNCTION {fCRCE;OISPlACE~ENT) 

MTYPE(I)fIFUNC:CODES USED FOR SPECIFYI~G TYPE OF T.H. AND FORCING FUNC. 
CVIS IS THE VISCOUS DAMPING COEFFICIENT(~-SJ~**2) 
OR COEFFICIENT OF DAMPING TERM IN EQUATIGN Of ~OT!ON 
RHGNEW:COEFFICIENT OF INERTIAL TERM IN ECUATION OF MCTILN(OF W~IGHT 
DENSITY OF ROD MATERIAL;N/M**3) 
XKSSP:STIFFNESS COEfFICIENT OF STRUCTURAllY DAMPED SPRING(N/M). 
XO:X-COORDINATE OT POINT OF APPLICATION OF FORCING FUNC.(MJ. 

Sfl) AND S(3) ARE REAL AND IMAGINARY CCMPONENTS OF AXIAL 
DISPlACEMENT.'RESPECTIVELY). $(2),S(4) ARE REAL AND IMAGINARY 
COMPONENTS OF AXIAL FORCE. 

END 
SUBROUTINE INIVAL(SI,Sl,Sll,DElS) 
COMMON KRESP,KKSWT~NROOT,M,N,MD,NDtNJT 
DOUBLE PRECISION DEl5,Sl(13),Sl(13,13),Sll(13,13) 
DOUBLE PRECISION DEL5R,OEL5I,SlR2,SlI2 
DOUBLE PRECISION SlRl,SlIl 

--' 
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c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

C 

C 
C 
C 
C 

c 

c 

11 

COMPLEX*16 CCMPLX 
COMPlEX*16 SlC(13),DEL5C,SlCIC13) 

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
THE FOLLOWING STATEMENT IS THE ONLY USER-WRITTEN STATE4ENT IN 

INIVAL 
ITYPE SPECIfIES THE INITIAL PARAMETERS.CCDE :DATA ITYPE III 
FOR fIXED-FIXEO.(FOR EXAMPLE]. 

DATA ITYPE/21 
OAT A ITYPE/ll 

PLEASE DO NOT ALTER ANY OF THE STATEMENTS BELOW(UNLESS YLU KNOW 
WHAT YOU ARE DOING ) 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$~$$$$$$$$$$$$$$$$$$$$$$$$$$ 

GO TO (11.12,21,22)tITYPE 

CONT I NUE 
INITIAL PARAMETERS FOR A FIXED-FIXED AXIAL ROD. 

(PIlKEY,PAGEIII-9) 

DEL5R= Sl ( 1,2) 
DEL5I=SL(3,2) 
SlRl=O.DO 
5111=0.00 
SlR2=-SL(l,5) 
SI12=-SL(3,S) 
GO TO 99 

12 CONTINUE 

--' 
""'-J 
o 



C INITIAL PARAMETERS FOR A FREE-FIXED AXIAL ROD 
C --------
C 

OEl5R=Sl(1.1) 
OEl51=Sl(3,1) 
SIR l=-Sl( 1., 5) 
S1Il=-SL(3,5) 
SlR2=0.DO 
5112:0.00 

C 
GO TO 99 

C 
21 CONTINUE 

C INITIAL PARAMETERS FOR A fIXED-FREE AXIAL ROO. 
C ----------- ....... 
C "'-oJ ....... 

DELSR=SL(Z,2) 
DEl5I=SL(4,2) 
S 1R 1=0. DO 
SlR2=-Sl{2,S) 
5 1 I 2= - S l ( 4, 5) 
GO TO 99 

C 
22 CONTINUE 

e 
c INITIAL PARAMETERS FOR A FREE-FREE AXIAL ROD. 
e ---.-.-----
c 

DEl5R=SL(2,l} 
DEL5I=SL( 4, I} 
S1Rl=-SL{2"S) 
S II 1=-5L( 4, 5) 
SlR2=O.DO 
S112=0.00 



c 
c 

C 

c 
C 

GO TO 99 

99 CONTINUE 
DEl5C=DCMPlX(OEl5R,DEl5I) 
SlC(1)=DCMPlX(SlRl.51Il)/DEl5C 
SIC(2)=DCMPlX(S1R2,SlI2)/DEl5C 

51CI(1)=(O.OOO,-1.000)*SlC{1} 
51Cl(2)=(0.000,-1.000)*51C(2) 

C INITIAL PARAMETERS IN REAL FORM 
C 

c 
c 
c 

51(11=51C(1) 
51(2}=51C(2) 
51(3)=SlCI( 1) 
51(4)=51C1 (2) 

C 5(1) AND 5(3) ARE REAL AND IMAGINARY CCMPGNENT5 OF AXIAL 
C DlSPLACEMENT.(RESPECTIVElY). 5(2),5(4) ARE REAL AND IMAGINARY 
C COMPONENTS OF AXIAL FORCE. 
C IGNORE THE EXPLANATION GIVEN AT THE BEGl~~ING OF THE RESULTS 
C 

RETURN 
END 

--' 
-......J 
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Appendix B 

Derivation of Equation 5.1, the Equation for the 

Fluid Flow Through the Hydraulic Cylinder 
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APPENDIX B DERIVATION OF EQUATION 5.1, THE EQUATION FOR THE 

FLUID FLOW THROUGH THE HYDRAULIC CYLINDER 

The equation for the fluid flow through the hydraulic cylinder 

is available in many references [5.15, 5.20-5.25]. Merritt [5.20] has 

one of the more rigorous derivations. Friedrich [5.23] allows for 

both the motion of the piston and the hydraulic cylinder casing. The 

derivation and assumptions given here are largely Merritt's. 

Heuristic arguments are used to explain some of the terms. The equation 

listed here allows for both the motion of the cylinder casing and the 

piston, unlike Merritt's. 

In the following, "piston chamber" is used to refer to the 

chamber on either side of the hydraulic cylinder piston. The nomen­

clature used is explained in Figure 5.4. 

Assumptions [5.15, 5.20J 

1. The density of the hydraulic f1uid is only a function of pressure. 

2. 

The temperature dependence of the density for the conditions 

considered is negligible. 

[5.l5J 

3. The piston is centered such that the initial chamber volumes 

are equal. 

4. The fluid volume used to produce the piston displacement is small 

with respect to the total volume of fluid in each piston chamber, 

and/or 
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and 

In [5.20J, the preceding equations are derived for the case where 

the servovalve orifices are matched and symmetrical. 

5. There is no leakage across the piston or elsewhere in the 

hydraulic cylinder. 

6. The piston is displaced II sma llll distances from its mid-stroke 

position. Under some conditions, this assumption may be deduced 

from assumption 4. 

where 

The continuity equation may be written as 

d 
L \~. - L W = g dt (p V) 1n out 

= gp ~~ + gV ~~ 

Win' Wout = weight flow rates into and out of the control 

volume, respectively 

V = volume of fluid in the control volume 

p = mass density of fluid in the control volume 

g = acceleration due to gravity 

Letting 

Po = mass density of the fluid outside the control volume 

(8.1) 



176 

and using 

W = g Po q 

equat ion B. 1 becomes 

The equation of state for the fluid is derived next, and used to 

simplify equation B.2. 

(B.2) 

The density of a liquid is a function of pressure and temperature. 

Since changes in density as a function of pressure and temperature are 

small, a good approximation for the equation of state for a liquid is 

the collection of the first three terms of a Taylor's series for two 

variables. Assuming that density is only a function of pressure 

(assumption 1), the two-term Taylor's series expansion about an 

analysis point p = Po is 

dp
o P = p(p) = Po + dp (p - po) + ... (B.3) 

The analysis point will be interpreted as the steady-state operating 

pressure Po and 

Po = p(po) 

dpo _ dp(p) 
crp - dp p = p o 

A more convenient form for equation B.3 is 

(6.4) 
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where 
. -V S = bul k modulus at the analysis pOlnt = -d-

Po 
(B.5) 

dp 
The two-term Taylor's series expansion given in equation B.4 is a 

good approximation for the equation of state for the hydraulic fluid. 

Introducing equation B.4 into equation B.2 yields 

(Eq Eq) [p + Po (p _ P )] dV + V Po ~ 
Po in - out = 0 S 0 dt s dt 

or 
p - p 

Eqin - Eqout = [1 + 0 ] dV + Y ~ s dt S dt 

which becomes 

when 

p - p «S o (assumption 2). 

On applying the continuity equation (equation B.7) to each 

piston chamber and using the nomenclature shown in Figure 5.4 one 

gets 

where 

dV, V, dPl 
ql - C. (Pl - P2) - Cep Pl = dt + - -d-lP Se t 

q" q2 = forward and return flows 

Pl' P2 = forward and return pressures 

(B.6) 

(B.7) 

(B.8) 

(B.9) 
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Cip = internal or cross-port leakage (that is, leakage 

from one piston line to the other) coefficient of 

piston 

Cep = external leakage (that is, leakage from each piston 

line to case drain) coefficient of piston 

Be = effective bulk modulus of system (includes oil, 

entrapped air, and mechanical compliance of chambers) 

V, = volume of forward chamber (includes servovalve, 

connecting line, and piston volume) 

V2 = volume of return chamber (includes servovalve, connecting 

line, and piston volume) 

The volumes of the piston chambers are given 

(8.10) 

(8.11) 

where 

A = cross-sectional area of hydraulic cylinder piston 

Ym = displacement of hydraulic cylinder piston 

Uc = displacement of hydraulic cyl inder casing 

Vol = initial volume of forward chamber 

V02 = initial volume of return chamber 

To simplify the analysis and the interpretation of the results, 

it is assumed that 

v - V - Vo = 1/2 Vt 01 - 02- (8.12) 



179 

Vt (assumption 3) = total volume of fluid under 

compression in both piston chambers. 

Subtracting equation B.9 from equation B.8, and using equations 

B.10, B.11 and B.12, one gets 

When assumption 4 holds, that is, 

A{y - u ) « V m c 0 

and/or 
Ps + PL 

P, = 2 

Ps - PL 
P2 = 2 

the last term in equation B.13 vanishes and 

where 

(B.13) 

(B.14) 

(B.15) 

(B.16) 

(B.17) 
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Neglecting leakages in the hydraulic cylinder (assumption 5), equation 

B.14 becomes 

(5.1) 

The first term on the right hand side of equation 5.1 is the 

compressibility flow term. It is indicative of the fluid flow caused 

by changes in pressure. A heuristic explanation for the compressi-
dp 

bility flow being equal to C dtL follows [5.21]. The compressibility 

flow, qc is required to compensate for the oil volume change that 

occurs in the hydraulic cylinder and the control lines when a 

differential load pressure is applied across the piston. The change 

in volume is due to the elasticity of the oil and the control lines. 

