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ABSTRACT

CLOSED LOOP CONTROL OF A PUMP TEST STAND

By

Dan H. Emmert

The process model transfer functions for system pressure and flow rate, the corresponding closed

loop controllers, and the system responses are determined for a pump test stand. The system

pressure response to a step change in the control valve position is recorded, and used to

determine the process model parameters for a first order transfer function. The poles of the closed

loop system are placed to provide an over damped response to step changes in the pressure set

point. The flow rate response to a step change in motor voltage exhibits a time delay. Frequency

response analysis techniques are used to match a second order with time delay transfer function

to the flow process model. Controller parameters for closed loop operation are determined to

provide acceptable values for gain margin and phase margin.
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Test Stand Description

To verify the operating parameters of a new pump design, the pump must be tested in a

controlled manner. Repeatable test setups and procedures are required to properly compare the

results for different pump designs and design iterations. Manual testing involves the adjustment

of the drive motor’s voltage to reach a desired speed, and then adjusting a valve in the discharge

line to reach a desired pressure. However, the movement in valve position loads the pump and

motor, and this causes the speed to change. The motor voltage must be re-adjusted to correct

the speed, but this changes the system pressure again. The iteration between voltage and valve

position is time consuming, and it does not easily allow the exact same operating points to be

recorded for every pump being tested. Using feedback control, a test stand can automatically

adjust the motor voltage and valve position with a high degree of repeatability and accuracy.

The pump test stand characterizes a pump by measuring the rotational speed and torque required

to achieve a desired flow rate and pressure. A data acquisition system measures the pump

parameters, and provides the control signals to regulate the motor voltage and valve position.

The measured data is displayed on a computer screen, and written to the disk drives if desired.

Following a brief discussion of the test stand layout and components, this paper will focus on the

determination of the process model transfer functions for pressure and flow rate, the

corresponding closed loop controllers, and the systems responses.

Figure 1 contains a block diagram for the test stand. The mechanical components are all

connected by the rotating drive shaft. The fluid components show the flow path.
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Figure 1

Figure 2 shows the test stand. The drive motor sits on top Of the structure. It is an one

horsepower, universal motor with a DC voltage drive. The DC voltage is supplied by a 0 to 100

volts, 0 to 10 amps power supply. The power supply is controlled by a 0 to 10 volts signal. The

next shelf supports the rotational encoder. The encoder provides 60 square pulses (TTL level)

per revolution. Hence, the frequency output is a direct reading Of the revolutions per minute (1000

Hz = 1000 rpm). Power for the encoder is from a 5 volt DC power supply. Below the encoder is

the torque transducer. This transducer measures the difference in torque between its input and

output shafts. Dedicated electronics for the torque transducer convert the measured torque to a 0

to 10 volts signal. The value for the full scale reading (10 volts) is selected with thumb wheels on

the electronics front panel, and is set for 100 inch-ounces. The output shaft of the torque

transducer is coupled to the pump drive shaft. This Shaft is housed in a manifold which contains

the fluid passages.
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Test Stand Layout

Figure 2

Figure 3 shows a cross section of the manifold. A magnetic shaft seal prevents the fluid from

leaking past the pump shaft. The housing for the pump under test is bolted to the underside of the

support plate. A small fluid reservoir on a scissors jack can be raised to submerge the pump.
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The fluid follows the path from the reservoir through the pump and into the manifold. See Figure

4. A side passage connects the pressure transducer. This transducer outputs a 1 to 6 volts

signal corresponding to a gage pressure range of 0 to 200 psi. Power for the pressure transducer

is from a 15 volt DC power supply. The fluid is next transferred to the flow meter and back to the

manifold. The electronics for the flow meter outputs a frequency signal proportional to the mass

flow rate. A flow of 10 grams/second produces a frequency Of 1000 Hz. The flow range is from 0

to 50 grams/second. The fluid then passes through the proportional spool valve that is attached

to the side of the manifold. This valve is controlled by a 0 to 10 volts signal. The power for the

valve solenoid is from a 24 volts DC power supply. The fluid now leaves the manifold and flows

through another valve. This valve is used to completely shut Off the fluid passage since the spool

valve will always has some degree of leakage around the spool. This two position solenoid valve

is controlled by an 110 volt AC signal through a relay. The fluid then returns to the reservoir.
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A cart contains the electrical and electronic components. On the shelves are the computer,

torque transducer electronics, and drive motor power supply. The electrical panel is mounted on

the rear of the cart. Inside of the panel are the signal conditioning circuits. corresponding power

supplies, flow meter electronics, and shut Off valve relays. See Figures 5 and 6.
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Signal Conditioning And Circuitry

The data acquisition system for the test stand is PC based, and was used for all the initial

response testing as well as final control of the stand. The software used was Lab Tech Control

from Laboratory Technologies. This package has a quick, simple setup for the HO channels, and

built in PID blocks with on-line tuning which allows for easy Operation. The NO card are from

Intelligent Instrumentation. Two boards are used. An 8 channel AID board for input, and an 8

channel D/A board for output.

The analog input card in the computer is set to read voltages that range from 0 to 10 volts. Of the

four signals to be measured, only the torque transducer has this range for its output. Hence, the

torque transducer is directly connected to an analog input channel. The remaining signals must

be modified to convert them to the desired range. Basic Op-amps circuitry and frequency to

voltage converters are used for the signal conditioning. Table 1 lists the measurement devices,

their outputs signals, and the signal conditioning required. The schematics for the signal

conditioning circuits are shown in appendix A.

