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Real-time control systems

Computing of  (Real-time)

systems

Control of
Control computing
systems
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Real-time control systems

* We do not focus only on control issues ...
too difficult ©

COol » ... but we analyse control problems and
offer solutions when required

» We do not focus only on real-time issues...
too difficult ©
(Real-time)

computing * ... but we analyse real-time problems and
offer solutions when required
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Real-time control systems

Real-time computing Control
community community
(Real-time) W % % %%%% Control

Computing AR VAL B AR G A P

Misconceptions, e.g.

Real-Time Computing Control
assumes hard deadlines for assumes determinism in the
control algorithms computing platform
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Real-time control systems

Bridging the GAP

(Real-time)
Control

Computing
Computing Control of
of control i
computing
systems systems




ARTIST2 Seminar on Adaptive Real-Time Systems, with P teer kst acte harror b

Automatica i Informatica Industrial

emphaSIS On ReaI-TIme ContrOI Sys‘temS UNIVERSITAT POLITECNICA DE CATALUNYA

IST NoE on Embedded Systems Design

Automatic Control Dept. (ESAII), Technical University of Catalonia (UPC), Barcelona, June 20-23, 2005

Real-time control systems

Control "level"

Self-evaluation
O—_NWPhUOITON OO

Inexistent  Verylow Low Medium  Medium- High
high

(20-25 participants)
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Real-time control systems

1. Control systems: the basics

... focuss on timing sensitive features
2. Real-time computing of control systems

... do resource constraints affect control systems performance?
3. Control of computing systems

... can control theory improve computing systems performance?
4. Stability issues

... at least, everything has to be stable
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Control systems: the basics

1. Concepts

2. Introductory examples

3. System poles

4. State Space Models

5. Discrete time systems, models and poles
6. Simulation

7. Controller design
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Control systems: the basics
Concepts

The goal of control is to apply inputs to a system in order to have the system
behaving as expected/desired.

* Cruise-control car: f_engine(t)=? — speed=60 mph

« Utilization control in a video server : Admitted_requests(h)? — utilization=80%

Configurations

Input——{ plant —— Output System to be controlled
Desired output —| Controller [ 1MPUt | plant L oytput Open loop control
Input

Desired output —| Comparison |—— Controller

L

plant Output  Closed loop control




Automatica i Informatica Industrial

ARTIST2 Seminar on Adaptive Real-Time Systems, with SIS B G,
emphaSIS On ReaI-TIme Contro' Sys‘temS UNIVERSITAT POLITECNICA DE CATALUNYA

IST NoE on Embedded Systems Design

Automatic Control Dept. (ESAII), Technical University of Catalonia (UPC), Barcelona, June 20-23, 2005

Control systems: the basics
Concepts

Input_J plant ——s Output

Open loop control  Desired output—| Controller

Idea: Compute control input without continuous™ variable measurement
* Simple
* Need to know EVERYTHING ACCURATELY to work right
Cruise-control car: friction(t), ramp_angle(t)
video server: workload(h) (request arrival rate? decoding times?);
Open-loop control fails when
* We don’t know everything
* We make errors in estimation/modeling

* Things change 9
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Control systems: the basics
Concepts

Input

plant Output

Closed Ioop control Desired output —*| Comparison |—{ Controller

L

Idea: Compute control input as a function of continuous™ variable measurement

» More complicated (so we need control theory)
» Continuously measure & correct
* Cruise-control car: measure speed & change engine force
* Video server: measure utilization and completion rate & change admission rate
Feedback control theory makes it possible to control well even if
* We don’t know everything
» We make errors in estimation/modeling

» Things change 10
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Control systems: the basics

Concepts

Control design methodology

Modeling
——————— Controller =TT TS
analytical Dynamic model b Design ) Control algorlthm |
identification =
n
| |
Satisfy
.
) [T T TR I -
Requirement I Performance -
. L. X | EEEEEEN
Analysis ! Specifications |
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Control systems: the basics
Introductory examples

Let’s look at cruise control

» The set/accel button tells the car to
maintain the speed you are currently
f driving at. Holding down the set/accel
o button will make the car accelerate

* Holding down the coast button will
cause the car to decelerate

Objective: to accelerate to the desired speed without overshooting, and then to
maintain that speed with little deviation no matter how much weight is in the car,
or how steep the hill you drive up.

12
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Control systems: the basics
Introductory examples

Let’s look at cruise control: simple model

—>V

Ly
by «—— m U

(friction) N N N (force from the engine)

System dynamics (Newton’s law): Zfz =ma ——> u—bv=mvy

Desired output y: a desired velocity——> ) =V

Model parameters m = 1000kg
b = 50Ns/m

What's the behavior of our car?
13

ART | ST2 Seminar on Adaptive Real-Time Systems, with Depariament d'Enginyeria de Sistemes,
O ——— emphasis on Real-Time Control Systems
Automatic Control Dept. (ESAIl), Technical University of Catalonia (UPC), Barcelona, June 20-23, 2005

UNIVERSITAT POLITECNICA DE CATALUNYA

Control systems: the basics
Introductory examples

Let’s look at cruise control: stable dynamics
First order differential equation u« —bv = mv y=v?

Going at 10km/h, if no force (u=0) is applied...

10

8t

6F

4+

Velocity (km/h)

2t

0

0 10 20 30 40 50 60 70 80 90 100
Time (s)

... the car slows down = the car is stable 14
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Control systems: the basics
Introductory examples

Let’s look at cruise control: stable dynamics

First order differential equation 1« —bv = mv y=v?

Going at 10km/h, if no force (u=0) is applied...

(if v(0)=10 = C=v,=10)

The shape of the response depends on the exponential coeficient

15
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Control systems: the basics
Introductory examples

—b
Let’s look at cruise control: dynamics v(t)=v,e™
If the friction increases (b1), the response will be faster
If the mass increases (m1), the response will be slower
10 10 10
m = 1000kg . m =1000kg | . m = 2000kg
’ b = 50Ns/m ~ b = 100Ns/m b = 50Ns/m
£ e £
z z z
S 4 é 4 3 4
> > §
2 2 2
RO 40Tin:5eo(s)60 1080 %0 100 %10 20 30 4bT, 50( )60 70 80 90 100 % 10 20 30 40 50 60 70 80 90 100
ime (s Time (s)

Note that the exponential coefficient is <0 16
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Control systems: the basics
Introductory examples

Summary: the exponent’s coefficient determines the response shape.

The smaller is the coefficient the faster is the response v(t) = Ve’

10 10 10
m = 1000kg . m =1000kg | . m = 2000kg
° b = 50Nsec/m b = 100Nsec/m b = 50Nsec/m
Eo _‘E 6 E 6
g s g
2 2 2
%o 20 30 4bTir,15£ (S)eb 70 80 50 100 % 10 20 30 40 50 60 70 80 90 100 % 10 20 30 40 50 60 70 80 0 100
Time (s) Time (s)
A=—b/m=-0.05 A==b/m=-0.1 A=-b/m=-0.025
} } } } } ‘ } }
-0.1 -0.05 -0.025 0.05
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Control systems: the basics
Introductory examples

UNIVERSITAT POLITECNICA DE CATALUNYA

Let’s look at rocket control

Objective: to keep a desired angle

18
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Control systems: the basics
Introductory examples

UNIVERSITAT POLITECNICA DE CATALUNYA

Let’s look at rocket control: model

A

M, control torque (Nm)
J rotational inertia (kg-m?2)
6 angle

System dynamics (Newton’s law): Zfl —ma —»JO—bO—mb = M,

Desired output y: a desired angle =———> y = 0=0

Model parameters J = 10kg-m? _
(to simplify) b=1 Nsm What’s the behavior of the rocket?

m=5 Nm

19
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Control systems: the basics
Introductory examples
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Let’s look at cruise control: unstable dynamics

Second order differential equation J& — b0 —m6 = M, y=07
Initial angle of 0.0005 rad, if no force (M_=0) is applied...

25
20}

’g 15¢

g’m—
5,
% 5

Time (s)

... the rocket starts rotating = the rocket is unstable 20
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Control systems: the basics
Introductory examples

Let’s look at cruise control: unstable dynamics

First order differential equation ~ J& —b6 —m6 = M, y=07

With an initial angle of 0.0005 rad, if no force (M_=0) is applied...

b+\b* +4Jm , b—b*+4Jm ,
Solution: O(t)=C,-e ) +C,-e *» =C, -e"+C,-e"
- : . If parameters are:
If inital conditons are: -
6(0)=0.0005 C1=0.0002323 J = 10kg'm2 — 4,=0.7589
doudt(0)=0 ~ — C2=0.0002676 b=INem 4, =-0.6589

Once again, the shape of the response depends on the exponent’s coefficients

21
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Control systems: the basics
Introductory examples

Let's look at rocket control: dynamics  8(¢) = C, -e™ +C, -e™

If coefficients A are positive, the system is unstable (one would be enough)
If coefficients A are negative, the system is stable

25 6x10

N
o

A;>0and A, <0 ° Ayand A, <0

-
[$4)

-
o

Angle (rad)

[$4]

o

5

o

Time (s)

Time (s)

unstable stable

mes,

UNIVERSITAT POLITECNICA DE CATALUNYA

22
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Control systems: the basics
System poles
General Case: differential equation or order n
ay”+a, Yy +...+ay=u
Solution:
y(t)=C,-e" +C,-e™ +...+C, -e™
The shape of the response depends on the exponent’s coefficients A
Stability: If any of these coefficients is positive the system will be unstable

These coefficients are called “System Poles”

23
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Control systems: the basics
State-space models

* We do not work with high order differential equations ... too difficult ©
» There are simplified working methods based on “models” which are
equivalent to the differential equations, but simplify operations

(Easy to understand) Available models

Differential equations

< S

State-space models Input-Output models

24
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Control systems: the basics

State-space models

, Example: rocket control
Example: Cruise control
i~ b = my JO—b6-mO=M,

v(z‘)—{_—b]v(t){l}u(z‘) 6,t) | 01 6| |0 v

1w ™ 60 |™ Lllaw] 1]"?

) o
y(O)={1}v 6,(1)

Yo =[1 O]{@m}

General state space model (SISO)

X(1)=Ax(t)+Bu(t)
y(t)=Cx(¢)+Du(t)

25
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Control systems: the basics

State-space models

Example: rocket control  J§ —bO—mO =M,

Define variables Substitute variables

0=x, X, =X,
0=x, x2=§9+?6+MC=2xz+ﬂxl+Mc

: 1
6,(t) ~leo] [

y(1) =1 o]{g‘ (t)}

0,(1)

<]z o

26
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Control systems: the basics
State-space models

X(1)=Ax(¢)+Bu(t)

1()=Cx(¢)+Du(?) Where are the system poles? ‘/H—A‘:O

Characteristic equation

Example: rocket control

0 1
A 0
M A+ A= - =0
odel | | {0 J { m b
J J
: 0 1 _ Solution:
60 607 [0 A 1
60| |= b 0,(t) M@ m b =0
2 - -
"9{) 7 T ; b+~/b> +4Jm
t e
y(0) =1 0]{ : } aa_by_m 2]
- )—==0
0,(1) ( J) r;
2oy m_yg
J J
27
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Control systems: the basics
Summary

System poles determine  stability
shape of the response

State space models ... continuous

Computers have a discrete view of the world !!!!