For small displacements of the piston from the mid-stroke position 

(assumption 6), the change in oil volume is directly proportional to 

the load differential pressure. Therefore, the change of volume per 

unit time (flow rate, qc) is proportional to the rate of change of 

load pressure. That is, 

The second term on the right hand side of equation 5.1 is the 

piston displacement flow term and takes into account the motion of the 

piston and the hydraulic cylinder casing [5.23]. This is an important 

consideration in the analysis of an inertial mass exciter because 

in this application, unlike many other applications of the hydraulic 

cylinder, the relative motion of the piston and the cylinder casing 
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need to be used in the displacement flow calculations. 

Equation 5.1 states that the flow into or out of the hydraulic 

cylinder ;s equal to the sum of the compressibility flow and the piston 

displacement flow, the flow which imparts a velocity to the piston. 
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Appendix C 

Validation of the "Backward" Approach: 

Supplementary Derivations and Discussions 
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APPENDIX C VALIDATION OF THE "BACKHARD II APPROACH: SUPPLH1ENTARY 

DERIVATIONS AND DISCUSSIONS 

The basic philosophy underlying the "backward" approach was ex­

plained in Section 5.3. Some explanations were given to show the 

validity of the approach and to justify the need for employing the 

approach in the analysis. This section will provide supplementary 

explanations and a proof. The principal justifications for the 

approach are: 

1. The approach is based on an understanding of the physics of the 

problem. The approach is an extension of the procedure used in 

the analysis of linear exciters. Detailed discussions of this 

point are included in Section 5.3.4 and Appendix F. 

2. A more conventional solution to the problem will lead to the basic 

postulate of the IIbackward ll approach. That is, if one were to 

solve the system equations in the conventional fashion, the result 

would be a zero steady state error, if no system constraints were 

included. If the system constraints were included, the constraints 

would determine the solution whenever the constraints were exceeded. 

This is exactly what the "backward" approach says. 

3. An alternate way (to item 2 above) to show the validity of the 

approach is to do a time-transient simulation. This will involve 

detailed modeling of the electronics of the exciter. This may be 

difficult since the necessary data is not readily available. As 

mentioned in Chapter 5, accurate modeling of the load in a time­

transient simulation is very tedious and needs enormous amounts of 



184 

computer time. 

4. The approach meets the goals of the research. 

Items 1 and 4 have been discussed adequately in Section 5.3. 

Item 3 will not be covered because the alternate way (Item 2) ismuch 

easier and is adequate. Item 2 will be discussed in Appendix C. It 

will consist of a derivation of the steady-state error. A listing of 

the expressions used in the steady-state harmonic analysis of the ex­

citer are included as Appendix D. Further validation of the 

"backward tl approach may be found in Appendix F. The derivations in 

the appendices are valuable support for the "backward" approach. More 

significantly~ they provide excellent insight into the physics of the 

system. Such insight has been obscured by the computer simulation of 

the equations of the system. 

Steady-State Error 

An expression for ERROR, the un-integrated error signal, will be 

derived. Although the expression has limited application, physical 

explanations will be used to show the validity. The procedure for 

deriving a more general expression will be suggested. 

It will be shown that the error signal at steady-state has a zero 

value if none of the exciter limits is exceeded. A consideration of 

the physical phenomena involved in the exciter shown that the steady­

state error would be zero. The system involves damping, feedback, and 

the error is integrated. Since the system is stable~ damping~ feed­

back~ and error integration will aid in eliminating the transients 
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after the input step function is introduced. The input step function 

is £, the reference DC voltage. Therefore, the error should tend to 

zero after a sufficiently long time. Unholtz's and other analyses of 

exciter systems [5.6, 5.52j implicitly assume zero steady-state error. 

For the same reasons, the amplitudes of the AC signals and their 

phase differences (with respect to the phase of vm' the oscillator 

signal) will tend to become invariant with ti'me after a sufficiently 

long time. If the amplitudes' were not invariant with time, the ampli­

tude of the output force of the exciter would be time-varying at 

steady state. This is not time for actual exciter systems. The zero-

peak amplitude of the output force is not time-varying at steady-state. 

To verify that the steady-state error is zero after the time-

transient portions of the amplitudes and phases of the AC signals 

have died out, one uses 

(C.1) 

and 

-i~ss ;wt 
e e (C.2) 

Equation C.l states that fq' the output force, is equal to the 

produce of vm' the oscillator signal, and a time-invariant amplitude, 

Gss(w). The oscillator signal is defined by 

(C.3) 
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which is equation 5.13 written in terms of complex numbers. Complex 

numbers are used here to simplify the calculations. Equation C.2 

defines the output of the load cell. The eiwt indicates the sine wave, 

and II vL (w, t) II ;s the time-varying ampl itude. $ (w) is the phase differ-
'ss 

ence between vL(w,t) and vm(w,t). It is assumed that a sufficiently 

long time has been allowed such that $(w) is invariant with time. The 
ss 

assumptions imposed on $(w) and G(w) simplify the derivations and are 
ss ss 

consistent with the physics of the problem. 

The governing equations for the system are equations C.l-C.3 

and 5.14-5.17. Equation C.l replaces equations 5.1,5.9-5.12 and 

5.18-5.21. The Laplace transforms of equations C.1-C.3 and 5.14-

5.17 are 

VI(s) = G ERROR (5) 
I S 

ERROR (s) = ~ - VD(s) 

(C.4) 

(C.5) 

(C.6) 

(C.7) 

(C.8) 

(C.9) 
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On combining equations C.B and C.9~ one gets 

ERROR (s) = 

which becomes 

ERROR (s) = 

£ 

S 

E 

S 

when equation C.6 is introduced. 

Combining equations C.ll, C.10, C.4, and C.5 yields 

£ 

ERR OR (s) = S - G L G s s (w) Gm V 0 V I (s) 

On introducing equation C.7 into equation C.12, one gets 

or 

(C.10) 

(C.ll) 

(C.12) 

(C.13) 

which is the Laplace transform of a first-order differential equation 
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with a unit step as the forcing function. 

The solution is 

ERROR (t) = £e- t / T (C.14) 

where 

and 

T > 0, 

Thus, ERROR tends to zero exponentially. The steady-state error has 

a zero value. The expression for ERROR is valid for a simple spring 

load. The expression may be applied to a complex structural load 

since any structural system can be replaced at any frequency by a 

spring and a phase shift. However, this expression has limited 

application because it is only true when equation C.l and C.2 are 

valid. 

For a more general expression for ERROR, the assumptions on the 

time-varying amplitudes and phase differences will have to be re­

considered. Instead of using equation C.1, the relationship 

between fq(w,s) and vm(w,s} may be directly from equations 5.1, 5.9-

5.12, and 5.18-5.21. Thus, the time-varying component of the ampli­

tudes i lof the AC si gna 1 sin the forward loop of the exci ter are inc 1 uded. 
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The inclusion of the time-varying component of the AC signals in 

the forward loop has been shown to be straightforward. This is not 

true in the case of vL(w,t}, the input to the demodulator. In the 

definition of VD(t), the demodulator output, it was assumed that 

vL(w,t) may be expressed a product of an amplitude and a sine wave 

(equation C.2). The sine wave was expressed using eiwt . The use of 

eiwt to express response is convenient only for steady-state harmonic 

responses. Equation C.2 was a mathematical statement describing the 

end result of demodulation. The equation is not directly related to 

the actual physical components used in demodulation. 

One may use an equation describing the actual demodulator com­

ponents. One could write equations describing the operational 

amplifier circuit used for demodulation. One may approximate 

the circuit using a model of a diode demodulator. A diode demodulator 

described by Oldham and Schwarz [5.31J comprises a diode in series with 

a parallel combination of a resistor and a capacitor. The voltage 

source, (vL(w,t) in the exciter system), completes the circuit. One 

could replace the diode with its small-signal model which is a Taylor1s 

series expansion [5.31J. On analyzing the circuit, one would get a 

simplified expression for the demodulator. Since any detailed 

electronics analysis is beyond the scope of this work, the derivation 

of the expression for the demodulator is recommended for future work. 

When this expression is obtained, one may combine it with other 

expressions for the exciter components to get an expression for 

ERROR. The steady-state value of the ERROR could be obtained from 

this expression. A possible method to get the steady-state value of 
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the ERROR could be obtained from this expression. A possible method 

to get the steady-state value of the error conveniently is the final 

value theorem [5.18]. 

