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The Control Lab 

IJII.. 6-1 INTRODUCTION 
The majority of undergraduate courses in control have labs dealing with time response 
and control of de motors . The focus of this chapter is therefore on these lab probJems-
namely, speed response, speed control, position response, and position control of de 
motors. In this chapter, using MATLAB and Simulink, we have created a series of virtual 
lab experiments that are designed to help students understand the concepts discussed 
in Chapters 4 and 5. This chapter also contains two controller design experiments. 
There are three classes of simulation experiments designed for this chapter: SIMLab, 
Virtual Lab, and Quarter Car Sim. There experiments are intended to supple-
ment the experimental exposure of the students in a traditional undergraduate control 
course. 

It is a demanding task to develop software that provides the reader with practical 
appreciation and understanding of de motors including modeling uncertainties, non-
linear effects, system identification, and controller design amid these practical chal-
lenges. However, through the use of MATLAB and Simulink, we created a virtual de 
motor in Virtual Lab, which exhibits many of the same non-idealized behaviors observed 
in an actual system. All the experiments presented here were compared with real systems 
in the lab environment, and their accuracy has been verified. These virtual labs include 
experiments on speed and position control of de motors followed by two controller 
design projects, the first involving control of a simple robotic system and the last one 
investigating the response of an active suspension system. In this chapter, the focus on de 
motors in these experiments is intentional, because of their relative simplicity and wide 
usage in numerous industrial applications. 

The main objectives of this chapter are: 

1. To provide an in-depth description of de motor speed response, speed control, and 
position control concepts. 

2. To provide preliminary instruction on how to identify the parameters of a system. 
3. To show bow different parameters and nonlinear effects such as fri<.:tiun and 

saturation affect the response of the motor. 
4. To give a better feel for controller design through realistic examples. 
5. To get started using the SIMLab and Virtual Lab. 
6. To gain practical knowledge of the Quarter Car Sim software. 

Before starring the lab, you must have completed the relevant background preparation 
in Chapters 4 and 5. 
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338 Chapter 6. The Control Lab 

6-2 DESCRIPTION OF THE VIRTUAL EXPERIMENTAL SYSTEM 
The experiments that you will perform are intended to give you hands-on (virtually!) 
experience in analyzing the system components and experimenting with various feedback 
control schemes. To study the speed and position response of a de motor, a typical 
experimental test bed is shown in Fig. 6- L 

The setup components are as fo11ows: 

• A de motor with a position sensor (usually an encoder with incremental rotation 
measurement) or a speed sensor (normally a tachometer or a differencing operation 
performed on encoder readings) 

• A power supply and amplifier to power the motor 
• Interface cards to monitor the sensor and provide a command voltage to the 

amplifier input and a PC running MATLAB and Simulink to control the system and 
to record the response (alternatively, the controller may be composed of an analog 
circuit system) 

A simple speed control system is composed of a sensor to measure motor shaft speed 
and an amplifier with gain K (proportional control) in the configuration shown in Fig. 6-1. 
The block diagram of the system is also shown in Fig. 6-2. 

To control the position of the motor shaft, the simplest strategy is to use a 
proportional controller with gain K. The block diagram of the closed-loop system is 
shown in Fig. 6-3. The system is composed of an angular position sensor (usually an 
encoder or a potentiometer for position applications). Note that for simplicity the input 
voltage can be scaled to a position input T;,,(s) so that the input and output have the same 
units and scale. 

The components are described in the next sections. 
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Figure 6-1 Feedback control of an armature-controlled de motor with load inertia. 
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Figure 6-2 Block diagram of a speed-control, armature-controlled de motor. 
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Figure 6-3 Block diagram of a position-control, armature-controlled de motor. 

Recall from Chapter 5 that for the annature-controlled de motor shown in Fig. 5-24, the 
system parameters include 

Ra = armature resistance, ohm 
La = armature inductance, henry 
110 = applied armature voltage, volt 
v1, = back emf, volt 
e = angular displacement of the motor shaft, radian 
T = torque developed by the motor, N-m 
Ji = moment of inertia of the load, kg-m2 

h = any external load torque considered as a disturbance, N-rn 
l m = moment of inertia of the motor (motor shaft), kg-m2 

J = equivalent moment of inertia of the motor and load connected to the motor-shaft, 
J = h /n2 + lm, kg-m2 (refer to Chapters 4 and 5 for more details) 

n = ge;ir ratio 
B = equivalent viscous-friction coefficient of the motor and load refetTed to the 

motor shaft, N-m/rad/sec (in the presence of gear ratio, B must be scaled by n; 
refer to Chapter 4 for more details) 

K1 = speed sensor (usually a tachometer) gain 

The motor used in this experiment is a permanent magnet de motor with the following 
parameters (as given by the manufacturer): 

K111 = Motor (torque) constant 0.10 Nm/A 
K1, = Speed Constant 0.10 V/rad/sec 
Ra = Armature resistance I .35 ohm 
L" = Armature inductance 0.56 mH 
J,,, = Armature moment of inertia 0.0019 kg-m2 

r:111 = Motor mechanical time constant 2.3172 E-005 sec 

A reduction gear head may be attached to the output disk of the motor shaft. If the motor 
shaft's angular rotation is considered the output, the gear head will scale the inertia of the 
load by l / n2 in the system model , where n is the gear ratio. 

6-2-2 Position Sensor or Speed Sensor 
For position-control applications, an incremental encoder or a potentiometer may be 
attached directly to the motor shaft to measure the rotation of the armature. In speed 
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6-2-3 Power Amplifier 

6-2-4 Interface 

control, it is customary to connect a tachometer to the motor shaft. Sensor-shaft inertia and 
damping are normally too small to be included in the system model. The output from each 
sensor is proportional to the variable it is measuring. We will assume a proportionality gain 
of 1; that is, K, = 1 (speed control), and/(.,, = 1 (position control). 

The purpose of the amplifier is to increase the current capacity of the voltage signal from 
the analog output interface card. The output current from the interface should normally be 
limited, whereas the motor can draw many times this current. The details of the amplifier 
design are somewhat complex and will not be discussed here. But we should note two 
important points regarding the amplifier; 

1. The maximum voltage that can be output by the amplifier is effectively limited to 
20 V. 

2. The maximum current that the amplifier can provide to the motor is limited to 8 A. 
Therefore, 
Amp gain 2 VIV 
Amplifier input saturation limits ± 10 V 
Current saturation limits ±4 A 

In a real-world scenario, interfacing is an important issue. You would be required to attach 
all the experimental components and to connect the motor sensor and the amplifier to a 
computer equipped with MATLAB and Simulink ( or some other real-time interface 
software). Simulink would then provide a voltage output function that would be passed 
on to the amplifier via a digital-to-analog (DI A) interface card. The sensor output would 
also have to go through an analog-to-digital (AID) card to reach the computer. Alterna-
tively, you could avoid using a computer and an AID or DI A card by using an analog circuit 
for control . 

..... 6-3 DESCRIPTION OF SIMLAB AND VIRTUAL LAB SOFTWARE 
As shown in Fig. 6-4, SIMLab and Virtual Lab are series of MATLAB and Simulink files 
within the Automatic Control Systems (ACSYS) applet that makes up an educational tool 
for students learning about de motors and control systems. SIMLab was created to allow 
students to understand the basic simulation model of a de motor. The parameters of the 
motor can be adjusted to see how they affect the system. The Virtual Lab was designed to 
exhibit some of the key behaviors of real de motor systems. Real motors have issues such as 
gear backlash and saturation, which may cause the motor response to deviate from 
expected behavior. Users should be able to cope with these problems. The motor 
parameters cannot be modified in the Virtual Lab because, in a realistic scenario, a motor 
may not be modified but must be replaced by a new one! 

