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Abstract  

This report examines the design, development, and testing of a Variable Pitch Ram Air 

Turbine (VRAT), capable of maintaining a constant voltage output across varying 

airspeeds. The turbine incorporates a blade pitching mechanism controlled by an 

Arduino-based PID system, that continuously monitors voltage output and adjusts blade 

angle accordingly. Design stages included CAD modeling, control circuit simulation 

using Wokwi, physical prototyping, and wind tunnel testing. Experimental test data 

confirmed that the system could successfully regulate voltage output maintaining a 

constant 2V output with an accuracy of +/- 0.2V. Key takeaways include the success of 

the pitch control strategy and areas for mechanical refinement and software 

optimization. 
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1.0 Introduction  

This project entails the design, development, and testing of a variable ram air turbine 

(VRAT) system that can generate constant voltage independent of air speed. Since the 

RPM of a generator is a key variable in voltage output, a constant RPM is required for 

operation. However, if the blades of the turbine are fixed, the rotation speed of the 

generator will be determined by air speed, blade design and angle of attack. To ensure 

stable voltage output at a wide range of airspeeds, the RAT should be able to adapt to 

change by varying the pitch of the blades to ensure optimal RPM for electrical 

production. As this system has the potential to be used in an aircraft emergency, the 

optimization of the turbine blade pitch should not be a concern of the pilots. Thus, the 

pitch of the blades must be automatically controlled by the system itself. Output voltage 

will be internally monitored by the system and the pitch of the blades will be 

automatically adjusted according to air speed, RPM and voltage requirements of the 

system.  

2.0  Background Research 

Ram Air Turbines (RATs) are compact, deployable wind turbines traditionally used in 

aviation to provide emergency electrical or hydraulic power in the event of system 

failure. When deployed into the airstream, RATs utilize forward motion of the aircraft to 

spin the turbine blades, converting kinetic energy into electrical energy through a 

connected generator. While conventional RATs use fixed-pitch blades, which generate 

voltage proportional to airspeed, this introduces a significant limitationðvoltage output 

fluctuates with changes in aircraft speed and atmospheric conditions. This 
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variabilitpresents challenges for systems that require a consistent and reliable power 

supply during emergency operations. 

To overcome these constraints, modern research has proposed variable-pitch blade 

systems, where the blade angle dynamically adjusts in response to airspeed or 

electrical output demand. This control mechanism allows the turbine to maintain a more 

constant RPM, leading to a regulated voltage output across varying flight conditions. 

Such systems are often equipped with embedded sensors, microcontrollers like 

Arduino, and feedback loops using PID control to achieve automatic pitch adjustment. 

Studies in small-scale wind turbine optimization and adaptive rotor blade technologies 

have shown that variable-pitch designs significantly enhance power efficiency and 

stability, especially in turbulent or low-speed airflow environments. This forms the basis 

for integrating smart control and aerodynamic adaptability in the development of a 

Variable Ram Air Turbine (VRAT) system. 

3.0  Project Scope 

Turbine Blade Design: Development of a turbine with optimized blade geometry to 

maximize power generation and aerodynamic performance through a wide range of 

airspeeds 

Electrical Generation: Incorporation of an axial flux generator with regulator and rectifier 

system to convert mechanical energy into stable electrical output. 

Variable Pitch Mechanism: Design of a mechanism that allows the blades of the turbine 

to be at optimal pitch across a wide range of airspeeds. 

Variable Pitch Controller: A robust servo able to control the variable pitch mechanism as 

required. 
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System Monitoring: A feedback loop that will constantly monitor the voltage output and 

will automatically change blade pitch for optimal generator RPM. 

Aerodynamic Performance: The turbine blades will be optimized for RPM and torque for 

a wide range of air speeds. Other components of the system will be designed with drag 

reduction in mind. 

Prototyping and Testing: Utilizing 3D printing for rapid prototyping as well as the wind 

tunnel for testing in a wide range of airspeeds, real life testing and virtual simulation will 

confirm and advance design quality. 

Alternate Applications: Investigation into the potential for using VRAT systems in non-

aviation applications. 

4.0  Objectives 

The primary objective of this project is to design and develop a working prototype of a 

self-adjusting Variable Ram Air Turbine (VRAT). 

The following are the main objectives of the projects: 

1. Design of turbine blades that will provide adequate RPM & torque: 

- Blades should be sufficiently strong such that they are able to withstand high 

airspeeds and target RPM. 

- Blades should be effective across a wide range of airspeeds. 

- Blades must be able to reach the target RPM 

2. Create a variable blade pitch mechanism: 

- Mechanism should be simple and robust 

- Has an adequate range of motion that can be finely controlled 

- Compact enough to fit inside turbine hub 
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3. Power generation should supply stable power: 

- Power supply should be durable against vibration and wind 

- Power supply should be able to efficiently convert three phase AC power to 

DC power.  

4. Program Arduino such that it will automatically regulate the system: 

- Able to monitor the system and adjust blade pitch to maintain constant RPM 

independent of air speed.  

- Robust and simple logic / programming 

- Provides data and feedback such that program / system can be fine tunes as 

required.  

 



5 

 

 

 

5.0  Design & Methodology 

5.1 Preliminary Design Phase 

 

Figure 1 System Schematic for Variable Ram Air Turbine 
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Figure 2 Sketch of Preliminary Design 

The preliminary design of the Variable Ram Air Turbine (VRAT) system integrates 

aerodynamic, mechanical, and electrical subsystems into a cohesive prototype capable 

of voltage regulation under varying airflow conditions. The system includes a dual-blade 

turbine connected to a central rotating shaft supported by two pillow block bearings, 

ensuring structural stability and smooth rotation. A linear actuator is mounted within the 

hub to control the variable blade pitch based on real-time voltage feedback. The shaft 

transmits mechanical energy to a generator, which feeds power into a rectifier circuit for 

AC-to-DC conversion. Finally, the regulated voltage is stored in a power bank. This 

initial layout ensures proper component placement, efficient energy transfer, and 

modular access for testing and refinement. The design also lays the foundation for 
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incorporating Arduino-based pitch control and feedback regulation in later development 

phases. 

5.2 Design Phase 2 

During the second phase of the design process, we focused on refining the complexity 

of our system and developing key structural, electrical, and control components. This 

phase involved creating detailed CAD models, including the blades, nose cone, and an 

initial general assembly to visualize the overall structure. Additionally, we developed an 

electrical schematic to outline the systemôs circuitry and connections. 

Significant progress was made in the control and monitoring section, where an Arduino-

based code was implemented to support system functionality. Technical drawings were 

produced to guide manufacturing and assembly, ensuring precision in fabrication. 

A key focus of this phase was the design and definition of the variable pitch mechanism. 

It is our objective to adjust the blade angles dynamically based on operating conditions 

to provide stable and continuous power output. The variable pitch mechanism will be 

controlled through an actuator-driven system that responds to real-time changes in air 

speed, allowing for continuous adjustments to blade pitch. This design ensures steady 

performance and power under varying air speeds with the goal of enhancing overall 

system efficiency. 

 

5.2.1 General Assembly- Phase 2 

The initial general assembly of the Variable Ram Air Turbine consists of key 

components that form the foundation of the prototype. This initial setup provides a 
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structural and functional basis for further development and testing. The assembly 

includes: 

- 10 mm Shaft ï Central rotating element that connects the propeller blades to 

the motor. 

- Two 10 mm Pillow Blocks ï Provides support and stability to the shaft, 

ensuring smooth rotation. 

- Propeller Blades ï Designed to capture airflow and generate rotational 

energy. 

