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Revvity’s Opera Phenix Plus Confocal Microscopy instrument is used for research and drug discovery for a variety of human health concerns. Cell division from drug interactions can be a time-consuming process, during this time the sample needs to be kept in optimal environmental conditions to minimise cell decay. 
The Microscopy system enables this by having environmental systems such as C02 saturation, to provide optimal conditions for cell growth and acts as a medium for air filtration to minimise the introduction of external environmental bacteria that could inhibit the drug and cell reaction. An environment temperature control set to a stable 37 degrees centigrade mimics that of the human body to limit cell decay. A trade off of the necessary temperature settings is evaporation. The medium in which cells are kept is typically water-based solution, therefore evaporation must be kept to a minimum. The instrument enables this with a Proportional, Integral, and Derivative (PID) Humidity Control system. This keeps the Relative Humidity (RH) within the sample chamber to a user defined limit, usually around 80%. The Humidity Control System can also be used to imitates ideal growth conditions for live cell cultures (van Laarhoven et al., 2016).
Task 1 will research and provide insight into the humidity control system’s functionality and performance and will highlight flaws and potential development opportunities of utilising this system.


[bookmark: _Toc173104438]Control System Overview
Under normal operating conditions, the instrument will recirculate 37-degree, C02-rich air from the sample chamber through the air conditioning system continually. When the humidity control system is not activated, the Humidity Control Flaps (HCF), as in Figure 1, will be in the closed, horizontal position.
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Description automatically generated]When the humidity control set point is selected, the HCF will open (Figure 2), guiding the warm air over a Millipore water-saturated T-Sponge where the top is finned as to increase the exposed surface area, and the water evaporation coefficient (Figure 3). The humid air will be fed into the sample chamber until the humidity setpoint has been reached, as measured by a sensor. At this point, the system will attempt to maintain the setpoint by controlling the position of the HCF with an 0.01-degree angle increment resolution using PID control.[bookmark: _Toc173177079]Figure 2: HCF in Open Position and Air Flow Direction


[bookmark: _Toc173177080]Figure 3: T-Sponge Detail















[image: A close-up of a piece of metal

Description automatically generated]








In the abstract, the control system mirrors that of a standard feedback loop as in Figure 3. The reference input is the setpoint is 80% relative humidity. The error detector or comparator will measure the deviation between the setpoint and the measurement output/feedback signal from the humidity sensor located in the sample chamber which makes up the feedback loop. This will produce an error signal to the controller which will respond with an appropriate actuating input or corrective action based on Proportional, Integral and Derivative Gain terms (Figure 4). The Corrective action is then sent to the Process/Plant, comprised of the Sample chamber and an actuator, in this case being the humidity control flaps which will open or close depending of the deviation from the set point. The culmination of these elements produces a controlled variable of the sample chamber humidity.
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[bookmark: _Toc173177081]Figure 4: Feedback Loop Control System (Haidekker, 2020)

[image: PID controller Block diagram]
[bookmark: _Toc173177082]Figure 5: PID Control Block Diagram (Kansagara, 2018)