It has been shown through a derivation, supplemented with physical 

arguments, that the steady-state error for the exciter system is zero 

if no system limits is exceeded. Physical reasoning, previous work on 

exciters, and the comparison of the results of the present work with 

experimental data comfirm the existence of a zero steady-state error 

in the exciter. 
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Appendix 0 

List of Expressions Used in the Steady-state 

Harmonic Analysis of the Exciter 
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APPENDIX D LIST OF EXPRESSIONS USED IN THE STEADY-STATE HARr10NIC 

ANALYSIS OF THE EXCITER 

qo -(TFEH1B· TFEH2 • A + TFEHl • TFEH2 • k + A)(kL - m w
2

) - TFEH2 • A P c 
fq = TFEHl • TFEH2 • A • kL 

where 

TFEHl = -~­Alw 

C 
TFEH1B = """2 

A 

TFEH2 = _mw2 

qo 
= ky 

iv 
-(~) 

wv 

iy 1 - = yp ;wL + R 

2 

v = G V eiwt V m mol 

YL = GL fq 

ERROR = £: - Vo 

1 

+ 
2r;.yiw 

+ 1 
wv 
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k • TFEH1 
y - u = TFEH1 • q - [--,p-A=--- + TFEH1B] fq m c 0 
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Appendix E 

Listing of XCITER program 



CIIB12910HA JOB 215D2,OHANEHI I TIME=lO.REGICN=250K 
C/*LONGKEY B OB 
C/*JOBPARM LINES=5,K=68 
CII EXEC WATFIV 
CIIFT06FOOl DO SYSOUT=A,COPIE 1 
CIISVSIN DO DATA 
CIIWATFIV OHANEHI,TIME=600 y PAGES=lOO 

DIMENSION XXIIOOl),YY(lOOl) 
DIMENSION ZZllOOl) 
DIMENSION TFPMAG(lOOl),TFSMAG(IOOl),lFEMAGfIOOll 
DIMENSION TFFMAG(lOOl) 
DIMENSION F'QPHA(lOOl),TFSPHAflOOl),TFPPHA(lOOl),FQPHA2(IOOl) 
DIMENSION WW(lOOlJ,VVIIOOl),FQCOP2(lOOl) 

DIMENSION UCFQ(lOOl) 
DOUBLE PRECISION PHfQCO 
COMPlEX*16 S,TFP,TFS,TFEH 
DOUBLE PRECISION FQ,XM,A,C,W,FSPEC,GP,XKVAlV,CVAlVl,CVAlV2,CVAlV3 

l,CVALV4,XLINOU,RlINDU,V5tV4,V3 
DOUBLE PRECISION YM,Q,V44MAX,V4TfST,STRCKE 
DOUBLE PRECISION EPSIO,Gl.GD,VC,GM,ERRCR 
DOUBLE PRECISION QMAX 
DOUBLE PRECISION XMC,XKl 
DOUBLE PRECISION UCMAG,YMMUC,XKP 
DOUBLE PRECISION V4MAG,V5MAG,QMAG,YMMAG,FQMAG,UCPHAS,YMPHAS 
DOUBLE PRECISICN FQPHAS,PtiIC,PHlfC,PHIXKP,PHITFE,PHIYM,PHIUC 
DUUBLE PRECISION fQREAL,fOIMAG,QREAL,QIMAG,XKPREAfXKPIMA,YMREA 
DOUBLE PRECISION YMIMAG,UREAl,UIMAG,TFEH2R,TFEH2.I,TFEH2M,XKPMAG 
DOUBLE PRECISION PHIYMF,PHIUCf 
DOUBLE PRECISION TFfQQR.TFFQQI,TFSREA,TFSIMA~TFPREA,TFPIMA 
DOUBLE PRECISION XKPMCR,XKPMCI,XKlC,PHKPMC,FCCGRR,FQC[RI 
DOUBLE PRECISION XKPM2R,XKPM2I,PHKPM2 
COMPLEX*16 YMC~TFEHIJTFEH2 
COMPLEX*16 TFEHIB,TFFQQ 
COMPlEX*16 UCC,FQC,XKPC 

-..I 

1..0 
U"1 



COMPlEX*16 TFl,Tf2,PHIQC,PHIFQC 
COHPLEX*16 XKPMCW 
COMPLEX*16 QC 
COMPLEX*16 XKPM2 
DATA XM,A/6.9358D-I,.982DOI 
DATA FSPEC,GP/2000.0Q,5.0DOI 
DATA V44MAX,STROKE/50.00,O.3DOI 
DATA RLINDU.XLINDU/500.DO,2.6DOI 
DATA XKVAlV,CVAlVl,CVAlV2.CVAlV3,CVAlV4/2.4D3,O.DO,4.44D-7, q.46D-4 

1,1.001 
C MOOG 31 SERIES 25% RATED 
C***********2ND ORDER TFS,OBTAINED FROM A POLYNOMIAL CURVE FIT.DAMPING 
C COEFF=O.71;WN=238.89HZ. APPEARS CONSERVATIVE. 

DATA GL,GD,VO/2.D-3,l.DO,1.414DOI 
DATA GM/.IDOI 
DATA QMAX/21.175DO/ 
DATA C/2.450-06/ 

202 FORMAT{9X,' ABOVE:PHASE OF FQ VS ~I) 

300 FORMAT{9X,'T.F. FOR POWER AMP.') 
301 FORMAT(9X,'T.F. FOR SERVOVAlVE.') 
302 FORMAT(9X,'FQ VERSUS W {ABOVE)') 
303 FORMAT(9X,·T.F. FOR EXCITER HEAD') 
304 FORMAT(9X,' T.F. FOR EXCITER HEAD,wITH FLUID COMPRESSIBILITY') 
400 FCRMAT{'I',lX,'W-HZ',4X,'V1' ,5X,'ERRCR',5X,'V3',7X,'V4-MAG',lX 9 

1·V5-MAG·,3X,'Q-MAG'~4X.·YM:MAG·,4X,'PHAS-OEG'tlX,'UC-MAG',3X, 

2'PHAS-DEG',3X,'IYM-UCI',2X,'FQ:MAG'.5X,·PHASE-DEGREES.) 
401 FORMAT(F6.0,7D9.2,Dll.3,09.2,Oll.3,D9.2,Dll.4,D12.4) 
402 FORMAT(' V3=INTEGRATED ERROR(~);V4=~UlTIPlIER OUTPUT(V);',I 

I' V5=POWER AMP OUTPUT(V);Q~VDLUMETRIC FLCWRATf(IN**3/SEC);',1 
2' FQ=OUTPUT FORCE(#);ERROR=DC REf VOLTAGE -DEMOD OUTPUT,V7{V)') 

C620 FORMAT(2(Ell.4,lX),· "STROKE" LIMIT CF ~OVING MASS EXCEEDEC.') 
C709 FORMAT(2(Ell.4,lX),·SERVDVAlVE FLOW LIMIT EXCEEDED') 

800 FORMAT(/71X,'P YM-P FQ',llX,'P UC-P FQ',21X,'P FQ-P REF.V'/) 
900 FORMAT (9X,'ABOVE:PHASE CF TFP') 

...... 
1.0 
0') 



C 

c 
c 

c 
c 
c 

c 
c 

901 FORMAT(9X,'ABCVE:PHASE OF TFS') 
902 FORMAT(9X.'ABOVE:PHASE OF I/lFFQQf) 
903 FORMAT(9X,'ABCVE:PHASE CF FQ CCRRECT;A CHECK') 
920 FORf-tAT(9X, 'ABOVE:MAG Of fORCE IN TEST STRUCTURE,FC-CORRECT') 
921 FORMAT(9X,'ABOVE:PHASE CF FCRCE I~ TEST STRUCTURE,FQ-CORRECT'} 

EPSIO=fSPEC*Gl 

W=O.DO 
WRITE(b,402) 
WPITE (6,400) 
WRITE(6,BOO) 
PRINT. • $' 
PRINT,'POSSIBlE SIGN ERRORS IN PHASE ANGLES' 
PRINT,'$' 
PRINT,'INTEGERS FOLLOWING PHFQCO P TRACK OF SATURATION' 
PRINT,'THEY ARE IV3MAX lQMAX ISl' 
PRINT,'S' 
DO 100 1=1,1001 
IV 3MAX:::O 
IQMAX=O 
ISL=O 
W=W+6.283DO 
XX(I)=W/6.283DO 
Wf=XX' I) 
XX(I)=AlOG10(XX(I») 

DATA XKPC/(l.O 20,0.0 00)1 
S=DCMPlX(O.DO,W) 

...... 
\.0 
........ 



c 
c 
c 
c 

TRANSfER FUNCTIONS. 

TFP=GP*{l.DOJRlINDUJ/(l.OO+S*XlINDU/RLINDU) 
TFS=XKVAlV/(CVAlVl*S**3+CVAlV2*S**2+CVALV3*S+CVAlV4) 

C****** SIMPLE CASE:EXCITER MOUNTED eN CC~PllANT STRUCTURE.SMPL MOD. 
TFEHl=l.OO/(A*S) 
TfEHl B=CI (A**2) 
TFEH2=XM*S**2 
TFEH=XM*S/A 

c* NEW TFfQQ INCLUDES LOAD STIFFNESS XKP. STILL INCLUDES FLUID COMPR. 
C FIRST ESTIMATE OF XMC 

XMC=1.118D 00 
C XMC=O.D 00 

XKl=O.D JO 
C XKl=3.5D-03 

TFFQQ=-{TFEHIB*TFEH2*A+TFEHl*TFEH2*XKl+A)*XKPC+(TFEHlB*TFEH2*A+ 
ITFEHl*TFEH2*XKl+Al*XMC*W**2-TFEH2*A 
TFFQQ=TFfQQ/(TFEHl*TFEH2*A*XKPC) 

C TfFQQ=Q/FQ 
TFl=TfS*TFP 
TF2=T f I/TfFQQ 
XKPMCW=-XKPC/(XKPC-XMC*W**2) 
X KPMC R=XKPMCW 
XKPMCl=(O.O 00,-1.0 OO)*XKPMCW 
PHKPMC=OATAN2(XKPMCI,XKPMCR) 
XKPREA=XKPC 
XKPIMA=(O.D 00,-1.0 OO)*XKPC 
XKPMAG=CDABS{XKPC) 
TfEH2R=TFEH2 

TfEH2I=(O.D OQ,-1.0 OOl*TFEH2 
TFEH2M=CDA8S{TFEH2) 
QIMAG=(O.D DOy-l.D OO)*lFI 

--' 
~ 
00 



C 
C 
C 
C 
C 

c 

c 
c 
C 

QREAl=Tfl 
FQCORl=(O.D OO,-l.D OOl*TF2 
FQCORR=TF 2 

NOTE THAT FQCCRR ,FQCORI ARE NOT CORRECT VALUES OF THE REAL tlMAG 
PARTS OF FQ BECAUSE CF FE BACK AND llMITS.F R tFQCORI ARE USED 
TO COMPUTE PHASES IN THE flBACKWARD" APPRCACH SClN. 