28
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Control systems: the basics
Discrete time systems, models and poles

Computer Clock
l t)} u(t l u(t y(t)
sampler ity Control tufty) hold 0 Plant
(A-D) algorithm (D-A)
y(t) y(t) u(t,) u(t)
o ® °
b ° LI o ® . . e ®®
t t t t

29
Seminar on Adaptive Real-Time Systems, with Departament d Enginyeria de Sistemes,
dd emphaSIS On ReaI-TIme ContrOI SyStemS UNIVERSITAT POLITECNICA DE CATALUNYA

Automatic Control Dept. (ESAIl), Technical University of Catalonia (UPC), Barcelona, June 20-23, 2005

Control systems: the basics
Discrete time systems, models and poles

The computer has a discrete view of the plant = the control algorithm has to be
designed taking into account that it will “deal with” sequences of numbers = a
discrete model of the plant is required.

The most commonly used model assumes:
* equidistant sampling: h sampling period (seconds)
* instantaneous input-to-output latency

y(ti1) y(ty) Y(tesq)
Sampling A A A !
Calculation D D ':'
! t / u(ty) v U(tet)
Actuation u(te1) time
h h

1:k-1 1:k tk+1 30
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Control systems: the basics
Discrete time systems, models and poles

Continuous time model Discrete time model
X(¢)=Ax(t +Bu(?) Xy =PX ¥l uy,
y(t):CX(t)‘l‘Dl/l(t) I ykh :Cth +Dukh

d=c"
h

F:I e™dsB
0

Computing ® and I'":

» Symbolically
* Series expansion of the exponential matrix
* Numerically (Matlab)

31
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Control systems: the basics
Discrete time systems, models and poles

Symbolycally | Syms h;

D= Rocket model | SYmMS s,

h (simple model) | A=[0 1,1 1];
sz e™dsB B=[0;1];

0

Phi=expm(A*h)
Gamma=int(expm(A*s),s,0,h)*B

o | 027646 +0.7236¢" 044721 10.4472¢"
20.447267 404472610 0.7236¢1 10,2764 55"

0.2764¢" ™" 1+0.7236¢ 65"
= 0.4472¢"" (11800 _ g1 1180y

1.7839 2.0143} {0.7839}

h=1 ——— &=
2.0143 3.7982 2.0143

32
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Control systems: the basics
Discrete time systems, models and poles

Matlab A=[0 1;1 1];

O=c" Rocket model | B=[0;1];
I (simple model)| C=[10];
r=[ edsB D=[0];

sys=ss(A,B,C,D);
dsys=c2d(sys,1,'zoh");
[Phi,Gamma,dC,dD]=ssdata(dsys)

©— (17839 2.0143
- 12.0143 3.7982
[0.7839
=
12.0143
C=[1 0]
D=[0] 33
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Control systems: the basics
Discrete time systems, models and poles

Series O=I+AY
D™ expansion I'=YB
f 2 273 i7i+l
F:OeASdSB T:jheASdszlh:Ah :Ah :...}Ah
0 2! 3! (i+D)!

Rocket model: we have to operate until we obtain the desired accuracy

- For the rocket model (simple model), with i=5, we obtain 2 correct decimals
- depending on the model (e.g., stable plants), the expansion works very well

34




Automatica i Informatica Industrial

IST NoE on Embedded Systems Design emphaSIS On ReaI-TIme Contro' Sys‘temS UNIVERSITAT POLITECNICA DE CATALUNYA
Automatic Control Dept. (ESAII), Technical University of Catalonia (UPC), Barcelona, June 20-23, 2005

ARTIST2 Seminar on Adaptive Real-Time Systems, with P teer kst acte harror b

Control systems: the basics
Discrete time systems, models and poles

Note that the most commonly used model assumptions:
* equidistant sampling: h sampling period
* instantaneous input-to-output latency

are not real

Computations (or network) take time (input-to-output latency=0)

_ y(te4) y(t) Y(tr1)
Sampling |5 \ \
Tsc Tsc Tsc
v ;l v
T T T
Calculation |51 —— B2
Tca Tca Tca
Y y Y
u(ty1) u(ty) U(tyss)
Actuation v v v ime
T T T
h h h 35
tyq t ti
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Control systems: the basics
Discrete time systems, models and poles

NCS (networked control systems)

Controller Process

t.. ~actuator sensor
ca

Communication network

36
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Control systems: the basics
Discrete time systems, models and poles

Continuous time model Discrete time model

with delay 1 (t<h) with delay 1 (t<h)
X(O)=Ax()+Bu(t—-r) __, X, =Ox,+Lu,, +1u, ,
y()=Cx(¢) I YV =CX,,

h—t Computing ®, I'yand T,
0 is similar to the method

T :eA(h_f)J‘TeASdSB already seen
0

State space model Xgn || P Ty || X I

z(kh)=u(kh-h) z,. o o T I Uy,

37
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Control systems: the basics
State-space models

X o =OX A0y,

v, =Cx,, +Du Where are the system poles? ‘ /11—(1)‘:0
kh™— kh h

Characteristic equation
Example: rocket control

Simple model
|AL+®|=

A 0] [1.7839 2.0143
[0 /1}_{2.0143 3.7982}
2-1.7839  -2.0143
‘{ -2.0143 /1—3.7982}
(1-1.7839)(4—3.7982) - (-2.0143)* = 0
4, =0.5390

2, =5.0432

o 1.7839  2.0143
12.0143 3.7982
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Control systems: the basics
Discrete time systems, models and poles

Correspondence between continuous time poles vs. discrete time poles:
Cruise control example

v(1)q-0.05]v(¢)+0.001]u () i h=1 v,m:fogs 12]v,+0.0009754]u,

y={1]v(0) — yA1v,

q)zeAh
[cpzeo-“ =0.95 12}

AI-AR0 ~ -oR0
A~(=0.05)=0 2~(0.9512)=0
A=-0.05 1=0.9512
Mapping
A ="
d 39
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Control systems: the basics
Discrete time systems, models and poles

Correspondence between continuous time poles vs. discrete time poles

Im A Im A
Marginally
Marginally Stable Unstable
Stable
Re A4 -1 1 Re 4
Stable
Stable Unstable
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Control systems: the basics

Simulation

J Scope

Simulink =1 untitled *

File Edit Wiew Simulation Format Tools Help
ODeEd&S ki » Momal v s B E

[ simutink Library Browser =1 4 Block Parameters:

Fie Edt View Help

State Space
Hiz el State-space model:
Sy o peenmecd i/t = A + Bu
v=beeDu W= et Bu p=Cx+Du
w= CxtDu
= Tl Simuink State-Space Seope Parameters
2] Continuous Deirvative

2] Discontinuities

# Discrete

2 Look-Up Tables

2 Math Operations
2 Model verification
2 Model-Wide Uiilkies
23 Ports & Subsystems

C:
] signal attributes )

Integrator

100, [[0:1]

Transfer Fen

Transport Delay R :
o continuous roail
%] sources Wariable Trarspor Delay -

2] User-Defired Functions

o B Ewmtmuns\:att\unsTB\uckset o |z 9 ¢ 0 1 o.(t 0 |[U :0]
o gllozg ;:.[fe:m e .l ( ) = ! ( ) + MC (l) Initial conditions:
- Nl Fixed-Point Blackset 92 (t) 0.5 0.1 02 (t) 1

o B8] ewralstwork Bckost |[0.0005:0]

- W Real-Time Workshop

5 ] S unction demos 01 (t) Abzolute tolerance:
vl [ SimPowerSystems y(t) = [1 0] |aut0

w- W] Simulink Extras 6 (t)

& W] System ID Blocks 2

Ready QK | Cancel Help
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Control systems: the basics

Simulation 5] untitled * DEX

File Edit View Simulation Format Tools Help

Observation: continuous Deda ela
System response

is a solution P(’)}{O 1}{9‘(1)}{0}%@ ﬁi?ﬁﬁﬁm
6,0 (05 01]6,@] |1 Seore

4
W0 =1 o]{g m

F100% odedS

t=0:15

EEX
plot(t,0.0002323*exp(0.7589*t)+0.0002676*exp(-0.6589*t))

&8 LRPL AEE

25

20

Angle (rad)

Time (s)
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Control systems: the basics

J Scope EEX)

SB LLL HEE

Simulation

Simulink =1 untitled *
File Edit Wiew Simulation Faormat Tools Help
D=ES = g Nemal :" Block Parameters: D
Discrete State Spacd
Discrete state-space Bl
wn+1] =dwln] + Bul
ywinl = Cxin] + Duln
ynE CaanoH Couln
st A B 4>|§| Parameters
Dizcrete State-Space Scope o
|[1.2ESB 1.1416; 0.57091.2837]
B:
[[0.5391:1.1416]
Ready 100%:
C:
discrete ooo
D:

O,(k+1)] [1.2696 1.1416][6,(k)] [0.5391 i
= + Mo 1 conions
0,(k+1)| ]0.5708 1.3837]|6,(k)| |1.1416 |?$'§u°u?m”m’

HI (k) :| Tample time [-1 for inherited):
1
0, (k)

=l o
,Tl Cancel Help
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Control systems: the basics

Simulation
Matlab
con t| nuous - Response to Initial Conditions
6o)_[o 1]aw],[0],, o
6, 105 o1]6,m| [1] © 20
6, (1)
y()=[1 o]LWJ i
%
A=[0 1;0.5 0.1]; < 1ol
B=[0;1];
C=[10];
D=10]; 51
sys=ss(A,B,C,D);
initial(sys,[0.0005;0],15)
0 I
0 5
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Control systems: the basics

Simulation
Matlab
discrete
6, (k+1) 1.2696 1.1416 || 6,(k) 0.5391
= + M (k)
0,(k+1) 0.5708 1.3837 || 6, (k) 1.1416
Response to Initial Conditions
e (k) 25
y(k) =1 o][ ‘ }
0,(k)
20+
A=[0 1;0.5 0.1]; 15l
B=[0;1]; g
C=[10]; g
D=[0]; 10r
sys=ss(A,B,C,D);
dsys=c2d(sys,1,'zoh"); 5|
initial(dsys,[0.0005;0],15)
Oo 5 10 1‘545
Time (sec)
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Control systems: the basics

Control design

The objective of control is to shape the system response
Pole placement by state feedback allows to specify arbitrary pole locations
Example (Open loop) plant (simple model)
[e,(kﬂ)} {1.7893 2.0143}{@(1«)} {0.7839}
= + M. (k)
O,(k+1)| [2.0143 3.7982 | 6,(k)| |2.0143
A linear feeback can be described by

91(/6)}

Mc(k) = _llel(k)_llal(k) = _[ll 12]|:(9 (k)

With this feedback, the closed loop system becomes

6,(k+1)] [1.7893 2.01437[ 6, (k) ,[07839 u 6, (k)
O,(k+1)| |2.0143 3.7982 ]| 6,(k)| |2.0143 [h L] 0,(k) 46
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Control systems: the basics

Controller design

(example continuation)

6,(k+1)] [1.7893-0.7839/, 2.0143-0.78391, ][ 6, (k)
0,(k+1)| |2.0143-2.0143/, 3.7982—2.01431, || 6, (k)

