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Online Course

Q Self learning resources:
* Brian Douglas https://ww?2.mathworks.cn/en/videos/series/control-systems-in-practice.html

which is more suited than Bruton's control bootcamp on Youtube

&MathWorks@ Products  Solutions Academia Support Community Events

Search Vic

Video and Webinar Series

There are more tech talks by MATLAB at:
https.://'ww2.mathworks.cn/videos/tech-talks/controls. html

Videos Home  Search

Control Systems in Practice

In this series, you'll learn some of the more practical aspects of being a control systems engineer and designing
control systems. The day-to-day role of a control systems engineer is more than just designing a controller and
tuning it. Depending on the size and phase of the project, your responsibilities and which groups you work with
will probably vary greatly. Designing and testing control systems is still a large portion of the job. This series
covers some of the more common control techniques that you'll encounter as a control systems engineer: gain
scheduling and feedforward. Often, the best control system is the simplest and, therefore, the most practical in a
wide range of control problems. Gain scheduling, a method that adjusts the gains of simple linear controllers to
control nonlinear systems, and feedforward, a method that uses setpoint changes and measured disturbances to
limit the feedback error, are two popular and simple techniques for developing practical controllers. Finally, this
series also covers time delays in dynamic systems—where they come from and why they matter. When time
delay becomes a problem for your system, minimizing the delay at the source is almost always preferred over
developing a clever way for your controller to handle it. It's easy to assume that a control engineering’s job is to
spend months developing a state-of-the-art nonlinear controller. However, there are more practical ways of
handling these problems.

What |s Feedforward Control?

A control system has two main goals: get the system to track a setpoint, and reject
disturbances. Feedback control is pretty powerful for this, but this video shows how
feedforward control can supplement feedback to make achieving those goals
easier.

What Control Systems Engineers Do

The work of a control systems engineer involves more than just designing a
controller and tuning it. This video provides a picture of the types of things you may
be exposed to and the groups with which you might interface while working in this
field.
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* Except week 6 and 15 1110- 15 e s a
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TA: BIHR$E, ERE, 2K, TiE, FREE

Experiment with LT: Z=1F i

EE160P is optional!

Grades: 50% homework/experiment + 50% exam

Textbook: Modern Control Systems 14 Ed by R. Dorf, R. Bishop

e Lecture notes: https://faculty.sist.shanghaitech.edu.cn/chenjh/docs/courses/EE160/
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Online materials: Blackboard

Richard C. Dorf
Robert H. Bishop

Software proficiency: Python and/or Matlab

Prerequisite: Calculus, Linear Algebra, O.D.E.
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Review: Two Kernels G

i,

442 APPENDIX B. ELEMENTS OF MATRIX ANALYSIS

b .
F(a):/ FOK(a, t)dt. PP

O Integral Transform in Calculus

Elements of Matrix Analysis

Eigenvalues and eigenvectors:

° Fourier transform has the Kernel = K((!), t) = e—j(x)t, a= —OO, b = OO0 51(1)(11 Zn“r;;/:l;glgxtr;n;:n;zc?wgg /;}dimensionul vector v and the scalar A are the eigenvector
¢ Laplace tranSform ha’s the Kernel = K(Sl t) = e_StJ a= 0_9 b = This equation can be rewritten as A

* Convolution (see Appendix of lecture notes) (1-4)v=0,

which shows that the columns of (A7 —A) are linearly dependent because a linear combination
of them equals zero. Therefore,

O Eigenvalues in Linear Algebra
 the kernel of A = the null space of A
N(A) = Null(4) = ker(4) = {x € K" | Ax = 0}.
» References:

det(Al—A) = 0.

This is a polynomial equation of degree n, called the characteristic equation of A. It has n
roots, which are the eigenvalues of A. The eigenvalues of a real matrix could be complex, but
complex eigenvalues will be in conjugate pairs because the polynomial det(A/ — A) has real
coefficients.

In MATLAB, the eigenvalues and eigenvector of a matrix are computed using the
command “eig”.