In both the SIMLab and the Virtual Lab, there are five experiments. In the first two 
experiments, feedback speed control and position control are explored. Open-loop step 
response of the motor appears in the third experiment. In the fourth experiment, the 
frequency response of the open~loop system can be examined by applying a sinusoidal 
input. A controller design project is the last experiment. 
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Figure 6-4 The Automatic Control Systems (ACSYS) applet. 

To launch the ACSYS applet, navigate to the appropriate directory in the MATLAB 
command window, and type Acsys at the command prompt. The SIMLab or Virtual Lab 
experiment windows can be called from the ACSYS applet by clicking on the appropriate 
button. Alternatively, you may directly call SIMLab or Virtual Lab from the MATLAB 
command window by navigating to the Vi11ualLab subdirectory and typing simlab or 
virtuallab, respectively. 

When SIMLab or Virtual Lab is opened, the experiment control window will be 
displayed. The Experiment menu can be used to swilch between different control experi-
ments, as in Fig. 6-5. The grey control panel on the left contains the control buttons for the 
experiment. Every experiment has a button to enter model parameters, a field to enter 
simulation time, and additional experiment-specific plot controls. The plots or animations 
that the experiment supports appear in the display panel on the right. Fig. 6-6 shows a 
typical experiment control window in SIMLab. The time-response plot is displayed, and 
plot control buttons appear below the axes. Zoom control buttons allow you to view the 
response at greater detail , and the data cursor gives precise point values for graphed data. 
SIMLab allows you to display the motor transfer functions in various formats and to access 
other custom tools from the SIMLab Tools dropdown menu . For step-by-step instnictions 
on using the experiment window, click on the Help Me button in the menu bar. The standard 
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Figure 6-5 The Experiment menu for SIMLab or Virtual Lab. 
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Figure 6-6 Typical SIMLab experiment control window. 
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Figure 6-7 SlMLab Speed Control Simulink model. 

Microsoft Windows calculator and a unit conversion tool can be accessed from the top 
menu. 

The model parameters must be set first in any experiment. By selecting the Enter 
Model Parameters button, a Simulink (.mdl) window containing the model for the 
experiment will be launched. The model, shown in Fig. 6-7, contains a simple closed-
loop system using PID speed control, with a reference step input and multiple outputs. 

All the simulation parameters for the Simulink model are pre-set. Selecting Simulation 
from the Simulink menu and next choosing Configuration Parameters allows access to 
these settings, shown in Fig. 6-8. The Start Time and Stop Time settings in the Solver 
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Figure 6-8 Configuration Parameters: Solver properties. 
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Figure 6-9 Adjustable parameters for the SIMLab motor blocks. 

options are most important as far as SIMLab and Virtual Lab examples are concerned, and 
they can be manipulated in Configuration Parameters, or on the left panel in the SIMLab/ 
Virtual Lab interface. They allow you to modify the simulation running time. Other options 
in Configuration Parameters should not be modified, as they may cause errors in the 
SIMLab and Yfrtual Lab software. 

When the Simulink model is opened, double-click on the appropriate model block to 
modify model parameters such as the PID values. For SIMLab, double-clicking on 
the motor block brings up a window containing a list of adjustable motor parameters 
( see Fig. 6-9). All motor parameters, such as the resistance, back-emf constant, load inertia, 
and damping coefficient, may be modified. Right-clicking on a SIMLab motor block and 
selecting Look under Mask makes the de motor model available. However, the Virtual Lab 
motor blocks are completely opaque to the user since they model actual de motors. One 
other feature that STMLab has , which Virtual Lab does not, is a torque-disturbance input 
into the motor. This can be used to investigate the stall torque and the effect of an integral 
controller. 

To run the simulation, close the Simu1ink model and click the button labeled Run 
Simulation. For more detail, click the zoom button and select the area of the time-response 
plot to view it closer. The data cursor button allows the graphed values to be displayed as 
the cursor dot is moved around on the graph using the mouse or arrow keys. The Print to 
Figure button allows the current response plot to be sent to a separate MATLAB figure. 
Selecting the Reuse Axes checkbox prints all plots to the same set of axes in an external 
figure, which is useful for comparing the system response after changing a parameter in the 
Simulink model. This figure can also be saved as a .fig or image file for future reference and 
analysis. Again, in the Virtual Lab, you cannot change the system parameters, but PID 
values are available for modification. 

Some of the experiments have addiLional features, such as animation and calculation 
tools. These are discussed in the following sections. Selecting Close Experiment in the 
control window exits the program. 
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6-4 SIMULATION AND VIRTUAL EXPERIMENTS 
It is desired to design and test a controller offline by evaluating the system performance in the 
safety of the simulation environment. The simulation model can be based on available system 
parameters, or they may be identified experimentally. Because most of the system parameters 
are available (see motor specifications in Section 6-2-1 ), it will be useful to build a model using 
these values and to simulate the dynamic response for a step input. The response of the actual 
system (in this case, the virtual system) to the same test input will then verify the validity of the 
model. Should the actual response to the test input be significantly different from the predicted 
response, certain model parameter values would have to be revised or the model structure 
refined to reflect more closely the observed system behavior. Once satisfactory model 
performance has been achieved, various control schemes can be implemented. 

In this chapter, SIMLab represents the simulation model with adjustable parameters. 
and Virtual Lab represents the actual (virtual) system. Once the model of the Virtual Lab 
system is identified and confirmed, the controller that was originally designed using 
SIMLab should be tested on the Virtual Lab model. 

6-4-1 Open-Loop Speed 
The first step is to model the motor. Using the parameter values in Section 6-2-1 for the 
model of the motor in Fig. 5-24, simulate the open-loop velocity response of the motor to a 
step voltage applied to the armature. Start up SIMLab, select 3: Open Loop Speed from the 
Experiment menu~ and perform the following tests: 

1. Apply step inputs of +5 V~ +15 V, and -10 V. Note that the steady-state speed 
should be approximately the applied armature voltage divided by Kb as in Eq. 
(5-118) 1 (try de motor alone with no gear head or load applied in this case). 

2. Study the effect of viscous friction on the steady-state motor speed. First set B = 0 
in the Simulink motor parameter window. Then gradually increase its value and 
check the speed response. 

3. Repeat Step 2 and connect the gear head with a gear ratio of 5.2: I, using additional 
load inertia at the output shaft of the gear head of 0.05 kg-m2 (requires 
modification of Jin the Simulink motor parameters). Try using the gear head 
calculator in the SIMLab Tools dropdown menu. 

4. Determine the viscous friction required at output shaft to reduce the motor speed 
by 50% from the speed it would rotate at if there were no viscous friction. 

5. Derive and calculate the disturbance torque steady~state gain. Introduce an 
appropriate step-disturbance input TL and study its effect on the system in 
Step 3. 

6. Assuming that you do not know the overall inertia J for the system in Step 3. can 
you use the spee<l-rnsponse plot to estimate its value? If so, confirm the values of 
motor and load inertia. How about the viscous-damping coefficient? Can you use 
the time response to find other system parameters? 

In this experiment, we use the open-loop model represented in Experiment 3: Open Loop 
Speed. The Simulink. system model is shown in Fig. 6-10, representing a simple open-loop 
model with a motor speed output. 

