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Recently, small multi-rotor drones have become popular. Conventional drones have simplicity with a fixed pitch an-
gle of the propeller. Now, attempts to use drones for industrial purposes are currently underway, and in particular, large
drones and flying mobilities are attracting attention. Variable pitch propellers are being considered and researched for
such applications that require more advanced performance. Variable pitch propellers can achieve higher responsiveness
than those controlled by rotational speed, but efficiency deteriorates when only the pitch angle is changed. In this study,
we propose a method to improve the power consumption in the steady-state while achieving high responsiveness in the
transient state. Both the pitch angle and the rotational speed are controlled using frequency separation to achieve the
high responsiveness. The operation point in the steady-state is determined to minimize the power consumption or to
achieve the high thrust. The effectiveness of the proposed method is verified by simulations and experiments.
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1. Introduction

1.1 Recent drones and variable pitch propeller In
recent years, the use of small unmanned aerial vehicles (after
this, referred to as “drones”), mainly multi-rotor helicopter
types, has been spreading rapidly. In particular, there is an in-
creasing number of attempts to use drones for industrial pur-
poses. In inspection and surveying, they are used for main-
tenance, inspection, and monitoring of bridges, power lines,
etc. In addition, they have been used for dangerous manned
tasks such as radiation dosimetry and volcanic gas measure-
ment @,

One of the factors that have made the multi-rotor type
mainstream and widespread is the simplicity. Unlike the
single-rotor type, the multi-rotor type has several propellers
of whoes pitch are fixed and only the rotational speed are
controlled. Instead, the multiple rotors are controlled inde-
pendently to achieve stable flight despite the simplicity ©.

However, the fixed pitch propeller itself has a low degree
of freedom due to the absence of a pitch angle change mech-
anism, which limits the performance. Also, in the future,
drones are expected to be used in large vehicles such as flying
cars and in industrial applications, which will require more
sophisticated control. Therefore, the application of variable
pitch propellers to drones, which can change the pitch angle,
the angle between the propeller blade chord and the rotation
plane, is being studied to improve the characteristics of the
drones by taking advantage of the high degree of freedom.

Variable pitch propellers themselves have been used in
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Fig. 1.

Variable pitch propeller

propeller-driven aircraft and helicopters. Our group has also
researched on the application of variable pitch propellers in
electric aircraft (EA). The research conducted in the past in-
cludes power consumption minimization control by optimiz-
ing pitch angle and rotational speed @, and regenerative en-
ergy optimization control .

1.2 Purpose of this study The following three points
are mainly pointed out as the advantages of applying variable
pitch propellers to drones in the previous studies.

o High responsiveness to achieve stable control ©

e Reduction of power consumption

o Suppression of noise and vibration ” ®
In addition, there are researches on the application of re-
versible thrust generation to special airframe shapes. ” @

Among the above, the issues of responsiveness and power
consumption are critical because they are greatly aggravated
when aircraft become larger. In this respect, the application
of the variable pitch propellers is a great advantage. The
problem of the power consumption is also an issue in EA and
the reduction of motor weight is researched. " For drones,
the power used for hovering is larger and becomes more im-
portant. In addition, the responsiveness to respond to distur-
bances is required higher level for drones because they hold
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their attitudes and position only by the thrust of the propeller.

In a previous study that focused on the response of the vari-
able pitch propellers, it was pointed out that controlling the
propeller pitch angle only dominantly improved the response
of the attitude control compared to the conventional control
based on only the rotational speed®. The effect on the re-
sponsiveness is particularly severe when the rotor diameter
increases. However, this control method deteriorates effi-
ciency. On the other hand, it has been analytically pointed
out that the power efficiency can be optimized based on the
model of the variable pitch propeller. ©

This paper focuses on the precise control of the thrust
force. The proposed method controls both the pitch angle
and the rotational speed to achieve high responsiveness and
reduce power consumption. The controller includes a fre-
quency separation technique in order to utilize the actuator’s
characteristics efficiently.

