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FOREWORD

Power Test Code Committee No. 20 on Speed-Responsive Governors was established by
the ASME Power Test Codes Committee in 1921, and the Test Code for Speed-Responsive
Governors as prepared by this Committee was issued in May, 1927. Subsequently, since it
was found that this Code was inadequate, Power Test Code Committee No. 20 was reor-
ganized in 1940 and its scope expanded to include speed, temperature, and pressure-re-
sponsive governors for prime movers.,

In 1941, the Joint AIEE-ASME (IEEE-ASME) Committee on a Recommended Specification
for Prime-Mover Speed Governing was formed. The fundamental studies for prime-mover
speed governing were made. The fundamental studies for the preparation of the code for
testing were identical with those for the preparation of the recommended specification.
Close coordination of the work by both committees to assure the successful completion of
their respective assignments was accomplished by the appointment of personnel common
to both groups.

By mutual agreement, the work of the Specification Committee took precedence over that
of PTC Committee No. 20, whose labors were interrupted during World War 1I.

In order to facilitate the use of the Code, PTG Committee No. 20 decided in 1946 to issue
their assignment in several publications and in the following sequence:

(1) Test Code for Speed-Governing Systems for Steam Turbine-Generator
Units

(2) Test Code for Emergency Governors for Steam Turbine~-Generator
Units

(8) Test Code for Pressure-Regulating Systems for Steam Turbine-
Generator Units,

With the issuance of AIEE (IEEE) Publication No. 600 in May, 1949, covering ‘‘Recom-
mended Specification for Speed-Governing of Steam Turbines Intended to Drive Electric
Generators Rated 500 Kw and Up,’’ by the Joint AIEE-ASME (IEEE-ASME) Committee, the
way was cleared to proceed with the preparation of the first code in the series. This Code
was issued as PTC 20.1-1958 in November, 1958, In December, 1961, the PTC Committee
No. 20 was reorganized in order to write the second part of the Gode under the modified
title of “*Test Code for Overspeed Trip Systems for Steam Turbine-Generator Units,”
which was approved on March 8, 1965, and issued in June, 1965,

In December, 1965, work on the third part of the Gode was begun by the same Committee.

In 1967, the name of the Committee was changed to Performance Test Gode Committee
No. 20 and the title of the Code in preparation to Performance Test CGode No. 20.3.

This Code was approved by the Performance Test Codes Committee on August 26, 1969.
It was approved and adopted by the ASME Council as a standard practice of the Society
by action of the Board on Codes and Standards on October 28, 1969.
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PRESSURE CONTROL SYSTEMS USED ON STEAM TURBINE-GENERATOR UNITS

SECTION O, INTRODUCTION

0.01 This Code is applicable to steam turbine-
generator units of 500 KW capacity and larger and
provides:

0.01.1 Recommended format for specifications for
the performance characteristics of pressure control
- systems subject to modifications by mutual agree-
ment between the parties to the test and
0.01.2 Standard procedures for tests to determine
the performance of pressure control systems for
controlling the -
(a) Initial pressure
(b) Extraction and/or induction pressure
(c) Exhaust pressure
(d) Steam seal pressure
(See Fig. 0-1 for location of these pressures.)

L

— l \ -
STEAM SEAL \ :
PRESSURE EXTRACTION i -

OR INDUCTION EXHAUST
PRESSURE PRESSURE

[ §

'
F1G. 0-1 LOCATION OF PRESSURES

0.02 Reference is made to the following codes
and standards:

(a) PTC 20.1, 1958, ASME
Power (Performance) Test Code *‘Speed Governing
Systems for Steam Turbine Generation Units.”’

(b) PTC 20.2, 1965, ASME
Power (Performance) Test Code ““Overspeed Trip
Systems for Steam Turbine Generator Units.”

(c) Standard 600, 1959, AIEE (IEEE)
‘‘Recommended Specifications for Speed-Governing
of Steam Turbines Intended to Drive Electric
Generators Rated 500 KW and Larger.”

(d) NEMA Standard 46-112, 1946
NEMA Standard for ‘‘Speed-Governing and Pressure
Control of Steam Turbine Generator Units,”

(e) American National Standards Institute
(ANSI) C85.1-1963

“Terminology for Automatic Control,”’

(f) SAMA Standard RC 20/11-1964

““Measurement and Control Terminology.”’

(g) PTC 6 — 1964, ASME -

Power (Performance) Test Code ‘“Test Code for
Steam Turbines.’’

(h) PTC 19.2 — 1964, ASME
Instrument and Apparatus:
Part 2, ‘‘Pressure Measurements.”’

(i) PTC 19,5,4 — 1959, ASME
Instrument and Apparatus: Part 5, 4, ‘‘Flow
Measurements.”’
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ASME PERFORMANCE TEST CODES

SECTION 1, OBJECT AND SCOPE

The purposes of this Code are:

1.01 To establish guiding principles and pro-
vide a format for performance specifications for
pressure control systems applicable to the equip-
ment covered under this Code.

1.02 To establish test procedures for determin-
ing performance characteristics of the subject
pressure control systems including:

1.02.1 Pressure set point range.
1.02.2 Rate of change of pressure set point.

~N

1.02,3
1.02,4
1.02,5
1.02.6

Steady state pressure regulation,
Transient response characteristics,
Steady state frequency response.
Dead band and hysteretic error.
1.02.7 Stability band.

1.02.8 Interaction between the variables in a
compound control system.

1.03 To establish a procedure for describing
the system performance by means of test quanti-
ties obtained under Par, 1,02 and the system
transfer functions.

10
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PRESSURE CONTROL SYSTEMS USED ON STEAM TURBINE-GENERATOR UNITS

SECTION 2, DEFINITION OF TERMS

2,01 Systems and Actions Table |
Par, Term Description
2.01.1 Pressure control system A system that controls the pressure at a sensing

point in a designated location. Typically in-
cludes the pressure sensing element, the con-
troller, the servomotor(s) and the pressure con-
trolling valve(s).

2,01.2 Compound control system A system that controls two or more variables
(speed, load, pressure(s)) by means of intercon-
nected controls with the control functions ar-
ranged to minimize interactions.

2,01,3 Controlled pressure The steam pressure sensed and controlled by
; the pressure control system.

The controlled pressures covered by this Code include: (See Fig. 0.1).

(a) Initial pressure Pressure upstream of the controlling valve(s).
(b) Extraction or induction pressure  Pressure in extraction or induction line.
(c) Exhaust pressure Pressure in the exhaust line.
(d) Steam seal pressure Pressure in the steam seal line.
2,01.4 Process steam flow The steam flow that is used (or produced) by

the plant at the controlled pressure.

2.01,5 Control action In a control element or a control system the
nature of the output change caused by the input.

2,01.6 Proportional action The control action that is proportional to the
change of the error or other input signal.

2,01.7 Integral action (reset) The control action that is proportional to the
time integral of the error or other input signal.,

2,01.8 Derivative action (rate) The control action that is proportional to the
time derivative (rate of change) of the error or
other input signal,

2,019 Proportional plus integral The control action of a system in which the
output change is proportional to the sum of the
error or other input signal plus the time integral
of the error or other input signal.

2,01,10 Proportional plus partial integral The control action of a system in which the
(reset) action output change is proportional to the sum of the
original error or other input signal plus the time
integral of a predetermined fraction of the
original error or other input signal,

Note: It is assumed that the equipment is operated in a range where saturation does not occur.

P —

P
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ASME PERFORMANCE TEST CODES

2,01 Systems and Actions (Cont'd) Table |
Par, Term Description
2.01.11 Saturation The condition of a control element in which any

further change in input no longer results in a
corresponding change of output (ANSI C85-1),

2.01.12 Unit in normal operation Unit running at load, within design limits and
with none of the operating control devices in
saturation.

2,02 Components Table II
Par. Term Description

2.02,1 For automatic pressure control systems the following terms and description supplement
the definitions in PTG 20.1.

2,02,2 Pressure sensor Pressure responsive element that produces a
signal which is a linear function of the input
pressure.

2.02.3 Pressure controller Device that generates one (or more) actuating

signal(s) in response to pressure set point and
feedback signals.

2,02.4 Pressure set point changer Device for producing the pressure reference
signal to the pressure controller in response to
a manual (or automatic) adjustment.

2.02,5 Valve servomotor Amplifying device that moves the steam valves
in response to the actuating signal(s) from the
controller(s).

2.02.6 Steam valve(s), controlling Device with variable flow area adjusted by the

mechanical motion of the servomotor to control
steam flow.

2,02,7 Plant That portion of the system responsive to steam
flow in producing the controlled pressure,

«

A
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PRESSURE CONTROL SYSTEMS USED ON STEAM TURBINE-GENERATOR UNITS

2,03 Definitions Table 111
Par. Term Symbol Definition Units
2.03.1 Angle, phase- b (w) The angular difference between the degrees
output and the input of a control
loop when the input is sinusoidal-
ly oscillated at the {requency
o [rad/sec].
Note: A positive sign is used for a phase lead, a negative sign for a phase lag,
2,03.2 Change (in A The difference in the values of a
general) variable between two specified op-
erating conditions
2,03.3 Dead band, AP, The range through which the con- psi
pressure- trolled pressure can be varied
without causing a measurable posi-
tion change of the pressure con-
trolling valve(s).
2.03.4 Dead band, 4, The dead band referred to rated per cent
relative pressure- pressure,
2,03.4-1 g = AP, x 10 per cent
r
2,03.5 Deviation, maximum MTD The difference between the largest psi
transient- (pressure) deviation of the output and the new
steady state value after the transient
has subsided when responding to a
step input of limited magnitude. See
Fig. 5-6.
2,03.6 Flow, steam- Q Steam flow at a specified location in 1b/hr
the system.
2,03.7 Flow, rated- q Rated steam flow at a specified Ib/hr
location in the system.
2,03.8 Flow change, 7 Change in steam flow at a specified per cent
relative- location in the system between two
identified operating conditions,
referred to rated flow.
2,03.8-1 p=AQx 100 per cent
¢
2,03.9 Frequency, attenua- @, The frequency at which the magnitude  rad/sec
tion- (cut-off . .
frequency. ratio (G) is 1/y/2, (-3db).
2,03.10 Frequency, gain o, The frequency at which the magnitude rad/sec
crossover- ratio (G) is unity; (in a closed loop
after the resonance peak)See Fig. 5-8
13
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ASME PERFORMANCE TEST CODES

2.03 Definitions (Cont'd) Table 111
Par. Term Symbol Definition Units
2.03.11 Function, open G(s) The ratio of the feedback signal to complex
loop system the error signal of a feedback control dimension-
transfer. (in Laplace system, when both of these signals less
transform) are expressed in Laplace transform.
2.03.12 Function f(t) A mathematical statement relating
transfer- (time the output O(t) of a control or
domain) process element to its input /() as

a function of time and the initial
state of such element(s). Ref: ANSI

C85.1.
2.03.13 Function, F(s) The quantity obtained by performing
transfer- in Laplace the Laplace transform on the transfer
transform function f(t), usually with zero

initial conditions.

2.03,13.1 F(s): g(f(t))::%—(&)—w

I(1))

2.03,14 Gain of pressure G The reciprocal of the relative per unit
control system pressure regulation expressed in per
unit.

2.03.14-1 Gy = %
P

2.03.15 Hysteretic error AB, The maximum pressure difference psi
between the increasing and the de-
creasing pressure that produces
identical valve position (does not
apply to integral control). See
Fig. 5-4.

2.03.16 Hysteretic error, W, The hysteretic error referred to per cent
relative- ) rated pressure.

o
(=2

0

per cent

2.03.16-1 % = AP x.

cc:[

2,03,17 Interaction uv,v) In a compound control system the ratio  dimension-
gradient of the relative change of a first con- less
trolled variable (V1) to the relative
change of a second independent
variable (7)) when the control settings
are constant and the independent
variable is varied by a measured
amount within 5 per cent and 95 per
per cent of its rated operating range.

e 14
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PRESSURE CONTROL SYSTEMS USED ON STEAM TURBINE-GENERATOR UNITS

2,03

Definitions (Cont'd)

Table Il

Par,

Term -

Symbol

Definition

Units

2,03.17-1

2,03.17-2

2.03.18

2,03.18-1
2,03.19

2.03,19-1

2,03.19-2

2.03.20

2,02,21

e e

) i

Laplace transform

Laplace variable

(Differential)

(Complex
frequency)

Magnitude of
oscillation

Magnitude ratio

€OPYRI GHT Amer.i can Soci ety of Mechani cal Engineers
!i censed by Information Handling Services
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I(Vl’ Ié)= -

<] >
S e

For instance, on a single automatic
extraction turbine supplying power to
an independent system, the ratio of
the relative speed change (0) to the
relative extraction flow change (1)
at constant load.

lop)= &
(a,1t) p

The quantity obtained by performing
the Laplace transform on the func-

tion ft).

L)) = f°°° fit) e “Stds

The complex variable of the function
F(s) in Laplace transform,

d

s= dt( )‘cohditionally, for solution
of linear differential equation with
constant coefficients and zero initial
conditions,

s = jo for frequency response
analysis.

The difference between highest and
lowest point of a sinusoidal oscilla-
tion of a quantity such as pressure,
flow, etc.

The ratio of the magnitudes of oscilla-
tion of the output (¥,) to the input
(MI) of an open control loop.

15
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dimension~

less

dimension-
less

1/sec

psi, lb/hr,

etc.

per unit
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ASME PERFORMANCE TEST CODES

2,03 Definitions (Cont'd) Table 11
Par. Term Symbol Definition Units
2.03.22 Margin, phase- Y, The margin with respect to ~180° of degrees

the phase angle ¢ of an open control
loop when the input oscillation has
the frequency that results in a magni-
tude ratio of output/input of unity
(the crossover c: see Appendix 7.03),

2,03,22-1 Y, =180 ~ ¢,

where ¢ = phase angle at the cross-
over frequency w .

2.03.23 . Pressure, con- P The pressure that is held substantial-  psi(a)
trolled- ly constant by the pressure control
system., .
2.03.24 Pressure, rated- P The specified value of the controlled psi(a)
r pressure for normal operation,
2.03.25 Regulation, steady R, The sustained pressure change that psi
state pressure- will actuate the pressure control sys-

tem from maximum flow at rated
pressure to minimum flow with a con-
stant pressure set point.

