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National Exams December 2013

07-Elec-A2, Systems & Control

3 hours duration

NOTES:

1.

This is a CLOSED BOOK EXAM. Only an approved Casio or Sharp calculator is permitted.
Candidates are allowed to use a single-sided, handwritten, 8.5 by 11” formula and notes sheet.
Otherwise, there are no restrictions on the content of the formula sheet. The sheet has to be 51gned
and submitted together with the examination paper.

If doubt exists as to interpretation of any question, the candidate is urged to submit with the answer
paper, a clear statement of any assumptions made.

Five (5) questions constitute a complete paper. YOU ARE REQUIRED TO COMPLETE
QUESTION 1 AND QUESTION 2. Choose three (3) more questions out of the remaining five.
Clearly indicate answers to which questions should be marked - otherwise, only the first five
answers provided will be marked. Each question is of equal value. Weighting of topics within each
question is indicated. Partlal marks will be given. Clearly show steps taken in answering each
question.

You may use exam booklets to answer the questlons please clearly indicate which question is being
answered.

YOUR MARKS
QUESTIONS 1 AND 2 ARE COMPULSORY:
Question 1 120
Il Question 2 20
CHOOSE THREE OUT OF THE REMAINING
FIVE QUESTIONS:
Question 3 20
Question 4 20
Question 5 20
Question 6 ' 20
Question 7 20
TOTAL:
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Question 1 (Compulsory)

Stability Analysis: Frequency Domain (Gain and Phase Margins) vs. s-Domain (Routh-Hurwitz Criterion).

‘ Proportional Controller Process
R(s) | | Y(s)
S K, — 6 >
Figure Q1.1

Consider a unit feedback control system shown in Figure Q1.1. The process G(s) is described by the
following transfer function: :

150(s + 50)
(s+3)%*(s+8)

G(s) =

Your task is to investigate-the stablhty of the closed loop system using two approaches (Bode Plots and
" Routh-Hurwitz Criterion) by finding:

1. The value of the Proportional Controller Gain, K = K,y , at which the closed loop system becomes
marginally stable, and the corresponding frequency of marginally stable oscillations, w,s.

2. The practical range of safe operating gains for the Proportional Controller in Figure Q1.1;

3. The Gain Margin of the system, both in V/V units and in decibel units, when the Operating Gain of
the Controller K, is set to 0.05 .

Part A (10 marks)

Figure Q1 .2 shows an open-loop frequency response of the process, K, »G(s), when the Controller Gain
K, is set to 1. Use this plot to answer the three questions above.

Part B (10 marks)

Apply the Routh-Hurwitz Criterion of Stability to verify the results of Part A. Are the results of both
methods consistent?
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Question 2 (Compulsory)

Root Locus Analysis and Stability Analysis in s-domain.

Consider again a unit feedback control system under Proportional Control shown in Figure Q1.1, where
the process G(s) is described by a different transfer function:

1 .
G(s) = (s —5)(s? + 65 +40)

Note that the process G(s) is unstable and that it also has a pair of complex poles. Your task is to
investigate the behaviour of the closed loop system, including its stability, using Root Locus Analysis.

Part A (10 marks)
Use the space provided in Fighre Q2.1 to sketch a detailed Root Locus for the system, including break-

l_l_gway/'b;e:;‘l\lgfin coordinates, if any, asymptotes, ifany, a centroid, angles of departure from the complex
“poles, etc. If you are using estimates, explain why. I
Part B (10 marks)

1. Determine the exact coordinates of the crossovers of the Root Locus with the Imaginary Axis;

2. Next, determine the value(s) of the Proportional Controller Gain, Kp = Kot » at which the closed
loop system becomes marginally stable, and the corresponding frequency(ies) of marginally stable
oscillations, wygc. ‘ '

3. Finally, determine the practical range of safe operating gains for the Proportional Controller in this
“system. ’ ;
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Imaginary Axis

Root Locus for Question 2
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Question 3

Proportional + Integral (PI) Controller Design in s-Domain, Dominant Poles Model, Step Response
Specifications.

Consider a unit feedback closed loop control system, as shown in Figure Q3.1.

P+l Controller Process

R(s) Y(s)

| 1 Y 10
K, | O s+10 | |

_ Ts

H

Figure Q3.1
The system is to operate under PI Control. Your task is to calculate the PI Controller parameters, K, and
T;. In order to do so, please follow the steps described in the following parts.