IF A "FORWARD" SOlN IS USED,THIS f'.AY BE UNNECESSARY. 
SAME APPLIES TO OREAL , QIMAG 

PHIQ=DATAN2(QIMAG.QREAL) 
PHFQCO=DATAN2(fQCORl,FQCGRR) 

PHIXKP=DATAN2(XKPIMA,XKPREA) 
PHITF E= DATAN2( TFEH21 ,IF EH2R) 
PHIQC=DCMPlX(O.D OO,PHIQ) 
PHIfQ=PHFQCQ-PHKPMC 
NtTE : PHIFQ ABOVE ASSUMES THAT fCC=FQMAG*EXP{+I*PHIFQ) 
PHIFQC=DC~PlXIO.O OQ,PHIFQ) 
TFFQQR=1.0 OO/TFFQQ 
TFFQQI=(O.D 00,-1.0 OO)/TFFQQ 
TFSREA=TFS 
TFSIMA=(O.D 00,-1.0 OOl*TFS 
TFPREA=TFP 
TFPIMA={O.O 00,-1.0 OO)*TFP 
XKPM2=-(XKPC-XMC*W**2) 
XKPM2R=XKPM2 
XKPM2I=(O.O 00,-1.0 OOl*XKPM2 
PHKPM2=DATAN2(XKPM21.XKPM2R) 

C*****THE V4 LIMIT WAS DELETED BECAUSE IT ~AS NCT JUSTIfIED EITHER FROM 
C THE MANUAL OR LDM'S NOT ON LIMITS OR SHOCK & VIB HANDBOOK. 
C 
C TRIAL .9/26/78 
C CALCULATE TEST VALUE FOR V3 

-..a 
\0 
\0 



FQCORM=FSPEC*CDABS(XKPMCW) 
V3=FQCORM/{GM*VO*CDABSITFP*TFS/TfFQQ») 
FQMAG=FQCOR~/COABS{XKPMCW) 

IF(V3.GT.IO.001GO TO 444 
FQMAG=FSPEC 
GO TO 445 

444 V3=lO.DO 
FQCURM=V3*GM*VO*CDABSlTFP*TFS/TFFQQ) 
FOMAG=FQCOR~/CDABS'XKPMCW) 
IV3MAX=1 

445 CONT 1 NUE 
C FLOW LIMIT 
C MAX PUMP FLOW=5GPM{19.25 IN**3/SEC);QMAX,MAX VALVE fLOW=4GPM(15.40 IN 
C ACTUALLY QMAX CAN BE AS LARGE AS 6.8 GP~(WAYNE) 
C 
C CALCULATE TEST VALUE FOR Q AND CHECK AGAI~ST QMAX. 

QMAG=V3*CDABS(GM*VO*TFS*TFP) 
C 
C WITH FLUID COMP + KP ••••••• 
C WITH FLUID CGMPyQ=FSPEC/COABS{TFEH/(l + TFEH2*TFEH18)) 
C C=FSPEC/CDA8S(TFEH) wITHCUT FLUIC ceMP. 
e 
C 

IF(QMAG.GT.QMAX) GO TO 108 
GO TO 701 

108 CONT INUE 
QMAG=QMAX 
FQCORM=QMAG/COABS(TFfQQ) 
FQMAG=FQCORM/CDABSIXKPMCW) 

C FQ{A80VE)=TEST VALUES 
V3=lO.OD 00 

C ABOVE ASSUMES THAT V3 SATURATES WHENEVER Q SATURATES 
lOMAX=l 

107 CONTINUE 

N 
o 
o 



c 
c 
C CALCULATE TEST VALUE FOR YM AND CHECK AGAINST STROKE LI~IT. 
C 
C 
C FOLLOWING CARD ESTIMATES STROKE TAKING INTC ACCOUNT LeAD MUlleN. 
C NOTE THAT Q AND FQ ARE TEST VALUES 
C 

c 

608 
C 
C 

c 

c 
c 
C 
c 
c 
c 
c 
C 

QC=QMAG*CDEXP(PHIQC) 
FQC=FQMAG*COEXP(PHIFQC) 
NOTE THAT THE 1* W*T TERM IS tJeT INCLUDED IN FQC,QC,ETC 
YMMUC=COABSITFEHl*QC-(TFEHl*XKl/A+TFEHlB1*FQC) 
IF(YMMUC.GT.STROKE) GO TO 608 
GO TO 607 

CONTINUE 

SCALE DO~N FQ FROM LAST TEST VALUE. 
FQCORM=FQCORM*STROKE/YMMUC 
FQMAG=FQCORMICOABS(XKPMCW) 
YMMUC=STROKE 

CALCULATE fRESH VALUES FOR VARIABLES 
YMMAG=FQMAG/tXM*W**2J 
UCMAG=FQMAG/COABSIXKPC-XMC*W**2) 
QMAG=QMAX 
V3=lO.OD 00 
2 LI~ES ABOVE ASSUME THAT Q AND V3 ARE SATURATED IF STROKE IS 

EXCEEDED. 
IF YM IS GT STROKE ,THEN Q MUST BE EQUAL TO QMAX EVEN IF 

Q CALCULATED ABOVE (A TEST VALUE) IS IT QMAX 

SINCE V3=10.0DOO WHEN Q AND STRCKE ARE SATURATEDI~EXT CARD SKIPS 
EXPRESSION FOR V3. 

1Sl=1 

N 
o 
~ 



GO TO 604 
607 CONTINUE 

C 
C COMPUTATION OF INTERMEDIATE VARIABLES. 
C 
C V5=INPUT CURRENT TO SERVOVALVE;ALSO CUTPLT OF POW~R A~P,IN A SENSE. 
CONLY). V7=DEMGD OUTPUT. 
e CHECK UNITS.IS YM IN INCHES? 
C 

IF(QMAG.GE.QMAX1GO TO 604 
V5MAG=Q~AG/CDABS{TFS) 

V4MAG=V5MAG/CDABS(TFP) 
V3=V4MAGI (GM*VOl 
YMMAG=FQMAG/(XM*w**2l 
UCMAG=FOMAG/CDABS(XKPC-XMC*W**2l 
GO TO 605 

604 CONTINUE 
V4MAG=V3*GM*VO 
V5MAG=V4MAG*CDABS(TFP) 

c** lOGIC BEHIND 2 LINES ABOVE:IF BeTH 0 & YMMUC SATURATE,THEN THE 
C MOST UPSTREAM SATURATED VARIABLE DETERMINES VALUE OF V5 t V4. 

YMMAG=FQMAG/(XM*W**2) 
UCHAG=FQMAG/COABS(XKPC-XMC*~**2} 

605 CONTINUE 
V7=Gl*GO*fQMAG 
ERHOR=EPSIO-V1 
FQPHAS=-PHIFQ*180.D 00/3.140 00 

c** REASON FOR -VE SIGN:WANT TO EXPRESS FQ AS FQMAG~EXP(I*(W~T-PHIFQ) 
C SAME APPLIES TO PHFQCO. 

IF(FQPHAS)913,914f914 
913 FQPHAS=FQPHAS+360.0 00 

C PURPOSE FOR ADDING 360 DEGREES TO PHASE:fOR PLOTTING 
914 CONTINUE 

ZZ(I)=FQPHAS 

N 
a 
N 



PHFQCO=-PHFOCO*lSO.D 00/3.140 00 
IF(PHFQCO}910,911.911 

910 PHFQCO=PHFCCO+360.0 00 
C PURPOSE OF ADDING 360 DEGREES TO THE PHASES :FGR PLOTTING. 

911 CONTINUE 
VVlI)=PHFQCa 

C**** PHIYMF AND PHIUCflUCPHAS AND YMPHAS) ARE CALCULATED USING PHIFQ 
C AS A REfERENCE. 

PHIYMF=-PHITfE 
PHIUCF=-PHKPM2 
UCPHAS=PHIUCF*180.D 00/3.140 00 
YMPHAS=PHIYMF*180.D 00/3.140 00 
YYII)=FQMAG 
YY(I)=ALOGIO(YY(I») 
WWII1=ALOGIO(FQCORMJ 

UCFQ{I)=UCMAG/fQMAG 
(*****11 8 19:CALCUlATION ABOVE FOR COMPARISCN ~ITH RESPONSE OF A SIMPLE 
C 2ND ORDER SYSTEM,P.48 CF THOMseN. SHOULD SHOW ONLY RESONANC 
C IN LOAD-I.E. BELOW EXCITATIGN PGINT. 
C 
C FQ = MAG ONLY.COMPLETE SOLN=FQ*Sl~{k*T - PHI) 
C 
C 
C 

c 

TFPMAG(IJ=COABS(TfP) 
TFSMAG(I)=CCABS(TFS) 

TfEMAG(I)=CDABS(TFEH) 
TFfMAG(I)=CCA8S(1.DO/TFFQQl 
FQQPHA(ll=DATANZ(TFFQQI,TFFQQR)*180.0 00/3.140 00 
TFSPHA(I)=DATAN2(TFSIMA.TFSREAJ*180.D 00/3.14D OJ 
TFPPHAlI)=OATAN2(TFPIMA,TFPREA'*180.D 00/3.140 00 

C PHFQCO SHOULD EQUAL FQCOP2 
FQCOP2(I)=-(FQQPHA(I)+TFSPHA1I)+TFPPHA(I») 



C 

c 

c 
c 

WRITE(6,401JWF,Vl,ERROR.V3,V4MAG,V5~AG,QMAG,Y~MAGtYMPHAS,UCMAG, 
lUCPHAS,YMMUC~FQMAG,FQPHAS 

PRINT,'FQMAG-CORRECT=',FQCORM,'FQPHASE-CORR='tPHFQCO,lV3MAX,IQMAX 
1.ISl,UCfQ(!J 

100 CONTINUE 
CALL ABPlOT(lOOl,XX,UCfQ) 
PRINT,'ABOVE:RATIG UCMAG/FQMAG' 

CALL A8PlOT(lOOl,XX,WW) 
WRITE(6,920) 
CALL ABPLOTLlOOl,XX,YY) 
WRITE(6,302) 
CAll ABPLOT(lOOl,XX,VV) 
WRITE(6,9211 
CALL ABPlGTIIOOl,XX,ZZ) 
WRITE(6,202l 
CALL ABPLGT(lOOl,XX,FQCOP2) 
WRITE(6,903) 
CALL ABPlOT(lOOl,XX,TFPPHA) 
WRITE(6,900) 
CALL ABPlGT(lOOl,XX,TFSPHA) 
wRITE(6,901J 
CAll A8PLOTI1001,XX,FQQPHAl 
WRITE(6,902J 
PRINT,' I TFP/PHASE TFS/PHASE I/TFFQC/PHASE FQ ECT/PH/CHK' 
DO 101 1=1,1001 

101 PRINT,I,TFPPHA(I),TFSPHA(Il,FQQPHA(I),FCCOPZ{ll,'TFFMAG',TFFMAG(I) 
1 ,'TFSHAG',lFSMAGtIl 

C***************** PLOTTING OF COMPONENT T.F. MAGNITUDES. 
CAll ABPLGTIIOOl,XX,TFFMAG) 
WRITE(6,304) 
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c 
C 
C 
C 

