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Appendix B Chapter 2

P2.1. In ST units, v(¢) is in m/s and v(¢) is in m/s, and mv and bv(r) are in N = kg m/s”, m is in kg and b is in
kg/s. Therefore A = —b/misins~ ' and 1= —A"'isins.

P2.2. About x = 0 the function f(x) = tan~! (x) admits the Taylor Series expansion f(x) = x4 O(x?) hence
ctan (a7 y) =ca”ly+0(®) ~caly =by.

P2.3. If u(r) = (b/p)y and w(r) = w then

. b )4 )4 b_ p_

)+ —y(t)==u(t)+=w(t)= —y+ =

Vo) + () = ult) + mw(t) = g+
and

y(t) =5(1—eM) +yoet

where

b

A==, F=3+ 2w =5+G(0)w

Consequently with yg =y
1) = (F+GO) W) (1 —e M0 fye O = 54 (1 e ") G(0)w
and
AV(t) = y(t) = yo = y(1) =y = (1= e~ /™) G(0) .
P2.4. With Newton’s second law help we write
mv=F =mg—bv,
or mv+ by = mg.
P2.5. The solution to the first-order differential equation from P2.4 is
V(i) =F(1—eM)4v(0)e™, A=-=, 7==2.
If m = lkg, g = 10m/s?, b = 10kg/s then
5= % —lmis, A= 75 — 1057
with which
v(r) =1+ (v(0) = 1)1,

The responses when v(0) = 0, v(0) = 1m/s, and v(0) = —1m/s should be as in the following plot:
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P2.6. The vertical position is obtained after integrating the solution to problem P2.5 as in

x(t) :x(0)+/0tv(r)dr:x(0)+/or1+(V(0)_1)e—101dr

=x(0)+1+ 7”(01)0* D1 - ey,

It is related to the height measured from the ground through

h(r) = h(0) —x(r)

The responses when x(0) = 0, 2(0) = 1 and v(0) = 0, v(0) = 1m/s, and v(0) = —Im/s should be as in the
following plots:
1
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P2.7. Differentiate the given expression for v(r) and substitute into the differential equation.
P2.8. The terminal velocity in the free-fall and the parachute phases can be calculated using

lim v(r) = lim (1 —*) +v(0)e H =7

t—o0
where
b mg
A=——, = —.
m Y b

In this problem m = 70kg, g = 10m/s?, and

7 = 200km/h ~ 56m/s

during free-fall and

Ve = 20km/h ~ 5.6m/s
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6 Chapter 2

after the parachute opens. From these we calculate

mg 700 mg 700
b= 18 _ ~ 12.6ko/s b, = —= = — ~ 126kg/s
f v 36 &ls Ve 5.6 &
with which
b
Ar=—L~—0187" A =—L~—185"
m

The time constants in each phase are
T = fzjr‘ ~5.5s, T, =—A"' ~0.55s.
Assuming that the speed at free-fall is close to ¥; when the parachute opens we can calculate
Ve(t) = ¥ (1 —e*e!) 4 7pe !
from which the time necessary to reach 29km/h is
ve(t*) = v (1— ") 45 e~ " = 29km/h ~ 8m/s.
or

1 8-5.6
1

_ 71.8t*% Ry ~
5.6+ (56—-5.6)e 8m/s — ¢ 138 5¢ 56

1.7s
so the parachute should be opened at least 1.7s prior to landing.
As for the height we calculate
Vr—7
he(t) = he(0) = xe(t) = he(0) — xe(0) — ¥t + (flic)

c

(1—e)

where ¢ = 0 is the moment the parachute opens and x.(0) can be considered equal to 0. If after t* ~ 1.7s we
have landed then £ (t*) = 0 and

(56—5.6)

. —e 1 T) 5.6 1.7428 % 0.95 ~ 36m

he(0)=5.6x 1.7+

is the minimum height at which the parachute can be opened.
If the dive starts at 4km or 4000m with zero vertical velocity and the parachute is opened after 60s, at that
point the diver should be at the heigth

hp(60) = hyp(0) —xp(0) — 7p x 60+ (”"(()73779”(1 — eHr700)
f

56
=4000—0-56 x 60+ = c (1 — ¢ 018%60) x 975m

From that height the fall will continue until

0= he(0) — xc(0) — vt + @(1 — M)

(56—5.6)

=975-0-5.6¢
+ 1.8

(1 78—1.8><t)

This is approximately 975/5.6 ~ 176s. One can solve the nonlinear equation for a more accurate solution of
about 181s. The total time airborne is approximately 60 + 181 = 240s, that is 4 minutes.

