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Experiment 1

Motor speed Versus Input
Characteristics




EXPERIMENT 1. MOTOR SPEED VS. INPUT CHARACTERISTICS

A. BACKGROUND THEORY

A direct current motor incorporates an amature winding connected to a
commutator and magnetic poles which are excited from a DC source or
which are permanent magnets. %

Mechanical torgue is generated when current flows through the winding.
The magnetic circuits used in the DC motor in the ED-4400 are permanent
magnets (constant magnetic field). Therefore, the speed of the motor
strictly depends on the amount of voltage applied to the amature
winding. (See Fig. 1-1).

Rotation

Speed

0 - Input Voltage

Fig. 1-1 Input Voltage VS. Motor Speed

As it is indicated by the point "a" on the X-axis, the motor requires a
minimum input voltage to initiate rotating action. This is due to the
mechanical frictions coming from brushes, bearings etc in the machine.

Increasing the input voltage increases the current through the winding
and therefore, the speed of the motor.

However, the counter electromotive force on the amature coil is also
increased as the speed of the motor is increased and finally the motor
reaches a saturation point where any further increase in voltage no
longer causes increase in speed.

The motor in the system is driven by U-154 motor driver amplifier.
Input voltage control is obtained through U-151 attenuator.

The speed of the motor, in RPM, is indicated on the U-1359 meter by
detecting the output of the tacho generator.
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Fig. 1-3 Equivalent System Diagram of Experiment 1.

PROCEDURE

Refering to Figure 1-2, wire all the modules as needed on either a
geparate panel or on the top cover of ED-4400.

Connect the tacho-meter (U-159) accross terminals of meter and GND
on U-1535.

Set the dial on the U-157 te 180 degrees.
Plug in the power cord on the U-156 and turn the power switch on.

Turn the dial on the U-157 slowly counter clockwise untill the motor

starts turning.
Record the dial setting and the motor input voltage and the current.

Turn the dial on the U-157 clockwise and increase the input voltage
by an increment of 1 volt each time and record the speed of the motor
as indicated on the U-159 and the current to the motor.

Construct a graph by plotting the speed VS, the input voltage.
Note : At some point, the speed reading on the U-159 will remain
unchanged although the speed of the motor is still increasing.
This is because the input to the U-155 is too much.
Make sure the input does not reach this point.

Construct a graph by plotting the speed VS, the motor current and
observe the relationship between the two.

The measurement error can be reduced by repeating steps 5 through 7
several times.




[

SUMMARY

The speed of the DC motor in the servo gystem varies almost linearly
with the input voltage.

The current through the motor is not linear with thqniggupkggltaga,

At a saturation point, the motor current does not increase while the
motor input voltage is still increasing. This is due to the counter-
electromotive force (counter EMF) generated when the amature coil
rotates in the magnetic field.:

The motor exhibits so called "dead band" the minimum input voltage
below which the motor can not turn.
This is due to the mechanical frictions between moving parts.
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Connect the modules that you need it in this experiment and follow the
procedure steps on your manual to complete table below:

Motor speed Input voltage Motor Current

Construct graph by plotting speed versus the input voltage the write down
your notes:
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Construct graph by plotting speed versus the motor current then write
down your notes:

Part 2:

e Carry out the circuit of figure 4.5.1

329
SET L & O—| Pum e PouER
POINT
Fig. 4.5.1
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e Jump terminals 26-27 to insert the clamp circuit.

e Set null load value with the knob of the mechanical brake

e Set a OV voltage with the set-point and read the DIGITAL RPN NETER speed on the display
e Fill the table 4.1 with these data

* Repeat measurement f or all the voltage values on the table

* Bring the set-point voltage back to 0 V.

Voltage RPM

Table 4.1

Notes:
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Conclusion
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Experiment 2

Motor speed Versus Load
Characteristics




EXPERIMENT 2. MOTOR SPEED VS. LOAD CHARACTERISTICS

A. BACKGROUND THEORY

A typical output rating of a DC motor with permanent magnets ranges fron
several watts to almost one hundred watts.
This type of motor has relatively high efficiency.

The magnetic flux in the motor is constant because of the permanent
magnets as magnetic ploes. Therefore, the torgue of the motor is pro-
portional to the input currents in the amature winding. The counter EMF
is proportional to the speed of the motor at the same time.

The above relationships in the motor establish the following equations:

K¢ = Constant (2-1)
Ea = K¢ wm (V) (2-2)
T = K¢ Ia (N.m) (2-3)
where K¢ = magnetic flux from the permanent magnets
Ea = counter EMF in volts
wm = angular speed of motor in rad/sec
T = torgque in N.m
Ia = input current in amps

The relationships between the input voltage and the input current and
between the speed and the torgue are the following:

vVt = Ea + Rala (v) (2-4)
wmn = Vt/Ke - RaT/(K¢ )2 (rad/sec) (2-5)
where Vit input voltage in volts

Ra = amature coil resistance

From the above equations, it can be seen that for a given input voltage,
as the torque or the load increases, the speed of the motor decreases.
Also, when the torgque is increased, more currents are drawn through the
coil. The relationship between the motor speed and the load is shown in
Fig., 2-2. :

17
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Fig. 2-2 Motor Speed VS. Load Characteristics
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Fig. 2-3 Equivalent System Diagram of Experiment 2
PROCEDURE
Refering to Fig. 2-1, wire all the modules, as needed.
Set the attenuaters on the U-151 to "8".
Turn the power switch on. Adjust U-157 so that the U-159 indicates

the maximum speed. Make sure the motor is not in the saturation mode.

Increase the brake position which is on the high speed axle of U-161
from 0 to one step up each time and record the RPM of the U-159

and the Motor current of the U-156

Decrease the brake position from 10 to one step down each time and
record the RPM of the U-159 and the Motor current of the U-156

19




Using the data obtained through step 3 and 4, construct graphs of
brake position VS. output voltage and brake position VS. motor

current.

From these results plot the tacho voltage and current against the
break scale setting.

