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Abstract. UAV (Unmanned Aerial Vehicle) has broad application prospects in various fields. In order to
meet the needs of stability and efficiency during flight, a surface-mounted permanent magnet synchronous
motor is used as its rotor motor, and a position sensorless control technology is used to control the rotor motor

with high efficiency and high dynamic response. This paper proposes a position sensorless control strategy in

the full speed range for the actual application requirements of UAV. In low speed ange, I/F control strategy
with speed-open-loop and current-closed-loop is. In medium and high speed range, a sliding mode observer

is adopted to provide estimated rotor position and speed. To achieve smooth switching from I/F control stage
to speed closed-loop stage, a switching algorithm is proposed. The feasibility of the proposed hybrid control

strategy is verified by simulation results.

1 Introduction

With the development of technology, UAV systems have
gradually integrated into all aspects of social development
and become indispensable civilian equipment and military
equipment[1]. The rotor motor of the aircraft adopts a
surface permanent magnet synchronous motor, which has
the advantages of high power density, high efficiency,
wide speed range, light weight, and small size. Permanent
magnets are used to replace the field winding excitation in
ordinary electric-excited synchronous motors. It has a
simpler structure and stronger reliability. With the
performance improvement and cost reduction of
permanent magnet materials, permanent magnet
synchronous motors have been widely used in recent years
in many fields such as rail transit, aerospace science and
technology, and shipbuilding industry.

During the flight, the aircraft will face the complicated
navigation environment condition. Therefore, the motor
control of UAV has the characteristics of high reliability,
high dynamic response, and high efficiency[2]. The
control of the motor is essentially the control and
adjustment of the speed of the motor. Motor control
requires accurate rotor position and speed information, the
traditional method of obtaining rotor information is to
install mechanical sensors such as photoelectric encoders
on the rotor shaft, prevalence of low reliability of this
method, the restricted use conditions, anti-interference
ability and high cost. Thus scholars study directed to a
method of controlling the motor at a high reliability
mechanical sensor cancellation condition, called the
position sensorless control technology.

The specific method of position sensorless control
technology is to extract the voltage and current signals in
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the motor windings, and extract the rotor speed and
position information through appropriate methods,
thereby replacing mechanical sensors. The most difficult
point of this method lies in the estimation method of rotor
speed and position. The existing position sensorless
control methods are roughly divided into methods based
on back-EMF observation and methods based on salient
pole characteristic tracking [3-5].

When the motor is running in the low-speed area, the
amplitude of the back EMF is too small to obtain accurate
detection results. Therefore, methods based on salient pole
characteristic tracking such as high-frequency signal
injection are mainly used, and the estimated position and
speed information of the motor rotor is obtained by using
the salient pole effect of the motor rotor. For a surface
permanent magnet synchronous motor, the inductance of
the cross-axis and the direct-axis are equal, and there is no
structural salient pole, therefore, it is necessary to
construct a saturated salient pole when using this method.
In addition, for some situations that do not require high
accuracy, the I/F control method of speed-open-loop and
current-closed-loop can be used to control the starting of
the motor by controlling the amplitude of the stator
winding current, so that the motor has a certain load torque
matching ability and anti-load disturbance ability and does
not depend on the motor parameters.

When the motor is running in the medium and high
speed area, the commonly used position sensorless control
methods include flux estimation method, sliding mode
observer, model reference adaptive method, extended
Kalman filter. The flux estimation method has a simple
structure and fast dynamic response, but it relies on motor
parameters. In practical applications, motor parameters
are ecasily affected by factors such as environment,
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temperature, and speed. The sliding mode observer
constructs a sliding mode variable structure system.
Through the sliding mode control, the state quantity
moves in a small amplitude on the sliding mode surface
and finally reaches the equilibrium point, so as to realize
the direct observation of the rotor speed and position
information.

