Control System: Homework 05 for Unit 4C, 4D, 4E: Dynamic Response

Assigned: Oct 21, 2022
Due: Oct 27, 2022 (23:59)

Please read the following problems and their solutions. Then, choose one of them
and edit your solution for the selected problem. Submit your homework file in PDF
format to the NTU-Cool website.

1. (U4C: Three terms controller)

4.34 Consider the satellite-attitude control problem shown in Fig. 4.45 where the
normalized parameters are

J = 10 spacecraft inertia, N-masecz/rad
6, = reference satellite attitude, rad.

0 = actual satellite attitude, rad.
Hy =1 sensor scale, factor V/rad.
H, =1 reference sensor scale factor, V/rad.

w = disturbance torque, N-m.

(a) Use proportional control, P, with D.(s) = kp, and give the range of values
for kp for which the system will be stable.

(b) Use PD control, let D (s) = (kp + kps). and determine the system type
and error constant with respect to reference inputs.

(c) Use PD control, let D¢(s) = (kp + kps), and determine the system type
and error constant with respect to disturbance inputs.

(d) Use PI control, let D (s) = (kp + %), and determine the system type and
error constant with respect to reference inputs.

(e) Use Pl control, let D (s) = (kp + %’-), and determine the system type and
error constant with respect to disturbance inputs.

() Use PID control, let Dq(s) = (kp + ‘—';'- + kps). and determine the system
type and error constant with respect to reference inputs.

9, o—| H,

Js ¥

Figure 4.45: Satellite attitude control



(e)

Solution:

D.(s) = kp; The characteristic equation is

1
1+ HL’DC(S)ﬁ =0

Js* + Hykp =0

H,k
or s = =4j yF

so that no additional damping is provided. The
system cannot be made stable with proportional control alone.
Steady-state error to reference steps.
D 1
o o, PW7s
0.5

T

(kp + kps)
"Js2 4 (kp + kps)H,’

The parameters can be selected to make the (closed-loop) system
1

stable. If ©,.(s) = — then using the FVT (assuming the system is
s

stable)

9&3 = H_y‘

and there is zero steady-state error if H, = H,, (i.e., unity feedback).
Steady-state error to disturbance steps

O(s) 1
W(s) Js2+ (kp+kps)H,

1

If Wis) = 3 then using the FVT (assuming system is stable), the
' 1

kpH,

The characteristic equation is

error is By, = —

1
1+ HyDe(s) 55 = 0.

With PI control,
Js® + Hykps + Hyk; = 0.

From the Hurwitz’s test, with the s2 term missing the system will
always have (at least) one pole not in the LHP. Hence, this is not a
cood control strategy.

See (d) above.



(f) The characteristic equation with PID control is

1

gz

k
1+ H, (kp+ ?‘T+sz)
or
Js? + Hykps® + Hykps + Hyky = 0.

There is now control over all the three poles and the system can be
made stable.

1
o) _ o De(s) 5

1 ]
1+ DC(S)Hyﬁ

k
Hr(kp+?f +kps)

k )
Js? + (kp+?" + kps)H,

H,(kps® + kps + kr)
Js3 4+ (kps? +kps+k;)H,

1
If ©,(s) = — then using the FVT (assuming system is stable)

L=

and there is zero steady-state ervor if H, = H, (i.e., unity feedback).
In that case, the system is Type 3 and the (Jerk!) error constant is

k
Ky= 7;



2. (U4D: Three terms controller and Ziegler—Nichols Tuning)
4.37 A paper machine has the transfer function

-2
G(s) =

3s+1°

where the input is stock flow onto the wire and the output is basis weight or

thickness.

(a) Find the PID-controller parameters using the Ziegler—Nichols tuning
rules.

(b) The system becomes marginally stable for a proportional gain of K, =
3.044 as shown by the unitimpulse response in Fig. 4.48. Find the optimal
PID-controller parameters according to the Ziegler-Nichols tuning rules.
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Figure 4.48: Unit impulse response for paper-machine in Problem 4.37

Solution:

(a) From the transfer function: L = 74 =~ 2 sec

R= % ~0.33 sec L.
From Table 4.1:
1
Controller Gain P : K= ﬂlf),
, . L
PI : K=% =13 T;= o3 = 6:66;
PID: K= % =18 T;=2L=4Tp=0.5L=1.0.

