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[bookmark: _Toc193487410]Task 1
Advanced Vehicle Control System: Adaptive Cruise Control (ACC)
[bookmark: _Toc193487411]Introduction

Adaptive Cruise Control (ACC) is an advanced driver assistance system (ADAS) that allows a vehicle to automatically adjust a vehicle's speed in its pursuit of creating safety, comfort, and efficiency following distance from another vehicle. As opposed to other cruise controls, which preserve a constant speed, ACC continuously acclimates to traffic conditions by employing sensor information for adjusting throttle and braking. First, it alleviates roadway driver workload on the highways by smoothing driving patterns, eliminating risks of collision, and improving fuel efficiency (Ahn et al., 2021). Autonomous vehicle is critical to the development of the autonomous car and the ACC and IEDS are key components in completing that development.

The advancement of ACC has been fueled by advancements in sensors, real-time computing, and artificial intelligence (AI). The modern ACC systems consist of radar, LiDAR and camera-based perception systems to enhance both the detection accuracy and decision-making. Moreover, the model predictive control (MPC) method was used for trajectory planning which ensures better vehicle stability and smooth transitions of speed as compared to other methods (Vu et al., 2021). It goes through the details of ACC which include its sensors, actuators, control algorithms, and communication protocols. Additionally, it presents evaluations of software tools for ACC development, improvements to ACC implementation, and trends in vehicle control systems.
[bookmark: _Toc193487412]System Inputs and Outputs
Real-time environmental and vehicle data is collected through various sensors used for the working of the ACC system. The data inputs to the primary system are radar, LiDAR, camera, wheel speed, brake pressure levels, throttle position signals, and steering angle. The critically important millimeter-wave radar, usually employing 77 GHz, detects objects, and, given enough weather resistance, determines the objects’ speed and distance. By comparison, radar completes LiDAR by providing a detailed 3D representation of the surroundings and enhancing objects detection and classification capabilities. Moreover, the use of cameras augments visual information which assists in refining ACC decision-making (Malyuta et al., 2021).
[image: ]
Figure 1: Adaptive Cruise Control
(Source: Malyuta et al., 2021)


These inputs are processed within the system using embedded computing units, and drive the outputs for the wheel throttle, wheel braking, and wheel steering (if connected to lane-keeping assist processing). It takes command of the engine power and adjusts the speed by adjusting the throttle actuator and applies a force when the decelerating is required by the braking actuator. In addition, the system provides real-time feedback to the driver through the vehicle’s human-machine interface (HMI), for example, dashboard displays and audiovisual alerts. The outputs of these outputs guarantee a safe following distance and maximum driving efficiency while varying through the traffic conditions (De Klerk and Saha, 2021).
[bookmark: _Toc193487413]Sensors and Actuators in the ACC System

An ACC system depends on the effective functioning of the combination of the sensors and actuators that can allow real-time control of the vehicles. Dependable object detection and distance measurement are provided by radar sensors, which are required for ACC functionality. The combined features of cameras and LiDAR facilitate lane keeping and object classifications while the latter improves perception accuracy. Near-distance detection is performed by ultrasonic sensors, which are best suited for stop-and-go traffic scenarios. The acceleration and orientation data from the inertial measurement unit (IMU) provide the vehicle with the means to adjust its trajectory smoothly (Katriniok et al., 2022).
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Figure 2: Sensors and Actuators in Adaptive Cruise Control
(Source: Katriniok et al., 2022)
CCS systems utilize the primary actuators, electronic throttle control (ETC), which regulates engine power, and an electromechanical braking system to have smooth deceleration. Electric power steering (EPS) for automated lane-keeping assistance is also included in some ACC systems for further safety and convenience improvement. With the integration of these sensors and actuators, ACC affords fine control of vehicles reduces dependence on driver input, and removes human error (Susanto et al., 2021).
[bookmark: _Toc193487414]Control Algorithm and Performance

ACC control is a closed-loop control algorithm with continuous adjustment of vehicle speed by sensor inputs. First, radar, LiDAR, and cameras perceive the world and determine obstacles' speed and distance. During the stage of decision-making, the required acceleration or braking force is calculated using predictive models. Finally, the system then commands the throttle and brake actuators in the execution phase to change the vehicle’s speed (Ahn et al., 2021).
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Figure 3: Supervised Adaptive Dynamic Programming in Adaptive Cruise Control
(Source: Ahn et al., 2021)

