Basic Feedback Control Systems

Feedback control systems are common to mechanical, electrical, and biological systems.
Examples include power supply voltage regulation, motor speed regulation, temperature
regulation, and pressure regulation. Also measuring and positioning systems.

Feedback is used to compare the actual output of a control system to the desired output. In

control system terminology,t he act ual out put is usually refer
and the desired output is the “set point"”. The
set point called the “error’”. The job rodiicet he ¢

the desired output.

A simplified block diagram of a control system is
shown on the right. Vsp is the set point, Vpv is

the process variable, Ve is the error, and H; Vsp o Ve @%Uw
represents the transfer function of the control -
Vpv

system and control process.

Hf :M_

Ve
Feedback control systems vary in complexity, but generally fall into four categories: on-off,
proportional, proportional plus integral, and proportional plus integral plus derivative. The
intent here is to introduce the electrical engineering technician to the most basic of each type,
including design principles and characteristics.

A control system is composed of a variety of components specific to its application. Each
component contributes to its transfer function, H;. The components typical to a control system
are shown in the block diagram below.

—\pv

Vsp O Ve Process

The “controller” is the component t hat reacts
action to the controlled process. The "“proces:
examples include heaters, mot or s,enwalrvesmonand r|

process. Its output is the process variable, Vpv. This may represent temperature, speed,
position, or many other variables.

An “offset”™ may be needed t o 8ypmoseatcantrollehostpupr oc e s
of 3 volts is needed to maintain an oven at a set point temperature of 400 degrees. The error

voltage will be zero since the oven temperature equals the set point temperature. An offset of

3 volts needs to be added to the error voltage to keep the oven temperature at the set point

value.
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Two Point On-Off Control System

Temperature control is a typical example of an on-off control system. In its simplest form, the
heat is turned on when the temperature is below the set point, and turned off when the
temperature is above the set point. The problem with this method is that the heater is turned
on and off too often, which shortens the life of the control systems components.

A two point on-off controller is more common. For example, if the desired temperature is 70°,
the controller may be designed to turn off when the temperature exceeds 71° and turn on
when the temperature drops below 69°. The controller has hysteresis, similar to a Schmitt
trigger circuit. A graph of the temperature as a function of time of a two-point temperature
controller is shown -bted otw. 4 b dide ‘i Giea Belbwesd® ov er

71° AN

R
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Time —
On-Off Control Circuits

An analog comparator can be used to sense if an input voltage is
above or below the set point voltage. For example, the output of
the circuit on the right will be zero volts if Vpv is above Vsp, and
about 8 volts if Vpv is below Vsp.

Two comparators and one SR latch are used in the circuit below to implement a two point
controller. Vs is the low set point voltage and Vs is the high set point voltage. The output of
the controller is the Q output of the latch.

If Q controls the power applied to a heater and Vpv is a voltage representing temperature, the
heater will be on when Vpv is less than the low set point. The heater will not turn off until Vpv
is higher than the high set point. It will then stay off until Vpv drops below the low set point.
Refer to the table below.

%UHSEM‘ Process Variable | SR Latch Truth Table

)‘“ Q Vo Vpv s | R Q

UP‘I.I"D—|: Latch va < VLS 1 0 1
H \— S Vis<Vpv<Vus | O | O no change
0 1

V
LS
;_,,/
,ii VpV > Vus 0
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A two-point controller can be implemented with an op-amp
Schmitt trigger circuit as shown on the right. Vo will be high
Vpv is less than V+, and Vo will be low when Vpv is greater
than V. About 8 volts and 0 volts respectively for an LM358.

—O Vo

The “tri prdependd aa the Sutput voltage Vo. Its
value may be designated as Vyr, the upper trip voltage, when
Vo is high and V1, the lower trip voltage, when Vo is low.

Refer to an op-amp textbook to review the operating principles of the Schmitt trigger. The
resistor values in the diagram above produce a V.t of 3.4 volts and a Vyr of 3.7 volts. The
response of a controller using this circuit is shown below. Vpv is the output of a temperature
sensor with a transfer function of 200mV/°C (3.4 volts = 34 °C and 3.7 volts = 37 °C.

N

L
=l

Temperature °C
S

ON OFF ON OFF
Time —

A block diagram of a two-point control system is presented below. The controlled process for
a temperature controller involves turning a heater on and off. A temperature sensor is used to
monitor the temperature and its output is compared to the low and high set points. The
controller applies power to the heater when needed.

Vpv | Two-Point |Vo Controlled Vpv
Controller Process Sensor
T T
Low | [High
Set Set
Point | [Point
Thyristors controlled by the controller’”s output Y

heater power on and off. The temperature sensor may be a semiconductor, thermistor,
resistance wire, or thermocouple type, depending on the required temperature range.

The experiment and simulation exercises to follow use an RC network to simulate a real
process. They focus on control system principles and require a minimal number of parts. The
process variable, Vpv, is the capacitor voltage. In effect, the controlled process is a voltage
source. There are experiments in the second half of this book which involve heaters, motors,
and sensor circulits.
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LTspice Simulation of a two-point Controller

LTspice IV from Linear Technology may be used to simulate control system circuits. Itis a
free download from http://www.linear.com/designtools/software/. The information presented

is intended to provide example simulations. You can download a manual and a “ get ti ng

startedsgwedd” as using “help” to learn how
. . . . 8 LT1008
Connect the circuit on the right using the part F L

s ]

i+m

“LT1006” f r o"nO pt ahnedjorary. =

Double click on the capacitor to open its property @B
editor and set initial condition to OV (IC = 0).

