Prof. Jong-Han Kim, Inha University 2025.6 17.

ASE3093 Automatic Control: Final Exam (1 big problem, 90 minutes)

Before the exam begins, write the following ‘Student Honor Code’ at the top of your answer
sheet and sign it: “By signing this pledge, I promise to adhere to exam requirements
and maintain the highest level of ethical principles during the exam period.”
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1) Silver Star’s Life on Mars (40pts).

Following its initial success navigating the Martian
terrain, Silver Star, the rover developed by the ACSL
team at Inha University, has entered a sustained mis-
sion phase. The rover is expected to perform au-
tonomous traverses, scientific data collection, and oc-
casionally respond to teleoperated commands sent
from Earth. Due to prolonged operation under harsh
Martian conditions, the engineering team must con-
tinually analyze, tune, and reinforce the stability and
performance of its control systems.

The rover’s longitudinal motion, influenced by the wheel actuators and terrain resis-
tance, is modeled by:

mo(t) + bu(t) = u(t),
(t) = v(t) +d(1),
where z(t) is the rover’s position, v(t) is its velocity, u(t) is the control force generated

by its motor, and d(t) represents the unknown terrain disturbance (e.g., caused by
slope or dust drag). The physical parameters are m = 1 (mass) and b = 4 (damping).

Initial Surface Deployment Stage: PI Control

To overcome terrain disturbances and achieve accurate position tracking, the rover’s
onboard computer applies a PI controller:

u(t) = Kp (za(t) — x(t)) + Kie(t),
E(t) = zq(t) — a(t).

where x4(t) is the desired trajectory, and the control gains are positive numbers, i.e.,
K, >0and K; > 0.

a) During early mission trials, the control team adjusted K; while keeping K, =
6 fixed. Sketch the root locus with respect to K;. Describe the general pole
movement and its implications for stability and response. (4pts)

b) Conversely, with K; = 25 fixed, sketch the root locus with respect to K,. Com-
ment on whether increasing K, improves or degrades system performance. (4pts)
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¢) For fast and well-damped position control, the team targets closed-loop poles at
s = —1+j. Calculate (K, K;) values that place the closed-loop system’s poles
at these locations. (4pts)

d) For long-term autonomy, the team seeks a robust set of gains. Derive the region
in the (K, K;) plane where the closed-loop system remains stable. (4pts)

Based on the preceding analyses, the design team finalized and implemented the PI
controller parameters as follows:

(KZN Kl) = (57 5)'
Aging Silver Star: Model Uncertainty

As the rover’s operation on Mars continues, actuator wear and thermal fluctuations
begin degrading the motor’s effective output. This is modeled by a scale factor n > 0
as follows:

mo(t) + bu(t) = nu(t),
z(t) = v(t) + d(¢)
e) Determine the range of n for which the closed-loop system remains stable. Use

root locus or frequency-domain arguments to justify your answer. (4pts)

f) The design team observed a slight degradation in stability performance and
decided to adjust the PI controller gains by introducing a scaling factor a > 0,
resulting in controller parameters (oK, aK;). Determine the value of « that
maximizes the system’s phase margin. Assume that n = 1. (6pts)

Teleoperation Phase: Delay-Induced Instability

Certain scientific tasks—such as high-

precision sampling near hazardous obsta- - Communication
cles—require teleoperation rather than Delay

full autonomy. During these operations, = aE s
computationally intensive processes like o %

image processing or target recognition, as
well as the PI control computation are
handled by the mission control team on
Earth.

However, due to the vast distance between Earth and Mars, all control commands
issued from Earth experience a one-way communication delay of 7 seconds before
reaching the rover.

u(t) = u(t — 1)

where u.(t) is the control signal calculated on Earth (as in earlier parts). The rover
dynamics are (with perfect motor condition n = 1) still:

mo(t) + bu(t) = u(t)
&(t) = v(t) +d(t),
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and the controller we use is the one with the integral action:

uc(t) = Kp (za(t) — x(t)) + Kie(?),
e(t) = z4(t) — (t).

Note that the control command is now represented by u.(t) rather than the immediate
input u(t), due to the communication delay. This delay introduces a phase lag into
the control loop, which may degrade system stability or even lead to oscillatory or
unstable behavior. In the following, you are tasked with analyzing the impact of this
communication delay on the position control system of the Silver Star rover.

g) Plot the frequency response (Bode plot) of the delay element (transfer function
from u.(t) to u(t). (4pts)

h) Provide an analytical justification that there exists a critical time delay 7. be-
yond which the closed-loop system becomes unstable. Support your argument
using frequency domain analysis and appropriate stability criteria. (4pts)

i) Based on data collected during initial on-site operations, the ACSL team suc-
cessfully identified the frequency response of the open-loop system, which in-
cludes both the Silver Star’s dynamics and the PI controller. Using this informa-
tion, determine the critical time delay 7. beyond which the closed-loop system
becomes unstable. (6pts)
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