- Motor ï Converts mechanical rotation into electrical energy. 

- Motor Gear ï Facilitates the transfer of rotational energy from the propeller to 

the generator. 

- Linear Actuator ï Controls the variable pitch mechanism by adjusting blade 

angles based on operating conditions. 

- Push Rod ï Transfers motion from the actuator to the propeller blades for 

pitch adjustment. 

- Test Stand ï Provides a stable platform for assembling and evaluating the 

prototype. 

This prototype serves as the initial step in the development of the final system. Given 

the complexity of the design, several modifications and improvements will be made 

throughout the development process to enhance efficiency, durability, and performance. 
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Figure 3 General Assembly R1: Top View 

 

Figure 4  General Assembly R1: Isometric View 
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Figure 5  General Assembly R1: Side View 

 

Figure 6 General Assembly R1: Front View 
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5.2.2 Control and Simulation (Wokwi Simulator) 

To validate the pitch control logic prior to physical prototyping, the control and 

monitoring system was developed and tested using the Wokwi Simulation Platform. 

Wokwi is a cloud-based simulation environment for microcontroller-based projects, 

providing support for real-time interaction with virtual hardware components such as 

Arduino, servos, LEDs, and analog sensors. The use of Wokwi enabled efficient 

debugging, testing of logic, and visualization of component behavior without relying on 

physical hardware during the initial design phase. 

Circuit Configuration 

The control logic was built around an Arduino Uno, interfacing with key components 

required for blade pitch adjustment and monitoring. The simulation included a micro 

servo motor, potentiometers, LED indicator, and analog sensors to emulate airspeed 

and voltage signals. 

Wiring Summary 

The components were connected as follows: 

1. Potentiometer (pitch control): 

2. Output Ÿ A0, VCC Ÿ 5V, GND Ÿ GND 

3. LED (status indicator): 

4. Anode Ÿ D13, Cathode Ÿ GND (via 220ɋ resistor) 

5. Micro Servo Motor (pitch actuator): 

6. Signal Ÿ D9, VCC Ÿ 5V, GND Ÿ GND 
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Figure 7 Basic Circuit in Wokwi simulator 

Simulation Results and Observations 

The control algorithm executed on the Arduino processed the sensor inputs and 

dynamically controlled the blade pitch via the servo motor. Results obtained from the 

simulation serial monitor indicated the system's responsiveness to RPM deviation and 

manual adjustment: 

- Target RPM varied between 2400 to 2900 RPM, set via potentiometer input. 

- Current RPM stabilized at ~870ï900 RPM, derived from simulated pulse 

counts. 

- Airspeed measurements ranged between 1.5 to 12.0 m/s, with smoothing 

applied via a moving average filter. 



13 

 

 

 

- Blade pitch angle dynamically shifted between 147Á to 168Á, reflecting 

corrective adjustments. 

- Battery voltage was measured and converted from analog input, simulating 

supply monitoring. 

 

Figure 8 Wokwi Simulator Results 

Code Implementation 

The embedded logic, as provided in Appendix B, governs the behavior of the simulated 

system and includes: 

- RPM calculation based on pulse intervals from a Hall Effect sensor. 

- Filtered airspeed calculation using a moving average algorithm. 
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- Dynamic adjustment of blade pitch based on the error between current and 

target RPM. 

- Manual pitch offset via an analog potentiometer. 

- Battery voltage monitoring for safety and system status. 

- Real-time logging of all system variables to the serial monitor for observation 

and debugging. 

Prototype Limitations 

While the simulation provides a valid proof of concept for the pitch control system, 

certain limitations must be acknowledged: 

1. Lack of Physical Feedback 

The simulation does not replicate aerodynamic feedback or mechanical 

resistance. Real-time load conditions, inertia, and turbulence effects cannot 

be accurately simulated. 

2. Simulated RPM via Time-based Pulses 

The RPM is generated by a software-based increment rather than actual 

rotational data. This limits the fidelity of behavior under varying loads. 

3. No External Interruptions or System Noise 

The simulation assumes ideal conditions; in real-world applications, noise, 

voltage fluctuations, and servo backlash may affect control stability. 

Despite these constraints, the simulation successfully demonstrates the logical viability 

of the proposed control system. It confirms the feasibility of a real-time blade pitch 

regulation strategy, paving the way for physical implementation and wind tunnel testing. 



15 

 

 

 

5.3 Design Phase 3 

5.3.1 Turbine Blades 

Blade Design R1 

The blade for the Variable Ram Air Turbine (VRAT) is 90 mm long with a chord length of 

3.5 inches (100 mm). The geometry has been adjusted with a taper and twist 

distribution to increase aerodynamic efficiency. The NACA 6412 airfoil shape was 

chosen for its moderate lift and efficiency across a wide range of wind speeds. A Simple 

blade calculator website (reference cited) was used to find the twist angle of the blade 

across its length and is shown in the following table. 

The NACA 6412 airfoil is cambered, making it ideal for applications that require modest 

lift generation at a variety of angles of attack. It delivers more lift at lower wind speeds, 

increasing overall efficiency and torque generation, resulting in consistent power output. 

The airfoil is designed for medium to high Tip Speed Ratios (TSR), balancing power 

extraction with aerodynamics. However, its asymmetry may result in imbalanced 

aerodynamic forces at certain pitch angles, necessitating precise pitch control. 

Furthermore, it has a larger drag than symmetric airfoils such as NACA 0012, which 

might reduce efficiency at high wind speeds. 

Airfoil Selection Justification 

To validate the choice of NACA 6412, we ran aerodynamic calculations comparing 

several airfoils. The lift coefficient (Cl) and drag coefficient (Cd) of NACA 6412 were 

compared to other profiles, including NACA 0012 and SG6043.  

The following are the comparative calculations: 

-> Lift Coefficient (Cl) at 5deg (just for ref.) AOA: 
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    NACA 6412 ï 0.7  

    NACA 0012 ï 0.6 

    SG043 ï 0.85 

-> Drag Coefficient (Cd) at 5deg (just for ref.) AOA: 

    NACA 6412 ï 0.015 

    NACA 0012 ï 0.013 

    SG043 ï 0.02 

-> Lift-to-Drag Ratio (L/D) at 5deg (just for ref.) AOA: 

    NACA 6412 ï 46.7 

    NACA 0012 ï 46.2 

    SG043 ï 42.5 

NACA 6412 was chosen because it provides an excellent blend of lift and drag while 

remaining aerodynamically efficient at different angles of attack. Given our design 

restrictions and performance goals, this airfoil maximizes power generation while 

retaining structural stability in a variety of wind situations. 

Blade Material and Manufacturing 

The blade is 3D printed with PLA (Polylactic Acid), which is easy to manufacture and 

allows rapid prototyping. PLA is lightweight and has a smooth surface finish, which 

reduces turbulence and aerodynamic drag. Because it is fragile at high speeds, a larger 

infill density (Ó50%) is used to enhance structural integrity. Another drawback of PLA is 

its softness point of around 60ÁC, which can cause deformation under high 

temperatures. To mitigate this, the design maintains an appropriate RPM while 

minimizing heat generation owing to friction and air resistance. 
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Operating Conditions, Tip Speed Ratio, Reynoldôs Number and Drag-Power 

Relationship (Most values are approximated to expectations) 

The blade is engineered to function at a Tip Speed Ratio (TSR) of three, ensuring an 

ideal combination of torque and efficiency. Given a wind speed of 23 m/s and a blade 

radius of 117.6 mm, we estimated the predicted RPM using this formula: 

ὔ
‗ὠ

Ὑ
ẗ
φπ

ς“
 

(Gundtoft, 2012) 

 

After substituting the values, 

ὔ
ẗ

Ȣ
ẗ  = 5603 rpm 

This ensures maximum energy extraction all while staying within the structural limits of 

the material used. 

