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1. [bookmark: _Toc194250144]Introduction
With the rapid evolution of the automotive industry, an increase in emphasis for the electrification of control systems for improved efficiency and control is required. Among these, vehicle control systems are at the core of the job of managing power split, energy recovery, and drivability in modern hybrid and electric powertrains. Vehicle control systems use a variety of sensors, actuators, and control algorithms to provide optimum vehicle performance, fuel efficiency, and emissions.
This report focuses on analysis of a vehicle control system, looking at key inputs, outputs, sensors, actuators and communication protocols for this specified system. The second task will require the use of MATLAB to model and implement a proportional-integral-derivative (PID) controller for a cruise control system. Using this model the controller will be assessed based on the input factors for itself and analysing the outcome, drawing conclusions from the analytical findings. 
The objectives of the report are as follows:
· To analyse a selected vehicle control system.
· Evaluate sampling time selection, communication methods and software tools for system development
· Explore possible enhancement of control systems through alternate algorithms and additional sensory input.
· Implement and analyse a digital control system using MATLAB, focusing on performance, signal encoding, sampling time effects and network delays.

2. 
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2. [bookmark: _Toc194250146]Control System Analysis 
2.1. [bookmark: _Toc194250147]System Overview
The selected control system for analysis is an electronic stability control (ESC) system. This system maintains vehicle stability through application of the brakes to individual wheels, controlling their rotational velocity. These systems correct vehicle motion, either understeer or oversteer when detected by comparing intended vehicle path from the driver to the actual vehicle motion. An ESC system requires a multitude of sensory input for it to function, these being steer angle sensor (SAS), wheel speed sensors (WSS), yaw rate sensor (YRS), brake pressure sensors (BPS) and a throttle position sensor (TPS). The SAS allows the vehicle to determine the intended path of the vehicle for comparison with returns from the YRS, when an error is detected, the system will engage and act accordingly. Outputs are made to actuators for the brake system through the Anti-lock braking system (ABS) module. This system is an evolution of early ABS, which later evolved into traction control systems introduced by Toyota in 1983. The first ESC system resembling the systems seen today was introduced through a partnership between Mercedes-Benz, Bosch and Continental, through the flagship Mercedes-Benz S-class in 1995. ESC remains one of the most important safety features in modern vehicles, with its relevance for crash prevention being crucial. Alongside this, it provides a crucial aid for electric vehicles (EVs), providing help with torque distribution for each corner of the vehicle for electric and hybrid powertrains. Modern ESC systems work using a closed loop system as they continuously monitor deviation (error) in the system to feedback and decide whether interaction is required. An example of an ESC system is shown through figure 1.
[image: Clemson Vehicular Electronics Laboratory: Electronic Stability Control  Systems]
[bookmark: _Toc194250128]Figure 1 - Example of a closed loop ESC system (CVEL, 2015)
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2.2. [bookmark: _Toc194250151]Sampling and Data Acquisition
Within every vehicle control system, the sampling frequency of the sensors are of upmost importance. A sampling frequency too low can provide an unclear resolution to data and decrease the overall performance of a system, however where there is no need for a system to have a sampling frequency as high as other sensor, lower rates can be used to reduce component cost. The WSS for an ESC system will require a sampling frequency of anywhere between 100 – 200 Hz, this large frequency is required to detect rapid slip or lock -up events for a system at each wheel, so the control system can detect with speed (Bosch, 2018). YRS will also require a similar sampling frequency due to similar needs for input data, rapid yaw rate changes will need to be understood by the system to act accordingly (ISO, 2018). SAS frequencies can be reduced as they rely on driver input which will be notably slower in comparison to real vehicle changes, for this sensor, a frequency in the range of 50 – 100 Hz is adequate (NXP, 2020). A similar range can be used for the BPS as for the SAS, this range will allow precise control of the braking force during intervention from the system (Bosch, 2018). The final sensor is the TPS, this sensor requires an even lower frequency than all aforementioned, once again due to the human input on the system, yet once more the application of the accelerator pedal can be assumed to be slower than hand wheel inputs. A suggested range for sampling frequency of the TPS can be 20 – 50 Hz (Robert Bosch GmbH, 2004).
Latency in data acquisition can degrade the effectiveness of the control system, an example for a ESC may be a system with a 50ms delay travelling at 100km/h corresponds to a roughly 1.4m of travel prior to any response. This can have significant alterations to intended trajectory during evasive manoeuvres (ISO, 2018). Therefore, ESC systems must implement real-time embedded control architectures to guarantee deterministic processing times, often using Real-time operating systems (RTOS) environments and time-triggered task scheduling as shown through Mohanraj’s study on the topic (Mohanraj, 2019).  
