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ABSTRACT  

The flight endurance is the major challenge in Quadcopter or Quadrotor or Drone applications. This paper presents the rotary power 
harvesting system using Permanent Magnet Brushless DC Generator (BLDCG) to harvest the electrical energy from the rotors of 
Quadcopter to extend its flight duration. The Energy Harvesting (EH) system is mounted rigidly to the propeller shafts of 
Quadcopter. This work mainly focuses on the optimization technique to maximize the power generated from BLDCG using 
controlled rectifiers and to compare the results with the state of the art. To detect the position of the rotor, Sensorless back emf 
detection technique is adopted. Literature survey reveals that the conventional uncontrolled rectification methods using diodes, have 
its own limitations which may not maximize the possible power due to non-optimal current and low power per ampere ratio. 
Moreover, Diode rectifiers generates harmonics to the source side and also permits only one side power flow. This problem is solved 
using Controlled rectifiers with MOSFET. A Hysteresis comparator along with the PI controller is used to regulate the DC link 
voltage. Followed by the Energy Harvesting system, the Generated output voltage is boosted and regulated using Single Ended 
Primary Inductor Converter (SEPIC) to power and charge the Quadcopter on board Lipo Battery. This proposed optimized 
harvesting system is simulated using MATLAB simulation and a complete hardware setup is built and tested in the laboratory. 
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1. INTRODUCTION 

Electrically powered UAV like Quadcopter or drone’s 
usage is increased nowadays, because of its huge applications 
in various fields such as Scientific research, surveillance, 
military, law enforcement, mining, constructional, surveying, 
security and etc., The drawback of drones are its shorter flight 
time when predominantly used in commercial purpose and 
longer duration of downtime due to battery limitations and 
recharging. The conversion of rotational energy into electrical 
energy is a well-known conventional technique right from 
bicycle dynamos to wind / hydroelectric power plants. 
Adapting this basic ideology in unmanned aircraft to generate 
back-up power is also proved in several researches using 
photo voltaic, vibrational etc.. However most of the photo 
voltaic (solar) energy harvesting only efficient at outdoor 
applications, due to less illumination in indoor. 

Out of many types of Permanent magnet generators, 
Brushless DC generator[BLDCG] is the best one and gives 
more benefits, such as wide speed range with high efficiency, 
large durability, less maintenance, compactness and higher 
power density. The energy Harvesting using BLDCG from 
continuously rotating assemblies of the quadcopter to power 
and prolong the duration is proved in [1] used conventional 
rectifiers and two boost converters were used to boost up the 
DC link voltage, without any optimization technique. 
Conventional rectification methods cannot achieve the 
optimum or maximum power possible due passive elements 
(diodes) presence and it leads to significant amount of energy 
loss [2 to 9]. Many advanced control techniques to maximize 
the power from BLDCG has presented as, zero sequence 
elimination method [3,4], minimization of torque ripples and 
joule losses [6], Digital control technique using FPGA [7], 
current control shaping algorithm using hysteresis and PI 
controller [8], direct power control technique [9]. These  

 

survey gives one of the best way to maximize the power using 
active rectifiers.This paper progresses the analysis and 
implementation of power using controlled rectifier technique. 
Sensorless back emf zero cross detection method is adopted 
to know the position of the rotor of BLDCG and Hysteresis, 
PI controller is used limit the DC link voltage. After 
controlled rectification process a Single Ended Primary 
Inductance Converter [SEPIC] is used to boost the voltage to 
the required level of onboard battery Lipo of the quadcopter. 
The SEPIC converter has many advantages [17] compared 
with conventional DC to DC boost converter. In order to use 
any dc/dc converter in renewable energy sources, it should 
have a high voltage gain and continuous input current. Their 
Voltage conversion gains are not enough for renewable 
energy applications due to high voltage gains in high duty 
ratios of power switch severely deteriorated [14] and this 
could be rectified using SEPIC converter. 

To increase the flight duration of the quadcopter using 
maximum source power is the main objective of this proposed 
plan. Whenever, the quadcopter running, the mounted BLDC 
generator coupled with the BLDC motor act as a Harvester 
circuit. The shaft of both generator and motor are joined with 
a single point attachment to rotate properly, if the alignment 
is missing it will mislead the rotation and produce heat. This 
paper is organized as follows. Section 2 reveals that the 
analysis of Brushless DC Generator, Section 3 describes that 
the proposed design and requirements, Section 4 is testing and 
result, 5 is conclusion and references.  