2 The principle of I/F control

Considering that the rotor motor does not need high
observation accuracy when starting and running at low
speed, a simple structure and easy-to-implement I/F
control method can be adopted, which can start the rotor
motor without detecting the initial position of the rotor [6-
8]. During the operation of the motor, the i, =0 control

ok

method is adopted, and the reference current i, and i,

are both set to constants, and the frequency is a variable

with a ramp change. If the ramp rate is K , and then
o = J.K Lt
0 =[o'd

(1)

The I/F control block diagram is shown in the figure.
The reference position information obtained after two
integrations is used for coordinate transformation.
Therefore, different ramp rates can be selected according
to the actual operating requirements of the rotor motor to
start the motor in a suitable manner. Without the detection

of the initial position of the rotor, the position angle 8°
determines a reference coordinate systemd’q" , which is
different from the actual coordinate system dg by the angle
6, .During the starting process, d"q" always lags behind

dq , as shown in the figure.
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Fig. 1. I/F control principle block diagram

Fig. 2. Virtual coordinate system and actual coordinate system

The electromagnetic torque of PMSM can be
expressed as follows:

T, =15py i, cos, @)

The mechanical equation can be expressed as
1.5py i;cos6, —T, =Jw 3)

After the motor is started, the torque balance is reached

at a certain moment, and the phase difference between the
actual coordinate system and the virtual coordinate system

is 8, , if the load torque is suddenly applied at this time, the
motor torque 7, is less than the load torque7; . It can be

seen from the mechanical equation that the rotor will
decelerate to make the rotor angle closer to the given angle,
and then the phase difference will decrease, the motor
torque will increase, and finally a new torque balance will
be achieved. In I/F control, in order to ensure the stable
acceleration of the motor, the selection of the ramp rate is
very important. If the rate of change is too small, the motor
speed will rise slowly and fail to meet the requirements of
fast response. If the rate of change is too large, the motor
will lose step.

3 Principle of sliding mode observer

In the middle and high speed area of rotor motor operation,
sliding mode observer is a highly robust control method.
The principle of the sliding mode observer is based on the
sliding mode variable structure control system. Determine
an ideal sliding mode surface s(x)=0 , select the

appropriate switching function to make the moving point
move in a small range on the predetermined sliding mode
surface, and gradually reduce the moving range to reach
the equilibrium point stably, so as to complete the tracking
of the state of the system.

The system state quantity to be observed is the stator
current. The back EMF quantity of the motor is extracted
by function calculation, and the back EMF is processed
through the phase-locked loop to obtain the estimated
value of the rotor angle and position information.

The mathematical model of the permanent magnet
synchronous motor in the of coordinate system can be

expressed as a form containing the back-EMF
component[9],
di, R 1
. Tl tU, e,
dt L L L

“
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Where e ,e, is the back electromotive force

a’>p

component, R is the stator resistance, and L is the stator
inductance, then,

{ea =—k,wsin@

e, =k wcosd

r ®)

Where k, is the back-EMF coefficient, @ is the rotor

angular velocity, and € is the rotor angle.

According to the above mathematical model, the

following observer is constructed:

di, R
=——i,+—(u, —z,)
dx L L
di, R, 1
s

—=——iy+—(u, -z

dx L B ( s ﬂ) (6)

z, = Klsgn(f —la)

Zy :K]sgn(fﬁ—lﬁ) ™

Among them, K, is the sliding mode switching gain,

z,,Z, 18 the current switching error signal, fa,fﬁ is the

observed value.
Subtract the motor model and the observer model to
get the dynamic estimation deviation,

d ':a_.a A
%: %(ia_ia)—’—%(ea_za)

d lA - R /x . 1
%_—z(lﬁ—lﬁ)-i-z(eﬂ—zﬁ) (8)

Take the sliding surface ass(i)= {lj’ l_“ , as long as
l/f - l/i

the switching gain satisfies K, > max(|ea|,|eﬂ|), there is

L ds(i)
s(z)T <0, the observer can operate stably.

After a limited period of sliding mode movement, the
sliding mode surface is s(i ) =0, then,

e, =z, = Klsgn(za —la)

e, =2, :Klsgn(iﬂ—iﬂ) ©)

It can be seen that the back-EMF is obtained by high-

frequency switching of the current error, and the high-

frequency switching is not continuous. The back-EMF

obtained in this way has high-frequency interference
signals, and a low-pass filter needs to be designed.