[bookmark: _Toc173104439]Sampling Times
Depending on the importance of the Controlled Variable, defined by the risks associated with its failure, the sampling time will vary. According to Isa and Hamza (2014) an increased sampling time produced an increased settling time. The increased settling time is an anticipated effect as a decreased sampling time resolution will delay the sensor feedback signal reaching the controller thus impeding the corrective action potency. Liu et al. (2011) concisely confirm this rhetoric explaining that increased sample time in networked control systems produce a data transmission delay causing actuators to operate based on outdated control signals, negatively affecting performance.
[bookmark: _Toc173104440]Improvement Opportunities
The PID control systems utilises a communication protocol called Controlled Area Network (CAN) bus to facilitate communication between the control system elements. This system is selected for microscopy instruments as it is robust and resistant to external disturbances in the form of electrical noise (Ma et al., 2009), (Merchut, 2021). A vital characteristic in a confined environment where multiple technologies are situated including motors with fluctuating AC voltages in the cabling, this fluctuating voltage produces an Electromagnetic Field (EMF) that can induce a small voltage in the nearby communication cabling which will manifest as signal noise. Correct spacing, cable routing, and shielding methods such as ferrite cores are methods of mitigating the effects of the EMF.
Another benefit of the CAN bus system is the ability to add components such as sensors and actuators to the system with relative ease (Thompson et al.,1999). Due to this system design, taking advantage of improvement opportunities is possible. The graph shown in Figure 6 reflects the instrument relative humidity against HCF position over time. The PID Control system will adjust the HCF to ensure that the setpoint can be reached. However, there is potential for the Humidity Control system to fail as the HCF position is not continuously monitored. The system has an inductive proximity sensor, colloquially known as a Homing Flag and Light Barrier Sensor. The system design of stepper motors connected to the HCF via tensioned belts, has a shortcoming of positional slip and offset error from backlash in the gear and belt mechanisms. Over time, due to continual, minute slip, the HCF may not be synchronous regarding its anticipated and actual position therefore unable to correct itself as this disparity will not be highlighted by homing sensor. This could lead to increased ramp times from the flap not being fully opened when it is expected to. Inversely the system could still be humidifying the sample chamber environment, even when the humidity system is shut off. Figure 7 shows a system that has condensation in the chamber after the drying procedure a typical issue for Humidity enabled microscopy systems and laboratory environments (Postolache et al., 2006), (Veldscholte and de Beer, 2022). This is erroneous as the HCF are not maintaining the setpoint and produces condensation that can gather on imaging optics, obscuring experiment images. 
Furthermore, contrary to a typical PID control system, the humidity system described only engages PID Control once the set point has been achieved. For the control system to calculate its position to produce a control action, the HCF must fully close for the Light Barrier to be broken to know its relative position, shown in Figure 6. This results in a negative deviation from the setpoint and a larger control action to reach the setpoint again. This problem is an additional motivator for using an Absolute Rotary Encoder, as once the setpoint is achieved, it does not have to return to its homing position and move incrementally from there. Alternatively, engaging PID control from when Humidity Control is initiated will ensure that the HCF incremental position away from home does not have to be recalculated. However, engaging PID control from the selection of the setpoint is engaged, will require additional PID gain tuning.
[image: ]
[bookmark: _Toc173177083]Figure 6: Relative Humidity Vs. HCF Position

[bookmark: _Toc173177084]Figure 7: Relative Humidity Vs. HCF Position of an Erroneous System
[bookmark: _Toc173104441]Conclusion
To conclude, the Opera Phenix Plus Confocal Microscopy instrument maintains cell longevity and structure during rigorous testing by utilising C02, temperature and humidity control systems. This robust albeit somewhat archaic system for controlling relative humidity saturation in the sample chamber uses Proportional, Integral and Derivative (PID) control to ensure that the humidity setpoint is consistently maintained.
As this report highlights, despite the system’s efficacy, it is not devoid of potential flaws, such as positional slip and offset error due to backlash in the gear and belt mechanisms affecting the instrument accuracy over time. Furthermore, the need for the Humidity Control Flaps to fully close for position recalibration introduces humidity deviation from its setpoint. However, the system utilising a CAN bus system means that additional technologies to remedy these problems can be integrated seamlessly.
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For Task 2, the analysis and implementation of a PID-controlled Cruise Control System coded using MATLAB has been undertaken. The analysis includes a description of the encoding and decoding functions within the control script for the Cruise Control System, as in Appendix 2. 
The Cruise Control system has been tuned to achieve an appropriate response to the setpoint input by the user and devoid of any errors such as zero steady state error (ESS) and oscillations. This will be achieved by evaluation, research and manipulation of the controller PID gain terms. Additionally, the maximum system delay and the minimum number of bits will be identified to achieve reasonable performance. 



