Department of

AUTOMATIC CONTROL

LUND

UNIVERSITY

Nonlinear Control and Servo Systems (FRTNO5)

Exam - January 16, 20, 8 am - 13 pm

Points and grades

All answers must include a clear motivation. The total number of points is 25. The
maximum number of points is specified for each problem.
Preliminary grades:

3: 12 — 16.5 points

4: 17 — 21.5 points

5: 22 — 25 points
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All course material, except for exercises, old exams, and solutions of these, may
be used as well as standard mathematical tables and authorized “Formelsamling i
reglerteknik”/”Collection of Formulae”. Pocket calculator.

Note!

In many cases the sub-problems can be solved independently of each other.

Good Luck!
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Figure 1

Consider the nonlinear system

&1 =2 f(21)
1.'2 :g(x2)7

where f(-) and g(-) are given in Figure 1.

a. Determine all equilibrium points of the system. (1.5 p)

b. Determine the characteristics of the equilibrium points that you found in a)

(stable/unstable node, focus, saddle point, center, etc).
(1.5 p)

Solution

a. An equilibrium point must satisfy

From the second equation it follows that zo = —1.
From the first equation it then follows that f(z;) = 0, which implies z; = +2.
Thus the equilibrium points are given by (z1,z2) = (£2,—1).

. The linearization of the dynamic system around a point (x19,20) is given by

[561] _ lﬂfzf'(%l) f(iﬁl)]

I
To 0 gl(x'Q) (z1,22)=(x10,220) | T2 .
Since the system matrix is triangular, its eigenvalues are given by the diagonal
entries,
A1 = 220 f'(210), A2 = ¢'(x20)-

We now decide the signs of the eigenvalues to determine the stability properties
of the system.

For (x10,220) = (—2,—1) we have from Figure 1 that f'(—2) > 0 and ¢’(—1) >
0, which gives that \; < 0, A2 > 0. The equilibrium point is thus a saddle
point.
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For (210, 220) = (2, —1) we have from Figure 1 that f/(2) < 0 and ¢'(—1) > 0,
which implies that A; > 0, A2 > 0. The equilibrium point is thus an unstable
node.

2. Consider the non-linear system

&1 = —x1 + 2 (sin(e) — x1)

e=r—2x,

which can be expressed with the block diagram in Figure 2.

Prove that the dynamics from 7 to e are bounded-input bounded-output stable.
(2.5 p)

—»O—» sin(-) —»O—»

s+1

Figure 2

Solution
For convenience, let us introduce the notation P = 2/(s 4+ 1). The transfer

function from the output of the nonlinearity to the signal x; is given by

P 2/(s+1) 2
S 1+P  142/(s+1) s+3

G(s)

We can thus re-draw the feedback interconnection of Figure 2 as below.

— L e OS] sin()

2
s+3

Figure 3 Simplification of the block diagram in Figure 2.

The first system in the feedback interconnection has gain 2/3, while the other
system has gain 1 (since [sinu| < |u|). By the small gain theorem this feedback
interconnection from r to e is stable. (We should also have checked that the
feedback of P; and P» is internally stable).

3. Consider the system

a? 2
T1 = 3x9 + 21 4—3—1‘2

2
. T X
$2:—§1+1‘2 (4—;—1‘%).
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a. For which k; and ks is

x1(t) = ky - sin(t)
x2(t) = ko - cos(t)

a solution to the system? (1.5 p)
b. Which initial states will lead to a limit cycle?
Hint: Use the function V(x1,z2) = (4 — 23/9 — x3)? (2 p)
Solution

a. Assuming that the term (4 — 22/9 — 23) should be zero leads to the solution
ki = 6,ky = 2, (and k1 = —6, k2 = —2, which is an identical solution). It can
also be seen that k; = 0,ky = 0 is a trajectory. Problem b. shows that these
are the only solutions.