éa — a]cutoﬂ ea
S+ a]cutoﬂ
éﬂ — a)cuto[f eﬂ
S+ a)cutojf (1 O)
Among them, @, is the cutoff frequency of the

filter.
The estimated position angle is as follows:

6, = tan™' {—f—"j
% (11)

Since there is a phase delay of the low pass filter, and
thus a counter electromotive force to estimate the rotor
displacement there is a phase delay, so the increase in the
estimated rotor position and a phase compensation,

0=6+A0 (12)
5 JE@,) + (e,
Among, AQ=tan" @ . o= M .
a)cumff Ke

The above analysis of the sliding mode observer is
based on the ideal state, that is, once the moving point
reaches the switching surface, it moves on the switching
surface. In actual applications, after the moving point
reaches the switching surface, it will continue to move
through the switching surface for a period of time due to
delays and other factors, and then return, and repeatedly
traverse the switching surface in small amplitude, which
is called system chattering. Chattering will affect the
stability of the system, resulting in decreased accuracy or
even instability. The principle of the sliding mode
observer is based on the high-frequency switching of the
switch, so the chattering cannot be completely eliminated,
and it can only be weakened as much as possible by
selecting an appropriate switching function. The literature
[10-12]reduces chattering by choosing different switching
functions instead of sign functions.

4 Switching control algorithm

The key technology to achieve permanent magnet
synchronous motor control in accordance with the control
method in the full speed range lies in the combination of
low-speed and medium-high speed methods [13, 14]. The
appropriate switching algorithm is selected to achieve
smooth switching between the two control methods. The
determination of the upper and lower limits of the speed
of the switching area depends on the reliable working area
of the two control methods. The lower limit of the
switching interval should be higher than the lowest speed
for reliable operation of the sliding mode observer, and the
upper limit should be higher than the highest speed for
reliable operation of the I/F control method. There are two
main types of commonly used switching algorithms:
hysteresis algorithm switching and weighted algorithm
switching.

Weighting algorithm is a commonly used switching
algorithm. The position and speed information of the rotor
in the switching area are determined by the weighting of
the estimated values of the two control methods. In theory,
the smooth switching of the two control methods can be
realized. The specific method is shown in the figure below,
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Fig. 3 Switching algorithm Schematic

The calculation formula for the position angle and f;
of the rotor in the switching area is as follows,
ér = aébefore + (1 - a)éafter
Tk D +(1_a)i;_qﬂer (13)

lq = alq_before
The value of the weighting factor « is,

1’ a)r < wlow

)
high r A
a =47 A b a)law < a)r < a)hlgh
a)high - a)low
0’ a)r = a)hrgh

(14)

5 Simulation verification

Table 1. The parameters of rotor motor

Parameter Sign

Value
Stator Resistance R 0.008 Q
Pole pairs n, 5
Stator Inductance L, 12 uH
Inertia J 0.00347 kg - m’
;zrgrﬁgfﬁfx v, 0.00538 Wh

To verify the performance of the composite control
method of the rotor motor in the full speed range proposed
in this paper, the SPMSM control system model was built
and simulated. The specific motor parameters are shown
in Table 1. The characteristic of the rotor motor is that the
load torque changes with the speed of the motor. The
fitting polynomial of the load torque changes with the
motor is obtained by analyzing the data collected by the
experiment. The total simulation time is 0.5s.
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Fig. 8 Motor three-phase current waveform

The motor starts from zero speed through the I/F
control mode, it can be seen from Fig.4 that there is a small
range of fluctuations in the speed of the motor during the
low-speed process. Since the drone has low requirements
for position and speed accuracy in the start and low-speed
areas, the fluctuations do not affect the actual operation of
the motor. It can be seen from Fig. 6 and Fig.7 that the
sliding mode observer has a good tracking effect on the
position of the motor rotor, and the chattering has a
minimal effect on the stability of the system. The upper
and lower limits of the rotation speed in the switching area
are from 265 to 280 rpm. It can be seen from Fig. 4 and
Fig. 6 that the weighted average algorithm realizes the
gradual change of rotor speed and position angle, avoiding
signal mutation and system imbalance.

Fig. 5 shows that the rotor speed estimation error does
not exceed +10 rpm, and Fig. 7 shows that the rotor
position estimation error is within 0.1 rad when the speed
is high enough. Both errors are within acceptable limits.
The simulation results basically meet the needs of
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sensorless control within the full speed range of the rotor
motor, and ensure smooth switching.

6 Conclusion

In this paper, a hybrid sensorless control method is
proposed for the rotor motor of the UAV. It combines two
control methods, namely, I/F control method and sliding
mode observer, which are suitable for different speeds. An
algorithm is designed to make sure the two control
methods can be switched smoothly. Simulation results
show that the hybrid control method has good control
performance for the rotor motor of the UAV in the full
speed range.
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