Note: For an extraction control system: the pressure change from rated extraction flow to zero extraction
flow. For an extraction/induction pressure control system: the pressure change from rated extraction flow to
rated induction flow.

.2.03.26 Regulation, 8, The value of the steady state per cent
relative steady pressure regulation (Rp) referred to
state pressure~ rated pressure.

2.03.26-1 8p = Rp x 10 per cent
r

2,03,27 Regulation, steady R, ‘ The rate of change of the steady state  psi/unit
state incremental pressure with respect to relative
pressure- change in controlled steam flow at

a given steady state operating point
with constant pressure set point.

(See Fig. 5-3 and Par. 3.02.2 for

applicability.)
2.03,28 Regulation, 5, The steady state incremental . per cent
relative steady , pressure regulation referred to rated
state incremental pressure.
16
P \1
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PRESSURE CONTROL SYSTEMS USED ON STEAM TURBINE-GENERATOR UNITS

2,03 Definitions (Cont'd) Table 11
Par. Term Symbol . Definition Units
2,03.28-1 8. = R x 100 per cent
13 2 P
2,03.29 Resonance peak Gp . The maximum magnitude ratio of the db

controlled variable/input oscillation
of a closed loop control system
occurring at the resonance frequency

oy, (See Fig, 5-8).

2.03,29-1 Gy = 20 x log [Glay )] db
2,03.30 Response, G(jw) The ratio of the output to the input - complex
frequency of a control element or system as a

function of the angular frequency of
" a sinusoidal oscillation impressed at

the input.
2.03.301 Gljor) = Oljie).
I (jw)
2.03.31 Response, step- - The output change as a function of

time which results from a step dis-
turbance at a specified point in the

system.
2,03,32 Set point, pressure- P, The value of the controlled pressure psi(a)
to which the set point device is
adjusted.
2,03.33 Set point range, AP The algebraic difference between psi
pressure- maximum and minimum set point.
2.03,34 Set point range, W The pressure set point range re- per cent
relative pressure- ferred to the rated pressure.
100
2.03,34-1 g = APy x ==
r
2,03.35 Set point, rate of P The rate at which a remotely opera- . psi/sec
change of- “dt ted set point can be adjusted.
2,03.36 Set point, relative dif The rate of change of pressure per cent/
rate of change of- N set point referred to rated pressure, sec
17
ke N /&_’/‘_———_\2 o
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ASM_E PERFORMANCE TEST CODES

2,03 Definitions (Cont'd) . Table I
Par. Term Symbol Definition Units
2,03.36-1 s _ dbs x 100 per cent/
dt dt P sec
2,03.37 Stability, pressure - The capability of a system to posi-
control system- tion the pressure controls so that

any sustained oscillations of the
system pressure or of the energy
input to the turbine does not exce ed
a specified value under steady state
pressure (or load demand) or follow-
ing a change to a new steady state
pressure (or load demand).

2,03.38 Stability band, AP, The peak-to-peak magnitude of sus« psi
pressure- tained oscillation of the controlled
pressure when the system is operated
under steady state load conditions.

2,03.39 Stability band, A The stability band referred to rated per cent
relative pressure- pressure.
(stability index)

2.03.39-1 = AP 100
'#b b % [:
2.03.40 Steady state - The state of a variable where its -

average value exhibits only negligible
change over an arbitrarily long in-
terval of time.

2.03.41 Time constant T For a single time constant system, sec
the time in which the output reaches
63.2 per cent of the final output
change, in response to a step input of
given limited magnitude.

REF: ANSI C85.1. For typical
transfer functions using 7, see
Section 7.

2.03.42 Time, dead- T The interval of time between initia- sec
tion of an input-change or stimulus

and the start of the resulting re-

sponse. See Fig, 5-6.

REF: ANSI C85.1; SAMA
RC 20-11-1964.

18
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PRESSURE CONTROL SYSTEMS USED ON STEAM TURBINE-GENERATOR UNITS

2,03 Definitions (Cont'd) Table NI
Par, Term Symbol Definition Units
2.03.43 Time, response- T, The time required for the output to sec

reach 95 per cent of the new steady
state value following a limited step
input change. See Fig, 5-6.

2,03.44 Time, settling- T The time required for the output to sec
enter and remain within the pressure
stability band following a step input
change of limited magnitude. See
Fig. 5-6.

19
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SECTION 3, GUIDING PRINCIPLES

() Rated Pressure (set point)eeseapsi { )
(specify gage or absolute)
(c) Pressure Set Point Range..sset0sessepsi ( )

3.01 Advance Planning and Preparation for Test

3.01.1 The plan of the test and the procedure
shall be agreed upon in advance by the parties to

the test and shall be confirmed in writing, or Rated Pressure +'""g:; gr Z’
3.01.2 Test procedures shall include statements - DS OT A
describing the manner in which the unit will be (d Pre;sssure Set Point Limits Adjustable
operated, and the provisions made for transfer of (6) St};ad’y nS(;ate Prossure Regulation
load, Rp.....psi OTaseesb

3.01.3 Dimensions, data, drawings and diagrams
of the system and components which are required
for calculation purposes or inclusion in the repors

shall be obtained.

3.02 ltems on Which Agreement Shall Be
Reached

3.02,1 Definite agreement shall be reached as to
the specific object of the test enumerating the
system characteristics and responses that are to
be tested. Specified performance of the system
shall be part of such an agreement. If such

If adjustable..s..psi min to.....psi max
OFversads MIN O 4aese max
Adjustability: discrete steps or contin-
uous.

Adjustable in operation: yes, no

() Stability Band.....psi max
(g) Stability Index.....% max

3.02.5 Recommended Optional Specification -
Format for special equipment or ciritical pressure
control applications

specifications are not available the specification
format in 3.02.4 may be used for preparing speci-
fications.

3.02,2 1If the specifications include incremental
pressure regulation on an extraction turbine one
must recognize the infinite number of combina-
tions that result from the interaction of two or
more controlled steam flows. For every value of
electrical load on the turbine there is a unique
and particular curve for incremental pressure
regulation as the pressure controlled flow
changes from maximum to minimum. To test for
all load points would be an infinite job. For a
single extraction turbine high values of incre-
‘mental pressure regulation will be experienced
each time both valve sets are operating just be-
fore the cracking point of théir respective next
valves and the lowest values will follow immedi-
ately after the simultaneous cracking of these
valves. The problem will exist on any system
controlling two or more flows,

3.02.3 Definite agreement should be reached to
state pressures consistently either in “‘gage’’
(psig) or “‘absolute’” (psia) values. This is
particularly important when the unitized system
is used for calculations.

(a) Rate of Change of Pressure Set Point
- (applicable for remote operation only)
cesnPSi/S€C Ovenes/sEC
(b) Steady State Incremental Regulation
sesssPS1 MiN t0seesepsi Max Or,..ee % min
t04esee o max
(See 3,02.2 for applicability.)
(c) Hysteretic Error
eesesssseomax (specify input and output)
(d) Dead Band
..........bsi MAX Oleesesesess o Max
(specify input and output)
(e) Stability Band
cesessrsesPSI MAX Olerveseeese o MAx
(specify input and output)
(f) System Interactions (for compound control
system)
Interaction gradient limits for specified
independent and dependent variables
(g) Frequency Response with specified steam
volume
(i) Open loop crossover frequency
(magnityde ratio output/input = 1,
zero db)

.Cl)c = seeere .I'ad/sec
(ii) Closed loop resonance magnitude

3.02.4 Recommended Standard Specification Format "
: ratio

GR = 20 X ].ngo [(G (wR)] = sessceer db

(a) Location(s) of pressure tap(s) for measuring
controlled pressure(s)

20
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(iii) Closed loop crossover frequency
(magnitude ratio output/input = 1,
zero db)

Docr) = v
(iv) Closed loop — 3db attenuation
frequency-

rad/sec

(magnitude ratio output/input =

— 3db)

W= sasse rad/sec

(h) Transient Performance
(i) Max transient deviation

eevse psi Or.....%

L
\/2-’

For seves psi or.....% step in flow or

pressure set point
(ii) Rise time (not saturated)
(iii) Saturation limit

ceesopsi or .4...% pressure change

or «oes lbhror.....% flow change

3.02.6 The following is a list of typical items upon
which agreement shall be reached:

(a) Object of test and methods of operation
(See Par. 3.02.1.)

(b) The intent of the specifications and
guarantees, (See Par. 3.02.4 & 5).

(c) Means for maintaining test conditions and
adjusting loads as required,

(d) Frequency of observations, and number of
repeats to insure a representative
sampling.

(e) Duration and operating range of test runs.

(f) Nature of transients and maximum rate of
changes in metal temperature.

(h) Possible effect on the station equipment.

(1) Organization and number of observers,
arrangements for their direction, record-
ing of readings and calculating results,

(j) Allocation of responsibilities.

3.02,7 The method of comparing test results to
the specified performance shall be agreed upon
prior to the test, including allowances for
instrument calibration,

3.02.8 1f the purpose of the test is for verification
of guaranteed performance under a contract, the
test should be undertaken as soon as possible
after the turbine is first put into operation.

3.02,9 The parties to the test should be accorded
the right to run checks on the control system dur-
ing or before initial operation of the turbine.

@OPYRI GHT Aneri can -Soci ety of Mechani cal
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3.03 Tolerances

3.03.1 Tolerances for testing inaccuracies are
outside the scope of this Code. The test readings
shall be reported as observed, and the test re-
sults shall be reported as calculated, with such
corrections as are provided in this Gode.

3.04 Preliminary Test

3.04.1 It is recommended that a preliminary test
be run for the purpose of:

(a) Checking the adjustment of the system
and the turbine to assure that the equip-
ment is in suitable condition for a test.

(b) Checking all instruments.

(c) Training personnel.

(d) Establishing the test points.

3.04.2 If the parties to the test agree the pre-
liminary test may be accepted as a final test.

3.05 Operating Conditions

3.05,1 Preparatory to a test the turbine and
associated equipment shall be operated for a
sufficient time to attain steady operating
conditions. .

3,05.2 Operating conditions (pressure and temper-
ature) shall be maintained within design values
during the course of the testing, and great care
shall be exercised to maintain steam and plant
conditions free from any appreciable variations.

3.06 Instruments and Records

3.06.1 The accuracy and reliability of all instru-
ments shall be as stated in Section 4. Prior to
the test the initial calibration of all the instru-
ments shall be available and the method of cali-
bration shall be agreed upon.

3.06.2 Only such observations and measurements
need be made as apply and are necessary to attain
the object of the test. Each observer shall record
his actual observations on the test record and
each of the parties to the test shall receive a cer-
tified copy of the original test record. Corrections
and corrected values shall be entered in the test
in such a manner that the original entry remains
legible and shall be accompanied by an explana-
tory note.

3.07 Evaluation of Test Results

3.07.1 1f the test results show malfunctioning of
the unit or any auxiliaries the defects shall be

Engi neers
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corrected before the test series is repeated. by mutual agreement. IFailure to reach such an

agreement shall require repetition of the test.
3.07.2 If, during the conduct of a test, or during : :
the subsequent analysis or interpretation of
observed data an obvious inconsistency is found,
the parties to the test should make every reason-
able effort to adjust or eliminate the inconsistency

3.07.3 If the test shows that the system does not
meet the specified or guaranteed performance,

resultant allowances, agreements or actions are
outside the scope of this Code.

22
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SECTION 4, INSTRUMENTS AND METHODS OF MEASUREMENTS

4,0 Selection of Instruments

4,01 General, This section describes the in-
struments required to determine the performance
characteristics of a pressure control system.
Unless otherwise specified herein, the instru-
ments and their calibration shall be in accord-
ance with the Performance Test Code Supplements
on Instruments and Apparatus (PTG 19).

4,02 To determine the performance character-
istics of a pressure control system, it is nec-
essary to measure one or more of the following:

(a) Pressure.

(b) Time.

(c) Speed or generator frequency.
(d) Motion or travel,

(e) Power output or electrical load.
(f) Steam flow,

(g) Temperature.

4,03 Pressure Measurements

4,03.1 Accuracy, Pressure measurement is
particularly critical, The accuracy and dead
band must be commensurate with the performance
specification of the control system.

4,03,2 Types of Instruments, The use of graphic
pressure recording instruments is essential for
determining pressure-stability and transient
response, and for the simultaneous measurement
of pressure and servomotor travel for dead band
determination, The use of dead weight gage test~
ers is recommended as the calibrated pressure
source.

4,03.3 Pressure measuring instruments shall meet
the specifications listed in Table V: in per cent
of test pressure.

4,03.4 Pressure Source, For certain tests the ap-
plication of a calibrated pressure is necessary.
This can be accomplished with a dead weight
gage tester connected to the pressure sensor to
apply and measure pressure simultaneously.

4,04 Time Measurements

4,04.1 Time measurement is required to establish
settling time for determining transient response
and to determine the rate of change of pressure
set point,

4,04.2 In tests where recording instruments are
used the chart speed should be chosen so that
the required time data can be read with an ac-
curacy of +2 per cent of the time value to be
measured.

4.04.3 A stop watch shall be used when determin-

ing the rate of change of pressure set point.
4,05 Speed or Frequency Measurements

4,05,1 Speed or generator frequency measurements
may be required on compound speed/pressure con-
trol systems particularly on small independent
electrical systems.

4,05.2 The measurement of generator frequency is
considered equivalent to the measurement of
speed.

4.,05.3 The use of graphic speed-recording instru-
ments is desirable for determination of stability
and transient response.

Table V: Specifications of Pressure Indicating and Recording Instruments
Recommended Repeat-
Aol Range ability Chart Full Scale
cati )
pplication (Per cent of Test Pressure) Speed Response
Stability Index 95 to 105% 0.1% Commensurate 0.1 sec
Time Response 90 to 110% 0.25% with 0.1 see
Dead Band 95 to 105% 0.1% duration -
Regulation 90 to 110% 0.25% of test -
2
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4.05.4 Speed-measuring instruments shall meet the
specifications listed in Table VI: in percent of
rated speed.

4,06 Motion or Travel Measurements

4,06,1 Measurement of motion will generally be
limited to measurement of the distance traveled

. by the servomotor from a point of reference.