O Skogestad’s Appendix A (the most powerful) d
QO Control Systems: an Introduction by Hassan K. Khalil T BAER

O Appendix E of our textbook by Bisho
PP Y P %xZAx, reR", AeR"™"
O O.D.E.
dx Az =Mz

de X d

—eM=)\e™
0= = = 2dt = Infx| - In[x(0)] = At = x(t) = x(0)e™ @

See AIfAf AT THARHE K 212 by ) Pan
https://zhuanlan.zhihu.com/p/57051153
EE160 Fall’25 lecl 11 CJH
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I Experimental Project

O A simple motor control system
 Current sensor and encoder provide feedback signals

Lﬁﬂ&k#l

ShanghaiTech University

* PI control and cascaded loops

* Sweep frequency analysis

O Simulink will be used to control the motor

EE160 Fall’25 lecl 13 CJH
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Experimental Project

O DSP based ac motor control system
e TMS320F28388D in 337-pin (ZWT) package
* Current sensor and encoder provide feedback signals
* PI control and cascaded loops
* Sweep frequency analysis

Sariee series
spdK, K
series
spdK; K seres -
A— A .
Commanded Speed Commanded Current Motor Inertia
— Pl ——— PI Volts
—» Controller — Controller

Motor Current

Speed Feedback

Figure 11-6. Cascaded Speed Control Loop

https://www.ti.com/product/TMS320F28388D

EE160 Fall’25 lecl 14 CJH
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I Relation to Cybernetics

O Cybernetics is concerned with “control and communication in the animal and the machine”

-Wiener

O Cyber is short for cybernetics, used as an adjective defined as: of, relating to, or characteristic of

the culture of computers, information technology, virtual reality or even internet.

O Control theory is mainly concerned with the control of dynamical systems, or more specifically,

single-input single-output (SISO) dynamical systems (typically, second-order).
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J. Rosenberg, in Rugged Embedded Systems, 2017
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I What is Control Theory?

O What is control theory about?

e Control theory deals with the control of dynamical systems in engineered processes and machines. The
objective 1s to develop a model or algorithm governing the application of system inputs to drive the
system to a desired state, while minimizing any delay, overshoot, or steady-state error and ensuring a
level of control stability; often with the aim to achieve a degree of optimality.

Quoted: Wikipedia

* The purpose of a control system is to control a supply of energy to make the actual output of the system
(the controlled variable) agree as closely as possible with the desired value (the reference input),
regardless of the manner in which the reference input varies and regardless of how or where external
disturbances, such as loads and variations in the level of energy supply, act on the system.

Quoted: PDF Control by Richard M. Phelan

 Control theory is concerned with modifying the behavior of dynamical systems so as to achieve
desired goals. These goals include maintaining relevant outputs of a system around desired constant
values, assuring that the outputs follow specified trajectories, or more generally ensuring that the overall
system optimizes a specified performance criterion.

Quoted: The Maturing of Adaptive Control by K.S. Narendra

EE160 Fall’25 lecl 17 CJH
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C.T. studies Three Problems

System Identification Problem

N ¥
u(?) = asin(er) /\ /\ ¢

/

lnPu.fS ‘ ? /] OL‘L‘{-PL‘L‘*S N v(@) =bsin(er+¢) —f-
? T

inputs system ) I e : o

N
gl G(jw) = Y(jwr +1):
(a) magnitude plot and (b) Frequency (radfs)
phase plot. (b)
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Simulation Problem O anaatsy o A A
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sl

OLLfPLLfS 7k1;i fx[i] * hs
Y

xk[i] = ACM.x[i] + ki[i]*@.5

Cd
DYNAMICS_MACHINE(t, xk, ACM
ri range(NS):

L R R Runge-Kutta Method (ode4)

xk[i ACM.x[1i] k2[i]*@.5

Fig. Three different problems arise in control systems

DYNAMICS_MACHINE(t, xk,

or i range(NS):
k3[i] fx[i] hs
Control Problem (see next page) B

DYNAMICS_MACHINE(t, xk,
il range(NS)
k4[i 1] hs

https://github.com/horychen/ee275/blob/master/python_tutorial cjh.ipynb e

EE160 Fall’25 lecl 18 CJH



| What is Control?
? ) outputs ST
_'__,@Sfem J P> reaks when dividing by O
O What 1s control?

