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Abstract. The object of study in the article is a miniature electromechanical servo
drive (SP), the subject of study is the methods of identification and mathematical
description of the SP. The following methods are used: structural modelling, La-
place transform, transfer functions, structural and parametric identification. The
aim is to obtain mathematical models of SP as an executive device of mechatronic
system (MS) according to the experimental data. Objectives: to develop and iden-
tify a mathematical model of SP, which can be used in the design and modelling
of MC actuators. The structural representation of the SP as a closed-loop tracking
system with negative feedback on the position of the output link is used. It is
proposed to extend the passive and active identification of SP as an integral object
to the identification of parameters of each element in the device for the subse-
quent formation of a mathematical model in the state parameters or in the form
of structural schemes, to obtain diagnostic models.
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1 Introduction

Currently, servo-actuators (SA) are utilized as actuating devices such as SG90, MG90,
HXT900, etc. in many unmanned systems (US), particularly in small-scale or research
robotic, mechatronic, and unmanned aerial vehicle (UAV) systems [1]. For example,
in robot models, their number can range up to 8-10 [2], while in UAVs of aircraft type,
it is typically 2-4 (see Fig. 1) [3]. These drives exert a significant influence on the dy-
namic properties of control loops, the reliability of automatic control systems (ACS),
and the performance of the object or its model as a whole.

Please try to avoid rasterized images for line-art diagrams and schemas. Whenever
possible, use vector graphics instead.



Fig. 1. UAVs with servo-actuators: “B-kopter” (a) and “Vercard” (b).

It is necessary to develop dynamically similar mathematical models of SA of varying
complexity for the analysis of the influence of SA parameters on the dynamics, stabil-
ity, and accuracy of US, as well as for the synthesis of algorithms for their ACS.

2 Problem statement

In most existing US, servo-actuators such as SG90 are often employed without the ex-
ecution of calculations or their models [5]. However, during the design of US, espe-
cially UAV [6], it is important and sometimes necessary to have mathematical models
of SA for algorithm synthesis and accuracy assessment of the control system. Flight
experiments of a completed model of US with SA in one or several control channels,
for example, do not allow determining the impact of servo-actuator's parameters on
stability, controllability, and accuracy of control loops. This underscores the validity of
the previously proposed comprehensive approach to UAV design [7]. Certain opera-
tions with SA [8, 9] engages schematic solutions and properties of driver circuits or
motor control boards of actuator but do not delve into the issues of determining param-
eters of other elements and the servo-actuators as a whole.

The investigation of servo-actuator (SA) characteristics was conducted on the real
Micro Servo SG90 (see Fig. 2), which consists of a plastic housing, a direct current
motor (DCM), a potentiometer or feedback sensor (FS), a control board (amplifier and
comparator), a gearbox, and a wire harness. The transfer coefficients of the control
board — ky (without load and with load), the FS — kes, and the reduction gearbox — k;
were experimentally determined to formulate a mathematical model of the SA. Based
on the extracted static characteristic of the DCM, the parameters of its mathematical
model were identified: the transfer coefficient ken and the time constant Tey in the trans-
fer function of the aperiodic link.



RED (+5V) Output Spline  prive Gears

GNC 7
‘/E«R(JWNMNJ) u - ,/‘
Servo Case._ s |
Control Circuit N 3
. \\
[~

g
A Motor

Potentiometer

Fig. 2. Servo-actuator Tower Pro SG90 type assembled (a) and disassembled (b).

The experimental setup consisted of a prototype board, Arduino Uno microcontroller,
a rotational speed sensor F249 FC-03 [10], and other measuring instruments.

3 Functional and structural diagrams of the servo-actuator

The structure of the SA SG90 closely resembles the widely accepted [11,12] structure
of SA as a component of a control system (see Fig. 3): the role of the actuator (A) of
the amplifier block, the comparison and feedback formation element (FB) is performed
by the control board built based on modules KS5188 or AA5188, the servo unit (SU)
is constructed based on the DCM FF-1012VA with magnetic-electric evocation, and
the feedback sensor (FS) is implemented using a variable resistor — a potentiometer.
The SA includes a three-stage reducer that reduces the revolutions of the motor's output
shaft.

The functional diagram of the typical SA SG90 was developed (see Fig. 4) based on
the analysis of the interconnections of SA elements.
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Fig. 3. Typical Structure of a servo-gear.

Mechanical signals are indicated by highlighted lines, while electrical signals corre-
spond to single lines.
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Fig. 4. Functional Diagram of a Typical SA SG90.

The task of further research on the thematic description of elements and the SA as a
whole will be to define the input-output functions of each SA element in the form of an
equation or transfer function (structural diagram). The structural diagram of the SA can
be represented in the following scheme (see Fig. 5).
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Fig. 5. Structural diagram of the SA.

