Technical sciences ISSN 2307-5732

https://doi.org/10.31891/2307-5732-2026-361-12
VK 62-83:681.5.07
BOJIOKAH OJIEKCAH/IP

OnecpKuil HALIOHAIBHUH TEXHOJIOTIUYHUH YHIBEPCUTET
https://orcid.org/0009-0006-7486-4444
e-mail: mister.bolokan39@gmail.com
BYKAPOC AH/JIPIU
OpecbKa BifiCBKOBa aKaaeMist
https://orcid.org/0000-0002-6306-0874
e-mail: andrey.bucaros@gmail.com

HIABUIIEHHSA POBACTHOCTI CIIOCTEPII'AYA CTAHY EJIEKTPOIIPUBOY

Y cmammi ob6rpynmosano 0oyinbHicms YOOCKOHANEHH A0AnMUEHO20 CROCMEPI2aya CMaHy eieKmponpugodis cucmem
HABCOCHHS 3eHIMHUX DAKEMHUX KOMNJIEKCI8 O 3a0e3neueHHs ix eqgekmuno2o @OYHKYIOHY8AHHS 6 DedlCUMi NnepesulleHHs.
HOMIHALHOT WBUOKOCHT 00ePMAHHA BUKOHABY020 OBUSYHA, A MAKOMNC OISk NIOBUWEHHS 3A2aNbHOT WEUOKOOTT cucmemu HageOeHHs..
Ipoananizosano cmpykmypy 8i00M020 a0anmueHo20 Cnocmepiaaya Cmamy, peaiizo8ano2o Ha OCHO8L cnocmepizayis Jlionbepeepa
ma 3acmoco8y8an020 6 eleKkmponpugodax 60Uo6Ux MawuH. Bucynymo npunywenis w000 MONCIUGOT HeOOCMAmHbOI NpUOAmHoOCmi
maxoi cmpykmypu 0151 pobomu eneKkmponpuoody 6 30Hi niosuujeHux weuoxkocmeu. CuHme308aHo ma MoOEpPHi308AHO CINPYKIYDY
cnocmepizaua cmawy eiekmponpugooy i3 3dCmOCY8AHHIM MOOAIbHO20 MEmOOy, 3 YPAXYEAHHIM HENiHIHOI Xapakmepucmury
HAMA2HIYYBANHS GUKOHABYO20 O0BUSYHA. 3A3HAYEHY XAPAKMEPUCIMUKY NONEPeOHbO NIHeapu3068ano ma nooamo y eueasioi JHIuHOT
sanedxcnocmi koepiyicuma EPC ma momenmy 6i0 cmpymy 30yoxcenns. Y cepedosuwyi Matlab/Simulink oocniooceno ennus
napamempuuHoi HegusnaueHocmi 08uyHa nocmitinoeo cmpymy muny /[-135 na pobomy 6a3060i cmpyxkmypu cnocmepieaua y ckiaoi
cucmemu HageOeHHsl 3eHiMHO20 pakemnoeo komnaekcy 9K35. Pezynomamu nokaszanu, wo maxa cmpykmypa 0eMOoHCmpPYE 8UCOKY
CmIUKicmb 00 NAPAMEempUiHUX GIOXUNLEHb, 30KpeMa 3MIHU AKMUGHO20 ONOPY 0OMOMKU SAKOPS Ma MOMEHMY [Hepyii, npu ybomy
noxubka oyinioeanHs: Kymogoi weuoxocmi ne nepesuuye 4%. Boonouac 6cmano6ieno, wo 3i 3MEHUEeHHAM MAZHIMHO20 NOMOKY,
XapakmepHozo 011 pobomu erekmponpusody 6 Oianazoui weuokocmet, AKi nepesuwiyromv HOMIHANbHI, 6A308a CMPYKMypa
cnocmepizaua noguicmio empadac npayezoamuicme. Ilpogedeno uucenvhe Mooeno8ants pobomu 600CKOHANIEHO20 Cnocmepieaid
Cmawny y cKuaoi cucmemu HA8eOeHHs 3eHimH020 paxkemHozo Komniekcy 9K35. Pesyromamu moolenro8antHs niomeepounu tiozo
epexmueHicmy i 3a00e3neueHHss cmabilbHO20 DYHKYIOHYBAHHS eNeKmPOnpueody 8 000X 30HAX WUEUOKOCHIL.