PART A (7 marks)

Assume that the response can be modeled by a standard second order dominant poles model that is
described by the following transfer function:

Wy

$2 4+ 2{wy,s + w?

G (S) = Kgc¢

Determine appropriate parameters of the model (i.e. K4¢, 0, {) so that the compensated closed loop
response of our control system would have the following specifications:

e Percent Overshoot, PO = 15%

o Settling time within 2% of the steady state value, Tsettie(+20%) = 0.1 seconds

o Steady State Error, €55 = 0
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PART B (7 marks)

Derive the closed loop transfer function of the PI-compensated system, G (s) = E ; in terms of K,

and T;. Next, calculate appropriate numerical values for the PI Controller parameters K, and T, so that

the specifications from Part A are met.

PART C (6 marks)

Substitute the computed values of the controller parameters, K, and T; into the closed loop transfer

Y(s)

function, G.(s) = G

Compare the two closed loop transfer functions, G (s) and G, (s). What is the difference between
them, and how will it affect each of the three specifications from Part A? Please describe bneﬂy
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Question 4

Proportional + Derivative (PD) and Proportional + Rate Feedback Coniroller Design in s-Domain, Dominant
Poles Model, Step Response Specifications.

Consider a closed loop control system operating under a Proportional + Rate Feedback Control, as
shown in Figure Q4.1.

Proportional Gain Process
R(s) 30 Y(s)
_ Kp 5 >
' s +10s+35
+ _
Rate Feedback

Figure Q4.1

PART A (8 marks)

Find the closed loop transfer function of the compensated system, in terms of the controller parameters
K, and T,. Are there any restrictions on the values of these two parameters with respect to the closed
loop system stability? If so, please specify them. Next, calculate the values for K;, and Ty so that: '

e The closed loop system step response error, in %, is: s = 5%
o The closed loop damping ratio is: { = 0.7

Substitute the controller parameter values K, and T, and calculate the closed loop transfer function of

the compensated system, G4 (S).
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PART B (4 marks)

Estimate the following closed loop step response specifications:
s Percent Overshoot, PO

o Settling time within 2% of the steady state value, Tserrie(+29%)

e Steady State Error, ego,

PART C (8 marks)

Next, consider the modified closed loop system operating under a Proportional + Derivative Control, as
shown in Figure 4.2. '

Proportional + Derivative Process -
R(s) 1 m)
T— Kp(TdS+1) P 2 30
e 1 | s+10s+5
, Figure Q42 |

Assume the same values of the controller parameters K, and T, as in Part A, and calculate the closed
loop transfer function of the modified compensated system, G, (s). Compare the two closed loop
transfer functions, G, (s) and G5 (S).

What is the difference between them, and how will it affect each of the three specifications from Part B?
Please describe briefly. '
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Question 5

Proportional vs. Lead Control, Closed Loop Stability: Gain and Phase Margins, Second Order Dominant Poles
Model from Frequency Response Plots, Step Response Specifications, Steady State Errors and Error Constants.

Controller Process

R(s) Y(s)
G(s) [ 6 [—

Figure Q5.1

Consider a certain unit feedback closed loop system, shown in Figure Q5.1. The process G(s) is
described by the following transfer function: )

il

1 |
s+ D +2.7)

G(s) =

Open loop frequency response plots for the process G(s) only (i.‘e.~'v&ithout controller) are shown in
Figure Q5.2. The Gain and Phase Margins and their corresponding crossover frequencies are as
indicated. '

PART A (5 marks)

Assume first that the closed loop system would operate under Proportional Control. Find the required
Proportional Controller gain value, K,, such that closed loop system error to a unit ramp input is equal to
0.27 V/V. Evaluate the closed loop system stability. Is the Proportional Controller adequate?
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PART B (10 marks)

Next, assume that the closed loop system would operate under a Lead Controller described by the
following transfer function:

s+ 1
‘ars +1

Gc(s) = a1

Design the appropriate Lead Controller for this system, so that :

e The compensated closed loop system response meets the closed loop system error to a unit ramp
input from Part A

e The closed loop system is stable and has the following Phase Margin; ®,, = +45°

e The compensated crossover frequency for the Phase Margin is: w,, = 3 rad/sec.

