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Time domain analysis of LTI models

CST routines for time response analysis:

L impulse : impulse response.

L step : unit step response.

Linitial : natural response to specified ICs.
L 1sim : response to generic input and ICs.

Note: when invoked without specifying any return
parameter, they show the results on an interactive

plot.
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Time domain analysis of LTI models

Impulse response

GO = 5 = 513 —>  g(t) =5

% display the impulse response
% on an interactive plot
figure;

impulse(sysG);

grid on;

[ JON ] Figure 1
File Edit View Insert Tools Desktop Window Help

Dadde @ 08 K[E

The plot generated by impulse is

an interactive plot (right-click on it
to access useful information related

to the response).
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Time domain analysis of LTI models

T =

Impulse response

g(t)

% returns the impulse response g evaluated at the time instants t

% (automatically determined by impulse; can be specified as 2nd argument)

[g, t] = impulse(sysG);

% compare result with expected analytical response

ga = 5 x exp(-2xt);

figure;

plot(t, g, 'b.-');
hold on;

ploE(t; ga, 'r');
grid on;

xlabel('Time [s]');
title('sysG - impulse response');
legend('with impulse', 'analytical
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response');
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Time domain analysis of LTI models

% display the step response
% on an interactive plot
figure;

step(sysG);

grid on;

The plot generated by step is
an interactive plot (right-click on
it to access useful information

related to the response).
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Step response

—> y(t) =2 (1-c)

Figure 3
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Time domain analysis of LTI models

Step response

Y (s 5
G(s)zﬁzm —> y(t):g@_e—%)

% returns the impulse response y evaluated at the time instants t
% (automatically determined by step; can be specified as 2nd argument)
[y, t] = step(sysG);

% compare result with expected analytical response
ya = (5/2)%(1-exp(-2%t));

File Edit View Insert Tools Desktop Window Help
Dade @ 0B K [E

figu I"e; sysG - unit step response
plot(t, y, 'b.-'); — — v
hold on; snacsireponse

plot(t, va, ‘r');:

xlabel('Time [s]');

title('sysG - unit step response');
legend('with step', 'analytical response');
grid on;

Time [s]
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Time domain analysis of LTI models

5
= =

Use dcgain to get the DC gain of an LTI model:

dcgain(sysG)

ans = 2.5000

Use stepinfo to get other relevant information regarding the step response :

stepinfo(sysG)

ans =

RiseTime:
SettlingTime:
SettlingMin:
SettlingMax:
Overshoot:
Undershoot:
Peak:
PeakTime:

UIN S O NN

.0985
.9560
.2613
.4999

.4999
.2729

Use degain and stepinfo to obtain step
response information in a programmatic way.

R. Antonello
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Time domain analysis of LTI models

For the evaluation of the natural response, the
model must be converted into state-space form.

E> Ordinary differential equation (ODE)
dy(t)

ar + 2y(t) = 5u(t)

State-space model

[ dx(t)
E:> ) = —22(t) + 5u(t)
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Time domain analysis of LTI models

dx(t)

——= = —2x(t) + bu(t)

dt
y(t) = (1)

% Ss realization
A=-2; B=5; C=1; D= 0;
sysG = ss(A,B,C,D);

% display the natural ouput response
% on an interative plot
X0 = 5; % initial state

Natural response

> y(t) = e ()

[ NN ) Figure 5
File Edit View Insert Tools Desktop Window Help ¥

Ddde @ 08 K[E

Response to Initial Conditions
T T T T

figure; a5 K
initial(sysG, x0); A |
grid on; éor : szsG(darkaue)
g“ \ Characteristics >
2T v Grid
<l Normalize
v Full View
The plot generated by initial is \\ —— o
. . . . . 05+ \\_\ Properties ...
an interactive plot (right-click on it | | e
to access useful information related It
to the response).
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Time domain analysis of LTI models

Natural response
—>  y(t) = e 2x(0)

% returns the natural response yn evaluated at the time instants t
% (automatically determined by initial; can be specified as 2nd argument)
[yn, t] = initial(sysG, x@);

dr(t)
— = —2x(t) + 5u(t)

y(t) = x(t)

