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Lecture Schedule: 
Week Date Lecture Title 

1 
28-Feb Introduction 

2-Mar Systems Overview 

2 
7-Mar Systems as Maps & Signals as Vectors 

9-Mar Systems: Linear Differential Systems 

3 
14-Mar Sampling Theory & Data Acquisition 

16-Mar Aliasing & Antialiasing 

4 
21-Mar Discrete Time Analysis & Z-Transform 

23-Mar Second Order LTID (& Convolution Review) 

5 
28-Mar Frequency Response 

30-Mar Filter Analysis 

6 
4-Apr Digital Filters (IIR) & Filter Analysis 

6-Apr Digital Filter (FIR) 

7 
11-Apr Digital Windows 

13-Apr FFT 

  

18-Apr 

Holiday 20-Apr 

25-Apr 

8 27-Apr Active Filters & Estimation 

9 
2-May Introduction to Feedback Control 

4-May Servoregulation/PID 

10 
9-May PID & State-Space 

11-May State-Space Control 

11 
16-May Digital Control Design 

18-May Stability 

12 
23-May State Space Control System Design 

25-May Shaping the Dynamic Response 

13 
30-May System Identification & Information Theory 

1-Jun Summary and Course Review 

Exam  

announcement 
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G. Franklin,  

J. Powell,  

M. Workman 

Digital Control  

of Dynamic Systems 

1990 

 

TJ216.F72 1990  

[Available as  

UQ Ebook] 

 

 

Follow Along Reading: 
 

B. P. Lathi  

Signal processing  

and linear systems 

1998 

TK5102.9.L38 1998  

 

 

  State-space    [A stately idea! ] 

• FPW 

– Chapter 6: Design of Digital Control 

Systems Using State-Space Methods 

• Friedland 

– Chapter 6:  

Shaping The Dynamic Response 

 
• Lathi Ch. 13 

– § 13.2 Systematic Procedure for 
Determining State Equations 

– § 13.3 Solution of State Equations 

  

Today 
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• Friedland, Control System Design Ch. 6 and 3 

  

 

 

More Online Reading Materials 
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Shaping the  

Dynamic Response: 

Pole Placement 

(FPW Chapter 6) 
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• FPW has a slightly different notation: 

Pole Placement (Following FPW – Chapter 6) 
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• Start with a simple feedback control law (“controller”) 

 

 

• It’s actually a regulator 
∵ it does not allow for a reference input to the system. 

(there is no “reference” r  (r = 0)) 

 

•  Substitute in the difference equation 

𝑥 𝑘 + 1 = Φ𝑥 𝑘 − Γ𝐾𝑥(𝑘) 

• 𝒵 Transform: 

𝑧𝐼 − Φ + Γ𝐾 𝑋 𝑧 = 0 

Characteristic Eqn:   

det 𝑧𝐼 − Φ + Γ𝐾 = 0 

Pole Placement 
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Pole placement: Big idea:  

• Arbitrarily select the desired root locations of the closed-loop 

system and see if the approach will work.  

• AKA: full state feedback 
∵ enough parameters to influence all the closed-loop poles 

• Finding the elements of K so that the roots are in the desired 

locations. Unlike classical design, where we iterated on 

parameters in the compensator (hoping) to find acceptable root 

locations, the full state feedback, pole-placement approach 

guarantees success and allows us to arbitrarily pick any root 

locations, providing that n roots are specified for an nth-order 

system. 

Pole Placement 
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5 

 

Meaning… 
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• Given: 

𝑧𝑖 = 𝛽1, 𝛽2, 𝛽3, … 

 

 

• This gives the desired control-characteristic equation as: 

𝑎𝑐 𝑧 = 𝑧 − 𝛽1 𝑧 − 𝛽2 𝑧 − 𝛽3 … = 

 

 

• Now we “just solve” for K and “bingo” 

Back to Pole Placement 
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Pole Placement Example (FPW p. 241) 
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Pole Placement Example (FPW p. 241) 
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Pole Placement Example (FPW p. 241) 
 

25 May 2017 - ELEC 3004: Systems 14 

Ackermann's Formula (FPW p. 245) 
• Gains maybe approximated with: 

 

 

• Where: C = controllability matrix, n is the order of the system 

(or number of state elements) and 𝛼𝑐: 

 

 

 

 
– 𝛼𝑖: coefficients of the desired characteristic equation 
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Ackermann's Formula Example (FPW p.246) 
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Shaping the  

