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Sensorless Control of Outer Rotor Brushless DC
Motor With Back-EMF Observer for Drone

Ali Sinan Cabuk

Abstract— The outer rotor brushless direct current motor,
which is a highly speed, efficiently, silence and long-life motor, is
the most popular motor for drones. Control methods of this type
of motor is the most important parameter to be considered. The
hall effect sensors, that used in BLDC motor, are not trustable in
control applications therefore the back-EMF observer method can
be operated for sensorless control. Reducing the production cost
of the drive for drone applications is one of the primary goals of
manufacturers. Manufacturing cost reduction is often achieved by
eliminating driver auxiliary components such as sensors. The use
of these sensors, which are important for the detection of rotor
position, has been eliminated with sensorless driver designs. This
study presents a sensorless outer rotor BLDC motor driver
algorithm with back-EMF observer with motor input terminal
current and DC bus voltage independent of rotor speed. The
sensorless driver model proposed in the study was implemented
for a 330W drone motor with a rated voltage of 14.8V. The
proposed sensorless control algorithm is proved by
MATLAB/SIMULINK results.

Index Terms—Back-EMF observer, sensorless control, outer
rotor BLDC motor, drone.

I. INTRODUCTION

HE USE of ground-controlled aircraft (drones) is increasing

day by day. These vehicles have many uses such as
observation, military activity, racing, cargo, emergency and
mapping.

Since the equipment in the systems of unmanned aerial
vehicles does not have a sufficient level of development, their
use has been restricted until today [1]. The equipment of drones
has also improved with the effect of technological
developments. In recent years, it has started to take a place in
daily life thanks to the increasingly developing microcontroller
elements and batteries with increasing energy density. Thus, it
is becoming more and more important with new emerging areas
of use such as rapid seeding and control of large planting areas
in agricultural areas, interfering with fires in the upper floors of
skyscrapers in daily life, and distribution of food and cargo
[2,3].
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They provide benefits in many areas, especially in shortening
the work time, reducing the cost and providing security with the
use of drones. The equipment on the drone body generally
consists of four brushless direct current motors, propellers,
electronic speed controller, flight controller, battery and
remote-control system. Depending on the purpose of use,
equipment such as cameras can be added to their equipment
[4,5].

Unlike conventional DC motors, brushless DC (BLDC)
motors require electronic commutation. In order for electronic
commutation to occur, the position of the magnets in the rotor
of the brushless direct current motor must be transferred to the
microcontroller [6,7,8]. The rotor position can be transmitted in
two ways: with and without sensors. In the sensor method, the
rotor position is transferred by adding a sensor to the motor.
Control systems made with this method have many
disadvantages such as high cost, construction complexity, cable
requirement (for sensors inside the motor), low reliability, and
difficulty in mounting the sensor to the motor. To avoid these
disadvantages, sensorless methods have been developed. In
addition to the many advantages of sensorless control systems,
it also has difficulties in creating a control algorithm [9,10].

Sensorless control systems contain different algorithms. One
of these methods is to find the Zero-Crossing Point (ZPC) by
comparing the back-EMF signal with DC bus voltage. In this
method, fluctuations that occur as a result of the direct current
busbar terminal voltage being affected by motor movements are
not a preferred method because they cause instability in motor
control [11]. The disadvantages of the zero-cross point detector
method are solved by adding a low-pass filter. However, due to
the low-pass filter structure, its use is not preferred because it
causes back EMF errors [12]. Another control method is field-
directed control. Complex algorithm expressions required for
field-oriented control cause limited use due to memory size in
microprocessors [13]. In the 3rd Harmonic detection method,
which is another control method, the fact that the 3rd Harmonic
has 3 times the frequency of the 1st Harmonic caused errors due
to the low-pass filter, thus reducing a sensitivity of this system
[14]. Apart from these disadvantages, starting the motor
becomes a problem as a result of the absence of the back emf
signal at low speeds.

In this study, the back EMF observer structure was used to
both measure the back EMF at low speeds and to eliminate the
negativities in the literature. Lithium battery is used as direct
current busbar and 330W, 14.8V outer rotor BLDC motor is
used with back EMF signal observer. In this sensorless control
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method modeled in MATLAB/Simulink, the drone is
considered to carry a low load like mail. The parameters used
throughout the study were arranged according to this drone

type.

Il. MATHEMATICAL MODELLING oF BLDC MOTOR

BLDC motors, which have been widely used in recent years,
are also used in unmanned aerial vehicles and especially drones.
The outer rotor BLDC motor, that is external rotor, is the most
preferred electric motor type in these vehicles. The working
principle of the outer rotor BLDC motor is relied on on the
interaction of the magnetic field generated via an outer rotor
with the magnetic field generated via a stator, thus
synchronizing it. In order to ensure this synchronization, the
stator winding is switched on and off. The switching of the
windings is accomplished electronically using power
electronics semiconductors.