Kniouogi cnosa: cnocmepicau Jlioenbepeepa, 0suzyn ROCMIUHO20 CMPYMY, €1eKmMpPONnpuBoOd HABEOEHHs, 3eHIMHUll
PpakemHuii KOMHIeKc.
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IMPROVING THE ROBUSTNESS OF THE ELECTRIC DRIVE STATE OBSERVER

The paper substantiates the feasibility of improving the adaptive state observer of surface-to-air missile systems guidance electric drives in order
to ensure their effective operation in mode of exceeding the executive motor nominal rotation speed, as well as to increase the overall speed of the guidance
system. The structure of the well-known adaptive state observer, implemented on the basis of Luenberger observers, which is used in electric drives of
combat vehicles, is analyzed. A hypothesis is put forward regarding its potential unsuitability when the electric drive operates in the zone of increased
speeds. The structure of the electric drive state observer is synthesized and modernized using the modal method, taking into account the nonlinear
characteristic of the executive motor magnetization. This characteristic was previously linearized and presented in the form of a linear dependence of the
EMF coefficient and torque on the excitation current. The influence of the parametric uncertainty of the direct current motor type D-135 on the operation
of the basic observer structure as a part of the 9K35 surface-to-air missile guidance system was studied by simulation in the Matlab/Simulink environment.
The results showed that such a structure demonstrates high robustness to deviations in the active resistance of the armature winding and the moment of
inertia, while the error in estimating the rotational speed does not exceed 4%. At the same time, when the magnetic flux corresponding to the operation
of the electric drive in the speed range higher than the nominal one decreases, a complete loss of the basic observer structure operability was detected.
Numerical simulation of the operation of the improved state observer as part of the 9K35 surface-to-air missile guidance system was carried out. The
simulation results confirmed its effectiveness and stable operation of the electric drive in both speed modes.
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Problem statement

Direct current (DC) motors are widely used in electric drives of both modern military equipment and existing
weapons of the last century: self-propelled guns and navigation systems (Wylie, 2025), multiple launch missile systems
(Paranchuk et al., 2018), surface-to-air missile systems (Saputra et al., 2015; Tata Advanced Systems, n.d.), missile fin
actuation systems (Ghadi, 2022), automotive and engineering equipment (Reimers, 1973). Guidance electric drives of
surface-to-air missile systems (SAMS) are usually equipped with closed-loop speed control systems of executive
electric motors (Somefun et al., 2020), which provides automated guidance to an air target. In such systems, speed
sensors are widely used, among which the most common are DC tachogenerators. However, the use of these sensors
significantly affects the dynamic characteristics of closed-loop control systems, in particular, the speed of the guidance
process. The latter parameter is critically important given the tactical and technical requirements for SAMS in combat
conditions, where the speed of response to a threat is of crucial importance.
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Literature overview

To solve this problem, it is advisable to use methods for sensorless estimation of the guidance system actuator
motor rotational speed. Among such approaches, Kalman filters (Rigatos & Siano, 2011) and adaptive state observers
(Abut, 2018) are distinguished. In (Bukaros et al., 2022), a comparative analysis of the above methods was carried out,
on the basis of which the advantages of using Luenberger observers (LO) in DC electric drives were substantiated.
Similar results (Sadhu & Ghoshal, 2011) are given in the study, which demonstrated the effectiveness of using LO in
homing systems of guided missiles. Therefore, it is advisable to use LO to implement control systems for SAMS
guidance electric drives.

The theoretical foundations of Luenberger observers (LO) were thoroughly developed back in the 20th century,
and their practical application, in particular in DC electric drive systems, has been confirmed by a number of research
works considered earlier. These developments are based on the assumption of constancy of the actuator motor
parameters during its operation. At the same time, the relevance of increasing the speed of the guidance process
determines the need to find more effective methods of controlling the motor speed. One of the promising directions is
the use of two-zone control systems (Fitzgerald et al., 2002), which allow increasing the motor speed by weakening the
magnetic flux. On this basis, a scientific hypothesis can be formulated: with significant changes in the magnetic flux in
a DC motor, traditional SO structures may lose their performance and require appropriate modernization.

Purpose of the article

The aim of the research is to create an adaptive state observer for guidance electric drives of SAMS with
robustness properties to changes in the magnetic flux of the executive motor. The introduction of such an observer opens
up the possibility of implementing two-zone control of the engine speed, which will contribute to improving the dynamic
characteristics of the guidance system.

