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9% This code models a two-cart system, as describe in class

% during Lecture 15. A force is input at m1. m1 and m2

% are connected by k1 and b1, and k2 connects m2 to a wall.

1

2 W
3

4

5 % Katie Byl, 2012.

6

7

8

9

ml=5 m2=2; F iy
k1 = 200; bl = 10; k2 = 100; gl m_m,—-’@
Bagiole s
. W ]
12 -k1/m1kl/ml-bl/m1 bl/ml ¥ 2 AX'\:\?)u e(;.w_s EON\S !
13 kl1/m2 -(k1+k2)/m2 bl/m2 -bl/m2]; //
14B=[001/mlOJ C +D
15 C = diag([1 1 1 1)) kS \[ A D’ be{:\wes measureﬂl
16 D = 0; 0 +pu‘k$ \{
17 w
18 % Commands below create a "state space system" _
19 ss1 = ss(A,B,C,D
19 551 = ss( ) < ‘ TjPe— 'hd() s’ in Matlab {;r usaqe . J
21 % Open loop poles are the eigenvalues of matrix A e
22 open_loop_poles = eig(A) < " .
23 LOPQV\ lop poles j

24 %=== Code below finds feedback gains "K" via LQR (linear
25% quadratic regulator) approach from Lecture 15. ===

26

27 % Q gives penalties on STATE (squared errors), and

28 % R gives a penalty on the square of the control effort, u.

29 % (i.e., ] = x'"*Q*x + u'*R*u, from Lecture 15.)

30 % Usually, Q has more than one non-zero diagonal entry, but
31 % note it still works fine as shown below. In general, Q will UL
32 % be diagonal (with no off-diagonal terms), however: \ E |__ QR
33 Q = diag([1 0 0 OD); c -g; .
34 R = .001; } l Q : I i

35 3
36 % MATLAB can calculate the optimal gain matrix, K, for the

37 % LQR problem defined by the system dynamics (A and B matrices)

38 % and your costs, Q and R: w _{; L

39 K = lar(A,B,QR); e \r\elp 4" Joc usege--. Seis ¢ C]‘”“Sj
40

41 % Below is the CLOSE-LOOP system, using u=-K*x as a control law: B T DWW

42 ss2 = ss(A-B*K,B,C,D); +[Closed- koo(J Sﬂg‘e""/ U)/ QAAJ“'IDHQ( dighuslan
43

44 ‘i‘j“‘i "By Wast® U+ Yast

45 % ==== We will then compare the above system to one with a new R ———=\\u*_._/’——”"—’

46 - K Yigsk Yo allow st

47 Qnew = Q;

48 % Below, let us change ONLY the value of R (with same Q): % "\?‘ﬁ— in W—‘
49 Rnew = 1; \!iﬂé L ‘
50 Knew = Igr(A,B,Qnew,Rnew); e il i

51 % Define a TIME vector, to simulate the response, using MATLAB:

52 dt = 0.001;

53 t = 0:dt:50;

54 % Below, we also define an "initial condition" for the system: zg é—} Sh(+ w/ )(‘ )(Z O )( \ X = (O
55 X0 = [0;0;1;0]; 2

56 =
57 % === Now, we will do LOTS of plots, both of STATES and of
58 %  control effort, u

59 fugure(ll) cIf \.
60 % "initial" simulated the initial condition response, given XO0. 3‘_\0‘\ co Y‘A\-\\D
el

61 y1 = initial(ss1,X0,t);
62 for n=1:4 ’,(:es/ez/
64  plot(t,yl(:,n),'b-"); /\’:a
65 end
s '73 \ S}@,Q, (eb?of*&—

63  subplot(5,1,n)

66 ul = 0*t; % Free response has "u=0", always...