Set the analysis typet o “ Tr a B®it e nStope. **
Ti me” to 100‘m@&mamT™i nieh eSd «
0.1mS. Check the box “Star
at O0V” .esimitatiom. Rrabe the output of U2.

When the output of Ul is high (8 volts), the capacitor C1 will charge. U2 buffers the capacitor
voltage and applies it to the U1, the Schmitt trigger. When the voltage reaches the upper trip
level of U1, the out put of U1 will go low (0 volts). The capacitor will discharge until its voltage
reaches the lower trip level of U1, and the cycle will repeat.

The graph on the right shows the simulation 4.0V
result for the output of U2.. Imagine that the 3.5'”- :
RC network of R1 and C1 represents an 3:2\!- :

V[n001)

--------------------------------------------

oven and the capacitor voltage represents ooyl i A il ] I
the oven temperature in units of 100mV/°C. o qyd .1 A ]

The graph shows that it takes about 50mS 2001 """ S N R

for the oven to go from 0°C to about 38°C. ]/ 1
The oven temperature cycles between 35°C ~ D-BY=f- ff-mmiommmmmmsmmmmmm ooty
and 38°C with a period of about 10mS. ggv' """ o [ [ FE
Node voltage equations can be used to 0.4v¥=¢ ' ' ' '

] ] ] ]
calculate the Schmitt Oms 20ms 40ms 6GO0ms 80ms 100ms.

VUT'9+VUT +VUT 8 & and VLT'9 ﬁl VAF 0
R3 R4 R2 R3 R4 R2

Vyr is the upper trip level and V. is the lower trip level. Using the values of R1, R2, and R3
in the simulation above results in Vyr = 3.8 volts and V. = 3.5 volts.

Experiment with the values of R2, R3, and R4. Increasing the value of R2 will decrease the
amount of hysteresis (trip levels closer together). The average capacitor voltage can be varied
with R3 and R4. Experiment by keeping the value of R3 + R4 about the same, but vary their
ratio.
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Experiment: Two-Point Control System

This lab exercise uses a Schmitt trigger circuit as a two-point controller. Its output voltage, Vo,
is applied to an RC network that simulates a process such as an oven heater. The capacitor
voltage simulates the oven temperature.

When Vo is belowthe Sc hmi t t “tlroiwg gsee Vo spabdutn8tvdlts and the capacitor
charges. WhenVogoes above t he, Vohlisiagoout Owvats andotioei capacitor
discharges. Feedback of the capacitor voltage, Vpv, to the control circuit keeps Vpv between
the low and high set points.

Parts and Equipment Required

Oscilloscope, DMM, Power Supply: +9 volts.
IC: LM358, Resistors: three 10k, 6.8k, 100k, 150k, 390k, all %W, 5%.
Capacitors: 100uF, 470nF.

Procedure

1. Measure and record the values of R1, R2, and R3.

R1 R2 R3

2. Connect the circuit on the
right. Apply power.

Connect a DMM set to DC
volts to the terminal Vpv to
monitor the average capacitor
voltage.

\ 470nF
3. Connect channel 1 of the . Ef;t%
/_/EEIEIUF '

oscilloscope to terminal Vo
and channel 2 to terminal
Vpv. Set the trigger to
channel 1.

Set both channels to 1 volt per division and DC
coupling. Set the zero reference for both
channels to the bottom of the screen. Set the
time base to 5mS per division.

Your oscilloscope display should be similar to - gy

the one on the right. The display shows that |t[-+-f-:-4+--F:---F--F--+F+}----F
Vo goes low when the triangle wave reaches |H]-+-}-+-4+-4---}--4--+ 1 +F =}
about 3.8 volts on the positive slope and goes |||} Lo b1 i) ]
high when the triangle wave goes below about e L 1
3.5 volts.
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4, The “process variable” of this control syste
the voltage Vpv, which is applied to the trigger input of the controller.

5. Measure and record the values of the upper and lower peaks of the triangle wave, Vpv.
VpVupper VpViower

6. Measure the time intervals of the positive and negative slopes of Vpv in milliseconds.
Reducet he oscill oscope’s time per division to
VpVpos VPVnes

7. Record the average value of Vpv from step 2. Vpvave

8. Connect a 390k ohm resistor in parallel with the capacitor. Repeat steps 5, 6, and 7.
VPVupper VpViower
VpVpos VpVnes
VpVave

Questions and Analysis

1. Calculate the upper and lower trip levels of the Schmitt trigger using your measured
resistor values. Compare results to your procedure step 5 and step 8 measurements.
Express the differences from the calculated values in percent.

2. Calculate the duty cycle of Vo from procedure step 6 and step 8 measurements.
Explain the difference between step 6 and step 8 duty cycles due to the addition of the
390 ohm resistor.

3. Calculate the average value of Vpv from your oscilloscope measurements for
procedure steps 5 and 8. Compare these values to the values measured by the
DMM.

4, Simulate the circuit using your measured values of R1, R2, and R3. Compare

the simulated results to your calculated results.

5. Project suggestion: Design a two-point controller using two comparators and
an RS latch. Simulate the circuit. Build and test the circuit. Write a report.
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Proportional Mode Control System

The amount of corrective action applied by a proportional mode controller to a process is
proportional to how far the process variable is from the set point. This allows the control
system to reach the set point faster and reduces the possibility of overshoot and undershoot.

An example of a proportional mode control system is presented in the block diagram below.
This is basically a voltage source whose output voltage can be varied by the set point setting.