Dynamic Response: 

SISO 

(Friedland Chapter 6) 
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SDR: Introduction 
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SDR: Introduction [2] 
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SDR: Introduction [3] 
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Design of regulators for  
single-input, single-output systems 
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Design of regulators for  
single-input, single-output systems 
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Design of regulators for  
single-input, single-output systems 
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Design of regulators for  
single-input, single-output systems 
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Design of regulators for  
single-input, single-output systems 
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Design of regulators for  
single-input, single-output systems 
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Ex: Servo Motor Control 
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Ex: Servo Motor Control [2] 
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Ex: Servo Motor Control [3] 
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Ex: Servo Motor Control [4] 
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Break  
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https://www.faircopyright.org.au/ 
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• Nothing beyond this point is on the exam.    

(except for the exam review ) 

 

• Do not pay attention. 

 

• Do not attempt to learn. 

 

</assessable> 

WARNING: Not assessable 
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Application Example 1: 

Inverted Pendulum 
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Digital Control 

Wikipedia,  

Cart and pole 
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Inverted Pendulum 
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• The equations of motion of an inverted pendulum (under a 

small angle approximation) may be linearized as: 

𝜃 = 𝜔 

𝜔 = 𝜃 = 𝑄2𝜃 + 𝑃𝑢 

Where: 

𝑄2 =
𝑀 +𝑚

𝑀𝑙
𝑔 

𝑃 =
1

𝑀𝑙
.   

 

If we further assume unity Ml (𝑀𝑙 ≈ 1), then 𝑃 ≈ 1 

Inverted Pendulum – Equations of Motion 

25 May 2017 - ELEC 3004: Systems 37 
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• We then select a state-vector as:  

𝒙 =
𝜃
𝜔

, hence 𝒙 = 𝜃 

𝜔 
=

𝜔
𝜔 

 

• Hence giving a state-space model as: 

𝐴 =
0 1
𝑄2 0

,𝐵 =
0
1

 

• The resolvent of which is: 

Φ 𝑠 = 𝑠𝐼 − 𝐴 −1 =
𝑠 −1

−𝑄2 𝑠

−1

=
1

𝑠2 − 𝑄2

𝑠 1
𝑄2 𝑠

 

• And a state-transition matrix as: 

Φ 𝑡 =
cosh 𝑄𝑡

sinh 𝑄𝑡

𝑄
𝑄 𝑠𝑖𝑛ℎ 𝑄𝑡 cosh𝑄𝑡

 

 

Inverted Pendulum –State Space 
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Cart & Pole in State-Space With Obstacles? 
 

 

 

Swing-up is a little more than stabilization… 

 

 

 

 

 

 

 

See also: METR4202 – Tutorial 11:  
http://robotics.itee.uq.edu.au/~metr4202/tpl/t11-Week11-pendulum.pdf 
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Cart & Pole in State-Space 
Swing-up is a little more than stabilization… 
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Application Example 2: 

Inverted Pendulum 

Mark II 
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Inverted Pendulum (Friedland, Ch. 6 p. 232) 
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Inverted Pendulum [2] 
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Inverted Pendulum [3] 
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Inverted Pendulum [4] 
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Gryphon: 
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Today: “Bang-Bang Control!” 
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Gryphon: Mine Scanning Robot 
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Landmines: Smart for one, dumb for all… 

25 May 2017 - ELEC 3004: Systems 50 

Ex: PMN-2  
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Land Mines: Highly Variable 

• Little metal  

“High-sensitivity” 
detectors / instruments 

 

• Highly Variable 
(Example: PMN-2): 

– 3-stage detonation 

– Anti-thwart  

– All mechanical 

– Poor construction 
detectors / instruments 

 

Focus on manipulating 
sensor instead of 
complex sensing ???,,, 
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Sensor Mobility Is Critical 

25 May 2017 - ELEC 3004: Systems 53 



27 

Back to Gyrphon … 
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Robust Control: 
Command Shaping for Vibration Reduction 

Command 

Shapping
Regulator

Integrated

Planner

Controller

Error PlantΣ
+

–

SensorTunning
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Command Shaping 

Original velocity profile

Input shaper

Command-shaped velocity profile

V
e

lo
c
it
y

V
e

lo
c
it
y

Time

Time

Time
*
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Command Shaping in Position Space 
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Command Shaping: 
Zero Vibration and Derivative  