67 subplot(515) /
68 plot(t,ul,'r-");

69 subplot(511)

70 title('Free Response (u=0)")

71

72 J1terms(5) = 0; % ul=0

73 forn=1:4 BN
74  Jlterms(n) = dt*sum(yl(:,n).A2), @



75 end

76 fprintf('sqrd er: X(1) X(2) X(3)

77 fprintf(u=0: %8.3f %8.3f %8.3f %8.3f
78

79 input('\n\nNow, let"s use LQR feedback control:")

80 figure(12); clf

81 y2 = initial(ss2,X0,t);

82

83 % Closed-loop poles are eigenvalues of "A-BK", for u=-
84 closed_loop_poles1 = eig(A-B*K) .ﬁ

X(4)

85

86 for n=1:4

87  subplot(5,1,n)

88  plot(t,y2(:,n),'b-");
89 hold on

90 end

91 subplot(515)

92

93 % Line below calculates the CONTROL EFFORT, u:
94 u2 = -y2*K',

95

96 hold on

e

u\n')
%8.3f \n',J1terms)

s

/"’_

K*x

97 plot(t,u2,'r-"); % u is the actuation, assuming "u=-K*x" is the law

98 J2terms(5) = dt*sum(u2.A2);
99 for n=1:4

Summed over Jﬁm{\

100 J2terms(n) = dt*sum(y2(:,n).A2);

$—1 i 4
— u )
z
101 end Akéﬂp( \
102 fprintf('\n");

103 fprintf('C1: Q1:%5.3f Q2:%5.3f Q3:%5.3f Q4:%5.3f
104  Q(1,1),Q(2,2),Q(3,3),Q(4,4),R(1))
105 fprintf('C1l: %8.3f %8.3f %8.3f %8.3f
106 J2add = J2terms.*[diag(Q", R];

%8.3f \n',J

107 fprintf(J1 = %8.3f + %8.3f + %8.3f + %8.3f + %8.3f = %12.8f \n',...

108
109

J2add, sum(J2add));

110
%1 % tc—f jor 0, beIow to tweak Vs redefme R and Q. ]
17

R:%5.3f \n',...

2terms)

J=

if 0 J& G Ty

113 try "tweaking” K: ’*’O “'?S\' C,dSk ‘)\
114  input('Now, let"s TWEAK the values in K:') K G
115  Kfac = .7+.6*rand(1,4) J when A
116  Knew = Kfac.*K; AL L amur\
1517 new = Q; Rnew = R; N\

1@53 s OXPM \‘e /
119 input(‘\n\nNow, let"s try LQR with same Q but larger R penalty:) V W >
120  Rnew
121 end “t
122

123 % Closed loop poles with Qnew and Rnew, below:
124 closed_loop_poles2 = eig(A-B*Knew)

125

126 figure(12); %clf

127 ss3 = ss(A-B*Knew,B,C,D);
128 y3 = initial(ss3,X0,t);

129 for n=1:4

CL S
\\] 2 4";3 Kr\ew

130  subplot(5,1,n)

131  plot(t,y3(:,n),'k-";

132 Ax = axis;

133 axis([0 15 Ax(3:4)]) \
134 end

135 subplot(515) —‘é“ewy‘ _

136 u3 = -y3*Knew',
137 plot(t,u3,'k-");

138 Ax = axis;

139 axis([0 15 Ax(3:4)])

é/\ =
140 subplot(511)

141 title('u = -B*K, with K set via LQR’)

142

143 J3terms(5) = dt*sum(u3.A2);

144 for n=1:4

145  J3terms(n) = dt*sum(y3(:,n).A2);
146 end

147 fprintf("\n");
148 fprintf('C2: Q1:%5.3f Q2:%5.3f Q3:%5.3f Q4:%5.3f

34_4 cL ees,

|

)U“%\“ﬁ \Lr\eu)

\

R:%5.3f \n'y...
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149  Qnew(l,1),Qnew(2,2),Qnew(3,3),Qnew(4,4),Rnew(1))

150 fprintf('C2: %8.3f %8.3f %8.3f %8.3f %8.3f \n',)3terms)

151 J3add = J3terms.*[diag(Qnew)', Rnew];

152 fprintf()2 = %8.3f + %8.3f + %8.3f + %8.3f + %8.3f = %12.8f \n',...

153  J3add, sum(J3add));

154 ,

155 % Now, try pole placement > GCewe .