2. Drone Propeller Dynamics and Model

The force generated by the propeller is explained by the
blade element theory, which considers the force acting on a
small portion of the blade surrounded by an arbitrary radius r
and r +dr. Fig. 2 shows forces actiong on the propeller blade
element.

The differential lift dL and differential drag dD acting on
the wing element are calculated as

1
dL = Ep(rw)chCdi’ .......................... (D

1
dD = Ep(ra))ZCDCdr .......................... 2)

where w is ratational speed, p is air density, C is chord length,
and C, and Cp are constants of lift and drag respectively.

In the case of drones, the thrust and counter-torque gener-
ated by the entire propeller are equal to the sum of the lift L
and drag D acting on the propeller blades, because the air-
craft’s airspeed V is almost zero in near-hovering flight con-
ditions. Thus these forces are calculated as (3) and (4) by
integrating (1) and (2) over radius r and multiplying by the
number of blades b.

b R
F =bL = zpaﬂf CLCrzdr .................. (3)
0

b R
0= bD = Epwzf CDCrzdr ................. (4)
0

The lift and drag coefficients C; and Cp are dimensionless
coefficients that depend on the aerodynamic settings of the
propeller and the air around the propeller. These coefficients
can be represented by first- and second-order functions for
the propeller pitch angle @ respectively. These models are

shown in (5) and (6).

CL = Quia+apy - evrrrrrrreeee e (5)

Cp = App@® + Ap @+ App =+ rrrrrrrrrreeeees (6)

From these equations, the thrust and counter torque gener-
ated by the propeller calculated by (3) and (4) are rewritten as
product of a coefficient that varies with the angle and a term
that depends on the rotational speed. Therefore, the follow-
ing equations can be derived.

F = (Bpi@ + brg) 2 v vvvvrreereeenninnnneeen. (7)
0= (bQ2a2 +bgra + bQO) W2 oo (8)
The equation of motion of the electrical motor is
d
T—Q:Jm?a:q_waq_TC’ .................... 9)

where J,, is inertia motor of the motor and propeller, B,, is
viscosity coefficient of motor and T¢ is coulomb friction.
At this time, the input to the propeller is

P=wT
= (bQ2a2 + lea + bQ()) (,4)3

d
+ B,w’ + (Jw?a; + Tc) (O, +ovemennenans (10)

Thus the power consumption also depends on the rotational
speed and pitch angle.

3. Proposal of Thrust Control by Frequency Sep-
aration for Variable Pitch Propellers

3.1 Frequency-Separated Thrust Feedforward con-
troller The method of thrust control using frequency sep-
aration consists of an internal pitch angle and rotational speed
controller and a thrust controller that distributes the respec-
tive command values. In this research, the feedforward thrust
controller was designed to investigate the basic effectiveness
of frequency separation control for the variable pitch pro-
peller. The whole block diagram of the proposed controller is
shown in Fig. 3. The contents are explained in the following
subsections.

3.1.1 Pitch angle and rotational speed controller
The pitch angle and rotational speed used to control the thrust
are controlled as a first-order system. Pitch angle « is con-
trolled as a first-order system around the aerodynamic center
of the propeller blade by the dynamics of the motor.

The rotational speed controller consists of a proportional
controller with feedforward compensation by a model of the
disturbance torque to the motor and feedback compensation
by a disturbance observer. By using these compensator, the
plant is nominalized and interference is not need to be con-
sidered. By this controller, the system can be assumed as a
first-order system. The current control is sufficiently fast in
the inner.

The respective transfer functions are shown in (11).

Aa 1 Aw 1

At Tas+ 1 Aw*

............ (11)

TS+ 1

where 7, and 7, are response time of each controller.
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Fig.3. Block diagram of frequency separation feedforward control

3.1.2 Thrust controller The thrust controller allo-
cates from the thrust command value to the respective com-
mand values of pitch angle and rotational speed.

