AD-R187 509

UNCLASSIFIED

DYNANIC MODELLING OF AN ELECTROMECHANICAL VALVE usma'
FRE oL

) NAVAL POSTGRADUAT! E SC
MONTEREY CA R L MILLER ET AL. 135 DEC 66
F/G 13/11




A TR AT AR A A A R T

Mi Ko by ko

i

Pl

- e - o -

-




gTe FILE COPY

NPS69-86-012PR

NAVAL POSTGRADUATE SCHOOL

Monterey, Galifornia

DTIC

ELECTE
JAN 04 1988

H

AD-A187 908

DYNAMIC MODELLING OF AN ELECTROMECHANICAL
VALVE USING FREQUENCY RESPONSE DATA

by
R. L. Miller

D. L. Smith

Approved for Public Release; Distribution
Unlimited

Prepared for:

37 12 22 AR7

Naval Postgraduate School
Monterey, California 93943

Gy .., ‘.'--'f~"~' '«\ .;\'.."”\'4-_:.‘-4‘,- :' -'r o -f{,';f;(‘:.- .-_. N .". -‘.\ - W -\\ o *":\‘_‘.‘- v

SN el o

’I:f'{

4
A

PFEEFT LA
A A ;t

AR
;‘c’ s l'vl’.'.‘f‘ /

2]

Yoy

3 A
o x,

v _x

(R}



NAVAL POSTGRADUATE SCHOOL
Monterey, California

RADM R. C. Austin D. A. Schrady Y
Superintendent Provost

This project was unfunded.
Reproduction of all or part of this report is authorized.

This report was prepared by:

. “)
David L. Smith

Associate Professor i
Department of Mechanical Engineering )

Reviewed by: Released by: ]

/va‘I/"CJ‘ / Jh@L ¥

A. J. Hedley, Chairman J. NJ Dyer A
Department of Mechanical Dean of Science and Engineering "
Engineering ;%,

'

AN S e N AN

% Y
.l.l.- ) ol .( I l,.‘l. .'. ".



\ Unclassified

URITY CLASSIFICATION i a
W REPORT DOCUMENTATION PAGE
\ | —————————————
‘ Ta REPORT SECURITY CLASSIFICATION 0. RESTRICTIVE MARKINGS
:. Unclassified
S ———
1y 2a. SECURITY CLASSIFICATION AUTHORITY 3 OISTRIBUTION/ AVAILABILITY OF REPORT
' Approved for public release; distribution
2b. DECLASSIFICATION / DOWNGRADING SCHEDULE is unlimfted.
"
)
!‘; 4 PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONH’OR!NG ORGANIZATION REPORT NUMBER(S)
5 NPS69-86-012PR
» 6a. NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL | 7a. NAME OF MONITORING ORGANIZATION
‘ Naval Postgraduate (tf applicable)
W School
K 6c. ADDRESS (Gity, State, and ZIP Code) 7b. ADDRESS (City, State, and 2IP Code)
A Monterey, CA 93943
8a. NAME OF FUNDING / SPONSQRING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
' ORGANIZATION (if applicable)
&
' 8¢. ADORESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
- PROGRAM PROJECT TASK WORK UNIT
% ELEMENT NO NO NO ACCESSION NO
11 TITLE (Include Security Classufication)
. Dynami¢ Modeling of an Llectromechanical Valve Using Frequency Response Data
. i¢ PERSONAL AUTHOR(S)'

L. Miller, D, L. Smith

’ R, h .
i “3a TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPQRT (Year, Month, Day) ['S PAGE COUNT
h "rogress raoM 6 /86 0 9/86 36/12/15 ] 16 :

N ‘6 SUPPLEMENTARY NOTATION

¥

\

. COsar CODES 18. SUBJECT TERMS (Continue on reverse if necessary and dentify by block number)
. £ ELD GROUP SUB-GROUP Control, Dynamic Modelling

.