(b) From the impulse response: P, =~ 7 sec From Table 4.2:

Controller Gain P : K =0.5K, =1.52,
1
PI K =045K, =137 T = ﬁPu = 5.83,
1 1
PID K=06K,=182 T;= EPH =3.5Tp = EP“ = (0.875.



3. (V4E: Feedforward Control)

4.38 Consider the DC motor speed-control system shown in Fig. 4.49 with pro-
portional control. (a) Add feedforward control to eliminate the steady-state
tracking error for a step reference input. (b} Also add feedforward control to
eliminate the effect of a constant output disturbance signal, w, on the output
of the system.

59.292
(s> + 69785+ 15.123)

Figure 4.49: Block diagram for Problem 4.38

Solution: (a) In this case the plant inverse DC gain is G=1(0) = % =

0.2551. We implement the closed-loop system as shown in Figure 4.22 (a)
with D.(s) = k, = 3. The closed-loop transfer function is

Y(s) = Gs)lkpE(s) + G (0)R(s)),
E(s) = R(s)—Y(s),
V() _ g = (G0 + k)G

R(s) 14 k,G(s)

Note that the closed-loop DC gain is unity (7(0) = 1). The following
figure illustrates the effect of feedforward control in eliminating the steady-
state tracking error. The addition of feedforward control results in zero
steady-state tracking error for a step reference input.
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Tracking response with feedforward

(b) Similarly, we implement the closed loop system as shown Figure 4.22
(b). The closed-loop transfer function is

Y(s) = W(s)+G(s)[kpE(s) — G HO)W (s)],
E(s) = R(s)—Y(s)=0-Y(s),

Y(s) _1-GH0)G(s)

we - 6= TiEer

Note that the closed-loop DC gain is zero (7,,(s) = 0). The following figure
illustrates the effect of feedforward control in eliminating the steady-state
error for a step output disturbance.
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Disturbance rejection response with feedforward



MATLAB code:

%FPETe Problem 3.38

clf;

% Tracking

s=tf(’s");

% plant
G=59.292/(s*2+6.978%s+15.123);
kp=3;

% Closed-loop Transfer function
dcgainl=dcgain(G);
T1=G*(1/dcgainl+kp)/(1+kp*G);
t=0:.01:5;

% Step response

yl=step(T1,t);

figure()

plot(t,y1);

xlabel("Time (sec)’);
ylabel('$y(t)$', interpreter’,'latex');
nicegrid;

% Disturbance rejection

kp=3;
Twl=(1-1/dcgainl*G)/(1+kp*G);
ywl=step(Twl,t);

figure()

plot(t,ywl);

xlabel('Time (sec)’);
ylabel('$y(t)$', 'interpreter’,'latex’);

nicegrid;
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HWO5 - Unit 4, Feedback Analysis
E5F : B08901085 ZHR . EHEIY WE  fEE

* Question : A paper machine has the transfer function

e—ZS

3s+1’ (1)'

where the input is stock flow onto the wire and the output is basis

G(s) =

weight or thickness.
a) Find the PID-controller parameters using the Ziegler-Nichols tuning rules.

b) The system becomes marginally stable

0.015 |

for a proportional gain of K,, = 3.044 _—
as shown by the unit impulse response 003
in Fig. 1. Find the optimal PID-controller o

0.005 |

parameters according to the Ziegler- 0.010 |
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Fig. 1 : Unit impulse response for paper-machine

* Solution:
a) Form the textbook, the first order transfer function with a time delay

analyzed by Ziegler-Nichols’ method is in the form of :

Y(s) _ Ae Std
U(s) T oTs+1

, (2)-

the step response of this transfer function is shown in Fig. 2 :

vir

In this case, the parameters

; Slope R 7‘ Reaction rale
A=1;
T=23;
td =L= 2;

Fig. 2 : Step response with delay

And the max slope of the transient state of this transfer functionis :
Slope R = é = § sec™ 1, (3).