 

 

 

 

 

Table 1

Measurement Devices

Flaw Flow Rae 0 to 5000 Hz Fremency to Voltam Vw=(1 volt/1a!) Hz) fin

NHer [gins/second] Converter 8. Op-arps Van= -2 (Vm)

Rotaiond Speed 0to1tlIDI-lz Freqnncytchlme Van =(1 volt/1a!) Hz) tn

Enaxhr [rpni Converter & Op-arps Vw= -V.,1

Preemie Pressue 1t06vclts Op-arps Vm= 2(V-,,)-2

Trmsducer [kPaj

Tame Tame 0to10vclts None Vm=Vh

Trmsmcer firm-canes]        
The flow rate and pressure signals provide the feedback to the computer for the control loops.

Each Of these lines contains a low pass filter to prevent high frequency noise from contaminating

the signals. The cutoff frequency (15 Hz) for the double pole active filters is chosen to be less

than half of the 40 Hz sampling frequency. NO filters are used on the speed and torque signals
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because these values are not used in the control loops. They are displayed as moving averages

which does provide some filtering. Table 2 lists the input channels.

Table 2

Analog Input Channels

to

0 to 10000

0 to 379

 

The analog output card has its voltage range set to 0 to 5 volts. The drive motor power supply

and the spool valve both require a 0 to 10 volt signal, so the two control signals must be doubled.

Non-inverting op—amp circuits, each with a gain of 2, modify the signals. A third output channel is

used to keep the drive motor Off and the valve completely Open when the data acquisition program

is not running. When voltage level of this channel is less than a reference voltage (4 volts), the

system is Off. Another channel controls a second valve in the system. This valve completely

closes the fluid path. A fifth channel allows the flow meter transducer to be calibrated. Table 3

lists the output channels.

Table 3

Analog Output Channels

 

   

 

 

  

  

   

0 __ System Control > 4 Volts, System On

<4 Volts, System Off

1 Motor Voltage 0 to 5 Volts

Motor Power Supply Control

2 Valve Voltage 0 to 5 Volts

Spool Valve Control

3 Shut Off Valve Relay > 4 Volts, Shut OfTValve Closed

< 4 Volts, Shut Off Valve Open

4 Flow Meter Zeroing > 4 Volts, fem Flow Calibration

< 4 Volts, Normal Operation  
Power is supplied to the test stand by two 20 amp, 110 volt circuits. One is used for the drive

motor. The other circuit powers the rest of the equipment. The solenoid valve used to shut Off the
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fluid flow also take a 110 volt AC signal. This voltage is switched by a relay. Most Of the

electronic equipment contains their own internal fuses. For the power supplies that provide the

signal conditioning voltages, and for the relay, an external fuse is used for protection.



Pressure Control

The block diagram for the pressure control loop is shown in Figure 7. The input signal, entered

via the keyboard, is the desired pressure in kPa. The actual pressure, also in kPa, is subtracted

from the desired pressure, and the error signal is fed into the controller block. The computer

outputs a 0 to 5 volt signal that is converted into a 0 to 10 volt signal with an operational amplifier

circuit. This voltage controls the position Of the proportional spool valve which Changes the system

pressure. The pressure transducer that is located between the pumping section and the valve

converts the system pressure into a 1 to 6 volt signal. Another Op-amp circuit scales this to a 0 to

10 volts range, and the signal is read by the computer. The computer scales this value to

represent kPa, and this then becomes the actual pressure.

   
 

   

        
  

  

 

 
 

 
  

      

; ; OP-AMP

. ERROR . CIRCUIT

: KEY kpa kPa : 338T: 2/589: SPOOL "Pa
i BOARD » + CONTROLLER 2 u VALVE S

: 1 OP-AMP

; ; CIRCUIT

1 COMPUTER kPa SCAL'NG i 0TO10 ”06

I & IIO BOARD : VOLTS * VOLTS PRESSURE: 137.9 1 - TRANSDUCER ‘—

   

Pressure Control Loop

Figure 7

To model the complete plant for pressure control, and to determine the appropriate form for the

controller, the simplified block diagram of Figure 8 is used. All external circuitry, the valve, the

transducer, and computer scaling have been lumped into the plant expression. The input signal

and the actual signal are still in units of kPa. The controller consists of only the PID block Of the

data acquisition software. The signal between the controller and the plant is 0 to 5 volts.

  

 

R(s) Y(s)

PID —> PLANT >

    +
  

 
 

Control System

Figure 8

9
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TO determine the plant transfer function, the response of the system pressure to a step change in

valve control voltage was measured. The procedure used was to first stabilize the system with a

constant voltage applied to the drive motor circuitry to ensure sufficient fluid flow, and 1 volt was

applied to the valve circuit. The valve voltage was then changed to 2 volts, and the pressure

response recorded. This data is shown in Figure 9.
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Figure 9

For the pressure control plant, a first order system Of the form

Y(s) k

R(—s)=rs+1

is assumed with R(s) and Y(s) the input and the output signals respectively. Since the step input

 

did not start from zero, and since the final value of the step is 2 rather than 1, the signals R(s) and

Y(s) must be modified to map the above step response to a system which has as its input an unit

step with zero steady state conditions. The deviation variables are found by subtracting the



1 1

steady state value of the signals from the physical values for all time after the step has occurred.

