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PT 326 Process Trainer

1. Description of the Apparatus

ThePT 326 Process Trainer models common industrial situations in which temperature
control is required in the presence of transport delagidransfer lags.

The process contained in the PT 326 invawethat is drawn from the atmosphere by a
centrifugal blower, and is heated as it passes ovenierhgrid before being released into the
atmosphere through a duct. The control objective is tataiai the temperature of the air at a
desired level. Temperature control is achieved by varyingléerical power supplied to the
heater grid. The air temperature may be sensed by using ahleeanistor placed in the flow at
any of three positions along the duct. The spatial separaetween the thermistor and the
heater coil introduces a transport delay into the syskégare 1 shows the front panel of the PT
326 apparatus.

The mass flow of air through the duct canabpisted by setting the opening of the
throttle. The temperature sensor can be placed at fatie dhree locations marked P1, P2 and
P3. The leads of the temperature sensor are connectieel terminals marked “detector”. The
variation in the resistance of the temperature seissopnverted to a voltage variation by a
bridge circuit, and is available at terminal Y. The otitpiuthe temperature sensor can be used
for feedback by connecting terminals X and Y.

The desired temperature may be indicated jogtaty the knob labeled “set value”. An
additional step change in the set value can be commangdtrowing the switch marked
“‘internal”’. An external reference input can be providedeaminal D labeled “external’. The
difference between the reference input + set valugrenteedback signal is available at terminal
B, and can be applied to the heater power supply througin éhgé can be adjusted by using the
knob marked “proportional band”. A proportional band of BBorresponds to a gain factor of
100/PB. The signal at B is available at terminal A ai@plification by the gain factor.

The signal at A may be applied diretblghe heater power supply by using the switch S
to select “continuous control”. Alternatively, the signaay be used in an on-off controller by
using the switch S to select “two-step control”. Theoéincontroller commands maximum
heater power when on, and zero heater power wher lodf.hysteresis in the on-off controller
can be adjusted by using the knob marked “overlap” whilentheimum heater power to be
supplied can be adjusted by using the knob marked “marrhgadver”. The signal driving the
heater power supply can be monitored at terminal C.

2. System M oddling.
The physical principle which governs the behavior ofttlemal process in the PT326

apparatus is the balance of heat energy. The rate ah Wwbat accumulates in a fixed volume V
enclosing the heater is,

qa:q+qi_qo_qt (1)
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Figure 1: Front panel of the PT326 apparatus
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where qis the rate at which heat is supplied by the heajes the rate at which heat is carried
into the volume V by the coming aig, is the rate at which heat is carried out of the voline
by the outgoing air andj, is the heat lost from the volume V to the surrougsliby radiation
and conduction. Figure 2 below depicts the volume V.
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Figure 2: Heat transfer from the volume V

The accumulation of heat in the voluvheauses the temperatufe of air in V to rise.
Assuming a uniform temperature in the volume V, the oateeat accumulation is given as,

qa:Cd_T

dt ’ @)

where C is the heat capacity of the air occupying the volume V

The rates at which the air flow carrle=at in and out of the volume V are given

respectively byg, :CrhTa and g, =CmT, whereC is the specific heat capacity of aim is
the mass flow rate and, is the ambient air temperature. Assuming that the inseair
temperatureAT =T —T_ is small, the rateg, at which heat is lost from the volume V is
proportional to the temperature ridd . Thus,

1
97% %= T, 3)

where —% is a proportionality constant called the thermal rasist. Equations (1), (2) and (3)

yield,

dAT 1
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Taking Laplace transform yields
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(5)

where k; :% and 7 =RC is the time constant. On assuming the heater wggily rate to be

proportional to the heater input voltaye, (5) yields the transfer function between the &eat
input voltage and the temperature rise as,

AT(s) _ kk
Vi(s) 7S+l

(6)

wherek, is the proportionality constant betwegandV, .

In equation (6)AT represents the increase in temperature of theaamtained in the
volume V considered above. The temperature sensaiupes a voltag¥, that is proportional
toAT, that isV, =k,AT . However, since the sensor is physically located aertain distance

from the heat source, the sensor output responds temperature change with a pure time
delayr,, which is the time taken by the flowing heatedtaircover the distance between the

heater and the sensor. Thus the transfer funcetwdzn the heater input voltage and the sensor
output voltage is,

V., (s) _ke'®
Vi(s) 7S+l

(7)

where k =k k,k, is the DC gain of the system. The tee"¥*in (6) arising due to fluid transport

is called aransport delay, while the term(rs+1)™" arising due to the heat transfer dynamics is
calledtransfer delay. Figure 3 below illustrates equations (5)-(7).
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Figure 3: Block diagram of the PT 326 process



: Question: How are the parametens,r,and r affected by the sensor location and thrc

| opening?