I w(t) = :b ( I - e-t/tm) {5-118) 
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Figure 6-10 SIMLab open-loop speed response of de motor experiment. 
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Figure 6-11 DC motor model including voltage and current saturation. 
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In a realistic scenario, the motor is connected to an amplifier that can output a voltage 
only in a certain range. Outside of this range, the voltage saturates. The current within the 
motor may also be saturated. To create these effects in software, right-click the de motor 
block and select Look under Mask to obtain the motor model shown in Fig. 6-11. Double-
click both the voltage and current blocks and adjust their values (default values of ± 10 
volts and ±4 amps have already been set). If you do not wish to include saturation, you can 
set the limits very large (or delete these blocks altogether). Run the above experiments 
again and compare the results. 

Assuming a small electric-time constant, we may model the de motor as a first-order 
system. As a result, the motor inertia and the viscous-damping friction could be calcula.ted 
with measurements of the mechanical-time constant using different input magnitudes. For 
a unit-step input, the open-loop speed response is shown in Fig. 6-12. After measuring the 
mechanical-time constant of the system r,,,, you can find the inertia J, assuming all other 
parameters are known. Recall that, for a first-order system, the time constant is the time to 
reach ( l-e- 1

) x 100, or 63 .2 % of the final value for a step input [ verify using Eq. (5-118) or 
(5-119)]. A typical open-loop speed response is shown in Fig. 6- 12. The steady-state 
velocity and the time constant r,,, can be found from the time-resporn;e plot by using the 
cursor. 

In SIMLab, the disturbance torque default value is set to zero. To change an input 
value, simply change its final value. 
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Figure 6-12 Speed response of the open-loop system (SIMLab). 

Now that you have gained insight into the motor speed response, it is time to apply 
your knowledge to test the virtual experiment. Here you have no access to the system 
p,Lramt:ler values. Use the Virtual Lab to test the following: 

7. Apply step inputs of + 5 V, + 15 V, and -10 V. How djfferent are the results from 
Step l? 

8. From the transient and steady-state responses, identify the system model as 
closely as possible. 

Recall that the motor and amplifier have built-in nonlinear effects due to noise, friction, and 
saturation. So, in Step 8, your model may vary for different input values. Distotted values may 
be obtained if the input to the motor is excessive and saturates. Caution must be taken to 
ensure that the motor input is low enough such that this does not happen. Use the mechanical 
time constant and final value of the response in this case to confirm the system parameters 
defined in Section 6-2- l . These parameters are needed to conduct the speed- and position-
control tasks. Fig. 6- 11 shows the Virtual Lab motor speed response to a small step input. The 
friction effect is observed when the motor starts. The noise at steady state may also be 
observed. For higher input magnitudes, the response will saturate. 

6-4-2 Open-Loop Sine Input 
The objective of using open-loop sine input is to investigate the frequency response of the 
motor using both SIMLab and Virtual Lab. 

9. For both SIMLab and Virtual Lab, apply a sine wave with a frequency of 1 rad/sec 
and amplitude of 1 V to the amplifier input, and record both the motor velocity and 
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Figure 6-13 Speed response of lhe open-loop system (Virtual Lab) . 

sine wave input signals. Repeat this experiment for frequencies of 0.2, 0.5, 2.0, 
5.0, 10.0, and 50.0 rad/sec (keeping the sine wave amplitude at l V). 

10. Change the input magnitude to 20 V and repeat Step 9. 

Open Experiment 4: Open Loop Sine Input from the SIMLab or Virtual Lab Experiment 
menu. The input and disturbance blocks and the motor parameters are adjustable in the 
SIMLab model. For the Vi1iual Lab version, the amplitude should below to avoidamplifieror 
armature current saturation. The Simulink model is shown in Fig. 6-14. Double-click on the 
Sine Wave block to modify the properties of the input wave. Amplitude of 1 is a low enough 
value to avoid saturation in this example. In the SIMLab version, the saturation values are 
adjustable to allow you practice with their effect. The SIMLab response for sine input with 
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Figure 6-14 Experiment 4: Simulink model. 
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Figure 6-15 SIMLab time response and gain and phase calculation for input = sin(!). 

magnitude and frequency of 1 is shown in Fig. 6-15. You may also try adding dead zone and 
backlash to your motor block to test their effects (these functions are available in the Simulink 
Library Browser, briefly discussed at the end of Section 6-5). For a sine input of magnitude 
20 V, the Virtual Lab system exhibits saturation as shown in Fig. 6-16. 

10 

Figure 6-16 Virtual Lab time response and gain and phase calculation for input = 20 sin(t). 
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6-4-3 Speed Control 

The frequency of the sine wave will dictate the gain and phase of the response curve. 
There is a Gain and Phase Calculator in the Experiment 4 control window. To measure 
the magnitude and phase of the steady-state response, enter a frequency of 1 rad/sec 
in the edit block. Entering the input frequency and clicking on Calculate displays the 
gain and phase of the system (see Fig. 6-15). Using the Gain and Phase Calculator, you 
can record the gain and phase of the response . Repeat with other input frequencies, and 
discuss any trends. 

Having simulated the open-loop motor characteristics in previous sections, we can 
now extend the model to include velocity feedback from the motor and use a pro-
portional controller. Assume that the motor velocity is measured using a sensor 
that provides 1 V/rad/sec . The block diagram that you should be modeling is shown 
in Fig. 6-2. For proportional gains of 1, 10, and 100, perform the following tests using 
SIMLab: 

11. Apply step inputs of + 5 V, + 15 V, and -10 V (try de motor alone; no gear head or 
load applied in this case). 

12. Repeat Step 11 using additional load inertia at the output shaft of the gear head 
(gear ratio 5.2: 1) of 0.05 kg-m2 (requires adjustment of the J value in SIMLab 
motor parameter block). 

13. Apply the same viscous friction to the output shaft as obtained in Step 4 in Section 
6-4-1, and observe the effect of the closed-loop control. By how much does the 
speed change? 

14. Repeat Step 5 in Section 6-4-1, and compare the results . 

Open Experiment 1: Speed Control from the SIMLab menu window. A screen similar to 
Fig. 6-5 will be displayed. Next, select the Enter Model Parameters button to get the 
system Simulink model, as shown in Fig. 6-17. This figure is a simple Pill speed-control 
model. Double-clicking on the PIO block displays the editable PIO values. The values of 
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Figure 6-17 Experiment I : Sirnulink model. 
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Figure 6-18 Speed-control response in the STMLab control window. 

the step-input and the disturbance-torque blocks may also be adjusted. The disturbance-
torque default value is set to zero. To change an input value, simply change the number in 
the final value field. 

Increasing the propo11ional gai[l in Lht:: PID block will decrease the rise time. For an 
unsaturated model, the SIMLab version of this experiment could exhibit extremely fast rise 
times at very high proportional gains, because the de motor can util ize unlimited voltage 
and current levels. To create this effect in software, right-click the de motor block, and 
select Look under Mask to obtain the motor model similar to Fig. 6- l l. Double-click both 
the voltage and current blocks and adjust their values to very large (or delete their blocks). 
Recall from Section 6-4-1 that the default saturation limits are ± 10 V and ±4 A, 
respectively. Fig. 6-18 displays a typical speed response from the SIMLab. 

For a given input to change the proportional gain values, enter the following sets of 
PID values and print all three plots on the same figure ( use the Print to Figure button and the 
Reuse Axes checkbox in the experiment control panel). 