P2.9. The terminal velocity in the free-fall and the parachute phases can be calculated using

. Lo
limv(t) = lim ——— 7V =17.
o0 t—oo | — et

As in P2.8, m = 70kg, g = 10m/s?, and

v = 200km/h ~ 56m/s
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during free-fall and
V. = 20km/h ~ 5.6m/s

after the parachute opens. From these we calculate

mg 700 2 mg 700 5
— = — ~0.227kg/: b= — = — ~22.7kg/
7 56 & ‘TR T 5e s

by=
with which
b b
Ap=—L~-036 A =--L~-36
) m m

Because the system is now nonlinear we have to calculate the time constants based on the definition, that
is T is the time at which, starting from v(0) =0,

vi)=(1—-e1)¥
that is
At 5

lJrizlfe_l, a:v(O) lj:fl,

1— et v(0)+v
which implies

7=—2""In(2e—1).

Using this formula the time constants in each phase are

T=—A7 mdls, T =—A ' ~0.4ls.

Assuming that the speed at free-fall is close to 7y when the parachute opens we can calculate

1+ aeh! b~V
velt) = X5 a=1"Y <082
1 — ekt Vi + Ve
from which the time necessary to reach v(r*) = 29km/h is
) =7,
*=2"In _velt) =V ) 4
(ve(t*) +7c) &

so the parachute should be opened at least 0.42s prior to landing.
In order to calculate the height we first integrate

4 N A -«
xc(t) = xc(0) +/0 ve(T)dT = x(0) 4 Vet + lL.L In <m>
then calculate for r = r*, h.(t*) = 0, and x.(0) = 0, the quantity
he(0) = he(t") +xc(17) = xe () 2 6.9m,

which is the minimum height at which the parachute can be opened.
If the dive starts at 4km or /15(0) = 4000m with zero vertical velocity and the parachute is opened after
60s, at that point the diver should be at the heigth

2V 1-o
he(60) =hr(0) —xf(0) —7/60+ —In| —————
160 =0 =5y 0) =560+ 30 m ( G

) ~ 880m
From that height the fall will continue until
0= he(t) = he(0) —xc(2)

- 2V, 1-«a
:SSO_O_VCH_TCIH <m>

This is approximately 880/5.6 ~ 159s. One can solve the nonlinear equation for a more accurate solution of
about 58s. The total time airborne is approximately 60 + 158 = 228s, that is a bit less than 4 minutes.
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P2.10. At the inertia J;
Jroy =1+ firi—far,
and at the inertia J,
Dy =frr—fir.
Since the inertias are coupled by a belt, the linear speeds must be the same:
oy =mry = o= (ri/n)o.
Multiplying the first equation by r, and the second by r; we obtain

rJi @y =T+ firirn— farr,

rnJy @y = forirs = firir.
Adding these together:
rJ1 @ +riJp @ =17,
Subsitituting @, = (r1/ry) @
raJ) @) +r%/r2J2 @ =T,
and multiplying by
(173 +hr})dy = 3.
P2.11. From P2.10
n(fa=fi)=ha
so fo = fi only if @ = (r;/r2) @ =0, that is at constant speed.
P2.12. At the inertia J;
Jrov+bioy =1+ firi—fari,
and at the inertia J,
Jo@+brwnr = for— fir.
Since the inertias are coupled by a belt, the linear speeds must be the same, that is
orp=mr, = ;= (r/n)o.
Multiplying the first equation by r» and the second by r; we obtain

11 O +r2bi@y =T+ firrn = farirn,
riJa @+ by = fariry — firir.

Adding these together:
rJ1 @ + 110y ) + b1y +r1by@y = 1T,
Substituting @, = (r1/r2) o1,
1oy @1+ 1} [r2dy @1+ 1o @y + 1 by @y = 1,
and multiplying by r,

(113 + D) @y + (bir5 +bard) @ = 13T
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P2.13. The solution to the first-order differential equation from P2.12 when 7 = 7 is constant is

oi1(t) =@ (1-e) + o (0)e ™,

where
b 2 b 2 2
;L:fi”f 2’21, @1:72’2 57T
J|r2 +erl b|r2+b2r1
If T = IN m, r| = 25mm, r, = 500mm, b; = 0.01kg m?/s, by = 0.1kg m?/s, J; = 0.0031kg m?, J, = 25kg m?,
then
@ ~ 98rad/s, A~ —0.16s"".

Because we are interested in @, we first calculate @; then @ (1) = (r; /r2) ) (¢). Note that the initial condition
must also be translated as @; (0) = (r2/r1)@,(0).