2.3. [bookmark: _Toc194250152]Communication Protocols
ESC systems communicate with the vehicle using a Controller Area Network (CAN) system, this is a message-based communication protocol designed specifically for real-time, distributed control in automotive and industrial applications (Bosch, 2018). Due to its high reliability, simplicity and efficiency, it has become the industry standard for in-vehicle networking (ISO, 2016).
The key characteristics of a CAN system are the multi-master architecture, meaning any node (Engine control unit (ECU), sensor or actuator) can transmit data when the bus is free, allowing flexible and scalable system designs (Robert Bosch GmbH, 2004). CAN systems also employ a prioritisation system which can label messages with an identification number which ensures the transmission of critical messages takes higher priority such as ESC interventions (NXP, 2020). The high reliability of a CAN system is due to the handling mechanisms employed, such as CRC checks, acknowledgement bits and automatic retransmission, which are crucial in safety systems like ESC (Mohanraj, 2019). The baud rate of a CAN system supports speeds up to 1 Mbps, sufficient for this application (Bosch, 2018). For an ESC system, CAN provides the following benefits, excellent noise immunity, reduced wiring complexity and cost effective due to the mass production (Bosch, 2018) (Robert Bosch GmbH, 2004).
2.4. [bookmark: _Toc194250153]Software & Tools
Reliability and precision of an ESC system is ensured through the development and validation of specialised automotive software tools, these help engineers throughout the development cycle, from control algorithm design to real-world calibration and diagnostics. A key area for ESC development is through embedded software engineering, using a platform like AUTOSAR to provide a standardised framework for ECU architecture (AUTOSAR, 2021). Other tools like ETAS INCA and Vector DaVinci Developer are also used to configure, flash and calibrate control units, these can offer real-time access to internal Ecu variables during testing (ETAS, 2020). 
Tools such as CANape help fine-tune ESC systems as they allow the logging of high-resolution data from sensors to then make real-time adjustments to control parameters. To ensure communication reliability for the CAN bus, system developers use tools like CANalyzer and PCAN-View to give visualisation and analysis of message traffic, allowing the detection of errors or latency issues for resolution (Vector Informatik, 2019).
Apposing real-world integration, early-stage development through simulations can be done using software’s such as IPG CarMaker or dSPACE VEOS as they provide high-fidelity models of vehicle dynamics, to allow engineering to assess ESC response under numerous loading conditions with rapid response rates, this also diminishes the cost of physical prototyping once more enabling safer testing (IPG Automotive, 2022). This testing can be further through systems like CarSim or MSC Adams to analyse suspension and chassis behaviour to optimise the intervention strategies of the ESC system under various loading and speed conditions (Mechanical Simulation Coporation, 2021).
2.5. [bookmark: _Toc194250154]System Enhancements
Several improvements can be made to an ESC system through the integration of additional sensors, actuators and improved control strategies. The addition of individual wheel torque sensors can provide large benefits to an ESC system, particularly for EV’s where torque can be independently applied to each wheel. This will allow the system to better manage traction levels knowing the torque delivered to each wheel, enhancing both stability and energy efficiency, also supporting torque vectoring strategies for EV’s, were precise control of cornering balance in crucial. The implementation of brake-by-wire systems gives significant benefits to ESC response time an accuracy. In contrast to traditional hydraulic braking systems, the electronic nature of brake-by-wire systems will reduce latency and enable finer modulation of braking at each wheel. Another benefit of this will be the elimination of mechanical linkages allowing for better integration with regenerative braking systems for both hybrid and electric vehicles (Bosch, 2018). 
The integration of emerging technologies like machine learning-based adaptive control shows a strong potential for ESC. This differs from typical systems using predefined variables and look-up tables, to an adaptive system that learns from drive behaviour and environmental patterns over time, adjusting the intervention strategies accordingly. An advanced system could not only react to vehicle instability but also anticipate instability based on previous data. With the use of advanced driver assistance systems (ADAS) such as adaptive cruise control (ACC), lane-keeping assist or autonomous emergency braking alongside ESC with all systems speaking together and sharing data, the comprehensive understanding of vehicle state could be improved. This will improve decision making in complex scenarios significantly due to the collaboration between vast sensory data like LiDAR, radar and cameras. Lastly, the transition from an CAN bus system to automotive ethernet would provide faster, more accurate data sharing between control modules, thus reducing the latency in the control loop and support real-time requirements of next-generation ESC systems (AUTOSAR, 2021) (Vector Informatik, 2019).