[}

o

‘9 ABSTRALT (Continue on reverse if necessary and .dentify by block number)
o, /' Dynamic modelling of electromechanical parts is often accomplished by conducting an

3

analysis from first physical principles. While this is always a useful effort for physical]

J

o

. insight, it may lead to transfer function models which are unnecessarily complex. This

paper presents a supplementary dynamic modelling method based on frequeancy response data.

x The method is applied to modelling of a globe valve use for water flow control.

h‘

"y

i 20 D STRIBUTION/AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
b, G2 ONCLASSIFIED-UNUMITED (O SAME AS RPT CJonc users Unclassified

: 22a_NAME OF RESPONSIBLE INDIVIDUAL 22 EPHO nclyde Area Code) | 22¢ OFFICE SYMBOL
¢ David L. Smit Ca S e ey 695m
b _ DD FORM 1473, samanr 83 APR edition may be used until exhausted SECURITY CLASSIEICATION OF THIS PAGE
. All other editions are obsolete

: Unclassified

~

(™ - L)
LT o

~
R Nis N

. - v o e

“f-(-r

..(“-r‘.r e .r

- P P .
N J '_-J'\J‘\ R



- Table of Contents

I. Previous Work « ¢ v o ¢ ¢ ¢ ¢ o o s o o o o s o o o 5 s o o & 1
IX. Approach . « « « « ¢ & e e e e e e e e e e e 4
TIT. ReSULLS ¢ ¢ ¢ o o o o o o o o s o o o o o o s s o s o o s o o 8 ‘
IV. Conclusions and Recommehdations e e e o s s e e e e o o s 4 e 15

REfet’ences e o s o .- e & & & & 8 e 6 ¢ 6 & S o © o+ s & e & ¢ * o o 16 ' :

* A T v & o .

Pl S Sy

L

FIFT?7 7 2

e Y Wt AN

P

RRRIN S oSS o i AP At e Ao I T L AT 0, e A AT e T T T T AT




5 I. Previous Work

Y Frequency data analysis of mechanical components has either not been

often used or fiot often published. In any case, the literature has examples

of this type of analysis applied to a stirling engine (1), a boiler (2),

-
N

friction effects (3), a relief valve (4), and an electrohydraulic servovalve
(5). At the Naval Postgraduate School we have used this type of analysis on a

diesel engine (6) and a flow control globe valve (7). The method has worked

[N

very well and consistently for us and we are planning to apply it to various

J‘ other mechanical components in the near future. This paper presents the
E approach, results, and lessons learned in the globe valve study mentioned
E: above.
o The system of interest was a small gas generator coupled to a Clayton
i wate Dynamometer, Model 17-300-CE. The dynamometer was capable of providing
an 85% load change in fifteen seconds through a load control system designed
and implemented by P. N. Johnson (8). The water load and unload valves were 1
inch globe valves which were actuated by 72 rpm synchronous motors. The load
valve inlet pressure was maintained with a 40 psig pressure regulator. The
unload valve supply pressure was fixed by pressurizing the dynamometer shell
to 4 psig. This was'done to assist in the unloading of the dynamometer to
meet the design specifications set forth'by Johnson.

As a preliminary excersize, the valves were first modelled Iin the steady-

state. Based on flow measurements, an equation for the steady flow as a

function of input voltage to the valve actuators was formulated. The, A°¢"s3ion For

f NTIS  7RARI ﬁi
|
t
|

. DR

resulting cubic equation for the load valve flow rate was

v 4 8 & B A
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The results of using these models for the load and unload valves (e.g.
ignoring valve dynamics) can be graphically seen in the system response curves
shown in figures 1 and 2. The curves show that while the load valve model
accurately reflects the actual valve performance, the unload valve model is in
significant error. The model formulation used by Johnson for these identical
valves was somehow 1nadequate due to the differing fluid mechanical behavior.
In this way it was found that a move substantial modeling technique was
necessary for the unload valve. However, since the valve motor, fluid
dynamics, and electronics were very complicated, a frequency modelling

technique was selected to identify significant dynamic performance.

