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1. Introduction

Electrohydraulic servo actuators (EHSA) are most widely
used in systems of automatic control of aircraft engines for
moving mechanization elements and in flight control systems
for controlling steering surfaces [1, 2]. Liquid taken from a
high-pressure fuel pump in automatic control systems of air-

craft engines (ACS AE) or from hydraulic pumps of the flight
control systems is the working fluid for an electro-hydraulic
actuator. Upon electrical commands, electrohydraulic amplifier
(EHA) which is a part of the actuator converts low-power con-
trol signals into proportional hydraulic commands of consider-
able power. Upon distribution, working fluid enters hydraulic
cylinder (to servo piston) and forms mechanical command.




Currently, when conducting EHSA tests, a limited num-
ber of actuator parameters are conventionally controlled
according to outdated procedures adapted for universal test
equipment with a low degree of automation [3]. Such tests
do not permit to fully control stability of static and dynamic
characteristics of the actuator when operating in a control
loop with modern digital regulators [4—6].

Control algorithms interact with the EHSA through
hardware of the electronic control unit possessing certain
dynamic and static characteristics which should also be
considered when developing dynamic models of control
objects. Use of hardware and digital filters in the structure
of electronic control units of aviation actuators results in
1.5—6 times reduction of the control object pass band.

Relevance of this study is explained by necessity of devel-
opment of automatic methods for EHSA testing which would
take into account influence of hardware in electronic control
units. Also, solution of the problem of building up volumes of
information obtained in tests which would improve quality
of synthesis of control algorithms and make better control of
stability of actuator characteristics is urgent.

2. Literature review and problem statement

When developing state-of-the-art digital regulators,
problems of ensuring minimum time of transient processes
and maximum stability margin of regulators are solved [7].
Often, in order to ensure maximum dynamic parameters of
the control loop, a regulator is adjusted close to the oscil-
latory stability boundary. Therefore, oscillations can occur
because of a considerable spread of parameters of the actu-
ator control loop. Improvement of the control loop param-
eters can be achieved using adaptive algorithms. However,
regulator complexity greatly increases while risk of auto-os-
cillations remains [8]. Solution of the problem of improving
dynamic qualities of the control loop while maintaining
sufficient stability margins is possible due to application
of mathematical models of the actuator with a high degree
of compliance of its characteristics with the actual control
object [9, 10].

A model and methods for identifying an electropneu-
matic clutch actuator was proposed in [11]. However, this
model does not take into account nonlinearity and dynamic
and static characteristics of an electropneumatic (electrohy-
draulic) converter. It was shown in [12] that the main impact
on characteristics of the actuator in general is exerted by
characteristics of an electro-hydraulic converter and, there-
fore, application of model [11] will lead to significant errors.
Masses of the piston and working fluid considered in model
[11] are negligible for most electro-hydraulic actuators com-
pared to the force and the mass attached at the output link.

Necessity of application of a mathematical model of a
hydraulic valve enabling reproduction of nonlinearities to
improve quality of the actuator control loop was demon-
strated in [13] and methods for determining hysteresis of
flow characteristics of a hydraulic valve are described in [14].
The models given in [13] and [14] do not take into account
the dynamics and non-linearity of speed characteristic of an
electro-hydraulic amplifier, and the model of hysteresis of
the speed characteristic does not take into account hystere-
sis of displacement of the sliding piston-type selector valve
relative to the control signal. Also, known are models of
electro-hydraulic converters of a high level of detail [15, 16],

however, identification of these models is difficult because of
a large number of parameters.

Thus, the known studies do not contain description of a
mathematical model and methods for determining actuator
parameters that would fully correspond to characteristics
of aviation servo actuators. The task of developing a mathe-
matical model of an electro-hydraulic actuator which would
make it possible to reproduce main characteristics with a
sufficient accuracy is pressing. It is also necessary that such
a model have the simplest structure to simplify the task of
determining the model parameters.

Determination of the model parameters using standard
general-purpose software, for example, MatLab System
Identification Toolbox, is difficult because of complexity of
integration with the actuator control algorithms used in the
structure of standard electronic control units. In the case
of using general purpose software for model identification,
the procedure for preparing initial data becomes much more
complicated and qualification requirements to the test bench
operators get stricter.

Despite the high information content, control of pa-
rameters of the mathematical actuator model at the stage
of acceptance tests was not widespread. This is because
requirements to basic parameters defined in EHSA stan-
dards are mainly used in technical specifications for EHSA
development [5]. The main parameters and characteristics of
EHSA include zero shift, dead space, amplitude-frequency,
phase-frequency and speed characteristics. Despite obvious
advantages, methods for automatic determination of main
parameters and characteristics of EHSA were poorly studied
in the known literature.