SUMMARY

Mechanical loading to a DC motor reduces the sppeed and increases
the motor current.

Overloading causes excessive currents which may cause damage to the
motor. Remember that the motor dissipates power which is egual to
the motor input voltage times the motor current.

20
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Part 1:

Connect the modules that you need it in this experiment and follow the
procedure steps on your manual to complete table below:

Motor speed Brake setting Motor Current

Construct graph by plotting speed versus the Load then write down your notes:

23




Construct graph by plotting Load versus the motor current then write down
your notes:
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Conclusion
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Transient Response of Dc
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RXPERIMENT 3. TRANSIENT RESPONSE OF A DC MOTOR

A. BACKGROUND THEORY

The input applied to the motor in the previous experiments was a gradual
one, thus the motor responded to the input without having distortion.
However, when the input waveform is a step function, the motor can
respond only with exponential characteristics. '
Furthermore, when additional inertia is introduced to the rotating axle
by adding a flywheel, the motor responds with additional delay.

The delay this case is bi-directional; when the input is reduced, the
motor speed decreases with delay also.

Fig. 3-1 and 3-2 illustrate the relationship between the speed and the
time with different values of inertie.

b
Motor Motor b
Speed Speed I
T L
! . |
a —> Time —> Time
 Fig. 3-1 Fig., 3-2

Motor speed VS. time with Motor sgpeed VS. time with
small moment of inertia large moment of inertia

The above output characteristics are obtained on the scope when the
inputs to the motor and to the scope (X-input) are as shown in Fig. 3-4.

+V -V
01§;7/{3xi;74<
0

-
__>t

(a) Input to the motor (b) Input to the X-axis of the scope

Fig. 3-4 Input Signal Waveforms
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Fig. 3-5 Equivalent System Diagram of Experiment &

PROCEDURE

Refering to Fig. 3-3, wire 2l] the modules as needed.

Set the scope for X-Y operation. Connect the ramp output of the
U-162 to the X-input of the scope.

Set the frequency of the U-162 to 0. 1Hg.

Turn the U-156 on.

Adjust the display on the scope with the channel adjustors on the
gcope.

Adjust U-151 and keep the motor unsaturated (U-151 can be
substituted with U-157 if necessary).

Adjust the display on the scope.

Observe the trace of the resultant X-Y display.
Turn the power off (on the U-156).

Connect a flywheel to the highspeed axle of the U-161.
Turn the power on and observe the trace on the scope.
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Connect the modules that you need it in this experiment and follow the
procedure steps on your manual.

Plot the input voltage to the motor:

Plot transient response for the motor at A) Small moment of inertia

B) High moment of inertia

(A)

32




(B)

Conclusion
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Experiment 4

Operational Amplifier as
an Error Detector




EXPERIMENT 4., OPERATIONAL AMPLIFIER AS AN ERROR DETECTOR.

A. BACKGROUND THECRY

The heart of the servo system is the error detector which detects the
difference between the set value and the actual output of the system at
any given time. The actual detection is done by taking the difference
between the set value (same as input or reference) and the sample of the
output value (or feedback signal) through an operational amplifier.

The operational amplifier in the ED-4400 is contained in the summing
amplifier unit U-152. A SELECTOR SWITCH in the unit allows the user to

gelect the desired configuration of the amplifier.

Some of the basic amplifier circuits are presented in Fig. 4-1.

R2
AAA-
R1a R1a
Vi O VAA % V1 O= AA%
R1» | R l
V2 & VAVAVAL > -A — 0O Vo V2 O VAN -A
R1c [ ' ¥ R1c J
V3 O VA o~ VAN

>S oL

(a) Vo=—2F (Vi +VatVy) 1
: (b) Vo=—(Vi+V,+Vy) =

- R2

AAA

Ca2

¥ .
Ria R £

Vi O AAA (C)\G=qu(l—efﬂ
R 1
1b
O VAN -0 -A Vo

Ric T
O A A%

Fig. 4-1 Application Examples of Operational Amplifiers




ﬁ, )
—k g > |
& L1y Ly *HD '
: 4Ov¢ O F O OOH 65L-n L ﬁ
54 o @ | | = ||
O O 8SL—-nN )
@ O 5O Owi g ﬁ g
dd0DS0T1IDS0 h _..\.\ ; . : : ;A—.
- :
! .
~ _ ((
i -+ -»

LGL=n £3k=h
-

I-L1Y  1-11v _ )
£

L3IN

. Q Q
0+ 0 [} w-0 Owvo-
220 o008 [$1]7] .
T i
W+ W— T
J
Gl <" L Aﬁ ml@ -

SL-

36




The output of the amplifier in Fig. 4-1(a) is given by the following
equation:

Vo = -5 VI 4 V2 HVE) - - oo o4 1)

When Rla = R1b = Ric

In case R1 = RZ, then the output Vo becomes simply the sum of V1, V2 and
v3. The input to output relationships of the other two circuits are as
expressed in each circuit diagram.

In all of the above examples. The Vo should not exceed 12V.

The above circuits as in Fig. 4-1 are readily availeble from the U-152
module: '

1) Switch position "a" provides the same circuit as in 4-1(a).

2) Switch position "b" provides the same circuit as in 4-1(c}.

3) The 4-1(b} circuit can be obtained by connecting U-151 to U=152 as
shown in Fig. 4-2.

used in our experiment.

4
)
[
o
4]

The 4-1(b) type of configuration wi

?
<}
2% ]
f) f R ™~
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éi Eifering to Fig., 4-2, wire all the modules as needed.

Set the selector SW. on U-152 to "EXT".




(=Y
-

[AW]

Turn U-156 on.

Using a voltmeter or a scope, set the voltage on the output terminal
of U-157 and U-158 (1M ) to OV.

Set U-151 to 0.

Measure the DC output voltage on the U-152.
The output should be very close to 0OV (or less than 0.01V).