Characteristic equation |/11—(I)|=O

I 1.7893-0.7839/, 2.0143-0.78391,
2.0143-2.0143/, 3.7982-2.0143/,

A? +(0.7839/, -5.5821+2.01431,)4 +2.7182 +1.0799/, -2.01431, = 0

We know that stability requires to have system poles |p,|<0. Let’s arbitrarely choose
p, =04+04i and p, =0.4-0.4i
The desired characteristic equation is (4= (0.4 +0.4i))(1 - (0.4 -0.4i)) = A* =0.82+0.32=0
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Control systems: the basics

Controller design

(example continuation)
Characteristic equation

A% +(0.78391, -5.5821+2.01431,)4 +2.7182+1.07991, - 2.0143, = 0

The desired characteristic equation is
A7 -0.81+0.32=0

) ) . 0.7839/, -5.5821+2.0143/, =-0.8 [, =1.2790
Equating equations coefficients
2.7182+1.0799/, -2.0143/, = 0.32 [, =1.8763

Closed loop system equation
{Hl(kﬂ)}:[(D_FL][H](k)}:{OJSB 0.5434}{91(1()}
0, (k +1) 0,(k)| |-0.5620 0.0187 || 6, (k)
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Control systems: the basics

Controller design

Matlab (simple model)

x10* Response to Initial Conditions
T T

A=[0 1;1 1]; %Simple model

B=[0;1];

C=[10];

D=[0];

sys=ss(A,B,C,D);
initial(sys,[0.0005;0],10);
dsys=c2d(sys,1,'zoh’);
[Phi,Gamma,dC,dD]=ssdata(dsys);
poles=[0.4 + 0.4i,0.4 - 0.4i];
Ld=acker(Phi,Gamma,poles);
cldsys=ss(Phi-Gamma*Ld,Gamma,dC,dD,1);
initial(cldsys,[0.0005;0]) //WRONG//

Amplitude

Time (sec)
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Control systems: the basics

Controller design

Matlab

x 10"’ Response to Initial Conditions
T T

A=[0 1;0.5 0.1];

B=[0;1];

C=[10];

D=[0];

sys=ss(A,B,C,D);
initial(sys,[0.0005;0],10);
dsys=c2d(sys,1,'zoh");
[Phi,Gamma,dC,dD]=ssdata(dsys);
poles=[0.4 + 0.4i,0.4 - 0.4i];
Ld=acker(Phi,Gamma,poles)
cldsys=ss(Phi-Gamma*Ld,Gamma,dC,dD,1);
initial(cldsys,[0.0005;0]) //WRONG//

Ampltude

0 5 10 15

Ld=[0.9743 1.1633]
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Control systems: the basics

Controller design

Simulink =T

FEX
File Edit Wiew Simulation Format Tools Help

L » Marmal h 2 = &

Block Parameters: Matrix Gain

Gain

Element-wize gain [y = K.*u] or matrix gain (b = K*u ar p = u"k).

Parameters # = AwtBu

Gain: W = CxtDu s
cope

|'[U 9743 1.1633] State-Space ’

ultiplication: |Mat|ix[Kxu] j

[ Show additional parameters -« J-LI_
Matri Zero-Order
kK Cancel | Help | |

Gain

Haold
Ready 100%:
5
Zero-Order Hold
Zero-order hald. State—SpaCG Wlth
Parameters

e i for hertod] intial conditions

ample time [-1 for inherted]:

D x,=[0.0005;0]
0K | Cancel Help

ART | ST2 Seminar on Adaptive Real-Time Systems, with Depariament d'Enginyeria de Sistemes,
O ——— emphasis on Real-Time Control Systems

UNIVERSITAT POLITECNICA DE CATALUNYA

Automatic Control Dept. (ESAIl), Technical University of Catalonia (UPC), Barcelona, June 20-23, 2005

Control systems: the basics

Controller design

Simulink  |BEEEITTY

File Edit Wiew Simulation Format Tools Help

Oe S i) » Namal || B E &

Block Parameters: Pulse Generator (3]
-
] Fulse Generator
= AxtBu . .
Pulse B Generate pulzes at regular intervals where the pulse type determines the
Generator w= GitDu Suope computational technigue used.

State-Space . . ) . .
Time-based is recommended for use with a variable step salver, while

Sample-bazed iz recommended for uze with a fixed step solver or within a
J_LI_ dizciete portion of a model using a variable step solver.

hel atriz
Gain

Zero-Order Parameters
Hald Pulze type: |

100%s Arnplitude:
|0.23

Period [secs):
|20
Pulze \Width [% of period]:

State-space with oo
intial Cond itions T;;se delay [secs):
X,=[0;0]

v Interpret vector parameters az 1-D

ak | Cancel Help
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Control systems: the basics

Controller design

Summary
» Controller design L=acker(®,I',[p4, Py, -, P,

* p, are the desired pole locations of the closed-loop system

* Questions:  Where do we place the desired poles?

What about the sampling period or execution time (i.e.,
control tasks timing constraints)?

53

ARTIST2 Seminar on Adaptive Real-Time Systems, with P teer kst acte harror b

Automatica i Informatica Industrial

IST NoE on Embedded Systems Design emphaSIS on ReaI-TIme ContrOI SyStemS UNIVERSITAT POLITECNICA DE CATALUNYA
Automatic Control Dept. (ESAIl), Technical University of Catalonia (UPC), Barcelona, June 20-23, 2005

Real-time computing of control systems

1. Controller implementation

2. Selection of the control task period

3. Trading off performance vs. schedulability
4. The jitter problem

5. Flexible timing constraints
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Real-time computing of control systems

Controller implementation

The controller is an algorithm to be executet at each sampling period h

Controller task

{ read_input (y,) //assuming thaty, =X,
Uy = -Lx,
write_output (u,)

Which is the right code?
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Real-time computing of control systems

Controller implementation

The controller is an algorithm to be executet at each sampling period h

Attempt 1:
LOOP
PeriodicActivity;
WaitTime(h);
END;

* Does not work.
* Both, Period h and PeriodicActivity, time-varying.

* The execution time of PeriodicActivity is not accounted for.
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Real-time computing of control systems

Controller implementation

The controller is an algorithm to be executed at each sampling period h

Attempt 2:

LOOP
Start = CurrentTime();
PeriodicActivity;
Stop = CurrentTime();
C := Stop - Start;

WaitTime(h - C);
END:;

* Does not work. An interrupt causing suspension may occur between the
assignment and WaitTime.

* In general, a WaitTime (Delay) primitive is not enough to implement periodic
processes correctly.

» A WaitUntil (DelayUntil) primitive is needed.
57
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Real-time computing of control systems

Controller implementation

The controller is an algorithm to be executed at each sampling period h
Attempt 3:

t = CurrentTime();
LOOP
PeriodicActivity;
t=t+h;
WaitUntil(t);
END;

» Will try to catch up if the actual execution time of PeriodicActivity
occasionally becomes larger than the period (a too long period is followed by a
shorter one to make the average correct)

* Reasonable for alarm clocks, but perhaps not for controllers.
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Real-time computing of control systems

Controller implementation

Computer-control theory timing assumptions:

Controller—|Actuator 12 gl m Equidistant sampling (constant sampling period, h)

T—Samplen— m Small and constant time delay (1)

Control task model (1/2)

Sampling, control algorithm computation, and actuation are
implemented sequentially within a single periodic task.

A A A
s c Al s c AI s c Al
59
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Real-time computing of control systems

Controller implementation

Computer-control theory timing assumptions:

Controller—|Actuator 12 g m Equidistant sampling (constant sampling period, h)

T_Sample“— m Small and constant time delay (1)

Control task model (2/2)

Sampling, control algorithm computation, and actuation are
implemented in several periodic tasks.

A A A

s c Al s c Al s c Al

A [FEH FEE
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Real-time computing of control systems

Controller implementation

Keeping control timing assumptions with real-time task timing constraints

Standard timing constraints for periodic tasks

T T T
m Period, T D D D
m Deadline, D C
(Computation time, C)  {ask | | | > time
(k-3)T (k=2)T (k-1)T
Timing constraints
5 C A f ; I k
or control tasks T=h T=h T=h
D= D= D=
Period T = Sampling period, h C : . :
Deadline D = Time delay, t (=C) task [§ C A S CA s c Al \ time
(k-3)T (k-2)T (k-1)T KT
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Real-time computing of control systems

Controller implementation

Limits control task scheduling

p=c= - DpC= Scheduling n control tasks
task |S C A S CA | = n=1 ok
" T=h " T=h n>1 in the general case, not possible
Problem

Computer-control theory timing assumptions
Over-constrain control task specification

Poor (or infeasible) system schedulability
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Real-time computing of control systems

Controller implementation

Computer-control theory timing assumptions:

Controllert—1Actuator— {2t m Equidistant sampling (constant sampling period, h)
T—Sampler m Small and constant time delay (1)

Control task model (new)

Sampling and actuation are performed by hardware
interrupts, control algorithm computation is implemented in
a periodic tasks.

At the end, it will present the same problems as the

previous models 63
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Real-time computing of control systems

Controller implementation

=} MATLAB
File Edit WYiew Web Window Help

Truetime

= B« o« | 8§ 7 | CurrentDirectory: | CimaTLABERStvork V|B

Launch Pad E]E] e e
A\ MATLAE > Lruetime
4\ Toolboxes
M simuling
ﬁ Blocksets

iZ]Libra ry: truetime |Z| |E| b__<|
File Edit Yiew Help
TrueTime is a Matlab/Simulink-based
A o — simulator for real-time control systems.
nd . g . .
Iempts e T e TrueTime facilitates co-simulation of
Fov anitors m— controller task execution in real-time
TrueTime Kemel kernels, network transmissions, and
Copyright(c)TZIDuDe:I[I;;i?—lI::ikI:sT:r::cizAnton Cenvin Continuous plant dynamiCS
Department of Automatic Contral, Lund University, Sweden
Flease direct questions and bug repors to: truetime @control. lth.se .
http://www.control.lth.se/~dan/truetime/ 64
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Real-time computing of control systems

Controller implementation

Truetime Examplel: a periodic task with period 10ms, execution time 2ms, under RM

E! Example1 * E| [E| fg

File Edit %iew Simulation Format Tools Help

0D =2E S =0 3 Mormal ~|| RE &

Block Parameters: TrueTime Kernel

L]

Subsystemn [maszk] (link]

AD niA Terminator2

Groundz
E—} Intemupts Sn ’ . Parameters
Graund Sehedule _1“"‘""""—’- Pindte E Marne of init-script [MEX or MATLAR)

EJ_’R“ Wnitors Schedule

TrueTime Kernel Terminator!