156 pdes = [-20 -30 -100 -200] YQ/( PO\Q- p\ A'-\— \
157 Kplace = acker(A,B,pdes) B

158 ss4 = ss(A-B*Kplace,B,C,D); o K S now 6€+ ( 0S f\‘lﬁd‘ep\
159 y4 = initial(ss4,X0,t);

TSR ?\M'e ‘o ?\ace. e 4 PO\ES oy

161
2 figure(13); dIf )
165 for N 14 (acbitcars , oud stable  loeshions
164  subplot(5,1,n) = \ 7
165  plot(t,y4(:;,n),'b-"); Y gt ,
e o on e S @ ang

167 axis([0 .5 Ax(3:4)])

168 end

169 subplot(515)

170 plot(t,u4,'r-");

171 Ax = axis;

172 axis([0 .5 Ax(3:4)])

173 subplot(511)

174 title('u = -B*K, with K set via Pole Placement’)

175

176 J4terms(5) = dt*sum(u4.A2);

177 for n=1:4

178  Jaterms(n) = dt*sum(y4(:,n).A2);
179 end

180 fprintf("\n");

181 fprintf('\n");

182 fprintf('C2: Q1:%5.3f Q2:%5.3f Q3:%5.3f Q4:%5.3f R:%5.3f \n',...
183  Qnew(l,1),Qnew(2,2),Qnew(3,3),Qnew(4,4),Rnew(1))

184 fprintf('C2: %8.3f %8.3f %8.3f %8.3f  %8.3f \n',J4terms)

185 J4add = J4terms.*[diag(Qnew)’, Rnew];

186 fprintf(‘Jp = %8.3f + %8.3f + %8.3f + %8.3f + %8.3f = %12.8f \n',...
187  J4add, sum(J4add));

188

189

190

(’ See V\IUV\LSpaQe (M\rpﬂr 2 @\5\5)
next Pooes.
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75 Kplace =
76 32300

77

.80 C2:

25
26
27
28
29
30
i1 Contmuous time state-space model.

32 S
e O 9&

33 open_loop_poles =

79 C2: Q1:1.000
0.000
0.000 +

[ ecture |5
ECE/ME 139D

551450 1715 . 27235

Q4:0.000 R:1.000
0.000 7183.991
0.000 + 7183.991=

Q2:0.000 Q3:0.000
0.000  0.002

0 0.000 + 7183.99131103
0.000 + _

e
[r\(xcasln AN
Ccm %{m [“UE\“
decreoaes contvo| gaind
piealy " I

0.03513940

[0.03(, ~0.02% 0.046 0.013 ]

34 -3.4361 +12.8869i
35 -3.4361 -12.8869i
36 -0.0639 + 3.3525i
-0.0639 - 3.3525i
38Q=
39 I 0 0o 0
40 0 0 0 0
41 0 "0 0 0
42 0 0 O 0
43R =
44 1.0000e-03 )
45 sqrd er: X(1) X(2) X(3) X(4) u
46 u=0: 0.240 0.126 2.696 1.448 0.000
47
48
49 Now, let's use LQR feedback control:
50 closed_loop_polesl =
51 -3.4367 +12.8855i
52 -3.4367 -12.8855i
53 -0.7656 + 3.4439i
54 -0.7656 — 3.4439i
55
56 C1: Q1:1.000 Q2:0.000 Q3:0.000 Q4:0.000 R:0.001
57 CL: 0.018 0.010 0.226 0.145 17.045
58J1= 0.018+ 0.000+ 0.000+ 0.000 + 0.017 =
59
60 "
61 Now, let's try LQR with same Q but larger R penalty: w/ R = L O
62 Rnew = e
63 1
64 closed_loop_poles2 = :
65 -3.4361 +12.8869i k o)
66 -3.4361 -12.8869i 2
67 -0.0685 + 3.3526i ’
68 -0.0685 - 3.3526i - T
69
70 C2: Q1:1.000 Q2:0.000 Q3:0.000 Q4:0.000 R:1.000
71 €2 0.224 0.118 2:515 1.352 0.008
72)2= 0.224+ 0.000+ 0.000+ 0.000 + 0.008 =
73 pdes =
74 -20 -30 -100 -200

0.23157950
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