3. [bookmark: _Toc194250155]MATLAB Implementation and PID Analysis 
3.1. [bookmark: _Toc194250156]PID Controller Overview
Proportional-Integral-Derivative (PID) controllers are widely used throughout many industry applications due to their simplicity and robustness. Here a PID controller is used to manage the throttle/brake actuation of a cruise control system to maintain and accelerate/decelerate a vehicle to desired speeds upon demand. PID controllers are ideal for this application due to their ability to eliminate steady state error (via the integral term), response to a desired speed (via the proportional term) and anticipate changes (via the derivative term). For a cruise control system, the user will typically require an overdamped response from the controller, to provide a smooth acceleration to the target velocity. An overdamped system will also mean the vehicle will not exceed the desired target if there is no steady state error. 
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3.1. [bookmark: _Toc193196287][bookmark: _Toc193373815][bookmark: _Toc193460911][bookmark: _Toc193711865][bookmark: _Toc193985644][bookmark: _Toc194058834][bookmark: _Toc194236373][bookmark: _Toc194244666][bookmark: _Toc194250160]
3.2. [bookmark: _Toc194250161]MATLAB Code Explanation
For complete encoding and decoding of sensors and actuators see Appendix A, this describes the process used to transmit, using binary formatting, the sensor and actuator signals. These signals are encoded using the dec2bin function and decoded with the bin2dec to represent the signal quantisation process on a finite-bit communication bus. Taking the velocity sensor as an example we can see from figure 2 the scaling of the signal to the 16-bit resolution of the sensor and back. 
[image: A black text on a white background
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[bookmark: _Toc194250129]Figure 2 - Encoding and Decoding of the velocity sensor for PID controller
The PIDController function shown in figure 3, outputs the error and control variables, the error is used for plotting, whilst control is required for the sendControlCommand function, see figure 4, this control variable must also be encoded to binary bits. Once done this allows the comparison of the control and throttle/brake actuation showing any delays or variance between the two to ensure confidence in the operation of the cruise control system. 
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[bookmark: _Toc194250130]Figure 3 - Created MATLAB function for the PID controller
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[bookmark: _Toc194250131]Figure 4 - sendControlCommand MATLAB function to send control command to throttle/brake actuator via communication