File Edit View Insert Tools Desktop Window Help

% compare result with expected analytical response D&de @ 0B K[E
yna = Ckxexp(-2%t)*x0; ' ' o950 natwal esponse

5

figure;

plot(t, yn, 'b.-"');

hold on;

plot(t, yna, 'r');

xlabel('Time [s]');

title('sysG - natural response');

legend('with initial', 'analytical response');
grid on;
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Time domain analysis of LTI models

File Edit View Insert Tools Desktop

DEds 8 08 3 Interactive plot

Linear Simulation Resuilts

Use 1sim to obtain the response to a
generic input u(t) and IC x(0).

t = 0:0.1:15: % time instants

u = sin(2xt); % input signal (alt.: use "gensig")

X0 = 0; % init state

% display the forced response . .

% on an interactive plot ’ ® rmegecondy '
figure;

im x0);
lsi (SYSG, u, t, ﬁ), File Edit View Insert Tools Desktop

arid oms Teasatmnn | MATLAB plot

% returns the forced response y /=G forced respd
% evaluated at the time instants t
y = lsim(sysG, u, t, x0);

figure;

plot(t, u, 'k—"');

hold on;

plioti(t Ny b &)

xlabel('Time [s]');

title('sysG - forced response');
legend('input', 'output');

grid on;

Time [s]
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Frequency domain analysis of LTI models

CST routines for frequency response analysis:

L freqresp : frequency response value at
specified frequency points.

L bode : Bode plot.
L nyquist : Nyquist plot.

Note: when invoked without specifying any return
parameter, the bode and nyquist routines

show the results on an interactive plot.



Frequency domain analysis of LTI models

Frequency response

Y (s) 5 .0
o= =52 = U=

% freq points (uniformly spaced in log scale)
w = logspace(-1, 1, 100);

% evaluate the frequency response (alternative: use evalfr)
frG = freqresp(sysG, w);

frG is a multidimensional array

SRS Ul (num of inputs x outputs x length of w)
Name  Size Bytes Class  Attribute] containing the (complex) values of the
frG 1x1x100 1600 double  complex | frequency response, at the frequency

frG = squeeze(frG); points specified in w (in [rad/s]).

whos frG
Name Size Bytes Class Attributes| o, SISO models, use squeeze to get
fre 1oox1 1600 doubte complex | the single non-empty dimension of frG.
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Frequency domain analysis of LTI models

The Bode plot can be obtained by plotting the
frequency response £rG vs frequency w in semi-

logarithmic scale:

R. Antonello

% get magnitude and phase

magG = abs(frG); ece Figure
phaG = angle(frG); File Edit View Insert Tools Desktop Window Help ~
Dede @ 08 (E

% convert to dB and deg units
magG_dB = 20*10910(magGg)J; T T MATLAB plOt
phaG_deg = phaG * 180/pi; T s

3 g
% Bode plot R s
figure; )
subplot(2,1,1); - .
semilogx(w, magG_dB); Frequency [rad/s]
ylabel('Magnitude [dB]'); o
xlabel('Frequency [rad/s]'); »mt
grid on; g |

3
subplot(2,1,2); et
semilogx(w, phaG_deg); _ml il
ylabel('Phase [deg]'); o R o
xlabel('Frequency [rad/s]');
grid on;
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Frequency domain analysis of LTI models

More immediate method: use bode routine.

% display the Bode diagram on an interactive plot
figure;
bode(sysG);

% get the frequency response (mag [absolute value] + phase [deg])
% evaluated at the freq points w (in [rad/s])
[magG, phaG_deg] = bode(sysG, w);

[ JON ) Figure 1
File Edit View Insert Tools Desktop Window Help ~

Dogde @ 0B R[E

The plot generated by bode is an A
interactive plot (right-click on it to g e e
. . N Show »  Minimum Stability Margins
access useful information related to . = Al Stability Margins
the f ) | T vFull View
e frequency response). % T o S~
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Frequency domain analysis of LTI models

No routines are provided for sketching the
asymptotic Bode plot — it is necessary to resort to
3 party contributions (). '

