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NOTES:

1. This is a CLOSED BOOK EXAM. Any non-communicating 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 signed and submitted together with the examination paper.

2. 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.

3. 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
six. Each question is of equal value. Weighting of topics within a question is indicated.
Partial marks will be given. Clearly show steps taken in answering each question.

4. PLEASE WRITE ANSWERS DIRECTLY IN THIS EXAM PAPER — DO NOT USE
EXAM BOOKS. If necessary, you may write on the backside of the pages as long as you
write the final answers in the space indicated, and point to where the full calculations are.

YOUR MARKS
QUESTIONS 1 AND 2 ARE COMPULSORY:
Question 1 30
Question 2 30
CHOOSE THREE OUT OF THE REMAINING
SIX QUESTIONS:

Question 3 30

Question 4 30

Question 5 30

Question 6 30

Question 7 30

Question 8 30

TOTAL: L
150
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Question 1 (Compulsory)

Frequency response, Polar Plots, Nyquist Criterion of Stability, Routh-Hurwitz Criterion of Stability

Consider a closed loop system under Proportional Control, shown in Figure Q1.1. The process
transfer function is described as follows:

10
s +45* +65+8

G(s) =

K — 6

~ Figure Q1.1

1. (15 marks) The relevant Nyquist Contour is shown in Figure Q1.2. Apply the Nyquist
Criterion of Stability to determine the maximum controller gain K, q, for a stable operation
of the system and its corresponding crossover frequency Weg, 28 well as the Gain Margin G,

when the operational controller gain is K,,, = 2. Fill out Table Q1.1.

Table Q1.1
The range of
Kmax = = When K, =2, When K, =2, | Controller gains for
stability is:
Gm(V/V) = Gm(:}a) =

Page 2 of 38



National Examinations, December 2009, 07-Elec-A2, Control

Nyquist Diagram

T T T T

Imaginary Axis

1 15

Figure Q1.2

2. (15 marks) Apply the Routh-Hurwitz Criterion of Stability to find the maximum value for
the controller gain that results in a stable response, the range of stable controller gains, and
the frequency of oscillations of the system response when the gain reaches maximum value
Krnax - Are the results consistent with your answers to the previous item? Fill out Table Q1.2.
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Table Q1.2

Kmax =

osc

The range of Controller gains
for stability is:

Are the results consistent
with item 1) ?
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Question 2 (Compulsory)

Root Locus Analysis, Stability, Compensation, System Type, Transient Response and its Specifications,
Second Order Model Analysis

Consider a certain closed loop system under Proportional Control, as shown in Figure Q2.1.

R + Y
K G(s) »

Figure Q2.1

We know that the transfer function of the process G(s) is of a 4th order and that the Process Gain
is equal to 60. Initially the system is not compensated; i.e. the controller transfer function is:

"G, (s)=1.

1. (5 marks) Consider the Root Locus graph, for the uncompensated system, shown in Figure
Q2.1. Based on information in the graph, write the transfer function for the 4th order process
G(s) (Note - K is the adjustable proportional gain used to obtain the Root Locus) and identify
the system TYPE. Explain why you decided on that system type.

60

G(s)=K -

This is TYPE SYSTEM
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Root Locus
10 T T T

Imaginary Axis
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Figure Q2.1

2. (5 marks) Consider the same uncompensated system Root Locus with the additional
information provided in Figure Q2.2, obtained using rlocfind Matlab function. The Figure
provides a value of controller gain corresponding to the specific location on the Root Locus,
selected by a crosshair, as well as the coordinates of all closed loop poles for that gain. Based
on the information provided in Figure Q2.2, what is the critical gain, X_, that causes the

closed loop uncompensated system to be marginally stable? What is the frequency of
resulting oscillations?
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>> [k-,'pole‘s]';rlocﬁnd(G)
Select a point in the grap

selected_point =

-0.0000 + 1.6460i

2.8185

poles =

-9.5435
-6.3626

-0.0469 + 1.6682i
-0.0469 - 1.6682i

I.File Edit View Insert Tools Desktop Window Help
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|@ Note new toolbar buttons: data brushing & finked plots 4% 3%  Play video
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Rust Locus
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.,