Alternatively: Plugging in the expressions leads to

0= (3ky — k1) cos(t) + ky sin(t) (4 — (k1/3)?) sin?(t) — k3 cos?(t))
0= (ky — k1 /3) sin(t) + ks cos(t) (4 = (k1/3)?) sin®(t) — k3 cos?(t))
from which it can be seen that we must have 3k — k1 = 0 and 4 — (k1/3)? —

k3 = 0. For example through multiplying the first equation by ks cos(t) and
subtracting k; sin(t) times the second implies

0 = (3kg — k1)ka cos(t) sin(t) — (ko — k1/3)k1 cos(t) sin(t), V¢
0= (3ks — k1 )k — (ks — k1/3)k1
0=3(ky—k1/3)? = ko =k1/3

plugging it in yields
0 = ky sin(t) (4 — k3 sin®(t) — k3 COSQ(t)) = k1 sin(t) (4 — k%)
i.e. ]{:52401‘ klzkgzo.
b. It is easy to verify that V(z1,22) = 0 on the ellipse defined by k; = 6, ke = 2,

and positive everywhere else. We now look at the derivative V(z1,22) = (4 —
22/9 — 23)% =: Vo(z1,72)% so V = 2V, where

. oVy Ox
o=,
=[—2x1 —2x9] 3$2+x1(4_(%>2_$5 _
? —gr1 +a2(4 — (§)* —a3)

i.e.
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V=0iff 1y =29 =0o0or V(x1,29) =0, i.e £1 = 6sin(t), xo = 2 cos(t) for some
t. Using LaSalle with for example M = {z | ||z|| > ¢, V(z) < K}, with small
enough e and large enough K, shows that for all z(0) # 0 the solution will tend
to the ellipse V(z) = 0.

4.a. Find a Lyapunov function and show that the origin of the following system is
globally asymptotically stable.
1 = —x1+ 322
iy = —311 — T
(2 p)
b. Design a feedback law u = g(x1,x2) that makes the origin of the following
system globally asymptotically stable
T1 = —x1 + 3x9 + x9 arctan xq
To = —311 — x%’ + xlx% + u.
(1.5 p)
Solution
a. Consider the Lyapunov function
Lo 2
Vi(z) = B (931 + 952) )
which can be checked to be be radially unbounded, and to satisfy V' (0) = 0
and V(z) > 0if x # 0.
We also have that
V= —x% — 3xox1 + 322711 — w%
= —x? — 13 <0,
with equality only for z; = x2 = 0, this proves that the origin is globally
asymptotically stable.
b. Using the same Lyqgpunov function as in a. we get that
V= —x% — 3271 + 2172 arctan ry + 3xraxy — x% + :clxg + zou
= —x% + z1z9 arctanxy; — :1/:3L + 3311‘% “+ xou.
Choosing u = —j arctanx; — 7173 we get V = —z% — 23 < 0, and global
asymptotic stability.
5.  When using a controller with integral action to control a process with actu-

ator saturation, there is the well-known issue of integrator windup. Properly
implemented anti-windup can remedy this problem.

The block diagram in Figure 4 shows a PI controller with anti-windup used for
controlling a process with actuator saturation.

Throughout, it is assumed that P(s) is stable.
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Figure 4 Feedback interconnection of a process with saturation, and a PI controller with
anti-windup. Due to the actuator model in the controller, we can ignore the saturation in
the process when we do the stability analysis.

—G(s)

Figure 5 Transformed version of the feedback loop with anti-windup in Figure 4.

a. Isolate the saturation in Figure 4, by transforming the diagram to the form in
Figure 5. What is the transfer function G(s)?

Use that C(s) = K(1+ 1/(T;s)) to get a nicer expression. (1.5 p)

b. The Nyquist plot of the transfer function G(s) in Figure 5 is shown in Figure 6a.
The saturation is given by

—1 u<—1
sat(u) =< u —1<u<l1
1 u>1
Show that the closed-loop system is asymptotically stable. (2 p)
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
-0.2 0.2
-0.4 -0.4
-0.6 -0.6
-0.8 -0.8
-0.5 0 0.5 1 -1 -0.5 0 0.5
(a) Nyquist curve for G(s). (b) Nyquist curve for P(s)C(s).
Figure 6
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c. Consider the system without anti-windup. In this case the system takes the form
in Figure 7, but can still be transformed to the interconnection in Figure 5 with

G(s) = P(s)C(s).

—oc -

|

Figure 7 Feedback interconnection of a system with saturation, and a controller without
anti-windup.

For a controller gain of K = 2, the Nyquist curve of P(s)C(s) is shown in
Figure 6b.

e s the system stable?

e What would happen for larger/smaller gains K7 For what range of K
values does the describing function analysis predicts a limit cycle?

e Will the predicted limit cycles be stable? (2.5 p)

Solution

a. We see that X
Ua:C’-EJr?t(U—Ua)

and using that £ = —P - U we get

K K
U, + -y, = U — CPU
S S
or
U, — Kt/S—CP
@ 1—|—Kt/8 '

Recalling the minus sign in front of G(s) in Figure 5, it follows that

sC(s)P(s) — K,
s+ K '

G(s) =

b. Note that G(s) has no poles in the right half plane since P(s) is assumed to
be stable and the pole in the origin of C' is canceled by the factor s. Thus the
circle criterion is applicable.