Dadde @ 0E K [E

bodeasymp routine Y O SleRtmmntudeney
asymptotic Bode plot with "bodeasymp" routine §-w |
figure; 2_20, |
bodeasymp(sysG); g
0 ]
g __\
3
o \
;
& oot
AR "

10 10
Frequency $\omega$ $[\mathrm{rad/s}]$

(1) Consult www.mathworks.com/matlabcentral/
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Frequency domain analysis of LTI models

No routines are provided for sketching the
asymptotic Bode plot — it is necessary to resort to
3rd party contributions (). _ |

File Edit View Insert Tools Desktop Window Help
Dade @ OB & [E

bode asymptotic routine T
\\\\\\x
asymptotic Bode plot with "bode_asymptotic" routine 20
[numG, denG] = tfdata(sysG, 'v');
figure;
bode_asymptotic(numG, denG);
i N
b

20 \\

40 \\\

60 ‘Q\\

T o

(1) Consult www.mathworks.com/matlabcentral/
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Frequency domain analysis of LTI models

For Nyquist plot, use nyquist routine:

% display the Nyquist diagram on an interactive plot
figure;
nyquist(sysG);

% get the the real/imag part of the frequency response

% evaluated at the |freq points w (in [rad/s])

[ReG, ImG] = nyquist(sysG, w); P Figure 3
File Edit View Insert Tools Desktop Window Help ¥
Dede @ OB K E

_ Wy
: /// \\
./ %
The plot generated by nyquist is ‘e‘ | '
an interactive plot (right-click on it v \\‘_‘ //
to access useful information related — o TR
to the frequency response). Y TN © Negatve Frequencies
B oomoncio |
v Full View

Properties ...
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LTI viewer

ltiview provides an interactive tool to sketch
and analyze time and frequency responses of

- [ NoN ) Linear System Analyzer
multlple LTI| models. File Edit Window Help
D é +\ _\ @

) Impulse Response - Step Response
&2 £

.Tlme (se::onds)A “ v——s ‘ TImGZSGCOndS)B

: Bode Diagram s Nyquist Diagram

The plot generated by 1tiview is to ’ =
an interactive plot (right-click on it 5
to configure the 1tiview outputs). % g

10° 10
Frequency (rad/s)
Linear System Analyzer
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Poles & zeros

pole and zero return poles and zeros of an LTI

model in encapsulated form (LTI object).

R. Antonello

G(s) =

s2 + 155 + 50

s6 4+ 1085 + 4754 + 14253 + 25052 + 200s

numG = [1, 15, 50];
denG = [1, 10, 47, 142, 250, 200, 0];
sysG = tf(numG, denG);

pl = pole(sysG)

pl =

0.0000 +
-1.0000
-1.0000
-4.0000 +
~-2.0000 +
-2.0000 -

0.00001
+ 3.00001
- 3.00001
0.00001
1.00001
1.00001

z1 = zero(sysG) % also available: [z,k] = zero(sysP)

z1l =

-10
-5

Introduction to the CST
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Poles & zeros

For non-encapsulated forms, use roots and eig

to get the zeros, poles and eigenvalues.

G(s) =

p2 = roots(denG)

p2 =

0.0000 +
-1.0000 +
-1.0000 -
-4.0000 +
-2.0000 +
-2.0000 -

0.00001
3.00001
3.00001
0.00001
1.00001
1.00001

z2 = roots(numG)

zZ2 =

R. Antonello

-10
-5

s? 4+ 155 + 50

s6 4+ 1082 4+ 4754 + 14253 + 25052 + 200s

Introduction to the CST

A = ssdata(sysG);
eig(A)

ans =

0.0000 +
-1.0000 +
~-1.0000 -
-4.0000 +
-2.0000 +
-2.0000 -

0.00001
3.00001
3.00001
0.00001
1.00001
1.00001

21



Poles & zeros

Use damp to get the natural frequency w,, and
the damping factor & of the system poles or

Complex conjugate pole pair
% natural freq and damping factor of A
% system poles using damp X - fw
% note: poles are sorted by increasing freq 1\
[wnl, d1] = damp(sysG) N
N
wnl = : /\\
0 | oL >
2.2361 >
2.2361
3.1623
3.1623
4.0000
dl = x
-1.0000
0.8944
0.8944 .
9.3162 Pi1o =0 jw
0.3162 ’