2.  ANALYSIS OF BLDC 

Permanent Magnet Brushless DC machines (PMBLDC) 
operated in a generator mode provides lot of advantages such 
as high efficiency, less maintenance, wide operating range, 
compactness, grater durability and higher power density.  
Based upon the back EMF induced in the stator winding PM 



machines   having two types: Trapezoidal Type (BLDCG) 
and Sinusoidal Type (PMSG). 

Before going to the analysis, to simplify it Some assumptions 
are presented [9]: 

 The generator is operated within the rated condition, 
so the generator is not saturated 

 R and L values of all the windings are equal 
 Induced Back emf waveform shape is same for all 

three phases 
 Power semiconductor devices are ideal 

 

Generators are characterized by their back emf constant (Ke) 
and winding resistance (R), the equivalent circuit of BLDC 
generator [3] is shown in Fig  1.   

 The induced Backemf  is given in equation, 

           ER = Rs IR + ( Ls- Lm) 
డூோ

డ௧
 + VR 

             EY = Rs IY + ( Ls- Lm) 
డூ௬

డ௧
  + VY                                          (1)       

             EB = Rs IB + ( Ls- Lm) 
డூ஻

డ௧
 + VB       

Where, 

 ER,EY, EB      =   Back emf of phase R,Y, and B     [V]         

    IR, IY, IB    =   Stator current of Phase R,Y and B [A]  

VR,VY,VB      =  Terminal voltage of Phase R,Y,B [V] 

          Rs       =   Stator resistance   [Ω]  

        Ls,Lm     =  Stator  Self , Mutual inductance [H]  

The mechanical motion equation is represented as:  

             Tr   = Tg + B .ωr + J .
  డఠ௥

డ௧
                                       (2) 
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Where,  

 Tr , Tg  , B, J, ωr represent  Torque of the rotor, Torque of the 
Generator, viscous friction and inertia, rotational angular 
speed .                            

 

 

 

 

 

 

 

3. PROPOSED SYSTEM DESIGN AND  
REQUIREMENTS 

3.1 System Topology 

Electrical energy can be extracted from the continuously 
rotating structures using transduction mechanism [1]. The 
system topology is shown in the Fig 2. The bldc generator 
connected to the BLDC motor by using a single point shaft 
attachment. When the quadcopter rotates, torque is 
transferred to the connected generator which initiates to rotate 
the generator to spin. This torque difference in equation 2, 
produces the emf generation in the stator winding of the 
generator. The generated Alternate Electromotive force (emf) 
is converted to DC using rectifier and filter circuit is used to 
get the  ripples free DC output. This rectification and control 
circuits are fabricated in Power management circuit. 

 

 

 

 
 
 
 
 
 
 
 

Figure 2.      Energy harvesting topology 
 

3.2 Power calculation of BLDC generator 
 
In the Three-phase BLDC generator, the average air gap 
power  [3] is obtained using the following equation: 
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ଵ

்
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்

଴
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                 k= R,Y,B 
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The induced back emf and current in all the phases are same  
as referred in the assumption then, 
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Power output from the generator is, 
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ଵ

்
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଴
 Vk (t)  Ik (t)} dt                                  (7)      

                      k= R,Y,B 
Substitute equation 1 in 7 then the three phase power is , 

 

 

Figure 1.    Equivalent Circuit of BLDC 
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Figure 3.      BLDC generator system topology with maximization of power 
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In the above equation I part indicates the average power 
generated in the airgap, II part indicates the stator copper loss 
and its constant value so neglected. III part is stator inductor 
average power will be becoming zero latter. So it is concluded 
the output power generated from the BLDC is purely depends 
upon the airgap power. To maximize the output power is  
related to the airgap power components of induced back emf 
and phase current.  

Induced back emf in the three phase BLDC generator is a 
trapezoidal waveform and due to the structure of the machine 
design it contains harmonics. This is the major disadvantage 
of BLDC generators, because of the switching delay of 
trapezoidal waveform from one phase to others. The main 
objective of this paper is to maximize the energy extracted 
from the BLDC generator and to deliver the actual power per 
ampere to DC link side. The overall energy harvesting system 
outline using BLDCG with controlled rectification in 
quadcopter is shown in Fig 3. 