Vpv
? Errar |Ve .|Proportional Ve Kp Summing Vo |Voltage | Vpv
et | Vsp | Amp | Gain Kp Amplifier Source
Point
Offset | Vos
Setting

The output voltage, Vpv, of the voltage source is the process variable. Vpv is compared to
the set point voltage, Vsp by a differential amplifier with a voltage gain of one. The difference
is the error voltage which can be expressed as: Ve = Vsp i Vpv.

Ve is amplified by an operational amplifier with a gain of Kp. This amplified error voltage
controls the voltage source output voltage, Vpv, in such a way as to reduce the error voltage
(negative feedback). The output voltage of the controller, Vo, can be expressed as:

Vo = Ve-Kp + Vos.

Study the block diagram above. When the error voltage is zero, the controller output voltage,
Vo, will be the offset voltage, Vos. Typically Vos is set so that Vpv = Vsp at a desired resting
or equilibrium value. For this one setting of Vsp the error voltage will be zero.

When Vsp is changed, the voltage needed to drive Vpv to the new setting is the amplified
error voltage, Ve-Kp. Increasing the value of Kp will reduce the amount of error voltage
needed so that the new setting will be approached with less error.

Proportional Band

The range of error voltage which produces an output that is proportional to the error is called

t he “ pr opor The grapa below @nithd tight is for a system whose process variable,
Vpv, can vary from 0 to 8 volts. Kp=1
- Kp=4 3
When Vsp = 4 volts, Vpv =4 volts and Ve = 0. - B"\
When Kp = 1, the proportional band is £4 volts. -_-E‘ 3
When Kp = 4, the proportional band is +1 volt. - s %
When the error voltage is outside of the proportional % 3
band, the process variable will be the output S 0
saturation voltage, either 0 volts or 8 volts. 4 3 3 1 0 1 5 3 4

Error Voltage Ve
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The graphs below show the control systems response for the voltages Ve and Vpv as the set
point voltage, Vsp, is varied from 1.0 volts to 5.0 volts for proportional gains of one and four.
Equilibrium value of Vpv is set to 3.0 volts. Ideally, Vpv should coincide with the dashed line.

1) ; ; ; ; ; ; ; Su

Steady State Response

Given Vo = Ve-Kp + Vos and that the steady state value of Vpv= Vo, the steady state value of
Vpvis calculated below:

. akKp 0 a 0
Vpv=Vo Kp(Vsp Vpv) Ves Ypv = S Vo
pu=vo Xp(Vep VoY) Vg O 1% 0

The result shows that as Kp approaches infinity, Vpv approaches Vsp.

Transient Response

The transient response of a control system occurs from the
time a new set point is initiated to the time the system reaches
and settles on the new set point value.

Voltage
Source

100k

Vo Vpv
This lab exercise uses the voltage source shown on the right
for the controlled process. The RC network introduces a time
delay and the diode limits the negative value of Vpv to about

-0.7 volts.

Time or frequency dependant transfer functions must be used to calculate the transient
response of the control system. In this case, only the time or frequency dependence of the
voltage source needs to be considered it has a much slower time response than the rest of the
system. That is, the rise and fall times of the other system components are much shorter and
can be neglected.

The frequency response of the control system can be easily calculated as the frequency
response of the voltage source. However, the transient response calculation is not as easy
because the system s response to a step change in
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Algebra alone is not sufficient for this calculation. If you are not familiar with the math, you
may skip down to the result.

The contr ol system’s Vsp
calculated below using the Laplace transform vpv
method. A simplified s-domain block diagram is
shown on the right.

= Vpv?

Vpv=Kp(Vsp Vpv)

. a a 0 a
YVpvgd +—Kp g—=—KpVsp
s+ a S+ &

s+a
iKstp < 1 &
va: s+a 2P _vsp Vsp ==, aunitstep,then, Vpv = °
s+a(1+Kp) s s(s+ 41+Kp))
aé+s+a 0

Expanding the above result by partial fractions and transforming to the time domain yields:

a Kp e-a(1+Kp)

Vpv = 5 -

The result above is for a unit step with no offset. If A is the step size and Vos is the offset,
the final result is:

aAKp ) e-a(1+Kp)) VoS

E%+Kp

This result shows that as the value of Kp increases the step size approaches A and the
response time (rise and fall times) decreases. This is shown by the simulation results below.

4.80 ———— L.ay

s Time CAms 1d8ms As Time L Oms 188ms
A=1 Kp=1 A=1 Kp=4

Simulation results aboves how t h e ¢ o nttamsient respgnsetingeoing om the
equilibrium set point of 3.0 volts to a set point of 4.0 volts and back to 3.0 volts. A Kp of 1.0
results in a steady state error of 0.5 volts when going to 4.0 volts. A Kp of 4 results in a steady
state error of 0.2 volts when going to 4.0 volts and a much shorter rise times, fall times, and
settling times.
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LTspice Simulation of Proportional Control

Study the LTspice circuit
on the right. Ul is a unity
gain differential amplifier
Its output is the error
voltage, Vsp — Vpv.

R2 47k

U2 sets the proportional
gain, Rf/R5. U3 sums the
proportional output, VeKp
and the offset voltage,
Vos. R9 and C1 add a

) .tran O 50m O 10w
10mS time constant to the

process.
Set the simulation
Study the graph on the right. The

response for the first 50mS shows the
capacitor charging from 0.0 volts to 3.75
volts. During this time the error voltage
changes from 4.0 volts to 0.25 volts.

The succeeding 50mS intervals show that
the error voltage settles on 0.0 volts
during the times that the set point
voltage is the equilibrium value of 3.0
volts. When the set point changes to 4.0
volts, the error voltage settles on 0.25
volts.