Formula to calculate Reynoldôs number: 

ὙὩװ װ
”ὠὧ

‘
 

(Gundtoft, 2012) 

After substituting the values, 

ὙὩװ װ
Ȣ ẗ ẗȢ

Ȣ ẗ
 = 155,870 

” - air density 

V - relative wind velocity 

c - chord length 

‘ - dynamic viscosity of air 
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Blade Design R2 Final 

As blade design could be a whole project, the design of the blade was kept simple as 

possible. The well-proven wind turbine NACA 4412 airfoil was selected as it is often 

used in wind generation applications. Windpowerôs online blade calculator 

(https://windpower.org.za/bladecalcs/blades.php) was extensively used as it allowed for 

quick experimentation in terms of twist angle, airfoil and overall dimensions. This 

calculator was extremely useful as it generated a chosen number of station points 

between blade root and tip and provided the chord length as well as the twist angle at 

that location.  

The blade was then blended with an attachment flange at the root. Since the blade was 

unproven to us at this stage, it was an important requirement that the blade could be 

removed from the pitching hub without having to disassemble the entire mechanism. 

This ensured that if the blade was damaged, did not perform properly or was at the 

wrong angle across the pitching motion, that it could be removed and adapted or 

adjusted as required.  

Figure 9 - Blade geometry and airfoil sections 

https://windpower.org.za/bladecalcs/blades.php
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The blade is a single piece and intergrates several design features. First, it can be 

removed without dissasembly of the hub. It is can also be rotated to select one of four 

angles as the flange is semetrical and can be mounted onto the pitch bearing hub in any 

orientation. The internal pocket allows clearance for the bold head. The protruding ring 

on the base butts against the pitch beaing and when the bolts of the blade are tightned, 

the ring presses on the bearingôs outter race, holding it place and securing the blade to 

the pitch hub. This design ensures that future iterations of blades can be tested or 

damadged blades can be replaced quickly with maximum adaptabilty.  

  
Figure 10 Final iteration of turbine blade. Note flared base and internal geometry. 
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5.3.2 Variable Pitch Mechanism 

To build variable pitch mechanism, we focused on characteristics of durability and 

adaptability. This variable pitch ram air turbine should work in emergency situations like 

when aircraft loses electrical power. Therefore, the mechanism should be simple and 

durable to be operated immediately when the aircraft starts to lose electrical power. 

Figure 11 - Blade & pitch hub assembly. Note the symmetry of the blade flange and pitch hub 
allowing for any orientation. The flat head hinge pin lock the ball rod ends in place. 
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To build this ram air turbine, we used four pitch link rods that connect to the centre hub 

via the pitch hubs. The pitch control plate is connected to each pitch link, therefore, 

when pitch control plate moves along the shaft, the pitch links push or pull the blades 

forcing them to rotate on the pitch hubs. Linear rotary ball bearing moves along the 

main shaft, encased in the bearing adaptor and the actuator control arm. A radial ball-

bearing sits on the outer flange of the bearing adaptor and is pressed into the actuator 

plate. This allows the actuator plate to spin independently of the linear bearing.  

Also, for durability of the variable pitch mechanism, some core parts will be 

manufactured with CNC machining including retaining ring and bearing adaptor. 

Aluminum is more durable than ABS, which is the material used in 3D printing, also, it is 

light weight. Therefore, it would not affect the aerodynamics of the RAT, but it would be 

strong to endure the counterwind from the wind tunnel. 

5.3.3 Transmission 

The transmission was designed such that the motor RPM will be sufficient to supply the 

desired 2.5V output. During the design phase, the blades were unproven and as such, it 

was not know if they would be able to drive the motor. As such, a transmission was 

designed so that there are 3 available speeds: 1:3 1:1 & 3:1 (Note: blades were able to 

drive the shaft at all three ratios, with the highest 3:1 ratio producing a voltage output of 

12.8V at 20m/s windspeed). The shaft pully and motor pully have been designed such 

that one belt length will fit all three settings. The shaft pully is fixed in place with two 

clamps that are 180 degrees from each other. This should ensure that the balance of 

the system is maintained, reducing vibration. This clamping design also ensures that the 

two pulleys can be kept aligned, reducing strain on the belt and friction in the system. 
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The motor pully is mounted directly over the motor, making use of the existing blade 

mounting hole to secure the pully in place.  

5.3.4 Generator 

As per the manufacturer, the motor is rated at 340RPM/Volt. Since a generator is 

opposite of a motor, the output of this motor used as a generator should be something 

close to the manufacturer's rating. To test this, the motor was chucked up in the mill and 

RPM of the mill was increased until approximately 1 volt (RMS) output was achieved. 

With the mill RPM set to 415 the motorôs output voltage was 1.025V. See appendix A for 

calculations. 

5.3.5 Control and Monitoring- Physical Breadboard Testing 

Test Objective 

To verify the functional integrity of the servo pitch control system using real hardware 

components, a physical prototype was assembled on a breadboard. The system 

replicated the Wokwi simulation setup and tested real-time response under manually 

adjusted input conditions. A PID-based Arduino sketch was uploaded for voltage-based 

pitch control. 

Components Used 

1. Arduino Uno 

2. Breadboard 

3. Jumper Wires 

4. 2 Potentiometers (for voltage input and manual offset) 

5. MG90S Servo Motor 

6. Green LED with current-limiting resistor (for status/debugging) 
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Wiring Summary 

1. Voltage Potentiometer (simulated generator voltage): 

Output Ÿ A0, VCC Ÿ 5V, GND Ÿ GND 

2. Pitch Offset Potentiometer: 

Output Ÿ A1, VCC Ÿ 5V, GND Ÿ GND 

3. Servo Motor: 

Signal Ÿ D9, VCC Ÿ 5V, GND Ÿ GND 

4. LED (Optional for debugging): 

Anode Ÿ D13, Cathode Ÿ GND (via 220ɋ resistor) 

 

 

Figure 12 Servo Motor Test with Potentiometer 
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Figure 13 Manually Changing Pitch through Potentiometer 

Code Implementation 

The uploaded sketch implemented a PID control algorithm designed to maintain a target 

voltage of 2.5V (å512 ADC). A manual adjustment was added to simulate dynamic pitch 

correction by the operator. The full code is included in Appendix C. 

Test Results and Observations 

- The servo motor responded to voltage changes, but its movement was 

restricted to saturating at 0Á and 180Á, with no intermediate steps, indicating 

overcorrection. 

- The output showed stable loop values but poor pitch granularity. 

- The manual potentiometer correctly shifted the output pitch angle, but the 

range still saturated at limits. 
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- System response was fast due to the 100 ms loop delay, but this also 

introduced instability and jitter. 

- The LED indicator worked successfully for visual confirmation of control flow. 

Issues Identified 

- Servo Overdriving: The current PID values (Kp=30, Ki=0.4, Kd=0.1) caused 

aggressive responses, resulting in maximum pitch angles regardless of minor 

errors. 

- Lack of Smoothing: Unlike the previous code, no moving average filter was 

applied to the voltage input, making the system highly sensitive to noise. 

- Delay Too Low: A 100 ms delay led to frequent updates, amplifying jitter due 

to noise or fast potentiometer movement. 

- Pitch Not Stabilized: While pitch updated continuously, there was no damping 

mechanism or filtering to create smooth servo motion. 