008 = —d0w, = jwn, m

R. Antonello Introduction to the CST 22



Poles & zeros

Use pzmap to plot poles (x) and zeros (©) on

| NN ) Figure

t h e CO m p | eX p | a n e ] File Edit View Insert Tools Desktop Window Help

Ddde @ OB K[E

Pole-Zero Map
pzmap(sysG); S osve. o 084, - o7, 0B 0az 022
axis equal; 3 Fogs ' AL : x
sgrid; -
< |099 ;
§ 17 s %
2 W 8 5 g, 2 !
3 .
2 | ;
g loge '
-3 L 096 ' . . o . ) 53 : Jox i
091.- ‘ ,0'84 E 0._74' 08 042 022

Real Axis (seconds™')

Use sgrid (zgrid for discrete-time case) to superimpose a grid showing
the constant damping ratio and natural frequency loci.

R. Antonello Introduction to the CST
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Root locus

Use rlocus to plot the (positive) root locus.

% show the root locus
% on the complex plane
figure;

rlocus(sysG);

[ NN ] Figure
File Edit View Insert Tools Desktop Window Help

Ddde @ OB K[E

g :
9 :
e 10 | he. ™ :
3 \\\ :
Q 5
;§, " i
2 0 PN . VS
- i
[ AN
% 5 / :
1. g |
8 |k ///
20 //
®x 0 0

Real Axis (seconds™')

R. Antonello

Note:

T

If G(s) = B(s)/A(s), the root locus
shows how the roots of the characteristic
polynomial (i.e. poles of the closed-loop

\J

system):
p(s) = A(s) + K B(s)

move on the complex plane as K varies
from 0 to +oo .
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Stability margins

Use margin to evaluate the stability margins
(gain and phase) of a specified system.

[ NN Figure
File Edit View Insert Tools Desktop Window Help
% show the stability margins on the Bode plot Dede @ 0E K[E
f lgU r,.e; Bode Diagram
margln( SySG) ’ Gm = 17.4 dB (at 1.65 rad/s) , Pm = 76.4 deg (at 0.249 rad/s)
% return the stability margins 0t -—_—-_"“‘--———7_‘_____»___ L
[gm, phim, wgc, wcp] = margin(sysG) g
@ 0 :
gm = 7.4492 3;4,33
phim = 76.4281 g
wgc = 1.6473 -150
wcp = 0.2493 o T
90 e
’\"83 .................................... \‘ ,,,,,,,,,,,,,,,,,,,, \\ \ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
gﬁs .\
E 270 +
& a5 \
360 + el —_——
-405 Ll ol
10 .31 .31
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Model discretization

Use c¢2d to discretize a given continuous-time
model with one of the following methods:

L zero-order hold (zoh): exact for staircase inputs.
L first-order hold (£oh): exact for piecewise linear inputs.
L impulse-invariant (impulse): exact for impulse train inputs.

L Tustin (tustin): yields the best frequency-domain match
between the continuous-time and discretized systems.

L zero-pole matching (matched): discrete-time equivalent

with same DC gain, and poles/zeros obtained with the

transformation z = eS7s.



Model discretization

—s+1

G(s) =

% continuous-time model
sysG = tf([-1 1], [1, 2%0.3, 1]);

% discretizations
Ts = 0.4;
sysGdl = c2d(sysG, Ts, 'zoh')

sysGdl =
-0.2732 z + 0.4136

z"2 - 1.646 z + 0.7866

Sample time: 0.4 seconds
Discrete-~time transfer function.

R. Antonello

s2 4+ 0.6s+ 1

Introduction to the CS

sysGd2 = c2d(sysG, Ts, 'foh')
sysGd2 =
-0.1576 z°2 + 0.1074 z + 0.1905

z”2 - 1.646 z + 0.7866

Sample time: 0.4 seconds
Discrete-time transfer function.

sysGd3 = c2d(sysG, Ts, 'impulse')
sysGd3 =
-0.4 z°2 + 0.5093 z

z”2 - 1.646 z + 0.7866

Sample time: 0.4 seconds
Discrete~time transfer function.

sysGd4 = c2d(sysG, Ts, 'tustin')
sysGdd =

-0.1379 z72 + 0.06897 z + 0.2069

z”2 - 1.655 z + 0.7931

Sample time: 0.4 seconds
Discrete-time transfer function.

sysGd5 = c2d(sysG, Ts, 'matched')
sysGd5 =
-0.2854 z + 0.4258

z”2 - 1.646 z + 0.7866

Sample time: 0.4 seconds
?iscrete—time transfer function.