Eroundd

Ok | Cancel Help

Ready 100% ode45
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Real-time computing of control systems

Controller implementation

Truetime: Examplel: a periodic task with period 10ms, execution time 2ms,
under RM, that increments a counter

2} C:\Documents and Settings\PaulDesktop\ArtistSeminar\ArtistTrutime\exampled_ini... |:HE|@|

%l C:\Documents and Settings\PaulDesktop)ArtistSeminar\ArtistTrutimeltaskcode.m El@‘gl

File Edt View Text Debug Breskpoints Web ‘Window Help File Edit WView Text Debug Breakpoints Web Window Help
D& E Bo o &#f| B8 R suxlp= ] D& B |5 M5 BE B3| sesfeme ]
1 function examplel init b function [exectime, data] = taskcode(seg, data)
2 2]
A % Periodic task that increments a counter i switch seg,
4 4
4] % Initialize TrueTime kernel 4= case 1,
B[— ttInitKernel(0, 0, 'prioRM'): % nbrOfImputs, nbrOflurputs, rate monotonic 6|- data,a=data. at+l
7 i exectime = 0.002;
8 % Task attributes 8- case Z,
8- | period = 0.010; al- exectine = -1;
10|~ | deadline = period; 1001-| end
il offset = 0.0; % start of first task job L
12|=| prio = L;
i
14| % Create task data (local mewory)
15|—| dava.a = 0;
18
il % Implementation
18|~ | ttCreatePeriodicTask('task', offset, period, prio, 'taskcode', data);
s
examplel_initm  taskcode.m examplel_intm  taskcodem
examplel_init Ln19  Coli taskeode Ln 11 Col 1

example1_init.m taskcode.m 66
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Real-time computing of control systems
Controller implementation

Truetime: Examplel: a periodic task with period 10ms, execution time 2ms,
under RM, that increments a counter

=) MATLAB ‘ZHE'E‘
File Edt ‘iew Web ‘indow Help

0=

ﬁ % | Current Directory: | C'Documents snd Settings'PauDesktoplrtistSeminaridrtist Trutime 4 | D

L MATLAE
ﬂToolboxes . J |Schedule
ESlmuJ.lnk
ﬁBlocksets % p }8 ,@ ﬂ %
a: @
data = | e
a: 9
data = DZ I:I_;:I‘I oor ooz 0.0% I:I_;:IEQ ooz 0os ol
a: 10
g
<
. Start | 67
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Real-time computing of control systems

Controller implementation

Truetime: Example2: two periodic tasks with periods 10 and 14ms, execution
times 2 and 4ms, under RM, each one increments a counter

i1 Example2 *

File Edit Wiew Simulation Format Tools Help
OeE&S » Hormal v s BE &
Block Parameters: TrueTime Kernel
Subspstern mask] [link)
D i
A0 Terminator2 Parameters
Ground2
Snd P
Intempts Mame of init-zcript [MEX or MATLAR]
" p Schedule atminate
nmun
E_'_>Rc" Monitors Schedule
Sraamdd TrueTime Kemel Terminatert oK | Cancel Help
JReady 100%, odeds
68
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Real-time computing of control systems
Controller implementation

Truetime: Example2: two periodic tasks with periods 10 and 14ms, execution
times 2 and 4ms, under RM, each one increments a counter

%) C:\Documents and Settings\PauDesktop\rtistSeminar\ArtistTrutime\data_example... [= (B[]

%) C:\Documents and Settings\Pau\DesktoplArtistSeminar\ArtistTrutime\data_example. .. E”’E‘g‘ Rl e N ok Dk Behaniily WS i (il
Fle Edit ¥iew Text Debug Breakpoints Web ‘Window Help @@ & dhf. B8 3 5‘5*-|:|
- function [exectime, data] = taskloode(seq, datal
DSl Bo | S #F| R 48| stasc[pae V] ! ! foea, dawa)
1 function examplez_init switch seq,
2|
3 % Tyo periodic task that increments a counter case 1,
4| data, a=data.a+l
5 % Initialize TrueTime kernel exec;lme = .00z
case 2,
B[~ | trInitRernel(0, 0, 'pricRM'}; % nbrOfInputs, nbrOf0UTPULS, rate monotonic et < L5
a end
8 = Taskl
8|~ | periocd = 0.010:
10|=| deadline = peried; sampleZ_initm  taskicoderm  taskZcodeam
Ll offsec = 0.0; taski cade ni  Col34
12[-| prie = 1;
13[~| datal.a = 0:
14| teCreatePeriodicTaski'taskl', offset, period, prio, 'taskleode', datal):
15 File Edt View Text Debug Breakpoints ‘Web ‘Window Help
18 % Taskz (=93] S thf, B8 3 suscfpae o
17{=| peried = 0.014; function [exectime, data] = taskZcode(seg, data)
18/~ | deadline = period:
18- oEfset = 0.0; switch seq,
20(-| prio =1
21|-| dataz.p = 0; case 1,
23|~ | |eoreatereriodicTask('taskz', offser, period, prin, 'taskzoode', data2); da“a;hzda“aéh;;a
exectime = 0. 3
case z,
exectine = -1;
exarmple2_initm tasklcode.m taskZcode.m end
example_init Ln 22 Cal1
exampleZ_initm  tasklcodem  taskZcodenm 69
taskicode Lni1_ Col
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Real-time computing of control systems

Controller implementation

Truetime: Example2: two periodic tasks with periods 10 and 14ms, execution
times 2 and 4ms, under RM, each one increments a counter

<) MATLAB EX)
Flle Edit ‘ew Web Window Help

@’ -

B

0O = ﬁ ?  Current Directory: | CDocuments and Settings'PauDeskioplArtistSeminaridtist Trutime v ‘ D

<\ MATLAE
Q.Tuulbuxes I
i sinulink
HElocksets ]
daca - SBE LRPL ARBE B
b: 7
N e
at 100 I e R Rl LEERERE v RRREEE e IEEREEE o BEREEE o RERELES = LR
data =
b: &
>3
<

4\ start | 70
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Real-time computing of control systems

Controller implementation

Truetime: Example3: the rocket controller task

51 Onecontroller *

File Edit Wwiew Simulation Formak Tools Help
~u A !
O =EzES Lo » Wormal - & = ]
Fulze
Generatar = PeekBu .
| 2D D7a, 4= CxtDu » .
» . cope
Intermupts nd State-Space
Sohedule
Ground I3
o hdonitors —b-. Schedule Terminator2
TueTime Kemel Terminater
Groundl
|Ready 100%, odeds
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Real-time computing of control systems

Controller implementation

Truetime: Example3: the rocket controller task

Block Parameters: State-Space ]

Block Parameters: Pulse Generator X
State Space

Pulse Generatar

State-space model:

|10.0005;0]

Abszolute tolerance:

|aut0

o]

Cancel

Help

Generate pulzes at regular intervals where the pulze type determines the

de/dt = A% + Bu computational technique uzed.
y=Cx+Du
Time-bazed iz recommended for uge with a variable step solver, while
Parameters

Sample-bazed iz recommended for uze with a fized step solver or within a
dizcrete portion of a model using a variable step solver.

Parameters
E: Pulze type: |RETNE
|[D ] Amplitude:
[ 023
[r1 o) Period [secs]):
D: |20
|[D 20 Pulze "Width [*% of period):
Initial conditions: 001

Phaze delay [secs]:
|05

[v Interpret vector parameters 3z 1-D

o]

Cancel Help
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Real-time computing of control systems

Controller implementation

Truetime: Example3: the rocket controller task

b C:\Documents and Settings\Pau\Desktop\ArtistSeminar\ArtistTrutime\data_onecontro... [’Zl@‘g‘

File Edit View Text Debug Breskpoints Web Window Help
0= B’ « S #F | 88 3 5'“‘“: File Edit Yiew Text Debug Breakpoints Web Window Help
1 function onecontroller_init e l:|
: 0= o AN AR llE]| Stack
3 % Rocket controller 1 function [exectime, data] = controllercodeiseg, data)
4 2
5 4 Initialize TrueTime kernel 37| switeh seg,
[5) ttInitKernel (2, 1, 'pricEM'): % nbrOfInputs, nbrOfdutputs, rate monotonic 4
7 5= case 1,
2 % Task attributes 6 - ¥l = tthnalogIn({data.ylChan) * Read process output
al- period = 1; &= ¥2 = ttdnalogIn{data.y2Chan] % Read process output
10/~ | deadline = period; Sl data.u=-data.L®[yl;y2]
11|-| offset = 0.0; | it exectime = U.UULL;
12|=| prio = L; 10/= case Z,
13]- data.l = [0.9743 1.1633]: il e ttinaloglut(data.uChan, data.u): % Jutput control sigmal
18/-| dara.u = 0: = exectime = -1;
16(-| data.ylChan = 1: 137 | end
16/~ | data.y2Chan = 2; 15
17— | data.uChan = 1;
18|—| ttCreatePeriodicTask('task', offset, period, prio, 'controllercode', data);: anecontraller_initm  contrallercade.m
1 controllercode Lngd Caol18
onecontroller_init Ln 11 Col15
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Real-time computing of control systems

Controller implementation

Truetime: Example3: the rocket controller task

¢ 3 B

B LLL hiBE
4

* What happens when the delay increases? Why (check poles)?
74
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Real-time computing of control systems

Controller implementation

Truetime: Example3: the rocket controller task (with delay of 0.4s)
J Scope FEX

#) C:\Documents and Settings\Pau\DesktopArtistSeminar\ArtistTrutime\data_onecontro... E”E”'ZQ

File Edit View Text Debug Breakpoints ‘Web ‘Window Help é p }8 ﬁ ﬁ %
0= B’ & #Mr| B8 3 stac [Baze ] 4

1 function [exectime, data] = controllercode(seg, data) o « 10

2 Z

3 awitch segq, 0 I L N

4

5 case 1,

B|— ¥l = tténalogIn(data.ylChan) % Eead process output

7w ¥Z = ttaénalogIn(data.yiChan) % Eead process output

8- data.u=-data.L*[¥l;yz] @ Bl

al- exectime = 0.4

i = case Z,

kil ttanalogliut (data.uChan, data.u); % Output control simmal

57 exectime = -1;

13- | end J Schedule

14

onecontroller_init.m controllercode.m

UNSTABILITY !!! 75
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Real-time computing of control systems

Controller implementation

Analysis: Example3: the rocket controller task (with delay of 0.4s)
A=[0 1;0.5 0.1];B=[0;1];C=[1 0];D=[0];
Poles of the closed loop sys=ss(A,B,C,D)
system without delays dsys=c2d(sys,1,'zoh');

[Phi,Gamma,dC,dD]=ssdata(dsys)
poles=[0.4 + 0.4i,0.4 - 0.4i]

: Ld=acker(Phi,Gamma,poles)

cldsys=ss(Phi-Gamma*Ld,Gamma,dC,dD,1);
05 S 1 p=pole(cldsys);

t=0:1/10:6.5;

Op oo y=sin(t);

i x=cos(t);
05 - f plot(x,y)
hold on
A = : ‘ plot(real(p(1)),imag(p(1)),'Marker','x")

plot(real(p(2)),imag(p(2)),'Marker','x")
hold off
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Real-time computing of control systems

Controller implementation

Analysis : Example3: the rocket controller task (with delay of 0.4s)

Poles of the closed loop system without delays: system with delay

X ® T, T, X 1 |
- L }@0 OHI L o] . |
- kh+h kh - :
= 0 :
tS?ns/so_delay p=pole(cldsysdelay); | o
ymss; t=0:1/10:6.5; 3
Ad=expm(A*h) y=sin(t); 05
BdO=int(expm(A*s),s,0,h-t)*B x=cos(t5' |
Bd1=exp(A*(h-t))*int(expm(A*s),s,0,t)*B lot(x )’ " ‘
Phiorg=subs(Ad,{h,t},{1,0}) Eold (;lr: A TR