3. System Step Response

The output of the temperature sen$oy and the heater input voltage are related by the

first-order transfer function (7) for small tempen changes from the ambient. The transfer
function in (7) is characterized by two parametagesnely, the DC gaid and the time constant

7 . Both of these parameters can be determined fhenrésponse of the temperature to a step
increase in the heater input voltage from a sthtkeymal equilibrium.

To find an expression for the unit step resporiste temperature variation, recall that

the Laplace transform of a unit step inputlis Hence the Laplace transform of the response of
S

the temperature variatioAV, to an increase of 1V in the heater input voltage i

Ke "®
AV (s) = : 8
9= re7D ®)
Taking inverse Laplace transform yields
AV (1) =K (1-e)'my, 9)

We notice thatAV,, the change in temperature from the initial e@uiim value,
converges to the valdke. Thus the DC gairK is simply the ratio of the steady state change in
the output to the steady state value of the inyMe.also observe that, &t 7 +7,, the value of
the output isAV, (7) = K(1-e™*) = 0.632K . Thus the time constant of the system is the timé

it takes for the output to change by 63.21 % ofdteady state change. Both the parameiters
and r can thus be determined experimentally from thp steponse.

Experiment 1:

In this experiment, you will give stagputs to the opeleop system to determine t
nature of the transfer function between the satevahd the output of the temperature sensoy.

Set the proportional bara 100% and the set value to 2. Use the appromaitehes
to select ““continuous control" and ““proportiopahd”. Perform this experiment by placing
sensor at each of the three locations P1, P2 and=®3each sensor location, repeat
experinent at the three values 40, 65 and 90 of throétang. For every combination of t
sensor position and throttle setting, give avsdtie disturbance by throwing the switch mar
“internal”. This gives a step input voltage akatain fixed magnitude, which can be seen of

—J




between the set value and the sensor output.

the oscilloscope at the terminal marked "““trigg®QC. The output of the temperature set
can be seen at the terminal marked". By observing both signals on the oscilloscc
determine the DC gain, transport lag, and time t@onsof the opereop transfer functiol

4. On-Off Control.

A typical control objective in thermal systems ¢ rhaintain the temperature of some
component at a user specified value called theosmit. Figure 4 below depicts a closed-loop
system designed to maintain the output temperatiutee PT326 apparatus at a desired set point.
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Figure 4: Closed-loop control of athermal system

Loosely speaking, the controller uses the erraradipetween the desired temperature and actual
temperature to manipulate the heater input voltageuch a way that the actual temperature

converges to the set point value.

A cost effective means of implementing a controitethermal systems is a relay, which
gives full heater input voltage when the error gigis positive and gives zero heater input
voltage when the error signal is negative. Sucbrdroller is called an on-off controller. Figure

5 below shows the input-output characteristic obaroff controller.

Practical relays suffer from hysteresis, where, decreasing input, the relay output
switches off at a lower value of the input than vh&e at which the relay output switches to its
maximum when the input is increasing. Figure 6 Wwedthows the input-output characteristics of

a relay with hysteresis.
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Figure 6: Input-output characteristics of arelay with hysteresis

Figure 7 below shows a typical closed-loop resparfsa first-order system under on-off
control with hysteresis.
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Figure 7: Closed-loop response under on-off control
Experiment 2:

In this experiment, you will investigalt®w the opereop behavior influences tl
behavior of the closed-loop system under on-oftin

Place the sensor at the middle locats®ithe proportional band to 100%, the set vz
to 2, throttle setting to 40, and overlap to 0eSettwo-step control” and switch off the interr
setvalue disturbance. Close the loop by connecting tdreninals “X” and “Y”. Use the
oscilloscope to obseevthe heater input voltage at terminal “C”, and tbmperature sens
output at terminal “Y”. From the oscilloscope, ma@sthethreshold value of sensor out)
below which the heater turns on, threshold valusesisor output above which the heatergu
off, maximum and minimum values of the sensor outmltage, maximum and minimu
values of the heater input voltage, cycle time térean time and heat@ff time in each cycle
Repeat the above steps by setting the overlabtar@ 1.

-
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5. Proportional Control.

On-off controllers, though inexpensive to implemesffer from the disadvantage that
they lead to cycling or “hunting” around the dedirset point, and thus provide less exact
control.

An alternative to an on-off controller is a progamal controller, whose output is
proportional to the error between the set point dredactual measured output. Thus, when a

proportional controller is used in the closed-l@ystem in Figure 5, the heater input voltage is
related to the errog(s) =r(s) -V, (s) by

Vi(8) = Ke(r (s) =V, (9)) , (10)

where Kp is the proportional gain of the controller.