The responses when @, (0) = 0, @, (0) = 3rad/s, and @, (0) = 6rad/s should be as in the following plot:

6
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P2.14. In order to achieve a desired rotational speed @, = 4rad/s in steady-state we set a desired rotational
speed @ = (r2/r1) @ and calculate

_ b1r2+b2r2 _
1=T=—2_""1lg¢g

z o
Substituting the data we obtain
biry+byr?
@1 = (r2/r) @ = 80rad/s, e= A0 G 08N m.
r
2

The responses when @, (0) = 0, @, (0) = 3rad/s, and @, (0) = 6rad/s should be as in the following plot:

6
@4 =
el
g — w0 =0
L~ —_—w(0) =3
3 2 e wy(0) = 6

0 Il Il Il Il Il I
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P2.15. In this case the control would continue to be

blr% +b2r% n

T=1T= 5

r2 r
while the velocity would converge to
on="a = N S L &y~ 0830, ~ 3 3radss.
153 1.2(b173 4+ bor?) 1.2

The rate of convergence would also become faster since

blr% +b2rf

A=-12 ,
Nrg+hr}
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would also be 20% larger.
The responses when @, (0) = 0, @, (0) = 3rad/s, and @, (0) = 6rad/s should be as in the following plot:
6

P2.16. The connection of the model
(173 +Dart) @ + (b1r3 +barf) @y = 137
with the controller
T=K(@— )= (r1/rn)K(® — o)
where @ = (r2/r1) @ produces the closed-loop differential equation
(173 + D22 @1 + (173 +bar? + 111 K) 0 = rir K @.
The solution to this equation is

o (1) =@ (1—e*)+ @ (0)e ™,

where
@ = rira K @ l:7blrg—i-bzr%—',-rlrzl(
b3 +byr? + 11K’ (W3 +Dr?
The closed-loop time-constant is
i N3+t

T TR tbhRnnk
1r2+ 27 +rir

Be careful not to confuse the time-constant with the torque! We want to select the control gain K to set T = 3s.
Using the data from P2.13

_ (3 +hri)/t— (i3 +bar}))
rnr

K ~0.23

In open-loop the time-constant is

I3+ Dr?
-1 inthn ~ 6.4s

T=-A =——" =~
b1r§+b2r%

The steady state error is

@ — @ = (r1/r) (@ — @)

_ rir, K @
=(r1/r 0
(ri/ 2)< ! blr%+b2r%+r1r2K>
b1r2+h2r2
=(ri/r2) 2 !

hlr%—&-bzrf-&-rlrzl(
1

=(r/r [0)
(1/2)1+r1r2K/(b1r%+b2r%) !

Substituting the data

@ — @ ~ 1.9rad/s

Fundamentals of Linear Control A Concise Approach 1st edition Oliveira Solutions Manual


https://ravanbooks.com/books/9781107187528-solutions

Chapter 2 11

The closed-responses when v (0) = 0, v (0) = 1m/s, and v; (0) = —1m/s should be as in the following plot:

P2.17. In closed-loop the gain would remain the same and the steady-state error would be

1
1+r1mK/(1.2(b173 +bor?))

Dy — @ = (r1/r) @ ~ 2.1rad/s

which is less than a 10% change.
The time-constant would also

e N3+ 0}

= ~2.7s
ll(b]f% +b2rf) +rnkK

which is also less than a 10% change. As expected, in closed-loop the sensitivity to system parameter variation

is reduced.
The closed-responses when v;(0) = 0, v (0) = 1m/s, and v (0) = —1m/s should be as in the following
plot:
6
AP m m m m e m m e m o ———— - -
i)
g W (0) =0
o —_—w(0) =3
32 —_—(0) =6
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P2.18. At the inertia J;
Jioy+bioy =t+r(fi — f2)
and at the inertia J;
Jr @ +bron =r(fa— f3).
Since the inertias are coupled by a belt, the linear speeds must be the same, that is
Or=mr = Mm=0=0
Similarly
Vi =0r, Vv =-—0r
so that at the masses

rm @ =myv; =mg+f3— fi,

rm® = —mvy = —mg+ fr— fi.
Multiplying the last two equations by r and adding to the first two equations we obtain

(J] +Jz+r2m1 +r2m2)d)+ (b] +b2)(1} = ’E-I—gr(m] —mz).
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P2.19. The solution to the first-order differential equation from P2.18 when 7 =0 is

bi+b
o) = w(0)e ™, S —
Ji+Ja+r2(my +my)

If T=0Nm, r = 1Im, b; = by = 120kg m>/s, J; = Jo = 20kg m?, then
A~ —0.165"L.

Because we are interested in v; we first calculate @ then vi(r) = r@(t). Note that the initial condition must
also be translated as ®(0) = v;(0)/r.

The responses when v (0) =0, v (0) = 1m/s, and v; (0) = —1m/s should be as in the following plot:
1

0.5+
Q
E o —_—v,0=0["
7 — v, (0)=1
0.5 v,(0) =
1 1 1 1 1 1 |
0 10 20 30 40 50 60
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P2.20. In this case there is a net torque due to the difference between the masses m; and m,. The solution to
the first-order differential equation from P2.18 is then

o)=0(1—e)+w0)e ™,
where

— by + b,
(I)=grm1 m A= 1+2

bi+by’ TS+ 2 (A m)

Substituting the problem data
@ ~ 8.33rad/s, A~ —0.13s71,

As before, we first calculate @(¢) then vy (1) = reo(z).
Note that because mass m, is now smaller than mass m; the masses will no longer converge to zero
velocities. Without braking, the mass m; would move to the bottom of the elevator.