The commutation of Brushless DC generator relies on its 
rotor position. To detect the position of rotor is must to know 
in which phase the emf is generated, usually hall effect 
sensors are employed for that purpose. There are several 
drawbacks using such sensors like high cost, low reliability 
of the system and extra wirings reduced the simplicity of the 
system. Moreover, Hall effect sensors are temperature 
sensitive when they mounted inside the windings, it increases 
the size and weight of the system and limit the operation. 
Henceforth a Sensorless zero cross detection technique is 
applied to detect the position of the rotor. 

  

 

 

3.3. Sensorless technique with Hysteresis Comparator 

This paper uses the Sensorless control technique using zero 
cross detection of induced emf. When quadcopter is running 
the coupled BLDC, generator rotate via shaft of the motor, 
the emf is induced in the stator winding. The terminal Voltage 
as per equation 1 is proportional to induced back emf, 
compared with back emf the voltage drop of resistor and 
inductor is very less and negligible. So, the magnitude of back 
emf and terminal voltage is almost equal and it can be 
measured using unenergized open phase because only two 
phases are energized at any time. This acquired information 
is transformed to commutate the energized phase pair to 
control the phase voltage using PWM modulation signal.  

 

 

 

 

               

 

                     Figure 4.      Hysteresis comparator  

After commutation, to control the DC link output voltage in a 
desired value and to prevent it from the fluctuation of load 
changes is important. PI controller is employed to maintain 
the DC link voltage. The predefined reference voltage is 
compared with the DC link voltage, where feedback to the 
system and generate the error signal via PI controller. By 
Proper selection of Kp and Ki values the error is getting 
minimized and then the output signal is given to hysteresis 
comparator where to reduce the unwanted noises present. The 
Hysteresis comparator uses two different threshold voltages 
like, upper (VThH) and lower threshold (VThL) values to decide 
the exact output (V0) shown in Fig. 4. The input signal 
exceeds the upper threshold the output, is transition low (VoL) 
or below the lower threshold the output, is transition high 
(VoH) therefore exact controlled output switching gate pulses 
are generated to open the MOSFET switches. The three phase 
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output signals like ZR,ZY,ZB are combined to form logical 
equations and signals , the truth table I is given below. Each 
commutation signal has 60-degree phase difference. 

Table I . Truth table for commutation signals 

ZR ZY ZB S1 S6 S3 S4 S5 S2 
0 0 0 0 0 0 0 0 0 
0 0 1 0 0 1 0 0 1 
0 1 0 1 0 0 1 0 0 
0 1 1 1 0 0 0 0 1 
1 0 0 0 1 0 0 1 0 
1 0 1 0 1 1 0 0 0 
1 1 0 0 0 0 1 1 0 
1 1 1 0 0 0 0 0 0 

 

After getting the desired DC voltage, is boosted using Single 
Ended Primary-Inductor Converter (SEPIC). Only one boost 
converter is used in this method giving equivalent 
performance where two boost converters used in earlier 
system [1]. 

3.4. SEPIC converter   

This is specially designed converter with simple controller 
and active components allows a range of DC voltage to 
maintain the constant output voltage [16]. It is able to act as 
buck and boost actions and its minimum ripple current 
increases average value of current and voltage. The exchange 
of energy between the inductors and capacitors so as to 
convert from one level of voltage to another [14]. 

When the MOSFET is turning on with high pulse, the 
inductor (L1) is charged by the input voltage and inductor 2 
(L2) is charged by SEPIC capacitor 1 (C1) shown in Fig 5. At 
that time the diode is in off condition and the output is 
maintained by the output capacitor (Cout). When the MOSFET 
is turning off with low pulse the inductors output through the 
diode to the load and both capacitors are charged. The SEPIC 
capacitor connected in series is doing to transfer the energy 
between input and output. Greater the percentage of duty 
cycle the output will be high and the duty cycle is calculated 
by using the below equation (9). 

            D =
௏௢௨௧ା௏஽

௏௢௨௧ା௏௜௡ା௏஽ 
                                                     (9) 

VD is the forward voltage drop of the diode, Vout is the output 
voltage, Vin is the input voltage of the converter. 

                                                                                                     

     

 

 

 

      Figure 5.      SEPIC DC/DC converter topology 

The SEPIC converter output is given to the lipo battery 
charger unit. LiPo batteries are rechargeable battery, using 
voltage charging method is employed to charge it. It contains 
3 cells of 3.7 Voltage, each cell charging individually and 
having 20c discharge rate. LiPo batteries are light in weight 
and keep large power in a small package. To meet the power 
requirements quadcopters, the discharge rate should be very 
high. The specification of the Lipo battery is used is, 11.1 V, 
3s, 2200mA. 