3. The aim and objectives of the study

The study objective was to develop procedures for au-
tomatic determining parameters of aviation servo-actuator
control loop. Procedures must enable taking into account
static and dynamic characteristics of hardware of the elec-
tronic control unit (in connection with which, automated
testing algorithms must function as a part of a regular elec-
tronic unit).

To achieve this objective, the following tasks were set:

— develop a mathematical model of an electro-hydraulic
actuator which would make it possible to reproduce with
sufficient accuracy main characteristics of the actuator and
have the simplest structure to make easier the task of param-
eter determination;

— develop procedures for automatic experimental deter-
mination of parameters of the mathematical actuator model
together with hardware of the electronic control unit;

— develop procedures for automatic experimental de-
termination of main parameters and characteristics of the
actuator.

4. Mathematical model of an electro-hydraulic actuator

Block diagram of the proposed mathematical model of
an electro-hydraulic actuator is shown in Fig. 1. Current
command to the EHA, I,, is the input parameter of the
mathematical model and the output link movement speed, V,
is its output. Blocks a and b simulate dynamics and hys-
teresis of speed characteristic of the actuator, respectively,



according to the control signal. Block a can be described by
the equation:

a1,

T
dt*

+I.=1,,

where I, is the control signal at the output of the block a;
T'is the time constant of the system.

The hysteresis model (block b) can be described by the
following dependence:

Li>1y +B— Iy =1, -B 1y, =1y;
Li<lpy,—B— Iy =0 +B1,,,=1;

Iy, ,—-B<I,<I,, +B=1I,=1,,,

BLi— BLi—1

where I, is the control signal at the output of the block b;
B is the dead space threshold.

To describe dependence of speed of movement of the
output link on the control signal V, = f(I,,) (block ) in ab-
sence of loads and friction forces, a tabular form of recording
with approximation by a cubic spline or lines was used.

The effect of load at the output link on speed character-
istics of the actuator is described by the dependences shown
in block d in Fig. 1.

Thus, mathematical model of the EHSA control loop
(its structure is shown in Fig. 1) allows one to establish
relationship between the control signal I;, and the actu-

ator movement speed V taking into account the output
link load F.

5. Procedures for determining the EHSA parameters

An electronic unit connected to a personal computer
was used in the test bench for automatic determination of
the EHSA loop parameters. The electronic unit consisted
of three main modules: a module for the test bench control,
a module for analysis of signals from sensors and hardware
identical to the standard EHSA control units. The hardware
identical to the standard control unit performs function of a
digital-to-analog and analog-to-digital converter for control
and controlled signals (from input and output) of the EHSA.
Analysis of the control and controlled signals makes it is
possible to determine main parameters of the actuator: zero
shift, dead space, amplitude-frequency, phase-frequency and
speed characteristics of the actuator.

Parameters of the blocks a, b and ¢ are determined from
experimental data in automatic determination of the zero
shift, dead space, amplitude-frequency, phase-frequency
and speed characteristic of the actuator. Parameters of the
block d are determined using addi-

— | tional electronic pressure sensors in
I /g/ g ‘T/O‘Slgn(FmOd)\/m cavities of the hydraulic cylinder con-
Totl = =>| v,=1(1) Fowa :max(mm(PSSP’k”(I710))’7135‘90)7 nected to the test bench equipment
B 7max(rnin(APerp,kfrV),7APf.rSp)fF independent of the standard hardware

of the electronic unit.
a b c d The software for automatic deter-

Fig. 1. Block diagram of a mathematical model of an electro-hydraulic actuator:
transfer function (a); hysteresis (b); speed characteristic of the actuator (c),

hydraulic cylinder model (d)

Maximum force developed by the actuator depends on
the piston area S, and nominal pressure P,. at the inlet
to the electrohydraulic amplifier. Steepness of change
of the pressure differential in cavities of the hydraulic
cylinder when the control signal changes relative to the
zero-shift current I, is described in
the mathematical model by coefficient
ky. Friction forces in the hydraulic [
cylinder are simulated by the pressure | N
differential APy between cavities of
the hydraulic cylinder necessary to
overcome friction forces. e

The zero shift Iy (block d) is deter-
mined from the actuator speed charac- ||+
teristic (block ¢) as a current command
at a zero speed. The piston area S, and
pressure Ps are determined by the design 12|
and operating conditions of the actuator.
Steepness of change of the pressure dif-
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mination of the EHSA loop parameters
consisted of lower-level software em-
bedded in the electronic control unit
and upper-level software in a personal
computer (Fig. 2). The lower-level software was responsible
for generating control signals and processing signals from
sensors according to the algorithms corresponding to each
test type. The upper-level software was responsible for acqui-
sition, postprocessing and visualization of experimental data.
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friction forces, k7, depends on parameters
of seals and piston supports.