3.3. [bookmark: _Toc194250162]Performance Evaluation
[image: A diagram of a diagram
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[bookmark: _Toc194250132]Figure 5 - Comparing real velocity to driver demand from untuned PID controller
Figure 5 shows the untuned responses from the PID controller, clearly the controller is not operating with any accuracy in its standard form, not providing the correct velocity for the vehicle and giving large acceleration and deceleration characteristics which will be unpleasant for the driver. The bounds for the acceleration and deceleration values are based on various studies outlining the importance of a smooth acceleration for driver comfort and vehicle safety (Rosca, 2023) (Bokare, 2016) (Vaiana, 2014).
The first investigation of the controller will revolve around removing the large steady state error found from figure 5. This will require increasing the gain value of I to 3 as a benchmark value, increasing this value will reduce the steady state error, however as seen through figure 6, it has introduced a large underdamped response from the cruise control system.
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[bookmark: _Toc194250133]Figure 6 - Comparing real velocity to driver demand when increased integral gain to 3 on PID controller
To solve this underdamped response, the proportional gain value can be decreased to avoid overshooting the demand. This process requires an iterative approach between adjusting proportional gain and integral gain to find a good balance between the two. Through doing so the optimal pairing found is a proportional gain of 0.05 and integral gain of 10. The results for this pairing can be seen in figure 7. 
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[bookmark: _Toc194250134]Figure 7 - Comparing real velocity to driver demand with proportional gain set at 0.05 and integral gain set to 10
The remaining gain parameter to analyse is the differential gain, this controls the predictive element of the controller and through testing is found to be very sensitive to adjustment. The initial testing set the value of gain to 1, providing the results seen in figure 8. The predictive element caused a large spike in throttle actuation, suggesting the derivative term responded too aggressively to the rate of change of the error, producing a sharp and unrealistic control signal. In real-world applications, this control behaviour is not acceptable, high-frequency throttle changes will lead to unnecessary wear, instability and uncomfortable driving conditions. To remedy this, a lower gain value is set at 0.1. Despite this change, there is still a spike in throttle actuation, leading to the conclusion that the differential gain will be set to 0, providing the control shown in figure 7.
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[bookmark: _Toc194250135]Figure 8 - Comparing real velocity to driver demand with proportional gain set at 0.05, integral gain set to 10 and differential gain set to 1
3.4. [bookmark: _Toc194250163]Sampling time optimisation
The sampling time represents how fast the controller can respond to error, expressed using a frequency. All previous analysis has been performed using a frequency of 20 Hz, here this value will be altered to analyse whether performance of the controller can be improved by increasing the sampling frequency. The aim for this test is to obtain the largest possible value for Ts which will relate to the lowest sampling frequency needed for suitable control. There are minor differences in velocity response with frequencies between 5 and 100 Hz, yet for 5 Hz there is a clear stagger in acceleration as shown through figure 9. All tested frequencies in this range give a faster return to the demand, which for this system is undesirable due to the peak accelerations seen which near double the acceleration bounds set for the 50 to 70 mph demand. The most desirable return to the demand comes from a sampling time of 0.005s, which returns to the demand promptly mostly within the acceleration bounds, this would require a sampling frequency of 200 Hz. Increasing the sampling frequency beyond this to 400 Hz and 1000 Hz for sampling times of 0.0025 s and 0.001 s provides unnecessary clarity of results but further increases the controller’s response to demand meaning it falls behind the demands. Additionally, the increased cost of applying these sampling frequencies makes them a poor consideration for a true world application. Leaving the 0.005 s sampling time (200 Hz frequency) as the chosen value, see figure 10 for a graphical representation of this setup.  
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[bookmark: _Toc194250136]Figure 9 - Analysis of different sampling times comparing real velocity to velocity demand and analysing acceleration within bounds of +- 0.2g
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[bookmark: _Toc194250137]Figure 10 - Comparing real velocity to driver demand with a sampling frequency of 200 Hz
3.5. [bookmark: _Toc194250164]Signal processing considerations
In digital control systems, particularly those relying on communication buses, sensor and actuator signals are encoded as binary values prior to transmission. The bit resolution used for encoding, determines how finely the signal can be represented and how accurately the controller can interpret the values. Upon initial analysis of figure 11, it is visible that less than 12-bit resolution provides poor signal clarity, meaning high bit numbers are needed. Upon further analysis it seems that both 12- and 16-bit resolution provide good clarity for the controller. However, when further interrogating the results through figure 12, 12-bit resolution it still not satisfactory for the requirements of the system due to the throttle-brake actuation. This actuation will leave a jerky application for the user, providing an uncomfortable drive which is unacceptable in a cruise control system. This conclusion leads to the findings that 16-bit resolution is required for the cruise control system to perform to a satisfactory manner.
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[bookmark: _Toc194250138]Figure 11 - Comparing different Bit-resolution rates
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[bookmark: _Toc194250139]Figure 12 - Comparing throttle/brake actuation for 12- and 16-bit resolutions
3.6. [bookmark: _Toc194250165]Communication Network Delay
In all control systems, communication delays are an unavoidable aspect of the system operation. These delays occur between the sensor, controller and the actuator nodes. The implementation here is simulated through a timing input between the controller and actuator to assess their impact on performance. Figure 13 illustrates the acceleration gain when actuator delay is applied to the simulation, this is due to the accumulative error detected from the integral gain, once control kicks in, it delivers a stronger corrective action, resulting in increased acceleration.
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[bookmark: _Toc194250140]Figure 13 - Effect of actuator delay on maximum acceleration
All previous analysis performed was done without any delay, meaning the PID controller will need to be tuned again to now account for the delay of 25ms suggested by Mohanraj (Mohanraj, 2019). When input into the simulation, the results seen in figure 14 are produced. The increased delay suggests that a decrease to the proportional gain will provide the system with the now needed reduced response rate to account for the delay to ensure that the vehicle responds appropriately.
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[bookmark: _Toc194250141]Figure 14 - Finalised configuration with 0.25ms actuator delay
Once the proportional gain is decreased to 0.045, a similar response in seen comparing figure 14 to figure 15, indicating that the controller has successfully compensated for the introduced actuator delay. The system returns to the demanded velocity smoothly, with reduced overshoot and without inducing excessive acceleration spikes. The adjustment ensures the vehicle remains within acceptable comfort and safety thresholds, confirming the proportional gain's sensitivity to delay effects. This highlights the importance of tuning control gains specifically under real-world communication constraints, as even small delays can significantly alter system behaviour.
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[bookmark: _Toc194250142]Figure 15 - Improved gain values to account for actuator delay