The responses when v (0) =0, v (0) = 1m/s, and v; (0) = —1m/s should be as in the following plot:
10

@ 5
E v,(0)=0
) v,(0) =1
v,(0)=-1
5 I I I I I |
0 10 20 30 40 50 60

P2.21. In order to achieve a desired linear speed v = 2m/s in steady-state we set a desired rotational speed
® = @ = v /r and calculate

T=T=(b1+by)@—gr(m —my).
Substituting the data we obtain
T= (b] -‘rbz)d) = 480N m.

Note that the required torque is relatively small, since my = m; and it only has to overcome friction.
The responses when v (0) = 0, v (0) = 1m/s, and v; (0) = —1m/s should be as in the following plot:

Fundamentals of Linear Control A Concise Approach 1st edition Oliveira Solutions Manual


https://ravanbooks.com/books/9781107187528-solutions

Chapter 2 13
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P2.22. Proceed as in P2.21 to show that the responses when m, = 800kg, 7 is as in P2.21 and v;(0) = 0,
v1(0) = Im/s, and v (0) = —1m/s should be as in the following plot:
15

—
____________________ e 01 (0)
v1(0)

-_- 7

v, (m/s)
I

=

Il Il Il I
30 40 50 60
t(s)
Note that the final velocity is no longer the desired velocity ¥; = 2m/s. In order to achieve a desired speed
we need to recalculate

T=T= (b1 +by)®—gr(m —my)=—1520N m.

The torque necessary to keep the velocity at 1m/s is now a breaking torque since m, is lighter than m. It is
also now much higher when compared to P2.21 since it also has to support the mismatch between the masses
my and my.

The response with the modified torque should be as in the following plot:

—u(0)
— i (0)
v1(0)
—_—-—
A I I I I I |
0 10 20 30 40 50 60
t(s)

that looks very much like the response obtained in P2.21 except for a slightly smaller A = —0.1304 when
compared with A = —0.1176 from P2.21.

0
1

v, (m/s)

-1

P2.23. The connection of the model
(J1 + L4 2my +rtm) @+ (by +by) © = T+ gr(my —my)
with the controller
T=K@l —vi)=rK(®— o)
where @ = v produces the closed-loop differential equation
(L + T2+ P2y +P2my) 0+ (b1 + by +rK) 0 = rK® + g r(m) —my).
The solution to this equation is
o(t)=d(1—e*)+w(0)e ™,
where

rK®+gr(my —my) b +by+rK

o= [ROFsrim —m) Ao bithtrk
by +by+rK J1+12+r2(m1+m2)

Fundamentals of Linear Control A Concise Approach 1st edition Oliveira Solutions Manual


https://ravanbooks.com/books/9781107187528-solutions

14 Chapter 2

The closed-loop time-constant is
e a1 Ji Do+ (my +my)
b1 +by+rK
Be careful not to confuse the time-constant with the torque! We want to select the control gain K to set T = 5s.

Using the data from P2.19

K= W +Jz+r2(m1 +my)|/T— (b1 +b2)

~ 168
’
In open-loop the time-constant is
_ g DA mdm) oo
b1 +by
The steady state error is
V=V =r(®—
_ _ rKo+gr(m —m)
a bi+by+rK
+b2)® —gr(my —m;)
by +by+rK
1 - 5 (my —my) /(b1 +b2)

=r r
14K/ (b1 +52) 8" 17K/ (by +b2)
Substituting the data
V1 7\71 ~ 1.18m/s

The closed-responses when v;(0) = 0, v;(0) = 1m/s, and v;(0) = —1m/s should be as in the following
plot:

— 0
—_—(0)
0(0)

- -

v, (m/s)
L= o

30 40 50 60

P2.24. The solution is as in P2.23 with 7 = 0.5s. The relevant quantities are:

K ~ 3840,
T~ 8.5s (open-loop),
V1 — v ~0.12m/s
Note how high the gain is. This high gain will produce high closed-loop torques that the motors might
have trouble delivering.
The closed-responses when v;(0) = 0, v;(0) = 1m/s, and v;(0) = —1m/s should be as in the following

plot:
D mm mm m mm mm mm e e e e e mm mm e o e e e = e = =
s !
E —_— ) =0
~ —_—(0) =1
>0 v1(0) =-1
-_-— T
A 1 1 1 1 1 |
0 10 20 30 40 50 60
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P2.25. Using the data from P2.23 and m, = 800kg we recalculate the control gain

Ko i+ + 72 (my +mp)| /T — (b +b2)

r

~ 128

and the steady state error

o 1 _ (my —m)/(b1+b2)
”‘_V‘*’Hrk/(bﬁbz)“’_g’z L+ rK/(bi +b2)

The open-loop time-constant is

—4.13m/s.

| Jit ot (m 4 m)

T=—A" ~7.67s
by +by
The closed-responses when v;(0) = 0, v (0) = 1m/s, and v;(0) = —1m/s should be as in the following
plot:
10
0 5
E ———————————————————— — 1 (0) = 0
- —_—(0) =1
>" 0 ——(0) =-1
5 L L L L |
20 30 40 50 60

t(s)
P2.26. The solution is as in P2.25 with T = 0.5s. The relevant quantities are:

K =~ 3440,
T~ 8.5s (open-loop),
V1 — V) ~ —0.41m/s
Note how high the gain is. This high gain will produce high closed-loop torques that the motors might
have trouble delivering.

