ECE-597: Optimal Control
Homework #6

Due: October 23, 2007
You will probably need to read the Appendix before trying these problems.
1. We will solve the same problem here in both continuous-time and discrete-time form.

a) Assume the continuous time equations of motion

u(t) = acos(6(t))
0(t) = asin(0(t)) —g
y(t) = w(t)

@(t) = u(t)

We want to find (¢) to maximize u(t;) and we want y(t5) =y, x(ty) = x5 and v(ty) =0,
where a =1, g = 1/3, yy = 0.2, 5 = 0.15 and ¢; = 1.0. Solve the problem using fopc.m
and include your code and final plot.

b) Assume the discrete-time equations of motion
uw(i+1) = wu(i)+ aAT cos(6(7))
v(i+1) = v(i)+ AT [asin(0(i)) — g]
1
y(i+1) = y(i)+ ATv(i) + 5AT2 lasin(6(i)) — g]

2i+1) = x(z’)+ATu(z')—|—;ATzacos(H(i))

We want to find 0(i) to maximize w(N) and we want y(N) =y, 2(N) = zy and v(N) =0,
where a =1, g = 1/3, yf = 0.2, zy = 0.15, t; = 1.0, and AT = t;/N. Solve the problem
using dopc.m and include your code and final plot.

2. We will solve the same problem here in both continuous-time and discrete-time form.
a) Assume the continuous time equations of motion

i) = a—gsin(y(t))
y(t) = w(t)sin(y(t))
i(t) = w(t)cos(y(t))

We want to find v(¢) to maximize x(t;) and we want y(t;) = ys, where a = 0.5, g = 1,

ys = 0.1, and t; = 1.0. Solve the problem using fopc.m and include your code and final
plot.



b) Assume the discrete-time equations of motion

v(i+1) = v(i)+ AT [a —sin(y(7))]
y(i+1) = y(i)+ Al@)sin(y(7))
z(i+1) = x(i) + Al(7) cos(y(7))

Al(7) = v(i)AT + ; [@ — sin(y(:))] AT?

We want to find 6(i) to maximize x(N) and we want y(N) = y;, where a = 0.5, y; = 0.1,
ty =1.0, and AT =t;/N. Solve the problem using dopc.m and include your code and final
plot.

3. Assume we have a model for heating a room

0t) = —a(0(t) — 0,) + bu(t)

where () is the room temperature at time t, 6, is the ambient room temperature, a and b
are constants, and u(t) is the rate of heat supplied to the room. Defining the state variable

we have the state equations
w(t) = —ax(t)+ bu(t)

Suppose we want to heat the room to a desired final temperature using the minimum energy.

We would have
1 /T
= = / u?(t)dt
2 Jo

subject to
x(t) = —ax(t)+ bu(t)
z(0) = 6(0)—46,
Ty = (9f — Qa

where T is the given final time.

a) Show that

b) Show that



and that

C‘llt(m)eaf) = A (t)e™
¢) Defining
v = —bve
show that
z(t) = 2(0)e " + gsinh(at)
d) Equating x(T) with =, show that we get
v = 172(1—26;—2‘”) {:r;oe’“T — mf}

e) Using the Matlab function fopc.m to simulate this system for the case a = 10,b =
2,29 = 10,T = 2,2y = 20 Try small values of k ( near 107%), set both tolerances to about
5 x 1072, and a maximum of 25 simulations. Compare the true and estimated inputs and
states.

f) As the results show, this may not be a very good way to try and heat up a room. Devise
a different performance index that still penalizes the energy, but does not produce the rapid
drop in temperature we got in part (e). Rerun your simulation for this performance index.
(You do not need an analytical solution!) Try to be creative and don’t just copy something
from a friend.

4. From Bryson. This is a Zermelo problem, we have seen before. Assume a ship travels
with constant velocity V' with respect to the water through a region of water where the
velocity of the current is parallel to the x-axis, but varies with y, so that

(t) = Vcos(@(t))—i—w

h
y(t) = Vsin(6(t))
The discretized equations of motion are
y(i+1) = y(i)+ AT sin(6(7))
z(i+1) = z(i) + AT [cos(6(2)) + y(i)] + ; (AT)?sin(0())

where AT is in units of A/V and (z,y) are in units of . We now want to find the sequence
6(i) to maximize x(¢;) and include the terminal constraint y(t;) = y .