Care should be taken to minimize measurement
errors caused by temperature and pressure
variations. )

4,06.2 For the purpose of this Gode, the position
of a valve set may be measured by servomotor
piston stroke, The measuring device shall measure
the position of the valve servomotor within 0.5
per cent of full travel.

4.06.3 For measurement of steady state travel in
excess of 2 in., a scale graduated in divisions of
0.02 in or smaller may be used.

4.06.4 For measurement of steady state travel not
exceeding 2 in., use of a dial indicator with.scale
divisions of 0.001 in. is required.

4.06.5 For measurement of stability and transient
response, recording equipment must have a repeat-
ability of 0.5 per cent of rated travel (linear vari-
able differential transformer or potentiometer).

4.07 Power-Output Measurements

4,07.1 It is desirable but not mandatory that
power-output measurements conform with the re-
quirements of the Test Code for Steam Turbines
(PTC 6).

4,07.2 If it is not practicable or convenient to
comply with the recommendations of Par. 4.07.1,
properly calibrated station instruments may be
used,

4,08 Steam Flow Measurements

~ 4,08.1 Steam flow should be measured within an

accuracy of 2 per cent of maximum flow. (See

PTC 19.5.)

. 4,08.2 For an initial pressure control, in the

event a primary device is not available for steam
flow measurement and the relation between a cer-
tain stage pressure and steam flow is known
(from design or test), this stage pressure can be
used for determining steam flow. The gage used
to measure this stage pressure shall be cali-
brated with a dead weight gage tester.

4.09 Temperature Measurements and Special
Instruments

4,09.1 Within the scope of this Code temperature
measurements are necessary only to ascertain
that the steam conditions are within acceptable
limits as specified.

4,09.2 Normally the accuracy of indicating or
recording instruments available in the station is
sufficient,

4.09.3 For determining dead band and hysteretic
error, the use of X-Y recorder (as described in
PTC 20.1, Par. 4.43) facilitates measurement and
eliminates the need for cross plotting time
records of pressure and servomotor position,
4,09.4 The repeatability and dead band of the
X-Y recorder shall be on the order of 10 times
better than thé performance specifications of the
pressure control system,

4,09.5 The gains of the X-Y recorder shall be
selected such that the produced hysteresis loop
is at an angle of 30 to 60 degrees with respect
to the two axes,

Table VI: Speed Measuring Instruments
: Recommended Repeat-
Application Range ability Chart Full Scale
(Per cent of Rated Speed) Speed Response
For Pressure-Stability Index 95 to 105% 0.02% Commensurate 0.1 sec
Test
For Time Response Test 95 to 105% 0.02% with 0.1 sec
For Speed Regulation Test 85 to 115% 0.25% duration -
of test
24
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4,10 Testing (General)

4.10.1 As discussed in Section 3, the selection
of tests to be performed on the unit should be
based on its intended application. For most ap-

plications it should be necessary to perform only -

a few of the following tests.
4,10,2 Order of Tests
The tests are listed in a logical order so that
it is feasible to proceed sequentially through the
required tests. However, except where the results
of one test influence the procedure in a subse-
quent test, any sequence of testing agreed upon
is satisfactory,
4,10,3 Combined Testing
Certain test conditions and procedures are so
related that it is more efficient, if both tests are
to be performed, to conduct them virtually con-
currently, These groupings are:
(a) 4.18, Steady State Pressure Regulation,
4,14, Incremental Steady State Pressure
Regulation — Method L.
4,15, Hysteretic Error,
4,16, Dead Band.
(b) 4.17, Control Velocity Saturation.
4,18, Step Response — Control.
(c) 4.19, Step Response — System,
4,20, Stability Band.
4,21, System Interaction,
(d) 4,22, Frequency response control.*
4.23, Frequency response system.*

*Tests that can be performed at any time in
test sequence,

4,10.4 Recording of Results

For each test the quantities to be recorded are
itemized. When reference is made to operating
point it is meant that the following items should
be recorded:

(a) General configuration, including whether
the generator is operated isolated or
synchronized, steam process connec-
tions, shut-off valve positions, etc.

(b) Turbine speed:

(c) Electrical load.

(d) Steam pressures (initial or process).

(e) Process flow(s).

(f) Control settings.

(g) Special conditions or deviations.

(k) Valve position(s).

(i) Conditions of hydraulic, pneumatic and
electrical power supplies,

€OPYRI GHT Anmerican -Society of Mechani cal Engi neers
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4.10.5 Recorder Adjustments

In all cases in which a recorder is used, pre-
liminary tests shall be made to ascertain that the
channel gains are commensurate with thé magni-
tude of the variable fluctuations recorded.

Procedures

4,11 Pressure Set Point Range
4,11.1 Equipment required:

(a) Dial indicator.
(b) Adjustable calibrated pressure source,
(c) Pressure indicator,

4,11.2 Test Conditions:

(a) Unit at standstill.

(b) Pressure control system in normal opera-
tion with pressure source replacing
process pressure.

4.11.3 Procedure:

(a) Adjust pressure set point to maximum
position,

(b) Adjust pressure source so that flow con-
trolling valves are in a suitable position,
and not against a limit.

(c) Run set point to tis minimum position,
and adjust pressure source so that the
flow controlling valves are again in the
same position within +0.5 per cent of
rated travel.

4,11.4 Record for Each Test:

(a) Valve or servomotor position for cases
in Par. 4.11.3 (b) and (c).
(b) Source pressure for cases in Par. 4,11.3

(b) and (c).
4.,11.5 Calculations Appear in Par. 5.11.

4,12 Rate of Change of Pressure Set Point

4.12.1 It is intended that this test be run only on
systems which include a remotely operated set
point adjustment having a specified range, It
should be ascertained that the change in an ob-
served parameter, such as adjusting screw posi-
tion, actually represents a change in set point,
over its entire range. If the pressure applied to
the sensing element influences the rate of change,
rated pressure shall be applied to the sensing
element.
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4,12.2 Equipment Required:

(a) Stop watch.
(b) Means for determining limits of range.

4,12.3 Test Conditions:

(a) Unit at standstill, (Unit may be in op-
eration provided this procedure can be
tolerated by the system.)

(b) Pressure set point device in normal op-
eration.

4,12.4 Procedure:

(a) With a stop watch measure the time it
takes to run the pressure set point device
from one extreme to the other in each
direction.

4,12,5 Record for Each Test:

(a) Time interval,
4.12,6 Calculations are given in Par. 5.12.
4,13 Steady State Pressure Regulation

4,13.1 If Test 4.14, steady state incremental
pressure regulation, is to be performed, this pro-
cedure can be omitted in its entirety and the data
from that test can be used.

4.13.2 Equipment Required:

(a) Adjustable calibrated pressure source.
(b) Means to determine valve or servomotor
position.

4,13.3 Test Conditions:

(a) Unit at standstill,

(b) Pressure control system in normal opera-
tion with pressure source connected in
place of process pressure.

4,13.4 Procedure:

(a) Apply rated pressure by means of the
pressure source.,

(b) Adjust pressure set point so that the
pressure controlling valves are in the
minimum flow position.

(c) Vary the pressure source so that the
valves move to the maximum flow posi-
tion.

4,13.5 Record for Each Test:

(a) Pressure applied at maximum flow posi-
tion.

(c) Actual valve or servomotor positions for
each test.

4,13.6 Calculations are given in Par. 5,13,

4,14 Steady State Incremental Pressure Regula-
tion - Method |

4,14.1 Refer to Par, 3.02.2 for a discussion of the
types of units for which this test is applicable.
Method I utilizes flow-lift curves supplied for the
equipment for the flow controlling valves, and
does not require testing with the unit in operation.
The maximum range of valve positions over which
the test shall be conducted shall correspond to 5
and 95 per cent process flow. A smaller range
may be specified or agreed upon. If Test 4.15,
Hysteretic Error, is to be performed, this test
procedure may be omitted in its entirety.

4.14.2 Equipment Required:

(a) X-Y recorder (preferred) or strip chart
recorder,

(b) Pressure transducer.

(c) Calibrated valve position transducer,

(d) Dial indicator for valve position.

(e) Adjustable calibrated pressure source.

4.14.3 Test Conditions:

(a) Unit at standstill.

(b) Pressure control system in normal op-
eration with pressure source connected
in place of process pressure.

(c) X-Y recorder connected so as to record
valve position versus source pressure.

4.14.4 Procedure:

(a) Apply rated pressure by means of the
pressure source.

(b) Adjust pressure set point so that the
pressure controlling valves are in the 5
per cent flow position,

(¢) Vary the pressure source in small steps
(2 to 5 per cent of steady state regula-
tion) so as to obtain, from 5 to 95 per

cent flow and back to 5 per cent flow,
a record of valve position versus

source pressure,
4.14.5 Record for Each Test:

(a) Control settings.
(b) X-Y or strip chart record of valve posi-
tion versus source pressure.

(b) Pressure applied at minimum flow position, 4.14.6 Calculations are given in Par. 5.14.
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4.15 Hysteretic Error

4,15,1 This test procedure is quite similar to the
preceding test except that exceptional care must
be taken to prevent path reversals which would
reduce the amount of recorded hysteretic error.

4,152 Equipment Required, See Par, 4.14.2,
4,15,3 Test Conditions., See Par, 4.14.3.

4,15.4 Procedure:

(a) From flow-lift curves determine the
flow controlling valve positions cor-
responding to 5 and 95 per cent flow.

(b) Vary the source pressure in small
steps (2 to 5 per cent of steady state
regulation) so that the flow controlling
valve operates from the 5 per cent flow
position to the 95 per cent flow position
and back again, Do not reverse the di-
rection of pressure movement except at
the ends of test range, and do not cause
the servomotor to overshoot by applying
too large or too sudden pressure change.

4,15.5 Record:

(a) Valve positions calculated for 5 and 95
per cent flow,

(b) Control settings,

(c) X-Y or strip chart records of valve posi~
tion versus source pressure,

4.15.6 Calculations are given in Par. 5.15.
4,16 Dead Band

4,16.1 Process flow values at which tests are to

be conducted shall be specified. If not otherwise

specified, use minimum, maximum, and a mid-flow
value,

4,16,2 Equipment Required:

(a) X-Y recorder (preferred) or strip chart
recorder,

(b) Pressure transducer.

(c) Calibrated valve position transducer
or dial indicator for valve position.

(d) Adjustable calibrated pressure source.

4,16.3 Test Conditions:

(a) Unit at standstill.

(b) Pressure control system in normal oper-
ation with pressure source connected in
place of process pressure.

(c) Recorder connected so as to measure
valve position versus source pressure.

€OPYRI GHT Arerican Soci ety of Mechani cal
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(For this test, recorder gains must be
considerably higher than required for
Tests 4.14 and 4,15.)

4.16.4 Procedure:

(a) Using the set point adjustment and/or
the pressure source, set the pressure
controlling valve to a desires operating
point.

(b) Make very small changes in the pressure
source until a change in valve position
is noted, Then make small changes in
the opposite direction until the valve
position changes to the opposite direc-

“tion.

4.16.5 Record for Each Test Point:

(a) Valve or servomotor position.

(b) Control settings.

(c) X-Y or strip chart records of valve posi-
tion versus source pressure.

4,16.6 Calculations are given in Par. 5.16.
4.17 Control Velocity Saturation

4,17.1 This test determines the magnitude of
transients at which saturation is observed in the
control system. Usually the servomotor velocity
will reach a limiting value. The step may be ap-
plied either to the set point or by means of a
pressure source.

4.17.2 Equipment Required:

(a) Strip chart recorder.

(b) A pressure source capable of producing
step changes, or a means for producing
quasi-step set point changes.

(c¢) Means for recording position and/or
velocity.

(d) Means for recording input step.

4,17.3 Test Conditions:

(a) Unit at standstill.

(b) Control system in normal operation, with
pressure source connected in place of
process pressure,

{c) Strip chart recorder set to obtain traces
of valve or servomotor position and input
step of suitable magnitude.

Note: Since the system’s transient characteristics,
are affected by supply characteristics, consideration
should be given to obtaining a hydraulic oil supply
flow capability substantially equal to that when the
unit is at rated speed.
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4.17.4 Procedure;

(a) Set pressure control system for approxi-
mately mid-range operation.

"(b) Utilizing either the set point device or
the pressure source apply a step change

~ of approximately 5 per cent magnitude.

(c) Apply a step double the magnitude used
in (b).

(d) Using the calculation method described
in Par, 5.17, compare the maximum out-
put velocity of steps (b) and (c).

(e) As described in Par, 5.17, depending on
the results of the calculations either in-
crease or decrease step size and repeat
this procedure until control saturation
has been established.

Note: Control velocity saturation may be detected
by observing the shape of the strip chart record. (See
Fig. 5-5).

4.17.5 Record for Each Step:

(a) The initial and final operating point.

(b) Control settings.

(¢) Maximum control velocities for each
observed response.

(d) Strip chart records of response.

4.17.6 Calculations are given in Par. 5,17

Note: If steam forces on the valves are suspected
to substantially influence the hysteretic error, dead
band or velocity saturation, ways must be found to test
with the unit in operation. The test procedure must then
be specified by the parties to the test.

4.18 Step Response — Control

4,18.1 This test is identical to the preceding test,
4,17, except that, unless otherwise specified,
step size approximately midway between the

dead band and velocity saturation is used,

Data obtained during the previous test may

be used.

4.18.2 Equipment Required. See Par. 4.17.2
4,18.3 Test Conditions. See Par. 4,17.3

4.18.4 Procedure:

(a) Determine an input step size approximate-
ly midway between the magnitude corres-
ponding to the control dead band and the
magnitude corresponding to velocity
saturation.

(b) Adjust the pressure control system for
approximately mid-range operation.

(c) Start recorder sufficiently in advance of
test so as to obtain an adequate record
of steady state conditions.

(d) Apply an input step of the calculated
magnitude as rapidly as possible. The
time taken- to produce the step should be
1/10 or less of the system response
time,

(e) After steady state conditions are re-at-
tained, operate the recorder long enough
to establish the new steady state condi-
tion.

(f) Obtain similar records for a step in the
opposite direction.

4,18.5 Record for Each Transient:

(a) Initial steady state operating point.

(b) Final steady state operating point.

(c) Strip char record of input and output
(usually servomotor position).

(d) Control setting,

4,18.6 Calculations are given in Par. 5.18,
4.19 Step Response — System

4.19.1 This test is run to determine if the flow
capability and control settings of the system are
satisfactory. The step applied may either be a
set point change or flow demand change.