And then, the coefficients of controller gain are listed in Table. 1.
From this table, the controller gain :
P: K=1/RL=15 (4).
PI: K=0.9/RL=135 T, =L/0.3=6.66 (5).
PID: K=12/RL=18; T, =2L=4; Tp =05L=1(6).



+ Solution:

Table. 1 : Ziegler-Nichols
Tuning for the Regulator D(s) = k, (1
+1/T;s + Tps), for a Decay Ratio of
0.25.

Type of Controller

Optimum Gain

P

k, = 1/RL

Pl

k, = 0.9/RL
T, =L1/0.3

PID

k, = 1.2/RL
T, = 2L

b) Observing from Fig. 1, the ultimate period B, = 7 sec. From Table. 2., we

can calculate the controller gain to be

P: K=05K, =152

PI: K=045K,=137; T,=P,/1.2 =583

PID: K =0.6K,=182; T, =PB,/2 =3.5;

Table. 2 : Ziegler-Nichols
Tuning for the Regulator D(s) = k,(1
+1/T;s + Tps), based on the Ultimate
Sensitivity Method.

*  What | can do more:

(7).
(8).

T, =P,/8=0875  (9).

Type of Controller

Optimum Gain

P kp - O.SKu
ky, = 0.45K,
Pl T, = P,/1.2
k, = 0.6K,
PID T, = P,/2
Tp = P,/8

We've already known that the Ziegler-Nichols method generated from

experimental data. As a result, there can be many sets of parameters (k,, T;, Tg). The

following is some data sets | found from wikipedia.

Controller Type k, T, T,
P 0.5K, - —
Pl 0.45K,, 0.83T, -
PD 0.8K,, - 0.125T,
PID 0.6K, 0.5T, 0.125T,
Some overshoot 0.33K, 0.5T, 0.33T,
No overshoot 0.2K, 0.5T, 0.33T,

Table. 3 : Some data sets of Ziegler-Nichols method

The parameters K,, and T,, means ultimate gain and ultimate period,




respectively. In the original question, these parameters are already given. However, in

what way can we find these data by ourselves? It can be found by the root locus graph.

Taking a transfer function G(s) = as an example, we can type “rlocus”

(s+1)(s+2)(s+3)

command on MATLAB to get its root locus graph. Just as the following graph shown :
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Fig. 3 : Root Locus Graph of Transfer Function G(s) = GIDGIGE
From the above, finding the cross points of the graph and real axis, and

then we can get the ultimate gain and ultimate frequency, we call K,, and W,,

respectively. Thus, we can generate K,, and T;, from this graph.

K,=60;T, = Vzv—’i = 2= = 1.89 sec (10).

Substituting (10). Into Table. 3, and we can get a new table of controller

parameters, we call it Table. 4.

Controller Type k, T, T,
P 30 — -
PI 27 1.57 —
PD 48 — 0.236
PID 36 0.945 0.236
Some overshoot 20 0.945 0.236
No overshoot 12 0.945 0.236

1

Table. 4: Parameters of Different Controller Types with G(s) = TG

After this, we can analyze the step response with and without controller.



The following graphs are step responses with and without controllers in

Table. 3. We can observe that with P-Controller, the steady-state error can be reduced.
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Fig. 4 : Response without Controller
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Fig. 5 : Responses with Controllers

And with PI-Controller, the system type rises but decreases damping. With PD-

Controller can provide a sharper response to a suddenly changing signals (the

overshoot is the smallest). These features are match to those written on textbook. In

other words, | proved the description on textbook by mathematical calculation and

simulation. Also, the following is the stepinfo of each response.

RiseTime: 2.7428 RiseTime: 0.5042
SettlingTinme:

Settlinghlin:

Overshoot: 54,9281

~

Undershoot: O

Overshoot :

Wt e ohmot -
Unacranoon .