Fig. 2. Central window of software for reading and analysis of characteristics of
the actuator and the actuator control loop



Characteristics and parameters of the actuator used
hereinafter as an example were obtained in the process
of automatic determination of aviation servo-actuator

parameters.

3. 1. Procedure for automatic determination of static
parameters of the actuator and the model

Static parameters of the actuator can include dead space
and shift of the actuator dead space. Static parameters
of the model can include k,, AP/ and hysteresis. Existing
methods for determining the dead space [18] do not ensure
separate analysis of hysteresis of the speed characteristic
and influence of friction forces on the output link. Since the
dead space depends on hysteresis of the speed characteristic
and friction forces in the hydraulic cylinder (Fig. 1), it is
advisable to combine these types of checks. As it was said, in
order to determine parameters k, and APp, pressure sensors
are attached to the hydraulic cylinder cavities. The hydraulic
cylinder signal is automatically logged by the bench. To log
the rest of parameters and characteristics, it is enough to use
hardware of the regular control unit.

To determine parameters k, and APy and hysteresis,
a saw-toothed cyclic signal of the set actuator position is
formed. The control signal generates a regulator with the
control signal offset to a predefined dead space zone. The
control signal, position of the output link and pressure in the
hydraulic cylinder cavities are recorded during the retrac-
tion-extension actuator cycle. Then, the ‘position — control
signal’ and ‘pressure differential — control signal’ point fields
are analyzed with their division into three groups: a static
output link, an output link moved in a positive direction
and an output link moved in the negative direction (Fig. 3).
Parameters k, and APj and hysteresis are determined for
several ranges of positions of the actuator output link with
presetting the output actuator link to lower and upper
boundaries of each of the ranges.

Zero shift Iy and the dead space of the actuator are de-
termined from the values of the control signals necessary
to start movement of the actuator in different directions
(Fig. 2). Steepness of change of the pressure differential, %,
in cavities of the hydraulic cylinder is defined as the angle of
inclination of the graphs of the pressure differential in cavities

of the hydraulic cylinder at a static output link (Fig. 2).

LS - — i i The pressure differential, APy, in the cavities of the
= 773;?43"::‘19 R Positive speed hydraulic cylinder required to overcome friction forces
24 I I o . ] is determined by shift of graphs of the pressure differ-
3 1 + Static Y grap p
& 3 N Negati q ential when the output link is static (Fig. 2).
z \\«._N eg.atwe Spee Hysteresis B (Fig. 1) is determined as a difference
z 2 AN Static — between the dead space and the APj,/k, ratio.
£ I
N 5. 2. Procedure for automatic determination of
0 3 the amplitude-frequency and phase-frequency char-
| \ acteristics and dynamic parameters of the model
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Fig. 3. EHSA hysteresis by the cavity pressure differential

were determined for preset frequencies and ampli-
tudes of control signals (Fig. 4).
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Position of the actuator was recorded during the oscil-
lation cycle for each of the set frequencies and amplitudes
of the control signal. To prevent the actuator from shifting
during the oscillation cycle, current position of the actuator
was compared with the position measured in the previous
oscillation period. Based on information about the change
of the actuator position in the oscillation cycle, an addi-
tional component of the control signal was formed using an
integrated controller. This compensation method prevents
occurrence of additional harmonics in the control signal.

Since the mathematical model of the actuator (Fig. 1)
has nonlinearities in its structure, it is advisable to deter-
mine the time constant T using the gradient descent method
[19, 20]. Root-mean-square deviation of the actuator posi-
tion determined by the mathematical model and obtained in
the experiment was taken as the target function.

As amplitudes of the output signal changed at different
frequencies, the root-mean-square deviations before summa-
tion over all frequencies were normalized by the amplitude
of the output signal.