Let Y*(s) = Y(s) - Yss(s), and R*(s) = R(s) - Rss(s), where the starred values are the deviation

variables, Y(s) and R(s) are the physical variables, and the initial values are Yss(s) = 79.7 kPa and

Rss(s) = 1 volt. The transfer function in deviation variables is then

Y*(s) k

R*(s) rs +1

  

Figure 10 shows the step response for the deviation variables. The values for k and r are

determined from the graph. The time constant ‘I.’ is the amount of time required for the pressure to

rise to 63 % Of the final value. The final value averages to be 184.9 kPa. 63% Of 184.9 is 116.5

kPa. The time when the pressure equals 116.5 kPa is 0.214 seconds. Hence, the time constant I

= 0.214 seconds. The gain k is determined from the ratio of the final value of the pressure

deviation variable over the final value of the input deviation variable. For the input, r* = 1 volt.

The final value of the output is y* = 184.9 kPa. The gain k = 184.9 kPa/ 1 volt = 184.9 kPa / volt.
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The transfer function is then

 

Y*(s) _ 184.9

R*(s) ‘ 0.214s+1

The time domain equation for this transfer function is

-t.

”t.

Y' = kr*[1-e 4) =184.9r*[1_e /0.214]

Note that time t* is also a deviation variable Since the step change in the input for the physical

variables did not occur at zero seconds, but at 3.79 seconds. The above equation is plotted in

figure 10 as the model.

Substituting for the deviation variables yields

_.t"

y—Yss =k(r-rss)(1—e A)

y — 79.7 = 184.9(r — 1)[1— e-(t-3.79)/0214]

As a check, the physical value for pressure at t = 3.79 seconds (the steady state condition), r = 1

volt is

-(3.79-3.79)

y—79.7=184.9(1—1)[1-e 4214 = 0

or,
y = 0 + 79.7 = 79.7 kPa.

The final physical value for the pressure at t = oo, r = 2 volts is

y — 79.7 = 184.9(2 — 1)[1— em/O‘ZI") = 184.9

y = 184.9 + 79.7 = 264.6 kPa

Wlth an estimate for the for plant transfer function determined, the controller can be specified. For

this case, only the integrator portion of the PID block is used. Figure 11 shows the block diagram.
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R*(s> _|_ _, k v19
+ s (TS'I'1)

  

 

      

  

Pressure Closed Loop System

Figure 11

The Laplace transfer function Of the integrator is US where I is the gain. The closed loop transfer

function is then

 

. k|

Y _ T

R 52+ls+5|

T T

To determine the value for l, the root locus Of the characteristic equation

52 +1s+5l=q k=184.9, 1:0.214

T T

is plotted in figure 12. For values of I between 0 and 0.0063181, the roots are negative and real.

This will produce an over damped response. For values greater than 0.0063181, the roots are

complex, and the response will be under damped. For the closed loop response to be non-

oscillatory, and to account for the uncertainty in the plant model, a conservative value for the

integrator gain is chosen to provide over damped response. The value used for the integrator gain

is 0.00515. The closed loop transfer function is then

4.44967

s2 + 4.672905 + 4.44967

 
Y_' _
R!

The poles are located at s = -1.33208 and s = -3.34109.

Figure 13 shows the actual response of the closed loop system to a step from 200 to 300 kPa.

Also plotted is the response of the above closed loop transfer function to the same input. Note,

however, that the deviation conditions were again considered in determining the time domain

function for this model. The time domain deviation function is
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y' = r‘[1 + cease-334109" — 1663e'1'33208t']

Substituting r* = r - r35, with r = 300 kPa and r33 = 200 kPa, y* = y - yss, with yss = 200 kPa, and t*

= t - 19.18 yields

y _ 200 = (300 _ 200)[1 + 0_663e-3.34109(t-19.18) _ 1663e—1.33208(t-19.18)]

Att=oo, r=300 kPa; y=r=300 kPa.

Appendix C contains the complete derivation for both the plant and closed loop transfer functions,

and the time domain equations.
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Flow Control

The desired flow rate is achieved using the feedback loop shown in Figure 14. The flow produced

by the drive motor and pump is measured by the flow meter. This signal is read by the HO cards

in the computer, and is compared to the desired flow rate. The resulting error signal is

processed, and the control voltage to the motor power supply is adjusted.

 
  

 

 

  

  

    

   

            

  

    

FLOW CONTROL LOOP

:
: OP-AMP

KEY mm” “W I 3333 C'RCU'T 2,339; MOTOR °J§tg° DRIVE cums/soc

' BOARD °°NTR°LLER ; 2 POWER MOTOR/ e

I + ; SUPPLY PUMP

:
I OP-AMP

'
. CIRCUIT

:
SCALING ' 0T010

' COMPUTER
: VOLTS FREQUENCY ° To 500° HZ FLOW

1 6 I/O BOARDS 5 t voftcites METER

:
' CONVERTER

TRANSDUCER
   

      

Flow Control Loop

Figure 14

The response of the system to a step input in motor control voltage is shown in Figure 15. The

voltage was stepped from 1 to 2 volts, and the response recorded. From the graph, it appears

that a time delay exists in the response. Since a time delay results in a non-rational transfer

function, the techniques used in frequency response analysis must be used to determine the

process model.

16
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Figure 15

The procedure for determining the frequency response of the system involves subjecting the

system to sinusoidal input signals with different frequencies. The amplitude ratios Of the output to

input signals, and the phase angles between the signals are determined. A typical plot of input

and output signals is shown in Figure 16. The amplitude and phase angle of the curve labeled as

the model in Figure 16 are determined by using a spread sheet program to fit the curve to the

output data. The input signal for all cases is 1.5 + 0.5 sin(mt) where co is varied for each test.
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For the response in Figure 16, the model parameters are found to fit the formula 21.615 + 4.8

sin(3t-1.8326). The amplitude ratio is then 4.8/0.5 = 9.6. The phase angle is -1.8326

radians/second, or -105 degrees. The steady state gain is derived from the ratio Of the DC

components, 21.615/1.5 = 14.41. Table 4 contains the amplitude ratios and phase angles for all

 

 

the different frequencies.