The closed-responses when v;(0) = 0, v (0) = 1m/s, and v;(0) = —1m/s should be as in the following

plot:
3
P e T T T R T e e T
Q)
E 1 — () =0
N —(0) =1
0 v1(0) = -1
-
B 1 1 1 1 1 |
0 10 20 30 40 50 60

t(s)
P2.27. With Newton’s second law help we write
mi = f—bx—kAl= f—bx—k(x+xo—{p)

which becomes mi + bx + kx = f with the choice xy = £y. A different choice of x would make the equation
depend on 4.

P2.28. With Newton’s second law help we write

mi=mgsin0 — bx —k(x+xy9—{p)

which is equal to the equation in the statement after the choice of xop = .
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P2.29. Let
x=y+k 'mgsin0, xX=y, =y
and substitute into the equation obtained in P2.28 to obtain
my+by—+ky+mgsin® =mgsin6
or
my + by +ky = 0.
This means that the constant force provided by gravity does not affect the dynamic behavior of this system.
As expected it shifts the static equilibrium from xo = o to xg = £y +k~ 'mgsin 6.
P2.30. With Newton’s second law help we write
mi = —bx —ky(x+x0—Lo,1) +ka(d—x—x9—w—"Lp2)
= —bx— (k1 +ko)x—ki(xo —lo,1) +ko(d —xo—w—1Lo2)
= —bi— (ki +k2)x
after the choice
o= kiloy +ka(d—w—1Lop) ‘
ki + ko

When d > w+ £y 1 + £o2 both springs are stretched so that the mass experiences tensile forces. When d <
w+ o1 + o2 both springs are compressed so that the mass experiences compressive forces.

P2.31. Yes, a spring with stiffness k = kj + k.
P2.32. With Newton’s second law help we write
mx] = —b1x; + by —%1) —kixy +ka (2 —x1)
= — (b1 +b2)x1 — (ky +ka)x1 —baka — koxo
and
majiy = —ba (i — 1) —ka(x2 —x1) + f
after choosing x| and x; as displacements from equilibrium.
P2.33. With Newton’s second law help we write
my § = —b(x) —x2) — k(x1 —x2),
my iy = —b(dy —x1) —k(x2 —x1).
Because

nmy nmy
X1:y1+ﬁm, x2:y1*MYZ7 M:?,
we have
myny
M

my 1+ Yo =—by, —ky2,

o mymy .
myy1 — V2 =bys+kys.

M
Adding the two equations:
My, =0,
and subtracting after multiplying the first equation by m; and the second by m;:
mymy ¥z = —(my +mp) by, — (my +ma)kys

which are “decoupled”. The first equation is the dynamic of the center of mass (mjx; +myx;)/M and the
second is the dynamics of the body, which we expect to be decoupled from physics.
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P2.34. Using Kirchoff’s voltage and current law:

V=vc+VR
=vc+Rig
=vc+Ric
=vc+RCvc

which is the desired differential equation.

P2.35. The solution to the differential equation from P2.34 when v(¢) = ¥ is constant and under the assumption
of zero initial conditions is

ve(t) = (1) (1 - )
where

I 1
B S— P §=7=10V
A= Re T T Txi06x10x108 - Ol F=y=10

which should be as in the following plot:
10

2 s
>
0 Il Il Il Il Il I
0 10 20 30 40 50 60
t(s)
The current
Cv Ci  10x107%x 10
i(t) = ic(1) = Cvc(r) = 7%/", 77” - % = ImA.

which should be as in the following plot:

-3
4 x10

o
o
n
o
(&)
o

40 50 60

P2.36. Using Kirchoff’s voltage and current law:

V=vc+VR+vL
=vc +Rig+Lip
=vc +Ric+Lic
=vc 4 RCve + LCic,

which is the desired equation.

P2.37. Comparing

LCV¢c +RCvc+ve=v

mi+bi+kx=f
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we first normalize

N U BN

vc LVC LCVc—LCV,
b k k

)'c'+f)'c+fx:7[,

m m mk

from which one can simulate the response of the mass-spring-damper system to a scaled force f/k by setting
R, L and C so that

R b 1 k
L m LC m’
P2.38. Use the given equations to write:
v =Ryig,
= Ri(ic, —ic,)

—RCyvy, — R C1v
which is the desired equation.