The physical breadboard test validated the feasibility of PID-based control logic using 

real components. However, aggressive PID constants, absence of filtering, and low 

update delay led to overcorrection and edge saturation. While the system was functional 

and improved in terms of logic flow and real-world integration, it lacked the refined 

stability of the previous software simulation implementation. 

5.3.6 Frame 

The structural frame for the Variable Ram Air Turbine (VRAT) prototype was constructed 

using standard aluminum T-slot extrusions. These were sourced from the Centennial 

College Machine Shop, where the raw lengths were cut according to our design 

specifications and dimensional requirements. The use of T-slot aluminum was ideal due 
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to its high strength-to-weight ratio, ease of machining, and modularity for iterative 

prototyping. 

 

Figure 14 Frame- Isometric View 

 

Figure 15 Frame- Bottom View 

The frame was designed to accommodate all critical components, including pillow 

blocks, the turbine shaft, actuators, and electrical systems. Assembly was completed 

using corner brackets and fasteners to maintain rigidity and ensure proper alignment. 

The dimensions of frame are as follows: 

- Horizontal upper and lower rails (X-axis): 8in (x4) 

- Vertical rails (Z-axis): 5.3in (x4) 

- Side rails (Y-axis): 4in (x6) 
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This configuration reduces airflow obstructions, provides a stable testing platform, and 

permits easy access for calibration and hardware modification. 

5.4 Final Electrical Circuit ï Control and Monitoring 

The final control system was revised to replace the servo motor with a linear actuator 

due to mechanical limitations in pitch actuation design. The servo lacked the necessary 

travel range and torque consistency required for sustained aerodynamic loading. A 

linear actuator was therefore selected for its extended stroke, reliable force output, and 

simplified mounting with clevis ends. 

 

Figure 16 Linear Actuator Enclosure 

The finalized electrical circuit integrates a LiPo battery, a step-up voltage regulator, 

Arduino microcontroller, and a linear actuator. It was designed to regulate pitch 

dynamically based on simulated or actual generator output voltage. 

Power Supply Configuration 

- LiPo Battery (11.1V, 3S) 

Powers the linear actuator, providing high current capacity and portability. 
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- Step-Up Voltage Regulator 

Converts unregulated 11.1V input to a clean, stable 7.5V required for actuator 

operation. 

Arduino and Linear Actuator Interface 

Table 1 Linear Actuator Wiring 

Component Connection Notes 

Actuator Signal (White) 
D11 (PWM) on Arduino 

Controls 
extension/retraction 

Actuator Power (Red) 
7.5V from Regulator 

Regulated actuator 
supply 

Actuator GND (Black) Common GND 
Tied with Arduino and 
battery GND 

 

All ground connections (Arduino, actuator, battery, and voltage regulator) must share a 

common reference to ensure correct operation. 

Generator Feedback Input (Simulated or Real Wind Input) 

The turbine generator is assumed to produce a variable DC voltage output (e.g., 0ï5V) 

proportional to wind speed. This is read by the Arduino for control feedback: 

Table 2 Generator Wiring 

Signal Arduino Pin Notes 

Generator + A0 
Direct input if voltage 
remains <5V 

Generator ï GND 
Connected to common 
system ground 

 

No voltage divider is needed as the signal is within the Arduino ADC (<5 V) range. 

LED Status Indicator 

An LED was added as a visual diagnostic tool for active system status: 

Table 3 LED Wiring 

Pin Connection Function 
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Anode (long leg) D13 (Arduino) 
Turns ON during active 
correction phase 

Cathode (short leg) GND via 330ɋ resistor 
Limits current to safe LED 
level 

 

All electrical components, including the Arduino, voltage regulator, LED indicator, and 

wiring harnesses, were mounted inside a plastic electronics enclosure for protection and 

portability. The enclosure was securely attached to the turbine frame to minimize 

movement during testing and to ensure safe handling of live connections. 

(Refer to Appendix E for the detailed enclosure wiring schematic.) 

 

Figure 17 Arduino and electrical components inside enclosure 

Arduino Control Logic and Code Explanation 

To regulate the blade pitch in response to generator voltage, a PID-based control 

algorithm was implemented on the Arduino. The target voltage was set to 2.0V, which 
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corresponds to the desired generator output under nominal wind conditions. The system 

reads the real-time voltage, compares it to the setpoint, and adjusts the pitch through a 

PWM-controlled actuator. 

The code continuously monitors the analog voltage input and computes the proportional 

error. It applies PID control to calculate a PWM output that drives the actuator, 

adjusting the blade pitch to maintain the desired voltage. 

Key Functional Highlights: 

- Voltage Reading: The analog voltage (0ï5V) from the generator is read at pin A0 

and scaled appropriately. 

- Target Voltage: The reference voltage is set to 2.0V and can be modified via 

serial input if needed. 

- PID Computation: 

o Proportional gain (Kp): 150.0 

o Integral gain (Ki): 0.5 

o Derivative gain (Kd): 0  

- Actuator Control: A mapped PWM value (1300ï2000 Õs) is applied to the 

actuator via pin D11 to correct pitch. 

- Error Tolerance: A deadband of Ñ0.05V prevents unnecessary corrections for 

minor deviations. 

- LED Indicator: Pin D13 is used to visually indicate whether the system is actively 

correcting (i.e., when error exceeds tolerance). 

- Serial Tuning Support: The PID constants can be updated in real time using the 

serial monitor with commands like kp=, ki=, and kd=. 
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The logic was validated during wind tunnel testing, and the system successfully 

maintained the target voltage within an acceptable range by adjusting pitch dynamically. 

The full code is provided in Appendix D. 

5.5 General Assembly R2  

The assembly of the final prototype began with the frame. The challenge here was to 

ensure that the frame was square and solid. This included the two short frame sections 

that will support the motor mount on the bottom and the linear actuator on the top. Next 

the pillow blocks were attached to the frame. This was done with the shaft in place to 

ensure that the two bearings were concentric and running smoothly and freely. Prior to 

this installation both pillow block bearings were opened, the factory grease removed, 

and a lighter weight oil was applied. This allowed the shaft to spin much more freely. 

The shaft was then removed from the pillow blocks so that the centre hub could be 

press-fit onto the shaft. The end of the shaft had a flat machined into it such that it 

would be able to drive the assembly without the hub slipping. Because the fit between 

the shaft and the centre hub was so tight, the shaft had to be hammered into the hub. 

This inadvertently flared the end of the shaft such that it was not able to fit into the 

bearings. The end was filled down until it was able to be accepted by the bearings. The 

shaft pully was installed and then the shaft returned into the pillow blocks. With the 

shaft, shaft pully and hub installed, work began on inserting the heat set inserts for the 

rotary hub bearing bolts. Two heat set inserts were threaded onto an M5 bolt and then 

heated. They were then pressed into the predrilled holes in the centre hub. Keeping 

these squares was difficult but acceptable results were achieved. The blades and 

rotating hubs were then built up and the linking rods attached and adjusted to length. 
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Nylon locking M3 Nuts were used on the actuator links to ensure the connection to the 

actuator plate was solid. The linear rotary bearing was encased in the bearing adaptor 

and linear actuator linking arm. See appendix for exploded views of both assemblies. 

The linear bearing was greased for smoother operation. The motor was installed on the 

motor mount and a pully belt was made from 5mm polyurethane round belt. Finally, the 

linear actuator was installed into the linear actuator mount and fastened into place.  

 

Figure 18 Final Assembly Front View 

 

Figure 19 Final Assembly Side View 
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Figure 20 Final Assembly Isometric View 

6.0 Manual Machining and Assembly 

6.1 Pillow Block Preparation 

Upon inspection, it was observed that the base surfaces of the pillow blocks were not 

perfectly flat, which could lead to misalignment and instability when mounted to the 

frame. To ensure a uniform mounting surface and consistent shaft rotation, the pillow 

block bases were flattened using a milling machine. 