Table4

Frequency Response Data

I—Freqa'qlraymc] 0102030405060708091 2 3 4 5 6 ‘7 8 910]

I madam 14.4 14.4 14 138134134132 13 13 13 11.6 96 7 6 4 3 2 1.9 1.5]
 

                   
IMA‘Uflm -18 -Z) -21 -25 -E -Z -& $ -38 4o -75 4% 43) 445 465 -182 JD -215 -%|

 

The amplitude ratios are converted to decibels, and these and the phase angles are plotted

versus frequency in Figures 17 and 18 respectively. Also plotted are the equations representing

the process model. A second order model with a time delay is assumed. The parameters Of the

model are based on trial and error fits with a spread sheet program. The values that best fit the



empirical data are as follows:

19

gain k=14.4 grams / second / volt, time constants T1 = 0.24

seconds, 12 = 0.28 seconds, and time delay 9 = 0.15 seconds.
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The transfer function for the model of the plant for flow then has the form

ke—OS

T18 +1)(125 +1)

 

69(5) = (

or with the values substituted

1446-0158

69(5) = (0.24s +1)(o.28s + 1)
 

The equation plotted in figure f4 for the magnitude frequency response is

1 4.4

IGprII =(mym)

 

The equation plotted in figure f5 for the phase angle frequency response is

zepuo) = —o.15o — tan“[o.24o] — tan‘1[0.28w]

With the plant specified, the controller, Gc(s), can be chosen. A simple integrator with gain,

Gc(s) = y , is used for closed loop control. Figure 19 shows the closed loop block diagram. The

integrator term eliminates any Off set error between the set point and process variable. It also

reduces the effect of high frequency signals by attenuating the amplitude by a factor proportional

to the reciprocal of the signal frequency. The integrator acts as a low pass filter.

TO ensure that the system remains stable, the open loop transfer function frequency response is

analyzed. The Bode Stability Criterion requires that the amplitude ratio Of the open loop transfer

function, GOL(S), be less than unity when the phase angle equals -180 degrees. The open loop

transfer function is derived from the closed loop system when the feed back leg is disconnected.

  

 

G,(s) G,(s)

R(S)+ I ke-Os Y(S)

s (t.s+1)<t.s+1> '
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The open loop transfer function is then

I 14.461153
Gods) = Gc(S)GP(s) = (§)[(0.24s + 1)(o.23s + 1)]

The magnitude of this transfer function when s = jw is

 

14.4l

(ob/c0 2(0.24)2 +1)(‘/m 2(0.28)2 +1)

 

|G0L(l°3)l = 

and the phase angle is

zoom) = g - 0.150) - tan'1[0.24m] — tan“[0.28o]

Note that the Open loop magnitude equation, IGOLUCDH, is simply the process model magnitude

equation, |Gp(jm)l, multiplied by I la).

. I .

IGOL(I<D)| = (EJIGPUCDN

Also, the phase angle equation for the Open loop system, 4G0p(jw), is the process model phase

angle equation with an added (- 1r / 2) term. The 1: / 2 term shifts the phase Of the process model

by - 90° at all frequencies. Hence, the stability Of the closed loop system can be determined

using the process model frequency response equations with the critical frequency adjusted from

-180° to - 90°, (- 1t / 2). Since the equation for the phase angle does not contain any terms with

the gain I, the frequency, a), where the angle equals -1t / 2 radians can be calculated.

11'

-5 = -O.15c0 — tan‘1[0.24m] — tan“[0.28o]

This is the critical frequency, and is equal to 2.5875 radians I second. The process model

magnitude at this frequency is then

le(j2.5875)| = “'4 _ = 9.906

(J0.242(25875)2 +1)[\/0.282(25875)2 +1)

 

In decibels,
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20 log (9.906) = 19.92 dB.

To satisfy the stability criterion, the integrator gain, I / (0, must reduce the above gain to less than

zero. Hence, (19.92) + 20 log (I loo) < 0

Ho < 0.10095

However, (0 = 2.5875 radians / second, and

I < (0.10095) (2.5875)

l < 0.2612

The Open loop gain at this frequency is called the gain margin. Figure 20 plots the gain margin in

decibels as a function Of integrator gain I.
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Based on the above graph, the integrator gain must be less than l=0.2612 to ensure stability. A

decent value for gain margin is around -10 dB, so a value of l = 0.07 is chosen. This gives a gain

margin Of 19.92 + 20 log (0.07 I 2.5875) = -11.4 dB.

The phase margin for the open loop transfer function is related to the phase at the frequency

where the Open loop gain now equals 0 in dB. Recall

lGoLlel = (wijleploll

IGoL(Iw)| = (milepumll = o

 

 

: (0.07) 144

m (J0242o2 +1)(\/0.282m2 +1)

to = 0.9497 radians / second

At this frequency the process model phase is

zep(j0.9497) = —(0.15)(0.9497) - tan“[(0.24)(0.9497)] — tan“[(0.28)(0.9497)]

2Gp(j0.9497) = —0.6265 radians lsecond = -35.9°

The phase margin is the sum between this value and 90°, or

o = 90° + (-35.9°) = 54.1°

This is an acceptable value.