  

2,1i

  

For Gryphon: 
  At ρ0=1.5 [m] At ρ1=3.0 [m] 

ω 2.32 1.81 
Axis 1 

ζ 0 0 

ω 3.3 3.0 
Axis 2 & 3 

ζ 0 0 
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Cleared area 

Minefield 

All terrain vehicle 

Counter- 
weight 

Stereo vision camera 

Optional ground- 
penetrating radar 

Metal 
detector 

Network camera 

Part of a Robotic Solution… 
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Gryphon Schematic 

 

Wrist joints 

z

x

Manipulator 

Sensor 

Terrain 

Camera 

Ground frame FG 

Joint 1 (yaw) 

Joint 2 

Joint3 

Compliant base 

Manipulator frame FM 

 

Counter-weight 
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Gryphon: Comparison to other tracked robots 

Mechanical Robustness 

C
o

n
tr

o
l 

R
o

b
u

s
tn

e
s

s
 (

“
A

u
to

n
o

m
y

”
) 
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Multiple Inaccuracies  

• Sensing: 

 

 

 

• ATV Suspension: 
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Operational Overview 

Terrain

Environment Occupancy

Grid

Sensing (Stereo

Vision)

Noisy terrain data
Calibration Model

(Offline Data)

Planar conditional

filtering & map

generation (Online Data)

Terrain model relative to

robot base with offset

Path generation &

collection correction
Nominal Path

Command

Shaping

Final trajectory

(with reduced vibration)

Heightmap Detecting Terrain 

scanning 

25 May 2017 - ELEC 3004: Systems 63 



32 

Terrain Modeling & Following Overview 
• I. Terrain Mapping • II. Terrain Model 

• III. Path Generation • IV. Scanning 

Conditional Planner 

Filtering & Stitching  

Height map expansion 

& Path generation 

Input-shaping 

V.  Evaluation  

& Marking 
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Terrain Mapping 

• Stereo depth maps (Pont Gray Bumblebee) 

• Kinematic calibration corrections 

 

Ex1: Grassy area  Ex2: Grassy area 

with hill or bump  
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Terrain Geometry Model: Heightmap Expansion 

Scanning gap 

x 

z 

x 

z 

As Surface Normals: 

Raw Map Raw 

Model 

Filtered 

Model 

Expanded 

and Offset 
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Terrain Geometry Model: 
 Conditional Planar Filter 

• Planarity: Found from plane eq. residuals for a surface 

patch 

• Filter type and strength varied based on this 

• Goal: Reduce noise without feature degradation 

Planarity measure (for local patch) 

Gaussian-smoothed value 

Median value * 

* 

+ 1 
 

– 

+ 
Filtered  

value 
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Terrain MapModel:  
Conditional Planar Filter 

Compute 

Normals 

Map: 

Terrain 

Mesh 

Model 

Apply 

filter(s) 
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Map  Model (II): Height Map Expansion 

• Envelope expansion: 

– Fenv = Fterr  + scanning gap … 

 

 

 

 

– Performed along the normals, more than vertical axis 

addition: 

 

 

 

Scanning gap d 
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Map  Model (III): Height Map Expansion 

Terrain 

envelope 

Model of 

terrain 
Scanning gap 
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x 
z 

y 

Calibration Model 

• Height (z) Calibration: 

 

 

 

 

 

 

 

• Plane (x-y) Calibration 
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Effect of Overall Calibration Matrix 
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With Overall Calibration Matrix
correction

Without Overall Calibration Matrix
correction

Scanning speed: 100 mm/s 

Scanning gap: 100 mm 
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Path Generation 

• x-y: Scanning Scheme 

• Joint-space/Work-space? 

• Reduce excess work … 

 

• z: Terrain Sampling (z) 

• Sample corresponding 

point based on the local 

patch & normals 

 

 

ATV 

Manipulator Detector 
zpath  fenv(xpath,ypath )
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Path Generation (II) 

• Orientation: Advanced Terrain Following  

 

(a) (b) (c) 

(d) (e) 

Control 

points 
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Scanning on ~ Level Terrain - Measurements 
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Gaussian filtered

Conditional Planar filtered

Scanning speed: 100 mm/s 

Scanning gap: 100 mm 

Manipulator 

Laser range 
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Scan pass 
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Scanning on Rough Terrain - Measurements 
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Scanning speed: 100 mm/s 