P = l 
p = 10 
P = 100 

I = O 
1 = 0 
I = O 

D = 0 
D = 0 
D =0 

The input units used in these simulations are specified in volts, while the feedback units 
at the motor are in radians per second. This was done intentionally to illustrate the scaling 
(or cmwersion) that is pe1formed by the sensor. Had the velocity been specified in volts 
per radians per second, a different response would have been obtained. To check the effect 
of the velocity feedback scaling, repeat the preceding experiments using a propmtional 
gain of 10, but assume that the velocity feedback signal is a voltage generated by a sensor 
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6-4-4 Position Control 

with a conversion factor of 0.2 V /rad/sec. (Note: in commonly used industry standards, the 
tachometer gain is in volts per RPM.) 

Next, for the Virtual Lab, test the following: 

15. Apply step inputs of +5 V, + 15 V, and-10 V. How different are the results from 
the SIMLab? 

You may again confirm the system parameters obtained in Section 6-4-1. 

Next, investigate the closed-loop position response; choose Experiment 2: Position Control 
from the Experiment menu. For proportional gains of 1, 10, and I 00 (requires modification 
of PID block parameters), perform the following tests using SIMLab: 

16. For the motor alone, apply a 160° step input. How large is the error when the 
system reaches steady state? 

17. Apply a step disturbance torque (-0.1) and repeat Step 16. Estimate the distur-
bance-torque gain based on your observations. 

18. Eliminate the disturbance torque and repeat Step 16, using additional load inertia 
at the output shaft of 0.05 kg-m2 and the gear ratio 5.2: 1 (requires modification of 
Jm and B in the motor parameters). What can be said about the effect of the 
increased load on the system perfonnance? 

19. Using the disturbance torque in Step 17, examine the effect of integral control by 
modifying the Simulink PID block. Choose several different integral gain values, 
and compare the time response for a constant proportional gain. Select the Reuse 
Axes checkbox, and plot the different simulation results in an external figure for 
comparison. 

20. How does an increase in J affect the system with a PI controller? Compare the 
transient and steady-state response. 

21. Examine the effect of voltage and current saturation blocks (requires modification 
of the saturation blocks in the motor model). 

22. Design a Pl controller that will give a 30% overshoot and a rise time of 0.1 
seconds. What is the maximum step input amplitude that will meet these 
calculati.:<l requirements (i.e., not cause the amplifier to saturate), given the default 
current and voltage saturation limits of ±4 A and ± 10 V, respectively. 

23. In all previous cases, comment on the validity of Eq. (5-126).2 

Open Experiment 2: Position Control from the SIMLab Experiment menu. A screen 
similar to Fig. 6-5 will be displayed. Next, select Enter Model Parameters to get the 
system Simulink model, as shown in Fig. 6-19. This model represents a simple PID 
position-control system. Double-clicking on the PID block allows you to edit the PID 
gain values. The Deg to Rad and Rad to Deg gain blocks convert the input and the output 
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Figure 6-19 Experiment 2: Position Control Simulink model. 

such that the user enters inputs and receives outputs in degrees only. The values of the 
step-input and the disturbance-torque blocks are also adjustable. The disturbance-torque 
default value is set to zero. To change an input value, double-click on the relevant block 
and change the number in the final value field . Fig. 6-20 displays a typical position 
response from the SIMLab. 
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Figure 6-20 Position response in the Experiment 2 control window. 
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The position time response is also animated when the simulation is run. This is a useful 
tool that gives the user a physical sense of how a real motor turns. The time, input-angle, 
and output-angle values are displayed on the animation field, as shown in Fig. 6-20. 

The nonlinearities due to voltage and current limits cause the time response to saturate 
at a high enough proportional gain. The maximum speed and acceleration of the de motor 
are dictated by the voltage and current saturation limits. 

24. For proportional gains of 1, 10, and 100 (requires modification of PID block 
parameters), repeat Steps 16 and 19 using Virtual Lab. 

6-5 DESIGN PROJECT 1-ROBOTIC ARM 
The primary goal of this section is to help you gain experience in applying your control 
knowledge to a practical problem. You are encouraged to apply the methods that you have 
learned throughout this book, particularly in Chapter 5 and later on in Chapter 9, to design a 
controller for your system. The animation tools provided make this experience more 
realistic. The project may be more exciting if it is conducted by teams on a competitive 
basis. The SlMLab and Virtual Lab software are designed to provide enough flexibility to 
test various scenarios . The SIMLab, in particular, allows introduction of a disturbance 
function or changes of the system parameters if necessary. 
Description of the Project: Consider the system in Fig. 6-21. The system is composed of 
the de motor used throughout this chapter. We connect a rigid beam to the motor shaft to 
create a simple robotic system conducting a pick-and-place operation. A solid disk is 
attached to the end of the beam through a magnetic device (e.g., a solenoid). If the magnet 
is on, the disk will stick to the beam, and when the magnet is turned off, the disk is released. 
Objective: The objective is to drop the disk into a hole as fast as possible. The hole is 1 in. 
(25.4 mm) below the disk (see Fig. 6-22) . 
Design Criteria: The arm is required to move in only one direction from the initial 
position. The hole location may be anywhere within an angular range of 20° to 180° from 
the initial position. The arm may not overshoot the desired position by more than 5° . 

Figure 6-21 Control of a simple robotic arm and a payload. 
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Figure 6-22 Side view of the robot arm. 
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Electromagnet 
Metal puck 

A tolerance of ±2% is acceptable (settling time). These criteria may easily be altered to 
create a new scenario. 

The objective may be met by looking at the settling time as a key design criterion. 
However, you may make the design challenge more interesting by introducing other design 
constraints such as the percent overshoot and rise time. In SlMLab, you can also introduce 
a disturbance torque to alter the final value properties of the system. The Virtual Lab system 
contains nonlinear effects that make the controller design more challenging. You may try to 
confirm the system model parameters first, from earlier experiments. It is highly recom-
mended that you do the design project only after fully appreciating the earlier experiments 
in this chapter and after understanding Chapter 5. Have fun! 

This experiment is similar to the position-control experiment in some respects. The 
idea of this experiment is to get a metal object attached to a robot arm by an electromagnet 
from position 0° to a specified angular position with a specified overshoot and minimum 
overall time. 

Select Experiment 5: Control System Design from the SIMLab Experiment menu. A 
screen similar to Fig. 6-5 will be displayed. Next, select Enter Model Parameters to get the 
system Simulink model, as shown in Fig. 6-23. As in Section 6-4-1 , this figure represents a 
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Figure 6-23 Experiment 5: Simulink model. 
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Figure 6-24 Parameter window for the electromagnet control. 

simple PID position-control model with the same functionalities. The added feature in this 
model is the electromagnetic control. By double-clicking the Electromagnet Control block, 
a parameter window pops up, as in Fig. 6-24, which allows the user to adjust the drop-off 
payload location and the time delay (in seconds) to turn the magnet off after reaching the 
target. This feature is particularly usefol if the response overshoots and passes through 
the target more than once. So, in Fig. 6-24, the " Drop position angle" is the angle where the 
electromagnet turns off, dropping the payload. "Start to wait for drop position at time" 
refers to the time where the position trigger starts to wait for the position specified by 
" Drop position angle." 