Wlth the controller now specified, the closed loop response can now be examined. This transfer

function is

 

[a (11s 319):; +1)
 Gc.(s) =

 

1+ (5) (11s 41(13):; +1)
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Substituting the values, the magnitude as a function Of frequency is

1008

IGc'(jm)| = 2 2

J(1008005(0.15<o) — 0.52012) + (a) - 0.0672o3 — 1008sln(o.15o))

This equation is plotted in Figure 21. The phase angle equation is

o - 0.06720) 3 — 1008 sln(0.15w)

1008 cos(0.15co)-.052w 2

 2Gd(jm) = —O.15w — tan"[

and this is plotted is Figure 22. Also shown on these two plots are the measured magnitudes and

phase angles of the closed loop system driven at frequencies of 0.1, 2.0, and 7.0

radians/seconds. The model has good agreement with the actual data.
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Under normal operation, the test stand responds to step changes in the set point. The response

Of the flow to a step from 10 to 20 grams/second is shown in Figure 23. From the graph, the time

delay is still evident, but the flow does reach its set point value with only a modest amount Of

overshoot and oscillation. Appendix B contains the complete derivation Of all Of the above

equafions.
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Test Stand Performance

The data recorded by the acquisition system are the speed and torque required to reach the

desired flow rate and pressure. These four values are written to a floppy disk for each

combination of flow and pressure set points. Using a spread sheet program, the data can be

graphed. Figure 24 shows a typical performance graph. The graph shows how the speed and

torque vary along lines Of constant pressure. SpeCific flow rate points are also displayed. This

type of graph is used to determine the required speed and torque an electric motor should

produce for this pump to generate a given flow rate and pressure.
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The constant pressure lines in the above graph do not all start at the same flow value because Of

limitations in the flow stand. A lower limit on pressure for each flow rate exists. This is due to the

system restriction from the size of the pipes, flow meter, and valves. An upper limit also exits.

This limit is adjustable by the setting on the proportional spool valve. This value is chosen to

27
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provide enough resolution for valve control in the flow and pressure range of interest. The Upper

limit on the valve results from the spool valve being in its fully closed position. Since there is

leakage around the valve, a further increase in flow will also increase pressure. Hence, there is a

maximum pressure for each flow rate. Higher pressures can be achieved by shutting Off the flow

with the second valve, but the flow rate is then no longer adjustable.

A second source for an upper limit on flow is the top speed of the drive motor. This speed is

limited by the maximum amount of current the power supply can deliver which is 10 amps. Non-

linear performance results when the set point for flow causes the motor power supply to reach this

limit. Figure 25 shows these limitations.

 

 

   

    

   

1200

l

10001"

L

800

g I

a. .

g 600 --

g .

a .-

400 4.

i _o_UpperLimIt I

: +LowerLimit

200 4_

0 5 10 15 20 25 30 35

Flow Rate [gramslsecond]

Test Stand Operating Range

Figure 25

For improved performance, and to eliminate the above limitations, the following modifications to

the test stand should be incorporated. A second identical power supply should be slaved to, and
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connected in parallel to the first power supply. The non-linear motor response will be reduced

with this doubling of the current capacity. The next larger sized flow meter should be used to

reduce the system restriction. Going to a larger spool valve should also reduced the restriction,

but a larger valve may not readily mount on the manifold. Finally, the controlling software should

have an Option to enter a desired speed, and have the system converge to that set point. This

would allow the standard flow versus pressure curves at constant speeds to be easily generated.

It would, however, require the determination Of the process model for speed control, but the

methods used in this paper would provide adequate results.

Two control loops were required to operate this test stand. The pressure process model was

analyzed using a step function input, and was determined to have a first order response. The

controller for closed loop Operation was designed setting the gain of the integrator so the poles of

the characteristic equation Of the system transfer function would produce an over damped

response. The flow control loop required frequency response analysis because the flow process

model included a dead time factor. The corresponding transfer function with an exponential in the

numerator is irrational, and cannot be resolved with simple algebraic math. The system was

tested with sinusoidal inputs with differing frequencies, and the gain and phase margins were

selected to provide stable Operation.
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Appendix A

Signal Conditioning And Wiring Diagrams

Analog Input Channels: (0 to 10 Volts)

#0: Flow Rate.

The flow meter produces a 0 to 5000 Hertz square wave signal corresponding to a 0 to 50 grams/

second flow rate. A frequency-tO-voltage (f-t-v) converter maps the signal to a 0 to -5 vdc range.

Since the HO board is set for a range Of 0 to 10 volts, the f-t-v voltage is scaled by a inverting op-

amp circuit with a gain Of 2. Next, a second order low pass active filter with a cutoff frequency Of

15 Hertz eliminates any higher frequency noise from the signal. Figure A1 contains the schematic

for channel # 0.
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Flow Rate Circuitry

Figure A1

#1: Speed.

The rotational speed of the pump is measured by an Optical rotational encoder. The encoder

outputs 60 ‘l'l'L pulses each revolution. The speed in rpm is the frequency Of the encoder signal.

The speed range is 0 to 10000 rpm, so the frequency range is 0 to 10 kHz. A f-t-v converts this

frequency to a 0 to -10 vdc signal. A inverting Op-amp circuit with unity gain makes this signal

positive. Figure A2 contains the schematic for channel #1.
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frequency to a 0 to -10 vdc signal. A inverting Op-amp circuit with unity gain makes this signal

positive. Figure A2 contains the schematic for channel #1.
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#2: Pressure.

The pressure transducer voltage range is 1 to 6 volts which correspond to a 0 to 200 psi values.

An Op-amp circuit scales and off sets this range to be 0 to 10 vdc. A second order low pass active

filter with cutoff frequency Of 15 Hertz eliminates higher frequency noise. Figure A3 contains the

schematic for channel #2.
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Pressure Scaling Circuitry

Figure A3

#3: Torque.