Experiment with the simulation by
changing the proportional gain, Kp, the
offset voltage, Vos, the set point, Vsp,
and the offset voltage, Vos. Compare
the simulation results to the results
predicted by the equation:

_ & AKp

VpvEga— — bl-e
pv Q+Kp i

'a(1+Kp)) Nos.

R4 4Tk

Rf 22k

FULSE(2 4 0 fu 1u 25m 50m 2) o
9
o “Transient ' WspantdVps.
4.0V U!nl]l]1] . . U[nl]l]lli]
39t s (EEEE ERhh Fosemes Ammemmee-
3.0V [RERE! REEE o A
K R B
RN R fooof---- e e
JhV - SRR EEEEEE R
J At R Fomemees FREEEEEEEE
33 [RREE B SRRRREREE thREREEEEE
3.2 R R T
IA=y-- - [ Rhbh e T R
3'“ | | T | | | |
Oms 10ms 20ms 30ms 40ms 50ms
4.0V U!nl]lﬂ] U[nl]l]lli]
KRS EEEEEEERE T e B 1mememeees
3.8 Saiiiiikh BEERRREEEEn IREEEEEEEE
EIFATS EEF SEETRE R R R e R EE EEEEEEEEE
J. BVt -f---- femee - foo-lhe I EEEEET
3oV oo Rt R | R R L EEEEEEEEE
3.4 R L aEEET T : Moo S LEEEET
33V - AREEEREEE - k-- Fommmee-- I RRREEEEEE
3.2V SRR SRR B R EEE b
J Y-y ARREEEEEE 1o--- PR REREEEEEE
3'“ | | [] [] | | | |
Oms 10ms 20ms 30ms 40ms 50ms
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Experiment: Proportional Mode Control System

This lab exercise uses two LM358 ICs to implement a proportional control system. The
controlled process is a voltage source whose set point voltage is switched between 3 volts and
4 volts by a square wave.

The transient and steady state response of a proportional control system to a change of set
point will be measured for several values of amplifier gain, Kp.  The responses will be
compared to simulations and calculations. This lab experiment demonstrates the control
system concepts of proportional band, proportional error, response time, and settling time.

Parts and Equipment Required

Oscilloscope, DMM, Function Generator. Power Supply: £9 volts.

ICs: two LM358. Diode: 1N914 or 1N4148.

Resistors: 220k, four 47k, two 22k, four 100k, all ¥aW, 5%.

Potentiometer: two 10Kk, 1-turn trim-pots. Capacitors: 100nF, 5%, two 100uF, 25VDC.

Procedure Part 1: Steady State Response

1. The control circuit schematic diagram is given below. Layout and build the circuit as
carefully as possible. Keep the number of wires to the absolute minimum. Observe
the numbers on the ICs. For example, U1A and U1B are in the same package.
Observe the polarities on the 100pF electrolytic capacitors.

Layout the circuit in the same order as the schematic, U1A error amplifier circuit on the
far left and the transistor on the far right. It is important that you can easily identify
each functional block of the circuit on the breadboard.

A jumper wire “jpr "VpvasdVemtempaeailyte settheet we e n
equilibrium value of Vpv (the zero error value of Vpv).

-9V WDHT o4l 100uF
,"EEIEIUF /_LGnd
Error Amplifier Proportional Gain Summer \oltage Source
2. Apply plus and minus 9 volts to the circuit. Check that the voltage Ve is zero. It

should be very close to zero since Vpv = Vsp because of the jumper wire.
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Adjust the potentiometer, Ros, to set Vpv to exactly 3.0 volts. Use a DMM to make
the measurement. Measure and record the resulting values of Vo and Vos. Note that
Vos is negative, but it creates a positive offset because it goes into an inverting input.

Vo Vos (record as positive)

Turn off power. Remove the jumper between Vpv and Vsp. A variable +aV
voltage source needs to be connected to Vsp. This may be a separate
power supply or use a potentiometer connected to +9V and ground as
shown on the right.

10k 2, VEP

Set Vsp to 3.0 volts. Verify that Ve is close to O (less than 0.1 volts).
Set Vsp to the following voltages and each time measure Ve and Vpv: 0, 2, 3, 4, 5, 6,
7,8 Record the measurements in the table below.

Vsp 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Vpv

Ve

Turn off power. Remove the potentiometer from Vpv.

Procedure Part 2: Transient Response

Set the function generator to produce a 1 volt R o

peak-to-peak, 10Hz, square wave with @ 3.5 [---i--i---mm--nmooposodmoogmomomooope o
volt offset (so it goes between 3.0 volts and A — S I REEt
4.0 volts). Connect the function generator to | ---: - foodoa e
Vsp. Turn on power to control circuit. R N

Connect the oscilloscope channel 1 to Vsp
and Channel 2 to Vpv. Set vertical inputs to
DC coupling and 200mV/Div. Set horizontal
to 10mS/Div and Trigger on channel 1. Set
vertical position to obtain a display similar to ~ 200mViDiv. 10mS/Div
that shown on the right.

From your oscilloscope display, determine the steady state value, rise time, and
settling time of Vpv. Record below.

Vpv: Steady State volts Rise Time mS

Settling Time mS

Replace Rf in the controller circuit with a 220k resistor to set Kp t010. Repeat steps 1
through 3 and record results below. You should reduce the oscilloscopes time per
division to measure the rise time of Vpv more accurately.
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Vpv: Steady State volts Rise Time mS

Settling Time mS

Analysis Part 1

1. Calculate the expected steady state errors for Kp =1, Vsp = 2 volts, Vsp = 4 volts, and
Vsp = 6 volts (should have zero error for Vsp = 3 volts). Compare calculations to
measured results. Express the percent difference between the measurements and
calculations.