The solution to the auxiliary equation is

2() = 2(0) —

1 13
v(T)dT
RICZ/O ®

and

Vo(t) = R Cr2(t) +2(t),
C 1 4
=2(0) — =-v(t) — /vrdr.
O -0z '@
Multiplying by R; C, and differentiating under the integral

Ry Cavo(t) = =Ry C1v—v(r).

P2.39. From P2.38 With a constant voltage v(r) = 10 V and zero initial conditions the response looks like

C 1 4
vo(t) = 7C—;v(t)f XGh v(t)dt

ot

=-10— 10/ dt=—10(1+1),
0

whi?k(} looks like

20
2
B
>
-30 i
-40 1 1 1 Il Il
0 0.5 1 1.5 2 25 3
t(s)

P2.40. From the solution to P2.38 when C; = 0 we obtain

vo (1) = 2(t) = 2(0) ﬁ | /0 "y(1)dr.

This circuit is an integrator. It can be used as a building block to realize linear systems.
P2.41. Solving for the current
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so that
Jo+bo=r1
:Ktiav
K; KK,
= —vVy, —
R, * Ry

which is equal to the expression sought after rearranging.
P2.42. The mechanical power is T® = K; i, @ and the electrical power is v.i, = K, ®i,, therefore K; = K,.
P2.43. The differential equation can be rewritten as

o+aw=Pv,

where
b KK, K,
=+ B=
J JR, JR,
The solution to the differential equation when v, = ¥, is constant is
o(f)=od(1—e")+o(0)e ™, A=-—a, m:%va.

Knowing that when v, = 12V the time-constant is equal to 0.1s and the terminal velocity is SO00RPM means

that
A=—a=-1/0.1=-10s"", d):ﬁ‘:a = 5000RPM,
from which it is possible to estimate
a=10s", g @ _3000x10 50 RPM
Va 12 Vs
In ST units
2 rad
= 4166 ~ 4363 —.
F=% V2

There is not enough information to estimate all physical parameters.

P2.44. With knowledge of the stall torque, T, and the motor resistance, R,, we determine

R, 02x12 Nm
K=—="x002—
T, 12 A

and from P2.42 K, = K; = 0.02V s/rad.
Since f is already known we calculate

K; 0.02

1= BR, = 4363 %02

~229.1 x 10~%kg m?

and

2
b=aJ— K}’f" =10%229.1 x 10*5—%

a

~291.8 x 10-%kg m?/s.

P2.45. Because

1 KK, , 1 KK,
a=-1|b o = b
J<+Ra>’ 777 \" TR, )
J+J7  1+4 o«
J I T
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we calculate with J' = 0.001kg m?> & = 1/0.1 = 10s~! and o' = 1/0.54 ~ 1.86s~!

! ! !
L % ~227.2 % 10~0kg m?

After determining J we can calculate

K - och?acT) _ 10 x 227.2 x 1070 x 0.2 x 275000 ~ O.OZNm
Va 60 x 12 A

and K, = K; = 0.02V s/rad. The last unknown quantity is

0.022

KiK, 6
— =10x2272x107" —
X X 02

b=aJ ~289.4 x 10~ %kg m?/s.

a

P2.46. Kirchoff’s voltage law for the circuit is:

Va = Ryig + Loly + K,

The mechanical equation of motion is
Jo+bow=1=Ki,
Multiplying by R,
JR; ®+ bR, w =T = KRyl

and then by L, and differentiating

JL, & +bL, & = K;Lgi,
so that

JLa@+ (bLy +JR.) @+ bRo @ = Ky (Luiy + Raia)
=K (vs — K. o)

which is equal to the expression sought after rearranging.
When L, =0

IR0+ (bR, — KiKe) @ = Kyvg
which is the equation obtained before multiplied by R,.
P2.47. In P2.43 you calculated the model
O+ 0w =P, a=10s"", B~ 436.3rad/(V s?)
The closed-loop connection of this model with the controller produces the differential equation:
o+ (a+KB)o=KBad
Its solution is
o) =@ (1 —e*) + w(0)e

where

KB®

A=—(a+KB), Z1 KB

1S
Il

For @ = (27/60)4000 ~ 418.9rad/s the steady-state error is

KBod  ad
a+KB oa+KB

D—0O=00
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In order to obtain

| — @ |ot]
-7 <01
|@| lo+KB|
we must select
9o
K>—=0.2.
B
The closed-loop time-constant corresponding to K = 0.2 is
1
T=———=0.0ls
o+KpB
The response when @(0) = 0 should be as in the following plot:
600
»40F - - - - - - - - - - - - - - -~ - - - - - - - ==
S
g
3 200
0 Il Il Il Il Il Il Il Il Il I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t(s)

The corresponding voltage v,(z) should be as in the following plot:
100

V)

0 | | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t(s)
The maximum value of v,(¢) is at # = 0 which is

v4(0) =K(@— ®(0)) = K® ~ 86.4V.
P2.48. We proceed as in P2.47 but this time we select K such that
ve(0) =Ko <12

when @ = (27/60)4000 ~ 418.9rad/s

K< g ~0.029
@
The time-constant corresponding to K = 0.029 is
T= L _~ 0.044s
Toa+KB

The response when @(0) = 0 should be as in the following plot:
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The corresponding voltage v,(z) should be as in the following plot:
12

4 1 1 1 1 1 1 1 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t(s)
which, as expected has a maximum voltage v,(0) = 12V. Note that the closed-loop response is now slower.