[bookmark: _Toc173104444]Encoding and Decoding Functions
The purpose of encoding sensor inputs is to allow the continuous analogue signal to be compressed into a standard digital, discrete digital format (binary) so that it can be transmitted over a digital bus, most likely a CAN bus in a vehicle cruise control system (Ngo et al., 2022). This quantized signal arrives at the controller in a format that it can process. This signal is then decoded, which is converting the received binary signal back into an analogue signal for actuation or further processing. The benefit of encoding signals produces data in a standard language that can be processed by means of decoding by all components in the system; a vital characteristic in a vehicle that customarily utilises a CAN bus where many elements of the system are interconnected (Liang & Popovic, 2001). For example, a car may use wheel speed data to not only control the cruise control system but additionally, the steering wheel resistance, suspension stiffness and active-aerodynamic systems, all of which will adapt to changing vehicle speeds. If the wheel speed data was not encoded prior to entering the communication, each of the individual control systems for these vehicle systems must decode this data individually, which is an inefficient process and could introduce bottle necks and processing delays into the system.
[bookmark: _Toc173104445]Sensor Signal
[image: ]The function in Figure 8 simulates the vehicle dynamics such as throttle settings, gear ratios, vehicle mass and converts wheel speed input in rads/s into MPH to compute the real velocity “velocity_real”. This velocity is encoded into a Binary format “velocity_raw” using the “dec2bin” MATLAB function, converting the analogue data signal output from the sensor (Figure 9). [bookmark: _Toc173177085]Figure 8: getRawVeloctiy Function
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[bookmark: _Toc173177086]Figure 9: Sensor Signal Encoding


[bookmark: _Toc173104446]Demand Signal
In the “getRawVelocityDemand” function (Figure 10), the velocity “demand” is mapped to a specific binary signal based on the current simulation time “j*sim_step”, then encodes the signal into a binary format using the code in Figure 11.
[image: ]
[bookmark: _Toc173177087]Figure 10: getRawVelocityDemand Function
[image: A screenshot of a computer code
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[bookmark: _Toc173177088]Figure 11: Demand Signal Encoding
This Binary signal for the demand is then decoded back into the velocity value, shown in Figure 12, where “demand_raw” is decoded from a binary format and called to the velocity range: “min_demand” and “max_demand”. 
[image: A black text on a white background
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[bookmark: _Toc173177089]Figure 12: Demand Signal Decoding


[bookmark: _Toc173104447]Actuator Signal

The control signal computed by the PID controller logic is encoded into a Binary format “control_raw” for communication to the actuator (Figure 13). This ensures that the control signal will fit within the user defined Binary levels, represented as “R” or “2^n_bits_actuator_signal”, in this case set to 16-bits.
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[bookmark: _Toc173177090]Figure 13: Actuator Signal Encoding
The binary signal “u_raw” received by the actuator is decoded back into an analogue control value  “u” to produce an output in the function “sendControlCommand” (Figure 14).
[image: A screen shot of a computer code

Description automatically generated]
[bookmark: _Toc173177091]Figure 14: Actuator Signal Decoding





[bookmark: _Toc173104448]PID Tuning
Originally, the Zieglar-Nicols tuning method was to be used to tune the PID controller. This is where the first step is to zero the integral and differential gains and subsequently increase the proportional gain until the system is unstable (Ellis, 2012). An unstable system is categorised by oscillations around the setpoint with an equal amplitude. However, this specific requisite was not achievable, as this method is for mainly applied to preliminary PID tuning with only a single setpoint (Bennett et al., 2023). As the Cruise Control System changes its setpoint it was difficult to achieve the equal amplitude after each setpoint change.
Therefore, the Trial-and-Error methodology outlined by Aras et al. (2014) was followed. As such, the Proportional gain term was increased until a graph mirroring the driver demand was achieved (Figure 15), albeit an unstable real velocity, with overshoot and offset error (ESS).
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[bookmark: _Toc173177092]Figure 15: PID Controller Tuning Kp = 6, Ki = 0, Kd = 0
To alleviate the offset error produced, the Integral Gain term must be increased (Webb and Reis, 1999). The Integral Gain considers the accumulation of error over time. In Figure 16, it is visible to see where this come into effect, correcting the ESS compared to the set point. However, the overshoot characteristic remains.
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[bookmark: _Toc173177093]Figure 16: PID Controller Tuning Kp = 6, Ki = 1, Kd = 0
The Integral Gain could not be increased higher than 1 due to the effects of Integral Windup. This is due to the Integrator term considers the sum of the error over time, if the error cannot be corrected, the error sum will continue to increase unchecked, producing an overshoot as in Figure 17. This is caused by actuator saturation, where the throttle response has reached its maximum, as in Figure 18 (Maani et al., 2023).
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[bookmark: _Toc173177094]Figure 17: PID Controller Tuning Kp = 6, Ki = 1.1, Kd = 0
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[bookmark: _Toc173177095]Figure 18: Actuator Saturation due to Integral Windup