Make sure to show the approximate shape of the compensated open loop frequency response in
Figure Q5.2.

PART C (5 marks)
Assume that the compensated closed loop system can be modeled by a standard second order dominant

poles model that is described by the following transfer function: : -

wn
K
Gm(s) = Kac s2 + Z(wns + wn

Determine appropriate parameters of the model (i.e. Ky, wp, ¢) ard estimate the followingiclosed loop
step response specifications: Steady State Error, egg,, Percent Overshoot, PO, and Settling Tithe, -~

Tsettle(;tZ__%}

Page 12 of 17



LYo €1 93eg
7SO sandiy

,. (oas/pel) >ocw=cu.._n_

0L2-
see-
o
-
I
w
0sl- ©
[=3
(1]
Qe
Sel-
06-
051
001~
Z
Y]
©
=, ’
0s- §
[4]
=
=
0
08

(09s/pes Lye 0 Je) Bop g'e9 = wid * (08s/pel y9'| J8) gp 07 = WO
weibeiq epog

€10 Joquiass(] [oLu0)) % SWAISAS ‘ZV-00a~L0 SWeXy [euoneN



National Exams ) 07-Elec-A2, Systems & Control December 2013

Question 6

Step Response Specifications, Standard Second Order Model, Effect of Additional Poles and
Zeros on the Step Response.

PART A (12 marks)

A certain 4" order system has one zero at -12 and its poles are located at the following
coordinates in the s-plane: -20, -16, -1-j5, -14j5. The system DC gain is equal to 0.95.

a) (4 marks) Write a polynomial expression for the system transfer function, G(s), in a standard
form as shown below:

G‘ ()= bs"+b, s"'+..+bs+b

n n-1 -
s+ an_ls +...+als+ aov

b) (4 marks) Briefly explain why a 2™ order transfer function is an appropriate choice for the
system model. Write the model transfer function G, (s) in a standard form as shown below:

w}
Gm(s) = Kae 757 s ¥ a2

'C'leaﬂy indicate values of the model parameters:

e DC gain, K,
e Damping ratio, {
o Frequency of natural oscillations, w,.

¢) (4 marks) Use the 2 order model G,,(s) to estimate the following system step response
specifications:

e Steady State Error in %, €49

e Percent Overshoot, PO
o Settling Time (within 2% of the steady state), Tserrie(+29%)
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PART B (8 marks)

Consider a step response of a certain process G (s) to a unit reference signal, shown in Figure
Q6.1 on the next page. Assume a second order dominant poles model for the process G(s) and
find the model parameters: ' :

e DC gain, K,

e Damping ratio, {

e Frequency of natural oscillations, w,.
Finally, write the model transfer function G,,(s):

_x Wn
TS 4 20 w,s + w?

Gm ()

System Step response

14 ! ! ! ! ! ! !

06F---f ----- ............ ............ ............ ............ ............ ........... _
04k - ............ ............ ______ e ............ ......... ........... _
0.2k- ............ ............ ............ ............ e, U _

: : : : : Response

yss value

----- within 2 % of yss value
0 | | t 1 | | I

0 1 2 3 4 5 6 7 8

time in sec

Figure Q6.1 -
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Question 7

Transfer Function vs. State .Space Model, Canonical Forms, System Eigenvalues, Stability.

Part A (10 marks)

Consider a control system described by the folldwing state space model:

5] [-9 1 0][x] Jo
il=1-23 0 1]|x,|+]1|u
4] |-15 0 o |x] |3

.xl-
y=[1 0 O]x2 +[0]u

X3

‘ ¥
The system equations are in a Canonical Form. Find the system transfer function G(s) = U((i)) .

It is known that one of the system eigenvalues is equal to -5. Find the remaining two eigenvalues
- is the system stable?

HINT: Because the system equations are in a Canonical Form, you should be able to write the
transfer function by inspection, without calculating the Transfer Function Matrix.
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Part B (10 marks)

A certain Single Input Single Output (SISO) control system is described by the following
transfer function:

352+ 25+ 1
$+7s7+2s+15

G(s) =

a) (5 marks) Is the system stable? Justify your answer.

b) (5 marks) Find a Controllable Canonical Form of the state space realization of the system
transfer function. Clearly identify matrices A, B, C, and D of the general state space model as
written in a standard form:

X = Ax+ Bu
y=Cx+ Du
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