’

Adjust U-157 and U-158 so that the output is +1V.
Measure the output of U-152. Observe the relationship with inputs.
Set U-151 to §. Heasure the output of U-152.

Set U-151 to 0. Alsoc adjust U-157 and U-158 so that the outputs are
not the same between the two.

HMeasure and record the gsummed output on U-152.

Obgerve the output of U-152 as a function of U-151 position setting.
Find a case where the output becomes negative.

The "0" on the U-151 is for unity gain (gain = 1).
The gain is maximized at "10" on the U-151.

SUMMARY
An operational amplifier is a linear amplifier of which the output
ig propportional to the input and inversely proportional to the
feedback signal.

epending on the magnitude of the feedback, the input impedance of

D

il

the operational amplifier can be very high, thus minimizing the loss
of ’

te obtained using an operational amplifier.
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Part 1:

Connect the modules that you need it in this experiment and follow the

procedure steps on your manual to complete tables below then write down your

notes :
Vx(input) V1(input) V2(input) V (output)
0 0 0
0 1
0 3 1
0 2 2
0 3 3
0 5 5
0 10 10
Notes :
1-
2-
Vi= V2=

X V (output)
0
1
2
3
4
5
6

41




Vi= V2=
X V (output)
0
1
2
3
4
5
6
Notes :
1-
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Experiment 5

Fundamental Closed Loop
Speed Control




EXPERIMENT 5. FUNDAMENTAL CLOSED LOOP SPEED CONTROL

A. BACKGROUND THEORY

Quite often, needs rise in the application of DC motors such that once
the speed of the motor is set, the motor maintains the same speed
regardless of changes in the load.

In the closed loop speed control system, an error signal is developed
petween the desired motor speed and the actual motor speed at any given
time. The error signal is amplified and feedback to the input to

counteract to the output.

A system which has such a feedback mechanism is called a closed loop
system. In the previsous experiments, the system was without feedback

and such a system is called an open loop system.
Fig. 5-1 illustrates the basic difference between two gystem.

- el S e
@ g o i T Sorrection
py - ue to
= Desired & |{. T
7 Speed 0 o Feedback
— Actual Speed
T (constant)
~ P
\\ . =
B A Speed
\\§
Load —> ' Load —
(a) Open Loop (b) Feedback Close Loop

Fig. 5-1 Load VS. Speed in a Motor

As we can see, a gystem with proper feedback offers contant speed
regardless of the changes in the load to the motor.

In a feedback system, it is important to have enough amplification of
the error signal. In our system, there has to be gufficient geain to the
error signal before it arrives at the input of the U-154 servo driver.
Insufficient gain will result in "dead band" situation where automatic

control can not take place.
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Speed Detection = _

~3

Fig. 5-3 Equivalent System Diagram of Experiment §
PROCEDURE

Refering to Fig. 5-2, wire all the modules as needed.

Tt te

Set the circuit selector on the U-152 to "a’.

Set the ATT-2 on the U-151 to 10. This will keep the tacho output
from being amplified. Set the ATT-1 to 5.

Turn U-156 on.

Adjust U-157 such that the speed of the motor is about one half of
the maximum (this is eguivalent to approx. 2500 RPM on U-159).

Increase the brake setting by one increment at a time and record the
RPM of the U-159 '

Record the error voltage as a function of the brake setting.
Note : At this point, there is no feedback (ATT-2 is set to 10) and
therefore, the error voltage will depend on the input variation.

Reduce the ATT-2 setting to 5% Adjust U-157 to obtain the same
gpeed as in step 5 (2500 RPM).

Vary the brake setting and at each time, record the value on the

speed meter and the associated error voltage. Construct graphs of
speed VS. brake and error voltage VS. speed (See Fig. 5-4(a) and (b)).

47




{6GT-N)

10. Set the ATT-2 to 0. Readjust U-157 to maintain the same speed.

11, Repeat step 9.

12, Compare the results from step 3~7 (open loop) to the results
obtained through step 8~ 9 and 10~ 11 (closed loop).

RPM (V)
40004 E
3500t g 14 ¢
3000t 7124 from step 3~7
2500T 2104+  ---- from step 8~¢
53
2000 T -g 8 +
1500+ T 5+
1000+ E 4 +
500-- '_" 2 -
(&) ]
0 $ $ } T 4 t } —t ] [nS] 0 + + T $ T $ T + + {
1 2 3 4 5 3 7 4 3 3 10 1 2 3 4 ] 8 7. 8 9 10
Brake Setting Brake Setting
(a) , (b)
Fig. 5-4 Constructing Graphs for the Results
C. SUMMARY

1. In closed loop system, an error signal is generated.
The magnitude of the error signal is proportional to the magnitude
of the reduction in speed when the load is increased.
The feedback of the error signal to the motor driver through an
amplifier compensates the reduction in speed, thus maintaining a
congstant speed.

2. An excesgsive feedback gignal causes reduction in speed from the

desired constant value. \

What this means is that the feedback signal which is applied to the
summing amp. can not be greater than the input value which represents
the desired speed. The feedback signal must be adjusted for the
given load and the gain of the amplifier.
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Connect the modules that you need it in this experiment and follow the

procedure steps on your manual to complete tables below:

100% attenuation for feedback signal

Motor speed

Brake setting

Error voltage

Construct graph by plotting speed versus the Load then write down your notes:

Notes :

Construct graph by plotting Load versus the error voltage then write down your

notes:

Notes :
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50% attenuation for feedback signal

Motor speed

Brake setting

Error voltage

Construct graph by plotting speed versus the Load then write down your notes:

Notes :

Construct graph by plotting Load versus the error voltage then write down your

notes:

Notes :
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0% attenuation for feedback signal

Motor speed

Brake setting

Error voltage

Construct graph by plotting speed versus the Load then write down your notes:

Notes :

Construct graph by plotting Load versus the error voltage then write down your

notes:

Notes :
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EXPERIMENT 6: P,I,PI controllers in Closed loop system

EXPERIMENT OBJECTIVE

To describe the proportional control mode;

To describe the advantages and disadvantages of proportional control;
To define residual error, proportional gain.