4.19.2 Equipment Required:

(a) Strip chart recorder.

(b) Process pressure transducer.

(c) Flow transducer or set point recording
means. ' '

4,19.3 Test Conditions:

(a) Unit in normal operation.

(b} The particular flow and steam volume
conditions as specified,

(c) If adjustments are available to the
operator in normal operation, these may
be adjusted to optimize the response for
the test conditions; but they must remain
fixed for the duration of the test.

4,19.4 Procedure:

(a) Start recorder sufficiently in advance of
test so as to obtain an adequate record
of steady state conditions.

(b).Rapidly apply step as determined in

T e
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Par. 4.18.4. If the time to produce the
step is more than 1/10 of the resulting
system response time, the test must be
'repéated with a correspondingly shorter
stép time.

(c) After steady state conditions are ob-
tained, continue to operate recorder to
establish the new steady state condi-
tions.

(d) If feasible, apply step of the same size in
the opposite direction.

4.19.5 Record for Each Applied Step Change:

(a) Initial operating point.

(b) Final operating point.

(c) Strip chart records of process pressure,
process flow or set point.

4,19.6 Calculations are given in Par, 5,19,
4,20 Stability Band

4,20,1 This test is run to determine the magnitude
of steady state fluctuations during normal opera-
tion. The electrical load and the process condi-
tions at which the tests are to be run should be
specifieds If not specified, tests shall be con-
ducted at approximately 5, 50 and 95 per cent
rated steam flow. Every effort should be made

to minimize fluctuations due to external distur-
bances. This test may be run concurrently with
Test 4,19, step response, if recorder gains are
properly adjusted to obtain the required data.
The length of the strip chart record should be
sufficient to establish the maximum and mini-
mum pressure.

4,20,2 Equipment Required:

(a) Strip chart recorder(s).

(b) Process pressure transducer.

(c) Other system variable transducers as
may be desired by test engineer.

4,20,3 Test Conditions:

(a) Unit in normal operation.

(b) Operating point of unit as-specified
or agreed upon,

(c) Recorder connected so as to measure
process pressure and other significant
variables.

4,20.4 Procedure:

(a) At specified operating point obtain strip
chart record of process pressure and
other system variables.

29

T T TR

(b) If possible deactivate a portion of the
control loop for the variable under test
maintaining approximate operating con-
ditions in order to obtain a measure of
the fluctuations that are not attributable
to the control system under test.

4,20.5 Record:;

(a) System operating point uner Par. 4.19.4
(a) and (b)

(b) Recorder gain calibrations.
4,20.6 Calculations are given in Par. 5.20.
4,21 System Interactions

4.21.1 This test is to determine how system de-
mand changes affect other controlled variables.
Either static or dynamic tests can be made,

Typical interaction measurements are: (a) when
supplying power to an isolated system, the fre-
quency change due to a change in process flow
demand; (b) when synchronized with a larger
power system, the load change due to a change
in process flow demand; (c) the process pressure
change due to a change in electrical load; (d) for
multi-extraction machines, the process pressure
change due to process flow demand changes at
other locations; (e) for cases in which process
pressure is fixed by other controls, the flow
change due to change in electrical load or other
extraction pressure,

4.21.2 Equipment Required:

Note: If static tests only are to be made, station

indicating instrument data are usually adequate,

(a) Strip chart recorder(s).

(b) Pressure transducers.

(c) Steam flow transducers.

(d) Electrical load transducer.

(e) Other transducers as desired by test
engineer. Valve position and controls
signals may be of particular interest.

4,21.3 Test Conditions:

(a) Unit in normal operation.

(b) If manual adjustments are readily avail-
able to the operator, they may be made
to suit the operating point, but the
settings must remain fixed for the dura-
tion of the tests except as required by
the test procedure,
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4.21.4 Procedure:

(a) Obtain steady state operating conditions.

(b) Start recorder sufficiently in advance of
test so as to obtain a reasonable record
of steady state conditions.

(c) Apply specified disturbance. After condi-
tions have stabilized, continue to operate
recorder until a record of the new steady
state conditions has been obtained.

(d) If feasible repeat steps (a) through (c)
using a step in the opposite direction.

(e) Repeat steps (a) through (d) for other
agreed upon steps and operating points.

(f) During these tests care should be taken
to avoid control system saturation un-
less knowledge of the effect of satura-
tion is specifically desired.

4.21.5 Record:

(a) All initial operating points.

(b) Value of disturbance applied.

(c) All final operating points,

(d) Control settings used for each test.

(e) Strip chart records of all transients.
(f) Recorder gain calibrations.

4.21.6 Calculations are given in Par. 5.21.
4,22 Frequency Response — Controls

4.22,1 This test will determine if the control sys-
tem dynamic performance meets specifications., If
the specification is concerned with system
pressure performance, Test 4,23, Frequency Re-
sponse — System, shall be used.

4.22.2 Equipment Required:

(a) Strip chart recorder with appropriate’
gains such that at very low frequencies
the input and output oscillations have
the same magnitude (applicable only to
systems with no integral action), or
servo-analyzer which measures the phase
angle and the return amplitude directly.

(b) Valve or servomotor position transducer.

(c) Pressure transducer for input pressure.

(d) Device for generating a sinusoidal
pressure signal.

4,22,3 Test Conditions:

(@) Unit at standstill,

(b) Control system in normal operation with
sinusoidal pressure signal in place of
process pressure.

30

(c) Sufficient power fluid supply flow capa-
bility. (See Par. 4.17.3).

4.22.4 Procedure:

(a) Adjust the control system for approxi-
mately mid-range operation,

(b) Apply the sinusoidal pressure signal.
The input amplitude should be as large
as possible without saturating any part
of the system. This can be checked by
observing the servomotor position trace
which should be approximately sinusoi-
dal, If practical, adjust sinusoidal
pressure signal amplitude at each fre-
quency so that the input to the portion
of the system under test has approxi-
mately a constant amplitude over the
range of test frequencies.

(c) Vary the test frequencies so &s to
cover a frequency range of at least 3
decades centered about the region of
interest. This will include the signifi-
cant break frequenciés: The attenuation
is measured from the asymptote of the
response curve to the left of the critical
area. If the controller has reset, a low
frequency gain contributed by this
source should be discounted in deter-
mining the -3 decibel point.

(d) If a strip chart recorder is used, observe
the amplitude of the recorder tracings
and adjust the recorder gains at each
frequency so that a trace of sufficient
amplitude is obtained; keep a record
of the gains for each frequency.

(e) If a servo-analyzer is used, obtain ampli-
tude and phase lag readings at the
pressure input location and at the sys-
tem output location. Phase and ampli-
tude readings at other points may be
taken also, if desired.

4.22.5 Record at Each Frequency:

(a) Average operating point.
(b) Oscillation amplitudes of:
1. Oscillator output.
2. Pressure signal input.
3. System output (servomotor position).
(c) Other variables may be recorded as
desired.
(d) If*'servo-analyzer is used, record system
input phase lag and system output
phase lag,
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(e) Strip chart records of several cycles of
operation at each frequency.

4,22.6 Calculations are given in Par. 5.22.
4,23 Frequency Response — System

4.23.1 In addition to running a frequency response
test on the control system, it is also possible to
determine the frequency response of the entire
system during normal operations. This requires a
means for sinusoidally oscillating the set point
of the pressure control system, or of applying a
sinusoidal process flow demand on the system.

4,23,2 Equipment Required:;

(a) Strip chart recorder and (if available)
servo-analyzer.

(b) Valve position transducer.

(¢) Pressure transducer.

(d) Device for applying a sinusoidal pres-
sure set point, or

(e) Device for generating a sinusoidal flow
demand,

4,23,3 Test Conditions:

(a) Unit operating near a specified opera-
ting point.

4,23.4 Procedure: Follow Par, 4.22.4 except vary
pressure sef point.

4.23.5 Record at Each Frequency:

(a) System operating point.

(b) Oscillation amplitudes of
1. Oscillator output,
2, Signal input,
3, System output pressure.

(¢) Other variables may be recorded as
desired,

(d) If servo-analyzer is used, also record
system input phase lag and system out-
put phase lag.

31

(e) Strip chart records of several cycles of
operation at each frequency.

4,23.6 Calculations are given in Par. 5.23.

4.24 Incremental Pressure Regulation — Method
II. (See Par. 3.02.2 for applicability.)

4,24.1 When flow-lift curves are not available and
it is desired to determine incremental regulation,

this test method can be used. Provisions shall be
made to adjust the process flow demand in small

increments over the test range.

4.24.2 Equipment Required:

(a) Steam flow transducer.

(b) Process pressure transducer.

(c) X-Y recorder (preferred) or strip chart
“recorder.

4,24.3 Test Conditions:

(a) Unit in normal operation.

4.,24.4 Procedure:

(a) Operate unit at approximately 5 per cent
flow conditions with set point adjusted to
obtain rated process pressure.

(b) Increase process flow demand in small
steps so as to obtain a record of process
pressure between 5 and 95 per cent flow,

(c) Reverse direction of steps so as to obtain
a similar record in the opposite direction.

4,24.5 Record:

(a) Data at minimum test flow,
(b) Data at maximum test flow.
(c) Recorder gain calibrations,
(d) X-Y or strip chart records.

4,24.6 Calculations are given in Par. 5,24,
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SECTION 5, EVALUATION AND COMPUTATION OF RESULTS

5.01 The tests performed as described in Sec-
tion 4 are evaluated as described in the following
paragraphs.

5.02 Paragraph numbers for the computations of
a particular test correspond with the numbers of
the description of that test in Section 4.

5.11 Pressuie Set Point Range

5.11.1 (a) The source pressure at the maximum
pressure set point is

Fs

max

(b) The source pressure at the minimum
pressure set point is

P

s min

5.11.2 The range of pressure set point adjustment

(AP:S) is

5.11.2-1 AP, =P,

— P [psil
max min
5.11.3 The average range of the pressure set point
AR + AP +.. . AR
1 2 n

range is:

5.113-1 B

(average) n

for n tests
5.12 Rate of Change of Pressure Set Point

5.12,1 The time measured to run the remotely
operated set point device from the minimum to the
maximum set point is ATy in the increasing and
decreasing direction differ by more than 10 per
cent, both values shall be recorded.

5.12.2 The rate of change of pressure set point,
dP
S

dt
b,
5.12.2-1 . =
dt

is
AR,
ATS

[psi/sec]

5.12.3 The relative rate of change of pressure set

5.13 Steady State Pressure Regulation

5,13.1 (a) The source pressure at the minimum
flow position of the valves is P

(b). The source pressure at the maximum
flow position of the valves is P,

5.13.2 The steady state pressure regulation R, is
513.2-1 R, = |B, - P,| Ipsi]

5.13.3 The relative steady state pressure regula-
tion &, in per cent is
8p = R

p X lgo— [per cent] (2.03.26-1)

r

Note: The absolute value of R_ or 3p is stated as

the steady state or relative steady state pressure regu-
lation, respectively. .If it is not obvious which way the
pressure is changing with flow, this shall be stated
with the regulation,

5.13.4 Average Steady State Gain of Pressure
Controller

The average steady state gain (Gp) of a
pressure controller is the inverse value of the
relative steady state pressure regulation ex-
pressed in units

100 {per unit of flow change
SP per unit of pressure change

5.13.4-1 (.;P=

5.14 Steady State Incremental Pressure
Regulation —~ Method |

5.14.1 The record of servomotor stroke versus
source pressure obtained in Test 4.14 is usually
a fairly linear characteristic. A typical example
for an initial pressure control system is shown in
Fig. 5-1,

5.14.2 A typical flow versus servomotor (valve)
position curve used to evaluate the incremental

pressure regulation for a multivalve unit is shown
in Fig, 5-2. )

5,14.3 Select a number of points of servomotor
positions and read the corresponding pressure
from Fig. 5-1 and the steam flow from Fig. 5-2.

5.14.4 The number of points should be sufficient
to plot the steam flow versus pressure as typical-
ly shown in Fig. 5-3.

point dﬁ in per cent is .
dt
dipg AP 100
—==-—"x— [per cent/sec] (2.03.36-1)
TS
32
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FIG, 5-1 TYPICAL SERVOMOTOR (VALVE)
POSITION VERSUS STEAM PRES-
SURE RECORD
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FIG. 5-2 TYPICAL STEAM FLOW VERSUS
SERVOMOTOR (VALVE) POSITION
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~———= PRESSURE(PSI)

FIG. 5-3 TYPICAL PLOT OF STEAM FLOW
VERSUS PRESSURE FOUND FROM
F1G. 5-1 AND 5-2

s

~ 5.14.5 At any point where the incremental pres-

sure regulation is to be evaluated, draw the tan-
gent on the curve in Fig. 5-3 extending it so that
it crosses the zero and 100 per cent flow line,
establishing the pressures P and P , respective-
ly, as shown in Fig, 5-3,

5.14.6 The incremental pressure regulation at the

flow Q is R, (Q) and is:

5.14,6-1 R Q) = '—- P [psil

5.14.7 The relative mcremental pressure regula-

tion at the flow Q is 8, (Q):

3, (@) =R Q) x %9- [per cent] (2.03.28-1)

r

Note: The absolute value of R; §, is stated for the
incremental or relative incremental regulation, respec-
tively. If it is not obvious which way the pressure is
changing with flow, this shall be stated with the regu-
lation,

5,15 Hysteretic Error

5.15.1 The test record taken under Par, 4,15 re-
sults in a ‘“‘hysteresis loop,”” as typically shown
in Fig. 5-4.
5.15.2 The hysteretic error AP, is the largest dis-
tance (in psi) between the “up and the ‘‘down’’
trace measured parallel to the pressure axis, es-
tablishing the pressures P, and P, :

1 2

5.15.2-1 AP, = P, - P, [psil
2 1

95
o
4
8 00
2 w/
e
g |
x | OP LARGEST PRESSURE DIFFERENCE
=} BETWEEN UPAND DOWN TRACE IS
Q |  THE HYSTERETIC ERROR(IN PSI)
R
6 s i ! ]
R R %

|
PRESSURE(PSI)

FIG. 5-4 TYPICAL DIAGRAM FOR DETERMIN-
ING THE HYSTERETIC ERROR

R : PR
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5.15,3 The relative hysteretic error i, in per At the step size this time starts to increase
cent is such as shown for T, the saturation velocity
is reached.