The proportional-integral-derivative (PID) controller is one of the most commonly used control strategies in ACC. It adjusts the vehicle speed in terms of deviations from the desired setpoint. Analogous to standard MPC, more advanced ACC systems tend to use Model Predictive Control (MPC) to predict future traffic conditions and to optimally control actions. To enhance ACC adaptability, machine learning techniques are also applied to process both traffic patterns and drivers’ behavior in real-time (Vu et al., 2021).
[bookmark: _Toc193487415]System Sampling Time and Performance Impact

In an ACC system, an appropriate sampling time selection is crucial for accurate and timely data acquisition. Radar sensors usually operate at 50−100 Hz, which ensures rapid object detection and reaction. Differently from LiDAR sensors, which require time for detailed scanning and hence the speed is limited between 10 to 20 Hz, cameras can image at speeds of 30 to 60 Hz as there is no part-time delay between scanning and image formation. Wheel speed sensors are used for the feedback of real-time velocity at the rate of 100 Hz to attain smooth vehicle acceleration and deceleration (Dewangan and Sahu, 2021).

Negative impacts of delays in the sampling process include slow response times and abrupt vehicle movements. For example, if processing of the radar data is too slow then the system will not detect the instant the vehicle ahead brakes, thereby increasing the risk of collisions. To minimize latency while preserving ACC’s optimal functioning (Mokhtari et al., 2021), efficient data processing and hardware speeds of high-speed computing are essential.
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Figure 4: Performance Testing in Adaptive Cruise Control
(Source: Mokhtari et al., 2021)

[bookmark: _Toc193487416]Communication Protocols for Data Exchange

Good communication among sensors, controllers, and actuators is critical for the performance of ACC. The most commonly used communication protocol in ACC systems is the Controller Area Network (CAN) bus which allows the reliable real-time data exchange between vehicle subsystems. However, the CAN bus has its bandwidth limits and can cause problems in data transmission at high speed. For advanced ACC applications, FlexRay provides a higher speed and fault-tolerant communication alternative compared to CAN upon which ACC applications are developed (Naveed et al., 2021).

As the demand for high-speed data transfer for automotive applications increases, Automotive Ethernet (100BASE-T1) is also becoming the hot technology of choice, given its high-speed data transfer capabilities. Another emerging technology for ACC is Vehicle to Vehicle (V2V) communication where the ACC systems can share the traffic data between vehicles to make more predictive decisions and avoid sudden braking events. The communication must be reliable as well as low latency otherwise the performance and safety of ACC is not optimized (Amjad et al., 2022).
[bookmark: _Toc193487417]Software and Tools for Development and Analysis

ACC systems are designed, simulated, and analyzed using several software tools. Modeling the control algorithms as well as vehicle dynamic simulation is widely conducted using MATLAB and Simulink. Vehicle behavior in various driving conditions can be simulated with real-world realism using the CarSim simulations, which allow performance assessment before deployment to the real world. Sensor fusion and real-time data processing, which is useful for the prototyping of ACC functionalities, is well served by using the Robot Operating System (ROS). This can be done using hardware-in-the-loop (HIL) testing tools such as dSPACE.Lo (De Klerk and Saha, 2021).
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Figure 5: MDPI Cruise Control System
(Source: De Klerk and Saha, 2021)
[bookmark: _Toc193487418]Enhancements to the ACC System

ACC can be improved several times. Real-time traffic data can be used to make adaptive decisions based on real-time traffic data via integrating AI-driven algorithms. By using vehicle-to-everything (V2X) communication, ACC can be enhanced by interacting with smart traffic infrastructure to increase traffic flow optimization. Improve energy efficiency in electric vehicles by upgrading braking systems to include regenerative braking. Furthermore, the advanced sensor fusion techniques with radar, LiDAR, and thermal imaging can increase object detection accuracy and reliability (Katriniok et al., 2022).
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Figure 6: Multimode Adaptive Cruise Control System
(Source: Katriniok et al., 2022)