2. Calculate the expected steady state errors for Kp =10, Vsp = 2 volts, Vsp = 4 volts,
and Vsp = 6 volts (should have zero error for Vsp = 3 volts). Compare calculations to
measured results. Express the percent difference between the measurements and
calculations.

3. Calculate the controller’s proportional band
Kp = 10. Assume that the op-amp saturation voltage is 8 volts and the diode saturation
voltage is -0.7 volts.

Analysis Part 2

1. Calculate the time constant of the RC filter in the voltage source (100nF capacitor and
100k resistor). Calculate ao (this is also
“nNnepers per second”) . Vpvdthacpniral systemhviehKpiils e t i m
to the calculated time constant.

2. Compare the measured results of procedure part 2, steps 3 and 4, to calculated
results. Use the equation below with the ap
a AKp -a(1+Kp) )
Vpv = jL- e os.
3. Calculate the effect of connecting a 220k ohm resistor in parallel with the 100nF
capacitor. What happenvwhenthe Setpointi&B.@voltshappen

and when it is 4.0 volts?
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Proportional Plus Integral Mode Control

The proportional error problem of the proportional controller is solved by the addition of an
integrator circuit. Mathematically, the process of integration is the process of finding the area
under a curve. Consider the graphs below where the vertical axis is volts and the horizontal
axis is time.

0.8 T EE——— 4.0 ;
N N L O A I ST N S O N P~ o I
[=] . [=] oo T
= 0.4 e e 7, (L DR L CE SRR el
o o B P RIS
= = . i E A R
0.0+
0 5 10
t Seconds Time t Seconds Time

The graph above on the left shows the input voltage applied to an integrator, Ve. The graph
on the right shows the resulting output voltage, Vo. The input voltage is a constant 0.4 volts.
The output voltage increases with time as the product of Ve andt. Vo = Ve-t.

This shows that as long as there is an error voltage, Ve, at the input of the integrator, the
integrator output voltage, Vo, will continue to increase. In a feedback control system the
output voltage is fed back to the controller input, causing the error voltage to decrease until it
is zero. Therefore the error voltage will not be constant with time, but will continually
decrease. As the error voltage decreases the integrator output voltage will change more
slowly until it reaches the constant value required to produce a zero error voltage.

An op-amp integrator and a graph of Ci, 220nF >V IS .

its input and output voltages are i DR -
shown on the right. An input voltage _ Rf T

of 2 wvolts is applied for 50mS Ve Ri 10 Meg By I ——— —t—t-\e
producing a current of 20pA through  e—an— Vo . N
the 100K resistor. 100k o I S I
Almost all of this current charges the —BY ==Vo
capacitor. The output voltage, Vo, is 95 rime =OMS

negative, reaching -5 volts in 50mS.

When the input voltage goes to 0 after 50mS, the capacitor current goes to 0, but the capacitor
remains charged, and Vo remains at -5 volts. When the input voltage is constant and the
initial capacitor voltage is zero, the output voltage can be expressed mathematically as:

R_'é: Ve © 909 t, Ort 50m Vo 4.55velts fort 50mS
| |

Vo =

© 2011 Sid Antoch All rights reserved. May be used by students, but not reprinted for sale. Page 14



When Ve is not constant and the capacitor has an initial voltage of Vi at t = 0, the equation for
Vo is:

Vo= -Ki’ere d® Vi+where Ki —1=— Ki is the integrator gain.
Ri CTi

The integrator gain, Ki, and the proportional gain, Kp, are very important control system

par ameters. A control system is a “tuned” to o
parameters. A Dbl ockol disaygsrteenm ofs a h‘oRvin” bed otw
output is summed with the proportional output and with the offset voltage.
Vpv, Ve Kp
Error |Ve .|Proportional Summing| v, (Voltage | Vpv
st | Vsp | Amp | Gain Kp Amplifier Source
Point
Integral Offset
Gain Ki Vos| Setting
The equation for the controller’”s output voltag
Vo=Kp e Kl'rﬁVe dt OVi os-
Calculating the controller’”s output i s somewhat

about the response from the roots of the contro

Refer to the diagram on the right. There are
two time constant 4/RG, nyg
the reciprocal of the time constant of the
process, and RiCi, the time constant of the
integrator.

=\pv

The s-domain transfer function is given
below. Its denominator roots predict the type of response.

Kp gs +(Ki/K ) J‘21+K T 4 &
H, = Vpv —f p§+( / p) 8 Denominator roots: a(l Kp) & ( p) é
Vsp s’+sa(l Kp) i 2 2

An under-damped response occurs when the radical component becomes imaginary and the
roots are complex. The result is oscillation, which is undesirable. A critically damped
response occurs when the radical component is zero. However a small change in the control
system could produce oscillation. Therefore an over-damped response is desirable. In this
case:

2
a (1+Kp) |

a’(1+Kp)” >4 & YKi n
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LTspice Simulation of a Proportional Plus Integral Control System

TheLTspice circuit below uses the part “LT1006"

more common parts, LM358 and LM324. U1 is a unity gain differential amplifier. Its output is
the error voltage. This error voltage is applied to the proportional amplifier, U2, and the
integrator, U5.

The outputs of U2 and U5 are summed by a unity gain summing amplifier, U3. The input
resistor to U3, R11, can be removed to disable the integrator. Resistor R8 sums the offset
voltage, V2. Note that V2 is negative because U3 is an inverting amplifier and the desired
offset voltage is positive.

Although the gains of U2 (Kp) and U5 (Ki) are negative, their net value is positive because of
the inverting op-amp, U3. The process variable, Vpv, connects to the inverting input of the
differential amplifier, providing negative feedback.