5.17.3 If a given step size definitely shows satura-
tion, decrease the step size toward the next
lower step that was not above saturation to de-

W, = AP, x -;‘—)(-)-Q [per cent] (2.03.16-1)

r

5.16 Dead Band termine the step size at which saturation starts.
5.16.1 The pressures measured in the test in Par. 5.17.4 The saturation velocity (Is/a:) can now be
4.16, at which the servomotor started to move in calculated by measuring the stroke ASSat (see
each direction, shall be called P, and P, | re- Fig. 5-5) and the time T, (assuming that step
spectively, ! 2 size 2 was just saturating),

5.16.2 The dead band AP, is AS
. 5.17.4-1 Vsat = sat [in. /sec]
5.16.2-1 AP, =P, - P, Ipsil T,
5.16.3 The relative dead band , in per cent is: 5.18 Step Response — Control

5.18.1 A typical output (for example servomotor
stroke) versus time trace, as obtained from the

’ test in Par, 4.18, is shown in Fig, 5-6 (less than
critically damped system.)

Yy = AP, x -})@ [per cent]  (2.03.4-1)

5.17 Control Velocity Saturation 5.18.2 Determine performance data as defined

5.17.1 Servomotor position traces, as obtained by ~in ASA C85.1, see Fig. 5-6.

by the test in Par., 4,17, are typically shown in :
Fig. 5-5 (for a critically damped system). 5.19 Step Response-System (Closed Loop)

5.19.1 Follow same procedure as described
under 5.18.

- STEP SIZE 4

T I 5.20 Stability Band
g L
g 5.20.1 Determine the maximum pressure P
z [ e e and the minimum pressure P,; [psi] that
5 f i =L occur within a test record of sufficient length.
|
E R | H STEP SIZE 1
g ; 5.20.2 Calculate the stability band AP, as
ﬁ | |

) st S N N — ' 5.202-1 AP, =P ~P.  [psil

TIME (SEC)4—P

EIG. 55 TYPICAL SERVOMOTOR POSITION 5.20.3 Calculate the relative stabiiity band or
VERSUS TIME TRACES FOR SATU- stability index ¢, in per cent as

RATION VELOCITY

th, = AP, x -]:% [per cent]  (2.08.39-1)

r

5.17.2 Draw the tangent on the servomotor posi-
tion versus time trace at the time ¢t = 0, 5.21 System Interaction (for Automatic Extrac-

. ) . tion Units
As long as this tangent intersects the horizon- )

tal line of the new steady state position at the 5.21.1 Determine for each operating point tested
same time (-T‘ and Tz) the servomotor has not ' the interaction gradient [ as the ratio between the
attained saturation velocity. dependent and the independent variables.

. 34
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.TIME RESPONSE OF ULTIMATELY CONTROLLED VARIABLE
' STEADY ~STATE DEVIATION
100 —_— T —
SPECIFIED BAND
9 TRANSIENT {(FOR SETTLING TIME)
DEVIATION
£
z
[T)
(%]
[+4
W
[}
[
=
g
2
o
5
INITIAL VALUE

0

TIME —»

RESPONSE
M SETTLING
TIME TIME

FIG. 56 STEP RESPONSE RECORD (TYPICAL)

5.21,2 1f the imposed flow change is called AQ
and the resulting power output change is called
AO, the interaction gradient (/) is

1= A0

KW
AQ Ib/hr

Note: The interaction gradient can have either a
plus or a minus sign.

5.21,2-1

5.22 Frequency Response — Control (Open Loop)

5,22,1 If in the test described in Par, 4.22 a strip
chart recorder was used, the following data shall
be obtained for a number of frequencies (w) over
a range sufficient to draw a Bode plot:"

5.22.2 For each sinusoidal pressure signal of the
frequency o [rad/sec] and the magnitude

AP () [psi] the relative magnitude M, (w) per
unit is:

5.22.2-1 Mylw) = AP{’_(w) [per unit]

r

35

5.22,3 For these same imposed frequencies ()
compute the relative magnitude of the servomotor

oscillation M, ()

5.22.3-1

M, (@) = % {per unit]

F

where: Y (o) is the magnitude of the servo-
motor oscillation [inches] at the

frequency w and Yy is the servo-
motor stroke between zero and full-

flow position [inches]

5.22.4 Determine the magnitude ratio G(w) of the
open loop at the frequency w in decibels (db):

MY (w)

b (@

5.22.4-1  Glo) = 20 x log,, [db]

5.22.5 Plot the magnitude ratio G{w) over a
logarithmic scale for @ in order to obtain a Bode
plot of the control system, as shown in Fig, 5-7
for a control with a 10 per cent steady state regu
lation.

—

-
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40r
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FIG. 5.7 BODE PLOT OF CPEN LOOP CONTROL

5.22.6 If the transfer function H(jw) of the plant
is available, the open loop transfer function
F(jw) of the entire system can be plotted.

5.22.6-1 M(F(jw)) =20 x (log,, My @\ |
MP(CO)

e (1)

5,22,7 For stability discussion see Appendix
section 7.03.4.

5.23 Frequency Response—System (Closed Loop)

5.23.1 If in the test in Par. 4,23 a strip chart
recorder was used the following values shall be
calculated for a sufficient number of frequencies
(@) to draw a closed loop Bode diagram:

5.23.2 For the frequency o = 0, determine the
magnitude of the pressure set point change .
(M., by recording the steady state values of the
controlled pressure (Pmax ), P, (0) in psi),
corresponding to the maximum and minimum of the
applied set point oscillation.

5.23.2.1 M_ =P (0) - P

t max min (0) [PSi]
5.23.3 For each given frequency w determine the
magnitude M, () of the change of the controlled
pressure by reading the maximum pressure

36

P (o) and the minimum pressure P, ; (@) of the

recorded pressure trace:
52331 My(0) =P, (@) ~ P, (@)  [psi]

5.23.4 Calculate the magnitude ratio G(w) of the
closed loop in decibels:

M
b (©) [db]

5.23.4-1 G(w) = 20 x log10

set

5.23.5 Plot the values of G(w) in decibels over a
logarithmic scale of the frequency (), as shown
in Fig. 5-8,

MO(

+20f

_/'T\_ Bd‘b

0.0l 0.1

—» Glw) [d5]
(o]

-20} —» w[RAD/SECKLOG. SCALE)

-40}

FIG. 5-8 TYPICAL CLOSED LOOP BODE PLOT
OF PRESSURE CONTROL SYSTEM

5.23,6 Values of interest that can be specified for
this control system are G, w, and w, (3.02.5).

5.23.7 If flow oscillations were used for the test
in 4.23, the following values shall be calculated
in order to draw the closed loop Bode diagram:

5.23.8 Determine the magnitude of the flow oscilla-
tion (M) at the frequency @ = O referred to rated
flow as:

F_ (0)-F_. (0
5.23.81 My = "= — P §

r

[per unit]

where: Fmax (0) = maximum test flow (1b/hr) at

o =0

" in (0) = minimum test flow (1b/hr) at
o0 =0
F = rated flow (Ib/hr)

r

B
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5.23.9 For each imposed frequency @ determine
the magnitude of the controlled pressure oscil-
lation Mp (@) referred to the steady state pres-

sure regulation as

Pmax(w)

5.23.9-1 M, (o) =
P

5.23.70 Calculate the magnitude ration G(w) of

the closed loop in decibels:

Mg

5.23.10-1 G () = 20 x log (MP (“’)> [db]

P s :.»:_—_—-\?

(COPYRI'GHT Ameri can Soci €ty-of Mechanical Engineers
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~P .
- min () [per unit]

37

5.23-11 Plot the values of G(w) in decibels over
a logarithmic scale of the frequency (w) similar to
Fig. 5-8.

5.23.12 If a servo-analyzer was used for the test
the values of G(w) can be read directly from the
instrument and plotted similarly to Fig. 5-8.

5.24 Incremental Pressure Regulation —
Method 11 (for Initial or Back Pressure
Controls Only)

‘5,24,1 Use the evaluation procedure of Pars 5.14,

plotting the steam flow versus pressure data
(Fig. 5-3) as obtained from test.
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SECTION 6, REPORT OF TESTS

6.01 The ‘“Report of Tests’’ shall include test
and calculated information, sufficient to demon-
strate whether or not the performance of the
pressure control system is within specified limits
as agreed between the parties to the test.

6.02 General Information:
(a) Owner.

(b) Owner’s designation of unit.
{(c) Name and location of plant.

(d) Manufacturer of unit.
(e) Serial number of unit,

(f) Name plate data: Rated speed, pressure,
steam conditions, flow(s) electrical load,

type of unit.

(g) Date of first commercial operation.
(h) Report number, date of tests and date

of report.

(i) Personnel engaged in or observing the
test, their functions and their affilia-

tion.

(j) Name of person in charge of test.

6.03 Summary: Brief outline of test results and
calculated values, including sifnificant history
of pressure control system operation.

6.04 Record of Agreements: All agreements
affecting the test results must be included in the
test report.

6.05 Description and results of tests.

6.05.1 Detailed description of test.
6.05.2 Data taken according to Section 4, in-
cluding controlled pressure and steam flow.

6.05.3 Calculated results.

6.06 Appendix of Test Report: This part of the
report is to include copies of the original data
sheets and records of calibration of instruments,
detailed calculations not in body of report and
curves showing source data and test results.
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SECTION 7, APPENDIX
ANALYSIS OF PRESSURE CONTROL SYSTEMS
(FOR NOMENCLATURE SEE PAR. 7.11)

Note: All values given in per cent in the main body
of this Code are being used in per unit in this Appendix.

7.01 Basic Task of Pressure-Control Systems.
The applications of pressure controls as listed in
Par, 0,01.2 are always one of the two following
basic control systems or a combination of both:

7.01.1 Initial Pressure Control controlling the
pressure upstream of the control valves within a
specified range between a certain minimum flow
and maximum flow, Fig, 7-1.

PRESSURE CONTROL

CONTROL
VALVES

CONTROLLED
STEAM Pnessuae—-f

RS

STEAM
SUPPLY

FIG. 7-1 INITIAL PRESSURE CONTROL

PRESSURE DU ?
CONTROL e 1 CONTROLLED
} STEAM
CONTROL VALVE(S)|| PROTECTIONS | PRESSURE

STEAM |
SUPPLY |
I
- ]
TURBINE—/'\ |
I
|
1

STEAM |___i
VESSEL
USED
STEAM

FIG. 7-2 BACK PRESSURE CONTROL

39

7.01.2 Back Pressure Control controlling the
downstream pressure of the turbine or the con-
trolling valve within a specified range, Fig. 7-2.

7.01.3 Extraction Pressure Control controlling

one or more extraction pressure(s) within ,_specified
limits, Depending on the turbine design, this con-
trol can be a combined initial and back pressure
control, Fig, 7-3, or a simple back pressure  *
control.

7.01.4 In order to analyze a pressure control sys-
tem the behavior of the components must be ex-
pressed mathematically within a system transfer
function to which the performance and stability -
criteria apply.

EED CONTROL
PROTECTIONS
e o D

@ (S:gMPOUND PRESSURE -~
!
|

CONTROLLED
EXTRACTION -+
STEAM —’:

|

PRESSURE

STEAM
SUPPLY’

~ 7] TURBINE ] EXHAUST
STEAM

STEAM

L---- vESSEL |

USED
STEAM

FIG. 7-3 TYPICAL EXTRACTION PRESSURE
CONTROL (SINGLE AUTOMATIC)

7.01.5 The following assumes that the Laplace
transform representation of differential equations
is known. Further information can be found in
the literature listed at the end of this section.

7.02 Transfer Functions of Basic Elements
(Linear Analysis). The basic elements of a-
control system are ‘‘computing elements’’ and
their operation can be expressed mathematically
in a transfer function, describing the relationship

of output to input.
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A functional classification includes these
elements:

(a) Transducers
(b} Summers

. (c) Differentiators
(d) Integrators
(e) Amplifiers

Any one device may perform several of these
functions simultaneously. The transfer functions
of a typical selection of elements are explained
in the following paragraphs.

7.02.1 The Transducer., A transducer measures a
certain variable and produces an output signal

that has a given relation to that variable, includ-
ing some limits. A mechanical pressure transducer

can be a spring-loaded bellows, Fig. 7-4.

OOOO”

FiG. 7-4 MECHANICAL PRESSURE TRANSDUCER

The transfer function of this pressure trans-
ducer is expressed by the following equation

7.02.1-1 AX = AP _[A<__

1

where:
P = input pressure
A = effective bellows area
K, = system spring gradient
X = output stroke

An electrical pressure transducer (Fig, 7-5) in
the form of a Bourdon tube operating a linear-vari-
able differential transformer {LVDT), transforms

IDEMODUL ATORP——8»

FIG.

7-5 ELECTRICAL PRESSURE TRANS-
DUCER

pressure into mechanical motion (X) which is con-
verted to an electrical signal by the LVDT and
the demodulator.

The transfer function of this pressure trans-
ducer can be expressed by the equation

7.02.0-2 AV = K AP
where:

P = input pressure

V = output voltage

K = AV - iransducer gain
2 AP

The LLVDT is actually a position-measuring
device that can be used in such applications as
the measurement of valve positions.

7.02.2 The Summer, A summer performs the
algebraic summation of two or more quantities.
The added quantities can be either variables

or constant values. In most cases the summer
multiplies each variable with some constant value
before adding it.

The simplest mechanical displacement summer
is a ““floating lever,”” Fig. 7-6.

The following equation applies to Fig. 7-6.

7.02.2-1 Z=X( b >+Y a
a+b a+b

X 4 Y
(INPUT) A (OUTAPUT) (INPUT)
[——Q———tat——h
@ - )]

FIG. 7.6 MECHANICAL SUMMER (FLOATING
LEVER)
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In the particular case where a=b, the sum
becomes

70222 7 =X ; Y

Electrically the summation of d-c voltages can
be performed by means of a high gain d-c amplifier
(A) called ‘‘Operational Amplifier,”” shown in
Fig, 7-7.