CALL ABPlGT(lOl,XX,TFEMAG) 
WRITE(6,303) 

CAll ABPLGT(lOOl,XX,TFSMAG) 
WRITE(6,301) 
CALL ABPlOT(lOOl,XX,TFPMAG) 
WRITE(6,300) 

C *******************UNITS ************* 
C 
C *********** XM : #.SEC*#2/IN ; 
C 

STOP 
END 

CIIDATA 
CIIENDWAT 
C/* 
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C THIS IS THE SUBROUTINE VERSION OF XCITER (WITH 
C CG~MENT CARUS DELETED •• 
C THIS IS INCLUDED IN THE POWER PLOT VERSION 
C LSDVPI.A CALL STATEMENT FOR THE XCITER SUB­
C RCUTINE IS INCLUDED IN THE MSUB 
C SUBROUTINE. 
C 
C 
C 

SUBROUTINE XCITER'K,Z,LC,UCOREA~UCCIMA) 
COMMON/BLCK8/fFO,GGSSP,XXKSSP 
COMMON/BlCK9/LINEAR,NUSTEP 
COMMON/BLCKll/SCAlEF,NIDEAL 
COMMON/BLCK12/IXKPC 
COMMON/BLCK14/FFFO 
DIMENSION XX(6502),YY(6502) 
DIMENSION lZ(lOOl) 
DIMENSION TFPMAG(lOOl)tTFSMAG(lOOl),TFE~AG'1001) 
DIMENSION TFFMAG(lOOl) 
DIMENSION F'QPHA'1~Oll~TFSPHA(lOOl},TFPPHA(lOOl),FQPHA2(lOOl) 
DIMENSION WW(6502),VVIIOOl),FQCOP2{lOOlJ 

DIMENSION UCFQ(6502) 
DOUBLE PRECISION PHFQCO 
COMPlEX*16 S,TFP,TFS,TFEH 
DOUBLE PRECISION FQ,XM,A,C,W,FSPEC,GP,XKVAlV t CVALVl,CVAlV2,CVAlV3 

1,CVALV4,XlINDU,RlINOU.V5,V4,V3 
DOUBLE PRECISION YM,Q,V44MAX,V4TEST,STRCKE 
DOUBLE PRECISION EPSIO,Gl,GD,VO,GM,ERRCR 
DOUBLE PRECISION CMAX 
DOUBLE PRECISION XMC,XKL 
DOUBLE PRECISION UCMAG.YMMUC,XKP 
DOUBLE PRECISION V4MAG.V5MAG.QMAG,YMMAG,FQMAG,UCPHAS,YMPHAS 
DDUBLE PRECISION FQPHAS,PHIQ,PHIFQ,PHIXKP,PHITFE,PHIYM.PHIUC 
DOUBLE PRECISION FQREAl,FCIMAG,QREAl,QIMAG,XKPREA,XKPIMA,YMREA 
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DOUBLE PRECISION YMIMAG,UREAL,UIMAG,TfEH2R,TfEH2I,TFEH2M,XKPMAG 
DOUBLE PRECISION PHIYMF,PHIUCF 
DOUBLE PRECISION TFFQQR.TFFQQI,TFSREA,TFSIMA,TFPREA,TFPIMA 
DOUBLE PRECISION XKPMCR,XKPMCltXKlC,PHKP~C,FQCORRfFQC(RI 
DOUBLE PRECISION XKPM2R~XKPM21,PHKPM2 
DOUBLE PRECISION FQCOMl,UCOREA,UCCIMA 
DOUBLE PRECISIGN SCAlEF,FFO.I 
DOUBLE PRECISION FFFO 
COMPLEX*16 YMC,TFEHl,TfEH2 
COMPlEX*16 TFEHIB,TFFQQ 
COMPlEX*16 UCC,FQC,XKPC 
CGMPLEX*16 TF1,TF2,PHIQC,PHIFQC 
CGMPLEX*16 XKPMCW 
COMPLEX*16 'Ie 
COMPlEX*16 XKPM2 
COMPlEX*16 IXKPC 
DATA XM,A/6.9358D-l,.962DOI 
DATA FSPEC,GP/2000.0Q,5.0DO/ 
DATA V44MAX,STROKE/50.DO,O.3DOI 
DATA RLINDU,XlINDU/500.DO,2.60Q/ 
DATA XKVAlV.CVALVl,CVAlV2,CVAlV3,CVAlV4/2.4D3,O.OO,4.440-7,9.460-4 

1,1.001 
DATA GL,GD,VO/2.0-3,1.DQ,1.414DOI 
DATA GMI.IDOI 
DATA QMAX/21.17500/ 

DATA C/2.450-061 
202 FGRMAT(9X,' ABOVE:PHASE OF FQ VS Wf) 
300 FORMAr(9X t 'T.F. FOR POWER AMP.') 
301 FORMAT(9X,'T.F. FOR SERVOVAlVE.') 
302 FORMAT(9X,'FQ VERSUS W (ABOVE)') 
303 FORMAT(9X,'T.F. FeR EXCITER HEAD') 
304 FGRMAT(9X,, i.F. FOR EXCITER HEAD,~ITH FLUID CC~PRESSIBIlITY') 
400 FORMAT(2X,'W-Hl',4X,'V7',5X,'ERROR',5X,'V3',7X,'V4-MAG',IX, 

l'V5-r~AG' ,3X, 'Q-MAGI ,4X, 'YM:MAG' ,4X, 'PHAS-DEG' ,IX, 'UC-MAG' ,3X, 
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C 
C 

C 

C 

2'PHAS-uEG',3X.'IYM-UCI'.2X.'FQ:MAG',5X,'PHASE-DEGPEES '} 
BOO FORMATI/11X,'P YM-P FQ',llX,'P UC-P FQ',21X,'P FQ-P R~F.V'/) 
900 FORMAT{9X,'ABOVE:PHASE CF TFP') 
901 FORMAT(9X,'ABOVE:PHASE GF TFSt) 
902 FGRMAT(9X,'ABOVE:PHASE CF 1/TFFQQ') 
903 FORMAT(~X.'ABOVE:PHASE OF FQ CORRECT;A CHECK') 
920 FGRMAT(9X,'ABOVE:MAG OF FORCE IN TEST STRUCTURE,FQ-CGRRECT') 
921 FORMAT(9X,'ABOVE:PHASE GF FORCE IN TEST STRUCTURE,FQ-CORRECT') 

FFO=FFFO 
FSPEC=FFO 
CONVERT FSPEC TO lBF 
FSPEC=FSPEC/4.448D 00 
Et>SI Q=FSP EC*Gl 
If(lC.EQ.l.AND.K.EQ.3)WRITE(6,400) 
IV3MAX=0 
IQMAX=O 
ISL=O 
W=Z 
UCC=DCMPlX{UCOREA,UCOIMA) 
uce ABGVE IN M,IXKPC IN N/M,XKPC IN L8f/IN. 
lXKPC=FFO/UCC 
XKPC=lXKPC*.0254D 00/4.4480 00 
l=lC 

IF(LC.GT.IOOO)I=lOOO 
I I I=lC 

XX(III)=W/6.28300 
WF=XX(IIIJ 
XX(IIIJ=AlOG10(XXIIII)) 
S=DCMPLX(O.DO,w) 
TFP=GP·Cl.OO/RLINDU1/11.DO+S*XLINDU/RlINDU) 
TFS=XKVAlV/(CVALVl*S**3+CVAlV2*S**2+CVAlV3*S+CVAlV4) 
TFE:Hl=l.DO/(A~S) 
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TFEHIB=C/(A**2J 
TFEH2=XM*S**2 
TF EH== XM*S I A 
X M C= 1 • 1180 00 
XKl=O.D 00 
TFFQQ=-(TFEHlS*TFEH2*A+TFEHl*TFEH2*XKL+A)*XKPC+(TFEHlB*TFEH2*A+ 
ITFEHl*TFEH2*XKl+A)*XMC*~**2-TFEH2*A 
TFFQQ==TFFQQ/(TFEHl*TFEH2*A*XKPC) 
Tf l=TFS*TFP 
Tf2=TF I/TFFQQ 
XKPMCW=-XKPC/(XKPC-XMC*W**2} 
XKPMCR=XKPMCW 
XKPMCI=(O.D 00,-1.0 OOl*XKPMCW 
PHKPMC=DATAN2(XKPMCl.XKPMCR) 
XKPREA=XKPC 
XKPIMA='O.D 00,-1.0 OO)*XKPC 
XKPMAG=COABS(XKPC) 
TfEH2R=TFEH2 

TfEH2I=(C.O 00,-1.0 OC)*TFEH2 
TfEH2M=CDABS(TFEH2) 
QIMAG=(O.D OO~-l.D OO)*TFl 
QREAL=TFl 
FQCORI=(O.D 00,-1.0 OO}*TF2 
FQCORR=TF2 
PHIQ==DATAN2(QIMAG,QREAL) 
PHFQCO==OATAN2IfQCORI,FQCORR) 

PHIXKP=DATAN2(XKPIMA,XKPREAJ 
PHITFE==DAIA~2(TFEH2I,TFEH2R) 

PHIQC=OCMPLX(O.O OO,PHIQ) 
PHIFQ=PHfQCC-PHKPMC 
PHIFQC=DCMPlX(O.D OQ,PHIFQ) 
TFFQQR=l.O OO/TFFQQ 
TFfQQI=(O.D OQ,-1.0 OO)/TFFQQ 
TFSREA=TFS 
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TFSI~A=(O.D 00.-1.0 OO)*TFS 
TFPREA=TFP 
TFPIMA=(O.D 00,-1.0 OO)*TFP 
XKPM2=-(XKPC-XMC*~**2) 
XKPM2R=XKPM2 
XKPM2I=(O.O 00,-1.0 OOl*XKPM2 
PHKPM2=DATAN2(XKPM2I,XKPM2R) 
FQCORM=fSPEC*CDAB$(XKPMCW) 
FQCOMl=FQCORM 
V3=FQCQRM/CGM*VO*CDABS(TFP*TFS/TFFQQ» 
FQMAG=FQCORM/COABSIXKPMCw) 
IF(V3.GT.IO.DO)GO TO 444 
FQMAG=FSPEC 
GO TO 445 