Firstly, the thrust model shown in (7) is linearized about
the operating conditions a( and wy.

AF = bpywiAa + 2wo(bpia + bro)Aw
= aAa + bAw

The first-order delay in the control from the command val-
ues of the pitch angle and rotational speed a*, w* to the actual
values @, w shown in (11) are considered.

AF = A"+ ————— AW e

Tes + 1
Considering this equation, a simple feedforward controller
from the command value of the thrust AF™ to each actuator
command value of the rotational speed and pitch angle is de-
signed to set the control of thrust as a first-order system with
the desired time constant 7 as shown in (14). The controllers
designed are shown in (15) and (16).

1
AF = " lAF“’f ............................ (14)
TS
. Tas+1 1 £
Aot = Cx- ref 15
@ a o s+ 1 s
TS+ 1 1
Awt = =2 ‘Y- ref 16
@ b y s+ 1 (16)

where, steady-state values are determined by the control dis-
tribution x and y.

3.1.3 Allocation design In the proposal, the alloca-
tion of the command values are designed considering the fol-
lowing two conditions.

(i) In the transient response, the propeller pitch is used
for the high-frequency component and the rotational
speed is used for the low-frequency component.

(i1) In the steady-state, it transitions to the desired com-
bination of the rotational speed and pitch angle. (Ro-
tational speed and pitch angle of the transition destina-
tion can be determined by other factors such as power
consumption.)

By determining the desired rotational speed Aw™ and
pitch angle Aa™' in the final steady-state, the final values
kq, ko, of the allocation terms x,y, shown in (15) and (16),
can be calculated as

ref

a
A Fref

ka — A aref

b
ko = AFref
By calculating these equations, the condition (ii) is taken into
account.
As the premise of the equations, the desired combination
of rotational speed and pitch angle in the steady-state is deter-
mined to satisfy the equation (19) to avoid steady-state error.

F+ AF = (b (o + 2™ + by} (w + Aw™) - (19)
{1 ( )+ bof ( )

Furthermore, condition 1 of the transient response can be
taken into account by applying a low-pass filter (LPF) with
a time constant of 7; to the command value on the slow-
response speed side and adding the remaining high-pass filter
(HPF) portion to the pitch angle. As a result, the command
value allocation is
T8

X = Ky 4 ke (20)

715+ 1

L (21)

Cris+1°

By substituting these into the equation (15) and (16), the
thrust command can be separated to command values of rota-
tional speed and pitch angle since x + y ~ 1, and achieve de-
signing the thrust response by feedforward control and tran-
sition to the desired operating state.

3.1.4 Optimization of propeller output power One
of the advantages of being able to control both the rotational
speed and pitch angle is that the thrust can be generated by
a good combination of them in the steady-state. A possible
method of calculating the combination of the rotational speed
and pitch angle is to make it conditional on the reduction of
power consumption. A method of controlling the rotational
speed and pitch angle to optimize the power consumption
by the propeller in steady-state can be calculated as follows.
Here, the power consumption of the pitch servo is considered
to be smaller enough than main motor.

Assuming that the frictional term in (10) is sufficiently
small, the power consumption by the propeller is highly de-
pendent on the counter-torque by the propeller.

P=wQ= (szCL’2 + lea/ + bQo) 0.)3

When operating in certain thrust, from (7), the rotational
speed can be expressed using the pitch angle as follows:

F
P 2
© bF1a/+bF0 ( 3)

From (22) and (23), the power consumption is
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bQ2a2 + lea + bQ()
P ( . )F%. ................ (24)
(br1a + bpo)?

Thus, @ which minimizes P is

B 1
2bprby

+ {(4bD2bL0 —bpibpy)?

a [— (4bpabro — bpibrr)

1
—4bpobry 2bpibro — 3bL1bDO)} 2] """"" (25)

and is constant regardless of F. This means that in order to
reduce power consumption while prioritizing responsiveness,
the strategy of using the pitch angle only in transient response
and then gradually converting it to the rotational speed and
returning to the optimum pitch angle is effective as long as
the model of (22) is assumed.