27



Model discretization

Note: c¢2d does not implement the forward and
backward Euler discretization methods.

Convenient approach for Forward (FE) and Backward Euler (BE) discretization

FE transformation BE transformation

z—1 1=z
S = 11;

% define z-domain variable jﬁ
1 ] S
zem Ty Ts)s
% define Forward er (FE) transformation % define Backward fler (BE) transformation

s = (z-1)/Ts; s = (1-z~-1) /Ts;

% obtain FE discrete equivalent % obtain BE discrete equivalent
sysGd6 = (-s+1)/(s"2 + 2%0.3%s + 1); sysGd7 = (-s+1)/(s"2 + 2%0.3%s + 1);
sysGdé = minreal(sysGdé6) sysGd7 = minreal(sysGd7)
sysGde = sysGd7 =
-0.4 z + 0.56 -0.1714 2”2 + 0.2857 z

2?2 - 1.76 z + 0.92 z?2 - 1.6 z + 0.7143
Sample time: 0.4 seconds Sample time: 0.4 seconds
Discrete-time transfer function. Discrete~time transfer function.
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Controllability and observability

Two-mass system with infrastructural actuator

T Zo

+— +—

=<

o
/ 5 7 5 7 b7 5 7 5 7 Force exerted by the

actuator on the two carts

0 1 0 0 0
—k/ml 0 k/ml 0 . 1/m1
Ay = 0 0 0 | Br= 0
i k/m2 0 —k/m2 0 | i 1/m2 i

Xr — [561, jfl, X9, jZQ]T
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Controllability and observability

% state-space model (state = [x1; dotx1l; x2; dotx2])

ml=1;, m2=1; k = 2;

AL = [o, 1, 0, 0; ... Use ctrb to evaluate the controllability matrix
-k/ml, 0, k/ml, 0; ...
0, 0, 0, 1;

k/m2, 0, -k/m2, 0];

Bl1 = [0; 1/ml; 0; -1/m2];

Q

% rank of controllability matrix
rank(Mc1)

ans = 2
number of uncontrollable states

Ncl = size(Mcl1,1) - rank(Mcl)

Ncl = 2

R. Antonello

Ri = |B:1, A By, Al By, A?Bﬂ

% get controllability matrix [B, AxB, A"2xB, A”~3xB]
Mcl = ctrb(A1,B1)

Mcl =
0 1 0 -4
1 0 -4 0
0 =1 0 4
-1 0 4 0

The controllability matrix is not full rank
U
with an infrastructural actuator, it is impossible
to control the "common-mode" position and
velocity; only the relative displacement and
velocity of the two carts can be controlled.

Introduction to the CST 30




Controllability and observability

Two-mass system with actuator fixed to ground

T i

+— +—

i—zlfml—wkw—m

Sian

0 1 0 0 0

—k/ml 0 k/ml 0 L 1/m1
A1 = 0 0 0 1| B2= 0
| k/mgy 0 —k/my 0 | 0

xr = [5131, il, L9, iQ]T
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Controllability and observability

% state-space model
2 = Al;
2 = [0; 1/m1; 0; 0];

W >

% get controllability matrix [B, A*B, A"2xB, A"3xB]
Mc2 = ctrb(A2, B2)

Mc2 =

(SRS
(SRR
(=)

Q

% rank of controllability matrix

rank (Mc2) The controllability matrix is full rank

ans = 4 U
e with the actuator fixed to ground, the system
Nc2 = size(Mc2,1) - rank(Mc2) becomes fully controllable.