/

e There are DYNAMICS,®.g.,

R LEPY

ShanghaiTech University

d d

—r=1;, —r=-1;

* There is a GOAL, e.g., make x tobe 0, as t —» oo

d
* There is an INPUT, e.g., &x =22+ u

TSC makes some shapes - it can't handle the
integral

- The input is a function of the state: u(x)

-0.59
-1.39264
§2

Figure. Screenshots in Animation versus math by Alan Becker.
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Control of a Second Order System

PD Controller

O How about 2™ order dynamics?

Critically Damped Moving Target
d 2 d O Sinusoid
Damping ratio is equal to one. ® Circle

—2 x _l_ a _— a’; —|— bx —|— f ({I/’, y) p— u Fastest tracking without overshoot. O A(ciji]érrl;sity
dt dt Controller Equations: e

d2 d 5 = Ep(@res — ) + ka(vrey — )
N _ d — -
dt 2 y —|_ C dt y —|_ y —|_ g ($7 y) v 355.31 = (2= 3.00 )?

ka = 26wn

5

37.70 = 2+ 1.00 %(2m% 3.00 )

Damping Ratio: O
1.00 =
E time
Frequency (Hz): O =

w
o
S

A proportional-derivative (PD) controller can be used to make a simple system track some reference point. The suspension
in a car is an analogue example: the spring and damper work together to hold the car at some desired height. The spring
exerts a force proportional its deflection, while the damper opposes motion (the derivative of deflection).

A PD controller uses the same principles to create a virtual spring and damper between the measured and reference positions
of a system. Above is an example showing a simulated point-mass (blue dot) that is tracking a target (green circle). Try
clicking or dragging to move the target around.

The response of a PD controller can be characterized by two numbers: the damping ratio and the natural frequency. If the
damping ratio is less than one, then the system will gradually approach the target. If the damping ratio is greater than one,
the system will shoot past the target before returning. The natural frequency describes how quickly the system approaches
the target. Try adjusting these parameters above, and see how they affect the ability of the dot to track the circle above.

One standard metric for control analysis is called a step response. The step response for a system (the position vs. time curve
above) plots the behavior of the system over time, when subject to an initial deviation in position. Try adjusting the damping

https://www.matthewpeterkelly.com/tutorials/pdControl/index.html

EE160 Fall’25 lecl 20 CJH




I Feedback Control

LecaBock controllers

Linear Nonlinear

Fu.” Sf'O‘f’e On = OF{‘

feedback Sliding mode

mu synthesis Active disturbance
reiection control

KJ=> _ :_" l/\ /V\/WM

gain scheduling

Kk kjk] k 3
K K

K

Model reference Infelllgen'f'

Extremum-seeking adaptive

/\dapﬂve

Fuzzy control

Reinforcement
. . 0 . : nin
i+ P Predictive s . I
—QZ \8:
OPflmal Model predictive _é%%éo_

control

Linear Quadratic Regulator
8- ,ﬁg

1
https://ww2.mathworks.cn/e n/videos/closed-Ioop-controI-an-overview-of-feedl%ack-controlle rs-1737524680430.html

explore vs exploit

959 [ 16:07
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I Negative Feedback explained with Block Diagram

Feedback Control in Five Minutes

+

Dy

%+ %+
P {+O——Y

Systems:
C — controller

(or compensator)
P — plant

Key relations:

Y =Dy+ P(U+ Dy)

Variables:

R — reference

FE — error

D1, Dy — disturbances
U — control (or input)

Y — output

U=CF E=R-Y

https://courses.grainger.illinois.edu/ece486/fa2025/documentation/lectures/slides 2014/lecO1.pdf

R L PN

g #¢/ ShanghaiTech University
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I Negative Feedback explained with Block Diagram ;E