To determine amplitude-frequency and phase-frequency
characteristics, the obtained data were approximated by an
ideal sinusoidal signal in the oscillation period for each of the
frequencies (Fig. 3). The ideal sinusoidal signal is described
by the dependence:

X, =a;+a, sin(o+ay),

where x,,, is the actuator position based on the results of
approximation; a is the control signal phase in relation to
which the phase lag as of the actuator position is deter-
mined; a is the actuator position in the vicinity of which
dynamic parameters are measured; as is the actuator move-
ment amplitude.

Approximation was carried out with minimization of the
root-mean-square deviation between measured, Xpeas, and
approximated, x,pp, actuator positions:

n
6=Y0;
i=0

2
Gi = (xmcasi - xapr ((xl)) N

Approximation was carried out by an iterative method
[20]. As a result of this approximation, values of ay, a3 and
as were determined. The vector of square deviations, R, and
the matrix of derivatives of square deviations, J, for each of
the sought values for all points of the measured position were
formed at each step:

06, 00, J0,

9a, da, da, o,

d6, 0JG, 00, o
J=|9a, 0a, da,| R=|..|

o,

oG, 06, 00,

da, da, Oda,

where partial derivatives are calculated by the following
dependences:
J0,
da,

=2a,-2x,,,. +2a, -sin(oc+a3),

meas

J0,

5, +a, sin(a+a,)),

=2-sin(a+a,)(a, —x

meas

%: 2a, -cos(oc+a3)-(a1

90, +a,-sin(a+a,)).

- xmeas

Next, the vector of deviations was calculated from the
sought values:

-1

A=RJ(J"])

The vector A components are the input for the PID reg-
ulators. The sought values of a4, ay and asare formed at the
regulator output. For a3, condition of a shift by 2x was ad-
ditionally introduced in the direction of increase or decrease
in the component in the case of overrunning the boundaries
from 0 to 2=, respectively. As the rms value of the vector A
components of a certain threshold value decreases, exit from
the iterative process takes place.

Following determination of the phase lag, a3, and the
amplitude lag, as, amplitude-frequency and phase-frequency
characteristics are built automatically.

3. 3. Procedure for automatic determination of the
actuator speed characteristic

To determine the actuator speed characteristic in ab-
sence of an external load Vy=f(I), two methods were pro-
posed: for a continuous change of the control signal during
the working stroke and for fixed levels of the control signals.

When the method for determining speed characteristic
for the n-th number of fixed levels of the control signal is
used, one can determine speed change during the working
stroke in addition to the average speed of the output link
movement. Based on the dead space information for the con-
trol signal determined according to the procedure of hyster-
esis determination described above, the control signal values
are automatically found to determine speed of the output
link movement in both directions. Next, the control signals
of fixed levels are successively applied 7 times to move the
actuator in both directions. Average speeds for each of the
levels of the control signal are determined using the mea-
sured speed of the output link movement (Fig. 5).

With the method of determining the speed characteristic
at a variable change of the control signal per working stroke,
it is possible to record the speed characteristic taking into ac-
count hysteresis and the dead space due to the presence of sec-
tions of both increase and decrease in the control signal. This
method is suitable for determining the speed characteristic of
the actuators in which speed of the output link movement does
not depend on position. Before measuring the speed charac-
teristic, the actuator is set to the position corresponding to the
boundary of the range in which the speed characteristic will
be measured. Then, the control signal was smoothly changed
relative to the equilibrium signal. When the speed exceeds the
lower boundary, the control signal is changed in proportion to
the actuator position: the control signal is increased from the
minimum to the maximum value in the first half of the stroke
and decreased in the second half of the stroke. A similar proce-
dure is performed on the reverse actuator stroke. Since dynam-
ic characteristics of the actuator and hardware of the control
unit have a significant influence on determination of the speed
characteristic by this method, current of input signal must be
processed during analysis taking into account the dynamic
parameters determined at the previous stages.



] S

CropocTk, MMic

- APT0H  + cropocn ~ DOc Momck ycTpoiTesa DebugMods
i I r
E curtan, mA
80 T 7
> 3aMEp XapaKTEPHCTHIN 33 Xo0 Sermmnes
g0l - samep PHKCHPOBAHHEIIN TOK yTIOpoE, MM
— — annpoKc. 3a xoa e 1
/ ®  ENNPOKC. BUKCMPOBEHHEIR TOK. 2
g ~
40 & "an Ynop yBpato, MM
e -28
A e
e - ¥nop BeiMyweHo,
20 s
e -
e & 28

837 0.63

Tok, MA

1063 2063

UI_thread- ThreadID: 1
00-00.00

timerl has been started

!_. Timerl has been ticked.