To describe the integral control mode;

To define the terms integral gain and overshoot;

To describe the advantages and disadvantages of integral control;

To describe the proportional-plus-integral control mode.

DISCUSSION

Closed-Loop Control

The addition of a controller and a feedback loop to a speed control system
markedly reduces the Motor speed. This type of system, called closed-loop
control system, is illustrated in Figure 4-1.

The controller compares the setpoint to the measured output and corrects for any difference between the
two by modifying the setting until the system reaches a state of equilibrium

DISTURBANCE
CONTROLLED
QUTPT
CONTROLLER AMPLIFIER PROCESS =
SIGMAL
CONDITIONER TRANSDUCER

Figure 4-1. Closed-loop control.

The Control mode section performs mathematical operations which act on the error signal. The type of

operations performed depends on the selected control mode. The control modes are the proportional (P)
mode, integral (I) mode, differential (D) mode, or a combination of these. The resulting controller output
signal is applied to the servo control Negative and Positive Feedbacks
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Two types of feedback are possible in closed-loop control systems: positive feedback and negative
feedback

¢ Positive feedback increases the difference between the setpoint and measured output. Positive
feedback can result in violent and sustained oscillations within the system. For obvious reasons,
positive feedback is not employed in closed-loop control,

¢ Negative feedback decreases the difference between the setpoint and measured output and acts
to restore equilibrium

Implementation of Negative Feedback

In the system of Figure 4-1, negative feedback is implemented in the error detector section of the
controller. This entails applying the setpoint signal to a positive (+) input of the error detector, and the
position transducer signal (feedback) to the negative (=) input of the error detector. In this manner, the
error detector output is equal to the setpoint value minus the signal corresponding to the measured
value.

Proportional (P) Control Mode

As mentioned previously, the operation mode of the controller determines the type of mathematical
operations performed on the error detector output signal in order to produce a change in the motor inputs
The simplest control mode is the proportional (P) mode. Figure 4-3 shows the

diagram of a controller operating in this mode:

¢ The error detector compares the feedback signal to the
setpoint and produces an error signal EP equal to the
difference between the two;

¢ The proportional amplifier amplifies the error signal by a
factor KP to produce the controller output signal.

PROPORTIONMAL CONTROLLER

PROPORTIONA.
N DETECTOR COMTROLLER
ST, + o ; . OUTPUT (Cg)
(DESIRED POSITION) ~ ERROR [EF > Ko Epéf( -
FEEDBACK
SIGMAL

(MEASURED
POSITION)

Figure 4-3. Diagram of a controller operating in the proportional (P) mode.
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The controller output signal is proportional to the error signal at all times, hence the name proportional
mode. The greater the error is, the greater the controller output will be. This relationship can be
expressed mathematically:

CO:KPXEP

where Cq is the controller output;
Kp is the proportional gain;
Er is the error.

The magnitude of the controller output signal is limited to the saturation levels of the proportional
amplifier. If, for example, the saturation levels of this amplifier are +13.0 and —13.0 V, the controller output
signal will never exceed these voltages. This means that once the controller output signal has reached
one of the saturation levels, an increase in the error signal no longer produces an increase in controller
output signal.

Advantages and Disadvantages of the Proportional Control Mode

The main advantage of the proportional control mode is the rapidity at which the
controller responds to a change in error signal to return the system to equilibrium.
The error greatly increases when the setpoint is changed, but the controller reacts
immediately to correct this error. Since there is no delay in the response of the
controller, the error rapidly decreases until the system reaches a state of
equilibrium.

Once the system has reached the state of equilibrium, a residual error remains
between the setpoint and measured variable. This is the main disadvantage of the
proportional control mode. Reducing the error to zero would cause the controller
output to be null. This would cause the valve input signal to be null and
consequently the output pressure. Hence, a residual error is required to maintain
the controller output at a desired value.

The higher the proportional gain Kris, the lower the residual error will be. However,
increasing the gain will also increase the system tendency toward instability. Indeed,
if the gain becomes too high, the system will start to oscillate without being able to
return to the state of equilibrium. Thus, increasing the gain is not the ideal solution
to eliminate the residual error.

The Integral (I) Control mode:

While the proportional control mode looks at the "present” value of the process error,
the integral (I) control mode regards the "past history" of the error by continuously
integrating it until it is eliminated. Thus, the integral control mode automatically reduces
the residual error to zero for any load change within the limitations of the system design

Figure 5-1 shows the simplified diagram of a controller operating in the integral mode:

o The "error detector" compares the measured output to the setpoint and produces an error
signal equal to the difference between the two;

¢ The "integral amplifier", integrates the error to produce the controller output signal.
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INTEGRAL CONTROLLER

INTEGRAL

ERROR AMFLIFIER
SETPOMNT DETECTOR i P
Qibr-:jd, + EAROA £4 I\ K ,,rc E-dt+ C, (1) OUTAUT(Cg)

- ._Iy -

FEEDBALK
ERGEMAL
MEASURED
FOE TON)

Figure 5-1. Simplified diagram of a controller operating in the integral {I) mode.

The output of the controller at any specified point in time, is given by:
t

Co(t)=K|J- Epdt + Cy (L)

to

where CO (t) is the controller output at a
specified time; Kl is the
integral gain;
EP is the error at a specified time;
CO (10) is the controller output at the time the observation starts (t = 0).

The controller output signal is at all times proportional to the time integral of the error, hence the name
integral mode.

Figure 5-2 shows an example of what happens to the signal at the output of an integral controller when
the error is positive, negative, and null. The controller is in the open-loop mode. As you can see, when the
error is positive, the controller output increases. When the error is negative, the controller output
decreases. When the error is null, the controller output remains at the same level.

(=

—— ERROR
VOLTAGE POSITIVE o
il
MULL
o
—I TIME
MEGATNWE |
1
i
(= 4 |
|
i CONTROLLER
(=) 4 |
WOLT AGE i
1

/ ouUTPUT

TIME

(—h v

Figure 5-2. Controller output signals with positive, negative and null errors.