The signal from the torque transducer and its electronics is 0 to 10 vdc. This signal can be

directly coupled to the IIO board. The range of torque values represented by the 0 to 10 vdc

signal is set on the torque transducer electronics to be 0 to 100 inch-ounces. Figure A4 contains

the schematic for channel #3.
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Power Supplies.

The schematics for the power supplies for the flow, speed, and pressure circuitry are shown in

Figure A5. For each circuit, two +15 vdc power supplies are connected to provide +15 and -15

volts to power the op-amps. The torque signal does not require any additional power supplies.
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Power Supply Circuitry

Figure A5

Analog Output Channels: (0 to 5 Volts)

#0: System Control.

A voltage comparator is used to switch a transistor to control a relay. When the channel output

voltage exceeds 4 volts, the comparator output turns on the Darlington transistor. The collector is

pulled to ground, and current flows through the relay coil. Computer controlled relay #1 (ccr1)

prevents the motor and spool valve from Operating when the data acquisition program is not

running. Figure A6 contains this schematic.
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#1: Motor Speed.

The l/O board outputs a 0 to 5 vdc signal. Since the motor power supply requires a O to 10 vdc

range, a non-inverting op-amp circuit with gain of 2 is used. The op-amp output is switched by the

first set of normally open contacts in ccr1. The motor power supply output 0 to 100 vdc to drive

the universal motor. Figure A7 contains this schematic.
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Drive Motor Circuitry

Figure A7

#2: V Pressure.

The IIO board outputs a 0 to 5 vdc signal. Since the spool valve requires a 0 to 10 vdc range, a

non-inverting op-amp circuit with gain of 2 is used. The op-amp output is switched by the second

set of normally open contacts in ccr1. The spool valve is powered by a +24 vdc power supply.

Figure A8 contains this schematic.
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Figure A8

#3: Shut Off Valve.

A voltage comparator is used to switch a transistor to control a relay. When the channel output

voltage exceeds 4 volts, the comparator output turns on the Darlington transistor. The collector is

pulled to ground, and current flows through the relay coil. Computer controlled relay #2 (ccr2)

switches a 24 vdc line that energizes control relay #1 (cr1). Cr1 switches a 110 vac line that

powers the shut off valve. Figure A9 contains the dc voltage schematic, and Figure A10 shows

the 24 vdc power supply and relay for the 110 vac line.
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#4: Flow Meter Zeroing Circuitry.

A voltage comparator is used to switch a transistor to control a relay. When the channel output

voltage exceeds 4 volts, the comparator output turns on the Darlington transistor. The collector is

pulled to ground, and current flows through the relay coil. Computer controlled relay #3 (ccr3)

connects two terminals on the flow meter. This connection enables the calibration and zero flow

level adjustment on the flow meter. Figure A11 contains this schematic.

Power Supply.
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Figure A11

Figure A12 shows the dual power supply used to power the op-amps and comparators for the

analog output channels.

comparators.

A voltage divider is used to provide the 4 volt reference for the
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Figure A13 shows the schematic for the 110 vac lines that power all the devices. A separate line

is provided for the motor power supply. Each line requires a 20 amp circuit. An external fuse is

located before the power supplies used for the op-amps and the shut off solenoid valve.
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Appendix B

Flow Control

A 2nd order transfer function with time delay has the form

 

_ ke—es

G(S) - (
T1S+1ths+ 1)

Let

G1 5 G2 s

6(8) = 333536432)

where

(31(5) = k, 62(5) = e‘es, 63(5) = 1,5 +1, and 64(3) = 125 +1.

With s=jw, the magnitudes of the above equations are as follows:

|G1(J‘°)| = " 3G2(j‘°)| = 1

|G3(ja))| = 3112002 +1 |G4(jo))| = ‘39sz +1

Then,

_ 330°33'64”» k

’ l63(jw)||G4(jw)| -‘/112c02 +1J122c02 +1
|G(iw)|

 

14.4

032 +1JO.282m2 +1
  

or, I600)» = J0 242

 

The phase angle for the model is 16(5) = AG1(s) + 462(5) - 4G3(s) - 464(5).

VWth s = jco, the above angles are as follows:

46,000) = 0 162(k)) = —6m ,

46300)) = tan—111w] 46400)) = tan-1120)]
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Then,

 

4600)) = —9w - tan-111m] - tan—1120)] = —0.150) — tan“‘[0.24m] — tan-10.2803]
   

The open loop transfer function is

 GOL(S) = Gc(S)GP(5) = [an ke‘°’ 3T18 + 1X128 + 1)

 .3..- 22:33:33. .3.-. .23-..W

64(5) = s ' 65(5) = T19> +1. and 66(8) = 125 +1. The magnitudes of these function are as follows;

36100» = k |Gz(jm)l =l

363003 =1 |G4(iw)l =w

365(ij =W IGe(jo))| =W

Then,

 

. 14.4l

IGOL (10))3 = k' =

a)(\/1:12a)2 +1)( 122(02 +1) w(Jo.242m2 +1)(Jo.282m2 +1)

 
 

 
 

   

The phase angle for the open loop transfer function is

46(3) = 461(5) + 162(s) + 463(5) - 464(5) - 465(5) — 166(5).

With 5 = jw, the phase angles for the individual functions are as follows:

46100)) = 0 46200)) = 0

4G3(j0)) = —90) , [(340m) = %

4G5(jm) = tan’1[r1m] 1G5(j(o) = tan-11200]

or

460(1)) = —9m — g- - tan-1110)] — tan-1[12m]
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4600)) = —0.15(o - g - tan-10.248] - tan-10280)]

  

The critical frequency is found by setting the phase angle equation for the open loop transfer

function equal to -n.