!.. F_OpenUSE mechod has been starsed
.. Reseting Port

FT_CTHER_ERRCR

»

Fig. 5. Software interface when

The speed characteristics (Fig. 5) have a strong signal
noise associated with a low bit size of the analog-to-digital
converter (ADC). To analyze speed characteristics in soft-
ware, several ways of signal filtering are available: with the
use of digital filters having infinite and finite pulse charac-
teristics and by approximating the Bezier curve points (the
polynomial degree can be adjusted). The Bezier curve takes
the form:

n! ; i
= F i!(n—i)!l (=0

where P; is the function of components of vectors of the
datum vertices; I is the control signal; V is the speed of the
actuator movement.

During the curve approximation, we searched for the
function of components of vectors of the datum vertices us-
ing partial derivatives of quadratic deviations of the Bezier
curve of the first and the second order by a method similar
to approximation by a sinusoidal function described above.
In approximation, a strict condition is set for intersection of
the speed characteristic of the zero shift point Iy which was
determined at the previous stage.

To analyze nonlinearity of the speed characteristic, the
entire graph of the speed characteristic is approximated by a
linear function followed by determination of the speed char-
acteristic nonlinearity. To determine asymmetry in terms
of strengthening of the speed characteristic of the actuator,
positive and negative portions of the speed characteristic are
approximated by individual linear functions.

6. Discussion of results of studying the methods for
determining parameters of a simplified model of
an electro-hydraulic actuator

The proposed methods for determining actuator parame-
ters make it possible to eliminate effects of mutual influence

reading speed characteristics

of the actuator characteristics and hardware of the electron-
ic control unit by testing with the use of the standard part
of the unit of electronic control of the object on which the
actuator is installed. The developed simplified model of the
actuator control loop ensures determination of the model
parameters with a high stability of results convergence
and speed without operator intervention. The model of the
electro-hydraulic actuator with hardware of the electronic
unit (Fig. 1) has a structure adapted to the procedure of
automatic determination of model parameters from experi-
mental data. The following simplifications were adopted in
the actuator model:

— the friction model represented by a static force;

—no pure lag in the model structure;

— the model of electro-hydraulic amplifier represented by
speed characteristics.

Application of standard detailed friction models [21]
used in modern packages is difficult because of a great num-
ber of variables used in the model structure:

[1]+fv,
Y

where F,, is the breakaway friction; F. is the Coulomb
friction force; f is the viscous friction coefficient; v is the
relative velocity; oy, is the Stribek speed threshold; v, is
the Coulomb velocity threshold.

Identification of the above detailed model of friction is
difficult and inexpedient because of insignificant variation
of the friction force in the process of the hydraulic cylinder
movement (horizontal section of the graph in Fig. 3).

Absence of a pure delay in the system model (Fig. 1)
is caused by a significant worsening of convergence of the
sought values of the actuator time constant, hysteresis and
pure delay. This effect is caused by similarity of the lag
transfer characteristics and combination of the transfer
function with hysteresis. The use of an aperiodic link in
the model instead of transfer functions of a higher order

v
—+F_tanh
vSt

2
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was caused by absence of visible harmonics in the actuator
transients (Fig. 4).

When constructing detailed models of the electrohy-
draulic amplifier operation process, multidisciplinary prob-
lems of hydraulics, mechanics, electricity and magnetism are
solved. Behavior of hydraulic, electrical and mechanical sys-
tems is described using nonlinear nonstationary analytical
equations. A similar model of an electrohydraulic amplifier
was described in [22]. However, the number of parameters of
such models can reach several hundred including geometric
parameters of structural elements, material parameters,
correction factors, etc. Detailed models of electro-hydraulic
amplifier operation process are used primarily for design
calculations. They have low speed because of a consider-
able number of parameters and structural complexity. To
construct a fast-computation model, it was proposed to use
a mathematical model of an electro-hydraulic converter
represented by speed characteristics. In this case, the time
constant and hysteresis of the electro-hydraulic converter
were combined with parameters of hardware of the electron-
ic control unit.

For automatic identification of the mathematical model
of the actuator, procedures for determining the model pa-
rameters optimized for the model structure have been devel-
oped. Based on these procedures, algorithms and software
have been developed for automatic reading and analysis of
the actuator characteristics. When developing the electronic
part of test benches, two approaches are most widely used
at present. The first approach is based on standard data
acquisition and processing systems from companies such as
National Instruments. These systems are optimized for the
structures consisting of standard units of a concrete man-
ufacturer. Each of the standard units is a separate unit for
processing or converting information with its own boards,
power supply system, etc.