2
S T i A N T T T H T S T U R R T i N UL T Jais SRl S S ST
)-'Jl A P J' ...C I‘Ivf\:-(‘ ‘,’ g -f*d'.f -’&l’ SISO R -4'\”\ ..l'._(..;"\'l'.. SRS

. -
Nt T

LR SN SR I SN




- l,'l'(‘.END

DYNAMOMETER SPEZED (RPM)
1000 [Y¥™
p
)

Tee
! ““ e e m s s3 5
¢ [ ] ELJ [ ] 20 ”» ] ] [ ]
TIME (SECONDS)

TURDBINE SPEED = 1800~ RPM

Figure 1. Dynamometer Loading Response

I
|

- 7
7

DYNAMOMETER SPEED (RPM)
1008 1900

l.'l'(:TND
e !

100

] " " 10 ” *” ” "
TIME (SECONUS)
TURBINE SPEFD = 38000 RPM

Figure 2. Dynamometer Unloading Response

AP l\"‘\f‘f&l.u’". ."\'f el e

-k

L £a8 o8 S,

‘. \" SN




1I. ABEroach

In order to determine the transfer function of the unload valve for
steady state and dynamic conditions, specific experiments were devised and
conducted by J. E. Roger (7). The experimental apparatus used was such that
water was supplied directly to the unload valve by bypassing the dynamometer.
Figure 3 shows the functional setup of the test apparatus and the
instrumentation for the collection of data. Roger initially recorded data on
flow rate, Q, versus input voltage Vi, for various upstream pressures, P,, as
shown in figure 4. The figure shows a plot of valve position (1 Div = 0.4
volts) and it shows the effect of deadband in the valve electronics. The
valve actually began to open at about 0.3v, at the time the input voltage
reached 0.4v (1 Div) the valve was only slightly open.

An upstream pressure of 4 psig was then chosen for the formulation of the
steady state relationship between Q and V4. The resulting second order

polynomial was

Qout = —4.1704v42 + 42.049Vy - 13.6472.

An inspection of this equation shows that if the input voltage, Vi, is zero
(valve closed) the flow rate, Q, is not zero as it should be. This means that
the simulation must zero out the flowrate I1f the voltage is less than the
opening voltage.

In order to get a useful transfer function the dynamic relationship
between flow rate, Q, and input voltage, V{, must be determined. 1If a
constant upstream pressure, P,, is assumed then the following equation

applies.
dQ s q

avy Py = ¢ v

s 8 e & = o a =y
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4

where q and v are perturbational values of the flow rate and the input voltage
.
N about a specified set operating point. Again, steady data can be used to

characterize the valve orifice at some operating point, Vji;
Y
:

q = N = CaP)

N Vi = ¢
' where AP is the change in the upstream pressure, P,.
N
N To generate the dynamic data needed the equipment setup of figure 3 was
-
~ used. Various operating point voltages, V4, were selected and the flow rate
M manually adjusted by an inlet water supply valve to provide a specific value
.
N of Py. A sinusoidal perturbational voltage was applied to the unload from the
\
~
N singal generator. The input voltage to the unload valve was described by:
: V=Vy+v
: V = Vi + A*sin(ut)
N
N The experiments generated small amplitude pressure variations, AP, about
8]

the mean level of P,. Therefore, we calculated the perturbational flowrate
: from the valve relationship

q = C,AP.

L ¥
. And, since the pertubational input amplitude v was known, we computed the
4
j transfer function magnitude, q/v, and generated Bode plots.
y .. .
:j The experiments called for studying the effect of two parameters: A, the
o amplitude of the input sive wave and V4, the input linearization point. For
f the experiments, an arbitrary valve of mean upsteam pressure was chosen at 10

psig. In the actual system the upstream pressure was to be 4 psig so we also
¥ investigated the effects of the mean upstream pressure variation on the valve
- transfer function.
4
v
i
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III. Results

Figure 5 shows the effect of varying the amplitude, A, while holding the
valve position, Vy=1.21 volts, and the upstream pressure, Py=10 psig. This
valve of V4 was chosen since it was near the steady state (Vyi=0) and would
permit closing as well as opening perturbations of the valve position. The
plot shows that the midrange data (0.4 - 0.6 volts) converged. At amplitudes
greater than 0.6 volts the upstream pressure variations became excessive and
large changes 1in perturbational flow, q, were observed. For values smaller
than 0.2 volts, excessively small amplitudes were seen in #P. Therefore, an
amplitude of 0.4 volts was chosen for further work cince it best represented
the overall valve characteristic.