4 Determining the parameters of servo-actuator elements

The SA was dissected and its components were disconnected from each other during
experimental investigation. The operation of some parts (amplifier, motor) was tested
both without a load and under load.

4.1 A Subsection Sample

The experimental data of the rotation angle of the potentiometer, PWM signal from the
Arduino Uno controller board, and the output voltages of the FS were obtained. Control
signals are generated by the controller at a frequency of 20 ms and the maximum volt-
age signal level is 5 V with a resolution of 1024,

The obtained numbers of Npwm can be transformed into voltages using the formula

().
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U, = f(6,) =N /1024x5 @
The static characteristic of the potentiometer — FS is presented on Fig. 6.
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Fig. 6. Static characteristic Up = f{Jsa).

The averaged transfer coefficient in V/degree of the feedback sensor can be determined
from its static characteristic.

4.2  Control Board — Driver

Experimental data of input and output signals (without load and with load, respectively)
of the amplifier were obtained, depending on the controlling influence from Arduino
Uno. Using a digital oscilloscope, input signals of the amplifier were obtained in the
form of PWM pulses which can be converted into voltages using the formula (2).
t
Up = ——— 2
" 20x5V @
The Static characteristics of the SA amplifier are presented on Figure 7 without a load
Ugyr = f(UN) and with a load U, = f(U
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Fig. 7. Static characteristics of the SA amplifier.



The amplification coefficient of the amplifier is determined from the static characteris-

tic without a loadK,, = 285-C0D 579 and  with a  load
0.6 — 0.125
Kr = 24- (119 =7.47 .
0.6 — 0.125

4.3 Direct current motor

The speed of the output shaft can be regulated by varying the voltage Uen applied to
the armature winding of the DCM. This speed is then transformed into rotational speed
and angular displacement through the reducing gearbox dsa. The motor is connected to
a power source capable of smoothly adjusting the voltage within the range from 0 to 5
V with an operational current of 0.1 A for this purpose. The rotational frequency was
measured using an optical tachometer and converted into the rotational speed of the
motor shaft ®. Experimental data for the DCM for shaft rotation in the counterclock-
wise (+) and clockwise (-) directions were obtained. This allowed building the diagram
depicting the dependence of the DCM rotational speed on voltage (See Fig.8 a). Deter-
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Fig. 8. Speed characteristic of the motor @ = f (U, ) (a), the nonlinearity, such as backlash or
hysteresis of the DCM (b).

The DCM has a saturation and insensitivity zone as seen in Figure 8 a. When the voltage
exceeds 1.8V (+) or 1.5 V (-), the motor saturates, and the rotational speed no longer
changes. The maximum rotational speed values of the DCM without a load are 670
rad/s in the first quadrant (see Fig. 8) and 544 rad/s in the third quadrant. Such asym-
metry may be explained by the uneven winding of the three-pole armature winding.
The insensitivity zone of the DCM for counterclockwise rotation is AU, = 0.5,V and



for clockwise rotation AU_= - 0.6,V . The difference in insensitivity zones can be ex-

plained by varying resistances in the brush-collector contact areas and the same factors
influencing the saturation zone. Relieving the speed characteristic of the DCM in the
zone of the insensitivity, depending on the increase and decrease of the voltage on the
armature winding Uen , revealed the presence of nonlinearity such as backlash or hys-
teresis (see Fig. 8 b). This is characteristic of backlash in places where the shaft is seated
in the bushings or hysteresis in the armature windings when the motor rotor starts mov-
ing.

It is necessary to transfer to the "System Identification Toolbox" in MATLAB to
obtain the transfer function of the DCM based on experimental data. The transfer func-
tion of the DCM in terms of angular velocity can represent either an oscillatory or in-
ertial link, so it is necessary to compare the two models and choose the better option.

4.4 Reducing gearbox

The Reducing gear box is a mechanical assembly of gears that reduces the rotational
speed of the motor and transmits the rotation to the output shaft. The reducing gearbox
also contains a pin that limits the maximum angle of rotation.

The reducing gearbox has four gears with the following number of teeth (see Fig.2
b):

71=8,2,=148, Z3=8, Z4=32. (3)
The gear ratio or reduction factor is given by:

. 7,-7, 4832
Z,-Z, 8-8

K 24, (4)

R

5 First Section

5.1  The transfer function in the form of an oscillatory element

The transfer function for the angular velocity of a direct current motor with independent
or magnetic-electric evocation is represented by an oscillatory element with a damping
ratio close to unity or two aperiodic elements in general form. The initial data for de-
termining the type of transfer function and identifying the parameters of the DCM in
the "System ldentification Toolbox" MATLAB [13] was the speed characteristic of the
motor (see Fig. 8). The transfer function of the DCM in the form of an oscillatory ele-
ment (Model Nel) is given by formula:
L 686.9

wtoo= . 5
DM " §2 1 3434 .10 . s + 2.255 ®)

The comparison of the static characteristic (5) with the original data of the DCM in
the form of the characteristic o = f(Ug,) is presented on Figure 9 a with a match of



97%. A simulation in Simulink MATLAB was conducted to verify this model's func-
tionality
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Fig. 9. The comparison of the static characteristic of Model Nel (a), graph of the rotational
speed of the DCM of the Model Nel (b)

and the graph of the change in the rotational speed of the DMS's Model Nel when a unit
step signal is applied at the input is shown in Figure 9 b.