Scanning gap: 100 mm 
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Command Shaping Tests: Step-Response 

• Reduced Joint  

Encoder Vibration 
• Reduced Tip 

Acceleration 
Joint 1 (ATV Yaw) Encoder: 

Joint 3 (Arm Extend) Encoder: 

25 May 2017 - ELEC 3004: Systems 77 
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High-Level Control Software 
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Detector Imaging 

• Targets 

• Imaging 

Target# Target type Depth [cm] MD GPR

1 PMA-2 5 Yes No

2 PMA-1A 12.5 Yes Yes

3 PMA-1A 12.5 Yes Yes

4 PMA-1A 12.5 Yes Yes

5 Fragment 5 Yes No

6 Stone ~10 No Yes

PMA-2 PMA-1A Fragment 
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Gryphon: Field Tests in Croatia & Cambodia 
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End on a “Bang, Bang”… 
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A Better (Controlled) “Bang Bang” 
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Announcement  

from the UQ Central  
Examinations 

Department ! 
(AKA: create change [in the lecture]) 
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Are you prepared  
for your examinations? 

Do you: 

1. Have your current UQ student ID card? 

2. Know where your examination is being held? 

3. Know what materials you are permitted to bring to the 
examination? (check with your course coordinator) 

4. Have an approved  / labelled calculator (in exams 
where calculators are permitted) 
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Are you prepared  
for your examinations? 

For each examination, ensure you: 

1. Have rechecked your personalised examination timetable for 
date, time and venue 

2. Have your current UQ student ID card on hand and be ready to 
present on entry to the examination venue – should you forget 
it, you must report to the Student Centre before your 
examination 

3. Have spare pencils and pens, as well as any permitted 
materials 

4. Arrive at your examination venue 15 minutes before the 
scheduled start and 30 minutes if the examination is held at 
the UQ Centre 

 25 May 2017 - ELEC 3004: Systems 85 
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Examination Timetable 

Students are provided with a personalised examination timetable to 
their UQ email account, detailing their; 
 
• Schedule of examinations 
• Date, start time and exam duration 
• Campus and specific venue to which they must attend for each 

examination 
 
It is important that students; 
 
• Attend to the venue listed on their examination timetable 15-30 

minutes before the exam is due to commence 

• Are in possession of their UQ Student ID card 

• Have an approved calculator should it be permitted for the 
examination 
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Student ID Card – Essential! 

All Students MUST 
present a current 
UQ Student ID card 
to gain entry to the 
examination venue 
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Approved Calculators in Examinations 

With the exception of the Casio fx-82 series, 
all calculators used during an exam must 
have an official "Approved" label. 
 
Labels are available from the Student Centre.  
 
Calculators must be approved in advance of 
the examination period.  
 

Check out my.UQ 

(https://my.uq.edu.au/information-and-
services/manage-my-program/exams-and-
assessment/sitting-exam/approved-calculators ) 
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Mobile Phones in Examinations 
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A student who attends and attempts whole or part of the original examination will not be 
eligible for a deferred examination.  
 

So how could this ruling affect you if you are unwell?  
 

 Either:  Commence and finish your examination; or 

  Do not attend your examination, obtain a medical certificate  
  from your doctor and apply for a Deferred Examination. 
 

 

Check your eligibility criteria before you make a decision! 

Please see the my.UQ website (https://my.uq.edu.au/services/exams-and-assessment) or  

ask at the Student Centre for assistance. 
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Students will be permitted to enter the 
examination venue until one hour into the 
examination (eg 08:00am exam start, entry until 
09:00am).  
 

Students will not be permitted to leave an 
examination until one hour of the examination 
has elapsed (eg 08:00am exam start, leave at 
09:00am). 
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Students will not be permitted to wear watches 
in examinations.  
 
Watches may be placed under the student’s chair 
or on the corner of the student’s desk for the 
duration of the examination. 
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For further information on - 

• Taking materials into the exam room 

• Arriving at an exam venue 

• What if I become sick during an exam? 

• Leaving the exam room 

• Finishing an exam 

 

 

Refer to my.UQ (https://my.uq.edu.au/information-
and-services/manage-my-program/exams-and-
assessment/sitting-exam)  

 Back 

to your regularly 
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•  Digital Feedback Control 

 

 

• Review:  
– Chapter 2 of FPW 

 

 

• More Pondering?? 

 

 

 

Next Time… 
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