The implementation of Derivative gain is used to increase system stability around the set point and reduce settle times (Ellis, 2002). These negative characteristics are not present in Figure 16. However, the initial peak indicates that the Proportional Gain term is too high (Sharma, 2017). Slowly reducing this term, a stable cruise control system was achieved.
It was found that a Proportional Gain term set between 0.6 and 0.8 produced the best characteristics for a cruise control system. Figure 19 shows a gain setting of 0.8 which eliminated any overshoot, however, the ramp up gradient tapers exponentially just prior to reaching the set point, delaying setpoint actualisation. Whereas in Figure 20, a 0.6 gain setting was used and produced a manipulated variable that had very slight overshoot but removed the tapering velocity effort and achieved a faster response. 
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[bookmark: _Toc173177096]Figure 19: PID Controller Tuning Kp = 0.8, Ki = 0, Kd = 0
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[bookmark: _Toc173177097]Figure 20: PID Controller Tuning Kp = 0.6, Ki = 0, Kd = 0


In a vehicle cruise control system, overshoot can be difficult to control. Once the acceleration effort has been applied to bring the vehicle speed up to the setpoint, the mass of the vehicle will continue driving, even after the driving effort has ceased. Significant overshoot can lead to exceeding speed limits and decreased vehicle control. To mitigate overshoot, the highest Proportional gain term that produced no overshoot was selected, as in Figure 21. An increased ramp up time is an unwanted feature in many PID control systems. However, in a cruise control system, this not only prevents exceeding the setpoint, but beneficially has a less aggressive acceleration gradient meaning a more comfortable driving experience (Cryan, 2004).
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[bookmark: _Toc173177098]Figure 21: PID Controller Tuning Kp = 0.7, Ki = 0, Kd = 0
It is important to note that graphically analysing control systems using software is useful to gain insight of how the system will respond to idealistic parameters. However, this does not take real world disturbances, system degradation and changes such as differences in vehicle inertia, weight changes, temperature sensitivity, acceleration, drag and system delay into account. Observing the graphical representation of the PID control system (Figure 21), it looks well-tuned and adjusted. However, it is achieving the 60mph setpoint within 3 seconds at less than 60 percent throttle effort, a problem Manju Prasad and Inayathullah (2021) similarly encountered when simulating control systems. This implausible response is likely due to a control script inaccuracy as decreasing the Proportional Gain should reduce system responsivity, but does not (Bolton, 2004).
[bookmark: _Toc173104449]Sampling Times and Delay

Using the PID controller gain terms as detailed above produced a stable control system. Therefore, other areas of control system tuning could be investigated with this Velocity and Time graph as a benchmark. The minimum sampling time and number of bits are to be evaluated. 
The sampling time for the PID control system was set to 0.05 seconds, already more than the 0.01 sampling time used in typical cruise control system (Davis, 2012). Increasing the sampling time to 0.1 second introduced overshoot errors instantaneously at every controlled variable change (Figure 22).
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[bookmark: _Toc173177099]Figure 22: PID Controller Tuning 0.1s Sampling Time

Increasing the sampling time introduced poor control system performance as the delay between sensor readings introduces a delay in the data transmission to the control system. Highlighted in Figure 23, the increased delay in sensor readings where the Real Velocity intersects the Driver Demand (Setpoint) the control systems functions introducing their remedial actions are based on outdated information, which then reduces the Real Velocity down to the setpoint, where it remains stable as the Driver Demand is unchanged. (Hamza, 2014), (Liu et al., 2011).


Reducing the number of bits in the system by an Octet to 8 bits introduced oscillations and ESS, this is due to quantising error. Whereby, when the standard continuous analogue signal is discretised, it will be rounded to a binary integer, in this case to 8 binary levels. This is known as truncation, and the reduction in accuracy indicates that the continuous data provided by the sensor exceeds that of data carrying capacity of an 8-bit network, creating poor control system conditions as it is working on an incomplete data set. (Slaughter, 1964), (Jothin et al., 2020).
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[bookmark: _Toc173177100]Figure 23: PID Controller Tuning 8-Bit
The number of bits or system resolution suitability will be selected based upon the cost of upgrading the system components versus the relative risk to the user should data inaccuracies occur. On this premise, it could be argued that a 32 or a 64-bit system would be more suitable for the cruise control system compared to the 16-bit system utilised in this script. This is due to the risk to life should there be inaccuracies in the data decoded from quantizing error leading to actuator errors. However, a higher resolution system must transfer larger encoded data packets that can induce system latency from the increased signal processing operations, causing communication network delays. These increased processing times can similarly negatively affect the cruise control systems responsiveness, creating similar, negative control issues to that of the 8-bit system should it not have the necessary memory and bandwidth requirements.
As it could not be ascertained using the MATLAB control script if a 32-bit system would be more than the system requirements and pose data transfer bottle necks, there is no visible difference in performance between a 16-bit and 32-bit operation system, therefore a more cost effective 16-bit option was selected.