The output of U3 is applied to a low pass filter, R9 and C1, with a time constant of 10mS to
simulate the control system process (heater, motor, etc.). This may be modified as needed.
U4 is a unity gain buffer.

R3 47k R4 47k

rig 100k

LT1006
RZ 4Tk

R7 100k

RS 100k

LT1006

+
Eqﬁ'm 00s

PULSE(3 4 0 1u 1u 25m S0m 2}
Aran 0 S0m 0 10u

:1] a3
R11 100k Vi ] |J_—| V3
g — —= g
LT1EIEIE-

¥
4TEIk

Simulation of Proportional Only Mode

Proportional mode simulation is done first by removing R11 and setting the gain of the
proportional amplifier with the value of Rf. Thisis sothatthecont r ol | er’
integrator can be compared to its response with the integrator.

Transient analysis is used with a “Stop Ti
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The results are shown below for the two inputs to the differential amplifier, Vpv and Vsp.
Increasing the value of Kp reduces the steady state error and decreases the response time.

Vin001] V{n008) Vin001] V{n008)

4y

___________________________________________

________________________________________

v
40ms 50ms 0Oms

J0ms

10ms 20ms 30ms 10ms Z0ms 40ms L0ms

Simulation of Proportional plus Integral Mode

Proportional plus integral mode simulation is done by replacing R11.
by the value of Ri Transient
Ti mestep” of 10uS.

The integral gain is set
anal ysis 1is

The results are shown below for the two inputs to the differential amplifier, Vpv and Vsp. Both
responses are for a Kp of 4.2 (Rf = 91k). Adding the integrator nearly eliminates the steady
state error. Increasing the integral gain decreases the rise time, but too much integral gain
can produce oscillation and increase the settling time.

The response below on the right shows an over-shoot and an under-shoot of about 0.2 volts
and a settling time of about 20mS.

v ¥(n001) ¥(n008) Vin001] Vin008)
Kp=4 Ki=453 AV ' Kp=4 Ki=2130
Ri=atk | Ri = 10k

3V

Oms 10ms 20ms 30ms 40ms 50ms Oms 10ms 20ms 30ms 40ms 50ms
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Experiment: Proportional Plus Integral Mode Control System

This lab exercise adds an op-amp integrator to the proportional mode control system. The
controlled process is a voltage source whose set point voltage is switched between 3 volts and
4 volts by a square wave.

The transient and steady state response of a proportional plus integral control system to a
change of set point will be measured for several values of proportional gain, Kp and integral
gain, Ki. The responses will be compared to simulations. This lab experiment demonstrates
the control system concepts of steady state error, response time, and settling time, overshoot,
undershoot, and damping.

Vpv
JPR1
Vsp

Parts and Equipment Required

Oscilloscope, DMM, Function Generator. Power Supply: £9 volts.
ICs: three LM358. Diode: 1N914 or 1N4148.

Resistors: 120k, five 47Kk, three 22Kk, six 100k, 10Meg, all %W, 5%.
Potentiometer: two 10k, 1-turn trim-pots.

Capacitors: two 100nF, 5%, two 100uF, 25VDC.

Procedure Part 1: Proportional Mode Check

The control circuit schematic diagram is given below. Layout and build the circuit as
carefully as possible. Keep the number of wires to the absolute minimum. Observe
the numbers on the ICs. For example, U1A and U1B are in the same package.
Observe the polarities on the 100pF electrolytic capacitors.

) R
Kp= ——
Proportional Kp 22k

R 91k 100k
Wy

Error Amplifier
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JPRL1 should be connected. JPR2 should be disconnected. Note that R;is 91k. Apply
plus and minus 9 volts to the circuit. Check that the voltage Ve is zero. It should be
very close to zero since Vpv = Vsp because of the jumper wire.

Adjust the potentiometer, Ros, to set Vpv to exactly 3.0 volts. Use a DMM to make
the measurement.

Remove the jumper between Vpv and Vsp.

Set the function generator to produce a 1 volt peak-to-peak, 10Hz, square wave with a
3.5 volt offset (so it goes between 3.0 volts and 4.0 volts). Connect the function
generator to Vsp.

Connect the oscilloscope channel 1 to Vsp and
Channel 2 to Vpv. Set vertical inputs to DC coupling
and 200mV/Div. Set horizontal to 10mS/Div and
Trigger on channel 1. Set vertical position to obtain a o
display similar to that shown on the right. s

From your oscilloscope display, determine the steady II;III;III@III;ZII 1rr1
state value, rise time, and settling time of Vpv. N - L1
Record below. 200m\Div 10mS/Div

Vpv: Steady State volts Rise Time mS
Settling Time mS

Procedure Part 2: Proportional Plus Integral Controller

Connect the jumper JPR2. Channel 1 should still be connected to Vsp and Channel 2
to Vpv. Vertical inputs set to DC coupling and 200mV/Div. Horizontal to 10mS/Div
and Trigger on channel 1.

From your oscilloscope display, determine the steady state value, rise time, and
settling time of Vpv. Record results for Rf = 91k, Ri = 100k, and Ci =47nF below.

Vpv: Steady State volts Rise Time mS

Settling Time mS Overshoot? volts

Replace the 100k resistor Ri in the integrator circuit with a 47k resistor. From
your oscilloscope display, determine the steady state value, rise time, and settling time
of Vpv. Record results for Rf = 91k, Ri = 47k, and Ci =47nF below.

Vpv: Steady State volts Rise Time mS

Settling Time mS Overshoot? volts
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3. Replace the 47k resistor Ri in the integrator circuit with a 10k resistor. From
your oscilloscope display, determine the steady state value, rise time, and settling time
of Vpv. Record results for Rf = 91k, Ri = 10k, and Ci =47nF below.