444 V3=10.DO 
FQCORM=V3*GM*VO*CDABSITFP*TFS/TFFQQ) 
FQMAG=FQCOR~/COABS'XKPMCW} 

I V3MAX= 1 
44-5 CONTINUE 

QMAG=V3*CDABSCGM*VO*TFS*TFP) 
IF(QMAG.GT.QMAX) GO TO 708 
GG TO 707 

108 CONT INUE 
QMAG=QMAX 
FQCORM=CM~G/CDABS(TFFQQ) 
FQMAG=FQCORM/CDABS(XKPMCW) 
V3=lO.OD 00 
lQMAX=l 

707 CONTINUE 
QC=QMAG*COEXP(PHIQC) 
FQC=FQMAG*CDEXP(PHIFQC) 
YMMUC=COABSITFEHl*QC-(TFEHl*XKl/A+TFEH1B)*FQC) 
IF(YMMUC.GT.STROKEl GO TO 608 
GO TO 607 

N 
....,I 

o 



608 CONT INUE 
fQCORM=fQCORM*STRCKE/YMMUC 
FQMAG=FQCORM/CDABS(XKPMCw) 
YMMUC=STROKE 
YMMAG=FCMAG/(XM*W**21 
UCMAG=FQMAG/CDABSlXKPC-XMC*W**21 
QMAG=QMAX 
V3=lO.OO 00 
lSL=l 
GO TO 604 

607 CONTINUE 
IF(QMAG.GE.C~AX)GO TO 604 
V5MAG=QMAG/COABSITfS) 
V4MAG=V5MAG/CDABS(TFP) 
V3=V4MAGI (GtI.*VOl 
YMMAG=FQMAG/IXM*W**2) 
UCMAG=FQMAG/CDABS(XKPC-XMC*W**2J 
GO TO 605 

604 CONTINUE 
V4MAG=V3*GM*VQ 
V5MAG=V4MAG*CDABS(TFPJ 
YMMAG=FQMAG/(XM*~**2) 

UCMAG=FCMAG/CDABS(XKPC-XMC*~**2) 

605 CONTINUE 
V7=Gl*GD*FQ~AG 
ERROR=EPSIO-V1 
FQPHAS=-PHIFQ*180.D 00/3.140 00 
IF(FQPHAS)913,914.914 

913 FQPHAS=FQPHAS+360.D 00 
914 CONTINUE 

ZZ(I)=FQPHAS 
PHFQCO=-PHfQCO*180.D 00/3.140 00 

IF(PHFQCO)910,911,911 
910 PHfQCO=PHfQCO+360.D 00 
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911 CONT I NUE 
VV(I)=PHFQCO 
PHIYMF=-PHITFE 
PHIUCF=-PHKPM2 
UCPHAS=PHIUCF*180.D 00/3.140 00 
YMPHAS=PHIYMF*lBO.D 00/3.140 00 
YY( I I I )=FQMAG 
YY(III)=ALOGIO(YY(III» 
WW(III)=ALOGIO(FQCORM) 

UCFQ(III)=UCMAG/fQMAG 
TFPMAG(l)=COABS(TFP) 
TFSMAGCI)=CDABSITFS) 
TFEMAGlI)=CDABS(TFEH) 
TFFMAG(1)=CCA8S{1.DO/TFFQQ} 
FQQPHA(Il=OATAN2tTFFQQI,TFFQQR)*180.D 00/3.14D 00 
TFSPHA(I)=DATAN2(TFSIMA,TFSREA)*lBO.O a~J3.14D OJ 
TFPPHA(Il=DATAN2(TFPlMA,TFPREA)*180.D 00/3.140 00 
FQCOP2(1)=-(FQQPHA(I)+TFSPHA(I)+TfPPHA{I) 

SCALEF=FQCCRM/FSPEC 
FFO=FQCORM*4.448D 00 

If(LC.lE.(NUSTEP-ll)GC Te 9993 
IF(K.NE.2)GC TO 9993 

CALL ABPLGT(6450,XX,UCFQ} 
CAll ABPlOT(6450,XX,WW) 
WRITE (6,920) 
CALL A8PLOT(6450,XX,YYl 
WRITE(6,302J 
CAll ABPLOTIIOOl,XX,VV) 
WRITE{6,921) 
CALL ABPlGT(lOOl,XX.lZ) 
WRITE(6.202J 
CALL ABPLOTIIOOl,XX,FQCOP2J 
WRITE(6,9031 
CALL ABPlOT(lOOl~XX,TFPPHA) 
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WRITE(6,900) 
CAll ABPlOTCIOOl,XX,TFSPHA) 
WRITE 16,901) 
CALL ABPlOT{lOOl.XX,FQQPHA) 
WRITE (6,902) 
CALL ABPLOT(lOOl,XX,TFFMAG) 
WRITE(6,304) 
CAll ABPlOT(lOl,XX,TFEMAG) 

WRITE(6,303) 
CAll ABPlGT(lOOl,XX,TFSMAG) 
WRITE(6,301) 
CALL ABPLOl(IOOl,XX,TFPMAG) 
WRITE(6,300) 

9993 CONTINUE 
RETURN 
END 
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Appendix F 

Mechanical Analog and Pseudo-Eigenanalys;s 

of Hydraulic Cylinder 
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APPENDIX F PSEUDO-EIGENANALYSIS 

As further validation for the results of the ubackward ll analysis, 

resonance frequencies were calculated for the structural system 

consisting of the fluid in the hydraulic cylinder, the structural 

load, the moving mass, and the mass of the hydraulic casing and the 

base plate. The structural system is the mechanical portion of the 

exciter head. The derivations in this section were titled IIpseudo­

eigenanalysis" because the eigenvalues were not calculated in the 

classical manner. Classical eigenvalue calculations for structural 

systems consist of solving equations of motion obtained from Newton's 

law or the energy formulations. Continuity equations were not 

involved. In the case in hand, one of the equations of motion was 

the continuity equation describing the fluid flow through the hydraulic 

cylinder. This equation was not in a suitable form for classical 

eigenanalysis. Thus, pseudo-eigenvalue analysis was employed. 

First, the eigenvalues were calculated by algebraic manipulations of 

the equations of motion. Then, the eigenvalues were calculated in 

the classical manner from an equivalent system obtained by replacing 

the fluid by its mechanical analog, a fluid spring. The latter 

calculations and the mechanical analog used provided physical insight 

into the response of the system. 

F.l Direct calculation of resonance freguencies from continuity 

and force eguations 

The equations describing the exciter head are equations 5.1, 5.2, 



216 

and 5.18 to 5.21, and are reproduced here for convenience. 

(5.1) 

where 

(5.2) 

(5.18) 

(5.19) 

f = A p q L (5.20) 

(5.21) 

For steady-state harmonic motion~ fq/qL ;s a FRF for the mechanical 

portion of the exciter head. Using complex notation to represent 

harmonic motion and manipulating the equations of motion, one gets 

( F. 1 ) 

The resonance frequencies are the frequencies which yield zero values 

for the denominator of equation F.l. That is, the values of w 

which satisfy the equation 

(F.2) 

On collecting terms and re-arranging~ one gets 

(F.3) 
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Equation F.3 is the characteristic equation. The values of w 

satisfying the characteristic equation are 

(F. 4) 

The method used in the preceding derivations of the expression for 

Whl and wh2' the resonance frequencies, is similar to Merritt's 

method [5.20]. In Merritt's case, the hydraulic cylinder was fixed. 

Merritt arranged the over-all transfer function for the valve-piston 

combination in a form such that a second-order equation was in the 

denominator. The natural frequency for the second-order equation was 

defined as wh' the hydraulic natural frequency, where 

w J fih 
h =v nt (F.5) 

The expression for wh was identical with the expression obtained by 

letting kL + 00 in equation F.l. That is, for large kL and frequencies 
2 that are not very large (that is, kL » mc W ), 

(F. 6) 

Setting the denominator equal to zero yields 

which is the same as equation F.5. 
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In a similar manner, simplified expressions for whl and wh2 
may be obtained for compliant load structures. For kh » kL and low 

frequencies (that is, kL » mc w
2), equation F.l becomes 

~ ; -m kL W i 

qL A {{m + mc} w2 - kL} 
(F.7) 

For kh » kL and higher frequencies (that is mcw2 
» kL and mmcw4 » 

kL kh), equation F.l becomes 

Setting the denominators of equations F.7 and F.8 equal to zero 

yi el ds 

( F. 8) 

(F. 9) 

(F.1D) 

The physical meaning of the expressions for wh1 and wh2 and the 

response of the mechanical portion of the exciter will become clearer 

from a derivation using the mechanical analog of the hydraulic fluid. 

F.2 Calculation of resonance frequencies from a mechanical 

analog 

Following the lead of Unholtz [5.6], the hydraulic fluid in an 

inertial mass exciter with a noncompliant load may be modeled as the 
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first two figures in Figure F.1. Summing the forces gives the 

equation of motion 

(F.ll) 

Solving equation AS.SO for harmonic motion yields wh given by equation 

F.S. 

A noncompliant load structure may be modeled as in the last 

two figures in Figure F.l. Summing the forces yields 

(F.12) 

Solving the equations of motion in the usual manner, that is, letting 

one gets the same characteristic equation as equation F.2. This is 

the classical solution of a 2-degree-of-freedom system. Thus, all 

the exact and approximate expressions for wh1 and wh2 are derivable 

from the equivalent mechanical model. Figure F.2 illustrates the 

meaning of the expressions for whl and wh2 0 The first figure was 

deduced from equation F.9 for whl" The figure shows that, at low 

frequencies, the system behaves essentially as two rigidly coupled 

masses, m and me' bounding on the load spring, kL" This makes sense 

since kh »kL" Masses m and mc move together in the first mode, the 
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Fluid Spring Load Spring 

m 

m 

Fig. F.l Mechanical Analog of Hydraulic Cylinder 
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m 

m 

Fig. F.l (cant.) 
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m 

m 

Fig. F.2 Configurations for the First and Second Modes. 
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"rigid-body" mode. In the second mode, which occurs at a higher 

frequency, the masses do not move together. Since the fluid spring, 

kh, is stretched, the effect of kL is negligible by comparison. Thus, 

one gets the second figure in Figure F.2 which is consistent with 

the expression for wh2 (equation F.10). 