Integral gain

Figure 5-3 shows the output signal of an integral controller for different integral gain settings when the
error changes suddenly. The controller is in the open-loop mode. The integral action causes the error
signal to be transformed into a gradually changing signal at the controller output. The greater the integral

gain KlI, the greater the rate of change of the controller output.

The integral gain is expressed in number of repeats per minute (rpt/min). It corresponds to the number of
times the magnitude of the error is duplicated at the controller output in a period of 1 minute:
With a gain of 5 rpt/min, the 1.0-V error magnitude is duplicated 5 times in 1 min. This means the

controller output will be 5.0 V after 1 min (see Figure 5-3);

With a gain of 10 rpt/min, the 1.0-V error magnitude is duplicated 10 times in 1 min. This means the
controller output will be 10.0 V after 1 min.

With a gain of 50 rpt/min, the 1.0-V error magnitude is duplicated 50 times in 1 min. This means the
controller output will be 10.0 V after 0.2 min.

VOLTAGE (V) CONTROLLER OUTPUT CONTROLLER OUTPUT
K | =50 mptfmin K, =10 pt'min

CONTROLLER OUTPUT
Ky =& pt/min

10 -

9+ |

4 o

2 TIME (min)

Figure 5-3. Output signal of an integral controller in the open-loop mode when the error
changes suddenly.

Now suppose the integral controller is placed in the "closed-loop mode" in order to control a process.
Figure 5-4 shows the effect of increasing the integral gain on the response of the controlled variable to a
sudden change in setpoint. The higher the integral gain is, the shorter the time required to eliminate the

error will be.

With a low integral gain as in waveform (a), the controlled variable is brought back to the new setpoint
relatively slowly but with no overshoots. The system response is said to be “damped”. A damped

response may be desirable in some applications.

Increasing the integral gain as in waveforms (b) reduces the time required to eliminate the error, but may
also cause the controlled variable to overshoot the new setpoint before it stabilizes. However, small

overshoots are usually tolerated in most applications.

Further increasing the integral gain results in higher overshoots, as in wave- form (c). Worse still, the time
required to eliminate the error, instead of decreasing, actually gets longer because the controlled variable
performs a number of oscillations about the setpoint before it stabilizes.




At very high integral gains, the system may even start to oscillate without being able to return to
equilibrium, as in waveform (d).

A
VOLTAGE

() DAMPED

SETPOINT
MEASURED \
VARIABLE L % _

{b) CORRECT {¢) UNDERDAMPED

/ OVERSHOOT.

N\

— o |

o e e e s oy — = — — ——— —— — =

{d) OSCILLATORY

K, =30 mtmin K= 45 rptdmin K= 80 rptimin K= 75 rptimin K = 150 rpt'min K = 300 rpt'min

Figure 5-4. Effect of increasing the integral gain on the step response of a controlled variable.

The ability to reestablish a zero error is a unique characteristic of the integral control mode and is found in
no other mode. However, the integral mode is normally not used alone, because of its relatively slow
response at low integral gains, and because of the overshoots and increased risks of oscillation at higher
integral gains. Instead, the integral mode is combined with the proportional mode to form the
“proportional-plus-integral” control mode.

Proportional-Plus-Integral (P.l.) Control mode

The proportional-plus-integral control mode combines the fast transient response of proportional control
with the zero residual error characteristic of integral control. It looks at the current value of the error and
the integral of the error over a recent time interval to determine how much of a correction to apply, and
also for how long.

Figure 5-5 shows the simplified diagram of a controller operating in the proportional- plus-integral mode.
The error produced by the error detector is first amplified by a factor KP by the proportional amplifier. The
proportionally amplified error (EP-KP) is then time integrated by the integral amplifier. Finally, the output
signals of the proportional and integral amplifiers are added at a summing point to produce the controller
output signal.
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PROPORTIOMAL-FLUS-INTEGRAL CONTROLLER
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Figure 5-5. Simplified diagram of a controller operating in the proportional-plus-integral (P.l.) mode.

The controller output at any specified time, t, is given by:
t

Co 1) = Exx Kot Kpx K [ Epdlt + Co (t)

to
where CO (t) is the controller output at a specified time;
EP is the error at a specified time;
KP is the proportional gain;
Kl is the integral gain;

CO (t0) is the controller output at the time the observation starts (t = 0).

In this equation, the term "EP x KP" describes the proportional action of the controller, while the
rest of the equation describes the integral action of the controller, starting at time t = 0. Thus, the
controller output is not only proportional to the error, but also to the time integral of the error.

Figure 5-6 shows what happens in a proportional-plus-integral control system when the error
changes suddenly, due to a sudden increase in setpoint or actuator load. The proportional action
quickly responds to the sudden change in error, while the integral action integrates the error until it
becomes null. The higher the integral and proportional gains are, the faster the error will be
eliminated. However, these gains must be kept low enough to prevent excessive overshoots, and
to ensure system stability.
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Figure5-6. Example of whathappensinaproportional-plus-integral controlsystemwhenthe
error changes suddenly.

A problem related to the use of integral control is the "reset windup". Reset windup occurs when
the error remains large during a long interval of time, causing the controller output to increase to
the upper saturation limit (positive error) or decrease to the lower saturation limit (negative error).
Afterwards, the controller cannot return to normal operation until the error reverses polarity,
resulting in high overshoots of the controlled variable. For that reason, controllers usually have an
"anti-reset" function that turns off the integral action as soon as the controller output reaches the
upper or lower saturation limit, thus minimizing overshoots of the actuator position.