The voltage equations of the outer rotor BLDC motor are
given in Equation 1,2,3. In these equations, the stator resistance

and inductance are considered equal for each phase

(Ra=Rs=Rc=R) (La=Ln=Lc=L) [15,16].
ua=Ria+L%+ea @
ub=Rib+L%+el7 )
uC=RiC+L%+eC )

Where i,, i, and i, are currents of phases, R is resistance of
phase, L is inductance of phase, e,, e and e, are back-EMF
values, u,, u,, u. are voltages of phases.

When an outer rotor BLDC motor starts to rotate, back emf is
produced as a trapezoidal in each winding. The currents of
three-phase fed to the BLDC motor are in a form of a square
wave for constant torque generation. The back-EMF produced
related to the rotor position as in Equation 4.

E=K, o 4

where K, is constant of back-EMF, w is the rotor angular
velocity. The instantaneous back-EMF is

eq = fa(0) E ®)
ep = fp(6) E (6)
e.= f.(O)E (7)

where @ is position of the rotor.
The expression f (8) for each phase;
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((g)e (0<6< 1/6)
1 (m/6 <0 < 51/6)

fa(8) =1 — (g) 6+6 (5m/6 <6< 7m/6) ¢
-1 (7n/6 < 6 < 117/6)
(g)@—lZ (11m/6 <0 < 2m)

-1 0<6< 1/2) 9)

(g>9—4 (m/2 <6 < 51/6)

fr@) =4 1 (51/6 < 6 < 97/6)

- (g) 0+10  (9n/6<06< 117/6)

1 (11m/6 <6 < 2m)

1 (0<6 < 1/6)

—(g)e+2 (m/6 <6< 1/2)

f(@) =1 -1 (/2 <6< 71/6)

(7Tm/6 <60 < 971/6)
1 9m/6 <6 < 2m)

The rotation direction of the motor must be observed in the 6
position conditions given in Equations 8,9 and 10. The torque
value produced by each phase is corresponding to the related
phase current and depends on the rotor position. The overall
electromagnetic torque via the motor is given by Equation 11.

T = K A{fa@)ia + f,(0) i, + fe(O)i}w (11)
where K, is constant of torque.

The equation of motion of a simple system is as in Equation
12.

Te=](ci—?>+3w+n (12)

where J is inertia moment of the motor, T, is load torque
[9,15,16].

I1l.  SENSORLESS CONTROL OF OUTER ROTOR BLDC MOTOR

A. Back EMF Sensing

Although the use of sensors for the rotor position data of the
outer rotor BLDC motor provides easy control, it causes
disadvantages such as cost and manufacturing difficulties.
Sensorless control does not have these disadvantages. Different
algorithms are used for sensorless control [17]. In the control of
outer rotor BLDC motors used in drones, it is more appropriate
to use a sensorless control method due to space limitations and
cost factors. In this study, the back EMF observer method was
used because it is simple and inexpensive.

This method uses to stimulate two phase winding of an outer
BLDC motor windings for a prespecified time. An outer rotor
at the time move to align to an exact position. An open-loop
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control system is implemented to speed up the BLDC motor
from standstill with a known preliminary position of rotor and
a known commutation. The sensorless system senses the Zero
Crossing Points (ZCP’s) of back-EMF induced in stator
windings. The three-phase back EMF ZCP’s are detected when
one of stator windings are not voltage. The acquired data is
operated with the aim of commutation control the winding
voltage and energized phase pair operating Pulse Width
Modulation (PWM) [8].

One disadvantage of back-EMF method has high frequency
noises. Since PWM is used as the switching method, adding a
resistor to each phase causes high frequency noises. Therefore,
a low-pass filter is given preference to reduce a noise of the
signal. The back EMF is obtained by comparing the filtered
signal with the neutral reference voltage in a signal comparator.
The signal comparator produces a low to high signal when the
back-EMF changes from negative to positive, and a high to low
signal when the back EMF changes from positive to negative
[8,18]. Therefore, ZCP’s are found as given in Figure 1 by using
the back-EMF sensor circuit for each phase.

0

iy, o tp— 7D

N = izcp; i 0
:51,56:51,5S2:52,S3:53,S4:54,S5:S5,S6:

Fig.1 Zero crossing points of the back-EMF [18]

The back-EMF ZPC controls outer rotor BLDC motor driver
by finding the point where the back-EMF signal of a de-
energized phase passes through zero. This zero crossing begins
a timer, that can be ordinary an R-C time constant, allowing the
transmission time to be determined for the next switch [18].