[bookmark: _Toc173104450]Conclusion
The analysis and implementation of a PID-controlled Cruise Control system using MATLAB highlighted the complexities of tuning a PID controller. Underpinning knowledge of each of the PID gain terms’ functionalities was vital in establishing a stable system with no steady state error and devoid of overshoot or oscillation.
Experiments with varying bit counts for signal encoding and decoding functions showed that a 16-bit system provides an adequate compromise between performance and data transfer efficiency. Additionally, adjusting sampling times highlighted the importance of balancing data transmission delays in accordance with system responsiveness.
Although, the simulation of a PID controlled Cruise Control system, is advantageous to visualise expected outcomes. Theoretical models should never be used in place of real-world testing and validation to ensure optimal performance and safety.
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[bookmark: _Toc173104454]1A) Main Control Script
%% MAIN FILE FOR CRUISE CONTROLLER SYSTEM %%

% (1) initialize
% (2) set implementation parameters
% (3) set simulation parameters
% (4) simulation loop
% (5) plot results

%% (1) Initialize %%

clc 
clear all
close all 
global sim_step u j u_vec
d_vec = []; u_vec = []; y_vec = [];e_vec = [] ; T_vec = [];
P = 0.7;
I = 1;
D = 0; 

%% (2) set implementation parameters %%

Ts = 0.05; 
min_velocityS =0;
Max_velocityS = 150;
n_bits_sensor_signal = 16;
min_demand = 30; Max_demand = 110;
n_bits_demand_signal = 16;
n_bits_actuator_signal = 16;
R = 2.^n_bits_actuator_signal;

%% (3) set simulation parameters %%

sim_step = 0.01;
sim_time = 70; 
T = 0:sim_step:sim_time; 
throttle_setting = 0;
actuator_signal_delay = 0.01;
%% Initialise Values %%
min_ControlSig = -100;
Max_ControlSig = 100;
u = 0;
control = 0;
velocity_real = 0;

%% (4) simulation loop %%

for j = 1:length(T)
    
    loops_remaining = length(T)-j 
    [velocity_raw, velocity_real,throttle_setting] = getRawVelocity(n_bits_sensor_signal,velocity_real,throttle_setting, sim_step,u);
    velocity = ((bin2dec(velocity_raw)*(Max_velocityS-min_velocityS))/R)-min_velocityS;
    if mod((j-1)*sim_step,Ts) == 0 
        
        demand_raw = getRawVelocityDemand(n_bits_sensor_signal,sim_step,j);
        demand = ((bin2dec(demand_raw)*(Max_demand-min_demand))/R)+min_demand;
        [control, error] = CalcControl_SC(demand,velocity,control,sim_step,Ts,j,P,I,D,e_vec); 
        control_raw = dec2bin(((control-min_ControlSig)/(Max_ControlSig-min_ControlSig))*R);
        u = sendControlCommand(control_raw,n_bits_actuator_signal,actuator_signal_delay,j, sim_step, u_vec);
    end 
  
    e_vec = [e_vec error];             
    d_vec = [d_vec demand];            
    u_vec = [u_vec control];          
    y_vec = [y_vec velocity_real];     
    T_vec = [T_vec throttle_setting];  
end  


%% (5) plot results %%

figure;

subplot(2,1,1)
plot(T,d_vec,'g-');hold on
plot(T,y_vec,'b-'); 
plot(T,d_vec-y_vec); grid;
title('Velocity response'); 
subtitle([' Kp = ', num2str(P),' Ki = ', num2str(I),' Kd = ', num2str(D)]); 
ylabel('Velocity (mph)'); xlabel('Time (s)');
legend('Driver Demmand','Real Velocity','error')
subplot(2,1,2)
stairs(T,u_vec,'g-');
hold on;
plot(T,T_vec,'r-'); grid;
title('Throttle/Brake control effort');
ylabel('% throttle/brake pedal'); xlabel('Time (s)');
legend ('Control %','Throttle position')