a) Show that

A(N) = ®, =v
Ao(i) = 1
A () = v+ (N—i)AT



b) Show that the optimal direction is given by
tan[0(i)] = tan[0(0)] —iAT

Note that we still have not solved the problem. We have the N + 1 unknowns 0(0), ..., 6(N)
which must be chosen to be sure we match the boundary conditions (x(0) = 0 and y(N) = yy)

5. From Bryson. This is a rendezvous problem. We have the equations of motion

ut) = cos(6(t))
(t) = sin(6(t))
(1) = o)
#(t) = wu(?)
We want to find (¢) (the thrust direction) to maximize u(1) subject to v(1) =0, z(1) = =y
and y(1) = yy. Here ¢ is measured in units of ¢7, so ¢t = 1 at time ¢;. Also (u,v) are measured

in units of at; and (z,y) are measured in units of at7. We assume all initial conditions are
zero.

I~

1

<

a) Show that the adjoint equations are

M = o
A = =),
Ay 0
Ao 0

b)Show that the optimality condition is
0 = Hy=—\,sinf+ \,cosb

c¢) Show that the terminal conditions are

(1) = 1
(1) = b,
(1) =y
(1) = v,
d) Show that the adjoint equations are
Ay(t) Yy
() = vy
Au(t) 1 +v,(1—1)
Ao(t) = vy +r(1—1)
e) Show that we can combine these to write
_ mwtn-i)
tanf(t) = (1= 1)
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where the constants v, v,, v, must be determined to satisfy v(1) =0, y(1) = yy, z(1) = zy.
f) Consider the trigonometric identity

tanf — tan o
1+ tanftan «

tan(d —a) =

Substituting this into our equation from part e gives

vy —tana + (v, — vy tan o) (1 — t)

tan(f — =
an(f — o) 1+ v, tana + (v, + vy tana) (1 —¢)

If we choose tan o = —v, /v, then this becomes of the form
tan(l — o) =n—mt = n=tan(fy — «)

where the constants 0y, &, m have replaced the constants v, v, v,.



Appendix

Continuous-Time Problems with Hard Terminal Constraints using fopc.m

We will be utilizing the routine fopc.m to solve continuous-time optimization problems of
the form:

Find the input u(t), to <t < t; to minimize

subject to the constraints

a(t) = [fla@),ud),t]
Plz(ty)] = 0
z(0) = xo (known)

Note that we are now adding hard terminal constraint, i.e., we can force z(t;) to end at
certain values.

In the Mayer formulation, the state vector is augmented by one state ¢(t) that is the integral
of L from ¢ to t:

The Bolza performance index

J=olaltn)+ [ Lo, ue), 0 dt

to

becomes the Mayer performance index

J = ola(ty)] + q(ty) = ¢lz(ts)]

-

and [z (tf)] is another constraint (like @(¢) = f(z(t), u(t),t
x and ¢ and the problem is stated as finding a sequence u(
maximize)

where
)). We usually drop the bar on
t), to <t <ty to minimize (or

J = ¢lx(ty)]

subject to



and g, z(ty) and ty are specified.

In order to use the routine fopc.m, you need to write a routine that returns one of three
things depending on the value of the variable flg. The general form of your routine will be
as follows:

function [f1,f2] = bobs_fopc(u,s,t,flg)

Here w is the current input, u(t), and s (s(t))contains the current state (including the
augmented state), so $(t) = f(s(t),u(t),t). Your routine should compute the following:

An example of the usage is:
[tu,ts,nu,la0] = fopc(’bobs_fopc’,tu,tf,s0,k,told,tols,mxit,eta)
The (input) arguments to fopc.m are the following:

e the function you just created (in single quotes).

e {u is an initial guess of times (first column), and control values (subsequent columns)
that minimizes J. If there are multiple control signals at a given time, they are all in
the same row. Note that these are just the initial time and control values, the times
and control values will be modified as the program runs. The initial time should start
at zero.

e the initial states, sO. Note that you must include and initial guess for the “cumulative”
state ¢ also.

e the final time, ¢f.

e k, the step size parameter, £ > 0 to minimize. Often you need to play around with
this one.

e told, the tolerance (a stopping parameter) for ode23 (differential equation solver for

Matlab)

e tols, the tolerance (a stopping parameter), when |Au| < tols between iterations, the
programs stops.

e muxit, the maximum number of iterations to try.