An important note to remember is that in the Virtual Lab the electromagnet will never 
drop the object exactly where it is specified. Because any electromagnet has residual 
magnetism even after the cmTent stops flowing, the magnet holds on for a short time after 
the trigger is tripped. A time response of the system for proportional gain and derivative 
gain of 3 and 0.05, respectively, is shown in Fig. 6-25. 
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Figure 6-25 PosiLion response for Experiment 5. 
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The model response is also animated. This feature makes the problem more realistic. 
The puck has overshot the hole in this case. The drop angle and drop time are displayed on 
the time-response plot. Note that. in this case. the magnet drop-off takes place prematurely. 
As a result, the payload has been released earlier and is not on target! In SlMLab, it is 
possible to change the dimensions of the experiment setup. Choose Modify Puck Drop 
Setup from the SIMLab Tools menu to adjust the height of the drop and the length of the 
arm, and change your controller design accordingly. 

6-6 DESIGN PROJECT 2-0UARTER-CAR MODEL 
6-&R 1 Introduction to the Quarter-Car Model 

After studying position and velocity control of the de motor in the preceding sections of 
this chapter, you are now well acquainted with the use of the A CSYS tools and Simulink 
and their applications in the study of controls. 

In this section a simple one degree of freedom quarter-car model. as shown in Fig. 6-26 
(c) is presented for studying base excitation response (i.e., road transmitted effects). The 
objective here is to control the resulting displacement or acceleration of the mass of 
the system-which is reflective of the chassis of the car. This study follows the modeling 
exercise that was discussed in Example 4-11-3. 

As discussed in Chapter 4, there are various representations of a quarter-car system, 
as illustrated in Fig. 6-26, where a two degree of freedom (2-DoF) system in Fig. 6-26(b) 
takes into account the damping and elastic properties of the tire, shown in Fig. 6-26(a). 
However, for simplicity, it is customary to ignore tire dynamics and assume a 1-DoF model 
as shown in Fig. 6-26(c). Hence, for the duration of this design project, we will assume a 
rigid wheel. 

We further assume hereafter the following parameter values for the system illustrated 
in Fig. 6-26(c): 

111 Effective 1/4 car mass 10 kg 
k Effective stiffness 2,7135 N/m 
C Effective damping 0.9135 N-rn/s· 1 

x(t) Absolute displacement of the mass m m 
y(t} Absolute displacement of the base m 
=(!) Relative displacement (x(t}-y(t)) m 
a(t) Base acceleration y(t) rn/s2 

Recall from Eq. (4-324) that the open loop response of the system to a base acceleration 
a(t) has a transfer function: 

Z(s) -I 
A (s) = s2 + 2l;wns + w; (6-1) 

where the base acceleration A(s) is the input and relative displacement, Z(s), is the output. 
Let us next consider the active control suspension system and use the same de motor 

described ill Section 6-2 used in conjunction with a rack as shown in Fig. 6-27. In this case, 
Tis the torque produced by the motor with shaft position 0, and r is the radius of the motor 
drive gear. 
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Figure 6-27 Active control of the 1-DOF model via a de motor and rack. 

Recall from Example 4-I 1-3 that the block diagram in Fig. 6-28 represents the open 
loop system with no base excitation, where J = mr2 + J,,, , B = cr2 + Bm, and K = kr2. 
Using superposition, this system is rearranged to the following form: 

K111r 

Z(s) Ra V ( , 

(
L ) K K as) 
_!!_ s + I (Js2 + Bs + K) + .....!!.!..__}}s 
Ra Ra 

( La ) -s + 1 r 
Ra nzrA(s) 

(
La ) ( ? KmKh _:_ s + I l s- + Bs + K) +--s K, Ra 

(6-2) 

mrA(s) 

Vc,(s) E(s) 
Km r Z(s) 

+ L,iS+ R., 
Js2+Bs +K 

Vis) 

Figure 6-28 Block diagram of an armature-controlled de motor. 
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V;,,(S) Z(,) 

Figure 6-29 Block diagram of a position-control, armature-controlled de motor. 

Again, as in previous sections, we assume the motor electric-time constant is insig11ificant 
relative to the mechanical-time constant, Eq. 6-2 and is reduced to 

mr2 

Z(s) = Ral Va(s) - J A(s) (6-3) 
2 BRa + KmKb K 2 BRa + KmKb K 

s + KJ s + J s + Raf s + J 
For simplicity, Eq. (6-3) is written as Z(s) = Geq1(s)V,i(s)- G,,q2(s)A(s). The position control 
block diagram in Fig. 6-29 illustrates the feedback of relative position, Z(s), where K., is the 
sensor gain, with units V/m. In this application, the sensor is a linear variable differential 
transformer (LVDT), which transforms the displacement z(t) between the base y(t) and 
mass x{t) to voltage. The goal of position control in this scenario is not to create offset as in 
the previous lab, where a robot arm is given the command signal to displace a metal puck, 
but rather to reject the so-called disturbance input. Hence the command voltage, or set 
point, V;n(s) = 0 V. 

Setting E(s) = 0- Ks Z(s) , the block diagram represented in Fig. 6-29 can be reduced to 
an input-output relation of Y(s) and Z(s), where the simplified closed-loop system is 
represented in Fig. 6-30: 

6-6-2 Closed-loop Acceleration Control 

Z(s) 
- A(s) 

mr2 

J (6-4) 

Relative position control is a familiar way to introduce the control of the quarter-car model; 
however, the vehicle operator cannot really sense displacement except perhaps by 
comparing their height to fixed objects. If you have ever driven a car too quickly over 

-A(s) J 
+ 

KmKampK, 
mrRa 

Z(s) 

Figure 6-30 Simplified block diagram of the quatter-car de motor position control. 
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Figure 6-31 Simplified block 
diagram of the quarter-car relative 
acceleration control. 

a sharp rise and fall of the road, you can feel the effect of acceleration in your stomach. 
Thus, it is more desirable to control the acceleration because the ultimate goal of 
the suspension system is to improve ride and driving performance. The block diagram 
in Fig. 6-30 can be modified to control the relative acceleration of the system. 

The second derivative of the forward-path transfer function yields the acceleration 
control system in Fig. 6-31. The input-output relation is as follows: ., 

nu· 
i(s) - s2 = J 

- A(s) 2 BRa + KmKb !5_ KmKampKsr G 2 
S + Raf S + J + Ral cS 

(6-5) 

As described above, the position control system used an LVDT to provide the feedback. 
Just as the LVDT measures relative displacement, two accelerometers can be used to 
measure both x(t) and ji(t), where z(t) = i(t) - ji(t). Thus, to control the relative 
acceleration of the mass, two accelerometers with gain Ks are fixed to the mass and 
base to provide the relative acceleration feedback. 

It is also of interest to control the absolute acceleration of the mass rn. The closed-loop 
system is determined by reconfiguring Fig. 6-29 to yield absolute acceleration from the 
relation X(s) = Z(s) + A(s) where Z(s) and X(s) are the Laplace transforms of z(t) and 
i(t) , respectively. 

The block diagram in Fig. 6-32(a) is simplified to the closed-loop form in Fig. 6-32(b) 
to obtain the input-output relation 

X(s) 
A(s) 

(
l _ m?)s2 +BRa + KmK1, s + K 

J Ral ' J 
(6-6) 

Note that, in the case of the systems represented by Eq. (6-5) and Eq. (6-6), implementing a 
compensator will lead to a higher-order transfer function. In this case, designing in the time 
domain may require that the systems be approximated by lower-order systems, as 
demonstrated in Chapter 5. Also see Chapter 9, where the controller design topics are 
studied in more detail. 

6-6-3 Description of Quarter Car Modeling Tool 
The Quarter Car Modeling Tool allows the students to implement the familiar de motor and 
amplitier described in Section 6-2-1 and conduct experiments to observe its effect on a new, 
slightly more complex system. Designing a controller for a vehicle suspension system 
requires studying its performance under the influence of different inputs, such as driving 
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Figure 6-32 Block diagram of the absolute acceleration control system. 

over a curb or speed bump. This tool also incorporates nonlinear effects, such as backlash 
and saturation in the Virtual Lab component. All of these features are available in one 
simple window, which automatically controls the Simulink model. 