Figure 6 shows the effect of varying the mean valve position, Vi,
while holding the amplitude, A=0.4 volts, and the upstream pressure, P, = 10
psig, constant. From this plot we see a convergence of the data as the
meAan valve opening becomes greater. Also, the shape of the plots is
consistent. The rolloff rates observed in figures 5 and 6 were found to
represent a second order transfer function.

Figure 7 shows the effect of perturbations around various upstream
pressures, P,, while holding the valve position, Vi=1.21 volts, and the
amplitude, A=0.4 volts, constant. 1t can be seen that the higher the value of
P, the more consistent the plots became, except for dispersion at the higher
frequencies. In any case, the data was always clustured in a fairly narrow
band.

This allowed us to specify the form of the transfer function of the

unload valve as:

P P R JUFLIR

T T S A
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If we arbitrarily choose Q; and V4 equal to zero, then the inverse laplace

transform can be taken so that the time domain equation can be obtained. The

resulting time domain equation is:

d2q dq

-+ (m+uw) — + (] W) =Kv wuw
de2 dt

-’Tiv

We next compare the above equation to the previous equation for Q from

the steady state. If we multiply the valve steady-state sequation by w w

we get
(wp w2) Q= (w w) [-4.1704v42 + 42.049V; - 13.6472].

A nonlinear valve equation can be constructed by combining these

Y’l B s =

equations to achieve:

DAY

d2q dQ
dt dt i

From the Bode plot in figure 7, using the plot for Py = 4 psig we get: 3

e

K=36.3977

w;=0.8Hz=5.027 radians/sec.

o,

wy=1.7Hz=10.681 radians/sec.

LY

Substituting these values into the general equation yields the final time

domain nonlinear equation: -
d2Q dQ -
-— + 15.71 — + 53.69 Q = -223.9v42 + 2258v4 - 732.7 ;
de2 de

This equation for the unload valve was then incorporated into Johnson's

PRI

CSMP system model and subjected to the same conditions that were used to

(3

generate figure 2. Figure 8 shows the results of this new model.

Comparison of figure 2 to figure 8 shows little improvement in the

B A

simulation response. This seeming failure has much to say about this

[

modelling process. As discovered from the data of figure 7, the valve

hardware had break frequencies of 5.03 and 10.68 Hz. These are both too high
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to be of concern in the system response as shown in figure 8 (a break
frequency of 0.1-0.2 Hz would be of more interest), so the continuing slowness
of our simulated system is a logical result. Recall that in achieving this
result we have assumed that a given valve pressure drop corresponds K

immediately with the steady-state flowrate. We also assumed that the fluid

dynamics of the valve identification experiment were the same as those 3
supplied by the dynamometer. Serious failure of the first assumption would y
mean that the valve would respond much slower than that now predicted. The "
failure of the second assumption is much more probable. For whatever reason, _E
it is very likely that the steady-state AP vs Q relationship of figure 4 is 3
somewhat too low in error. In order to correct for this, the gain of the :
valve was adjusted and improved results were obtained as shown in figure 9. E
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IV. Conclusions and Recommendations

The valve and dynamometer were too complicated to model in detail and
some means of simplified modelling was deemed necessary. The present method of
response measurement has the advantage of using performance data, with the
difficulty of requiring data for the valve in a situation as close as possible
to the real case. The interaction between the valve and the dynamometer
somehow caused the valve to respond differently than it did without the
dynamometer. This leads to an applicational difficulty: we have not
characterized the valve for all systems, merely in this system alone. The
model derived in this way works well for this application, but another
application would probably require a fresh start. Thus, great care must be
excersized when using old data from this approach for new design work, and
even for modifying previous designs.

Since this method requires hardware and excitation of large frequency
ranges, it may be destructive at or near resonant frequencies. Care must be
excercized about resonances as well.