P2.49. When ¢, w, T,, and T; are constants the solution to the differential equation is

meT + <wc+ %) T=qg+wcT;+ %T,,.
which has as solution
(@) =T (11— +T(0)
where

Rwe+1 7~,_Rq+chT,«+T,,
Rmc ’ "~ Rwe+l1

2=

P2.50. Withg=0andw =20

1 1
T+ -=T=-T,
mc +R rlo

which has as solution

T(1)=T(1 - +T(0)
where

1

- )
Rmc

A=

T=T,.

With T(0) = 60°C and T, = 25°C, aftter 7 days 1 = 7 x 24 x 3600 = 604800s and
25+ (60—25)e* = T(1) =27

or

1 o 27—
~ 604800 € 60— 25
from which m = 997.1 x 0.19 ~ 189kg, ¢ = 4186J/kg K and

~—4.73%x 107571

R= 7L ~ 0.27K/W
mcA

P2.51. In the same conditions as in P2.50, if w = 21 x 10~°m3/s # 0 and 7; = 25°C

meT + (WC+ 1%) T=wcT+ %Tn.
which has as solution
T(t)=T(1—e*)+T(0)e
where R = 0.27K/W,

Rwce+1
Rmc

A= ~—1153x107%"!

Fundamentals of Linear Control A Concise Approach 1st edition Oliveira Solutions Manual


https://ravanbooks.com/books/9781107187528-solutions

Chapter 2 23

and

RwceTi+T,
Rwc+1

T=
IfT; =T,=25°Cand T(t) =27°C then T = T; = T, = 25°C and

1

T T
—— =24
1 7 833s

t = —log

or about 6.9hours. Compare this number with the case when no water was flowing through the heater: from 7
days to 7 hours!

P2.52. In the same conditions as in P2.50, if ¢ = 12kW and w =0

1 1
T+=T= —T,.
mceT + R q+ i
which has as solution

T(t)=T(1—eM)+T(0)e

where

and
T =T,+Rq~3222°C.

If 7(0) = 25°C and T (1) = 60°C then

or about 39 minutes.
P2.53. With g = 12kW, w =21 x 10~®m?/s # 0 and T; = 25°C
meT + (wc+ l) T=qg+wcT;+ lT,,.
R R
which has as solution
T(@)=T(1—e)+T(0)

where R = 0.27K/W,

Rwc+1
Rmc

A= ~—1153x 106!

and

Rq RwcT; +T,
Rwc+1 Rwc+1

T= ~ 156.3°C

so that for 7(0) = 25°C and 7' (1) = 60°C

()

t J—
— L ~2690s
T(0)— )

~

t—llo

or about 45 minutes. This is a 15% increase when compared to the case without flow.
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P2.54. We solve the problem by considering two phases: a) after the heater is turned on at 7 = 7 = 50°C until

it is turned off at T = T = 60°C; b) after the heater is turned off at 7 = T = 60°C until it is turned on at
T=T=50°C.
In the first phase, ¢ = 12kW, w =0, T(0) = T and

o1 1
T+ =T = —T,.
mc +R q+R 0

which has as solution
T@) =T (1—M)+TeM
where

1
A=—— ~—4.67x10 %!
Rmc s

and
T =T, +Rq ~ 3265°C.

The heater stays in this phase for

1 T-T

log L ~ 6675
1

n = —
AT

or about 11 minutes. The average temperature in this phase is

T-T,

| - i N
7 :—/]T(r)dr:/l Ty + (T —F)e*Tdr=Tj + =1 (eM — 1)~ 55.0°C.
t; Jo 0 ltl

In the second phase, g =0, w =0, T(0) =T and

1 1
T+ =T=-T,.
mc +R Rl

which has as solution
T(t) =T (1— )+ TeM
where A is as before and
T =T,~25°C.
The heater stays in this phase for

1, T-T
= XlOg%—Ti ~ 72045s

or about 1201 minutes or 20 hours. The average temperature in this phase is

1 o = - . T-T
T=— / T(t)dt = / Ty+ (T —Ty)e* dr =Ty + ——2 (M — 1) = 54.7°C.
1 Jo 0 ltz

The temperature of the water during 24 hours looks like in the plot:
60

o 55

50 I I I
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During one complete on/off cycle the average temperature is

_nh+nh
h+tn

~54.7°C.

The average power consumption was

_ hq
Hh+n

~ 110W

since power is only consumed in phase 1.