e cta, where 0 < eta < 1, and d(psi) = -eta*psi is the desired change in the terminal
constraints on the next iteration.



fopc.m returns the following;:

e tu the optimal input sequence and corresponding times. The first column is the time,
the corresponding columns are the control signals. All entries in one row correspond
to one time.

e s the states and corresponding times. The first column is the time, the corresponding
columns are the states. All entries in one row correspond to the same time. Note that
the times in tu and the times in ts may not be the same, and they may not be evenly
spaced.

e nu, the Lagrange multipliers on psi
e [a0 the Lagrange multipliers

It is usually best to start with a small number of iterations, like 5, and see what happens
as you change k. Start with small values of k£ and gradually increase them. It can be very
difficult to make this program converge, especially if your initial guess is far away from the
true solution.

Note!! If you are using the fopc.m file, and you use the maximum number of allowed
iterations, assume that the solution has NOT converged. You must usually change the value
of k and/or increase the number of allowed iterations. Do not set tol to less than about 5e-5.
Also try to make k as large as possible and still have convergence.

Example A Assume the continuous-time equations of motion

w(t) = acos(6(t))
0(t) = asin(0(t))
yt) = w(t)
#(t) = u(t)

We want to find 6(¢) to maximize u(ty) and we want v(t;) = 0, and y(t;) = yy, where a = 1,
Yr = 02, and tf = 1.0.

Let’s define the state vector as

S S

and let’s define



For this problem we want to maximize u(ts), so we have

¢ls(ty)] =

U(tf), L=0

Hence ¢(t) = 0 for all £ and we do not need to augment the state.

We also have the hard terminal constraints

SO we can write

We can then write

Next we need

Then we need

fs

and finally

v(ty)
s - [l
S =yt =y
u(ty)
Dls(ty)] = v(ty)
y(ts) —yy
fi acos(6(t))
F o= fo | | asin(6(t))
s o(t)
Ja u(t)
[ Buiepls(t)]
(Ds(tf)[s(tf)] = _1/15(;;)[3(75,[)}
[ 0gls(ty)] 9¢ls(ty)]  99ls(tp)]  9o[s(ty)]
_ Oul(ty) dv(ty) Ay(ty) Ox(ty)
IM[s(tr)]  Ols(ty)]  O[s(tp)]  9Y[s(iy)]
Ou(ty) du(ty) Ay(ty) dx(ty)
[1 0 0 0
= 01 00
10010
8af1 of1 9f1 of
T T A T 14
_ [ of of of of }: du(t) du(t) 8y}t) oz (t)
ou(t) Ov(t) Oy(t) OJxz(t) Ofs Ofs Ofs 0fs3
ou(t)  Ov(t) 8y;t) ox(t)
Of4 Ofa 0f4 Ofa
Ou(t) Ov(t) Oyt) Iz(t)
0000
- 0000
N 01 00
1 0 00



of

889;@ —asin(6(t))
f — f9 — 889;5) _ a COS(Q(t»
u 3 O
i 0
26(1)

This is implemented in the routine bobs_fopc_a.m on the class web site, and it is run using
the driver file fopc_example_a.m.

Discrete-Time Problems with Hard Terminal Constraints using dopc.m

We will be utilizing the routine dopc.m to solve discrete-time optimization problems of the
form:

Find the input sequence (i), i =0,.., N — 1 to minimize

subject to the constraints

2(i+1) = fla(i), uli),i]
Yla(N)] = 0

z(0) = xzo (known)

Note that we are now adding hard terminal constraint, i.e., we can force z(N) to end at
certain values.

In the Mayer formulation, the state vector is augmented by one state ¢(i) that is the cumu-
lative sum of L up to step i:

q(i +1) = (i) + Llz(i), u(i),

The Bolza performance index

becomes the Mayer performance index

J = ¢lz(N)] + g(N) = ¢[z(N)]

-
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and [z (N)] is another constraint (like z(i + 1) = f(2(7),u(i),7)). We usually drop the bar
on z and ¢ and the problem is stated as finding a sequence (i), i = 0,..., N — 1 to minimize
(or maximize)

J = ¢[z(N)]
subject to
x(i+1) = flz(),u(d),q]
Ylz(N)] = 0
and z(0) and N are specified.
In order to use the routine dopc.m, you need to write a routine that returns one of three

things depending on the value of the variable flg. The general form of your routine will be
as follows:

function [f1,f2] = bobs_dopc(u,s,dt,t,flg)