GammaO=subs(Bd0,{h,t},{1,0})
Gamma1=subs(Bd1,{h,t},{1,0})
Phi=[Phiorg Gamma1;[0 0] [O]]
Gamma=[Gamma0 ;[1]]

plot(real(p(1)),imag(p(1)),'Marker','x")
plot(real(p(2)),imag(p(2)),'Marker','x’)
plot(real(p(2)),imag(p(3)),'Marker’,'x')

dC=[1 0 0]; hold off

dD=[0];

cldsysdelay=ss(Phi-Gamma*[0.9743 1.1633 0], Gamma,dC,dD,1) ”
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Real-time computing of control systems

Controller implementation

Analysis : Example3: the rocket controller task (with delay of 0.4s)
Poles of the closed loop system without delays: system with delay |

h=1 | \
ts=?n‘; S_/° delay p=pole(cldsysdelay); 0

y s t=0:1/10:6.5; 05
Ad=expm(A*h) =sin(t):
BdO=int(expm(A*s),s,0,h-t)*B i;ios((z) y
Bd1=exp(A*(h-0))int(expm(A*s)s,0)B | | "Ly '
Phiorg=subs(Ad.{h,t}.{1,0.4}) ploTXy 1

hold on
plot(real(p(1)),imag(p(1)),'Markes|
plot(real(p(2)),imag(p(2)),'Marker]
plot(real(p(2)),imag(p(3)),' Markef

GammaO=subs(Bd0,{h,t},{1,0.4})
Gamma1=subs(Bd1,{h,t},{1,0.4})
Phi=[Phiorg Gamma1;[0 0] [O]]
Gamma=[Gamma0 ;[1]]

dC=[1 0 0]; hold off s
dD=[0];
cldsysdelay=ss(Phi-Gamma*[0.9743 1.1633 0], Gamma,dC,dD,1) E
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Real-time computing of control systems

Controller implementation

Analysis : Example3: the rocket controller task (with delay up to 0.3s)

Poles of the closed loop system without delays: system with delay (z,,,=u,)

o S o

7=03
Poles movement (h=1s, t=0.001, 0.05,
0.1,0.2, 0.3s)
79
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Real-time computing of control systems

Controller implementation

Analysis : Example3: the rocket controller task (with delay of 0.4s)
h=1 X 1074 Re1s 3
=0 6 i
syms s; ' b
Ad=expm(A*h) 5t Joo [ T

BdO=int(expm(A*s),s,0,h-t)*B
Bd1=exp(A*(h-t))*int(expm(A*s),s,0,t)*B &
Phiorg=subs(Ad,{h,t},{1,0})
GammaO=subs(Bd0,{h,t},{1,0}) 3t
Gamma1=subs(Bd1,{h,t},{1,0})
Phi=[Phiorg Gamma1;[0 0] [0]]
Gamma=[Gamma0 ;[1]]
dC=[100jJ; T
dD=[0];

cldsysdelay=ss(Phi-Gamma* 0
[0.9743 1.1633 0], Gamma,dC,dD,1)
initial(cldsysdelay,[0.0005;0;0]) -1 : ‘ : : " 5 80

Time (sec)

Amplitude
N
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Real-time computing of control systems

Controller implementation

Analysis : Example3: the rocket controller task (with delay of 0.4s)
x10° Response to Initial Conditions
h=1
t=0.4
syms s;

Ad=expm(A*h)
BdO=int(expm(A*s),s,0,h-t)*B i
Bd1=exp(A*(h-t))*int(expm(A*s),s,0,t)"B
Phiorg=subs(Ad,{h,t},{1,0.4}) I
GammaO=subs(Bd0,{h,t},{1,0.4})
Gamma1=subs(Bd1,{h,t},{1,0.4})
Phi=[Phiorg Gamma1;[0 0] [0]]
Gamma=[Gamma0 ;[1]]
dC=[100jJ;

dD=[0];
cldsysdelay=ss(Phi-Gamma*

Amplitude

[0.9743 1.1633 0], Gamma,dC,dD,1) % 10 15
initial(cldsysdelay,[0.0005;0;0]) {(sec) 81
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Real-time computing of control systems

Controller implementation

Analysis : Example3: the rocket controller task (with delay of 0.4s)
h=1 1 |
t=0.4 . |
syms s; o = -
Ad=expm(A*h) | S
BdO=int(expm(A*s),s,0,h-t)*B
Bd1=exp(A*(h-t))*int(expm(A*s),s,0,t)*B ar 05 o
Phiorg=subs(Ad,{h,t},{1,0.4}) 1

GammaO=subs(Bd0,{h,t},{1,0.4}) 4 05 0 05 1
Gamma1=subs(Bd1,{h,t},{1,0.4}) :
Phi=[Phiorg Gamma1;[0 0] [O]]
Gamma=[Gamma0 ;[1]]

dC=[100jJ;

dD=[0];

Ldelay=acker(Phi,Gamma,[0.4 + 0.4i,0.4 - 0.4i,0])
cldsysdelay=ss(Phi-Gamma*Ldelay,Gamma,dC,dD,1) 2/ . . . : - - - -
initial(cldsysdelay,[0.0005;0;0]) Time (sec) 82
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Real-time computing of control systems

Controller implementation

Truetime : Example3: the rocket controller task (with delay of 0.4s)

=] onecontrolle rwithdelay1

File Edit View Simulation Format Tools Help

O =EE &8 4 Maormal MR i &
Fulze E
“enerator = AztBu
{40 DA y= CarDu

Scope
E—b Intermupts = State-Space

Sohedule
Ground R
E—'_> i hianitars —.. Schedule Terminator

i Termina
Groundd TrusTime Kemel J Schedule

g8 LL L AEBE

|Ready 100%:
Parameters
Model as before, but Mame of init-script [MEX or MATLAR)
calling a diferenent init || F= R
0K | Cancel
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Real-time computing of control systems

Controller implementation

Truetime : Example3: the rocket controller task (with delay of 0.4s)

Block Parameters: State-Space 3] Block Parameters: Pulse Generator 53]
State Space Pulze Generator
. p f g
State-space modek: MOdeI paramete rs aS b( 'fo re Generate pulses at regular intervals where the pulse type determines the
dufdt =A%+ Bu computational technique used.
y=Cx+0u
Time-based iz recommended for use with a variable step solver, while
Parameters

S ample-bazed iz recommended for uze with a fixed step sabver ar within a
digcrete portion of a model using a variable step solver.

Parameters
: Pulse type: | TR
|[U i Arnplitude:
C: [0z
|[1 0:01] Period [secs]:
o: [20
|00

Pulse "width [% of period]:

Initial conditions: [0

|[0.0005:0]

Phaze delay [secs]:

Absolute talerance: |D.5

|aut0 [v¥ Interpret vector parameters as 1-D

0K | Cancel Help ,Tl

Cancel Help 84
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Real-time computing of control systems

Controller implementation

Truetime : Example3: the rocket controller task (with delay of 0.4s)

2} C:\Documents and Settings\Pau\Desktop\ArtistSeminar\rtistTrutime\data_onecontroller_lon... g@]g|
Fil= Edit Wiew Text Debug Ereakpoints ‘Web ‘Window Help

0O = ) & & F 8k BIE Stade [Dase
1 function onecontrollerwithdelay init
2
3 % Rocket controller
el ttInitKernel (2, 1, 'prioRM']); % nbrOfInputs, nbrOflutputs, rate monotonic
g % Task attributes
B|=| period = 1:
fille deadline = period;
8|—| offzet = 0.0:
9| = prio = 1;
1= data.L=[1.2586 1.2150 0.56446] ;
11|=| data.u = 0;
112 data.ylChan = 1;
2= data.yZChan = Z;
14— data.y3=0;
18|~ | data.uChan = 1;
Ef= ttlreatePeriodicTask (' task', offset, period, prio, 'controllercodewithdelay', data);

onacontrollerwithdelay_initm  controllercodewithdelay.m

onecontrollerwithdelay.. |Ln 10 Col 37 85
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Real-time computing of control systems

Controller implementation

Truetime : Example3: the rocket controller task (with delay of 0.4s)

%) C:\Documents and Settings\Pau\Desktop\ArtistSeminar\ArtistTrutimeld.

File Edit Wew Text Debug EBreakpoints ‘Web ‘Window Help
0O = il & éF 88 I3 stack: [ (X}
1 function [exectime, data] = controllercodewithdelay|seqy, data)
2
= switch seq,
4
5 case 1,
B - vl = ttanalogIn(data.ylChan) % Fead process output
Tili= v2 = tthnalogInidata.w2Chan) % Fead process output
8- data.u=-data.L*[yl;¥2;data. ¥3]
g - data.y3=data.u
10| - exectine = 0.4
= case 2,
qh= ttinalogiut(data.uChan, data.u): % Output contrl:l zignal
13| - exectine = -1;
14/=| end
14
onecaontrallerwithdelay_init.m contrallercodewithdelay.m
controllercodewithdelay [Ln12 Col 50
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Real-time computing of control systems

Controller implementation

Truetime : Example3:

the rocket controller task (with delay of 0.4s)
J Scope EJEJ&X]  scope EIE)X) -5 scope

EBX
S8 LAPL ARE B SB LAPL AREB B B LLL ABE B
4 3 -4

=i Time offsst: 0
Without delay With delay With delay
Without accounting Accounting for
for the delay the delay 87
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Real-time computing of control systems

Controller implementation

Truetime : Example3:

Block Parameters: Transport Delay
Tranzport Delay

=1 untitled *

the rocket controller task (with delay of 0.4s) with simulink

Apply zpecified delay to the input signal. Best ac

File Edit View Simulation Format Tools Help
the delay iz larger than the simulation step zize.

DEeEdE&E % B =2 » Marmal hd &
Parameters
Time delay:
04 TUL
A . Pulse = = foekBu
Initial input:
[

Genaratar

-
= CxtDu bl |§|

State-Space

Block Parameters: Matrix Gain
Gain

Seope

Element-wize gain [y = K."u] or matrix gain [y = K*u ory = uK).

Ale—cfe— e

28 LLL HIEE
-4
Transport b atriz Fero-Order
Delay ain Hald .
Parameters e
Gain: 100% odeds E J P R
| J

o]

Cancel
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Real-time computing of control systems

Controller implementation

Summary
» care must be taken with the effects of the controller execution time (delay)

+ task deadline should be equal to task worst case execution time (to bound
delays)

Let’s look at the sampling period (= task period)

89
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Real-time computing of control systems

Selection of the control task period

Closed loop system poles and sampling period (i.e., control task period)
determine performance

Correct affirmations:
* Poles determine system response
* Poles determine the choice of the sampling period

» Sampling period determines poles
» Sampling period determines system response

From where do we start? Poles

90
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Real-time computing of control systems

Selection of the control task period

Where do we place closed-loop system poles?

Classical design rules:

1.- Reduce the expected behavior of high order systems to 2nd order
systems by placing two “slow” poles (in continuous time domain).
Place the remaining (continuous time) poles in such way that the

output behaves as expected (like the two slow poles would
determine)

2.- Choose a sampling period according to the continuous time pole
position

3.- Compute the discrete feedback law

91
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Real-time computing of control systems

Selection of the control task period

Reduce the expected behavior of high order systems to 2nd order systems by
placing two “slow” poles (in continuous time domain). Why?