3.1.5 Thrust range expansion control On the other
hand, in the method of operating at the optimum pitch angle
in the steady-state, the motor current limit determines the ro-
tational speed limit, which determines the upper limit of the
thrust that can be output.

Fig. 4 shows example of the constant thrust line, current
limitation and power optimum line calculated by (7), (8) and
(25). As shown in Fig. 4, the output thrust increases by lower-
ing the pitch angle and increasing the rotational speed while
the maximum torque value Q,,,, is constant. Thus, when
the current value reaches the maximum value, the method
of changing both pitch angle and rotational speed becomes
effective for the final steady-state.

4. Simulation

A simulation is conducted to verify the proposed method.

The simulation model uses the parameter of propeller of
DTS 300. The lift and drag coefficients of this propeller are
shown in Fig.5.

The motor parameters are the values of the motor used in

Table 1. Lift and Drag coefficients

Parameter Value
bri 1.32x 107
bro -3.61x 107
bz 420x 1078
bo1 -1.32x 1077
boo 2.34x107°

Table 2. Step response simulation conditions

Parameter Value
Operating rotational speed wq 800 rpm
Operating pitch angle e 11.8°
Operating thrust Fy 12N
Thrust reference AF™f IN
Time constant of rotational speed control 7,, 0.27s
Time constant of pitch angle control 7, 0.04s

Time constant of frequency separation filter 7, 0.1s
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Fig.6. Simulation result

the experiment setup, and a limit of 10 A is set for the current
value.

4.1 Feedforward control simulation The step re-
sponse of the thrust dimention only using the feedforward
controller are verified in the simulation. The conditions are
shown in Table 2.

The result of the simulation is shown in Fig. 6. Fig. 6(a) is
the step response of the thrust, Fig. 6(b) is the power which
consumed in the propeller, and Fig. 6(c) is the motor current.
As shown in Fig. 6(a), the 3% settling time of the feedfor-
ward thrust control using only the rotational speed was about
1s slower than that of the feedforward control using only the
pitch angle and the proposed method. As shown in Fig. 6(c),
in the feedforward control using only the rotational speed, the
motor current reached the limits of 6 A. The reason is that
excessive current value was required in order to increase the
response from the original time response. This current sat-
uration causes deterioration of the step response. The thrust
control by pitch angle only and the proposed method did not
reach the current limit and followed the designed thrust.

On the other hand, one of the problems is the error in tran-
sient response caused by linearization. In the theory of the
proposed method, the thrust is approximated by a first order
system by considering x + y =~ 1, in (15) and (16). However,



Table 3. Range expansion simulation conditions

Parameter Value

Operating rotational speed wy 1000 rpm

Operating pitch angle @ 11.8°

Operating thrust F 1.7N
Thrust reference AF™f 25N
Pitch angle reference Aa'®" -3°
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Fig.8. Experimental setup

in reality, there is an error in the linearization, and this error
occurs because the allocation is calculated backward from the
rotational speed and pitch angle that have the desired thrust in
the steady-state so that there is no steady-state error. In order
to reduce the error, feedback control can be added to reduce
the error, and this is a future work.

4.2 Thrust range expansion simulation The effect
of the thrust range expansion control was also verified in the
simulation. The conditions are shown in Table 3. The final
value of the pitch angle was set as —3°.

The result of simulation is shown in Fig. 7. As shown in
Fig. 7(a), the control only by pitch angle and the control only
by rotational speed with efficiency optimum pitch angle did
not achieve the reference and remain error. On the other hand
proposed method achieved the final value. In the proposed
method, the response of the thrust once decreases when the
current reached the limit as shown in Fig. 7(b). However, this
effect is temporary and, after this, rise time was the same as
that of the control only by the rotational speed.