Figure Q2.2

3. (5 marks) Now consider the compensated system Root Locus with the information
provided in Figure Q2.3, again obtained using rlocfind Matlab function. First, compare it
with the uncompensated Root Locus in Figure Q2.2, and identify the type of Controller used,

and its transfer function:

Thisis a

Controller, with the transfer function:

G.(s)=
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13,9529 1) s
0.0258 + 6.0452i t e .
0.0258-6.0452i {1 o ‘_
-2.0988 41 poct TROET T 3 T L
1 7 RealAxis i
Figure Q2.3

that causes the

Based on the information provided in Figure Q2.3, what is the critical gain, K

crit
closed loop uncompensated system to be marginally stable? What is the frequency of resulting
oscillations?

K

crit

,

osc

Has the relative stability of the system improved after this Controller was implemented, or
worsened? Explain.
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4. (5 marks) Next, the Controller Gain has been set to the value that resulted in a Gain Margin
equal to 2 (V/V) or 6 dB. The pole-zero map for the resulting closed loop compensated
system is shown in Figure Q2 .4.

Pole-Zero Map

S T T T T p

Imaginary Axs

~ Real Axis
Figure Q2.4

Explain briefly why the second order model can be assumed for the compensated closed loop
system, and calculate the required model parameters. Place the values in Table Q2.1.

Table Q2.1

Damping ratio &=

Frequency of natural oscillations | ¢ =

Closed loop DC gain ' K, =
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5. (5 marks) From the 2nd order closed loop model identified in the previous item, estimate the

following transient response specifications and place your answers in Table Q2.2, in the
column for Model Response Estimates.

* Percent overshoot (PO), Settling time (7,,,,.s, ), Period and frequency of damped
oscillations (T, , @, , respectively);

» Steady State Error to step input (in %).

Table Q2.2
Model Response Estimates | Plot Estimates
(Item 5) ' (Item 6) >

Percent Overshoot

T,

settlet5%

T

period =

w,=

e.\‘s(:rep)% =
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6. (5 marks) Figure Q2.5 shows both the uncompensated as well as compensated closed loop
system responses. Decide which of these two responses is the compensated one and label it
on the plot, then read off the plot the following specifications: Percent overshoot (PO),

Settling time (7,154, ), Period and frequency of damped oscillations (T,,,,,, , @,

respectively) and the Steady State Error to step input (in %). Place your answers in Table
Q2.2 in the column Plot Estimates. Comment on differences between the two columns.

Step Response

18 B 1 ! ! ! ! ! !

Amplitude

} ! 1 I i ! i I
2 4 6 8 10 12 14 16 18
Time (sec)

Figure Q2.5
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Question 3
S-Plane Poles and Zeros, Transient Response, Partial Fractions, Step Response Specifications

Part A (10 marks)

1. A step response of a certain control system is supposed to exhibit the Percent Overshoot of
no more than 15% and to settle (use the 5% definition of Settling Time) within two (2)
seconds. In the space below, show a shaded area where the dominant closed loop poles of the
system should be located so that both conditions are met.
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2. A step response of a certain control system is supposed to exhibit a Period of Oscillation of at
least 3 seconds and to settle (use the 5% definition of Settling Time) within one (1) second.
In the space below, show a shaded area where the dominant closed loop poles of the system
should be located so that both conditions are met.
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PART B (20 marks)

Consider a control system described by the following transfer function:

G(s) =

75

(s +1.71) (s? + 0.29s + 3.5)

Derive a time domain expression for its step response, y(t).

NOTE: A short Laplace Table is shown in Table Q3.1 below.