As seen in Figure 9 b, the step-function response takes the form of undamped oscil-
lations, as the characteristic polynomial contains complex conjugate roots with zero
real part (see Fig.10).
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Fig. 10. The graph of the distribution of roots of the Model Nel.

Although this model (5) has a very good resemblance to the DCM it cannot be used for
further research due to its non-functionality.

5.2 First-order transfer function

The transfer function of the DCM in the form of an aperiodic element (Model Ne2):
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Woew (5) = (6)

Figure 11 a shows the comparison of Model Ne2 with the original characteristics of the
DCM.
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Fig. 11. The comparison of the static characteristic of Model Ne2 (a), the graph of the rotational
speed of the DC motor (Model Ne2) (b).

Figure 11 b shows the graph of the rotational speed variation for the DCM of Model
Ne2.

The determination of the time constant of the DCM is T, ~ 0.76, sec from Figure
11 b. The transient response of Model Ne2 indicates a practical match of its parameters
with the real DCM. Therefore, the model (6) in the form of a first-order lag will be used
in further research. After obtaining the transfer function of the DCM, the feedback sen-
sor, amplifier, and reducing gearbox coefficients, a mathematical model of the SA can
be constructed in the Simulink MATLAB environment.

6 Synthesis of the Mathematical Model of the servo-actuator

The undetermined parameter in the SA model is the feedback coefficient K, which

will be determined based on the simulation results. The transfer function of the SA as
a closed-loop servo system (see Fig. 5) is given by:

_ 197.11 _ 402
2 +1307-5+049 1437 .5% +267-5+1

@(s) (7

The S-model of the servo actuator K, = 0.1 with is presented in Figure 12.
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Fig. 12. The graph of the rotational speed of the DC motor (Model Ne2).

The best performance characteristics are provided by the mathematical model of the
SA with overshoot ratio ¢ =0+ 5% . The error function was used to calculate the
overshoot value [14, 15]. For comparison, the graph with the amplifier gain without
load and different feedback coefficients is presented in Figure 13.
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Fig. 13. The graph of w(t) with K, = 0.1 (a)and K, = 0.05 (b).

The time constants of the SA can be determined from Figure 13. T, = 4.6 sec when

K, =01land T, =75scwhen K, =005 The minimum time constant
Tsa, = 2.6 sec is obtained when K, = 0.18 (see Fig.14 a), overshoot ratio in this case
o =484 %.
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Fig. 14. The graph of 3, (t) when K, = 0.18 (), the static characteristic UZ; = f (toy) (B).
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The experimental data of input command (time of pulses in milliseconds), output com-
mand from the feedback sensor, and relative angles of rotation of the SA were obtained.
U, = f(t,yy) (See Fig.14 b) and SA 3, = f (t,,y) (See Fig.15 a).
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Fig. 15. The static characteristic 35, = f (t,,,, ) of the SA (a), nonlinearities of the SA (b).

The closed-loop system also has a dead zone, as shown in Figure 15 a. Let's investigate
the behavior of the SA at a small angle range of 6-12 degrees. The dead zone (see Fig.
15 b) is caused by the inertia of the SA's rotor, the presence of resistance in the collec-
tor-brush assembly unit, the absence of a bearing in one of the rotor shaft attaching lug
nodes (possibly fixated on sliding support), and the magnetic-electric evocation of the
motor.

The phenomena of backlash or hysteresis show themselves at a small value due to
the properties of magnetization of permanent magnets in the stator and resistances in
the rotor attaching lug nodes in the stator housing.

7 Conclusions

Experimental study of SP elements to determine their static and, if possible, dynamic
characteristics in order to obtain the structure and refine the parameters of mathematical
models for the formation of an adequate computer model of the servo drive as a single
mechatronic system has shown the importance of taking into account the peculiarities
of each device. The following results are given: linear analytical and nonlinear com-
puter mathematical models of the SP reflecting its properties at different values of dis-
placements of the output link are obtained. The mathematical model of the SP is syn-
thesised on the basis of research of properties of its real elements separately and as an
integral tracking system. Scientific novelty of the obtained results consists in the fol-
lowing: a method of element-by-element mathematical description of SPs with subse-
quent experimental identification of their characteristics; a method of building a uni-
versal model of a mechatronic system containing, as a rule, digital and nonlinear ele-
ments.
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