To start the program, click on Quarter Car Sim on the ACSYS applet. This launches 
both a Simulink model file (Fig. 6-33) and MATLAB graphical user interface, to be used as 

P•.t11~ til------- ~-- -

~-. 1. ( , 1· , . -

ToC :11 JSl1T1GUI 

Coonp,,.uto1 

Figure 6-33 Quarter Car Modeling Tool top-level Simulink model. 
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Figure 6-34 Quarter Car Modeling Tool control window. 

the control panel (Fig. 6-34). There is very little need to access the Simulink model, other 
than to reference the model or to moclify the simulation parameters. 

From the control window, clicking on Model Parameters brings up a window (Fig. 6-35) 
from which you can modify the parameters of the de motor, amplifier, sensor gains, and of 
course the quarter-car model. Parameters from the workspace or a .mat file may be selected in 
the left IMPORT frame and then assigned to the selected model parameters in the right 
MODEL frame. Model settings may be saved to, or loaded from, .mat files. Clicking on 
Defaults assigns the default values to the parameters. Click Apply to implement your changes 
or Close to cancel. 

Selecting Control Parameters calls a window (Fig. 6-36) used to configure the 
compensator command signal in the left frame and the compensator in the right pane. 
There are a number of inputs to select from: step, impulse, sin, rounded pulse, rounded step, 
and random. The compensator frame allows the user to select the sensor output to be used 
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Figure 6-35 Model Parameters window. 
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Figure 6-36 Control Parameters window. 

as feedback. Also, PID gains are specified in array format, and any existing transfer 
function object may be selected from the workspace for use as a controller via the 
dropdown menu. The MATLAB SISO Design Tool may be activated, with the appropriate 
system transfer functions automatically loaded, using the SISOTool button. Click Apply to 
implement your changes or Close to cancel. 

The closed-loop transfer functions of the system are displayed in the top right comer. 
The various transfer functions of the fonn displayed in Fig. 6-37 can be selected from the 
popup menu. 

Once the model aml controller parameters are specified, the system is ready for 
simulation. Click on Simulate Response to begin the simulation. This will start the 
animation and plot the data on the upper and lower graphs. At the top right corner of 
both the upper and lower axes, pressing the Setup Axes button will display a small control 
menu that is used to select which data are to be displayed on the graph. Note that the control 
menus may be dragged off the axes by clicking and dragging the top bar or closed by 
clicking the X in the top right corner. Click on Stop Simulation to stop the animation and 
simulation. Below the progress bar is a popup menu, which allows the user to toggle to 
different experiment modes. The active suspension system is the de motor-controlled 
system from Fig. 6-27. The passive suspension system operates as a spring and damper, 
without the added control of the de motor. 

To store the input/output plots on a new figure, click Print to Figure. The zoom control 
and cursor buttons appear at the bottom right comer of the display panel, as seen in Fig. 6-38. 

A(s) 

Figure 6-37 Closed-loop transfer functions . 
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Figure 6-38 A view of the axes controls. 

6-6-4 Passive Suspension 
The following experiments explore the response of the open-loop qua1ter-car model. 
Studying the response of the passive system is essential to understanding the effect of 
various inputs on the quality of the vehicle's ride and is necessary for appreciating the 
effect of adding compensators to actively control the suspension system. Run the following 
tests in order: 

1. Set the simulation mode to Passive Suspension and set up the top axes to display 
)i(t). To accomplish this, click on Setup Axes, choose Acceleration from the 
dropdown menu, and click the checkbox labeled " y." Using the same method, 
configure the bottom axes to di splay z(t) . Click on Control Parameters, and select 
a step input with amplitude 0.0 l m/s2 and step time O seconds. There is no need to 
configure the compensator since it is not used in a passive system. Click Simulate 
Response . When finished, the result will appear similar to the window displayed in 
Fig. 6-39. Note the shape of the road profile y(t) as well as z(t) and x(t). This data 
can be accessed in the Setup Axes menu for either axis. Repeat this procedure for 
O. l and 1 m/s2 input. 

2. Experiment with the stiffness and damping of the system by clicking Model 
Parameters and changing the stiffness, k, from the default 2.17 N/111 to 10 Nim. 
With a step input of 0.01 m/s2, and the lower axes configured to display z( t), what 
is the frequency of the oscillatory response? This is the damped frequency of the 
system using default parameters (w,1) . How does the period of oscillation compare 
to the value that was observed in Step 1" Open the Setup Axes menu for the lower 
axes and click the Print to Figure button. This will plot the data on the axes to an 
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Figure 6-39 Passive system response to a step input. 

external figure. Repeat the simulation several more times, gradually reducing the 
damping (variable c in the Model Parameters control window). The frequency of 
the oscillation when c is reduced to O is the natural frequency of the system (wn)-
Select the checkbox labeled Reuse Axes, and click Pri11 L tu Figure to plot data 
from a new simulation in the same external figure. This is useful for comparison. 

3. Set the system parameters to the default settings (click Model Parameters, then 
Defaul ts, then Apply) . Study the effect of a sinusoidal input (washboard bumps) 
on the response of the system. Select an amplitude of 0.01 rn/s2 and vary the 
frequency from 5 rad/s to 0.1 rad/s. What happens to the amplitude of relative 
displacement at the damped natural frequency, cvd, measured in Step 2? 

4. Now try using the rounded step input with ampli tude 0.1 m and duration 0.01 
seconds. This input function simulates driving the quarter-car model over a curb. 
Calculate values of c such that the system is underdamped (t = 0.1), critically 
damped ({ = 1 ), and overdamped (s = 1.5), and observe the response for each case. 

5. Repeat Step 4 using the unidirectional rounded pulse (URP) input (ampli tude 
0.1 m, duration 0.01 set:unds). This emulates driving over a pothole if given 
amplitude less than zero, or a speed bump if the amplitude is positive. 

6-6-5 Closed-Loop Relative Position Control 
Now set the simulation mode to active suspension by selecting Active Suspension from the 
control panel dropdown menu or from the Experiment menu. This activates the feedback 
control system as defined in the Control Parameters window. Relative position control 
is the control of z(t) = x(t) - y(t); thus, set the Feedback popup menu to z. The set point is 
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Figure 6-40 Relative Position Time Response plot. 

Vin(t) = 0 V, where feedback gain is/(,= 1 V/m. In this section, both a PD and phase-lag 
controller wiII be implemented. 

6. Click on Control Parameters and select a slep ilislurbam;e 1 m/s2 aml step Lime O sec-
onds; feedback z, PID :::: [ 1 0 OJ. Simulate the response. What is the steady-state error? 

mr1 
Apply the final value theorem to Z(s()) = J 

-A s 2 BRa + KnrKb K KmKampK.tr G 
.'f + Raf S + J + R

0
J ,. 

Do the values correspond? Validate the observed overshoot and rise time using the 
time-domain analysis techniques introduced in Chapter 5. 

7. What value of Kp (PID = [Kp O 0]) will yield a steady-state error less than 5 mm? 
This will require a gain much higher than 1. To reduce the need for trial and error, 
click SIS0Tool in the Control Parameters window and increase the gain while 
observing the LTI Viewer step response. What happens to the system overshoot at 
this gain? Does this match your calculations? 