[bookmark: _Toc173104455]1B) Send Control Demand
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 > 0 && actuator_signal_delay/sim_step < j
    u = u_vec(j-actuator_signal_delay/sim_step);
end



[bookmark: _Toc173104456]1C) Get Raw Velocity Demand
function [d]=getRawVelocityDemand(x,sim_step,j)
%% simulate driver's velocity demand (in mph)

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
[bookmark: _Toc173104457]
1D) Calc Control Script
function [ControlOut, error] = CalcControl_SC(demand,velocity,control,sim_step,Ts,j,P,I,D,e_vec)

persistent Prev_I_part
Min_ControlSig = -100;
Max_ControlSig = 100;

error = demand - velocity;

if j >1
    prev =e_vec(j-(Ts/sim_step));
else
    prev = control;
    Prev_I_part = prev;
end
P_part = error*P;
I_part = (((error+prev)/2)*(Ts)+Prev_I_part)*I;
D_part = ((error-prev)/Ts)*D;

ControlOut = P_part+I_part+D_part; 

Prev_I_part = I_part;


if ControlOut > Max_ControlSig
    ControlOut = Max_ControlSig;
end

if ControlOut < Min_ControlSig
    ControlOut = Min_ControlSig;
end

end



[bookmark: _Toc173104458]1E) Get Raw Velocity
function [velocity_raw, velocity_real,throttle_setting] = getRawVelocity(x,old_velocity,~,sim_step,u)

h = sim_step;
throttle_setting = u;
persistent d v_dot x_v v_dot_last x_v_old 

if isempty (d) 
    d = 1;
    x_v_old = 0.25;
    v_dot_last = 0;
end

gear = 1.2;
final_drive = 2.82;
rs_to_rpm = 9.549; 
mps_to_mph = 2.2369;
radius = 0.3;
cd = 0.29;
roh = 1.23;
area = 2;
mass = 1824;

if abs(throttle_setting) > 100 
    throttle_setting = 100;
end

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

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

x_v_dot = (-10 * x_v_old + 0.05 * (throttle_setting)); 
x_v = x_v_old + x_v_dot*h;
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 * 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;


if velocity < 0 || isnan(velocity)
    velocity = 0;
end
if velocity > 150
    velocity = 150;
end
throttle_setting = throttle_setting + brake; 

velocity_raw = dec2bin((2^x*(velocity))/150);
velocity_real = velocity;
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function [velocity raw, velocity real,throttle setting] = getRawVelocity(x,old velocity,~,sim step,u)
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velocity_raw = dec2bin((2"x*(velocity))/150);
velocity_real = velocity;
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function [d

etRawVelocityDemand(x,sim_step,j)
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if jesim_step >= © 88 j*sin_step < 15
lecabin((27x*(66-30))/ (110-30)) ;
elseif §*sim_step >= 15 8& j°sin_step < 25
ecabin((27x*(65-30))/(110-30) ) ;
elseif §*sim_step >= 25 8& j°sim_step < 35
ecabin((27x*(55-30))/(110-30) ) ;
clseif j7sim_step >= 35 8& j°sim_step < 45
ecabin((27x*(70-30))/(110-36) ) ;
clseif §7sim_step >= 45 8& j°sim_step < 55
ec2bin((27x*(50-30))/(110-30) ) ;
clseif §*sin_step >=55
ec2bin((27x*(70-30))/(110-30)) ;

end
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demand_rau = getRawVelocityDemand(n_bits_sensor_signal,sim_step,j);

demand = ((bin2dec(demand_raw)* (Max_demand-min_demand))/R)+min_demand;
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[control, error] = CalcControl_SC(demand,velocity,control,sin_step,Ts,3,P,1,0,e_vec);

control_raw = dec2bin(((control-min_Controlsig)/(Max_Controlsig-min_Controlsig))*R);
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function u = sendControlCommand(u_raw,x,actuator_signal delay,j, sim_step, u_vec)
u = bin2dec(u_rau);
u = (4(106+100))/ (2%x) - 108;

if actustor_signal_delay > 0 &% actustor_signal_delay/sin_step < j
U = u_vec(j-actuator_signal_delay/sin_step);
end
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