Table Q3.1
Laplace Transform Time Domain Response
1
s 1(t)
1
2 t1(¢)
1 e~ . 1(t)
sta
s+a e™™ - cos(bt)- 1(t)
(s+ a)* + b*
b e -sin(bt)- 1(¢)
(s+a)*+b*.
2 2
_a_+b_ (1— e -(cos bt + gsinbt)] (1)
s[(s+a)’ + b*] b
wy
, w
s? + 2{wps + w} = “{2 +e89nt . sin (w1~ ¢2 - 8) - 1(2)
W 1 — i e~ont . gin (wndT=7% 1+ cos™i¢) |- 1(t)
5(s%2 + 2{w,s + w?) [1=¢2 o
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PART B Continued
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Question 4

System Second Order Model, Step Response Specifications

PART A (10 marks)

Consider a certain closed loop control system described by the following transfer function:

Y(s) 65

G = =
a0 (5) R(s) s2+25+75

1. Find the following system parameters: damping ratio, frequency of natural oscillation and
closed loop DC gain (&, @,, K, respectively) and place your answers in Table Q4.1.

Table Q4.1

Damping ratio ¢ =

Frequency of natural oscillations O =

Closed loop DC gain K, =
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2. Estimate the following fime response specifications for this system: percent overshoot (PO),
settling time (7,4, ) and steady state error to step input (in %). What is the System Type?
Place your answers in Table Q4.2.

Table Q4.2

PO = T

setilex2% €ss (step)% —

System Type is:
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PART B (10 marks)

Consider a response of a certain closed loop control system to a unit reference signal, shown in
Figure Q4.1. Based on the graph, determine the following step response specifications: Percent
Overshoot (PO), Rise Time (7},,00, 1005 )> Settling Time (within 5% of the steady-state value -

T eue(ssw ) and Period of Oscillations (7., ), as well as the Steady State Error in %,(e,,, ).

Place your answers in Table Q4.3.

System Step response

14 r T ! ! '
12 0\ 2000000500000 0a0 359000500090 00a0s ............ : ............... N
: : : : i Steady State value
1r : : : : X
v s ! 5 r ;
5% | 1\ /- - - -
of 0.8_ ............... : ............... : ................ :...: ................ : ............... p
s : : : : 5 -
value : : : : :
06 e ................ ................ ................ ............... _
04k | il ................ ................ ................ ................ ............... o
02 o, SRR e, A SRR AU .
0 | | | | |
0 0.5 1 1.5 2 2.5 3
time in sec
Figure Q4.1
Table Q4.3
PO = T;-isgo%_lo()%= I;etlle(iS%) T"'perl'od" = ess(:tep)% =
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PART C (10 marks)

Based on the information collected in Table Q4.3, determine an appropriate 2nd order model for

the closed loop system in question, then place your answers in TableQ4.4.

Table Q4.4

Damping
Ratio is:

Frequency of
Natural
Oscillations
is:

Wy =

DC Gainis: | Write your Second Order Model
transfer function here:

Wn

2

Om(s) = Kac 5%+ 24w,s + w2

G (s) =
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Question 5

Open and Closed Loop Transfer Functions and Frequency Response, Stability, Second Order
Closed Loop Model from Frequency Response and from Dominant Poles.

Consider a closed loop system in Figure Q5.1 with Controller Gain K = 1. Frequency response
plots of both open and closed loop are shown in Figure Q5.2. The plots are not labeled - you
should be able to recognize which plot corresponds to which response.

R(s) 30 Y(s)

+"< >_ K, " (s+1P(s+2)(s+5) g

Proportional
Controller Actuator/Plant

Figure Q5.1

1. (10 marks) Use the OPEN loop frequency response plot in Figure Q5. 2 to read off the
system Phase Margin, the corresponding crossover frequency, and the system Open Loop DC
Gain. Use the above information to calculate the system closed loop DC Gain and to find an
appropriate Second Order Model for the closed loop, i.e. find the closed loop system

damping ratio { and the frequency of natural oscillations w, . Complete Table Q5.1,
including the transfer function for the model.

2. (10 marks) Use the CLOSED loop frequency response plot in Figure Q5.1 to read off the
plot the frequency of resonance w,, the maximum peak of the magnitude plot M, and the
closed Loop DC Gain. Next, use the above information to find an appropriate Second Order
Model for the closed loop, i.e. find the closed loop system damping ratio { and the frequency

of natural oscillations w,, . Complete Table Q5.2, including the transfer function for the
model.
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