8. Increase the derivative gain in steps from O to 22, keeping the proportional gain 
that was found in Step 7, and observe the effect of adding derivative gain. Again, 
validate these results using time-domain analysis techniques. Plot successive trials 
to an external figure for comparison, a,;; in Fig. 6-40. 

9. Design four phase-lead compensators with sufficient gain KP to meet the steady-
state error requirement as specified in Step 7 and with phase margins 'Pm, of 10, 30, 
40, and 60°. Compare the optimized response with the PD response. 

10. Test your controller's response to the inputs applied in Steps 3, 4, and 5. 

6-6-6 Closed-Loop Acceleration Control 
As mentioned previously, it is preferable to control the acceleration of the mass m, because 
it is the acceleration of the vehicle that affects the comfort of the ride. Set the simulation 
mode to Active Suspension. and set the feedback to z in Control Parameters. This causes 
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Figure 6-41 The Controller Parameters window. 

the relative acceleration, z(t) , with gain K.. = 1 V/m/s2 to be compared with the set point 
V;n(t) = OV. 

11. In the Control Parameters window, change the PID gains to PID = [5 0 OJ, and 
click SISOTool to apply the changes and launch the SISO Design Tool. Use the 
LTI Viewer to monitor the step response while tweaking the gain. What gain 
achieves the smallest rise time? Test this gain on the actual controller, clicking on 
Print to Figure in the Setup Axes menu to save the results for comparison. 

12. f)esign a phase-lag compensator, with gain K = 5 and a>~ = 0.1 rad/s. Once the 
compensator is designed, implement it by using the following MATLAB script: 

K = 5, a = 0.1442, T = 231.1996 
PhaseLag = tf([a*T 1] , [T 1]) 

This creates a transfer function object in the workspace. Now click on Control Parameters 
and select PhaseLag as the compensator in the Compensator TF dropdown and enter K as 
the proportional gain (Fig. 6-41). Any transfer function object created in the MATLAB 
workspace is accessible in this menu and can be used in place of the PID controller Gc(s). 
Compare the step response to the response in Step 11. Try designing various phase-lag 
controllers as per Section 9-6-2 and compare the results. 

13. Repeat Steps 11 and 12 using absolute acceleration as the feedback (Feedback = 
x). For the phase-lag compensator, try K = 5 and w~ - 0.1 rad/s. 

14. Test the controllers designed in the last few steps with various inputs such as 
sinusoidal, rounded step, and rounded pulse. 

In this chapter, we described the SIMLab and Virtual Lab software to improve your understanding of 
control and to provide a better practical appreciation of the subject. We discussed that, in a realistic 
system including an actuator (e.g., a de motor) and mechanical (gears) and electrical components 
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PROBLEMS 

(amplifiers). issues such as saturation of the amplifier, friction in the motor, or backlash in gears will 
seriously affect the controller design. This chapter focused on problems involving de motors 
including modeling, system identification, and controller design. We pre.o,ented experiment., on 
speed and position control of de motors. followed by two controller design projects involving control 
of a simple robotic system and control of a single degree of freedom quarter-car model. The focus on 
de motors in these experiments was intentional, because of their simplicity and wide use in industrial 
applications. Note that, in the design projects. aside from the speed and position control topics, other 
controllers such as PID and lead/lag were also discussed. You may wish to visit Chapter 9 to become 
more acquainted with these topics. 

l. F. Golnaraghi, .. ENSC 383 Laboratory Experiment;· Simon Fraser University, Mechatronic Systems 
Engineering Program, British Columbia. Canada, Lab Manual. 2008. 

6-1. Create a model of the motor shown in Fig. 5-25. Use the following parameter values: Jm = 
0.0004 kg-m2

; B = 0.001 Nm/rad/sec, R" = 2 n. L., = 0.008 H, Km =: 0.1 Nm/ A, and Kb = 0.1 V /rad/ 
sec. Assume that the load torque TL is zero. Apply a 5-V step input to the motor, and record the motor 
speed and the current drawn by the motor (requires modification of SIMLab blocks by making current 
the output) for 10 sec following the step input. 
(a) What is the steady-state speed? 
(b) How long does it take the motor to reach 63% of its steady-state speed? 
(c) How long does it take the motor to reach 75% of its steady-state speed'! 
(d) What is the maximum current drawn by the motor? 

6-2. Set the viscous friction B to zero in Problem 6-1. Apply a 5-V step input to the motor, and 
record the motor speed and current for 10 sec following the step input. What is the steady-state speed? 
(a) How long does it take the motor to reach 63% of its steady-state speed? 
(b) How long does it take the motor to reach 75% of its steady-state speed? 
(c) What is the maximum current drawn by the motor? 
(d) What is the steady-state speed when the applied voltage is IO V? 

6-3. Set the armature inductance 41 to zero in Problem 6-2. Apply a 5-V step input to the motor, and 
record the motor speed and current drawn by the motor for 10 sec following the step input. 
(a) What is the steady-state speed? 
(b) How long does it take the motor to reach 63% of its steady-state speed? 
(c) How long does it take the motor to reach 75% of its steady-state speed? 
(d) What is the maximum current drawn by the motor? 
(e) If J111 is increased by a factor of 2, how long does it take the motor to reach 63% of its steady-state 
speed following a 5-V step voltage input? 
(f) If Jm is increased by a factor of 2, how long does it take the motor to reach 75% of its steady-state 
speed following a 5-V step voltage input? 

6-4. Repeat Problems 6-1 through 6-3, and assume the load torque TL= -0.1 N-m (don't forget the 
minus sign) starting after 0.5 sec (requires change of the disturbance block parameters in SIMLab). 
(a) How does the steady-state speed change once TL is added? 
(b) How long does it take the motor to reach 63% of its new steady-state speed'! 
(c) How long does it take the motor to reach 75% of its new steady-state speed? 
(d) What is the maximum current drawn by the motor'? 
(e) Increase hand further discuss its effect on the speed response. 
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6-5. Repeat Problems 6-1 through 6-3. and assume the load torque TL= -0.2 N-m (don't forget the 
minus sign) starting after I sec (requires change of the disturbance block parameters in SIMLab). 
(a) How does the steady-state speed change once TL is added? 
(b) How long does it take the motor to reach 63% of its new steady•state speed? 
(c) How long does it take the motor to reach 75% of its new steady-state speed? 
(d) What is the maximum current drawn by the motor? 
(e) Increase TL and further discuss its effect on the speed response. 

6-6. For the system in Fig. 6-1. use the parameters for Problem 6-1 (but set Lu = 0) and an amplifier 
gain of 2 to drive the motor (ignore the amplifier voltage and current limitations for the time being). 
What is the steady-state speed when the amplifier input voltage is 5 V? 

6-7. Modify the model in Problem 6-6 by adding a proportional controller with a gain of KP== 0.1. 
apply a IO rad/sec step input, and record the motor speed and current for 2 sec following the step 
input. 
(a) What is the steady-state speed? 
{b) How long does it take the motor to reach 63% of its steady-state speed'? 
(c) How long does it take the motor to reach 75% of its steady-state speed? 
(d) What is the maximum current drawn by the motor? 

6-8. Change Kp to 1.0 in Problem 6-7. apply a 10 rad/sec step input, and record the motor speed and 
current for 2 sec following the step input. 
(a) What is the steady-state speed? 
(b) How long does it take for the motor to reach 63% of its steadyftstate speed? 
{c) How long does it take for the motor to reach 75% of its steady-state speed'? 
(d) What is the maximum current drawn by the motor? 
(e) How does increasing Kp affect the response (with and without saturation effect in the SIMLab 
model)? 