1

1 1
08 _ -1t 08 _ -5t 08 _ 20t A
. y=e y=e y=e
Sos Sos Sos6
g g
2 5 §
g04 504 S04
& g g
[ i
0.2 02 0.2
0 0
() 1 2 3 1 5 0
0 1 2 3 4 5 0 1 2 3 4 5

Time (s) Time (s)

* Fast poles (the smallest) don’t affect too much.
Any high order system behavior is seen as a
second order system behavior

\
i
0.8p 1
\

o
12

N
~

Exponential Values

* Slow poles (also called dominant) determine the
output 92

\
021
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Real-time computing of control systems

Selection of the control task period

Reduce the expected behavior of high order systems to 2nd order systems by
placing two “slow” poles (in continuous time domain). Why?

150

0.8

So6 K]

04

Expone

0.2

\ L /Imaginary componen

ntial Values

Expone
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Real-time computing of control systems

Selection of the control task period

Choose a sampling period (if possible) according to the continuous time
pole position

* There are several rules-of-the-thumb for selecting the sampling period

+ ...and extended practice tells that the sampling period should accomplish that the
number of samples (N) should be at least 10 to 20

No 2T
w, hJ1-¢?

where o, is the natural (oscillation) frequency and ( is the damping coefficient of
the desired closed-loop respose (given by the two slow poles)

The relation betwen these parameters, , and , and continuos time poles s, , is:

(ﬂ’_S1 )(ﬂ*_sz )=0
A +2lw,A+o,} =0
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Real-time computing of control systems

Selection of the control task period

Choose a sampling period (if possible) according to the continuous time
pole position

Also fast poles determine sampling period

An extended rule-of-the-thumb for fast poles is that the sampling period should
be 10 to 20 times smaller than the period at the natural frequency

2 T
I =— —> h<
w, 10
95
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Real-time computing of control systems

Selection of the control task period

Compute the discrete feedback law

Use the technique shown before:
+ Convert the selected continuous poles to discrete ones

* I
* — i

» Compute the gains (using ackerman’s formula)
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Real-time computing of control systems

Selection of the control task period

Servo positioning

System model Pole positions Discrete model
pl=—100+300i 1 00075 0 0.087
o 1 0 0 p2=-100-300i X =0 0.55  0.0032|x, +|16.01 |u
i=lo -2 Kl lols p3=-500 0 0.0038 0 0.14
J J | y=[1 0 0]x
0 ,E R A
L L Discrete Poles
y:[l 0 O]x .
21=0.9896 + 0.0297i
22=0.9896 - 0.0297i Real response
Expected response 13-0.8187

h=0.0001s
E
04 0.4 L L L ;
. 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1 97
Time (s) Time (s)
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Real-time computing of control systems

Selection of the control task period

Period selection:

Pole positions Discrete model
z1=-100+300i Slow poles fast poles
z2=-100-300; Assume N =10 Assume N =10
23=-500 P o 27
w,N[1-&* w,N
.. . 2z
Characteristic equation _ 2z .
q h | 100*~/10 %10
(1 +100+300)(A+100—300i) = 0 100*10 10,1 h=0.002
A*+2004+100000 =0 h=0.0021
P +2b0,+0, =0
o, =100410
1
T h=0.0001s
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Real-time computing of control systems

Selection of the control task period

Matlab Code:
System definition: Controller design:
J=3.2284E-6; . .
b=3.5077E-6; Poles=[-1+3* -1-3*i -20];
K=0.0274; F:c? 'gy] C2D(A,B,h)
R=4; oo o(Polatis x
L=2 75E-6: Dpoles:exp(PoIes*h); BIkPrametErs. State-Space |
i ' — . [~ otate Spac
A:[O 10; 0-b/J K/J; 0-K/L 'R/L]; K—acker(Ad,Bd,Dpoles), State-space model
B=[0; 0; 1/L]; di/dt = % + Bu
C=[100;010;00 1]; y=Cx+Du
D=[0;0;0]; s
Smx| &
Eile Edit Wiew Simulation Farmat Tools Help IE
Dl@uél%ﬁlDQ‘ﬁﬁ-@l) lINmmaI B:
B
C:
|[1 0001 0001]
D:
[T
Igmgmditinns
| AR
Absollte tolerance:
Iautn
99
Ready 100% [odets 4 oK I Cancel Help ol |
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Real-time computing of control systems

Trading off performance vs. schedulability

The sampling period usually has restrictions, e.g, in EDF, >.ci/Ti<1

The processor in charge of the rocket angle control, may be also in charge of:

*Trajectory

*Nozzle aperture
*Engine temperature
*Power

*Gyroscopes

There are many tasks to be executed, and limited resources (processors, network...)

This problem becomes more critical for mass-marked products ( i.e. mobile phones,
automotive components, etc...) subject to hard economic constraints

Usually there is a minimum sampling period
100
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Real-time computing of control systems

Trading off performance vs. schedulability

Expected Performance

v v
Choose poles Selected period
A
Select period Place poles in allowed areas
Compute Gains Compute Gains
Desired performance Undesired performance
101
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Real-time computing of control systems

Trading off performance vs. schedulability

Place poles in allowed areas

With a given h, we can only choose or frequency —— > sz—ﬂ
or damping coefficient: It is not possible to w h 1_4’2
completely specify the closed loop dynamics. !

Also fast poles have limitations.... D)
A rule-of-the-thumb for fast poles is —> N=-7
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Real-time computing of control systems

Trading off performance vs. schedulability

Servo positioning when minimum sampling is fixed:

System model Pole positions Discrete model
pl=-100+300: 1 00075 0 0.087
0 1b Z 0 2 =-100-300 X, =|0 055 0.0032]|x +|16.01 |u
x=0 —7 7 x+| 0 |u p3=_500 0 0.0038 0 0.14
kR 1 y=[1 0 0]x
R I :
o o] Discrete Poles
= X
’ 21=-0.3642 +0.0519i
. Expected response 22=-0.3642-0.0519i | Real response
z3=0.0067
= 05 B
< h=0.0ls 2,
045 0.02 0.04 0.06 0.08 0.1 05, 0.02 004 006 008 oA 103
Time (s)

Time (s)
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Real-time computing of control systems

Trading off performance vs. schedulability

Degradation due to sampling period selection:

For a first order system, the solution is exact at the
sampling points, but there is a degradation between them.

Z1=0.99 z2=0.9048 z3=0.0067 z4=0
1 T T T T

X=x+u
p=-100 > h=0.1
h, =0.0001 g0
h,=0.01 204
h, =0.05

0.2
h,=0.1 h=0.0001

00 0.62 004  0.06 0.68 0.1

Time (s) 104
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Real-time computing of control systems

Trading off performance vs. schedulability

ARTIST2 Seminar on Adaptive Real-Time Systems, with P teer kst acte harror b

Degradation due to sampling period selection:

For higher order systems, the degradation also implies exact solutions at the
sampling points. The system behaves as expected only at the sampling points,
and thus we obtain worst responses.

The lower the density of sampling points, the higher the difference between the

desired and the real response
1 :

05} !
%\ |
o
k)
()]
c
<
0 L
_05 L L L L
0 0.02 0.04 0.06 0.08 0.1 105
Time (s)
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Real-time computing of control systems

Trading off performance vs. schedulability

To evaluate the degradation we use indexes that reflect how much time the system
needs to converge towards the setpoint and how far it is from the set point during this
time. A commonly used index is the IAE (Integral of the Absolute value of the Error)

1

0.8

IAE = ["|y(0)]dt 06
0.4

IAE = IOOO‘Yd (f)_J/(f)‘df 0.2

0
Ny

-04

Angle (rad)

0 0.02 0.04 0.06 0.08 0.1
Time (s) 106
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Real-time computing of control systems
The jitter problem

General purpose scheduling policies — Inherent jitter in task instance execution

Real-time interpretation:

W varying start time delays

W varying response times

taskl ; (2: 2 2 2 2 . -
as | 1 [ | D ——— |

taskl —— N —N [
task2 4 2 A A F F """ A

pory e EE Em g g

Rate Monotonic Scheduling
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Real-time computing of control systems
The jitter problem

Control interpretation:

m Sampling jitter: different values for the sampling period

m Sampling-actuation jitter: different values for the time delay

4 4 5 7
2 | 2 2 4
T C
Control task1 5 2 : | - - :
on -- 3
taskl <—-|s c A ~—-|s c A s c A sc
task2 4 2 E e A

o | weim mm g pmEm

Rate Monotonic Scheduling

Sampling period values 4 4 5 7

Time delay values 2 2 2 4 108
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Real-time computing of control systems
The jitter problem

Design stage System run time
Computer-control timing assumptions Scheduling inherent jitters
m Constant sampling period m Varying sampling periods
m Constant time delay m Varying time delays

Run time violation of the closed-loop timing assumptions

Problem

Standard scheduling schemes
Variability in task instance execution

Closed-loop performance degradation

109
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Real-time computing of control systems
The jitter problem

Example Controller
m Design: classical pole placement

(to recover from a perturbation in less than 2s)
X m Implementation: periodic task

System

Response (task executed in isolation)

0ot

T T T
| — Inverted pendulurn response |

0.008

0.006

0.004 |

0.002

Inverted pendulum

Angle
=

-0.002 F

-0.004

-0.006 |

-0.008

0o . . . . .
o 0.5 1 15 2 25 3 110
Tirne (5]
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Real-time computing of control systems
The jitter problem

Example
Context: limited resources 0.08 e
006 —— Sampling jitter and sampling-actuation jitter
Task set
T C
task1 50ms 10ms § ................. §
task2 60ms 10ms oml
controller | 80ms 20ms
task3 100ms | 20ms oy CRASH !!
-0.06 +
+ arbitrary offline scheduling scheme o , , , , ,
] 05 1 148 2 25 3
Tirne (s)

Task set feasible schedule —— Controlled system unstability
111
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Real-time computing of control systems
The jitter problem

Solution approach
scheduling with

Offline schedule analysis + Offline control analysis + .
compensation approach

. l .
inherent jitter for l

control tasks Comanprsdied approach:
accept jig gbnimiiABRAaHEesisY
m problem formgystem seleedylatitinal overhead
m stability analysis E memory requirements

!