4. [bookmark: _Toc194250166]Conclusion 
The paper provided a comprehensive analysis of modern automobile control systems, beginning with an in-depth examination of an Electronic Stability Control (ESC) system. This involved exploring its sensor structure, data acquisition needs, and communication protocols, with special focus on the requirement of high-speed and dependable feedback loops for vehicle stability. ESC units were found to be highly dependent on precise high-frequency sensor input and deterministic CAN bus communication to effectively monitor and compensate for vehicle dynamic offsets. Available gains such as brake-by-wire and torque vectoring, and the addition of ADAS, were also addressed by the research, with increasing complexity and ability of modern control structures—particularly for electric and hybrid vehicles. 
Grounded on this, the second part of the report entailed simulation and evaluation of a cruise control system with a PID controller simulated in MATLAB. This exercise provided an insight into real-world challenges of digital control, including the gain tuning of the proportional, integral, and derivative gains and the effects of signal resolution, sampling rate, and communication delay. Iterative gain-tuning experiments uncovered the necessity for prudent selection of gain for seamless, stable behaviour, as it is defined by 16-bit resolution and sampling frequency at 200 Hz, setting control fidelity. Modelling actuators with delay again asserted the value of dynamic parameter adaptation to controller settings in real-time control systems because delays cause overshooting and spiky accelerations which could profoundly impact drivability as well as safety. 
Briefly, the article emphasizes that ESC along with cruise control systems rely on good control strategies, fault-free communication networks, and accurate sensor inputs to provide optimal performance. While ESC systems function as a safety system by reacting to unsafe driving conditions, cruise control systems ensure drivability and comfort by ensuring the maintenance of target speeds. The knowledge through both theoretical research and simulation via MATLAB provides a searing snapshot of the interdependencies in today's vehicle control systems. Over the following days, with the integration of adaptive control methods and vehicle-to-everything (V2X) communication, these systems can be further propelled to allow them to perceive more sensitively and intellectually under increasingly heterogeneous driving conditions.
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[bookmark: _Toc194250168]Appendix A
throttle_setting = 50; % initialize control action (throttle/brake setting)
% get vehicle raw veocity sensor measurement from the communication bus
[velocity_raw, velocity_real,throttle_setting] = getRawVelocity(n_bits_sensor_signal,velocity_real,throttle_setting, sim_step,u);   
% decode raw bus signal (from x-bit binary to mph)
velocity = ((bin2dec(velocity_raw).*(M_velocityS-m_velocityS))/R)+m_velocityS;

% get driver's velocity demand raw signal from the communication bus
demand_raw = getRawVelocityDemand(n_bits_sensor_signal,sim_step,j); 
% decode raw signal (from x-bit binary to mph)
demand = ((bin2dec(demand_raw) * (M_demand - m_demand)) / R)+ m_demand;

% calculate control signal and error (range of control [-100,100])
% Call external PID function
[control,error] = PIDController(demand, velocity, Ts, P, I, D);

% encode control signal into x-bit binary number
control_raw = dec2bin(round(((control - m_ControlSig) * R) / (M_ControlSig - m_ControlSig)), n_bits_actuator_signal);

function [velocity_raw, velocity_real,throttle_setting] = getRawVelocity(x,old_velocity,throttle_setting,sim_step,u)

%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% u initial throttle setting as whole percentage

h = sim_step;
throttle_setting = u;% (u/300)+ throttle_setting;
persistent d v_dot x_v v_dot_last x_v_old 

if isempty (d) % this just Initializes
    d = 1;
%     x_v = 0.25;
    x_v_old = 0.25;
    v_dot_last = 0;
end