Vpv: Steady State volts Rise Time mS

Settling Time mS Overshoot? volts

Analysis Part 1

1. Calculate the expected steady state error and rise time for experiment part 1 and
compare results to the measurements. Express the percent difference between the
measurements and calculations.

2. Calculate the controller’s proportional band

Analysis Part 2

1. Simulate the circuit for Rf = 91k, Ri = 100k, and Ci =47nF. Compare the measured
and simulated steady state values, rise times, and settling times of Vpv.

2. Simulate the circuit for Rf = 91k, Ri = 47k, and Ci =47nF. Compare the measured and
simulated steady state values, rise times, and settling times of Vpv.

3. Simulate the circuit for Rf = 91k, Ri = 10k, and Ci =47nF. Compare the measured and
simulated steady state values, rise times, and settling times of Vpv.

4, Optional: Calculate the denominator roots for analysis step 1 and analysis step 3 using
the result given below:

Recall: 8 =— ——F——
2 RC  (100k)(100nF)

Determine if the response is over-damped, critical-damped, or under-damped. If the
response is under-damped the roots will be complex and can be written as:

Roots=

-a(1 Kp) o\/gaz(lmp) Zg 4 &i 1 1
2

\ 2 )
-al K 3/ 2(1+Kp 4 &i
Roots=g % w where g:% and , w & ( 2) é
g. decay rate in nepers/sec. w.damped oscillation frequency in radians/sec.
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Proportional Plus Integral Plus Derivative Mode

A PID controller can be obtained by adding a differentiator to the PI controller. The
differentiator is placed in parallel with the proportional and integral components here, although
other arrangements are possible.

The mathematical analysis of a PID control system is beyond the scope of this presentation,
however the response of the PID system can be estimated by understanding the response of
the individual system components..

The magnitude of the derivative response is proportional to the rate of change of the
controller’”s error voltageacontThod diyfsfterng rst iraetsq
changes in the process variable. Mathematically, the process of differentiation is the process

of finding the slope of a curve.

at
vV O

di fferent.i
[ out put

The i de al
controll er
equation below.

SO r—T—T7T T T 1 7 T 1] to t

Ve

dv

VO =Kda. Kd =lifferentiator gain.

Consider the graphs on the right, where the
vertical axis is volts and the horizontal axis is

time.

The slope of Ve (dv/dt) is held constant for
intervals of 2 seconds, starting at 1.0 volts per
second and ending at -1.0 volts per second.
Note that Vo is zero when the slope is zero and

Vo 0.0

-1.04

t Seconds

Time

10

that Vo is negative when the slope is negative.

An op-amp differentiator is shown on the right. Although the R
. . . . . . X
gain of the differentiator, Kd, is given by the time constant of

RxCx, the response of the circuit also depends on the value y,, Rc Cx
of the resistor Rc. A —

This is an inverting circuit so that Kd is actually negative, but
this is compensated for by an inverting summing amplifier.
The ideal response of this differentiator (Rc = 0) is given by:

dve

Vo= -KdF Kd RxCx. Kdis the differentiator gain.

The integrator gain, Ki, and the proportional gain, Kp, and differential gain, Kd, are very
important PIDc ont r ol system parameters. A control
response by adjusting these parameters.

Sy S
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The mathematical equation for an ideal parallel connected PID control system is given below.

Vo=Kp e Kifjve dr OVi «d%/tf Vos
A block diagram of a PI D control system is sh
summed with the integrator’s output, the propor
Vpv Ve Kp
Error |Ve .|Proportional Summing| v/, (Voltage | Vpv
set | Vsp.| Amp Gain Kp Amplifier Source
Point |i
Integral
. Offset
| Gain Ki Vos| Setting
Derivative
—| Gain Kd

In the block diagram above the proportional, integral, and derivative components are driven by
the same error voltage and the output of each component is summed by the summing
amplifier. Other arrangements are possible. For example, the proportional and integral
components could be connected in series.

The parallel form is chosen here because each component can be adjusted independently and
it is also the typical arrangement discussed in electronic technology textbooks. The intention
here is to introduce the basic components of a PID controller, and to demonstrate its operation
by circuit simulation and experiment.

A PID control system is tuned for an optimum response by adjusting the gain of each system
component, proportional, integral, and derivative. There are a variety of theoretical methods
for doing this, but in this presentation tuning is done by repetitive simulation and experiment.
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LTspice Simulation of a PID Control System

TheLTspice circuit below uses the part “LT1006"
differential amplifier. Its output is the error voltage. This error voltage is applied to the
proportional amplifier, U2, and the integrator, U5.

The outputs of U2, U5, and U6 are summed by a unity gain summing amplifier, U3. The input
resistor to U3, R11, can be removed to disable the integrator. The input resistor to U3, R12,
can be removed to disable the differentiator. Resistor R8 sums the offset voltage, V2. Note
that V2 is negative because U3 is an inverting amplifier and the desired offset voltage is
positive.

Although the gains of U2 (Kp), U5 (Ki), and U6 (Kd) are negative, their net value is positive
because of the inverting op-amp, U3. The process variable, Vpv, connects to the inverting
input of the differential amplifier, providing negative feedback.

The output of U3 is applied to a low pass filter, R9 and C1, with a time constant of 10mS to
simulate the control system process (heater, motor, etc.). This may be modified as needed.
U4 is a unity gain buffer.