Materials and methods

The analysis of the LO with the known structure will be carried out using the example of the horizontal

guidance electric drive of the SAMS 9K35 (Fig. 1).
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Fig. 1. Horizontal guidance system of the SAMS 9K35

Fig. 1 shows: ¢ is the horizontal guidance angle; Q is the rotational speed of the motor; U, is the control voltage;
U,y 1s the target azimuth signal; Up — feedback signal based on the rotational speed of the motor. As can be seen from
Fig. 1, in the specified electric drive, feedback on the rotational speed of the executive DC motor with independent
excitation of the D-135 type is implemented, which is carried out using a tachogenerator.

In (Bukaros et al. 2022), the synthesis of the LO with the distribution of the characteristic polynomial roots
according to the linear Chebyshev form was performed. The diagram of the synthesized system, presented in Fig. 2,
provides the ability to estimate both the rotational speed and the resistance moment on the shaft of the executive DC
motor D-135 in real time.
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Fig. 2. Block diagram of a known LO
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Fig. 2 shows: I, I, are respectively measured and estimated value of the armature current; {2 is the estimated
value of the motor rotation speed; R,, L, are respectively the active resistance and inductance of the armature winding;
T,, T, are respectively estimated values of the electromagnetic and load torque; .J — moment of the armature inertia; Kr,
Kr —respectively the torque and voltage constants; s — Laplace variable; L — coefficient of the Luenberger matrix.

It is known that when the DC motor operates in the speed range below the nominal (single-zone control mode),
the armature resistance R, changes by several percent due to Joule heat generation (Furuta et al., 2024). In the case of
using the DC motor as part of an electric drive with a displacement or rotation mechanism, the total moment of inertia
J, reduced to the electric drive shaft, can change significantly. To transition the motor to the operating mode at a speed
exceeding the nominal (two-zone control), it is necessary to reduce the magnetic flux @. Thus, when analyzing the
robustness properties of the LO, we will consider as variable parameters of the DC motor: the armature winding
resistance (with a deviation of up to 10%), the moment of inertia reduced to the motor shaft (with a deviation of up to
100%), and the motor magnetic flux (with a deviation of up to 50%).

According to the scientific hypothesis put forward in the introduction, the LO with a known structure (Fig. 2),
having robustness properties with respect to the parameters of the DC motor, will lose its operability with significant
changes in the motor magnetic flux. To eliminate this drawback, it is proposed to improve the known LO by structural
changes.

The system of equations describing the mathematical model of the known LO can be written as follows:
d — Rg -~ K?’A~ K
EMe = —EMB —ZQ‘FZU(I)
P _ (1
w=M, + L(I, - 1)
where K = Kr= K is the DC motor constant.

Equations (1) are built on the assumption of the DC motor magnetic flux @ constancy, and accordingly, the
coefficient K. In the case of the DC motor operation in the second speed zone, where the magnetic flux is weakened, it
is necessary to introduce the dependence K=f{®) into equations (1). At the same time, it should be taken into account
that to determine the value of @ in real time, it is necessary to integrate Hall sensors into the design of the executive
motor, which significantly complicates the electric drive and contradicts the aim of the study. As an alternative solution,
it is proposed to measure the field current /rusing a simple sensor, and include the dependence K=f{(/)) in equations (1).
This dependence is generally nonlinear and is determined by the magnetization curve of the DC motor (Fitzgerald et al.,
2002). Since the LO is robust to minor changes in the parameters of the observed object (Abut 2018, 70), it is permissible
to linearize this dependence and present it in the form K = L, - I, where L is the field-armature mutual inductance.