FEEDBACK
R¢

EI R' . Eo
T A —
OUTPUT
Ry

E, OPERATIONAL AMPLIFIER
— \suumme JUNCTION

INPUTS

€, Rn
2 —

FiG. 7-7 ELECTRICAL SUMMER (WITH RE-
SISTORS)

Here the equation for the output voltage is

7.02.2.3

R R
E - -(E 1 _ L E i b B L
o R1 2 Rz an

NOTE: The output of this summer is always of re-
versed polarity with respect to the sum of the inputs.

The simple resistors R, R« 4. R can be re-
placed by any other kind of impedances (Z) in
order to produce almost any desired transfer
function of the circuit.

7.02,3 The Differentiator. The rate of change of
a certain variable can be measured by differen-
tiating its value with respect to time: A dashpot
(Fig, 7-8) is a mechanical device that acts very
much like a differentiator at low input frequen-
cies.

The transfer function of this device is

. .3_ Y(S) = - T s
7 02 1 X(S) 1 + T s
AT e e e e

FIG. 7-8 MECHANICAL POSITION DIFFEREN-
TIATOR (FOR LOW FREQUENCY)

As long as

7.02.3-2 T s <<l

(s = jo - very small)

the value of —§ is close to

7.02.3-3 (_Y_> T s
X (Ts << 1)
7.02.3-4  Y(s) = T X(s) s

The operator ““s™

differentiation.

in the numerator signifies a

7.02.3-5  Y(y) = X
dt
An electrical differentiator can be built with

an operational amplifier using a capacitor as the
input impedance, Fig. 7-9.

!

L —

SUMMING JUNCTION

F1G. 7-9 ELECTRICAL DIFFERENTIATOR
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The impedance of the capacitor (C) is
7.023-6  Z = L
' C s

The transfer function of the circuit is, as-
suming a perfect amplifier

o
70237 - 42 R Cs
1

7.023:8 or FEols) = - R Cl's L,

dE
7.02.3-9 or Eo(t) = - R. C —L
! dt

7.02.4 The Integrator. An integrator is a device
that integrates the value of a variable with re-

spect to time, A good example of a mechanical
displacement integrator is the combination of a
pilot valve and a piston, Fig. 7-10.

X
INPUT

—
OlL PRESSURE
(AUXILIARY POWER) [_]

FIG. 7-10 MECHANICAL INTEGRATOR

If the pilot valve is lifted by the amount X
above the neutral position, the piston will start
moving immediately and keep on traveling at a
given speed until the pilot valve is returned to
the neutral position, or until the piston reaches
a stop (which is also called saturation).

The particular meaning of the term ‘‘integra-
tion’’ is shown in Fig, 7-11.

Expressed mathematically, the integration per-
formed in Fig, 7-11 is

t

7.02.4-1 Y&y = G f X(o) dt

B COPYRI GHT Anmerican Society of Mechani cal Engi neers
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FIG. 7-11 INTEGRATION

Using the Laplace variable s, 7.02,4-1 can be

written as

7.02.4-2 Y& _ G

(s) s

The ““s” in the denominator signifies and inte-
gration.

G is called the gain of this integrator. It is a
constant containing the physical parameters such
as oil pressure, port width, piston area and flow
coefficients,

Other examples of integrators are the turbine
shaft of which the rotational energy is proportion-
al to the time integral of the sum of all torques
applied to it, or the pressure in a steam vessel
that is proportional to the time integral of the
algebraic sum of steam flows into the vessel
(flow out of the vessel has a negative sign).

The electrical integrator can be built with an
operational amplifier, Fig. 7-12.

The impedance Zf of the feedback capacitor is

7.02.4-3 7. = L

Eg R| A Eb
(INPUT) : -~ (OUTPUT)

FIG. 7-12 ELECTRICAL INTEGRATOR
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and the transfer function of the amplifier circuit
for zero initial conditions can be expressed by
the equation

E (s)
7.02.4-4 Eo(s) - - 1
RI Cf s

or

¢
7.0245 E () =- —L f E (2)dt
R C
(I o

Similar to the mechanical integrator,

C
E 1 t
is called the gain of this integrator and its

dimension is i, It is the rate at which E
sec o

changes with one volt at the input £ , (until

saturation occurs).

7.02.5 The Amplifier. Amplifiers cover a wide
range of devices basically intended to increase
the level of a signal to a higher level in magni-
tude or in force, or in voltage or current to trans-
form a signal in a predetermined way to a higher
level

Mechanical Displacement Amplifier, A simple
example is a lever, Fig, 7-13,

jlf— 0 ——b
_—TFXUNPUT) | Y(OUTPUT)

ol [ 0)

b ——»

FIG. 7-13 MECHANICAL STROKE AMPLIFIER

Its transfer function is
7.02,5-1 -5 x
a
b

This amplifier has no time lag; its gain R is
It amplifies only the displacement, while the en-
ergy level of the output is substantially the same

as the input,

Mechanical Hydraulic Amplifier. The most com-
mon one is the servomotor, It uses hydraulic fluid

under pressure for auxiliary power, 'ig. 7-14.

~-

(INPUT) X } Y(OUTPUT)

EC#:—

PRESSURE -
FLUID nggN
FLOW RATE PORT WIDTH:

d>[§|-2-: / Ina] w [ir] A[i"z]

FIG. 7-14 MECHANICAL HYDRAULIC POWER
AMPLIFIER (SERVOMOTOR)

The amplifier, shown in Fig. 7-14, can amplify
the stroke and the energy level and can be used to
drive substantial loads. The output (Y) follows a
change in input (X) position with a time lag.

The transfer function of this servomotor is

bd

Y(s) ac

7.02.5-2 = ¢
X (s) 1+Ts

bd

ac s the steady-state gain, and T is the time
constant of the servomotor in seconds.

7.0253 T = 4 [sec]

ac__
(o +b)d W

For nomenclature see Fig, 7-14.

A step change of the input X is followed by a
movement of Y, as shown in Fig, 7-15. This re-
sponse is described completely by the transfer
function 7.02,5-2

Other elements that have a transfer function
similar to the one of the servomotor are:

(a) A steam vessel with a fixed outlet open-
ing, where the steam pressure () in
this vessel is a function of the steam’
flow (p) into the vessel:

- i:—l—
7.0254 £ =

T T ez AT
632% X
%% /s - - (t>0)
B s

wol L 1 &l

— [ T

FIG. 7-15 RESPONSE OF SERVOMOTOR

e
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where T is the time it would take to increase
the pressure from zero to rated pressure with
a constant, rated steam flow into the vessel

and no flow out of it.

(b) A turbine rotor on which the rotation
losses increase with speed, where the
speed (o) of the rotor is a function of

the steam flow fty,. (referred to no load

flow at rated speed).

7.02.5.5 g . = _1_
'“NL 1+ ]-S

where T' is the time it would take the rotor to
accelerate from zero (0=0) to rated speed
(0=1) with rated speed/no load steam flow

('uNL = 1) and no losses.

The three above examples are simple feedback

+Y
PRESSURE
SENSOR

BEAM

.- ( PivoT

REFERENCE
7 ADJUSTMENT

fpp

POWER
FLUID

Y.
: V.
CONTROLLER  PILO
ouTPUT VALVE

FIG. 7-17 TYPICAL PRESSURE CONTROLLER

7.02.6 Example of Pressure Controller., An ex-
ample of a versatile pressure controller incorpor-
ating the features to achieve any usually needed

loops represented in block diagram form (Fig. 7-16) transfer functions is shown in Fig, 7-17.
generally with R (reference) as independent vari-
able, C as controlled variable, G as the forward
loop transfer function and H as the feedback

transfer function.

The controller consists of a summing beam B
on which the forces of the pressure-sensing
bellows, i, the reference, Pps the steady-state

_feedback &,, and the rate feedback J,s are summed
" with the proper algebraic sign.

— OPEN LOOP
R *o ! e c The beam operates the pilot valve. The amount
L) G(s) - the pilot valve is off its neutral (on port) position
T is the input to the integrator, the relay piston,
7 Hs) The controller output, 7,, operates the subse-
quent force and displacement amplifier (servo-
- ‘motor) and the feedback lever, L, producing the
steady-state regulation, 3,, determined by its
FIG. 7-16 SIMPLE FEEDBACK LOOP lever ratio and feedback spring gradient and also
the feedback lever, Lz’ producing the instanta-
neous regulation, 8, by means of the lever ratio,
The open loop transfer function of this loop is Lz’ and the subsequent hydraulic differentiator.
7.02,5-6 eﬁ = GH A controller of this basic design, with all .

pivots and rod connections on the summing beam
built as flexure pivots and a rotating pilot-valve
bushing, has been shown to have a deadband of

less than 0.01 per cent.

From the open loop transfer function the stab-
ility of this loop can be determined.

The closed loop transfer function of this loop

18 The transfer functions of this controller, for
7.02.5-7 L __C6 the different possible modes of operation are as
R 1+ GH follows: ' .
(a) Proportional Control — (Rate feedback
disconnected or needle valve open, KNV = o) —
block diagram, Fig, 7-18.

The closed loop transfer function is used for
the system transfer function when a feedback sub
loop is a part of a system,

_ 44
—— -
e f____,__-——-—/—\
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PP €y € M

S
s

&

FIG, 7-18 BLOCK DIAGRAM OF CONTROLLER
FOR PROPORTIONAL CONTROL

For a constant reference set (pP = 0)

7.02.6:1 ey =

The transfer function for 7, /¢ can be written
as

7.02.6-3 where T, = _1

1/6 is the time it would take for the output 7,
to go through full stroke (unit stroke) if a pressure
error of rated pressure was applied (extrapolated,
from small error without saturation and no feed-
back was applied), This time is given by the lay-
out of the pressure-sensing element, including the
gradients of all connected springs and the hydrau-
lic characteristic of the pilot valve and piston.

(b) Constant-Pressure Control (porportional
plus integral) — block diagram, Fig,.
7-19.

b Ot e
N\ / s
14
SiTLs
14Ty 8

FIG. 7-19 BLOCK DIAGRAM OF CONTROLLER
FOR PROPORTIONAL PLUS INTE-
GRAL CONTROL THE TRANSFER
FUNCTION OF THIS CONTROLLER
IS (AGAIN p,, = 0)

G
70264 M _ FrCTL Y

W T
sl —L s
1+GTL8L.

where G has the same significance as in the
preceding paragraph, and T, = C/K,,, where C
is a mechanical constant and K ,is the flow
factor [cu in./sec psi] in the damping needle
valve,

(1+ TLs)

The steam-seal regulator can be a controller

of this type.

(c) Proportional and Partial Integral Con-
trol — block diagram, Fig, 7-20.

The transfer function of the controller shown
in Fig, 7-20 is

. i
— (1 +7T
" 5, (L +T,9)
7.02.6-5 ? = TiT 90T
+ 1
R1S + st)
1

7.0266 T (), Ty )=

and T, again is

7.02.6-7 T, = RQ_
NV

45

1 ‘ 1 ‘ 1 ‘ 1 \2 465, |
== +G(5, + + =) — + G5, - P
2 | T +G(5, +8p) 2 { TL+ (5; +8p) T, }

e e —

~——
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Po ¥ + € i
—(E— ¢
v
‘SPA
LA
1+TLs

FIG. 7-20 BLOCK DIAGRAM FOR CONTROL-
LER WITH PROPORTIONAL-PLUS-
PARTIAL-INTEGRAL CONTROL

With aproper choice of G, TL’ 8, and dp it is
possible to adapt this controller to most pressure-
control problems likely to be encountered in con-
nection with steam turbines.

It is understood, however, that on many applica-
tions a less versatile controller will do the job,
provided it is designed for the particular condition.

It is also possible to control the pressure in a
small volume by an integrating controller, pro-
vided the gain of the integrator is made small
enough.

7.03 Frequency Response. The frequency re-
sponse of a control element or system is used to
determine performance and stability of a loop or a
system.

In order to use the transfer function for the
frequency analysis, the Laplace variable ‘‘s™
is replaced by the term jw, where j = /=1 and
o is the angular frequency (rad/sec) of a sinuso-
idal oscillation imposed to the input of a loop.

7.03.1 Simple Integrator with Feedback

F1G. 7-21 SIMPLE INTEGRATOR FEEDBACK
LOOP

N

§ COPYRI GHT American Soci ety of Mechani cal Engi neers
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The open loop transfer function is

soapg KK KK
€

s jo
The magnitude of F decreases linearily if
the frequency @ increases.

The phase angle of F with respect to ¢ is
always —90° (inherent characteristic of integrator).

The closed loop transfer function is

L
K K
C 1 2
7.03.1.2 == - =
R sl + KI Kz) 1+ Ts
7 s
1
T o
7.03.1-3 where
. 1
K1 Kz

7.03.2 The magnitude of % is approximately

ITl— as long as Tw<<1 or @<<1/T. The magnitude

2
is 1 when o>>1/T. This is called a lag
K, Te

2

break at
o = rlT(corner frequency). A plot of magnitude

versus frequency (in log/log scales) is shown in
Fig, 7-22 (Bode Diagram).