Nc2 = 0
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Controllability and observability

Two-mass system with infrastructural position sensor

=y =
ml—\f\fk\f\f‘— mo
iiZ:AgaZ
y=Csx
0 1 0 0 ]
Az = _kéml 8 k/g“ (1) , C3=[-1 01 0]
- k/m2 0 —k/my 0 |

L = [.5171, 3.317 X2, j32]T

R. Antonello Introduction to the CST



Controllability and observability

% state-space model
A3 = Al;
C3=1[-1,0,1, 0];

% get observability matrix [C; CxA, CxA
Mo3 = obsv(A3, C3)

Mo3 =

SO

% rank of controllability matrix
rank(Mo3)

ans = 2

% number of unobservable states
No3 = size(Mo3,2) - rank(Mo3)

No3 = 2

Use obsv to evaluate the observability matrix
Cs |
CsAs
Cs A

| C3 Aj

O3 =

The observability matrix is not full rank
U
with an infrastructural sensor, it is impossible
to observe the "common-mode" position and
velocity; only the relative displacement and
velocity of the two carts can be observed.
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Controllability and observability

Two-mass system with absolute position sensor attached to one cart

rr =Y )

+— +—
mq _\f\f\k{\f\_ ma
Tr = A4$
Yy = C4$
I 0 1 0 0 |
| k/me 0 —k/my 0 |

xr = [331, $.1, L9, j:Q]T

R. Antonello Introduction to the CST



Controllability and observability

% state space model
A4 = Al;
Cc4 [1, o, 0, 0];

% get observability matrix [C; CxA, CxA™2; CxA"3]
Mo4 = obsv(A4, C4)

Mo4 =

oOaNe e
NSO S

% rank of controllability matrix

rank(Mo4)
ans = 4 The observability matrix is full rank

U
% number of unobservable states . .l .
No4 = size(Mo4,2) - rank(Mod) by measuring the absolute position of the first
Nod = 0 cart, the system becomes fully observable.
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Pole placement design

* Use place to design the state-feedback gain K that
places the closed-loop eigenvalues of the controllable
pair (4, B), i.e. the eigenvalues of A — BK, to the

desired locations on complex plane.

The routine works for both SISO and MIMO systemes,
but requires that the multiplicity of the closed-loop

eigenvalues is < rank B.

 acker is an alternative routine, and allows to allocate
eigenvalues with multiplicity > 1. However, it only
works for SISO models, and is less numerically reliable.



Pole placement design

% open-loop eigenvals
lam2 = eig(A2);

poles sorted in descending order of real part

lam2 = esort(lam2)

lam2 =
0.0000 + 0.00001
-0.0000 + 2.00001
-0.0000 - 2.00001
-0.0000 + 0.00001

% desired closed-loop eigenvals

lamdl = 1.0 *x exp(lix(-pi + pi/3));
lamd2 = 1.0 *x exp(lik(-pi + pi/6));
lamd3 = conj(lamd2);
lamd4 = conj(lamdl);

lamd = [lamdl, lamd2, lamd3, lamd4];

% state feedback control design
K = place(A2, B2, lamd)

K =

-0.2679 2.7321 0.7679 -1.3660

R. Antonello

X1 x2

+— +—

WW

k

B8R

Desired closed-loop eigenvalues

: 1 V3 1 V3

)\ = J(_ﬂ——’—ﬂ—/B) = — — | —— )\ —= A* = —— — ] —
1 = € 2'+ I d,A d,1 5 15
a—— V3 1 ) V3 o1

The state-feedback matrix K can be
obtained with the place routine

(all the eigenvalues have multiplicity = 1).
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Pole placement design

% desired closed-loop eigenvals
% (sorted in descending order of real parts)
lamd = esort(lamd)

lamd = ,
-0.5000 + 0.8660i XX ] Figure
_ggggg : gggggi File Edit View Insert Tools Desktop Window Help
-0.8660 - 0.50001 DEdes @ 0@ hE
% closed-loop eigenvals placed by "place"
A2c = A2 - B2xK;
lamc = eig(A2c)
lamc = ! -
-0.5000 + 0.86601
-0.5000 - 0.8660i
-0.8660 + 0.50001
-0.8660 - 0.50001
% plot open vs closed loop eigenvals érﬂ;fx,oPkaﬁgfggﬂwg_ ! |
figu re ; -25 -2 -1.5 -1 -0.5 0 05 1 15 2
plot(lam2, 'bx', 'MarkerSize', 10, 'LineWidth', 2);
hold on

plot(lamc, 'rx', 'MarkerSize', 10, 'LineWidth', 2);

axis equal;

sgrid;

legend( 'open-loop eigenvalues', 'closed-loop eigenvalues');
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Pole placement design

Note: by duality theorem, the place and acker

routines can be also used to design the state

estimator gain matrix L that places the estimator

eigenvalues, i.e. the eigenvalues of A — LC, to the

desired locations on complex plane.