Thus, equation (1) can be rewritten as
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Equation (2) corresponds to the structural diagram of the LO, which is shown in Fig. 4.
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Fig. 3. Block diagram of a modernized LO

As shown in Fig. 3, the modernized observer is implemented using only two current sensors - the armature 7,
and the field 7, of the DC motor. This design provides the possibility of real-time estimation of the motor torque 7, the
shaft load moment 7; and the angular velocity Q. The corresponding expression for the coefficient of the Luenberger
matrix has the following form:

__RE
La-(Al-Laf-If)z

L(lf) =7~ 3)

where A1l is the form factor (Bukaros et al., 2022).
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Based on the structural diagram in Fig. 3, a simulation model was created in the Matlab/Simulink environment,
which is shown in Fig. 4.
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Fig. 4. Simulation model of a modernized LO

In the model presented in Fig. 4, the mechanism for weakening the magnetic flux of the D-135 motor is
implemented using the Uyrsignal, which simulates the field voltage. The 7; signal reproduces the pulse load on the motor
shaft, which is typical for real electromechanical systems due to the presence of backlash. The T; signal is used to
simulate the estimated load moment on the motor shaft. The Q signal reflects the current angular velocity of rotation of
the motor. The powergui block is responsible for setting the initial conditions for the simulation. The calculation of the
Luenberger matrix coefficient according to formula (3) is performed in the Subsystem block, while the Step block
prevents the occurrence of division by /r = 0, which can occur at the beginning of the simulation with zero initial
conditions. All other signals and blocks of the model correspond to the structural diagram shown in Fig. 3.

Before the start of experimental studies, the model presented in Fig. 4 was initialized according to the passport
characteristics of the D-135 type DC motor. To ensure maximum system performance, the 4; form factor was set at 1.38.

The numerical experiment was carried out in 3 stages. At the first stage, the Ursignal was set to the nominal
value, which corresponds to the operation of the electric drive in the first speed zone. During the simulation, the motor
parameters were changed, such as the active resistance of the armature winding with an increase of 10%, the moment
of inertia, brought to the motor shaft with a decrease of 100%.

In the second stage of the experiment, at 5 seconds, the Uy signal was abruptly reduced by 2 times to simulate
the weakening of the motor magnetic flux which corresponds to the operation of the electric drive in the second speed
zone. At the same time, the value of the field current signal /;supplied to the LO blocks remained unchanged and equal
to the nominal value.

In the third stage of the experiment, the change in the /s signal was taken into account.

Results and discussion

The results of the first stage of the experiment are shown in Fig. 5a and 5b. The results of the second and third

stages of the experiment are shown in Fig. 5¢ and 5d, respectively.
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Fig. 5. Simulation results
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In Fig. 5, solid lines show the angular velocity curves of the studied motor, which are obtained from the MATLAB
model of the DC motor. Dashed lines indicate the angular velocity estimation curves obtained from the LO model.

Analysis of the graphs presented in Fig. 5a and 5b indicates the high robustness of the known LO with respect
to changes in the active resistance of the armature winding and the moment of inertia of the electric drive. In particular,
after the observer adaptation process is completed at 0.8 seconds, the error in estimating the angular velocity does not
exceed 4% when the armature winding resistance is increased by 10%, and 1% when the moment of inertia is reduced
by 2 times, which confirms the effectiveness of the algorithm in conditions of parametric changes in the system and
does not require its improvement.

If the magnetic flux of the motor is reduced by 50% and the electric drive moves to the second speed control
zone (Fig. 5¢), the efficiency of the known LO is significantly reduced, which actually indicates its inability to provide
a correct estimate of the rotation speed. The results obtained confirm the previously formulated scientific hypothesis
regarding the limitations of the use of the known LO in the specified mode of the electric drive operation.

Fig. 5d presents the results of numerical simulations, which demonstrate the full functional suitability of the
improved LO in both speed control zones of the electric drive. After a short adaptation interval of 0.3 s, the estimate of
the motor angular velocity follows the real value quite accurately, with an error not exceeding 1%.

Conclusions

Based on the research conducted, the following conclusions can be formulated.

The results of the experiment confirmed the effectiveness of the proposed structure of the improved LO. The
developed LO provides sensorless estimation of the DC motor angular velocity in conditions of two-zone speed regulation,
while the error does not exceed 1%. Such accuracy allows integrating this observer into the guidance electric drives of
surface-to-air missile systems, contributing to the improvement of the dynamic characteristics of the guidance process.

The simulation model of the improved LO also provides the ability to estimate the load torque on the motor
shaft. This, in turn, creates the prerequisites for the development of robust control systems that are resistant to the effects
of backlash and elastic couplings typical of electromechanical systems.

The proposed model requires further improvement and research, since its structure includes signal
multiplication blocks, which, if there is a measurement error in at least one of the arguments, can cause a multiplicative
error in the process of estimating the parameters of the motor. Such an effect can negatively affect the accuracy and
stability of the system in real operating conditions.
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