Comparison of the Proportional, Integral, and Proportional-Plus-Integral Control Modes

Figure 5-7 shows an example of the response of a typical process to a step change in setpoint with
proportional, integral, and proportional-plus-integral control modes :

e The proportional mode reacts much faster than the integral mode. However, the proportional
mode results in a residual error between the actual rod position and the new setpoint;

e The integral mode eliminates the residual error, but it reacts slower than the proportional
mode, and it requires a longer time to reach the final value;




The proportional-plus-integral mode reacts much faster than the integral mode, and it eliminates the residual error of tl
proportional mode. However, the addition of integral action to proportional action increases the overshoot and
stabilization time.

A PROPORTIONAL-PLUS-INTEGRAL
VOLTAGE a8
SETPOINT \
r- /-\\./
SETPOINT ! \
1
1
PROPORTIONAL
AND MEASURED INTEGRAL

TIME

Figure5-7.Responsetoastepchangeinsetpointwithproportional,integral,andproportional-plus- integral control modes.

Important parameter:

Delay Time (Td): is the time required for the response to reach 50% of the final value.
Rise Time (Tr): is the time required for the response to rise from 0 to 90% of the final value.

Settling Time (Ts): is the time required for the response to reach and stay within a specified tolerance
band ( 2% or 5%) of its final value.

Peak Time (Tp): is the time required for the underdamped step response to reach the peak of time
response (Yp) or the peak overshoot.

Percent Overshoot (OS%): is the normalized difference between the response peak value and the
steady value This characteristic is not found in a first order system and found in higher one for the
underdamped step response. It is defined as:

Ymax — Yss
Percent Overshoot (OS%) = x 100%
Yss
3
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Introduction




Part 1:

Connect the modules that you need it in this experiment and follow the
procedure steps on your manual to complete tables below:

Attenuator Position (K) Error voltage

Construct graph by plotting Attenuator Position versus the Error voltage then
write down your notes:

Notes :

10




Part 2:

Variations on the PID CONTROLLER Constants

e Carry out the circuit of figure 4.5.4

e Set the function generator with a square wave output with amplitude
from -4 and +4 Volt and 0.1 Hz frequency.

* Apply one probe of the oscilloscope to the signal generator output

e Set the PID CONTROLLER to operate with the actions inserted
contemporaneously

e Apply the second probe of the oscilloscope to terminal 23 and check
the system response to the input stress.

e Change the weight of the three actions and check the system
response to these variations

e Combine the PID CONTROLLER by removing one or more actions
and observe how the systems responds to step stresses with P, |, Pl
Plot all responses .

r— T 1
| G3BA |
| |
I ,j" ke PWM & SPEED & |
| L1 LE FPOWER POSITION| |
| 5 £ AMP, PRIEJ'E:IE_SS |
& ~10| 13 14117 18 29,30 | URNIT
ARG G B s R Soa L e B I R
4 . |
—i ! 154 D1e 2627
| 2
k) 34 A
| 23 PID pSay
| CONTROL. Y | .
| |
| |
| i | J
: TACHD—-GEMERATOR 35 :
| CONDITIONER
| TRANSD. : TRANSD.
| ™ | s
| (._J | ‘n._:)
| |
| |
| I
.- _
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Controll | settings TR |[TS | OS
er type

P with high Kp

with law Kp

| with high Ki

with law Ki

Pl with high Kp

with law Kp

with high Ki

with law Ki

Down load your notes:
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Conclusion:
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Build Simulink model on Matlab for Dc servo motor
closed loop system
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Introduction to MATLAB 7
for Engineers

Chapter 10
Introduction to MATLAB Simulink



Simulinke iIs MATLAB software for : :
and . It supports linear and
nonlinear systems, modeled in continuous time, sampled
time, or a hybrid of the two. Systems can also be
multirate, i.e., have different parts that are sampled or
updated at different rates.

SIMULINK is a MATLAB add-on for modeling
dynamical systems. To get with SIMULINK, choose
File, New,

Simulink is a platform for simulation and

Model-Based Design for dynamic systems. It provides an
Interactive graphical environment and a customizable set
of , and can be extended for specialized
applications.

The Simulink browser is shown in the next slide.
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Features of MATLAB and Simulink

] text code (Not easy to model complicated systems)
[] to edit figures

L1 Schematic (Easy to model complicated systems)
] easy to change parameters
[] Can edit figures

[] Schematic: Simulink

[] to change parameters: Matlab (m file for
parameter initialization)
L] : Simulink = (“To Workspace ”)

= Matlab (m file for plot)



Simulation diagrams for y -=10 £(¢).

a- The summer element. b- Simulation diagram for
y =K1 -10y.




Simulink Library Browser

ﬂ Simulink Library Browser

File Edt View Help

Enter search term

imulink
ommonly Used Blocks > State-Space Transfer Fon
tinuous

Variabl
e Zern-Pole

tinuous/integrator; Continuous-time integration of the input signal.

Simulink model for

y -=10sint




that blocks have a Block Parameters window that opens
when you double-click on the block.
This window contains several items, the number and nature
of which depend on the specific type of block.

, you can use the values of these
parameters, where we have explicitly indicated that
they should be changed.

You can always click on within the Block Parameters
window to obtain more information.

that blocks have default labels.
You can associated with a block by clicking on the
text and making the changes.
You can save the Simulink model as an .md[l file by

selecting Save from the File menu in Simulink.

The model file can then be reloaded at a later time.

You can also print the diagram by selecting Print on the File
menu.



on the To Workspace block. You can specify
any variable name you want as the output; the IS

siImout. Change its nameto Y.

The variable Y will have as many as there are

simulation time steps, and as many as there are
to the block.

The second In our simulation will be :

because of the way we have connected the to the

second input port of the

Specify the Save format as . Use the default values
for the other parameters (these should be 1nf, 1, and -1

for Maximum number of rows, Decimation, and Sample
time, respectively). Click on



Simulink can be to put the variable tout
Into the MATLAB automatically when you are
using the To Workspace block.

This is done with the Data I/O tab under Configuration

Parameters on the Simulation menu.
The alternative is to use the Clock block to put tout into

the workspace.

The Clock block has one parameter, . If this
parameter is set to 1, the Clock block will output the time

, If set to , the block will
output every , and so on.