[bookmark: _Toc193487419]Conclusion

The important technological achievement of Adaptive Cruise Control (ACC) is in boosting road safety, driving comfort, and fuel consumption. This manner enables the implementation of robust communication (CAN, FlexRay, V2X, etc.) protocols which results in data exchange and makes the system real-time responsive as well as reliable. The current ACC systems using traditional PID and Model Predictive Control (MPC) strategies still need further improvements in adaptability and predictive decision-making as artificial intelligence and machine control are integrated into the ACC systems. ACC’s capabilities will continue to develop (including via AI-driven boosters, regenerative braking, and advanced sensor fusion) allowing such technologies to a point where they can be deployed for full autonomous driving. However, ACC can ensure its leading position in the development of intelligent transportation systems by overcoming these challenges.
[bookmark: _Toc193487420]Task 2:
[bookmark: _Toc193487421]Introduction
In particular, factors such as sampling time or network delay affect response accuracy and stability and therefore affect control system performance. At the same time this study investigates their effects on system dynamics with various sampling intervals and delays. 
The understanding of these effects is important to realize efficient real time systems, which provide the best response, stability and reliability.
[bookmark: _Toc193487422]1. Encoding and Decoding of Sensor, Demand, and Actuator Signals

The encapsulation and encoding and decoding functions are designed for simulating the digital representation of the continuous signal, for example, a sensor measurement, a control command, or an actuator signal. The given message can then be encoded in a finite set of discrete levels according to a bit resolution of at most n_bits. It achieves this via normalization of this signal to a range and then scaling the value of the signal to an integer representation (round((x - x_min) / (x_max - x_min) * (2^n_bits - 1)) ). This process is reversed by the decoding function, which snatches the signal back to the same range as x_max - x_min and divides x * (x_max - x_min) / (2^n_bit - 1) + x_min. However, this quantization process introduces errors, which degrade the system's accuracy and control performance and necessitates evaluation of a proper number of bits for which error will not degrade the control performance but it has to be minimized in terms of computational and transmission overhead.
[bookmark: _Toc193487423]2. Feedback Controller Design and Trade-offs

The feedback controller is discretized as a PID controller with Tustin’s approximation to achieve stability and smooth performance in a digital control system. The gains for the controller are proportional (Kp = 5), integral (Ki = 1), and derivative (Kd = 0.1). The controller reacts to errors with a certain amount of aggressiveness, which is determined by proportional gain, eliminates steady-state error with integral gain, and helps reduce overshoot and oscillations with derivative gain. The control system is closed loop since the error is fed back continuously to adjust the control action. These gains have also been tuned as a key trade-off between velocity response and control effort (the faster the control, the faster the velocity response, but at the cost of stability; Ki intends to eliminate steady-state error, but refine it with oscillations; and the addition of Kd helps to damp but amplifies noise). The chosen values produce a stable and good working system, having a minimal overshoot and steady-state error.
[bookmark: _Toc193487424]3. Effects of Signal Encoding and Trade-offs

Signal encoding effects are studied as the bit resolution (n_bits) is set varied. However, using lower bit resolutions, i.e. 4 or 6 bits, which yields very good computational efficiency, also significantly brings in quantization noise, making oscillations, steady-state errors, and bad control performance. On the other hand, decreasing the resolution to 12 or 16 bits improves quantization error but increases communication and memory bandwidth, which may not be the suitable choice for real-time control applications. It is shown that an 8-bit resolution is an adequate tradeoff with bandwidth and computational requirements, with an adequate tradeoff in smooth system response without excessive quantization noise. It brings out the necessity of choosing a correct bit depth according to the system cum performance constraints.
[bookmark: _Toc193487425]4. Effects of Sampling Time and Trade-offs

Choosing the sampling time (Ts) has a massive effect on the performance of the system because which of the winning controllers will be executed after that sampling time depends on that Ts. The accuracy and response time improve, however, the computational load and power consumption increase (e.g. in the case of 0.005s sampling time). However, as one gets larger sampling times (e.g. 0.2s), the computational burden is lowered but delays, phase lag, and degraded control performance can be introduced. Experiment results show that 0.05 s sampling time achieves the best compromise between rapid response and low requirement in the computational domain. In the real world, there are constraints like the update rate of the sensor, processor speed, and network delay which affect the sampling time, but we must also choose sampling time while keeping the system in real-time.
[bookmark: _Toc193487426]5. Effect of Communication Network Delay