Each block was securely clamped in a precision milling vise, and the bottom surfaces 

were milled using a face mill tool to remove casting irregularities. The operation ensured 

both pillow blocks had a uniform, level base for accurate and stable frame mounting. 
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Figure 21 Pillow Blocks during a Facing Operation 

 

Figure 22 Pillow Blocks after facing on the mill 

6.2 Frame Construction 

6.2.1 Cutting the Aluminum Struts 

The construction process began with manually cutting the excess length of aluminum 

struts using a hand-operated cutter to obtain approximate sizing. Initial facing was 

attempted on a manual milling machine using a thick end mill at 600 RPM; however, this 

resulted in an uneven surface due to tool deflection and insufficient cutting speed. 
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To achieve a cleaner cut and final length, a 3/8" carbide end mill was used at a higher 

spindle speed of 1600 RPM. This setup successfully produced smooth, flat surfaces. 

See drawings in appendix H for final dimensions. 

 

6.2.2 Drilling and Tapping Mounting Holes 

Mounting holes were prepared using a 0.25" drill bit, followed by tapping to create 

internal threads. This operation was necessary to allow secure fastening of the 

structural members using machine screws, enabling later assembly of the full frame. 

Figure 23  Milling frame sections to final length Figure 24 Cutting aluminum strut to rough length 
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Figure 25 Drilling the frame section 

 

Figure 26 Frame section after drilling 
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Figure 27 Threading Frame Sections for assembling 

6.2.3 Assembling the Frame 

The machined and tapped aluminum struts were then joined together using corner 

brackets and fasteners. A square-check was performed during assembly to maintain 

perpendicularity and ensure a rigid and stable frame suitable for component mounting 

and load bearing during testing. 

 

Figure 28 Tightening aluminum extrusion struts using a hex key during the frame 
assembly process. 
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Figure 29 Assembling Frame 

 

Figure 30 Test assembly of Frame 
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Figure 31  Frame with shaft, shaft pully and prototype of linear rotary bearing 

6.3 Machining the shaft (Flat) 

The shaft had a flat milled into it to act as a key in the hub and to probit any slipping 

during high-speed operation. The shaft was case hardened and required a carbide 

endmill to machine it. Once the carbide endmill was used, cutting progressed without 

issue.  

 

Figure 32  Milling the shaft flat on the shaft Flattening Face of the Shaft 
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6.4 Electrical Circuit 

The power & control schematic was generated using KiCad. The electrical aspect of this 

project encompasses the Arduino control unit, the linear actuator power supply, the 

generator and rectification of the three phase AC generated by the drone motor / 

generator and an external Arduino reset switch. See appendix E for the full schematic 

6.4.1 Soldering and Enclosure  

The enclosure was mounted to the frame and the circuit was soldered up as per the 

schematic in appendix E. Figure 17 shows the internals of the control unit. Inside the 

enclosure the rectifier, voltage regulator for the linear actuator and Arduino are 

mounted. Features of the control unit include: 

¶ External battery connection point 

¶ Linear actuator power switch 

¶ Arduino Reser switch 

¶ Arduino LED function indicator 

¶ Test points for the rectifier DC outputs 

7.0 Results, Data & Analysis 

7.1 Wind Tunnel Setup and Purpose 

To evaluate the aerodynamic and electrical performance of the Variable Ram Air Turbine 

(VRAT) system, the fully assembled prototype was installed inside the closed-circuit 

wind tunnel at Centennial College. A wind tunnel provides a controlled airflow 

environment for analyzing aerodynamic forces, component responses, and power 

output under repeatable conditions. 
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The VRAT assembly was fixed securely within the test section using industrial-grade 

tape to prevent displacement during operation. Q-DAS software was employed to 

monitor and verify windspeed values in real time. Voltage generated by the turbine was  

monitored using a digital multimeter (DMM) or can be seen on Arduinoôs Serial Monitor.  

 

Figure 33 VRAT Assembly in Wind Tunnel 

7.2 Preliminary Testing ï Voltage vs. Windspeed and Gear Ratios 

The initial phase of testing was conducted without Arduino control to characterize the 

turbineôs unregulated generator output across various windspeed conditions. This open-

loop analysis helped determine the baseline electrical response of the system and 

identify an appropriate voltage target for later control integration. 

Two gear ratios were tested: 

- 1:1 gear ratio 

- 3:1 gear ratio 
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These configurations were selected to assess the relationship between shaft RPM, 

torque, and voltage output under simulated aerodynamic loading. Data was logged 

manually using Q-DAS at incremental wind speeds. 

Blade pitch was manually adjusted during this phase by simulating actuator movement 

using predefined PWM signals sent to a servo motor. The servo was programmed with 

pulse-width modulation values ranging from 1000 Õs (minimum pitch) to 1600 Õs 

(maximum pitch).  

Testing showed that at minimum pitch (PWM 1000), the turbine produced no significant 

voltage, indicating that the blades were feathered and unable to extract sufficient energy 

from the wind. In contrast, at maximum pitch (PWM 1600), the turbine generated 

measurable voltage output, as the blades captured airflow more effectively with greater 

aerodynamic engagement. 

These open-loop tests confirmed that: 

- The generator output scaled proportionally with windspeed and pitch 

- A target regulation voltage of 2.0V was appropriate 

- The 1:1 gear ratio provided consistent output and torque stability, making it 

optimal for controlled testing 

Refer to Appendix F for full raw data records (Windspeed Data). 
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Figure 34 VRAT Assembly with DMM 

 

Figure 35 Simulating Assembly in Wind Tunnel 



44 

 

 

 

7.3 Regulated Testing ï Arduino-Based Control Integration 

Following baseline characterization, the Arduino-controlled system was implemented for 

closed-loop voltage regulation. The control architecture included the Arduino Uno, PID 

control loop, linear actuator, step-up voltage regulator, and a status LED. The turbine 

was reinserted into the wind tunnel, and tests were conducted using the previously 

validated 1:1 gear ratio. 

The Arduino continuously monitored generator voltage through analog pin A0, 

compared it to the fixed 2.0V target, and computed corrections using the PID algorithm. 

A PWM signal on D11 was used to drive the linear actuator, adjusting blade pitch in real 

time. The LED on D13 provided feedback when the voltage deviated by more than 

Ñ0.05V from the target. 
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Figure 36 VRAT Assembly inside Wind Tunnel with Arduino Testing 

Testing was conducted across a range of wind speeds including 7 m/s, 10 m/s, 13 m/s, 

20 m/s, and 23 m/s. At each windspeed, the Arduino successfully regulated the 

generator output by dynamically modifying the blade pitch. 

Performance highlights: 

- Voltage Regulation: Output consistently held between 1.99V to 2.10V, tightly 

centered around the 2.0V setpoint 

- Blade Pitch Adjustment: The linear actuator responded promptly and smoothly, 

maintaining aerodynamic stability 
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- Control Accuracy: PID response remained within a Ñ0.05V tolerance, without 

requiring manual tuning mid-test 

- System Stability: No jitter, oscillation, or overcorrection was observed during 

operation, indicating reliable tuning and response dynamics 

                    

Figure 37 Pitch Increase and Decrease by Actuator during Testing 

7.4 Observations and Performance Summary 

Overall, the control system functioned effectively under varying wind conditions. Even at 

higher airflow rates such as 23 m/s, the Arduino maintained stable voltage output 

through pitch correction, demonstrating the robustness of the implemented control logic. 