For one interested i n cal cul at·j ng the resonance frequenci es, the 

preceding discussions and derivations are adequate. All such deriva­

tions found in the literature follow a similar pattern. Researchers 

simply state that the fluid compressibility may be represented as a 

spring [5.56J. No attempt is made to show how the fluid spring analog 

may be derived from the equations of motion. In the next section, 

the fluid spring analog ;s derived mathematically and the value of a 

derived analog is explained. 

F.3 Mathematical derivation and applications of fluid spring 

analogy 

A force balance equation will be derived from the continuity 

equation. Using the force balance equation and the other force balance 

equations for the exciter, a mechanical analog will be deduced. 

For harmonic motion, equation 5.1, the continuity equation for 

the hydraulic cylinder, becomes 

i = ~ and the complex number notation was used to simplify the 

derivations. Since 

(F.13) 
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f = A p q L (5.20) 

equation F.13 becomes 

C;W fA' ( ) qL = ~ q + lw Ym - Uc (F.14) 

Re-arranging equation F.14 yields 

(F.15) 

where 

= 

= stiffness of the "fluid springs" in the hydraulic 

cylinder [5.20J. 

Equation F.15 is the desired force balance equation. 

an external forcing term, that is, the total force due to the fluid 

flow through the cylinder. fq' the first term on the left-hand side 

of equation F.15 is the force on the cylinder piston due to 

differential pressure, PL. The second term is the force in the fluid 

springs due to the motion of the cylinder piston and casing. One may 

notice that forces due to both compressible and incompressible flows 

are present in each of these terms. 

Figure F.3a was drawn from the new force balance equation, 

equation F.15, and the other force balance equations, equations 5.18, 

5.19, and 5.21. For eigenvalue analysis, one removes the external 
k 

forcing functions, i~A qL' and, Figure F.3a becomes almost the same 

as Fig. F.2. The only differences are the coordinates for m and mc' 
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m 

----- ----_._g 

1-u-
c
----t 

kh 
iwA qL 

fs is the 
force in thi s 
spring, the 

f is the force in 
s6ring, the fluid 
spring 

this load 
spring 

(a) Two-Degree-of-Freedom Model 

m - ... ~ .... f =-f q s 

(b) One-Degree-of-Freedom Model 

Fig. F.3 Derived Mechanical Analog of Exciter Head 
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The results of the pseudo-eigenanalysis using Figure F.2 are now 

applicable to Figure F.3a. The range of applicability of the analogs 

will be discussed next. 

Equation F.15 could be re-arranged further because qL is a 

function of fq for non-zero kp (see equations 5.9 and 5.20). Since 

non-zero values of kp will not be treated in detail, 

and qL is not a function of fqa All the discussions in this section 

are strictly valid only for kp = O. The analogy for non-zero values 

of kp should be formulated in future. 

The second item in the range of applicability is the compliance 

of the fluid. If the compliance of the fluid is considerable, the 

analogs (Figures F.2 and F.3a) are applicable. This means that 

these analogs are applicable beyond wh the hydraulic natural frequency. 

For frequencies less than wh' the simple spring-mass model (the one­

degree-of-freedom system in Figure F.3b ) is applicable. The model is 

intuitively reasonable and can be derived from the equations of 

motion by letting the fluid compliance go to zero ;n equation 5.1. 

Fluid compliance is proportional to C, the fluid compressibility 

coefficient. This is the conventional model used in the estimation of 

the break frequencies and the straight-line asymptotes for regions 1 

and 2 of the exciter performance curve (see sections 5.3.3 and 5.4.2.4). 

It will be shown that the two-degree-of-freedom model can be used to 

estimate the break frequencies and straight-line asymptotes for the 

regions of the performance curve beyond the hydraulic natural frequency. 
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It has been shown that the same fluid analog and resonance 

frequencies were obtainable from intuitive reasoning and mathematical 

derivations. The derived analog has an additional feature. One may 

notice that the analog from intuitive reasoning (Figure F.2) had 

coordinates xl and x2~ which were not exciter variables~ while the 

derived analog (Figure F.3a) had actual system coordinates. Thus, 

actual system variables may be calculated by analyzing the derived 

analog. If the controlling saturated limit for any region beyond wh 
were known t the break points and straight-line asymptotes for the 

region may be computed in the same way that these calculations were 

done for regions 1 and 2. 

F.4 Straight-line asymptotes and break points for exciter 

performance curve. Exciters with noncompliant load or 

back-up structures 

For frequencies less than wh' the one degree of freedom model 

in Figure F.3b is applicable. On summing forces, one gets 

(F.16) 

or 

f = -mw2y (F.17) q m 

for harmonic motion. For region 1 of the exciter performance curve, 

the stroke-limit controlled region, equation F.17 yields the straight­

line asymptote 
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(F.18) 

where SL is the stroke limit and kL + 00, that is a noncompliant load 

structure. 

One notices that the asymptote in equation F.18 yields a 10g­

log plot of 1\ fq II versus W with a slope of +2, as expected. 

The servovalve flow limit is exceeded in region 2 and the 

asymptote is given by 

II f q II = m w
2 

"Ym II 
where Ym is given by 

d Ym 
qL = A crt 

(F.19) 

(F.20) 

Uc was set equal to zero in equation F.20 because Uc + 0 as kL + 00. 

Combining equations F.19 and F.20 yields the equation for the 

straight-line asymptote for region 2: 

(F.21) 

The asymptote of region has a slope of +1, as expected. wbl' the 

first break point on the performance curve was obta.ined by equating 

II f q II in equations F .18 and F. 21. Tlius, 

(F.22) 

The asymptote for region 3 is 

(F.23) 
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and the second break point is 

A F _ spec 
w 2 -b m Qmax 

(F.24) 

obtained from equations F.2l and F.23. Equations F.23 and F.24 

hold for the noncompliant load structures. 

For regions 4 and 5~ the two degree of freedom model in Figure 

F.3a is applicable because these regions occur beyond who To derive 

the asymptotes and break points in these regions, the controlling 

limit variables need to be determined. 

Unholtz [5.6] claimed that the controlling limit for the fourth 

region was Qmax~ the servovalve flow limit. If the fourth region of 

the exciter curve occurred in a portion of the servovalve response 

curve where no servovalve limit was exceeded, then, Qmax would be 

the actual controlling limit. In Unholtz·s example, the fourth region 

started in a frequency range where the actual limit variable was the 

displacement of the servovalve pilot spool. If the displacement of 

the pilot spool were the actual controlling limit in the present work, 

it would have been inconvenient to include this limit in the analysis. 

Data is usually valuable for the rated input current, not the 

displacement of the pilot spool. 

It is also possible that the controlling limit variable is 

vp, max' the limiting value of the input voltage to the servovalve or 

the output of the power amplifier. This was deduced from the fact 

that the servova1ve is overdriven in some exciters [5.5,5.13]. Since 

the exciter is operating in the range of servova1ve curve with a -2 
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or -1 slope, it is possible to overdrive the servovalve (i.e. drive 

it with a current which is much higher than the rated value) without 

saturating the flow limit. A third possible controlling variable is 

VI, max' the output voltage of the integrator. That is, VI, max could 

determine the asymptote for region 4, if vp, max limit were not 

reached before the integrator saturated at steady state. Since there 

is no definite view on what the controlling limit is for the region 4, 

the asymptotes will be derived for the four possible limits. 

The slopes of the fourth and fifth region asymptotes are 

respectively -2 and -4 [5.6J. Whatever controlling limit yields the 

correct slope for a region could be regarded as the actual controlling 

limit for the region. 

Using the controlling limits, one analyzes the two degrees of 

freedom model in the same way that the one degree of freedom model 

was analyzed. That is, the equations of motion are written and the 

steady-state harmonic response of fq is determined in terms of qL' 

For noncompliant load or back-up structures, kL + 00, and the two 

degrees of freedom model reduces to a one degree of freedom spr;ng­

mass model. The manipulation of the equations of motion is analogous 

to the manipulations used to derive equation F.l. Therefore, one 

may use equation F.'. 

Thus, for noncompliant load or back-up structures, kL + 00, and 

equation F.' becomes 

m w kh i 
2 A (kh - mw ) 

(F.25) 
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Combining equation 5.10 for qL with equation F.25 gives 

f = q (F.26) 

If Qmax were the controlling limit, equation F.25 may be rewritten 

as 

II fq II = 

If iv, max were the controlling limit, equation F.26 becomes 

In a similar manner, equations for It fq II in terms of vp, max and 

VI, max may be written. Thus, 

1 

(F.27) 

(F.28) 

II fq II = 2 2 Z;; ;w i L + R v p,max 

and 

II f II = q 

_( ~ ) + v + 1 
wv wv 

(F.29) 

1 
iwL + R 
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· Gp Gm Va (F.30) 

Equations F.28, 5.11-5.13 were used in deriving equations F.29 

and F.30. 

Equati on F. 27 shows that the slope of the asymptote (log \I f q II 
versus log w) is -1 if the control1-ing limit were Qmax' Equation 

F.28 shows that the slope of the asymptote is -3 if iv, max is the 

controlling limit. A second-order approximation for the servovalve 

FRF was used in equation F.28. If a first-order approximation [5.28 ] 

had been used, the slope would have been -2. Equations F.29 and 

F.30 give the slopes if the controlling limits were respectively 

vp, max and VI, max' In both cases, the slopes would be -4. The 

values of II fq II and wb3 would be different. 

It is probable that iv, max is the controlling limit for the 

fourth region, and vp, max and VI, max are possible controlling 

limits for the fifth region. 

Equat ions F. 23 and F. 28 gi ve the value of wb3 · wb3 is a 
2 

root of a cubic algebraic equation. For high frequencies, ( ~ ) 
Wv 

is the dominant term in the servovalve FRF, mw2 
> kh and equating 

the va 1 ues of II f q II in equati on F. 23 and F. 28 gi ves 

and 

m w kh 
2 

Am w 
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Using the data listed in Table 5.1 and iv, max = 10.0 rnA, wb3 is 

352 Hz. 

Equations F.28 and F.29 give 

1 2 
w b 4 = L i [ v p, max 

v, max 

(F.3l) 

(F.32) 

Equation F.32 applies if the controlling limit for the fifth region 

is vp, max. If the controlling limit were VI, max' 

(F.33) 

Exciters with compliant load or back-up structures 

Some of results for the compliant case will be listed. The 

procedure for deriving the results is identical with the derivation 

for the noncompliant case. 