Here w is the current input, u(7), and s (s(i))contains the current state (including the aug-
mented state) so s(i + 1) = f(s(i),u(i), AT). dt is the time increment AT, and ¢ is the
current time. You can compute the current index ¢ using the relationship ¢ = ﬁ + 1. Your
routine should compute the following:

ifflg=1 fl=s(i+1)= f(s(i),u(i),AT)
2

: P[s(IV)] G5y [S(NV)]
if fig = 2 f1:[¢[S<N)]1,f:[ (N) ]
ifflg=3 fl=f,2="F,

An example of the usage is:

Vs [s(IV)]

[u,s,nu,la0] = dopc(’bobs_dopc’,u,s0,tf,k,tol,mxit,eta)
The (input) arguments to dop0.m are the following:

e the function you just created (in single quotes).

e the initial guess for the value of w that minimizes J. This initial size is used to
determine the time step: if there are n components in u, then AT = %f

e an initial guess of the states, s0. Note that you must include and initial guess for the
“cumulative” state ¢ also.

e the final time, tf.

e k, the step size parameter, £ > 0 to minimize. Often you need to play around with
this one.

11



e tol, the tolerance (a stopping parameter), when |Au| < tol between iterations, the
programs stops.

e muit, the maximum number of iterations to try.

e cta, where 0 < eta < 1, and d(psi) = -eta*psi is the desired change in the terminal
constraints on the next iteration.

dopc.m returns the following:
e u the optimal input sequence
e s the corresponding states
e nu, the Lagrange multipliers on psi
e [a0 the Lagrange multipliers

It is usually best to start with a small number of iterations, like 5, and see what happens
as you change k. Start with small values of k£ and gradually increase them. It can be very
difficult to make this program converge, especially if your initial guess is far away from the
true solution.

Note!! If you are using the dopc.m file, and you use the maximum number of allowed
iterations, assume that the solution has NOT converged. You must usually change the value
of k and/or increase the number of allowed iterations. Do not set tol to less than about 5e-5.
Also try to make k as large as possible and still have convergence.

Example B Assume the discrete-time equations of motion (these are the discretized equa-
tions from Example A)

u(t+1) = wu(i) +aAT cos(6(7))
v(i+1) = v(i)+aATsin(6(i)
y(i+1) = y(i) + ATv(i) + SAT?sin(6())
2(i+1) = (i) + ATu(i) + gAT2 cos(0(4))

We want to find () to maximize w(N) and we want v(N) = 0 and y(N) = ys, where a = 1,
Yr = 02, tf = 10, and AT = tf/N

Let’s define the state vector as

SIS I
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and let’s define

For this problem we want to maximize u(/N), so we have

¢[s(N)]

z(N), L=0

Hence ¢(i) = 0 for all i and we do not need to augment the state.

We also have the hard terminal constraints

v(N)
sl = [, ]
SO we can write
u(N)
Pls(N)] = v(N)
y(N) —yy

We can then write

h u(i) + aAT cos(0(1))
e v(1) + ATasin(0(i))
P =5 T g6+ ATu() + 1ATasin9(7))
fa z(i) + ATu(i) + 3AT?a cos(0(1))
Next we need
_ ¢5(N)[S(N>]
Do) [s(N)] _ ¢3(N)[S(N)] 1
[ 9¢[s(N)]  09[s(N)]  9g[s(N)]  9¢[s(NV)]
_ Ou(N) Ov(N) Ay(N) Ox(N)
IM[s(N)]  9P[s(N)]  d[s(N)]  9[s(N)]
L Ou(N) Ov(N) Oy(N) Ox(N)
1 0 0 0
= 0100
101 00
Then we need
8f1 0f1 9f1 9f1
8 (i) a (%) ay}) 356;)
[s [82{1) ai{i) a%) Bi{i) ] = 8 % a % 8y;) % ;)
a ) a ) 82/}) %’rz)
() () y(i)  9z(d)
1 0 00
B 0 1 00
a 0 AT 1 0
AT 0 01
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and finally

829@) —aAT sin(0(1))
fu — f9 — 889 i) _ (IAT2COS< ( ))
10 SAT? cos(0(i))
839(4;) —2AT?sin(0(i))

This is implemented in the routine bobs_dopc_b.m on the class web site, and it is run using
the driver file dopc_example_b.m.
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