Key conclusions: 
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- Voltage Regulation: Maintained between 1.99V and 2.10V across windspeed 

variations 

- Blade Stability: The actuator produced smooth transitions without sudden motion 

or stalling 

- Control System Response: PID logic accurately tracked the setpoint with minimal 

error, confirming proper parameter tuning 

- Data Validation: Closed-loop data matched expectations derived from open-loop 

tests, validating the overall system design 

8.0 Challenges 

Several technical and assembly challenges arose during the development and testing of 

the VRAT prototype. These issues required iterative problem-solving across both 

mechanical and electrical domains: 

1. Blade Failure and Replacement 

After the full assembly of the turbine system, one of the blades broke due to accidental 

mishandling. Since the blade dimensions were already modeled in CAD, the 

replacement was quickly 3D printed using PLA material. This allowed testing to resume 

without delay, maintaining consistency with the original aerodynamic profile. 

2. Linear Actuator Limit Locking 

While conducting tests in the wind tunnel, the linear actuator reached its maximum 

extension and failed to retract. The control logic was updated to include a software-

defined pitch range limit, ensuring the actuator operated within a safe and functional 

travel range. 

3. Power Switch Short Circuit 
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During a dry run of the control circuit post-soldering, a wiring issue with the switch 

caused a short circuit. Upon inspection and referencing the component manual, the 

wiring was corrected to ensure proper connection and prevent future risk to the Arduino 

and power supply components. 

4. Rotary Linear Bearing Design 

The biggest challenge of the project was that of the pitch mechanism. The issue was 

that a linear motion had to be used to manipulate spinning blades. To separate the 

linear and rotary motions, a linear rotary (LR) bearing was utilized. This bearing was 

mounted on the main drive shaft and was able to allow the shaft to spin within it while 

sliding forward and back over the shaft simultaneously. This provided the base for the 

push-pull motion that was required to turn the blades, but it does not separate the 

rotation of the hub from the linear control motion of the actuator. This separation was 

accomplished by mounting a second bearing on the LR bearing with a bearing adaptor. 

This allowed the actuator plate connecting all the actuator rods to spin freely. A thin 

bearing was used for this purpose. See appendix J for an exploded view of the LR hub.  

5. Shaft Flare 

When installing the centre hub on the main shaft, the fit was so tight that it had to be 

hammered through the hub. This hammering flared at one end of the shaft and 

prevented it from being able to fit inside the pillow block bearings. The flared end had to 

be filed until it was able to be accepted into the bearing. This took some time as the 

shaft is case hardened.   
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9.0 Conclusion  

The successful development and testing of the Variable Ram Air Turbine (VRAT) 

demonstrated the feasibility of regulating voltage output through an adaptive blade pitch 

mechanism. The integration of an Arduino-based PID control loop with real-time voltage 

monitoring enabled the system to maintain stable output across a wide range of wind 

speeds. Wind tunnel tests confirmed that the pitch adjustment mechanism was effective 

in compensating for airflow variations, keeping the generator RPM within the desired 

range. While the initial design achieved core objectives, certain challenges such as 

actuator range limitations and sensitivity to noise highlighted the importance of 

mechanical tolerance and signal filtering in real-world conditions. The project validated 

that a self-regulating, compact, and modular turbine system can be implemented for 

emergency power generation in aviation environments. 

10.0 Recommendations 

The Variable Ram Air Turbine prototype provides a sturdy foundation for future 

experimentation. This is especially true with blade design, of which, the amount of 

variation and experimentation is infinite. Improvements to RPM, pitch effect should all 

be explored. It would also be ideal for the turbine to provide power to the Arduino. 

Future visions of the Arduino code could include a protocol to ensure that when the 

blade spools down it automatically sets to the most optimal start angle. This would allow 

the turbine to start up quickly and begin providing power to the Arduino. Once the power 

was sufficient the Arduino would regulate the blades and keep a steady voltage. It would 

also be optimal to be able to select the set voltage with external means (not in the 

Arduino code directly) using an encoder knob or number pad. Finally, the power output 
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when the Arduino control is engaged is currently limited to 5 volts as the output of the 

full wave rectifier goes directly to the Arduino which has a maximum 5V input. A future 

revision would include a voltage divider / stepdown circuit that would proportionally 

provide between 0-5V regardless of the rectifiers output. In our early experimentation 

before the Arduino was connected, the generator easily output 12V on the highest 

transmission setting. This ability to separate the output voltage and control circuitry 

would greatly increase the useful range of the VRAT and would make it useful in a wide 

range of power generation applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 

 

 

 

References  

[1] Gundtoft, S. (2012). Wind turbines (3rd ed.). 

https://www.soring.dk/userfiles/downloads/Wind%20Turbines%20-%20S%C3%B8re

n%20Gundtoft%20-%203rd%20edition%20-%20January%202012(2)%20(1).pdf 

[2] Marcel, & Marcel. (2024, April 19). Voltage divider ï Voltage division ï Series 

Resistors - Electronics area. Electronics Area - Electrical and Electronics Tutorials 

and Circuits. https://electronicsarea.com/voltage-divider/ 

[3] Power Density Calculator: What is Power Density and How is it Calculated? (n.d.). 

DO Supply. https://www.dosupply.com/tech/2022/01/24/power-density-calculator-

what-is-power-density-and-how-is-it-

calculated/?srsltid=AfmBOoq9VUF8upQcDmC_apsSBg5G1UYR5q7ASGKIS8wa68

XjTUMh1rgb 

[4] RPM to linear velocity. (n.d.). vCalc. https://www.vcalc.com/wiki/vcalc/rpms-to-linear-

velocity 

[5] Scholz, D. & Aircraft Design and Systems Group (AERO), Hamburg University of 

Applied Sciences. (2021). Calculating the Speed Ratio of Wind Turbines with 

General Cone and Axis Angle for the Unsteady Blade Element Momentum Theory 

(UBEMT). In Article (pp. 1ï4) [Journal-article]. https://www.fzt.haw-

hamburg.de/pers/Scholz/Aero/AERO_PUB_WindTurbine_SpeedRatio_2022-07-

28.pdf 

[6] Simple Blade Calculator. (n.d.). https://windpower.org.za/bladecalcs/blades.php 

https://www.soring.dk/userfiles/downloads/Wind%20Turbines%20-%20S%C3%B8ren%20Gundtoft%20-%203rd%20edition%20-%20January%202012(2)%20(1).pdf
https://www.soring.dk/userfiles/downloads/Wind%20Turbines%20-%20S%C3%B8ren%20Gundtoft%20-%203rd%20edition%20-%20January%202012(2)%20(1).pdf
https://electronicsarea.com/voltage-divider/
https://www.dosupply.com/tech/2022/01/24/power-density-calculator-what-is-power-density-and-how-is-it-calculated/?srsltid=AfmBOoq9VUF8upQcDmC_apsSBg5G1UYR5q7ASGKIS8wa68XjTUMh1rgb
https://www.dosupply.com/tech/2022/01/24/power-density-calculator-what-is-power-density-and-how-is-it-calculated/?srsltid=AfmBOoq9VUF8upQcDmC_apsSBg5G1UYR5q7ASGKIS8wa68XjTUMh1rgb
https://www.dosupply.com/tech/2022/01/24/power-density-calculator-what-is-power-density-and-how-is-it-calculated/?srsltid=AfmBOoq9VUF8upQcDmC_apsSBg5G1UYR5q7ASGKIS8wa68XjTUMh1rgb
https://www.dosupply.com/tech/2022/01/24/power-density-calculator-what-is-power-density-and-how-is-it-calculated/?srsltid=AfmBOoq9VUF8upQcDmC_apsSBg5G1UYR5q7ASGKIS8wa68XjTUMh1rgb
https://www.vcalc.com/wiki/vcalc/rpms-to-linear-velocity
https://www.vcalc.com/wiki/vcalc/rpms-to-linear-velocity
https://www.fzt.haw-hamburg.de/pers/Scholz/Aero/AERO_PUB_WindTurbine_SpeedRatio_2022-07-28.pdf
https://www.fzt.haw-hamburg.de/pers/Scholz/Aero/AERO_PUB_WindTurbine_SpeedRatio_2022-07-28.pdf
https://www.fzt.haw-hamburg.de/pers/Scholz/Aero/AERO_PUB_WindTurbine_SpeedRatio_2022-07-28.pdf
https://windpower.org.za/bladecalcs/blades.php


52 

 

 

 

[7] Storr, W. (2022, September 14). Rectification of a Three Phase Supply using Diodes. 