_ 7! —1 —1
-1t — -0.15(o — E —- tan [0.24m] — tan [0.28m]

w = 25875 radians/second.

Substituting this into the corresponding magnitude equation yields:

|Go._(j2.5875)| = 14"" - = 3.8286 I

(2.5875)(J(0.24)2(2.5875)2 +1)(J(0.28)2(2.5875)2 +1)

 

For stability, the open loop gain must be less than unity at the critical frequency.

3.8286 I < 1

I < 0.2612

Let I = 0.07. The gain at the critical frequency is then

|G(j25875)| = (3.8286)(0.07) = 0.2680

Then gain margin is then

20 Log(0.2680) = -11.4 dB

To determine the phase margin, the frequency where the open loop gain equals 1 is required.

(14.4)(0.07)

(m)(\/O.242m 2 +1)(\/0.282m2 +1)

 

 

a) = 0.9497 radians/second

The phase angle at this frequency is

46(10.9497) = —(o.15)(o.9497) — 323 — tan"[(o.24)(o.9497)] - tan“1[(0.28)(0.9497)]

46009497) = -2.197 radians/second = -125.9 °

The phase margin is then 180° + (-125.9°) = 54.1 °.
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Closed Loop Response.

From figure f6, the transfer function is

Dropping the “(s)”,

Y = (9po02 — Y)

Y = GpoR — GpoY

Y + GpoY = GpoR

Y(1+ Gpo) = GpoR

Y ('3po

R

ke-GS

Vlfith Gc = US, and GD = (115 + ”(128 + 1) . 

mike-es
G _ (11$ +1)(1.'2$ +1)

d — 1+ (%)ke‘95

(11$ +1)(tzs +1)

 

 

 

Simplifying:

(gym—es

(115 + 1)(rzs + 1) + ()é)ke‘95

kle—93

8(118 +1)(12s +1) + kle—95

Gcl =

Gd: 

For frequency response, let s=jm,

lac-rim9
<3cl = _. 9

(jco)(1:1jm +1)(12j(o +1) + kle 1“)
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VWth e"“’°=cos(-<oe) + jsin(-a)8), with'cos(-w8) = cos(m8), and sin(-m8)=-sin(m8), the transfer

function becomes

 

Ga = k1cos((o8) — jsin(a)8)]

(jm)(11jw +1)(12jm + 1) + kl[cos(w9) — j sin(c06)]

Expanding gives

klcos(0)0) — jklsin((o9)

Gel: . 3 2 . . .

—j(D 1112 —a) (r1+12)+ja)+klcos(m6)—jkls1n(a)6)

 

Collecting terms yields

Gcl = klcos(a)9) — jklsin(039)

[klcos(coe) - (02(T1+ rzfl +j a) — (931,12 — kl sir(m8)]

 

___ 3610033

362003

  Let Gd(jm) = 6100)) ,then the magnitude is |Gcl(jw)| ,or

G2(jm)

 

|G1(jw)| = szl2 cos2(me) + kzlz sin2(co8)

 

|G1(jm)| = k2I2(cos2(coe) + sin2(m8))

|G1(jo))| = ,/k2I2(1) = kzlz =k|

and

 

3320(9)) = J[k|c05(me) " (”2(11 + T2)]2 + 1100 41331112 —klsin(m9)]2

kl

Gcl(.‘”) =

I I I \Ilklcos(coe)—w2(n+tz)]2+l[°°‘“’3“‘2""s‘"(‘”9)]2

Substituting k=14.4, l=0.07, 11:0.24, 12:0.28, and 8:0.15 yields

(14.4)(007)

Gum) =

I I I lI[(14.4)(c107)0030150»)-w"’(<124+i128)]2”‘1‘”“”3(‘124)(028)3144330307)‘°‘"((115‘”)]2
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1008
 

 

393013: 2 2
\l[1008 cos(0.15(0) - 0.520) 2] + {(0 - 0.06720) 3 — 1008 sin(0.150))]

   

The phase angle zGc,(jm) = 46100)) - 46200)).

16100)) = tan-{m} = tan'1[_—sifl)—)-] = tan“[- tan(a)8)] = «08
kl cos(m8) 605(006)

c0 - 0031112 — kl sin(0)6)

klcos(me) - (02(1’1 + 12)

 46200)) = tan-1)

 

AGdU‘D) = -(1)9 _ tan-1|: 0) - (031112 — lein(CDO) ]

klcos(m9) - (02(11 + 12)

Substituting values yields:

 

 

— 3 — .4Ga(1,0)) = —0.158 _ tan‘1[m 0.6720) 100881n(0.15(o)]

1008 cos(0.1 5(1)) — 0.520) 2
   



Appendix C

Pressure Control

Plant Transfer Function:

Assume 1st order system, and step input:

 

Y*(s) _ k

R*(s) - TS+1

where k is the gain, t is the time constant, and Y* and R‘ are deviation variables defined by

Y*(s) = Y(s) - Yss(s)

R*(S) = R(s) - Rss(5)

where Y(s) and R(s) are the physical variables, and Yss(s) and Rss(s) are the steady state

conditions. Let R*(s) = *ls for a step input. Solving the transfer function for Y* yields

kr"

= 5(18-1-1)

Yi
 

Partial fraction expansion:

L__A_+._B_

S(‘CS+1)_ s ts+1

A=kr*

B=—'rkr*

kr* + -tkr*

..Y*=

s ts+1

  

 

43



Taking the inverse Laplace transform:

—t‘

y*(t*)=kr*1—e r

Substituting for the deviation variables yields

 

‘(t‘tstep)

Y(t) - YSS = R(I' - rss 1—e 1

With k=184.9 kPa / volt, t = 0.214 seconds, yss = 79.7 kPa, rss = 1 volt, and tmp = 3.79 seconds,

 

—(t-3.79)

y(t) =184.9(r — 1) 1— e 0214 + 79.7

 

   

Check: VWth r = 1 volts, t = 3.79 seconds,

y(3.79) = 184.9 (1 - 1) [1 - 1] + 79.7 = O + 79.7 = 79.9 kPa.