In the second approach, systems based on standard mi-
crocontrollers are used. It is necessary to develop electrical
circuits for processing and converting signals, supplying
circuit elements with power, etc. for each specific design of
the test bench.

Upon comparative analysis, the second approach was
chosen. The decisive criterion of choosing the second ap-
proach was its high flexibility when integrating standard
electronic control units of the actuators unit in the hardware
system.

The lower-level software embedded in microcontrollers
of the electronic control unit of the bench was realized in the
C++ programming language.

The higher-level software with a user interface (computer
installed) was developed in the C# programming language.

The dsPIC series chips for processing signals from the
test bench sensors and Cortex-M series chips for controlling
the test bench and communicating with the central comput-
er were used as microcontrollers. Hercules Arm Cortex-R
microcontroller in which the part of the algorithm respon-
sible for processing and shaping signals was similar to the
standard object control unit was used in hardware of the
standard control unit. Special boards have been developed
for converting analog and discrete signals.

In addition to the algorithms of determining the mod-
el parameters, algorithms of automatic determination of
main actuator parameters and characteristics (zero shift,
dead space, amplitude-frequency, phase-frequency and speed
characteristics) have been implemented in the software. The

proposed method for automatic determination of the above
parameters and characteristics can materially simplify and
speed up the process of acceptance tests.

Development of methods for automatic identifying a
simplified mathematical model of an electro-hydraulic ac-
tuator control loop is a continuation of the author’s work in
development of electro-hydraulic actuator models. Unlike
the detailed workflow model partially described in [22],
the simplified model proposed in this study has a simpler
structure. Essential simplification of the model ensures au-
tomatic identification of various deviations in parameters in
various actuator operation conditions (external factors). The
ability to analyze the range of change of the actuator model
parameters makes it possible to improve quality of synthesis
of control algorithms.

A further continuation of studies in development of sim-
plified models of electro-hydraulic actuators may consist in
combination of an actuator model with a simplified workload
model for various operating conditions.

The proposed procedures can substantially reduce labor
costs in processing the experimental data and reduce time of
reading experimental characteristics of the actuator.

7. Conclusions

1. To determine main dynamic and static characteris-
tics of the electro-hydraulic actuator loop, procedures have
been developed for automatic determination of zero shift,
dead space, amplitude-frequency, phase-frequency and speed
characteristics. These procedures are based on automatic
generation of control signals and processing of experimental
data without operator participation. The use of experimental
data processing procedures adapted to the structure and
parameters of electro-hydraulic actuators has increased
stability and performance of algorithms. Automation of the
characterization process has allowed us to reduce the time
taken to read out characteristics from 30 minutes to 1 min-
ute and analysis time from 60 minutes to 8 seconds. In addi-
tion, quality and volume of the analyzed data were improved
due to exclusion of the human factor and the method for
analyzing the actuator speed characteristics and hysteresis
with a continuous change of the control signal.

2. A mathematical model of an actuator with a simple
structure and high accuracy and methods for automatic
determination of its parameters were developed. Simplifi-
cation of the model was achieved by eliminating the use of
workflow models of electrical, magnetic, hydraulic and me-
chanical components of each of the elements of the control
loop separately. It was proposed to use sequential position-
ing of elements imitating behavior of the entire control loop
as a whole: total hysteresis and transfer function, effect of
external load and speed characteristic. Structure of the
simplified model was chosen in such a way as to ensure
accuracy of reproduction of characteristics substantially
higher than variation of parameters between actuators
with a minimum number of the model elements. Because
of simplification, this approach does not enable analysis of
influence of parameters of individual structural elements of
the control loop on parameters of the entire loop in general.
Accuracy of the mathematical model is lower compared to
the workflow model. The error in positioning of the output
link using the proposed simplified model when working
with sinusoidal signals having amplitude of 2 % and 50 %



of the nominal control signal was not more than 10 % and
3 %, respectively, with variation of parameters between the
actuators 70 % and 15 %, respectively. The error in deter-
mining hysteresis was less than 5 % (commensurate with
the measurement error) at a spread of parameters among
the actuators up to 200 %. Thus, the model reproduces

basic dynamic and static parameters of the actuator with a
distortion an order of magnitude lower than the parameter
spread among the actuators. This enables a highly accurate
estimate of stability margin of the control loop for each of
the produced actuators by means of calculation and simpli-
fies the task of controller synthesis.
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