Basic Electronics Tutorials. https://www.electronics-tutorials.ws/power/three-phase-

rectification.html 

[8] Szyk, B. (2024, June 5). Wind turbine calculator. Omni Calculator. 

http://omnicalculator.com/ecology/wind-turbine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.electronics-tutorials.ws/power/three-phase-rectification.html
https://www.electronics-tutorials.ws/power/three-phase-rectification.html
http://omnicalculator.com/ecology/wind-turbine


53 

 

 

 

Appendices 

Appendix A - Blade Speed, Voltage Generation, and Power Calculations 

Note: Actual calculations will be completed with test numbers in future revisions. 

Motor Voltage Output per RPM 

Ὑὖὓ ὠ    
τρυ Ὑὖὓ ρȢπςυ62-3  

 
Max Voltage Input of Arduino = 5 VDC therefore a voltage output of 2.5V is ideal.  

ςȢυ62-3 ρπσχȢυ 20- 
The blade was designed to operate at a windspeed of 15m/s with a tip speed ratio 

(TRS) of 3. Thus the tip speed (TS) will be 3 times the windspeed in the wind tunnel.  

ὝὛ Ὑὖὓ  
To convert tip speed (m/s) to RPM, the following formula is used.  

Ὑὖὓ  
 

 
φπὝὛὙ     3ÚÙËȟ ςπςτ 

 
 
For a target output voltage of 2.5 V, with a TSR of 3 and a wind tunnel airspeed of 

15m/s, ideal RPM can be expressed as:  

Ὑὖὓ 

ρυά
ί

“ πȢςυτά
φπσ 

Ὑὖὓ  σσψσȢφρ  ψȢρυὠ 
Correct voltage output is achieved with a gear ratio of 3:1 This gives us a voltage of: 

ὠ  
ψȢρυ

σ
ςȢχςὠ 

Full Wave Rectification 

  

6
σЍσ

“
ὠ ρȢφυὠ   

ὠ ὠ Ѝσ 

ὠ ὓὥὼ ὒὭὲὩ ὸέ ὒὭὲὩ ὺέὰὥὸὩὫὩ ὠ ρȢτρτ    (Storr, 2022) 

 
Power Density of Motor / Generator 
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ὖ
ὠ Ὅ

ὒ ὡ Ὄ
      

(Power Density Calculator: What Is Power Density and How Is It Calculated? n.d.) 
 
PD = Power Density 
VO = Voltage Output 
IO = Current Output 
L = Length 
W = Width 
H = Height 
 
Voltage Divider 

ὠέόὸ 
ὠρ Ὑς

Ὑρ Ὑς
 

(Marcel & Marcel, 2024) 
 

RPM to m/s 

Formula for converting RPM to m/s is: 

ὠάȾί  
ὠὙὖὓ  “ Ὠά

φπ
 

(RPM to Linear Velocity, n.d.) 
 

Therefore, when the motorôs RPM is 1000, and outside diameter of blade is 10in 

(0.254m), the velocity of motor in meter per second is: 

ρπππ  “ πȢςυτά

φπ
ρσȢσάȾί 

 

Appendix B - Wokwi-Based Control Simulation Code 

#include <Servo.h>  

// Pin Definitions  

const  int  rpmSensorPin = 2;        // Hall effect sensor for RPM measurement  

const  int  airspeedSensorPin = A0;  // Airspeed sensor (analog)  

const  int  servoPin = 9;            // Servo motor control  

const  int  potPin = A1;             // Potentiometer for manual pitch 

adjustment  

const  int  rpmPotPin = A3;          // Potentiometer for adjusting target RPM  

const  int  batteryVoltagePin = A2;  // Battery voltage monitoring  

const  int  ledPin = 13 ;             // Debugging LED  

// Variables  

volatile  int  pulseCount = 0;  

unsigned  long  previousMillis = 0;  

const  int  interval = 300 ;  // 1 second for RPM calculation  
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float  currentRPM = 0;  

int  targetRPM = 3000 ;  // Default RPM  

Servo bladeServo ;  // Servo object  

// Moving Average Filter for Airspeed  

const  int  airspeedFilterSize = 10 ;  

float  airspeedReadings [ airspeedFilterSize ]  = { 0};  

int  airspeedIndex = 0;  

// Interrupt Service Routine for RPM measurement  

void  rpmISR ()  {  

    pulseCount ++;  

}  

void  setup ()  {  

    pinMode ( rpmSensorPin ,  INPUT_PULLUP);  

    attachInterrupt ( digitalPinToInterrupt ( rpmSensorPin ),  rpmISR ,  RISING );  

    pinMode ( ledPin ,  OUTPUT);  

    bladeServo . attach ( servoPin );  

    bladeServo . write ( 90);   // Initial neutral pitch  

    Serial . begin ( 115200 );  

}  

void  loop ()  {  

    unsigned  long  currentMillis = millis ();  

    // Simulate RPM Pulses (for Wokwi testing)  

    static  unsigned  long  lastPulse = 0;  

    if  ( millis ()  -  lastPulse >= 10)  {  // Faster pulses for higher simulated 

RPM 

    pulseCount ++;  

    lastPulse = millis ();  

    }  

    // Calculate RPM every second  

    if  ( currentMillis -  previousMillis >= interval )  {  

        noInterrupts ();  

        currentRPM = ( pulseCount *  60)  /  2;   // Assuming 2 pulses per 

revolution  

        pulseCount = 0;  

        interrupts ();  

        // **Improved Airspeed Calculation with Moving Average Filter**  

        float  airspeed = getFilteredAirspeed ();  

        // Read battery voltage  

        int  batteryValue = analogRead ( batteryVoltagePin );  

        float  batteryVoltage = ( batteryValue /  1023.0 )  *  5.0  *  2;  // Assuming 

voltage divider  

        // Read potentiometer for manual pitch tuning  

        int  manualAdjustment = map( analogRead ( potPin ),  0,  1023 ,  - 30 ,  30);  

        // **Read potentiometer to adjust target RPM dynamically**  

        int  rpmValue = analogRead ( rpmPotPin );  

        targetRPM = map( rpmValue ,  0,  1023 ,  2000 ,  4000 );  // Adjust RPM range 

as needed  

        // Adjust blade pitch based on RPM error and manual adjustment  

        int  pitchAngle = calculateBladePitch ( currentRPM ,  targetRPM ,  

manualAdjustment );  

        bladeServo . write ( pitchAngle );  

        // Debugging output  

        Serial . print ( "Target RPM: " );  Serial . print ( targetRPM );  

        Serial . print ( " | Current RPM: " );  Serial . print ( currentRPM );  