Variations in operating point variables did not seem to have a
significant effect on either the model form or on parameter magnitudes. The
experimental data clustered more or less along well defined regions. We have
confidence that the second order nonlinear equation which describes the valve
{8 accurate. While it turned out that the dynamics of the unload valve were
not important in predicting system performance, we did not know this before we
began. The present method gave us a means for determining the importance of

the valve dynamics to the systems response.

15

P P " e "m "2 "R 8" " a"a* . a"e o* LI S P I . R IR TP L AP P ST S A TRl TRt s SR Tl Y SR S I Y Y S I T
o’ ff~f~f Lot ol e _. \.,.a_.a e e A T T AN N - o -‘




)
P

AL NN
l"l’l.ln 2 154 g AT IV,

REFERENCES

Daniele, C. J., and Lorenzo, C. F., "Dynamic Analysis of a Simplified
Free-Piston Stirling Engine” Simulation, pp. 195-206, June 1980.

Suzuki, Y., Pack, P. S., and Uchida, Y., "Simulation of a Supercritical
Once Through Boiler”, Simulation, pp. 181~193, December 1979.

Bernard, J. E., "The Simulatio of Coulomb Friction in Mechanical Systems”,
Simulation, pp. 11-16, January 1980.

Ray, A., "Dynamic Modeling and Simulation of a Relief Valve”, Simulation,
pp. 167-171, November 1978.

Martin, D. J., and Burrosw, C. R. "The Dynamic Characteristics of an
Electro-Hyr ~aulic Servovalve”, Journal of Dynamic Systems, Measurement and

Control, pp. 395-406, December 197/6.

Violette, T. F., System Identification and Control of an Internal

Combustion Engine, M. S. Thesis, Naval Postgraduate School, Monterey,
California, December 1985.

Roger, J. E., Modeling of Gas Turbine Load Components, M.S. Thesis, Naval
Postgraduate School, Monterey, California, December 1985.

Johnson, P. N., Marine Propulsion Load Emulation, M.S. Thesis, Naval
Postgraduate School, Monterey, California, June 1985.

Ogata, K., Modern Control Engineering, Prentice Hall, Inc., 1970.

16

"f\ ] \’q‘r\

R YA LSS

N "r‘*uﬂ:f‘f"é”f‘f‘r'"f'f'f' Ll it
3 Ly . - . .

SRS .ir

YN AR A a A AA

L g oL, -"'




Initial Distribution List:

1.

5.

Professor A. J. Healey, Code 69Hy
Chairman, Department of Mechanical Engineering
Naval Postgraduate School, Monterey, CA 93943

Professor L. W. Chang, Code 69Ck
Department of Mechanical Engineering
Naval Postgraduate School, Monterey, CA 93943

Professor R. H. Num, Code 69Nn
t of Mechanical Engineering
Naval Postgraduate School, Monterey, CA 93943

Professor D. L. Smith, Code 69Sm
Department of Mechanical Engineering
Naval Postgraduate School, Monterey, CA 93943

Defense Technical Information Center
Cameron Station
Alexandria, VA 22314

Library, Code 0142
Naval Postgraduate School
Monterey, CA 93943

Mr. Jim Domnely
NAVSSES, Phil. NSYD
Philadelphia, Pennsylvania 19112-5083

LCDR, Robert L. Miller, USN
540 Prince of Wales Drive
Virginia Beach, Virginia 23452

Director of Research Administration
Code 012

Naval Postgraduate School

Monterey, CA 93943

'y -".""\. ‘p:,‘\."- J‘.. ,

TN AN T

10

M S S LV e N A A A A L L SR R U L AL |
"\".‘f\', ALn ‘ *:‘ - *\" ‘-'?-'. o }' A




B o S I T T XS AN L DV L N T TR U T DO O L U O e o e ooy R I

e |

'

fu

Lo

or

s

™
Z
<

P Y

N
—
=
s
-/

E

5

X

0
0
X
oo

LaR S ¥ b |

AR
—

el e A I 3.7 R P P T T I o T N N L T o I T R TV T IS T Tl Rt Bt Sa¥ Tl P P AN RTINS T e
A 1 S SR P T it R AR R O AN O D TS R L G R St G RS L G G » TR AN A