_________________________________________________________ -
|
|

Question: Use (10) along with (7) to show that in the absesfdeansport delay, the closdaby

system is also a first-order system with DC gain |
KoG
= . 11
o T INKG (11)

and time constant

Equation (12) implies that the closed-loop respdmseomes faster as the proportional
gain increases. Equation (11) implies that the 2@ gpproaches 1 as the proportional gain
Kpincreases. In other words, the steady-state vdltleedemperature approaches the set point as
Kp increases. Thus, the closed-loop system resp@sdsrfand more accurately to constant set
point commands a¥, increases. However, for no value of the gddp is the response
completely accurate. This can be physically exgidiby observing that, if the error is zero, then
the heater voltage commanded by the controllerelo,zcausing the air to start cooling
immediately. In other words a proportional congplcannot maintain a state of zero error
(unless the set point equals the room temperature!)

6: Frequency Response
The closed loop system shown in Figup®ntains a pure delay. Such a system typically

exhibits instability for sufficiently large valued the proportional gain. This can be understood
by the following argument.



A phase lag of 180 degrees is addeth@éaseénsor output voltage as it is fed back to the
heater input voltage with a negative sign. Thedpamt lag and the transfer lag add a further
phase lag to the heater input voltage. Becausplthse lag due to the transport delay increases
indefinitely with frequency, there exists a freqogmat which the phase lag added by the transfer
and transport lags is 180 degrees. This frequescglled thghase crossover frequency. Thus,
at the phase crossover frequency, the total plagsadcumulated as a signal traverses the closed
loop in Figure 4 is 360 degrees. If the proportiogen is such that the product of the gains
around the loop is also unity, then a sinusoichatghase crossover frequency can pass around
the loop intact. In other words, the closed-looptegn can exhibit sustained oscillations at the
phase crossover frequency, indicating the onselbséd-loop instability.

It is clear from the argument above the closed-loop system becomes unstable when
the proportional gain equals the reciprocal of ghén of the open-loop transfer function (7) at
the phase crossover frequency. This reciprocdlagdin margin of the system. In decibels, the
gain margin is the negative of the gain of the gfan function (7) in decibels at the phase
crossover frequency. The gain margin is the sntali@sie of the proportional gain above which
the closed-loop system is unstable.

The gain margin of the thermal procesBT326 can be determined by experimentally
generating the frequency response of the procéss.i§ done by applying sinusoidal signals of
different constant frequencies at the heater impliage and observing the sensor output voltage.
At each input frequency, the sensor output will ddeusoidal at the same input frequency.
However, the output will be attenuated (or ampdifi@and suffer a phase lag when compared to
the input. The ratios of the amplitudes of the atutp the input is the gain of the system at the
input frequency, while the phase lag between thpuitand the input is called the phase of the
system at the input frequency. The gain and theg@béthe system are measured experimentally
at different input frequencies and plotted as ation of the frequency. The phase crossover
frequency and is determined from the phase plog¢. gdin margin is then the reciprocal of the
gain of the system at the phase crossover frequency

Experiment 3: In this experiment, you will experimentally obtaithe open-loop frequency
response data for a thermal system and use iettighithe onset of closed-loop instability.

Part I: Open-loop frequency response

In this part, you will obtain frequenogsponse plots for the open-loop system. Adjust
“Set Value” to 35 degrees and blower inlet (the)ttb 40 degrees. Place the sensor in position
P3. Select “Continuous Control” and “External ColitrUse a function generator to give a 2V
peak-to-peak sinusoidal input at terminal A. Useoaailloscope to compare the input signal
and the sensor output (at Y). Vary the input fregpyefrom 0.1 Hz to 3Hz, and measure the
amplification and phase shift between the outpu aput at each frequency. Use yourr
readings to draw Bode plots of the system. Find gthase crossover frequency and the
corresponding magnitude from your Bode plots. Qateuthe gain margin of the system.




Part 11: Closed-loop stability

Use the same settings for “Set Valued dlower inlet as above. Make connectiops
such that the loop is closed with the proportiocahtroller in the loop. By observing the
output (in the absence of any external input), finel value of gain at which the closed-loaop
system becomes unstable. Compare this value wattctitical value of gain calculated from
the gain at phase crossover frequency.

Question: Find the value of gain at which the clodedp system becomes unstable when :
sensor is placed in position 2. Are the valuegfsitions 2 and 3 same? Why? I

Theory predicts that a negative feedbeldsed-loop consisting of a stable first-order
system and a proportional gain is always stabléhiBiexperiment, however, you observed that,
for a sufficiently large gain, the closed loop isstable even though the basic heat transfer
process in the loop has first order dynamics. Hstability of the closed loop is caused by the
presence of the pure delay in the form of transfagt This experiment thus highlights the
danger that excessive delays and phase lags indpepose for stability. Delays and phase lags
can also be compounded by higher-order dynamicsplsag, or computations.