Simulink model using the Clock and To Workspace blocks.

Gain  Integrator




Simulink model for y - =-10y + f(t ).




A vibrating system has two masses and
Its state-space model Is given.

The following is a Simulink model for the
system with State-Space block and Step
block as input:

X' = Ax+Bu

y = Cx+Du

State-Space
When you are Inputs to the State-Space block,
care be taken to connect them in the
Similar care be taken when connecting the block S

outputs to another block.



The saturation nonlinearity.

Upper Limit

Lower Limit




Example 1

Build a Simulink model that solves the
differential equation

X = 3sin(2t)

Initial condition x(0) =-1.

First, sketch a simulation diagram of this
mathematical model (equation)




Simulation diagram

Input is the forcing function 3sin(21)
Output Is the solution of the differential

equation x(?)

Integrator

Now build this model in Simulink



Select an input block

[ simulink Library Brow... M=l E3 Drag a S/ne Wave bIOCk
JJ [0 & 8 Simulink Library Browser -

from the Sources library to
the model window

[Suntitled * 8 [=1 3
EE File Edit WView Sinulation Format

. Tools

Signal Generator .

Output 3 =ine wawve.



Select an operator block

Drag an /ntegrator block
from the Continuous library

EI Eljmuitmu i tO the mOdeI WlndOW

S e Lluntitled * =] E3

Eﬂe E-::lit View  Smnulation  Format

[TIsimulink Library Brow... M= E3

E Functions & Tables
- P Wath
Continuous-time integration of the input signal.



Select an output block

1Simulink Library Brow... IMIEIE3 Drag a Scope block from the
_ Jnf s Sinks library to the model
= P window

B Sinks. luntitled * _ O] x|

T

o i Miew  Sinulattion  Format

-Ell Iltll tmT allaa

- Yebl DSP Blo 1
This is the ‘simulink345inkssScope’ block we Irt-- grator

I— I— aded S



Connect blocks with signals

= s 5
@ Place your cursor on Cluntitled * =10] x|
File Edit WView Swmulation Format
the output port (>) of Tools

the Sine Wave block

@ Drag from the Sine

Wave output to the

/ﬂf&’g/’a[U/’input Integrator

@ Drag from the 00% | | oded5
Integrator output to the
Scope input

Arrows indicate the direction of the
signal flow.



Select simulation parameters

Block Parameters: Sine Wave X

Double-click on the
Sine Wave block to
set amplitude = 3
and freq = 2.

This produces the
desired input of
3sin(21)



Select simulation parameters

Block Parameters: Integrator X

[ntegratar

D O u b I e = C I I C k O n Continuouz-time integration of the input zsignal.
the /ntegrator

External reset;  |none

bIOCk to Set Initial condition source; | internal -
Initial condition = g

- 1 [ Limit output

|l pEern s atunatiaty linit:

irf

[Lawern saturation limmt:

This sets our IC e
[T Show zaturation port

)((O) — - 1 . [T Show state port

Absolute taolerance:




Select simulation parameters

Double-click on
the Scope to view
the simulation
results




Run the simulation

In the model Suntitled *

W| n d oW fro m th e File Edit Miew | Simulation Format Tools
. . JJ 3 | = &E & | g otart Ctel+T

Simulation pull- -

d own menu, se I ect .% FParameters... Ctrl+E

Start

View the output
X(t) In the Scope
window.




Simulation results

To verify that this plot
represents the solution to
the problem, solve the
equation analytically.

The analytical result,
matches the plot (the
simulation result) exactly.




Example 2

Build a Simulink model that solves the
following differential equation

2nd-order mass-spring-damper system
iInput 7(?) is a step with magnitude 3
parameters: m=0.25,¢=05, k=1

mX+cX+kx = f(t)



Create the simulation diagram

On the following slides:

The simulation diagram for solving the ODE is
created step by step.

After each step, elements are added to the
Simulink model.

mX + cX + kx = f (1)



(continue)

First, solve for the term with highest-order
derivative

mxX = f (t) —cx —kx

Make the left-hand side of this equation the
output of a summing block

summing I

block




Drag a Sum block from the

nmrgtih o Math Iibrary
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— Parameterz

Double-click to change the block lcon shape: - SRR
parameters to rectangularand + - - List of signs:

=

¥ Saturate on integer overflow

Ok, I Cancel




(continue)

Add a gain (multiplier) block to eliminate the
coefficient and produce the highest-
derivative alone

i >

summing
block




;
Drag a Gain block from

BT B the Vath library

. &y Alzehraic Constraint
- &g Combinatorial Logic
& Complex to Magnitude-&ngle File Edit Wiew Sinulation Format Tools
O Corplex to Beal-Tmag

¢ Dot Product D=z &| 2| | » = |
oo

- &g Logical Cperator
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- &y Math Function |: ”
0 Ivlatrix Gain
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:g Eﬁﬁﬁtg}iﬁ:ﬂfx The gain is 4 since 1/m=4.

- &g Founding Function
. & Slider Gain

SeeEr o e e g Sh Block Parameters: 1/mass
—Gain

Scalar or vector gain. v = k.*u

Double-click to change the block - Parameters
parameters. IGEE'”
Add a title.

¥ Saturate on integer overflow
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(continue)

@ Add integrators to obtain the desired output
variable

summing
block



Drag /ntegrator blocks from

= Sl the Continuous library

E| J Crontirmons
- U DlerTrat e

Int 1 - ”
S

Ilernorsy

View Sunulation Format Tools

# StateSpace _Ipe U E &= 5 SR 2206

Transfer Fon

TI‘EILSIZIEII't Delay
i i Wariahle Transport Delay . - ; |
e Aern-Pole 1 ~ _ o

ICs on the integrators are
Zero.

100%G

Add a scope from the Sinks library.
Connect output ports to input ports.
Label the signals by double-clicking on the leader line.