Communication network delay is an important parameter in digital control systems and affects their real-time responsiveness. Artificial delays are introduced using Padé approximations to analyze the system’s tolerance to increased delays. For small delays (say, 0.01s), the system has negligible impact, however, as the delay exceeds 0.05s, the system starts to become unstable, oscillating, and running with different transient responses. Despite this, the derivative gain (Kd) can be increased to compensate for small delays, but larger delays need some advanced compensation techniques such as the  Smith predictor or adaptive control strategies. The controllers should not be delayed by more than 0.05s for satisfactory performance, whereas after the controller may not be able to keep the system stable anymore.
[bookmark: _Toc193487427]6. Additional Insights on Control System Implementation

Implementation challenges in digital control systems involve quantization, sampling time, and network delays and these are also studied in this work. Theoretically, Tustin’s approximation is a better choice than zero-order hold (ZOH) as the discretization method in PID control. Also, it’s important to balance bit resolution and bandwidth to best match the accuracy of the signal with the communication footprint. With its emphasis on the real-world constraints on sampling rates and network delays, efficient control strategies that can demonstrate real-time performance while accounting for the computational and transmission limitations are required. Finally, digital control systems are designed by optimally settling an optimal trade-off between response speed, stability, and resource utilization.
[bookmark: _Toc193487428]Discussion
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Figure 7: Closed Loop System Response
(Source: Acquired from MATLAB)
It is the closed-loop response to a step input of a discrete PID-controlled system. It gradually increases its output but the response is slow and there is no steady state convergence indicating a possibility of poor tuning of the controller. The initial gain of the system is low, which implies there is less than proportional or integral action. The absence of oscillations and slow rise time are consistent with an overdamped response, which may be caused either by low proportional gain (Kp) or a high integral term (Ki). If Kp is increased, which will increase the Kp gain and have a faster response, the performance of the system can be improved, or if Ki and Kd are finely tuned to improve stability and reduce steady-state error.
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Figure 8: Effect of Signal Encoding On System Response
(Source: Acquired from MATLAB)
A closed-loop control system is shown with the effect of signal encoding on system response and correspondingly achieving different bit depth (4bit, 6bit, 8bit, 12bit, and 16bit). This occurs for a stepped response suggesting quantization effects from lower bit encoding. Fewer bits (e.g., 4-bit or 6-bit encoding) make the response with larger discrete jumps so that it has a more pronounced staircase effect and lower precision. Not surprisingly, as the bit depth increases, the response gets smoother (in essence approaching continuous signal) until 16-bit encoding gives near ideal result or sometimes even gives a real perfect response due to the nature of the modulating signal. 
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Figure 9: Effect of Sampling Time On System Response
(Source: Acquired from MATLAB)
In the image, the effect of different Ts on system response is shown by comparing Ts = 0.005 s, Ts = 0.010 s, Ts = 0.050 s, Ts = 0.100 s, and Ts = 0.200 s. With smaller sampling times such as 0.005 s, they get closer to the continuous system response, being smoother, less noisy, and more accurate; however, a larger sampling time of e.g. 0.200 s makes the response slightly delayed and with less precision due to the discretization. This tradeoff in digital control systems on the one hand implies higher sampling rates increase accuracy but higher computational load, and on the other hand, lower sampling rates reduce computing load but may reduce performance.
[image: ]
Figure 10: Effect of Network Delay On System Response
(Source: Acquired from MATLAB)
The image compares the effect of different delay values (0.00 s, 0.01 s, 0.05 s, 0.10 s, 0.20 s) on system response and shows the image illustrating the effect of network delay. The system response becomes more pronounced lag, especially in the initial transient phase of the response, in which the response takes longer to rise when the delay increases. For these larger delays (i.e., 0.20 s), the deviation from the ideal response increases until it becomes obvious that it takes longer to attain the same output level than in the lower delay cases. All the responses converge to the steady state in the steady state region. It is necessary to show that the presence of communication delays in networked control systems harms performance and response speed, and gives examples of such systems.
[bookmark: _Toc193487429]Conclusion
Scenarios of system response for the sampling time and network delay effects, as an analysis, show that the proper selection of the parameters is necessary. Changes to sampling time help improve accuracy, while too much lag will increase transient response lag. Although delay deteriorates initial response speed, all responses eventually converge. As real-time applications, one needs to optimize these parameters to be stable, efficient, and reliable for example in networked control and embedded systems.
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