        Serial . print ( " | Airspeed (m/s): " );  Serial . print ( airspeed );  

        Serial . print ( " | Battery Voltage: " );  Serial . print ( batteryVoltage );  

        Serial . print ( " | Pitch: " );  Serial . println ( pitchAngle );  
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        previousMillis = currentMillis ;  

    }  

}  

 

// **Function to adjust blade pitch dynamically**  

int  calculateBladePitch ( float  rpm,  int  targetRPM ,  int  manualAdj )  {  

    int  minPitch = 0;   // Min pitch angle  

    int  maxPitch = 180 ;   // Max pitch angle (corrected from 360)  

    int  adjustment = map( targetRPM -  rpm,  - 1000 ,  1000 ,  - 45 ,  45)  + manualAdj ;  

// Adjust sensitivity  

    int  newPitch = constrain ( 90 + adjustment ,  minPitch ,  maxPitch );  

    return  newPitch ;  

}  

 

// **Function to Filter Airspeed Readings**  

float  getFilteredAirspeed ()  {  

    int  rawValue = analogRead ( airspeedSensorPin );  

     

    // **Convert sensor value to airspeed (15 - 25 m/s) with calibration**  

    float  airspeed = 15.0  + (( rawValue /  1023.0 )  *  ( 25.0  -  15.0 ));   

 

    // **Apply Moving Average Filter**  

    airspeedReadings [ airspeedIndex ]  = airspeed ;  

    airspeedIndex = ( airspeedIndex + 1)  % airspeedFilterSize ;  

 

    float  sum = 0;  

    for  ( int  i = 0;  i < airspeedFilterSize ;  i ++)  {  

        sum += airspeedReadings [ i ];  

    }  

     

    return  sum /  airspeedFilterSize ;  // Return filtered airspeed  

}  

 

Appendix C - Breadboard Prototype Code with Manual Adjustment 

#include <Servo.h>  

// Pin Assignments  

const  int  voltageInputPin = A0;    // Simulated generator voltage via pot  

const  int  servoPin = 9;            // Servo control  

const  int  potPin = A1;             // Manual pitch offset  

const  int  ledPin = 13 ;             // Optional debug LED  

 

// PID constants  

float  kp = 30.0 ;  

float  ki = 0.4 ;  

float  kd = 0.1 ;  

// Target voltage: 2.5V å 512 on ADC scale 

const  int  targetVoltageADC = 512 ;  

Servo bladeServo ;  

float  integral = 0,  prevError = 0;  

void  setup ()  {  

  pinMode ( ledPin ,  OUTPUT);  

  bladeServo . attach ( servoPin );  

  bladeServo . write ( 90);   // Neutral pitch  

  Serial . begin ( 115200 );  
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}  

void  loop ()  {  

  int  rawVoltage = analogRead ( voltageInputPin );   // Reads current voltage 

(simulated)  

  float  error = targetVoltageADC -  rawVoltage ;    // PID error from 2.5V  

  integral += error ;  

  float  derivative = error -  prevError ;  

  float  output = kp *  error + ki *  integral + kd *  derivative ;  

 

  int  manualAdj = map( analogRead ( potPin ),  0,  1023 ,  - 50 ,  50);   // Optional 

manual pitch offset  

  int  pitch = constrain ( 90 + output + manualAdj ,  0,  180 );      // Adjust total 

pitch  

  bladeServo . write ( pitch );                                     // Move servo  

  prevError = error ;  

  Serial . print ( "Voltage (ADC): " );  

  Serial . print ( rawVoltage );  

  Serial . print ( " | Target: " );  

  Serial . print ( targetVoltageADC );  

  Serial . print ( " | Error: " );  

  Serial . print ( error );  

  Serial . print ( " | Pitch: " );  

  Serial . println ( pitch );  

  delay ( 100 );  

}  

Appendix D - Final PID Control Code for Linear Actuator 

#include <Servo.h>  

  

Servo pitchServo ;  

  

const  int  voltagePin = A0;  

const  int  servoPin = 11 ;  

const  int  ledPin = 13 ;   // Status LED  

  

// PID Gains  

float  kp = 150.0 ;  

float  ki = 0.5 ;  

float  kd = 0;  

  

float  targetVoltage = 2.0 ;  

float  integral = 0,  prevError = 0;  

unsigned  long  lastSampleTime = 0;  

const  unsigned  long  sampleInterval = 200 ;  // ms  

const  float  deadband = 0.05 ;  // Voltage tolerance  

  

void  setup ()  {  

  Serial . begin ( 115200 );  

  pitchServo . attach ( servoPin );  

  pinMode ( ledPin ,  OUTPUT);  

  Serial . println ( "Ready. Format: kp=100" );  

}  

  

void  loop ()  {  

  handleSerialTuning ();  
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  unsigned  long  now = millis ();  

  if  ( now -  lastSampleTime >= sampleInterval )  {  

    lastSampleTime = now;  

  

    int  raw = analogRead ( voltagePin );  

    float  voltage = ( raw /  1023.0 )  *  5.0 ;  

  

    float  error = targetVoltage -  voltage ;  

    integral += error *  ( sampleInterval /  1000.0 );  

    float  derivative = ( error -  prevError )  /  ( sampleInterval /  1000.0 );  

    float  output = kp *  error + ki *  integral + kd *  derivative ;  

  

    int  pwm = constrain ( 1300  + output ,  1000 ,  2000 );  

    pitchServo . writeMicroseconds ( pwm);  

  

    // LED ON if outside range  

    digitalWrite ( ledPin ,  abs ( error )  > deadband ? HIGH :  LOW);  

  

    prevError = error ;  

  

    Serial . print ( "Voltage: " );  Serial . print ( voltage );  

    Serial . print ( " | PWM: " );  Serial . print ( pwm);  

    Serial . print ( " | Error: " );  Serial . println ( error );  

  }  

}  

  

void  handleSerialTuning ()  {  

  if  ( Serial . available ())  {  

    String input = Serial . readStringUntil ( ' \ n' );  

    input . trim ();  

    if  ( input . length ()  == 0)  return ;  

  

    if  ( input . startsWith ( "kp=" ))  kp = input . substring ( 3). toFloat ();  

    else  if  ( input . startsWith ( "ki=" ))  ki = input . substring ( 3). toFloat ();  

    else  if  ( input . startsWith ( "kd=" ))  kd = input . substring ( 3). toFloat ();  

  }  

}  
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Appendix E - Power & Control Schematic 
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Appendix F - Windspeed Data 

 

Gear Ratio Windspeed ï 

Blades Feathered 

Voltage ï  

Blades Feathered 

Windspeed ï 

Max Pitch 

Voltage ï Max 

Pitch 

3:1 10 m/s 0 V 7 m/s 0.6 V 

3:1 13 m/s 0 V 10 m/s 1.05 V 

3:1 18 m/s 0 V 13 m/s 1.5 V 

3:1 20 m/s 0 V 13.7 m/s 1.7 V 

1:1 11 m/s 0 V 7 m/s 2.1 V 

1:1 14 m/s 0 V 10 m/s 3.2 V 

1:1 18.9 m/s 0 V 13 m/s 4.6 V 

1:1 20 m/s 0 V 13.7 m/s 5.15 V 

 

With gear ratio 1:1; at windspeed 23 m/s we are getting voltage of near 2.09, which is in 

range at 1.9-2.1 V. Also note that windspeed measurement changes as the pitch of the 

blades has an influence on the mass air flow through the wind tunnel.  
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Appendix G - Bill of Materials  



 

 

 

Appendix H - Construction Drawings  
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