Vifith r = 2 volts, t= oo,

y(00) = 184.9 (2 - 1) [1 - 0] + 79.7 = 184.9 + 79.9 = 264.6 kPa.
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Closed Loop Transfer Function:

Loop Gain from figure p4:

 

 

 

5(18 +1)Y * +le* = klR *

Y*(s(rs+1)+kl)=klR"

Y*(tsz +s+kl)=klR*

 

 

Y* _ kl

R' 152 +s+kl

kl

. Y* _ T

R 52 +ls+fl
‘t T

Characteristic equation:

52 +-1—s+l(—I=0

I T

The poles are located at

1 (kl)

— — 4 — 0

12 T

For critically damped response (equal, real, negative roots):

1 (kl)
— - 4 — = 0

12 T

For over damped, non-oscillatory response (unequal, real, negative roots):



46

1 kl)

-— — 4 — 0

12 (T >

Choose over damped response, and let p1 and p2 be the poles,

Wlth p1, p2 < 0:

Note:

52+ES+§'=(S-p1)(s_p2)

1 kl

82 +¥S+?=sz
—(p1+92)5+9192

  

 

  

1

T = ’(91 + P2)
1

kl

-"'“=P1pz
I

Partial fraction expansion:

kl .
kl"

:r
:

A B C

1 kl = = + +

{sz+—s+_)
S(S‘F’1)($"l32)

s S—p1 s—p2

1 1

kl ,, kl *
_r

__r

A: I = T =r*

P1P2 E

T

kl ,,
—r

_ T

P1(P1-Pz)

kl *
—r

C_ 1.’

p (92-91)

51".
Era

.-,Y*=.r_.+
T

1 ]+
T

1 j

s 91031-92) s-p1 92(92-p1) s—p2
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Inverse Laplace transform:

kl ( mt‘) kl [ p2?)
—l' e —r e

I ‘t

y* t" =r*+—— +

I ) P1(P1-P2) P2(P2-P1)

Multiply second term on the right side by p2 / P2. and the third term by p1 / p1:

kl ,, [ mt') kl , ( pzt')

—r P2 e —r P1 e
1: T

+

P1P2(P1 - P2) P1P2(P2 - P1)

  y*(t*)=r*+

Recall: fl = p1p2

T

kl p1t' kl 921*

—P2 e —P1 e
1' T

+

kl kl

(P1-P2) :(P2 'P1)

T

mt. pzta

P2 e P1 e

(91-92) + (P2 -p1)

 y*(t*)=r* 1+

 y*(t*)=r* 1+

Rearranging yields

P1" 92"

P2 e -P1 e

(P1-P2)

 y*(t*)=r* 1+

Check:

y*(o) = r*[1+——p2(1)'p‘(1)) = r*[1+&—'—pl) = |1*[1_1]= 0
P1-P2 P1-P2

Check:

Y*(oo) = r*[1+____p2(0)—p1(0)] = r*[1+0]= r*[1]= r*

P1-P2
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Converting back to the physical variables yields

 

l- —

1.1.131)31:34:»)

(P1-P2)

 

Y(t)- Yss =(r- rss)1+

   _ J 
 

Wlth p1 = -3.34109, p2 = -1 .33208, yss =200 kPa, rss = 200 kPa, tstep = 19.18 seconds,

 

y(t) — 200 = (r — 200)(1+ 0.663633410904938) _ 16538-133208(t-19-18))

  
 

Check: Wlth r = 200 kPa, t= 19.18 seconds,

y(19.18) = (200 - 200)(1+ 0.663(1) — 1663(1)) + 200 = (0)(1- 1) + 200 = 200

Wlth r =300 kPa, t = 00,

y(oo) = (300 — 200)(1+ 0.663(0) — 1663(0)) + 200 = (100)(1— 0) + 200 = 300



Appendix D

Flow And Pressure Responses To Step Inputs

The response of the flow to a step change in motor voltage, and the response of the pressure to a

step change in valve voltage was used to determine the process models for the control loops.

Note that the flow rate also changes when the valve position is altered, and the pressure changes

when the motor speed is modified. Hence, The two control loops used on the test stand are not

completely independent. A multiple input - multiple output (MIMO) system could be developed for

the test stand. Figure D1 show a block diagram for such a system. The determination of all the

process models and the corresponding controllers for the MIMO system is beyond the scope of

this project; however, the flow and pressure responses to step changes in motor and valve

voltages are presented. Figure 02 shows the responses to a step change in motor voltage, and

Figure 03 shows the responses to a step change in valve voltage.

 

  

      

 

 

   

 

  
  
 

   

R1*(S) -
+ Y1*(S)

+ Controller1 —?-H G1(s) +

b G3(s)

+ G4(s)

+

R *(S) Y *(S)

2+ _ Controller2 H 62(3) + 2 ~

      

 

Multiple Input - Multiple Output Block Diagram

Figure D1
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