C

"he estimator gain matrix L for the pair (4,C) is
esigned as the controller gain matrix K = LT for

t

he dual system (47, ).



Pole placement design

1 =YY I9

open-loop eigenvals | |

lam4 = eig(A4);

poles sorted in descending order of real part mi —\f\N\f‘— mo

lam4 = esort(lam4) k

lam4 = 7;7;7

0.0000 + 0.00001
-0.0000 + 2.00001
+

-0.0000 - 2.00001
-0.0000 + 0.00001

Desired estimator eigenvalues

% desired estimator eigenvals
lamd = -5 % OneS(4,1); Ad,]_ = )\d,2 = Ad,3 _— )\d,4 —_— —5

% state estimator design

L EEbariety oty LEinll The state estimator matrix L can be

SR obtained with the acker routine
§§88888 (there is only one desired eigenvalue
166. 5000 with multiplicity = 4).
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Linear Quadratic Regulator (LQR)

For models in encapsulated form (i.e. LTI objects):

L 1gr : LQR design with state + input weighting.
L 1gry : LQR design with output + input weighting.
L 1gi : LQR design with integral action.

Note: they accept both continuous and discrete-time models.

For models in non-encapsulated form:

L 1qgr, 1gry, 1g9i : LQR designs for continuous-time models.
L dlgr, dlqgry : LQR designs for discrete-time models.
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Linear Quadratic Regulator (LQR)

L QR cost function 1 o2

+—

WW

k

+o0
J=/0 ! (1) Qz(t) + u' (t) Ru(t)dt

B8R

% cost function weights
Q = diag([1, 10, 1, 10]); % state weighting matrix
R = 10; % input weight
% LQR design File Edit View Insert Tools Desktop Window Help
K=lqr(A2, B2, Q, R) NEde @ 08B §E
K = o &, B E R QG
0.8615  1.6501 -0.4143  0.3683 ags < of2, . Toss 00X "| ----- opa o s
sl By - - T N closed-loop eigenvalues (LOR)
g
1F
096
% plot open vs closed loop eigenvals oshm;
figure; R
plot(lam2, 'bx', 'MarkerSize', 10, 'LineWidth', 2); o o
hold on o —
plot(lamc, 'rx', 'MarkerSize', 10, 'LineWidth', 2); 45"f
axis equal; L
sgrid; st e L S
legend( 'open-loop eigenvalues', 'closed-loop eigenvalues m5~1ifﬁﬂ§ _w“a{f e
-Oﬁél-"~,_ 0.32":"‘_‘0._50'- o-téog( w ‘
2 -25 -2 -1.5 -1 -0.5 ’O\ 05 1 15 2
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sisotool

sisotool is a convenient interactive tool for the
analysis and design of SISO control systems.

TUNING METHODS ANALYSIS

VIEW a4 BB
=)
b @ &
Tuning New Store Retrieve Compare Export Preferences
Methods v Plot v - -

DESIGNS RESULTS ' PREFERENCES A

CONTROL SYSTEM BODE EDITOR
O | e
Open Save Edit Multimodel
Session Session Architecture v Configuration
FILE ARCHITECTURE
Data Browser ®
w Controllers and Fixed Blocks
F
C
G
H
‘w Designs

‘w Responses

LoopTransfer_C
I0Transfer_r2y
I0Transfer_r2u
I0Transfer_du2y
I0Transfer_dy2y
INTransfar n2y

W Preview
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2
%
<
o 0
g
E
05
GM.:inf o B B o
Freq: NaN Real Axis
Stable loop .
| 10Transfer_r2y: step |
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g
E 05
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