(continue)

Connect to the integrated signals with gain
blocks to create the terms on the right-hand
side of the EOM

>

summing
block

4&




LZIMSD_sys *
Fie Edit

D =E &

Format Tools

R

sumilation

GMEEN o/ e

T
WIETE

Integratorz

100%4

0 Double-click on gain blocks to set
parameters

0 Connect from the gain block input
backwards up to the branch point.

0 Re-title the gain blocks.

Drag new Gain blocks
from the Math library

To flip the gain block, select it and choose
Fljp Block in the Format pull-down menu.

Block Parameters: Damping X

[3ain

Scalar or wector gain, v = k.*u

Pararmeters
[z

[3ain

Scalar or wector gain, v = k.*u

Pararmeters
[z




Complete the model

v

iInput

=+

e

<=

Bring all the signals and inputs to the summing
block.

Check signs on the summer.

> X()

@:

output



[Y1Simulink Library Br... MIEIE| |EIMSD_sys *
e wl al———— File Edit Wiew Simulaton Format Tools

NECEE e

IsF=F"1r"Y

- 2 Signals & Systerns
#-| Sinks

El% Sonurces o, Xddat 1 wdat 1
¢ Band-Limited White Moise "'| " " <

1/mass Integratari Integratorz

|:|.5|q

g Digital Clock Damping
iy Discrete Pulse Generator
iy From Workspace ! |‘

Spring constant

100%
| |

Block Parameters: Step x|

— Step

Clutput a step.

— Parameterz

Step time: Double-click on Step block to set

0 Uniform Randora Nurdoer g parameters. For a step input of

| ritial salue: . .
mg Eﬁfﬂsﬁfm Tookbox [0 magnitude 3, set Final valueto 3

Output 3 step. Final »alue:
|2

Sample time:
B




Final Simulink model

LZIMSD_sys *
File Edit View Swnulation Format Tools

DsEs 282 | &

Camping

E;F.ring constant

l— l— aded s




Run the simulation

LZIMSD_sys *
File Edit View | Sinulation Format Tools

Integratorz

E;pring constant

Start or Pause £ 100% | | odeds



Report

Construct a Simulink model to plot the solution of the following equations
for0<(<3

'[| = —bXx ] T+ 41-[2 + uﬂ [ ”

Xy = 53X — 1xp + fall)

where £1(t) is a step function of height 3 starting at t = 0 and 12(t) is a step
function of height 3 starting at 7 =1.
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Build Simulink model on Matlab for Dc servo motor
closed loop system
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Introduction




Connect the modules that you need it in this experiment and follow the
procedure steps on your manual to complete table below:

U157 Position U158 Position Error signal
180 180°
200° 180°
220° 180°
240° 180°
180° 200°
180° 220°
180 240°

- Construct graphs Showing Position angles versus error voltage




Conclusion




Experiment 10

Closed Loop Position
Control




EXPERIMENT 10. CLOSED LOOP POSITION CONTROL

A. BACKGROUND THEORY

rol sysbem, au shown in Fig. 10-1, is =z

A closed loop position cont

feedback system with the feedback signal carrying information about the
differentizl position between *hc input and the output. The feedback
signal is feedback to the amplifier in such a way to reduce the position
error to gzero.

In Fig. 10-1, Al is the error signal generator, A2 is the error
amplifier and A3 is the motor driver. R

The desired position information (input) is given to the system through
Pi potentiometer. When the position between the Pi and the Po is
different, the error signal generator devé&lops output which is amplified
and applied to the motor. The motor#fotates in such a direction to
reduce the error voltage to 0.

As was the case with the servc mctor in the previsous experiments, the
gein of the amplifier needs to be high.
Ctherwise, there will be substantial detection error in the system which
reduces the sensitivity of the loop This is called deadband in the
system.
—15V
wj+15V
Al Al A2 MOTOR
PL R PRE ERVO'
& AhﬂP AMP oyt
Rz
—-15V = O +15V
Signal for 3ignel for
Input Position . Output Position

Fig. 10-1 Equivalent System Diagram of Experiment 10
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Introduction




Partl: Connect the modules that you need it in this experiment and follow the

procedure steps on your manual to complete table below:

Clockwise

Input Output Position Output Position Output Position Output Position
Position Attenuator =7 Attenuator =5 Attenuator =3 Attenuator =1

- Construct graphs Showing Position angles versus error voltage for different values of

attenuator (Choose one angle)




Part2:Automatic Position Control

* Carry out the circuit of fig. 4.5.5

e Set a null load value acting on the knob of the mechanical brake

e Set the PID CONTROLLER with the PROPORTIONAL knob

turned to the maximum value and the INTEGRATIVE one to the
minimum

¢ With the set-point apply a 0-Volt voltage and read the position,
expressed in degrees, reached by the indicator set on the external unit
TY36A/EV

Tt Tttt T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1

| Gaga

| |

| g b PWM & SPEED & |

! e ol N L S

I 3 5 B ] . ]

I =3 o —d b o 1036 D14|17 _1s 30,29 i [ UNIT
| SET ERROR ERROR | S50 17128 currenT || 3%3 TT36A 1| B
| | Pomr 4 AMP. 1 = AMP. 2 LIMIT |

| 15 16 2697 |

I 27 23 PID * + I +
| CONTROL. |

I 1

I |

I i | -
: TACHO-GENERATOR| | 35 :

CONDITIONER

: TRANSD. : TRANSD.
I ]

! POTENTIOMETER O | O
: CONDITIONER I

| |

e e e e e e e e e e e |

FIG. 4.5.5




SET ANGULAR
POINT POSITION

0

1

3

4

3

6

8

TAB. 4.3

e Fill the table 4.3 with the measurement

* Repeat the same measurement f or all the voltage values of the table
e Take back the set-point voltage to OV

e Apply a significant load (which does not block the motor) by acting
on the brake knob

® Repeat the same measurements with null load

* Report the set-point voltage/angular position diagrams in the two
cases of null load and load different from zero in a figure like the

4.5.2.

* Repeat the last measurements with negative set-point voltage values.




Conclusion
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