Flexible timing constraints for
control task scheduling

' '

New schedulability analysis

Run-time controller
parameters adjustment 112
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Real-time computing of control systems
The jitter problem

Offline schedule analysis

task1
task2
controllerl N
task3

Jitter variability

Sampling intervals 60 (80 (100/60]90|80|70({80[90|80|{70[{90|7080|100
Sampling-actuation delays| 20 | 20 |120]20|20|30|30|20]40]20[20[20|20]30]|20

h={60,70,80,90,100} (ms)

1={20,30,40} (ms)
113
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Real-time computing of control systems
The jitter problem

Compensation idea:

Classical scenario New scenario

Controller: -L(h,t) Controller: -L(h;t)

h, Tt are constant values Run time controller
’ parameters adjustment

h;,t; are varying values

Regularly sampled Irregularly sampled
discrete-time systems discrete-time systems
with constant time delays with varying time delays

m set of sampling intervals, h J-

m set of sampling-actuation delays, ;e
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Real-time computing of control systems
The jitter problem

Offline control analysis

h={60,70,80,90,100} (ms)
1={20,30,40} (ms)

m Classically designed controller, -L(h,t)
m Stability analysis -L(h,r)

Practical aspects

m Computational overhead (for the run time recalculation strategy)

Traditional design

Number of Flops 60

Compensation approach design
2000

m Memory requirements (for the run time table look-up strategy)

10Kb approx.
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Real-time computing of control systems
The jitter problem

Offline control analysis

Regularly sampled discrete-time
systems with constant time delays

x(kh + h) = ® (h)x(kh) + T (h, 7 )u(kh) +
T, (h, 0 )u(kh — h)
y(kh) = Cx(kh) + Du(kh)

u(kh) ==L (h, }x(kh)
Closed-loop matrix:

[®(h)-Ty(h,7)-L(h,7) T(h,7)
{ —L(h,7) 0 }

System evolution (k" iteration):

x(ih+h) = @, x(kh) = @, x(kh— ) @ e(0)

Irregularly sampled discrete-time
systems with varying time delays

X(ty) = P )x(t) + T (hy, 7 )u(t,) +
rl(hjarj)u(tk—l)
() =Cx(t,) + Du(t;)

) L7 )

Closed-loop matrix:
_ d)(hj)—ro(hj,rj)-L(hj,rj) F](hj’z-j)
etk ™ —L(h,,t)) 0

System evolution (k" iteration):

x(t,)=D,x(1,) :l(Dclk(Dclk—ICDclk—z“"CDEIIIX(O) 116
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Real-time computing of control systems
The jitter problem

Offline control analysis

x(tk+l) = q)clkx(tk) = (Dclkq) o '(Dcllx(o)

clik-1" clk-2"""

Stability analysis (depends on the implementation)

m one closed-loop matrix

stable < p(d,) <1

m an infinite product of closed-loop matrices that follow a periodic pattern

stable < p((I)C|1-cI)C|2-...-CD ) <1

clp

m an infinite product of closed-loop matrices taken randomly from a finite set, Q

Necessary and sufficient stability condition: Q stable <> 3 P>0: @7 -P-d -P<0, vV, O, k=1
Sufficient stability condition (I) : if 3 P>0: V @, €Q, @7, -P-® -P<0 = stable
Sufficient stability condition (II): if ¥ @y, 0 : T @, -I<0 = stable 17
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Real-time computing of control systems
The jitter problem

Compensation approach basic idea

Controller parameters adjustment
at each control task instance execution

. L -L(hy,)
according to both actual | sampling interval and

samplng-acutation delay

Key point: online parameters adjustment

m Through online parameters recalculation (if negligible overhead)

m Through online access to controller parameters look-up table (if not negligible overhead)
118
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Real-time computing of control systems
The jitter problem

Computational overhead analysis

Depends on | the system to be controlled

the controller design method

Examples

m Pole placement observer state feedback controller design for the inverted pendulum: O(n%)

Number of Flops Number of Flops

(without extra calculations) (with extra calculations)
simplified pendulum (2x2 matrix) 25 250
complete pendulum (4x4 matrix) 60 2000

m PID controller design for a DC servo: insignificant
119
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Real-time computing of control systems
The jitter problem

Memory requirements analysis

Size(table)= (h,, — Nin) Nimax CloCkticksize * size(controller parameters)
Sampling interval variability: hpn<h <h..
Sampling-actuation delays variability: 0<t,<h .

Clockticksize (granularity)

Inverted pendulum example:

h (ms) 1, (ms) L(h, 1)
60 20 -L(60, 20)
70 20 -L(70, 20)

30 -L(70, 30)
80 20 -L(80, 20)
30 -L(80, 30)
% 20 -L(90, 20)
40 -L(90, 40)

100 20 -L(100, 20) 120
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Real-time computing of control systems
The jitter problem

Key point: run-time controller parameters adjustment

Implementation issues: Slightly modification in the controller code

Compensation approach controller
Generic controller { read_inputs (y(t,), r(t);
{ read_inputs (y(t,), r(t,); obtain (h;, g);
e(ty) = r(t) — y(t): e(ty) = r(ty) - y(t);
u(t,) = calculate_output (L(h,z),e(t,)); obtain (L(h;, 7));
write_output (u(t,)); u(ty) = calculate_output (L(h; 7),e(ty));
} write_output (u(t,));
}
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Real-time computing of control systems
The jitter problem

Results

Elimination of the closed-loop system performance degradation
(caused by standard scheduling policies inherent jitters)

0.08 T T T 0.08 T T T T T
— lIrwerted pendulum response ---- Inverted pendulum response
ook Sarnpling jitter and sampling-actuation jiter —— Sampling jitter and sampling-actuation jitter
) Compensation 0.08
0.04 |
002
2 a
=] o
= 1] Eﬁ ----------------- ~
0.02 0.02 1
-0.04 1 b 0.04 F
oK ! CRASH Il
-0.06 - b -0.06 -
DDB 1 1 1 1 1 DDB 1 1 1 L 1
0 0.8 1 1.5 2 258 3 ] 0.4 1 . 2 28 32

Tirme (s) Time (s)
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Real-time computing of control systems

Flexible timing constraints

Problem formulation

m Standard scheduling schemes are based on fixed timing constraints (T, D)

m Fixed means that a single value for a constraint holds for all instances of a task
l Flexibility

We do not want to set single values for the timing constraints,
we want provide ranges of values to choose from

Compensation approach timing assumptions:

= Set of sampling intervals Idea: to derive new timing

m Set of sampling-actuation delays constraints for control tasks .
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Real-time computing of control systems

Flexible timing constraints

Flexible timing constraints for control tasks designed with compensations

Compensation approach Flexible timing constraints

Instance separations:
= | V task,, task,.,. s(task,.,) - s(task,) eset

Response times:
Vv task,. f(task,) - s(task,) eset

Set of sampling periods: h,

Set of delays: T

m Several values for a constraint are eligible at each task instance execution

©={14, T2, T3}
Example A
h={h;, h,}
f—%

: . |
m two instances separations . —

m three response times

can be selected at each instance execution . )
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Real-time computing of control systems

Flexible timing constraints

Solved problem: Poc_)r sys.tern schedula_blllty due to the application
of fixed timing constraints for control tasks

Idea

m characterize control tasks with flexible timing constraints, and

u exploit their flexibility to improve system schedulability

125
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Real-time computing of control systems

Flexible timing constraints

Example T C D 0
task1 100ms | 60ms
task2 200ms | 20ms | 20ms
controller h 20ms | 20ms | 40ms | (h=sampling period)

m Fixed timing constraints (h = 80ms)

100 200

0 300
CUCBEEE B B
task2
controller ... X
80 80 80 80 80
m Flexible timing constraints (h € {60ms, 80ms, 100ms})

0 100 200 300
e - [ I B

task2
controller . -

80 60 100 80 80
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Real-time computing of control systems

Flexible timing constraints

From infeasible schedules of task
sets (that include control tasks) ——
based on fixed timing contraints

Flexible timing constraints

+
Compensation approach

We obtain feasible schedules and
stable control systems

127
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Real-time computing of control systems

Summary

m relation between control task timing constraints and control system properties

m impact of scheduling methods on control performance: closed-loop systems degradation
m impact of classic control requirements on schedulabiliy: poor system schedulability

m compensation approach as a control-based solution

m flexible timing constraints to improve task set schedulability
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Control of computing systems

1. Introduction

2. Key aspects in “control of RT control systems”
3. Slack reclaiming: optimal state feedback

4. Overload conditions
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Control of computing systems

Introduction
Control =2% jc 7\, Application =
S y— tasks g tasks £
c c
manager Mg S ~ N S
Computing Z J Computing Z
resources w resources w

Natural feedback Control of QoS

“Feedback control of computing systems”

Control
tasks

Resource
manager

VS
v
Environment

§ Computing
resources

iJ

Control of Quality of Control

“Control of Real-Time Control Systems” 130
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Control of computing systems

Key aspects in “control of RT control systems”

* Controller design
* Type of control desing
» Possibility of controller adaptation

* Intuitive guidelines for co-design
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Control of computing systems

Key aspects in “control of RT control systems”

To control (improve) a RT control system, we need a means of evaluation

IAE (Integral of the Absolute value of the Error)

0.8

IAE = jow‘y(t)‘dt 0.6

o
~

IAE = j:\z, ()~ y(0)|dt

Angle (rad)
o
N

o

o)
N

\/

0.02 0.04 0.06 0.08 0.1 132
Time (s)

e
~
o
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Control of computing systems

Key aspects in “control of RT control systems”

IAE can be evaluated for a set of sampling periods
This can be either applied to:

* adapted controllers

* non adapted controllers

For non adapted controllers
For adapted controllers
o . Precompute nominal gains for h;
For(h=0 ; h<limit ;h=h+increment)

{

For(h=0 ; h<limit ;h=h+increment)

Compute ® and I for h {

Compute Ad,Bd for h

Compute discrete poles for h
Compute discrete poles for h

Compute gains for h

—GCompute-gainsforh——
Compute IAE
) Compute IAE
} 133
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Control of computing systems

Key aspects in “control of RT control systems”

IAE degradation diagram for adapted controllers, general aspect:

0.2

IAE for discrete—time |
0.18! controllers

0.16¢
0.14;
0.12¢

0.1

0 0.02 0.04 006 008 0.1
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Control of computing systems

Key aspects in “control of RT control systems”

IAE degradation diagram for adapted controllers, general aspect:

0.2 : : . . 0.7 : : - .

_ |AE for discrete—time | . |AE for co-designed ]
o.18l controllers | 068l  discrete—time controllers|
0.16/ | 066
0.14! | o4l
0.12 0.62}

0.1 - : : : : 0.6 : : : :
0 002 0.04 0.06 0.08 0.1 0 0.02 0.04 006 0.08 0.1
a) Approach 1 b) Approach 2 135
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Control of computing systems

Key aspects in “control of RT control systems”

» Is the degradation caused by platform constraints always the
same regardless of the control design methodology? NO

0.5 - - - 1 05 - . 0.5 - 0.5
a) Continuous b) h=0.030 a) Continuous b) h=0.030
0.25 0.25 1
0 {/\ 0 \/\
-0.25 . - : - -0.25 - . - . "
o 1 2 3 4 5 V] 1 2 3 4 5
05 05 oo 05 O h=0.060 02 d)h=0.100
0.25 0.25 0.25 .25 1
08— s OB BT 3 a4 s "o 7 2 3 4 s
Discrete appox. of cont. design (dacd) Direct discrete design (ddd)
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Control of computing systems

Key aspects in “control of RT control systems”

IAE degradation diagrams (approximation) for non-adapted controllers

A A

IAE IAE
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Control of computing systems

Key aspects in “control of RT control systems”

Guidelines for co-design

* They give an idea of how near to a correct design we are. If the
curve (for non adapted controllers) goes up quickly, then the
system is near to the limits (i.e., it degrades quickly) and, probably,
jitters effects will be more noticeable. If curve is flat (almost flat)
then we have some guaranties that the response will be closer to
the one we expect. Useful for designing control of QoC

+ They are useful for designing a set of controllers for overload
conditions. A flat curve (for adapted controllers) indicates that
dynamics will be invariant under processor overloads. We can allow
the kernel to change sampling periods at execution time and then
select the correct controller knowing that the response will not be
affected
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Control of computing systems

Key aspects in “control of RT control systems”

Guidelines for co-design

... useful for slack reclaiming approaches for improving control in RTCS
It is well accepted than running a controller faster means to obtain a better response

Not always !!!