For vertical scale (magnitude) usually decibels
(db) are used:

7.03.2-1  M(db) = 20 x log,, (M)-

A transfer function of

70321 % <1+ Tps

would result in an upward break (lead break at

the % (see dotted line in Fig. 7-22).
L ) .
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oy
»

o e Table 723
oL — - .
. 7~_§\ i Frequency (o) Phase shift, [deg]
i P T, 0.018 . 89
3 R rvo21a) . (3
olx 0 _l_/; n 0.089 (L)c 85
-8 T
L1irinl 7 0.176coc 80
w [rap/sEC] 0.364!0)c 70
FIG. 7-22 BODE DIAGRAM OF SIMPLE LAG 0.577 @ 60
BREAK (DOTTED ~LEAD BREAK) ¢
0.840(1)c 50
1.000 e, 45
7.03.3 The phase lag (or lead) contribution (¢) 1.19 @ 40
of a break in a Bode diagram at the frequency (w) ¢
with respect to a given frequency (co } can be L73 o, 30
found with the equation 2.7% o 20
5.68 @, 10
7.03.3-1 ¢ = tan“1<g > [degrees] 11.20 o, 5
¢ 57.00 o, 1
A servomechanism scale can be designed for A general example is shown in Fig 7-24 for the
any given semi-log paper t that can be placed on following typical transfer function.
the Bode plot with the 45° mark on the frequency
‘@ and the phase lag (or lead) contribution of each 7.03.3-3 M(s) = K( + s)
break can be read on the scale, (1+25s) (1+0.1 s)

The equation for the design of the scale is

Ry» The phase angle ¢ of the output with respect
7.03.3:2 ¢ = cot (w_> [degrees] to the input at the frequency @ =1 is (notice 45°
¢ of servo scale placed at ® = 1):

Values for such a scale are given in Table The ~20 db/dec initial slope contributes —90°
7-28. (the lag break is far to the leftl),

The o = 0.4 lag break contributes —68°
The » = 1 lead break contributes +45°

The @ = 10 lag break contributes -6°

40 RS
30 i ! The phase angle ¢ of the output with respect
? 20 S + to the input at ® = 1 is:
‘= \Xnub)
30 T 7.03.3-4 ¢ = - 90 - 68 + 45 — 6 = — 119 [degrees]
s 0
-0 ! N 03.4 Stability. F I
. o 80 The0 50430 2 o 8 2 7.03.4 Stability. For stability it is necessary for
T T—1 I 11 || T 1T T sc‘“ the phase angle to be less than ~180° at the fre-
Y IR IR B lml AN L quency where the magnitude M(s) = 1
0.0l ol w: i 100
w[nmmsnecouo] M(s) [db] = 0: Zero Decibels
FIG. 7-24 EXAMPLE OF USE OF SERVOMECH- The phase margin (y,) must be greater than
ANISM SCALE zero. See evaluation of phase margin (7.10).
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The margin that is present in a system, com-
pared to the maximum permissible phase shift of
-180° is called phase margin.

The phase margin (yc) is

7.03.4-1 '}’c = 180 -3 <]5lag +3 ¢Iead [deg]

where' % ¢, is the sum of the phase angle
contribution of all lag breaks with respect to
the crossover frequency o,

and 2 1,,q is the sum of the phase angle con-
tribution of all lead breaks with respect to
W, See Fig, 7-25,

OEGREES
R 8 85 80 708080403020 10 3 2 WAL
° T T 1T T T IgT T 1 T
°
%0 - 20db DEC :45
e PN (I
3 NI
s '
> 0 222
a
.10 "
.20 <
. —- 40
-ac L AL 1 2ld) L i adiiil A A LA 324 L LA il
0.0l ot 1 100
w [macians/secono]]

FIG. 7-25 EXAMPLE OF USE OF SERVOMECH-
ANISM SCALES FOR CROSSOVER
FREQUENCY

The phase margin of the system in Fig, 7.25 is

7.03.4-2 y, = 180 -

7.04 Nonlinear Analysis. Pressure-control sys-
tems often exhibit the phenomenon of steady-state
oscillations or ‘‘limit eycles.,’”” These oscillations
may be caused by nonlinearities in the system and
it is important that they be considered when
analyzing performance. .

The most important nonlinearity in pressure
control systems is the deadband in the pressure
controller, relay, and servomotor.

The method to analyze nonlinearities used here
is the describing function.

~ 7.04.1 The describing function of a nonlinear ele-
ment is obtained by comparing the fundamental of
the output-wave form to an input wave to deter-

(90 +82 + 17) + 71 = +62 [deg]
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mine phase shift and gain as a function of ampli-
tude. The complex ratio of the approximated out-
put to the input then becomes the describing fune-
tion of the element, Because of the approximation
of a nonsinusoidal wave form by its fundamental,
it is difficult to predict amplitude and frequency
of any limit cycle closer than about 20 per cent.
Also, this method cannot be used when more than
one nonlinearity occurs in the system.

For quantitative analysis where two or more
nonlinearities are present a dynamic analysis
with analog or digital computers is recommended.

Since deadband is the predominant nonlinearity
in pressure-control loops, it will be considered in
detail, An approach is presented which is based
on describing functions, but is extended to allow
the use of Bode plots. :

7.04.2 Analysis of Nonlinear Element. The block
diagram of a nonlinear element in general is

shown in Fig, 7-26,

In Fig, 7-26, NL is the amplitude sensitive
nonlinearity and G(jo) is the linear, frequency
sensitive element,

For the purpose of the analysis a sine wave is
applied to the input of the nonlinear element: This
input is represented by the equation

7.04.2-1 «

— j ot
I_E"e

The fundamental of the output of the nonlinear
element is

7.04.2-2 ¢ = E, ¢ @+ 9)

where E, and ¢ are function of the magni-
tude E of the mput. The ratio of ¢, to ¢, for this
input at E, is given by

E, ¢ (¢ + ¢)

7.04.2:3 DF(E)) = 2 =
1

E‘ ol OF

€ ¢
2o Gljw >

NL

FIG. 7-26 CONTROL LOOP WITH NONLINEAR-
ITY (GENERAL)
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where DF(E‘) is defined as the describing
function of NL as a function of E‘. Reduction of
of this equation results in

7.04.2-4 DF(E) = K(E) JP(E)

Thus, the describing function is a complex
number which varies in magnitude and angle as
the amplitude of the input signal changes., This
is analogous to the variation of frequency-depend-
ent elements in magnitude and angle as the fre-
quency changes.

A condition for oscillations to occur in a sys-
tem requires that the gain around the loop be
unity at the frequency where the phase margin is
zero deg, The equation to be satisfied is

7.04.2-5 G(jo)DF(E) = =i7 = -1

or

7.04.2-6 Gljw) = —=1__
(jo) DRE)

The magnitude and frequency of oscillations
can be determined by plotting G(jw) and -1/DF
(E') in the complex plane. If the two curves
intersect, oscillations will occur with approxi-
mately the frequency and magnitude at the inter-
section, since equation (25) is satisfied at that
point.

Linear stability theory and the describing-
function method are hoth based on an examination
of the phase shift around a loop at all frequencies.
If the phase shift exceeds ~180 deg at unity gain
for any frequency, the system will oscillate at
that frequency. It is possible on a Bode graph to
predict approximately the frequency at which os-
cillations will occur for deadband nonlinearities.
The amplitude of the oscillations can also be
estimated by a method described below:

7.04.3 Deadband and Integrator Loop. A non-
linear element with deadband typical for a pres-
sure control loop is shown in block diagram
form in Fig, 7-27.

v

R + € -d l‘ €2 | K I C
LSy

FIG. 7-27 CONTROL LOOP WITH DEADBAND
IN INTEGRATOR INPUT

Li censed by Information Handling Services

INCREASING R.

DECREASING y/
-d

— R

F1G. 7.28 HYSTERESIS RESPONSE LOOP RE-
SULTING FROM DEADBAND

The linear transfer function of this element is

7.04.3-1 £ _ 1
R

The steady state response of the nonlinear
loop with deadband is a kysteresis loop, shown
in Fig. 7-28.

7.04.4 System with Deadband and Integrator Loop.
In the Bode diagram the linear loop produces a
lag break at the frequency K [rad/sec]. The non-
linear loop will produce a lag break close to the
frequency K as long as the magnitude of the input
oscillation (M) is large compared to the deadband
“d”’, As the magnitude (¥) decreases, the break
frequency will become lower. In particular, when
the magnitude (#) becomes equal to or smaller
than ““d”’, the break frequency (o,) will go to
Zero.

An example of a control system containing a
nonlinear {deadband and integrator) load is shown
in Fig, 7-29.

R Y \Ra b€l | g X KT8 | €1
- ?_ -d s $(147,8)

FIG. 7-29 SYSTEM WITH ONE DEADBAND AND
INTEGRATOR LOOP

o
X
(2J

Y
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The open loop transfer function of the linear
system is:

K (1 +T7T s)

=G(S)= S(1+ Tzs)

7.04.4.1 L
R

2

Typical values used in this transfer function
are:

K, = 14 (=23 db)
T = 0,81 sec (l/T‘ = 3.2rad/sec)
Tz = 0.66 sec (l/T2 = 1.5 rad/sec)
@, = 20 rad/sec

The Bode diagram of this system with the
listed values for K, T‘, T2 and w,is shown in
Fig. 7-30.

40 < =
(]
C/
30 % r v, 150 ﬁ
[C]
20— - N < 100 §'
= PHASE MARGIN

=, 10 50 X
g Ky ‘\ ~ S
CI 2 o E
® o Lacereak wl For” |V T2AiN/T) TNUs 50 2
ZERO PHASE MARGIN | W TN Fo\v 1
-20 = — APPROXIMATE ZERO PHASE — Cd 100 3
20| MARGIN CURVE H ; S

001 0.l 100 >0

w[um'ns/szcouo] 0

FIG. 7-30 BODE PLOT FOR SYSTEM WITH SIN-
GLE DEADBAND

The determination of the effect of the nonlinear
subloop is performed by letting the break frequency
o, of the linear loop decrease in successive
steps, while observing the phase margin of the
nonlinear system (see 7-30). The location of the
attenuation characteristic corresponding to wf.
where the crossover phase margin is just zero is
indicated in dotted lines,

7.04.5 Frequency of Sustained Oscillation. The
nonlinear crossover frequency (2.9 rad/sec in
example) is approximately the frequency at which
the system will oscillate.

The phase lag produced by the nonlinear sub-
loop (¢NL) is respon sible for cancelling the phase

margin (y2) of the linear system at the frequency

Engi neers

~

I \
INPUT (Rg)
I‘”" ourPUT(Cz ) FOR- by, = 30°
‘F-

0.57- 71
XJ M ‘(oo'\ OUTPUT(Cz ) FOR-$7 60°
[/ Md
(PR

. M N
o ‘a | Md "(co)\
lo* Jio 0° %on
~+1#0
-0.51*~$u60"

FIG. 7-31 DESCRIBING FUNCTION FOR ESTI-
MATING MAGNITUDE OF SUSTAINED
OSCILLATION AT o/

(a)c’) (y; = 60° in example). The conditions for os-

cillation are, therefore, met at @/ when

7.04.5-1 ~ by = Vi
7.04.6 Magnitude of Sustained Oscillation. The

magnitude of sustained oscillations can be esti-
mated from a plot of the describing function with
a given phase lag Py, (see Fig. 7-31):-M is the
input magnitude (normahzed to unity), M, is the
actual output magnitude that produces the phase
lag @, , M; is the fundamental sine wave approx-

imating M,. The magnitude of the “‘half deadband”

is again ‘‘d’’ which is:

7.04.6-1 d =1~ M, [per unit of M]

The procedure used in Fig, 7-31 is directly
applicable if

7.04.6-2 w’ < —~ [rad/sec]

@
o> ﬁ the phase lag ¢, () of the

linear subloop should be added in order to esti-
mate the magnitude of sustained oscillations. The
approximate ratio of the magnitude of sustained
oscillations to the deadband }/d is shown in

Fig. 7-32 as a function of the phase margin of the
linear system y: at the crossover frequency @ .of
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3r
RANGE OF % RATIO
Xjo 2I
it NO SUSTAINED
| OSCILLATIONS
1 i 1
) 30 60 90
it b= 7 [PEGREES]
FIG. 7-32 %4- ESTIMATE AS FUNCTION OF y¢

the nonlinear system, A range is given rather
than a single line because of the nonsinusoidal
wave shape of the actual output,

Note: The deadband ““d’’ and the magnitude M
in Fig, 7-31 are given as ‘“‘half deadband’’ and zero
to peak magnitude, respectively. If a deadband as de-
fined in 2.03.3 is used, Fig. 7-32 is still applicable
but it will yield peak to peak magnitude of M.

EQUIVALENT FLOW INTO THE
‘A'ﬂg’f CONTROLLED SYSTEM

e, s
POSITION

PRESSURE
ERR POSITION

STEAM
PRESSURE
-~

STEAM VESSEL
VOLUME

FIG. 7-33 BLOCK DIAGRAM OF INITIAL-PRES-

SURE CONTROL SYSTEM

Pp ‘p 7 N2

7.05 Analysis of Pressure Control Systems

7.05.1 To describe the pressure control systém
quantitatively, the transfer functions of each
member are introduced.

Generally the pressure-control system can be
represented in block-diagram form, as shown in

an example of an initial pressure control in Fig,
7-33.

7.05.2 Dimensionless Representation. To make
the analysis as universally applicable as possi-
ble, a dimensionless unit system is chosen that
permits writing the transfer functions of the sys-
tem with a minimum of detailed knowledge of its
components. .

7.05.3 Reference Terms for Dimensionless
(Unitized) Representation. To make the variables
in the control system independent of the size and
to some extent independent of the design of the
system, they are made dimensionless according
to a well-defined unitizing system., The variables
are in general:

7.05.3-1 Pressure /- AP .

P

.
Pressure change [psi] referred to rated pressure

[psi(a)l.
7.05.3-2 Stroke (of hydraulic relay or servo-

- AY
Y

r

motor) 7

Stroke change [in.] referred to stroke change
[in.] necessary to go from zero to rated steam
f].ow.

7.05.3.3 Equivalent Valve Area a =

1)

Gy

(Py) -

H(a)

FIG, 7-34 BLOCK DIAGRAM OF INITIAL-PRESSURE CONTROL SYSTEM USING SYMBOLS
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Equivalent flow area change [sq in.] referred to
equivalent area [sq in.] corresponding to rated
flow,

7.05.3-4 Where the simplified flow equations
is m= AP

7.05.35 Flow = Am

m
r

Flow change [1b/sec] referred to rated flow
[1b/secl.

7.05.3-6 Reference Pp = ‘IA—{E

. r
Reference change referred to reference value
for rated pressure.

5 - APY

7.05.3-7 Regulation (droop) "

g

Steady-state pressure change [psi] that will put
the regular output through unit stroke referred to
rated pressure [psi (a)l.

7.05.3-8 Pressure Controller Gain

Steady-state gain of pressure controller [per
unit].

With these variables incorporated and the
multiplier eliminated as explained in 7.06 the
_ system is represented by the block diagram, Fig.
7-34.