Peak: 0.1665 Peak: 1.2911
PeakTime: 8.2586 PeakTime: 1.3954
No Ctrl P-Ctrl

Undershoot: O

2 RiseTime: 0.5358

5.0039 SettlingTime: 9.0105 SettlingTime: 17.6777

0.1502 SettlingMin: 0.5486 Settlinghin: 0.4927
SettlingMax: 0.1665 SettlingMax: 1.2911  SettlingMax: 1.6327

0 Overshoot: 63.2742

0

0

~
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PI-Ctrl
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-Ctrl
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SettlingTime: 5.0058
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Overshoot: 44.2930
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Peak: 1.4429
PeakTime: 1.1418
PID-Ctrl

Fig. 6 : Step Information of each Responses with and without Controller

Another interesting thing is Table. 3. from Wikipedia has parameter sets

called “Some overshoot” and “No overshoot”. However, | simulated this result and

found that both have overshooting. As Fig. 7. illustrated. | thought the reason why the

“No overshoot” term exhibit overshooting is because Ziegler-Nichols tuning method

comes from experiments and
statistics. And there must be errors
in the statistical results. As a result,
we sometimes needs to adjust the
tuning parameters on our own
while using this method to design

a controller.
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Fig. 7 : Responses of Controllers with and without overshoot theoretically




HW 05: Dynamic Response Control Systems, Fall 2022, NTU-EE

Name: &A% B09502033 Date: 10/, 2022

Problem (2 B AB/E ¥ F —5)

A standard RC circuit, which is known as a first-order system, is shown in the following

figure.

I

Vo(s)
vin(s)

(a) Find its transfer function T(s) =

(b) Briefly describe the physical meaning of this transfer function.

(c) Find the PID-controller parameters using the quarter wave ratio method.
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Name: &A% B09502033 Date: 10/, 2022

Answer

(a)

[ = Vin Vin * sC

1~ 1+sCR
R+E
Vo =Vin— IR
v Vi (1 sCR ) ) 1
— — = *
R G T ¥SCR
Vo(s 1
T(s) = (s)

Vin(s) 1+ sCR

(b)
e~td

Fo R B A T(s) ==

S

S
. 1
X 0 9] LA4&uid time constant 7 = — o
s+1 S R RC

time delay B AT A 0 » KA AER Vin £k ey—sr st ¢ 5 L%

EHERDE

DCgain A=1-
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Name: &A% B09502033 Date: 10/, 2022

(C)
T4 A B IR A time delay 893534 R % & PID #24].....RC E&&4F1%
Tix

PE T UARET 89 B BRI o

# J& — 18 #8420 & Transfer Function with time delay

100e—0 001s

T(s) = — ,Where R = 1M, C = 100uF » #.1% Vin £&:8 F %

A% % 40(dB in power) 89 A % > 12& & A 1ms & time delay -

IS YRS id
T = E = m = (0.01
A
Rgiope = - = 10000 » L = 0.001
PID parameter table
P control PI control PID control

kp 0.1 0.09 0.12
Ty 0.00333... 0.002
To 0.0005
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Name: &A% B09502033 Date: 10/, 2022

(Bonus)
B 73X R F Ultimate Sensitivity Method » # & EE% T —18

100
stable system:sys(s) = GIDGID6T)
4| Figure 1 - O x
File Edit View Insert Tools Desktop Window Help

Udde (@2 08| KE

Root Locus

D & o

Imaginary Axis (sz-:-cohds'1 )

,.
/’/l

5 -4 -3 2 -1 0 1
Real Axis (secomd5'1 )

B root locus & &9 4k 4% 2F 57T LA 4F %= » Ku=0.585 Pu=1.9098

PID parameter table

P control PI control PID control
kp 0.2925 0.26325 0.351
Ty 1.5915 0.9549
To 0.238725

SRR R B A EESTP Pl PID 424] » A R&ws A fu b

feedback > ST IFF| AT HEHE -
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2. (U4D: Three terms controller and Ziegler—Nichols Tuning)

4.37 A paper machine has the transfer function

=25
Gls) = ——o.,
=377

where the input is stock flow onto the wire and the output is basis weight or
thickness.

(a) Find the PID-controller parameters using the Ziegler-Nichols tuning
rules.

(b) The system becomes marginally stable for a proportional gain of K, =
3.044 as shown by the unit impulse response in Fig. 4.48. Find the optimal
PID-controlier parameters according io the Ziegier-Nichois tuning ruies.
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3. (Feedforward Control)