P2.55. We solve the problem by considering two phases: a) after the heater is turned on at 7 = T = 50°C until

it is turned off at T = T = 60°C; b) after the heater is turned off at T = T = 60°C until it is turned on at
T =T =50°C.
In the first phase, ¢ = 12kW, w = 21 x 10~®m?/s, T(0) = T and

. 1 1
mceT + <wc+ E) T=qg+wcT;+ ETO.
which has as solution
T@) =T (1—M)+TeM

where
R 1
A= Bt 11531076
Rmc
and

- Rq RweT, +T,

T = ~ 156.4°C
Rwc+1 Rwc+1
The heater stays in this phase for
1. T-T
t1 = - log —— ~ 857
=7 og T—T S

or about 14 minutes. The average temperature in this phase is

1 " . . T-T
TI:—/ T(r)dr:/ T+ (T —T)e* dr =T+ =L (M —1)~55.1°C.
1 Jo 0 Aty

In the second phase, g =0, w = 21 x 10~%m?/s, T(0) = T and
meT + (Wc+ l) T=wcT + 1T,,.
R R
which has as solution
T() =T (1— M)+ TeM
where A is as before and
T, =T =T,~25°C.

The heater stays in this phase for

1 T-T
Hh= I1og%7Tz ~2921s

or about 48 minutes. The average temperature in this phase is

T Aty °
1)~ 54.7°C.
ll‘z (e )

1 1  _ = A -
Tzztf/ T(T)dr:/ Tt (T-T) dr=Th+
2 J0 0

The temperature of the water during 24 hours looks like in the plot:
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60

50
0 5 10 15 20

t(h)
During one complete on/off cycle the average temperature is
1 1T +01h
1 +n

~ 54.8°C.

The average power consumption was
t
P= 9 ~om3w
H+tn

since power is only consumed in phase 1.
This is more than 20 times the amount consumed when there was no flow.

P2.56. Solution is the same as P2.54.
Key quantities in the first phase are:

1
A=—— ~—-467x10%,
Rmc
- RwceT, +1T, o
T =Rqg+ ——— ~3265°C
! at Rwc+1 ’
1. T-T
Hh=—=1 = =~ 133

. T-T
=T +=—L(* — 1)~ 55.0°C.
Al]

In the second phase:
Th=T,=T,~25C,

1 T7-T
h=7log T2z142805,

. T-T
T =T+ ——2 (M —1) = 55.0°C.
ﬂ.tz

The temperature of the water during 24 hours looks like in the plot:
56

55.5

54 . | | 1 | I | |
0 5 10 15 20

t(h)
During one complete on/off cycle the average temperature is
nT +nT;
- nh +nl
Hh+t

~ 55.0°C.

The average power consumption is:

hq

= ~111W
n+n
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Compared with P2.54, the temperature is better regulated and there is a slight increase in the consumed
power. Note how the number of cycles has increased since both #; and #, got smaller.

P2.57. Solution is the same as P2.55.
Key quantities in the first phase are:

R 1
A=-—fwetl 153x 107671,
Rmc
N R RweTi+T,
7 Ra welitlo 5640,
Rwc+1 Rwc+1
1. T-T
1= =1 - =~ 171s,
BV T
. T-T
T =T+ =1 (M —1)~550°C.
7Ll‘1

In the second phase:

T =T,=T,~25C,

1 T-1
h==log= -2 ~578
2 A OngTz s
. T-T
h="T+ 2 (M — 1)~ 55.0°C.

The temperature of the water during 24 hours looks like in the plot:

i
AT

5 20
t(h)

During one complete on/off cycle the average temperature is

O
<

- T

5

55.5 (

0

_nh+nh
h+n

T ~55.0°C.

The average power consumption is:
t
p="9_ 70w
H+th

Compared with P2.55, the temperature is better regulated and there is a slight increase in the consumed
power. Note how the number of cycles has increased since both #; and #, got smaller.
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P3.1. Follows from the fact that the integral is a linear operator.

P3.2. We seek to evaluate:

.f/{/oif(r)dr} :/(:/Oif(r)dre’“dt.

Integrating by parts with u = [j- f(7)d7 and dv = e~*'dt:

o

A0

o

o pf efst
/ / f(r)ydte dt= —
JO— JO— A

:@Jrf%ﬂ/oif(r)dr

N

./Oif(r)dr

6731
dt
N

If | f(t)] < Me™ then for any s = 8 + jy

M

o)

e /oi f(r)dz

< ‘e’”‘/oi If(D)|dT<M|e™™| /ot* e*Tdr =

so that for 8 large enough

which proves the integration property.

P3.3. We seek to evaluate:

i i — e _ df@) 4.
Integrating by parts with u = e™* and dv = =5~ dr:

roo d oo e
[T = ey + [ pome

= SF(s)+ fl1)e ™
If | f(r)| < Me™ then for any s = B + jy
|f(t)e™"| < Mel*P)
so that for 8 large enough
e[ =507,

which proves the differentiation property.
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