7.06 Transfer Functions of Elements of Pres-
sure Control System

7.06.1 Pressure Controller. (See 7.02.6.) Depend-
on the required steady-state accuracy and stabil-
ity, three pressure-controller transfer functions
are common: .

s
)
7.06,1-1 G, = —°
R 1+ TR s

for strictly proportional control, where 3,
is the regulation in unitized form, for

instance:
5-per cent regulation: 8p = 0.05

K, (1+T,s)
7.06.1-2 G, = _R™ "L°7
R s(1+ TRS)

for constant pressure (called proportional
plus integral) control where

G

7.06.02a  Kg - —
¢ R~ 15613

See 7.02.6 for significance of G, TL’ and J;

1
S+ T, s
7.06.13. G, il

= Q+ TR‘IS) 1+ TRz s)

for a controller with a broad instantaneous
regulation 8, and a narrow steady state regula-
lation &, (also called proportional and partial
* integral), .
A pressure controller that can be used for any
one of these three transfer functions is described

in 7.02.6.
7.06.2 Hydraulic Servomotor (Gh)' (See 7.02.5.)

The linear transfer function of this simple hy-
draulic force and siroke amplifier is

G = 1
7.06.2-1 T T

7.06.3 Steam Valve A}ea (Gy)
7.06.3-1 Gy =1
| 7.06.4 Stearﬁ 7Flow

7.064-1 G, (P) =1

(©,)

7.06.5 Steam Vessel (Volume), (G,). The steam

vessel acts as an integrator. Any steam flow into
the vessel that is not-cancelled by an equal flow
out of the vessel (flow error) will increase the
pressure at a rate given by the gain KV of this
integrator. This gain is

7.06.5-1 K, = Tl_ -
14

- I,s

The characteristic time TV of the steam
volume is

W
TV = r

m
T

7.06.5-2

The transfer function of the steam vessel

is
K
7.06.5-3 G, = X =1
B S TV s

7.06.6 Pressure — Flow Feedback. This feedback
must be determined by linearizing the multiplier
(see Fig, 7-33).
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Assuming that the flow through the valve is
proportional to the equivalent area times pressure,
whereby the equivalent are a has been linearized
in the valve drive (cams) or in the valve itself
(profiled valve), multiplication of two variables
is present which is not usable in a linear
analysis.

To linearize this multiplier, the absolute dif-
ferential is formed which describes the change
as a sum: '

7.06.6-1 A,L=( )

8_;1 x do
da / P = const

+(a_y'> % d¢
6(// A = const

Since the pressure signal Varies only
slightly from rated pressure for all operating
points, the first partial differential can be
evaluated as

Op

J
7.06.6-2 __> 2(_#)
da/ P = const da Pr

which is the relative flow change y per unit
of change in « which is by definition of the
units

6u)
0663 () -1
7.0663 (2 ,

Since a unit change in 7, produces an equiv-
alent area change a of unity,

GA =1 (7.06,8-1)
Therefore

7.066:4 Gy x G, (P) =1

except for some noncompensated nonlinear-
ity in G, The value describing such deviation from
unit gain, is called K, The second part of the

absolute differential (j—:;) X di can now be

= const
introduced in the flow summing point.

In the initial pressure-control application, Fig.
7-34, where ;1 and p1y; have the same direction

(same sign), the steam-volume portion of the loop
is represented by Fig., 7-35. '

The feedback H(a) is approximately equal to p;
therefore, the time constant of the closed loop de-
pends on the operating condition.

53

|
< |-
-
1

Ha)

FIG. 7-35 BLOCK DIAGRAM FOR FLOW-VOL-
UME-PRESSURE RELATION FOR
INITIAL-PRESSURE CONTROL SYS-
TEM

Forp=1: H=1
Forp = 0: H = 0 (except some leakage)

The time constant of the closed loop is

7.06.6-5 T = L,
H

T increases inversely proportional to H. At the
same time, the gain of the closed loop increases.
The transfer function for 0 < H < 1is

1
H(a)

7.06.6-6 v _
©.

This can be visualized with the following ex-
ample: The final pressure to pass the steam flow
g = 1 at an opening of 0.5 would be twice the
rated pressure, if no other variables were changed.

The lower the valve opening becomes, the
lower H will become, and at @ = 0(+) or p = 0(+)
the transfer function will be

7.06.6-7 ( ‘ﬁ> N §
- Hso T s

Usually the time constant T is large compared -
to other time constants in the system so that for
s>>0

7.06.6-8 1 ~ L
1+ Tv s Tv s

Bi censed by I nformation Handling Services
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i
+

Vsp | M | 1 | M | K= | v
Tas || 14T Ka -

FIG. 7-36 BLOCK DIAGRAM FOR PROPORTIONAL INITIAL- PRESSURE CONTROL WITH
LARGE STEAM VESSEL

In other words, the phase lag of 1/(1 + T ) 7.07.2 The stability of this system can be eval-
with respect to the crossover frequency is sub- uated from the over-all open loop transfer function
stantially the same as the one produced by ‘which is:

1/T s, or 90 deg. It is therefore acceptable in
most cases to consider the steam volume as an 7.07.2-1 K,
integrator,

. S 6 = b o __op

7.07 Proportional Initial Pressure Control S s(l+ Tps) (1+ T, s)

System (Linear Analysis)

- 7.07.3 The Bode diagram of this loop for the
7.07.1 With the transfer functions of the ele-

ments, the block diagram is as shown in Fig. values of 5, T » Tp and T, marked in the figure
v
7-36. is shown in Fig, 7-37,
+90 7.07.4 The quantity which most likely can be
\ yes3e %‘ adapted to obtain stable operation is SP' It can
o +20 T — < Y T R & be seen that a larger regulation SP produces.a
= }‘>~2°db/dec S more stable system at the expense of a larger
w &T [db] ' 4 o
S o - o & steady-state pressure error. The stability must be
’g Ks . 5.,7 T3202 sec. AN ES evaluated at the value (K /8,7 ) max which will
g STytMaX) [ Tr=0. sec. \ o
3 5 N 9 yield the smallest phase margm.
O WRAD/SEE] | —m= .1?2 Tla \ g
i 3 10 * 7.07.5 The required phase margin to assure ac-
ceptably small sustained oscillation depends on
FIG. 7-37 BODE DIAGRAMOF PROPORTIONAL- the deadband of the different components of the
PRESSURE CONTROL SYSTEM system. See evaluation of phase margin (7.10),
i
\ 1K
Pp-rN€p]| Kali+Ts) M [ N2 B - 1
s (1+Tys) | T Ks 2 | T, g

tlv

FIG. 7-38 BLOCK DIAGRAM OF INITIAL PRESSURE CONTROL WITH PROPORTIONAL
AND INTEGRAL CONTROLLER (CONSTANT PRESSURE)
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7.08 Proportional Plus Integral Initial Pressure come unstable. Systems of this kind will operate
Control System (Linear Analysis) satisfactorily only with control devices with

7.08.1 The block diagram of an initial pressure small deadband.

control with proportional plus integral controller Also, a pressure control of this kind cannot be
(see 7,02,6-4) is shown in Fig, 7-38, paralleled with another pressure controller.

A typical application for this type of control

7,08.2 The open loop system transfer function is: )
' - is the steam-seal pressure controller.

7.08.2-1 KR K, 7.09 Proportional Plus Partial Integral Initial
1+ T, s) Pressure Control System (Linear Analysis)
— v
Cle) = s?(1+ TRs) (1+T2.§) : 7.09.1 The block diagram of an initial pressure

control system with proportional plus partial integral

where controller is shown in Fig, 7-40.
7.08.2-2 Ky = T:gaz—TL 7.09.2 The open loop system transfer function is:
7.08.3 "I’he Bode diagram of a-typical system is 7.09.2-1
shown in Fig, 7-39, %} (147, s)

7.08.4 This system is conditionally stable. If the G(s) = —
gain of it is raised or lowered too far, it will be- s(l“"TR‘s) (1+Tst) (+T, s)

7.09.3 The Bode diagram of this system is shown
in Fig, 7-41,

+40 +90
YAR-LY
/" PHASE MARGIN r
+2ol&< T +as .
o <20 \ & 7.09.4 This system has an almost constant
=, N N 0o & degree of stability over a certain gain range
8 Kaks . 0.3~ \\ z 2<K,/8,T,< 10 and usually 8, T and T, are
E Y MAGNITUDE an e - =
& - k\%@!g 40 f made adjustable within practical limits to be
z T t t Keo 2 able to adjust for best performance.
& -40 y - 3 ) o
0% w [RAo/ sec) 7.09.5 This is the most common-type controller
: preferred because of its capability of relatively
FIG. 7-39 SBLCJ)IEEE gcl)'::?rig'\:\_ 258#2IJ|\QEFHPEES- small steady-state pressure error combined with
PORTIONAL PLUS INTEGRAL CON- good stability and the capability of operating in
TROLLER parallel with other controllers (flow sharing).

Hi

Pora€p ‘.Jgp“'”'-') ul l M2 K - Ap ! 4
+ (T 8) (1 Tngs) I+Tas Tys

FIG, 7-40 BLOCK DIAGRAM OF PROPORTIONAL PLUS PARTIAL RESET-PRESSURE
CONTROL SYSTEM
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+
H
o

PHASE MARGIN [DEGREES]

+40 - +90
2005 /40, <50
—_ ey — 7=59° pHASE MARGIN
0 ~—
g +20 w ~— &, \
w r\ *2(?PTV
}2 o [~ \ o
-4
5 MAGNITUDE -
= 0
z -20 -45
o
L iR L .Lj
Ta; T T2 TRy
~40 -
0.2 0.5 I 5 10”90

w [RAD/SEC)

FIG. 7-41 BODE DIAGRAM OF INITIAL PRES-
SURE CONTROL WITH PROPORTION-
AL PLUS PARTIAL INTEGRAL CON-
TROLLER

7.10 Interpretation Of Phase Margin

7.10.1 In order for a system to be stable the phase
margin (y,) must be larger than zero.

7.10.2 With a given deadband the sustained oscil-
lations of a control system get bigger the smaller
the phase margin of the linear system is.

7.10.3 In a practical system a phase margin of
+40° or more will usually hold sustained oscilla-
tions caused by deadband to an acceptably small

magnitude.

7.10.4 On an integral control system (7.08) the
sustained oscillations caused by deadband tend
to be larger than on a proportional system (7.07)
if the phase margin (y ) of both linear systems
was the same,

7.11 Nomenclature For Section 7, Appendix

4 = equivalent valve-flow area such that

the flow m = AP, 1b/sec

Ar = equivalent area for rated flow at
rated pressure

A4 = change in equivalent valve-flow area
C = controlled variable (general)

e = base of natural logarithm

EI = magnitude of oscillation of input
(general)
E, = magnitade of output after nonlinear-

ity (general)
F (s) = open-loop transfer function in
Laplace form (general)

G = gain of hydraulic integrator (units
per sec per unit error)

N
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open-loop system transfer function
in Laplace form (general)

transfer function between servomotor
stroke and equivalent valve area
(units per unit)

transfer function between pressure
regulator and servomotor stroke
(units per unit)

transfer function between equivalent
area and steam flow (units per unit)

transfer function of pressure regu-
lator (units per unit)

transfer function of steam vessel in
which the pressure is being con-
trolled (units per unit)

general frequency-dependent transfer
function

feedback transfer function (general)
(units per unit)

feedback transfer function in Laplace
form (general)

feedback transfer function being a
function of magnitude of relative
equivalent area (units per unit)

v~T1
constant (general)

incremental slope of equivalent area
versus servomotor stroke referred to
average slope

steam flow, lb per sec

rated steam flow, lb per sec
steam flow change, lb per sec
steam pressure, psi (a)

rated steam pressure, psi (a)
steam-pressure change, psi

pressure change causing a change of
unity at the controller output, psi

reference (general)
rated pressure reference, psi(a)
pressure-reference change, psi

Laplace- variable, 1/sec
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AY

[
P

*

>
~

o

*

B
~

time constant {general), sec
lead time constant, sec

time constant of proportional regu-
lator, sec

first lag-break time constant of
proportional plus partial integral pres-
sure regulator, sec

second lag-break time constant of
proportional plus partial intregal pres-
sure regulator, sec

weight of steam in steam vessel at
rated pressure, lb

stroke of hydraulic relay or servo-
motor (general), in.

rated stroke of hydraulic relay or
servomotor (general), in.

stroke change of hydraulic relay or
servomotor (general), in.

= relative equivalent area change di-

mensionless)

steady-state pressure regulation of
pressure controller (dimensionless)

instantaneous regulation of pressure
controller (dimensionless)

relative error signal (dimensionless)

= relative pressure error (dimension-

less)

signal applied to input of nonlinear-
ity (general)

¢, = output signal of nonlinearity
(general)
= phase angle of describing function
P g 8
or general
AY
=y L = relative position change of pressure-
Ar controller output (dimensionless)
AY,
n = = relative position change of servo-
2 Yz,- motor output (dimensionless)
= Am relative flow change (dimensionless)
mf
Am,
= — = relative flow change of steam suppl
p,= 7 8 pply
¢ ¢ to system (dimensionless)
Am ,
o= 2 = relative flow change out of system
HO m g y
r (dimensionless)
Am -
= —m—-l-i = relative feedback flow change
T (dimensionless)
U= gP = relative pressure change (dimension-
r less)
AR
Pp= 2 - relative pressure-reference change
Rpr (dimensionless)

7 = 3.14 radians

o = frequency (general), radians per sec

7.12 Recommended Literature

*“Servomechanisms and Regulating Systems De-
sign,”’ H. Chestnut and R. W, Mayor, John Wiley
& Sons, Inc., New York 1963, Vol. 1 & 2 (second

edition).
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PTC 43~ AirHeaters voovveivnranvannvenvasaconacs (1968)
PTC 23 -~ Atmospheric Water Cooling Equ.ipmem cesvisensesesaes (1958)
PTC 8,2~ Centrifugal Pumps ..ovvueivrinnnsigrracsascaseorios (1965)
PTC 4.2~ Coal Pulverizers ..vevevsvevesesgunnsonssnsennnsn  (1969)
PTC 1 = Code on General Instructions sv.vvosovscesrosnreseene (1945)
PTC 2 - Code on Definitions and Values .....evvuvuvvaseenes (1945)
PTC 10 ~ Comprossor and ExXhausters vv.serssvocrvsorvressnssns (1965)
PTC 9 - Displacement Compressors, Yacuum Pumps and Blowers (1954)
PTC 2.1- Displacement PUmps. . vveveesesorsessarnsenrcsisasse (1962)
PTC 12.3~ Deaerafors «iu,usesvsoeessssesrsssorssosersersevess . (1958)
PTC 27 - Determining Dust Concentration in ¢ Gas Stream....... (1957)
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