% parameters
gear = 1.2;
final_drive = 2.82;
rs_to_rpm = 9.549; % rad/s to rpm
mps_to_mph = 2.2369;
radius = 0.3;
cd = 0.29;
roh = 1.23;
area = 2;
mass = 1854;

if abs(throttle_setting) > 100 % limit throttle to +/-100%
    throttle_setting = 100;
end

if throttle_setting < 0
    brake = abs(throttle_setting);%P;
    throttle_setting = 0;    
else
    brake = 0;
end

wheel_speed  = (old_velocity / mps_to_mph) / radius; % rad/s
engSpeedRPM = wheel_speed * rs_to_rpm * gear * final_drive;

x_v_dot = (-10 * x_v_old + 0.05 * (throttle_setting)); %internal dynamics of throttle actuator
x_v = x_v_old + x_v_dot*h; % numerical integration
x_v_old = x_v;

engSpeedRPM = 528.7 + (engSpeedRPM * 0.152) + (-0.0000217 * engSpeedRPM^2);
engine_torque = x_v * engSpeedRPM*gear * final_drive; 

%v_dot = ((engine_torque / radius) - (cd * roh * area* 0.5 * velocity^2) - (0.05 * mass * 9.81) -(brake * mass * 9.81)) / mass;
         % N wheel force                 % - aero force N
v_dot = ((engine_torque / radius) - (cd * roh * area* 0.5 * old_velocity^2) ...
    - (0.05 * mass * 9.81) -(brake * mass * 9.81)) / mass;

acc = v_dot + (h / 2) * (v_dot - v_dot_last);
v_dot_last = v_dot;
velocity = old_velocity + acc;
% old_velocity = velocity;

if velocity < 0 || isnan(velocity)
    velocity = 0;
end
if velocity > 150
    velocity = 150;
end
throttle_setting = throttle_setting + brake; % gives negative output to plot if braking
% convert into binary signal
velocity_raw = dec2bin((2^x*(velocity))/150);
velocity_real = velocity;
end
function [d]=getRawVelocityDemand(x,sim_step,j)
%% simulate driver's velocity demand (in mph)

% driver velocity demand can go from 30 to 110 mph at steps of 5 mph.
% Only x bits are used to encode this signal. 00...0 corresponds to 30
% mph and 11...1 to 110 mph

% global sim_step
% global j

if j*sim_step >= 0 && j*sim_step < 15 
    d=dec2bin((2^x*(60-30))/(110-30));
elseif j*sim_step >= 15 && j*sim_step < 25
    d=dec2bin((2^x*(65-30))/(110-30));
elseif j*sim_step >= 25 && j*sim_step < 35
    d=dec2bin((2^x*(55-30))/(110-30));
elseif j*sim_step >= 35 && j*sim_step < 45
    d=dec2bin((2^x*(70-30))/(110-30));
elseif j*sim_step >= 45 && j*sim_step < 55
    d=dec2bin((2^x*(50-30))/(110-30));
elseif j*sim_step >=55 
    d=dec2bin((2^x*(70-30))/(110-30));
end
end
function [control,error] = PIDController(demand, velocity, Ts, P, I, D)
    % Persistent variables to maintain state
    persistent integral_error previous_error
    if isempty(integral_error), integral_error = 0; end
    if isempty(previous_error), previous_error = 0; end

    % Compute error
    error = demand - velocity;

    % Compute PID terms
    integral_error = integral_error + error * Ts;  % Integrate error
    derivative_error = (error - previous_error) / Ts; % Differentiate error

    % Compute control signal
    control = P * (error + I * integral_error + D * derivative_error);

    % Saturate control signal to the valid range [-100, 100]
    control = max(min(control, 100), -100);

    % Update previous error
    previous_error = error;
end
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velocity_raw = dec2bin((2”x * velocity) / 150);
velocity = ((bin2dec(velocity_raw) * ...
(M_velocityS - m_velocityS)) / R) + m_velocitys;
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function [control,error] = PIDController(demand, velocity, Ts, P, I, D)

end

% Persistent variables to maintain state
persistent integral_error previous_error
if isempty(integral_error), integral_error = @; end
if isempty(previous_error), previous_error = 8; end

% Compute error
error = demand - velocity;

% Compute PID terms

integral_error = integral_error + error * Ts; % Integrate error

derivative_error = (error -
previous_error) / Ts; % D1fferent1ate error

% Compute control signal
control = P * (error + I * integral_error + D...
* derivative_error) + demand;

% Saturate control signal to the valid range [-100, 100]
control = max(min(control, 1€0), -100);

% Update previous error
previous_error = error;
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function u = sendControlCommand(u_raw,X, ...
actuator_signal_delay,j, sim_step, u_vec)

u = bin2dec(u_raw);

u = (u*(100+100))/(2"x) - 100;

if actuator_signal_delay > © && actuator_signal_delay/sim_step < j
u = u_vec(j-actuator_signal_delay/sim_step);
end
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