The saturation function belongs to the sector [0,1]. So by the circle criterion
the system is globally asymptotically stable if the transfer function G(s) is to
the right of the line —1 4 ¢t. This can immediately be verified from Figure 6a.

c. By the Nyquist criterion, the system would be stable if there was non non-
linearity, so for small control errors the saturation will not be active, and we
are guaranteed local asymptotic stability. However, it is not BIBO-stable since
large perturbations will saturate the input and then the integrator in the con-
troller will not be stabilized.

The describing function for the saturation nonlinearity is given in Figure 8.
Drawing —1/N/(A) in the complex plane thus gives a curve starting in —1 and



Nonlinear Control and Servo Systems, January 16, 2019

f \ N(A)for H=D =1

0 2 4 6 8 10

Figure 8 Describing function for a saturation.

going towards —oo on the real axis. Thus there could be limit cycles once the
Nyquist curve encircles —1. This happens when the gain is twice as large as for
the Nyquist curve in Figure 6b, i.e., for K > 4. No limit cycles are predicted for
smaller gain K < 4. Note that the describing function analysis is not exact, and
that there may still be limit cycles, and certainly poor control performance.

The limit cycle is stable since —1/N(A) goes further to the left for increasing
A.

Consider the discrete time system
Tpr1 = fe(zr,ug), k=0,1,...,N—1

where f(z,u) = 2z4+u and N = 4. We want to find the optimal state-feedback
law uy = pg(xr) that minimizes the cost

N-1

gn(zN) + D grl(ak, pr(zr))

where

. Use dynamic programming to compute the optimal state-feedback law with
respect to the given cost function. (2.5 p)

. Compute the optimal cost and the optimal control sequence ug, u1, ug2, us when
the initial state is g = —2. (0.5 p)

. Assume in addition that the control action at time k = 0 is limited to |up| < 1.
Compute the cost-to-go function Vp(xp). (0.5 p)
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Solution
a. Define
N-1
Vi(zi) = gy (an) + Y gias, 15 ()
j=k
where p* = {ug, 13, .., w_1} is an optimal control policy. Following the lec-
ture notes, we have
Vi(w) = ga(z) =
V3(z) = min [93(3: u) + Vi(2z 4 u)]
= min |2? +u? + (22 + u 2} 2% (the minimum is attained for u = —x)
u
Va() = min [ga(o, ) + Va(2e + u)]
= min 2% + 3u2 + 3(2z + u)ﬂ = 72° (the minimum is attained for u = —x)
Vie) = min g1z, u) + Vo(22 + w)
= min [22 + Tu? + 72z + u)z} = 1522 (the minimum is attained for u = —z)
u L
Vo(r) = min go(, u) + VA(20 + u)
= min [22 + 15u® + 15(2x + u)ﬂ = 312? (the minimum is attained for u = —z)
u L
The minimal values are attained by the control law up = —zy, for k = 0,1, 2, 3.

b. The optimal control law generates the sequence

U3 = Uy = U] = Uy = 2.

and the optimal value Vp(z¢) = 3123 = 124.

c. The control constraint |ug] < 1 changes only the last step in the dynamic
programming sequence:

Wol(x) = |IJ‘11<111 [932 + 15u® + 15(2z + u)ﬂ

= min [312? + 30(z + u)?]
[ul<1

312? if |2 <1
3122 4 30(z — sgn(z))? otherwise

7. Solve the optimal control problem

maximize x2(1)

subject to 47 = —u®, z1(0) =0
To=z1+u, x2(0)=0
(t) =0

(3 p)



Nonlinear Control and Servo Systems, January 16, 2019

Solution
The problem is normal, so ng = 1. We have L = 0 and ¢(z(1)) = —x2(1)
(the minus sign enters since it is a maximization problem).

The Hamiltonian is given by

H = )\1(—163) + )\2(371 + U)

Hence
. OH
AM=—— ==X
1 o1 2
. OH
Ad=——=0
2 81'2

The end condition is A(1) = ¢4, that is A\;(1) = 0 and A2(1) = —1. This gives
Ao(t) = —1, A1(t) =t — 1. Minimization of

H=—(z3+u)— (t—1)u

with respect to u gives
1

31— 1)

*

Note: This expressions makes 0H/0u = 0, but you should also check that this
is a minimum.

10