5. Experiment

5.1 Setup Fig. 8 shows a picture of the experimental
setup. The experimental unit consists of a linear guide, a load
cell, a motor, an encoder and a variable pitch propeller. The
load cell measures F and the encoder measures w in rad s,

Before the experiment, J,,, B, and T¢ are identified. The
identification method was based on Yokota (2020) *2.

The viscosity coefficient B, and coulomb friction T¢ of the
motor were measured by the motor torque in the no-load test.
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Fig.9. Motor-Propeller parameters identification

Table 4. Parameters

Parameter Value

Inertia moment of propeller J,, 4.0 x 10 kgm?
Viscosity coefficient of motor B,, 4.6 x 10°® Nmsrad™'
Coulomb friction of motor T¢ 24x107Nm
Torque constant K7 302x 103 NmA™!
Max. continuous current /.. 6A

The result is shown in Fig. 9(a).

Next, from the torque values measured when obtaining Fig.
5(b), the relation between the rotational speed and torque at
constant speed when the pitch angle is 0.45° was measured.
This relationship is shown in Fig. 9(b).

At this time, as shown in (8), the counter-torque is pro-
portional to the square of the rotational speed. The relation
between counter torque and torque is

T =QABw+To. wrvveeerrereeeeeennnee (26)

Thus a quadratic approximation can be applied to the rela-
tion between rotational speed and torque in Fig. 9(b).

Finally, the torque of the motor under the constant accel-
eration command was measured. The result is shown in Fig.
9(c). The torque is

d
T:Jd_C:+Q+B(U+TC- ..................... (27)

The inertia is calculated by subtracting the result of the Fig.
9(b) from Fig. 9(c).

The values of and the motor parameters obtained in the pre-
liminary experiments and for the motor are shown in Table 4.

5.2 Feedforward control experiment The experi-
mental results of the feedforward thrust step command of the
conventional and proposed methods are shown in Fig. 10. All
of these results were processed by a zero-phase digital filter,
which is 10 times faster than the pitch angle control.

Fig. 10(a) shows the thrust step response. The thrust refer-
ence command is 1 N step at # =10s. As shown in the result,
the rise time of the thrust controlled by rotational speed only
was 0.4 s. On the other hand, the rise time of thrust controlled
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by pitch angle only and the proposed method are both 0.1s.
Thus the proposed method achieved the same responsiveness
as the control by pitch angle which is four times faster than
thrust control using only the rotational speed. This difference
in the result is caused by the current limit which can be con-
firmed in Fig. 10(c).

Also, Fig. 10(b) shows the power output of the motor cal-
culated from the current and the rotational speed. In steady-
state, it can be seen that the average power is 10.8 W for the
proposal, whereas 11.2 W for thrust control using pitch angle
only. Thus the proposal achieved the improvement of power
consumption in the steady-state.

5.3 Thrust range expansion experiment The ex-
perimental results of thrust range expansion control are
shown in Fig. 11. The operating point of the maximum thrust
was determined from a map measured in advance.

As shown in the result, the proposed method achieved
0.2 N larger thrust than conventional methods. Thus the effect
of the thrust range expansion control was confirmed. How-
ever, the reverse response during transient was also verified.
The allocation method when the current reached the limit
needs improvement and this is a future work.

6. Conclusion

The use of the variable pitch propellers is considered a so-
lution to the demand for more advanced and efficient control
of drones in industrial applications. This paper proposed a
method to control propeller thrust using two types of actua-
tors: rotational speed and pitch angle, which have a different
response time. In the proposed method, a fast thrust transient

response can be achieved by using the rotational speed in the
slow frequency range and the pitch angle in the fast frequency
range and the power consumption during the steady-state can
be improved by repositioning the pitch angle. The results
of simulation and experiments show the improvement of the
transient response and steady-state power consumption.

The range of thrust can also be extended by appropriately
allocating the pitch angle and rotational speed in the region
of the power limitation of the motor.

As future works, we plan to reduce the steady-state error,
which was a problem in the experiment. By adding feedback
control or using thrust map, the steady-state error can be re-
duced.
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