IAE IAE
h h
Not really Probably
139
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Control of computing systems

Key aspects in “control of RT control systems”

Guidelines for co-design

... useful in overload conditions for controlling QoC

Intuitively
IAE IAE

Tl T, T3 T, T, Ty

It makes sense to
switch controllers

It does not
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Control of computing systems

Slack reclaiming: optimal state feedback

P No error ;4 Error M No error >
' A : =n = Desired system response
Perturbation Settling time — Actual system response
arrival i Closed-loop system error
v“" E time
poor control
AN ®H EH EH E § =®

! Static approach
i waste of resources Waste of resources
' or poor control

waste of resources !
/—/ﬁl

B:

good control 1 good resource usage

C BH B . EEEE B B Flexible approach

i good control | good resource usage Good control and
E E resource utilization
pD: M H B E B B [ | |
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Control of computing systems

Slack reclaiming: optimal state feedback

w107
8 T T T T

{13100, 100, 100, 100, 100, ...
Br {2y 70,70, 70,100,100, ..
{3) Desired response

Angle

2 25

Time (5]

Example on an inverted pendulum 142
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Control of computing systems

Slack reclaiming: optimal state feedback

_ Ctggtkrso' flexible
flexible Operating '

system Resources:

T CPU, etc

Feedback information

« Control System:

® Flexible controller: capable of running with different frequencies, i.e. h
in [h

min- - 'hmax]
® Provide useful feedback information to OS

* Operating System:
® Real-Time: guarantee time constraints

® Dynamic and flexible resource allocation (e.g., RBED, Elastic) 143
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Control of computing systems

Slack reclaiming: optimal state feedback

Static and dynamic feedback

» Static: performance (P) vs period (h):

'/ E(6) = |x(0)] = X2 () + -+ x2(2)

a - E State Feedback 144
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Control of computing systems

Slack reclaiming: optimal state feedback

Resource allocation problem

Real-Time System
I, u,
I | Task, [7—>Plant,}, | ypra@EE,
1 1 y
LY Yi |
- s
=
SRS u;
i S » Task, |——| Plant y,=a,-E,
i = i~
T A Vi
Q
o =
5 .
o
AR u, @
i 2 Task, > Plant, |y, =g, E,
i i~
i LY Ya |
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Control of computing systems

Slack reclaiming: optimal state feedback

+ Problem: Find [r,, .., r,] such as the sum of all control performance
benefits is maximized, subject to the schedulability constraints U,

Maximize Z P(r,)E,
i=1
subject to Z r,<U,
i=1
¢ Solution: r=001<i<ni#j), and r,=U,

(assign all desired CPU to one task)
146
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Control of computing systems

Slack reclaiming: optimal state feedback

Run at maximum

Task1 § §
n n § EEEE B [ frequency if possible
Task2 —Qﬁf*"—_ Run at minimum
2 § m B . ®m ® frequency
Task3 e Run at minimum
' BN N BN I 1 frequency
' 147
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Control of computing systems

Slack reclaiming: optimal state feedback

U,;— Z 7 min» 1f @1 S maximum

+ Optimal v 1< o et
% min» Otherwise
+ Proportional V= aE, U,
1<j<n

+ Discrete ismaximum — V; increases

+ Static F; = aj U,
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Control of computing systems

Slack reclaiming: optimal state feedback

« System Configurations
— RBED: Resource-rate Based Earliest Deadline scheduling
— Linux 2.4.20

» Workloads
— 3 inverted pendulums, each one with the same controller
« worst execution time = 13.5ms, period =[30ms ... 50ms]
« Discrete: {30ms, 40ms, 50ms}
— Random perturbations with different intervals

« Performance metrics f 4
— Control: cumulative error (I1AE) =I Z._l
— CPU usage and overhead 0

x,(0)ldt
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Control of computing systems

Slack reclaiming: optimal state feedback

Controller
{

h; := hpeet

z; := read_input()

u; := calculate_output(h;): send _output(u;)
r?e* .= update_state(z;, h;): e; := |7
r; := rate_adjust(i, ¢;)

next . ¢
hi = |_> rate_adjust(i, €;)
{

if (e;! = ef'd)
'b-g' = wieipi
ri¢*t .= resource_allocation(policy, b;)
eald = e
- -— -,

%
return et

} 150
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Control of computing systems

Slack reclaiming: optimal state feedback

ARTIST2 Seminar on Adaptive Real-Time Systems, with SIS B G,

I 1 I

Perturbation ——»
Task
Task2 revesses
Task3 =-------

Time (s)

Mean interval between perturbations: 4s
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Control of computing systems

Slack reclaiming: optimal state feedback

Optimal is the best !!!

140 25000 S I I 1 1 I I 1

-

. _ 20000 |- o

CIEJ 80 02') 15000 . ‘ -
k5 ®

3 60 S 10000 | |
5 £
40 3

° 5000 |- i

20 4
0 - | 1 | 0 1 | 1 1 | | 1
0 5 10 15 20 0 500 1000 1500 2000 2500 3000 3500
Time (s) Time (s)
(a) 20 seconds (b) 1 Hour

Mean interval between perturbations: 4s 152
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Control of computing systems

T Hro 3 B 2T B P oo
25 -
] ﬁ [
g~ 20 — g~ 20
" 'E‘ E .Ea
£z 15 o £ 8 15
S5 S8
£ 2 10 E 2 10
- 'E. o ri
5 D] S
a a
2 3 4 g 10 20
Perturb Interval {s} Ferturb Interval {s}
(a) More frequent perturbation (b) Less frequent perturbation
- adaptation works
. optimal is the best
less frequent perturbation, better optimal
more frequent, better optimal compared to proportional
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Control of computing systems

Slack reclaiming: optimal state feedback

GO —
M = D Hr H o

O

CPU Uszage (%)

g —

= 3 dq 5 10
FPerturb Interval (s}

more frequent perturbations, optimal comparable to static
less frequent, better optimal compared to static 154
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Control of computing systems

Slack reclaiming: optimal state feedback

0.6 — B ounamic Rate Change

= Scheduling
- 0.5 - B context Switch
S
o M
= o.d
o
c
[T [ IC B
o
=
= oz A
=
m
2
= 0.l —
o
=
= p—

2 SOFO SOFO SOFO SOFO SOFQ SOFO

2 3 o 5 10 20

FPerturb Interval {=} /7 Adaptation Techniques

Context switch dominates
Global and dynamic rate change: negligible
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Control of computing systems

Slack reclaiming: optimal state feedback

*Feedback policies improve control performance + save
resources.

*Optimal outperforms others and improves by 25% in the
best scenario.

-Overhead of optimal policy is negligible

Can it be done distributed?

156




Automatica i Informatica Industrial

ARTIST2 Seminar on Adaptive Real-Time Systems, with SIS B G,
emphaSIS On ReaI-TIme Contro' Sys‘temS UNIVERSITAT POLITECNICA DE CATALUNYA

IST NoE on Embedded Systems Design

Automatic Control Dept. (ESAII), Technical University of Catalonia (UPC), Barcelona, June 20-23, 2005

Control of computing systems

Slack reclaiming: optimal state feedback

Can it be done distributed? Yes
Problem: it requires having centralized the errors of all plants
Solution: using CAN network and its bitwise arbitration mechanism

Idea: each message identifier is inversely proportional to each plant error

2 bits
8 bits
3 bits

h

S 16bits | ®. D
00| Control signal [ 1D []

lo1]Errorvalue [ 1D [] Plant state

|1 O| Rest of applications | General purpose message \

[11|Errorvalue [ 1D [] Plant state
L N _—
~" ~
29-bit identifier 8-byte data field 157
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Control of computing systems

Slack reclaiming: optimal state feedback

Angle (rad)
0.8

message on bus from pendulum 2

0.6

__—Pendulum 2

0.4

enied access

T~pendulum 1

T

|

|
m ~ denied access
Lo

|

|

|

|

|

0 150 100 150 200 250 300 350 400 450 500
r\ I Messages on bus
s s ‘ ‘ s s s s ‘ ! " h ~. ! ~.
0 50 100 150 200 250 300 350 400 450 500 B Pendulum 1 messages

Messages on bus

Pendulum 2 messages
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Control of computing systems

Overload conditions

Control in overload conditions (cpu, bandwidth): which is the minimum
number of controllers required to keep a desired QoC?

Integral of the Absolute Error (IAE): IAE = ro ‘e(t)‘dt
0

A
y(t)

mem

t
QoC=——
IAE
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Control of computing systems

Overload conditions

1QoC(T,, T)

graceful high risk of
degradation\ | instability
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Control of computing systems

Overload conditions

1QoC(T,, T)
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Control of computing systems

Overload conditions

A Y

1QoC(T,, T) ™ / QoC(T, T) of the

ideal controller
tuned at any rate

TOI

02 03 T
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Control of computing systems

Overload conditions

A Y

TQoC(T,, T)

QoC

min

! 1
I | I o

TOl TOZ T03 T

Switch controller to keep the QoC above a minimum 163
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Control of computing systems

Overload conditions

To prevent instability, we decided to run a controller designed for T,
only with T, < T,

' QoC(Ty, T)
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Control of computing systems

Overload conditions

Minimize the number of controllers to be designed off line to keep the
QoC within a given bound.

The user specifies:
QoC,,, minimum QoC level
maximum error (in %) w.r.t. the ideal envelop curve

Smax

Feasiblity analysis imposes:

T minimum period for a controller

min
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Control of computing systems

Overload conditions

Algorithm

romin

min max 166
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Control of computing systems

Overload conditions

The error ¢,,,, allows to balance control performance with
memory requirements:

A
Tmax - Tmin |
tick # of controllers = memory requirements
Ideal tuned -
controller QoC
~ &
0 max s,
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Control of computing systems

Overload conditions

We tested our approach on an inverted pendulum.
Three strategies have been compared.

Period range (ms) = [250, 540]
System tick = 10 ms

Optimal task (g,,.« = 0). It requires 30 controllers.

Adaptive task (g, = 0.3). It requires 4 controllers.

max

Static task. Single controller running at T = 540 ms.
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Control of computing systems

Overload conditions

A QOCOpt — Strategy opt |adap |static
| # ctrls 30 4 1
QOC QOCan 1.1511.09 | 0.67
adap : QoC (%) 100 | 87.8 | 58.2
i keep QoC_,| YES | YES | NO
QOCstatic
QOCmin \
T T ; T T > T
Tos  Tos Tp, Ty,
Tmin = 250 Tmin = 540 169
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Control of computing systems

Overload conditions

e method to cope with overload conditions in real-time control systems.

e The method allows using continuous rate adaptation mechanisms
(e.g. elastic scheduling) for efficient resource exploitation.

e |t allows minimizing the number of controllers to be designed off line
(and memory requirements), while keeping a desired QoC
performance.
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Stability issues
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Conclusions
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The end
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