Feedback Control in Five Minutes
Dy Dy

+ E U%‘l‘ %+

Y=D,+P(U+Dy) U=CE E=R-Y
Let’s express Y in terms of R, D1, Ds:
Y =Dy + P(CE+ D)
= Dy + P(C"(R -Y)+ D1) negative feedback!!
= Ds+ PCR— PCY + PD;

PC jz 1
V=—~" R+—" D/ +—— D
T - e I - To Rt B Yot

EE160 Fall’25 lecl 23 CJH



I Negative Feedback explained with Block Diagram

Feedback Control in Five Minutes

of) B R BRF

2 WS
o #¢/ ShanghaiTech University
[

D, Dy

+ E U%+ %+
R—0O—| C | P |>O—1—Y

Pk

e R+ P D, +
1+ PC 1+PC Y"1+ PC

=

Do

Suppose C is a large positive gain. What happens as C' — oo?

PC
1+ P CR C_mo> R reference tracking
P 1 C'—oo

Do > 0 disturbance rejection

D
T rPc T 1y PO

Bottom line: in the limit C — o0, Y = R

(this “Big Picture” is too good to be true — we will fill in all the details!!)

EE160 Fall’25 lecl
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More Block Diagrams

An Overview of InstaSPIN-MOTION and SpinTAC www.ti.com
Torque TM
g InstaSPIN-MOTION
_________________________________________________________________ .
I: CTRL_run Il
| 1
Position Mode |: CIRL sep I
I 1
I
STPOSPLAN_run STPOSMOVE_run, . | STPOSCTL_run :I Iq :: -= ;u;L_r;n_ =
. '
[ et = I Pl ! |
SpinTAC™ »| spinTAC™ [ @ | SPINTAC | User_iy ] Ve Vo o T [ |
Motion || Lposition (1= | Position |10 1| "etaciy. PO =0 v M o T2 rwm |
Sequence Plan ;(:‘"', Move m: Control { y e ot Va | PARK Veau | e : o| Driver |
D nn - Ll
> el \_,_,{}_,\_, i |
FLASH/RAM ROM ROM | Id | |
- :,UserAl.,.u ¥ 'y la pI 0 :: LRI
I ’
STVELID_run :| ::
[
51| soinTac X 4 It
»| Velocity |I " PARK ]
Identify lI o ::
I
I
ROM e e e i e ) G oo
_______________ —90 | HAL_acqAdcint |
. : | ESTrun | FLASH/RAM :: : HAL _readAdcData |
] ! 1 = |
| la_in | |
| <_|__, W |
STPOSCONV_run | Fux | - CLARKE | :,, & : |
SpinTAC™ | 4_|_| = o T {
o [P Position :""E'e « FAST™ | I :: ! !
s Converter |+= 3 Software Encoder Vou | e | ADC |
FLASH/RAM @ :’peed e Rotor Flux Observer ¢ Iy U ciane fvv Al Driver |
" T
:Torque < Motor Parameters ID ¢ | (X L : ‘V‘ :: T :
| |
: I R 8 '
’ | q_l_f } |
{ | | : |
I | FLASH/RAM |
I
S aaie
N / g—_ Angle , el |
oend Selection | |
- 1Po | Qep :
e | Driver |
| |
| |
| FLASH/RAM |
e e 1
Figure 1-14. InstaSPIN-MOTION Position Control with Mechanical Sensor and Redundant FAST Software Sensor
42 Introduction SPRUHJ1F-January 2013—Revised July 2014
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I EE160P Requirements

O One goal: The EE160 Project is about the modeling, simulation, and control of a nonlinear system
of your choice.

O Two options:
* 1. Pick at least one of the application examples we recommended
« 2. Propose a control problem of your own choice.

a Three tasks:
* 1. Proposal report (with references):

O form your team (<=3) and roughly break down the task modeling and define control
objective, linearize your system and do open-loop simulation

» 2. Project report (5-10 pages)
O design your control law and brief analysis;
Q verify effectiveness of your control law;
O check the robustness of your algorithm
* 3. Presentation (with live simulation demonstrate)
O problem formulation and its solution
O live simulation demonstration( play with tuning parameters)
O There is only “Pass” or “Not Pass™ for the project

EE160 Fall’25 lecl 26 CJH