6-9. Repeat Problem 6-7, and assume the load torque TL= -0.1 N-m starting after 0.5 sec (requires 
change of the disturbance block parameters in SIMLab). 
(a) How does the steady-state speed change once T1, is added? 
(b) How long does it take the motor to reach 63% of its new steady-state speed? 
(c) How long does it take the motor to reach 75% of its new steady-state speed? 
6-10. Repeat Problem 6-7, and assume the load torque TL= -0.2 N-m starting after l sec (requires 
change of the disturbance block parameters in SIMLab). 
(a) How does the steady-state speed change once TL is added? 
(b) How long does it take the motor to reach 63% of its new steady-state speed? 
(c) How long does it take the motor to reach 75% of its new steady~state speed? 
6-11. Insert a velocity sensor Lransfer function K,s in the feedback loop, where K_, = 0.2 V/rad/sec 
(requires adjustment of the SIMLab model). Apply a 2 rad/sec step input, and record the motor speed 
and current for 0.5 sec following the step input. Find the value of Kp that gives the same result as in 
Problem 6-7. 

6· 12. For the system in Fig. 6-3, select K,J = 1.0, apply a 1 rad step input, and record the motor 
position for 1 sec. Use the same motor parameters as in Problem 5 .. 1. 
(a} What is the steady-state position? 
{b) What is the maximum rotation? 
(c) At what time after the step does the maximum occur? 

6-13. Change KP to 2.0 in Problem 6~ 12. apply a 1 rad step input, and record the motor position for 
1 sec. 
(a) At what time after the step does the maximum occur? 
{b) What is the maximum rotation? 
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6-14. Using the SIMLab, investigate the closed-loop position response using a proportional 
controller. For a position-control case, use proportional controller gains of 0.1, 0.2, 0.5, 1.0, and 
2.0; record the step response for a 1 rad change at the output shaft; and estimate what you consider to 
be the best value for the proportional gain. Use the same motor parameters as in Problem 6-1. 
6 .. ts. Using the SIMLab, investigate the closed-loop position response using a PD controller. 
Modify the controller used in Problem 6-14 by adding derivative action to the proportional controller. 
Using the best value you obtained for K,,. try various values for KDt and record the step response in 
each case. 

6-16. Repeat Problem 6-15 and assume a disturbance torque T/J = -0.l N-m in addition to the step 
input of I rad (requires change of the disturbance block parameters in SIMLab). 

6-17. Repeat Problem 6-15 and assume a disturbance torque Tn = -0.2 N-m in addition to the step 
input of 1 rad (requires change of the disturbance block parameters in SIMLab). 

6-18. Use the SIMLab and parameter values of Problem 6-1 to design a PID controller that 
eliminates the effect of the disturbance torque, with a percent overshoot of 4.3. 

6-19. Use the SIMLab and parameter values of Problem 6-1 to design a PID controller that 
eliminates the effect of the disturbance torque. with a percent overshoot of 2.8. 
6-20. Investigate the frequency response of the motor using the Virtual Lab Tool. Apply a sine wave 
with a frequencyofO.l Hz (don't forget: 1 Hz= 21r rad/sec) and amplitude of 1 V the amplifier input, 
and record both the motor velocity and sine wave input signals. Repeat this experiment for 
frequencies of 0.2, 0.5. 1.0, 2.0, 5.0, 10.0, and 50.0 Hz (keeping the sine wave amplitude at 1 V). 

6-21. Using the Virtual Lab Tool, investigate the closed-loop motor speed response using a 
proportional controller. Record the closed-loop response of the motor velocity to a step input of 
2 rad/sec for proportional gains of 0.1, 0.2, 0.4, and 0.8. What is the effect of the gain on the steady-
state velocity? 

6-22. Using the Virtual Lab Tool, investigate the closed-loop position response using a proportional 
controller. For a position-control case, use proportional controller gains of 0.1, 0.2, 0.5, 1.0, and 2.0; 
record the step response for a 1 rad change at the output shaft; and estimate what you consider to be 
the best value for the proportional gain. 

6-23. Using the Virtual Lab Tool, investigate the closed-loop position response using a PD 
controller. Modify the controller used in Problem 6-15 by adding derivative action to the proportional 
controller. Using the best value you obtained for K,.,. try various values for KD, and record the step 
response in each case. 

6-24. In Design Project 2 in Section 6-7, use the CarSim tool to investigate the effects of controlling 
acceleration X on relative motion (or bounce) Zand vice versa. 
(a) Use a PD controller in your investigation. 
(b) Use a PI controller in your investigation. 
(c) Use a PID controller in your investigation. 

6-25. Using the Quarter Car Modeling Tool controlling, 
(a) Set the simulation mode to "Passive Suspension" and set up the top axes to display y(t). Select a 
step input with amplitude 0.02 m/s2 and step time O seconds. Plot the response. Repeat this procedure 
for 0.2 and 0.5 m/s2inputs~ Compare the results. 
{b) Change the stiffness, k, to 15 N/m. With a step input of0.02 m/s2 and the lower axes configured to 
display z(t), what is the frequency of the oscillatory response? This is the damped frequency of the 
system using default parameters (cud). How does the period of oscillation compare to the value that 
was observed in part (a)? Repeat the simulation several more times. gradually reducing the damping 
(variable c in the Model Parameters control window) to find the natural frequency of the system (w"). 
(c) Obtain the effect of washboard bumps with an amplitude of 0.02 m/s2 on the response of the 
system. Vary the frequency from 10 rad/s to 0.1 rad/s. What happens to the amplitude of relative 
displacement at the damped natural frequency, wd, measured in part (b)? 



Problems ·: 371 

(d) Simulate driving the quarter-car model over a curb by using the rounded step input with 
amplitude 0.2 m and duration 0.02 seconds. Calculate values of c such that the system is under-
damped (?: = 0.25). critically damped(?:= 1), and overdamped (?: = 2.5) and observe the response for 
each case. 
(e) Repeat part (d) using the unidirectional rounded pulse (URP) input (amplitude 0.2 m, duration 
0.02 seconds). 
(t) Add a step disturbance of 2 m/s2 and step time of O seconds; feedback z, PIO = [ I O O]. Simulate 
the response. Find the steady-state error by simulation and by applying the final-value theorem. 
Compare the results. Validate the observed overshoot and rise time using the time domain analysis. 
(g) What value of KP (PIO= [Kp O 01) will yield a steady-state error less than 4 mm? What happens to 
the system overshoot at this gain? Does this match your calculations? 
(h) Increase the derivative gain in steps from Oto 50, keeping the proportional gain that was found in 
part (g). and observe the effect of adding derivative gain. Again, validate these results using time 
domain analysis techniques. Plot successive trials to an external figure for comparison. 
(i) Design four phase-lead compensators with sufficient gain Kp to meet the steady-state error 
requirement as specified in part (g) and with phase margins, <Pm, of 15, 20, 25, and 50°. Compare the 
optimized response with the PD response. 
(j) Test your controller's response to the inputs applied in parts (c), (d), and (e). 
(k) Change the PIO gains to P/D = [5 I OJ and click SISO Tool to apply the changes and launch the 
SISO Design Tool. Explain what happens. 
(I) What value of K1 (PIO= [5 K1 O]) will yield a steady-state error less than 4 mm? What happens to 
the system overshoot and rise time at this gain? Does this match your calculations? 
(m) Test the controllers designed in the last few parts with sinusoidal, rounded-step, and rounded-
pulse input. 