Region 1: 

(F.34) 

(F.35) 
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Region 2: 

(F.36) 

(F.37) 

(F.38) 

Region 3 (where w ;. wh2' the "dip" frequency): 

(F.39) 

Region 4: 

II fq 11= 
2 21; i w 

{ 4 + [ (k + k ) + k ] 2 k k } _.( ~) + v + 1 -mmcw m L h mc h w - h L Wv Wv 

(F.40) 
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Region 5: 

(F.41) 
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Appendix G 

A Transfer Matrix for a Nonideal Exciter 
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APPENDIX G A TRANSFER MATRIX FOR A NON IDEAL EXCITER 

The structural system (the drill string) and the nonideal exciter 

are shown schematically in Figure 5.5. Additional nomenclature is 

needed for the derivation of the exciter transfer matrix. The 

nomenclature is included in Figure G.1. 

Point C is the point on the structure at which the exciter is 

installed. Uc
L and ncL are the state variables (axial displacement 

and force) at the left-hand side of point C, uc
R and ncR are the 

state variables on the right-hand side. The required transfer matrix 

is the relationship between the left-hand side state variables (the 

input) and the right-hand side state variables (the output). 
L R nc ' nc ' Ym' u, fq' and fs are assumed harmonic. That is, 

(G.la) 

(G.lb) 

y = Y eiwt 
m m (G.lc) 

u{x,t) = U(x) eiwt (G.ld) 

f = F eiwt 
q q (G.le) 

and 

f = F eiwt (G.lf) s s 

The bar indicate that the variables are complex quantities. They 

carry phase information. This convention was introduced in Chapter 4 
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structure (drill string) 
The dynamics is denoted by kL 

exciter f q 

.a Uc or 
u(xc,t) 

G. 1 a Schematic 

uc(t) = u(xc,t) 
(displacement of (displacement of 
exciter casing) structure at exciter 

location) 

exciter 

m 

m c 

m c 

x=x c 

c 

uL R 
Uc c 

nL R 
c nc 

G.lb Introduction of Transfer Matrix Nomenclature 

Fig. G.l Nomenclature for Transfer Matrix Formulation. 

kL 
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L C R 
nc n c .. - ... )It .. f s 

f 
m Y m .... -c ... -----... ..----.......... f q -- - -...:.q .. .cr---... ...-, ...... ---- f s 

~ 

G.lc Free-Body Diagram 

Fig. G.' (cant.) 

m u 
c c 
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to simplify expressions for transfer matrices involving phase 

infonnation. 

One notices that no phase infonnation is associated with f s 
in equation G.lf. In Chapter 5, no phase information was associated 

with fs ' In this chapter, fs is used as the reference signal and all 

phase differences are defined with respect to f s ' Thus, 

v (w, t) = G V e i <Pv e i wt 
m m 0 

(G. 1 g) 

in this chapter. This convention simplifies the derivations and 

computer implementation. All FRFs in Chapter 5 remain unchanged under 

this convention. On applying this convention to equations G.lc-

G.le, one gets 

u(x,t) = U(x) e-i<pu eiwt 

where <Py is the phase lead of Ym with respect to fs' 

<Pu is the phase lag of u with respect to f s ' 

<Pf is the phase lead of fq with respect to fs' 

(G. 1 h) 

( G. 1 i ) 

(G.lj) 

Ym, U(x), and Fq are respectively amplitudes of Ym' u, and fq" 

Summing the forces on the free-body diagram in Figure G.l yields 

the following equations: 
R _ L 

nc - nc - fs (G.2a) 

(G.2b) 
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and 
2 f = -mw y q m (G.2c) 

Also, 

(G.2d) 

A transfer matrix for the exciter ;s obtained by writing equations 

G.2a and G.2d in matrix form. That is, 

R I - L 
U 1 1 0 u 

I 
- I -
N = o 1 ! -F s 

- - - - - -t--. 
N 

1 0 0 I 1 1 (G. 3a) Xc I Xc 
I 

or 

(G. 3b) 

where [p] is the point transfer matrix for the exciter. '{z R} and c 

{z L} are respectively state vectors to the right-hand and left-hand c 

sides of point C. 

The third row of equation G.3a is equivalent to 1 = 1, and is 

introduced to accommodate the third term in equation G.2b (second 

row of equation G.3a) without yielding a rectangular transfer matrix. 

The exciter transfer matrix ;s the 3 x 3 matrix in equation 

G.3a. The derivation was specialized for the case of an axial rod 

system. This formulation is easily adaptable to other structures 

such as plates, beams, shells, and the large class of structural 

members which can be analyzed using transfer matrices [G.l, G.2]. 
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The transfer matrix in equation G.3a is the transfer matrix for 

the ideal exciter (equation 4.18). For the ideal exciter, Fs is 

the amplitude of concentrated external driving force. It is not 

dependent on the motion of the structure or the power limitations of 

the exciter. 

For the nonideal exciter, fs is defined by equation G.3b. On 

introducing equation G.2b into equation G.3a, one gets a transfer 

matrix for a nonideal exciter. The transfer matrix is 

1 0 I 0 

[P] = 
2 I 

-mew 1 I F q 
- ----- --i---

o 0 I 1 
(G.4) 

I 

-
where Fq is defined by equation G.lj. 

If me' the mass of the exciter casing, is zero and the magnitude 

of Fq is equal to Fspec ' the desired force level, the transfer matrix 

in equation G.4 reduces to the transfer matrix for the ideal exciter 

(equation 4.18). The first term in the second row (-mcw2) represents 

the effect of the mass of the casing and the motion of the structure 

on the force generated and applied to the structure. The third term 

in the second row incorporates all the other effects. The effect of 

the motion of the structure may also be included in this term. In 

this case, the term reflecting the effect of the motion should be 

included in the first term of the second row. 

Fq, the third term ;n the second row, is defined by the exciter 

equations discussed in Chapter 5. Equation G.2c is one of these 

equations. If none of the internal variables of the exciter saturates, 
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the transfer matrix in equation G.4 may be used as the exciter 
-

transfer matrix, setting Fq equal to Fspec. If any variable saturates, 

Fq has to be defined to reflect this. 

If qL' the servovalve output flow saturates, Fq has to be defined 

as a function of qL and u. Combining equations 5.1, 5.9, 5.20, 5.26b, 

and G.2c, one gets 

(G.5a) 

where 

( G. Sb) 

On combining equations G.4 and G.S with 

(G.6) 

where the maximum value of Qo is Qmax' one gets the exciter transfer 

matrix 

1 

[pJ = 

o 

I 
01 0 

I a21 -
1 I_Q 

I iwA 0 

~ -;-,----
I 

(G.7) 

This transfer matrix is applicable when qo saturates. The amplitude 
-

of Qo is set equal to Qrnax' Similar matrices can be derived ;n the 

same way when vp or VI or ;v ;s saturated. When the limit of the 

stroke, II Ym - Uc II , is exceeded, it is uncertain whether one can 

calculate an expression which can be placed in the transfer matrix 
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form. There is integration between the exciter and the structure. It 

is difficult to uncouple the effect of the motion of the structure from 

the force generated when the stroke limit is exceeded. 

In any case, iteration becomes necessary if one were to derive 

transfer matrices for each case where an internal variable of the 

exciter saturates. The "backward" approach described in Chapter 5 

handles this problem easily and without iteration. 

In the "backward ll analysis, the transfer matrix for the ideal 

exciter (equation G.3a or 4.18) is used to determine kL . kL 

describes the load structure dynamics for a given frequency. kL is 

used to eliminate u in the exciter equations, and no iteration is 

necessary. The procedure for the "backward" analysis is explained 

in detail in Chapter 5. 

Thus, the "backward" analysis "involving a transfer matrix model 

of the structure has been related to classical transfer matrix theory. 

The validity of this application of the "backward" analysis is estab­

lished. 
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TRANSFER MATRIX ANALYSIS OF AN ELECTROHYDRAULICALLY 
DRIVEN ROTARY-VIBRATORY DRILLING SYSTEr1 

by 

Donatus Chukwubueze Ohanehi 

(ABSTRACT) 

This research develops transfer matrix model for the longitudinal 

vibratory component of a rotary-vibratory drilling (RVD) system driven 

with an electrohydraulic inertial mass exciter. The RVD system is a 

hybrid drilling system consisting of a conventional rotary drilling 

system assisted by forced harmonic vibrations. 

The model includes a drill string with continuously distributed 

inertia, stiffness, internal material, and external fluid damping. 

These properties were introduced through a new continuum transfer 

matrix for a damped pipe element. The model allows for the inclusion 

of realistic geometrical representations for the drill string, and the 

inclusion of masses, springs, dashpots, and other axial structural 

elements. The force exerted on the drill string by the drilling fluid 

was included using the theory of a flat plate oscillating in a 

newtonian fluid. The force had an inertia and a viscous damping com­

ponent. These were incorporated into the inertia and external fluid 

damping terms in the new continuum transfer matrix. The exciter had 

force and power limits. The rock-rock bit boundary was represented as 

a structurally damped spring. 

The transfer matrix solution was a generalization of conventional 

solutions involving boundary condition matching at the end of each 



mechanical element. Both solution procedures were used to study the 

reasons for the failure of a development of an RVD system by Drilling 

Research, Incorporated. The studies consider an RVD system driven with 

a harmonic force. Solutions for the problems that led to the failure 

of DRI's RVD system were suggested. Design projectioris for future 

generations of RVD systems were deduced. 

The transfer matrix model is capable of handling various combina­

tions of drill pipes, collars, vibration isolators, an improved exciter 

model, and improved models for the rock-rock bit boundary. An analysis 

of an RVD system driven by an inertial mass exciter confirmed the 

results of the analyses involving the simple exciter model. It was 

determined that an inertial mass exciter was capable of driving an RVD 

system as far as the power requirements were concerned. 

Significant insights were gained on the effect of the compliance 

of a load structure on the performance of an inertial mass exciter. 

The analysis showed that the performance was degraded severely when the 

load structure was compliant. Re-design directions for improving 

exciter performance when the load structure is compliant were 

suggested. 