In order to minimize the moment ripple, phase current should
be given in the region where the phase back EMF is flat region.
After the zero-crossing point is found, the commutation point is
found with a 30 degree offset. Since each phase is in 120
degrees conduction, one phase is de-energized at all intervals.

B. Sensorless control method

The proposed method, that is back-EMF sensorless control, is
based on the determination of the rotor position using a
trapezoidal back-EMF of outer rotor BLDC motor. Due to a
back-EMF of the outer rotor BLDC motors are not directly
sensed, they are predicted via the input observer. The observer
is designed via a back-EMF assumed input of outer rotor BLDC
motor drive system [19].

Figure 1 shows the correlation between back-EMF and the
commutation moments of the stator winding currents. All
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ZCP’s of the back-EMF ey, ep, and eq /6, w/2, w, 47/3, 57t/3
and 2= (0), correlate with the six commutation points are given
in Figure 1.

A formula is required to predict the Back-EMF line using
detectable electrical parameters. Assuming the inductances and
stator resistances of the three stator windings are equal and
symmetrical, the line voltage formulations of the outer rotor
BLDC motor are expressed as in Equation13, 14 and 15 [18,19].

€ac = uac_R(ia_ic)_(L_M)%(ia_ic) a3
d

€pa = uba_R(ib_ia)_(L_M)E(ib_ia) (4

(15)

d
€cp = ucb_R(ic_ib)_(L_M)E(ic_ib)

where eac, €pa and egp are the line back-EMF, Uac, Upa and ug, are
the line voltages.

It is seen in Equations 13, 14 and 15 that the back-EMF value
is correlated to the phase current, motor parameters and line
voltage. The inductance value of the stator changes depending
on the rotor position of the motor. It is quite hard to sense this
value in real time. Therefore, Equations 13, 14 and 15 should
be simplified. The differential terms in Equation 13, 14 and 15
are omitted as they have no effect on the detection of ZCP
[18,19]. A simplified version of the equations for the motor
rotates clockwise;

€qc = Uqe + R(i) (16)
€pa = Upg + R(ig) (17)
ecp = Uep + R(ip) (18)

The simplified version of the equations stated when the motor
rotates counterclockwise can be defined as in Equations 19, 20
and 21.

€ac = Uge — R(iy) (19)
€pa = Upq — R(ip) (20)
ecp = Uep — R(ic) (21)

With these simplified formulas, the line back-EMF is
calculated. As shown in Figure 2, Hac, Hea and Hcg are
transformed to digital position signal. These signals of the
positions are the same like the signals of the hall position.
Digital position signals have a correlative offset from each other
by 120 electrical degrees. These can be triggered simply using
the commutation action. The commutation takes place during
the forward or reverse transition of any of the position signals.
Accordingly, the corresponding commutation control
procedure for the rotor position and the outer rotor BLDC motor
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can be acquired [18,20]. Accordingly, the corresponding
commutation control procedure given in Table 1 can be
obtained.

COMMUTATION CONTROL M-IEI'AI'EIE)IIEDIOF THE OUTER ROTOR BLDC
MOTOR [18]

Rotor Hac Hea Hcs Active Active
Position Phase  Switches
VIi—I Forward 0 1 +A, -B S1, S6
—Il 1 0 Backward +A, -C S1,S82
H—Il 1 Forward 0 +B, -C S3, 82
IH—IV  Backward 1 0 +B, -A S3, 54
IV—V 0 1 Forward +C,-A  S5,54
V—VI 0 Backward 1 +C, -B S5, S6

IV. SIMULATION

In the study, the outer rotor BLDC motor used in low cost
and general-purpose drone applications was used. This type of
drones are mostly used for entertainment purposes, cost priority
drones. The electric motor of drone data subject to the study are
given in Table 2.

TABLE II
PARAMETERS OF THE OUTER ROTOR BLDC
Parameter Value
Stator Diameter [mm] 22
Max. Continuous Power [W] 330
Rated Speed [rpm] 4235
Operating Voltage Range[V] 11.1-14.8

Vol. 9, No. 4, October 2021

Y

Back-EMF

observer

Fig.2 The back-EMF observer block diagram [19]

According to the back-EMF observer block diagram, the
MATLAB/Simulink block of back-EMF observer model is
given in Figure 3.

MOSFET or IGBT can be used as switch in BLDC motor
driver. This selection is made according to switching frequency
range, the motor's voltage and current. While MOSFETS are
used in high current and low voltage practices, IGBT is
preferred in high voltage high current applications [21]. Since
BLDC motors used in drones will operate at low voltage,
MOSFET selection would be more ideal. MOSFET is used in
the model used in this study. The signals received from the outer
rotor BLDC motor driver MOSFETSs can be easily accessed
with the help of the 3-phase V-1 calculator, the voltage and
current values of all three phases.