R3 47k R4 4Tk

R0 100k

LT1006
R2 47k : R7 100k i ?{
Ve LT1006 CLT1008

]
[

PULSE(3 4 0 1u 1u 25m S0m 2}
Aran 0 S0m 0 10u

+

W1+ Rc
22k

[

Vi o+

gjﬂ,ﬂ
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Proportional plus integral plus derivative (PID) mode simulation is done by keeping R11 and
R12 in the circuit. The derivative gain is set by Cx and Rx. Transient analysis is used with a
“Stop Time” of 50mS and a “Maximum Timestep” of

The results are shown below for the two inputs to the differential amplifier, Vpv and Vsp. Both
responses are for a Kp of 6.8 (Rf = 150k) and Ki of 2130 (Ri = 10k and Ci = 47nF). The
response below on the left is without the differentiator. The response on the right was
obtained by adding a differentiator with a gain of 0.47 (Rx = 1meg, Cx = 470nF).

V[n001)

V{n008) V{n001]
1 4v— 1

V[n008)

Oms 10ms 20ms 30ms 40ms 50ms Oms 10ms 20ms 30ms A40ms 50ms

The mathematics behind tuning the PID controller is somewhat complex and will not be
covered here. However, some observations may be made from this simulation.
1. Thei nt egrator’s time constant is the reciproc
Using the earlier result for the stability of a Pl controller we see that the integral gain of
2130 is too high, and the PI controller output will oscillate, as shown in the graph above

on the left.
2
a(l+K 2
a=_ L a00 i 2U*KR) 10004687 )
R9 1 4 4

2. A differentiator is added to damp out the oscillations. The gain of the differentiator can

be experimentally (using simulation) varied until the desired response is obtained. The

di fferentiator’s time constant is .47 second
3. The time constant of the process is 10mS.

I
is20tmes shorter than the than the process tim
constant is 47 times longer than the process time constant.

4. Increasing the integrator gain until oscillation occurs shortens the rise time. Adding the
differentiator damps out the oscillation and reduces the rise time further.
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Experiment: PID Mode Control System

This lab exercise adds an op-amp differentiator to the Pl mode control system. The controlled
process is a voltage source whose set point voltage is switched between 3 volts and 4 volts.

The transient and steady state response of a PID control system to a change of set point will
be measured for several values of Kp, Ki, and derivative gain, Kd. The responses will be
compared to simulations. This lab experiment demonstrates the control system concepts of
steady state error, response time, and settling time, overshoot, undershoot, and damping.

Parts and Equipment Required

Oscilloscope, DMM, Function Generator. Power Supply: +9 volts.
ICs: three LM358. Diode: 1N914 or 1N4148.

Resistors: 120k, five 47Kk, three 22Kk, six 100k, 10Meg, all %W, 5%.
Potentiometer: two 10k, 1-turn trim-pots.

Capacitors: two 100nF, 5%, two 100uF, 25VDC.

Procedure Part 1: Proportional Mode Check

1. The control circuit schematic diagram is given below. Layout and build the circuit as
carefully as possible.

. Fs
Kp= ——
Proportional Kp 22k

Ry 150k 100k
W

Vpv
JPR1
Vsp

Error Amplifier

Summer Voltage Source
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JPR1 should be connected. JPR2 and JPR3 should be disconnected. Note that R; is
91k. Apply plus and minus 9 volts to the circuit. Check that the voltage Ve is zero. It
should be very close to zero since Vpv = Vsp because of the jumper wire.

Adjust the potentiometer, Ros, to set Vpv to exactly 3.0 volts. Use a DMM to make
the measurement.

Remove the jumper between Vpv and Vsp.

Set the function generator to produce a 1 volt peak-to-peak, 10Hz, square wave with a
3.5 volt offset (so it goes between 3.0 volts and 4.0 volts). Connect the function
generator to Vsp.

Connect the oscilloscope channel 1 to Vsp and Channel 2 to Vpv. Set vertical inputs
to DC coupling and 200mV/Div. Set horizontal to 10mS/Div and Trigger on channel 1.

Record your results below. If satisfactory, continue to part 2.

Vpv: Steady State volts Rise Time mS

Settling Time mS Overshoot? volts

Procedure Part 2: Proportional Plus Integral Mode Check

Connect the jumper JPR2. Channel 1 should still be connected to Vsp and Channel 2
to Vpv. Vertical inputs set to DC coupling and 200mV/Div. Horizontal to 10mS/Div
and Trigger on channel 1.

From your oscilloscope display, determine the steady state value, rise time, and
settling time of Vpv. Record results for Rf = 150k, Ri = 10k, and Ci =47nF below.

Vpv: Steady State volts Rise Time mS

Settling Time mS Overshoot? volts

Procedure Part 3: PID Mode

Connect the jumper JPR3. Channel 1 should still be connected to Vsp and Channel 2
to Vpv. Vertical inputs set to DC coupling and 200mV/Div. Horizontal to 10mS/Div
and Trigger on channel 1.

From your oscilloscope display, determine the steady state value, rise time, and
settling time. Record results for Rf = 150k, Ri = 10k, and Ci =47nF, Cx = 470nF.

Vpv: Steady State volts Rise Time mS

Settling Time mS Overshoot? volts
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2. From your oscilloscope display, determine the steady state value, rise time, and
settling time. Record results for Rf = 150k, Ri = 10k, and Ci =47nF, Cx = 470nF.

Vpv: Steady State volts Rise Time mS
Settling Time mS Overshoot? volts
Analysis

Write a report on this experiment using a word processor, spreadsheet, and simulation

results. Use “cut and paste” techniqgues as appr
and experimental results. Document simulation and experimental results with graphs

and calculations as appropriate. Include an abstract and conclusion.
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