4. TESTING AND RESULTS 
 

4.1 : BLDC generator simulation model 

The simulation studies were carried out using MATLAB / 
Simulink ode23dp solver. The simulation model is developed 
for both uncontrolled and controlled rectifiers for the same 
BLDC simulation parameters.  

Simulation design parameters of BLDC generator is listed in 
table II.  

              Table II    BLDCG simulation parameters 

The BLDC generator with optimization technique Simulink 
model is given in Fig 6,7,8. 

 

 

Figure 6.  Simulink model of BLDC generator with 
power optimization technique 

 

Figure 7.      Hysteresis controller Block 

 

 

Quantity Value Unit  
Resistance 2.5 Ω  
inductance 0.65 mH  

Speed 5400 Rpm  

Torque constant (Kt) 0.00540 Nm/A  

Inertia (J) 
Emf constant (Ke) 

1.6057e-6 
0.01724 

Kg/m2 

V/rad/s 
 

 

    



 

Figure 8.      SEPIC DC to DC Boost converter 

4.2 Simulation Results 

At starting, the maximum speed of 10,000 rpm to minimum 
1000 rpm is given to the BLDC generator. For doing analysis 
of charging the battery through harvesting the speed is taken 
as 5400 rpm, which gives better comparison with the existing 
harvesting system [1]. The speed has gradually increased 
from 0 to 5400 rpm, the generator output terminal voltage 
and induced back emf, stator phase current is shown in 
below. At this speed the induced back emf is 7.4 V , stator 
terminal voltage is gradually starts from 0 to 13 Volts, and 
Stator phase current   0.13 A at 100 Ω load resistor is shown 
in Fig 9 (a),(b),(c). 

(a) 

(b) 

(c ) 

 

After rectification the DC link voltage is given to the DC to 
DC boost converter SEPIC, the Simulink model is presented 
in Fig 8. The DC link Voltage and  Current after controlled 
rectification is shown Fig  10(a),(b). 

(a) 

(b) 

   

 

The fluctuation of output voltage from SEPIC converter is 
controlled by adjusting the Duty cycle. The minimum and 
maximum value of the duty cycle is calculated based upon the 
formula given in equation [9]. The MATLAB function code 
has been written according to maintain the constant voltage at 
the output and generate the required PWM signal to SEPIC 
MOSFET.  Based upon output requirement the minimum and 
maximum voltage is calculated and fixed.  The minimum 
input voltage is 2.5 V to trigger and the maximum output 
voltage is fixed as 15 V, which is greater than the lipo battery 
rated voltage 11.7 Volt to charge shown in Fig 11.  Beyond 
15 Volts also the booster could boost, but not feasible for 
getting current, that means if output boost voltage will be high 
it will reduce the current value accordingly. 

 

 Figure 11.      SEPIC converter Output DC Voltage (V) 

 
Figure 9.   (a) Induced Back emf  (V)   
                  (b) Stator terminal Voltage Phase to Phase (V)   
                  (c) Stator Phase Current (A) 

Fig. 10      (a) DC link Voltage (V)   
                  (b) DC link Current (A) 



At 5400 rpm the simulation result taken for uncontrolled 
rectifier and compared with proposed controlled rectifier. The 
output power Vs various load resistor for both rectifiers is 
given in Fig 12. It seems that for minimum load-controlled 
rectifier gives more output power than the uncontrolled 
rectifier. 

 

Figure12.      Output DC power Vs Load (Simulation) 

4.3 Experimental Result  

A Single harvester set [ one BLDC rotor + Generator] has 
been tested with minimum load practically, their maximum 
AC output voltage with maximum speed of 10,000 rpm and 
the current output is shown in Fig 13. The speed of the 
harvester is tested using the speed encoder with Arduino 
controller. 

                     Figure 13.     Harvester testing output                           

In existing energy harvesting system [1] they had tested only 
uncontrolled rectifiers, using two boost converters to boost 
the dc link voltage to charge the battery. The same setup is 
followed in practical, with application of optimized technique 
using single boost converter SEPIC.                                       

                                     Table III    Simulation Vs Hardware 

 

The hardware test is done for both uncontrolled and proposed 
system and results were compared and presented in Fig 14. 
for output power Vs various load. In table II the simulation 
and hardware result of controlled and uncontrolled rectifiers 
are presented. Due to the same shipping and cost constraint 
[1] the BLDC generator has procured from scrabbled desktop 
Hard disk drive. 