For the MATLAB/Simulink model to be realistic, a load
torque of 2.5Nm is used for the proposed motor model. The
voltage and current measurements taken from the motor input
were transferred to the back-EMF observer. These signals of the
outer BLDC motor can be found according to the input voltage
and current values with the back-EMF observer. It is very
important for the back-EMF observer to determine the desired
moments. The back-EMF observer block diagram is shown in
Figure 2.
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| |

Fig.3 Simulation model of back-EMF observer

ZCP’s are determined with “Compare to Zero” in the signal
generator block of these signals. Thus, it is provided to generate
signal signals to MOSFETS at the desired time.

MATLAB/Simulink of the outer rotor BLDC motor
sensorless driver with Equation 1 to 18 was used in the
modelling the system. MATLAB/Simulink model of the outer
BLDC motor is given in Figure 4 can be created with the
equations given before.
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Fig.4 Simulation model for the outer rotor BLDC motor

V. RESULTS OF SIMULATION

To verify the operation of the recommended method,
MATLAB/Simulink simulations of the outer rotor BLDC
motor driver system were carried out with the sensorless control
method. The parameters shown in Table 3 were used in this

simulation.
TABLE Il
SIMULATION PARAMETERS
Parameter Value
Rated Voltage [V] 14.8
Rated Speed [rpm] 4235
Number of Poles 14
Stator Resistance [mQ] 100
Stator Inductance [mH] 8.5
Current [4] _ i Cusmtof Phasa A _
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Fig 5. Input currents of outer rotor BLDC motor

After build the MATLAB/Simulink model in Figure 4, the
input voltage was determined as 14.8 V DC voltage, that is the
operating voltage range of the outer BLDC motor. DC busbar
consists of 4 pieces of 3.7V batteries for a realistic approach.
As a result of the simulation study, the input current curve and
the input voltage curve are as in Figure 5 and 6.

The input currents in Figure 5 are similar to the expected
stator currents. At any time “t”, 2 phases are in conduction and
the other phase is not in conduction. The instantaneous current
sums are zero. Figure 6 shows the voltage generated as a result
of triggering the MOSFETS by switching the input voltage at
certain moments.

When the input voltage and current signals of the model are
examined, it is seen that the stator currents occur with areas
where the back emf is flat as expected.

'l'-nl]:ag)e V] nput Vioage of Phase A_

WL

Input Volage of Fhase B

N

Input Voltage of Phase C

UL

T}
Time [5]

Fig 6. Input voltages of BLDC motor
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As can be seen in Figure 7, the trapezoidal back EMF peak
value is almost half of the DC bus voltage. There are 120
degrees positive, 120 degrees negative and 120 degrees
transition moments.

Voltage [V] Barch EM

F of Phase A

Fig 7. Back EMF of BLDC motor

The outer rotor BLDC motor used for operation is a motor
with low Kv (constant velocity of a motor). Since it is a low-
loaded transport aimed with the drone, this type of motor was
preferred in order to be suitable for the long propeller structure.
How much torque per ampere will be obtained from drone
motors is also related to the Kv value of the motor. The lower
the Kv value, the higher the torque available from the motor per
ampere. Large propellers can be fitted as motors with low Kv
will give high torque. For the same amount of torque, a high Kv
motor will draw more current than a low Kv one.

Rotor Speed

Speed [rpm]

Time [s].
Fig 8. Rotor speed of BLDC motor

It is seen in Figure 8 that the selected motor accelerates to
the desired rotor speed according to the Kv value and the
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propeller size. Since the model is open loop, there are very low
fluctuations in speed.

Due to the same situation, output torque ripple is seen in
Figure 9. It is understood that the obtained moment value is
suitable for the load.

Torque [Nm]

|1
.I.I._'IIII|I.I|}.!I;|I|||~!I|ll!1||.!II.I_II.I|||IIIIPJ
1 I.|I'|-II' .II-I iRl ...'|II {4 nn it :"-||I.I
i 1 |

Time [5]
Fig 9. Output torque of BLDC motor

VI. CONCLUSION

The use of drones is increasing in daily life, industry and
military applications. The most important problems of drones
are the limited flight times and the difficulties of their control.
All of the studies are on the fact that their controls are simpler
and cheaper. This article focuses on the sensorless drive
method, which is better than sensor drive systems. Sensorless
outer rotor BLDC motor driver is modeled with back EMF
detection, which is one of the sensorless drone drive methods.
This control method has advantages such as cost, simplicity and
reliability. In this study, the sensorless operation mode is based
on the zero-crossing detection algorithm. The major benefit of
back-EMF observer is a simplicity of determining of rotor
position. The method uses terminal currents and voltages for
rotor position determining. Simulation results are appeared
which confirm the suitability of the proposed method.
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