 

Figure 14.      Output DC power Vs Load (Hardware) 

4.4 Discussion of Results 

Simulation and Hardware result seems that by using the 
controlled rectifier gives the better output power than the 
conventional uncontrolled system. The result comparison in 
table II, the output power is maximized to 52% compared 
with the conventional system. The simulation result is higher 
compared with the experimental result, because generator 
losses and time delay are not considered in simulation, current 
and induced voltage shape could be possible to keep in-phase 
in simulation.  

PIC16F877A controller has employed for controlling action 
of all controls including Hysteresis and PI control via 
program. At the time of operation each rotor requires a power 
of 2000mA at its level flight, and four rotor needs 8000mA, 
Uncontrolled rectifier, Sepic converter needs 300mA, and for 
controlled rectifier, Sepic converter needs 500mA 
approximately. At 5400 rpm   single harvester with un 
controlled rectifier produces 600 mA , and controlled rectifier 
produces 900 mA with minimum load resistance 10 ohm. If 
four rotors are connected parallel the current could be added 
and the flight duration for both rectifiers is compared in table 
III. It shows that the duration extended by controlled 
optimization method is 29 % higher than the uncontrolled 
rectifier method.  This result is given in table IV tested in 
laboratory without calculating the overall payload of 
quadcopter. 
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Table  IV.       Flight Duration Comparison         

 
 
Parameter 

 
Harvested 
Current 
   (mA)  
 

 
Total 
Voltage 
    (V) 

 
Total 
Power 
  (W) 

Total Amps 
Required 
for Flight 
operation 

Actual 
Duration 
(mins) for 
2200mA 
Battery 

 
Harvested 
current in % 

 
Extended 
Duration 
(mins) 

 
Overall 
gain 
(%) 

Uncontrolled 
rectifier 

2400 15 36 8300 15.5 28.9 6.8 43.8 

Controlled 
Rectifier 

3600 15 54 8500 15.5 42.3 11.3 72.4 

 

The BLDC generator is mounted to the rotor of the 
quadcopter should be fixed in same axis is an important one, 
to reduce the unwanted heat loss. The generator is mounted at 
the top of the rotor and tested the overall circuit test setup 
shown in Fig 15.  For this setup the mounted bldc generator 
with the rotor is clamped using some external components 
and need special frame setup for wires to extract the harvested 
energy. Without changing the design frame, the harvester can 
be connected at the extended shaft of the rotor at the bottom, 
the structure and harvester connection is explained . 

 

4.5 Harvester Connection 

To increase he flight duration of the quadcopter using 
maximum source power is the main objective of this proposed 
plan. So, to connect the generator at exact place of the rotor 
of the Quadcopter is an important one. The shaft of both 
generator and motor should be joined with a single point 
attachment to rotate properly, if the alignment is not proper it 
will mislead the rotation and produce heat. All hardware test 
has done as per the existing harvesting system [1]. But to 
avoid the entangles of the wire the harvester can be placed at 
extended shaft part of the rotor. The diagram and picture 
shown in Fig 16, the connection of bottom fixed generator at 
the extended shaft of the rotor. The advantage of this 
connection is there is no any extra designing proposal not 
required. The output wires from the generator can be easily 
taken out without disturbing the propeller of the quadcopter.   

               

   

                           

                  

5.  CONCLUSION 

An optimization technique for maximizing power harvested 
from the BLDC generator using the rotational propellers of 
the quadcopter has been demonstrated. By comparing the 
conventional (Uncontrolled)method with that of our proposed 
method it is evident that 52 % more output power is achieved 
using this technique. A MATLAB simulation for the energy 
harvesting was carried out and the results are validated using 
the laboratory experimental setup. It is also observed that 
compared to two boost converters used in earlier works single 
boost SEPIC converter has given equivalent performance and 
it is economical. It is concluded   that from table IV , 42.35% 
of the harvested current is sufficient to increase the extra 
flight duration of quadcopter by 11.4 mins which is 29 % 
higher compared with conventional technique. Testing has 
occurred at a speed range of 5400 rpm. If the speed is 
increased further at flying time, the current generation level, 
charging of onboard battery can be improved further.  

 

Fig.23      Hardware setup 1 

 

Figure 15.      Hardware Test setup Figure 16.     Bottom fixed harvester 
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