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THEORETICAL BASIS OF ELECTRIC DRIVES
WITH INHERENT NONLINEARITIES

Summary. In articles, the theoretical justification of electric drives is presented, whose essential influence on
dynamic and static characteristics stems from inherent nonlinearities of electromagnetic, mechanical, and control
nature. It has been shown that a real electric drive is not expedient to be considered as a set of linear links from small
deviations parameters, but as a complex nonlinear electromechanical system, whose is forming magnetic saturated,
dry and viscous friction, backlash and gaps in gears, limitations on voltage and current of the power converter,
nonlinear load, hysteresis, dead zones and discreteness management influences. It is justified that linearised models
are valid only in the vicinity of the operating point and do not provide adequate performance across a wide range
of operating modes, including start, reverse, low-speed movement, torque boost, and operation under variable
disturbances. Proposed generalised approach to mathematics description of electric drive in space states, taking
into account basic nonlinear dependencies. The feasibility of integrated use is shown. local linearization, energy
methods, Lyapunov functions, phase analysis, and modern nonlinear algorithm management. Received results from
the theoretical basis for the synthesis of high-precision, robust and energy-efficient electric drive systems.

Keywords: electric drive, nonlinearity, electric machine, mathematical model, magnetic saturation, friction,
backlash, robust control, stability, power converter.

Problem statement. Electric drive, in modern technical understanding, covers the electric machine,
the power plant converter, the mechanical transmission, the load, and the control system. It is a
multicomponent structure that makes him the only electromechanical system in which transformation
energy, formation torque, motion transmission, and coordinate adjustment are interconnected [1].

However, in real conditions, the operation of such a system is almost never linear. Magnetic
characteristics of the core change due to saturation; mechanical transmission contains clearances;
friction has Coulomb, viscous, and mixed components; and regulators and converters operate under
restricted voltage, current, and frequency switching [2]. Under these conditions of application,
exclusively linear models lead to a simplification that is permissible only for a narrow range around
the operating point. For a wide range of modes, a real electric drive needs a nonlinear theoretical
description [10].

Analyse the last research and publications. In modern research, nonlinearities in electric drive
systems are considered one of the main factors that restrict precision adjustment, smoothness, and
stability. For mechanical parts, particular importance is given to backlash nonlinearity, dry and mixed
friction, and elastic deformations in gears [3].

For electromagnetic parts, the primary source of nonlinearity is magnetic saturation [4], which causes
variations in inductance and distortion of transitional processes [5]. Separate directions constitute
research on nonlinear friction, because it directly affects not only the accuracy of management but also
the identification of procedures and parameters in systems [6]. Development of modern PMSM — and
asynchronous drives accompanied active implementation methods FEEDBACK LINEARIZATION,
BACKSTEPPING, SLIDING MODE, ADAPTIVE SCHEMES [7-9].
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Formulation of the purpose of the article (statement of the task). The purpose of the article is
to provide a theoretical justification for electric drives with inherent nonlinearities by developing
a generalised nonlinear description of electromechanical systems, identifying the main sources of
nonlinearities, evaluating their impact on the drive’s dynamic properties, and defining appropriate
approaches to the analysis and synthesis of control systems.

The main part. In general case electric drive expedient describe in space states as a nonlinear
system of the form:

x=f(x,u,p,t), y=g(x,u,p,t) (1)

where x is the state vector, which may include currents, flux linkage, angular velocity, angle of

rotation, and deformations of mechanical links;

u 1s the control influence;

p is the object parameters. This form is natural for describing electric drives when it is necessary

to simultaneously account for electromagnetic, mechanical, and control constraints [1].

For a generalized electric drive, the electrical and mechanical subsystems can be represented by
the equations:
dy(i,0)

u=R(T,i)i+ +e(m,\|/), 2)

J(0) 2=, (1)~ M. (@.0)~ M, (0)- M, (1 ®)
where R(7, i) — resistance, depending on temperature and mode;

y(i, 8) — flux linkage as a nonlinear function of current and position;

M, — electromagnetic moment;

M. — load moment;

M, — friction moment;

M, — disturbing moment. Already from this form, it is clear that Nonlinearity in an electric drive is

not a secondary effect but an inherent property of physics.

The first fundamental source of nonlinearity is magnetic saturation [4, 5]. In linear approximations,
the flux linkage is often given as y = Li; however, the real magnetic system of the machine has a
nonlinear magnetisation curve, and the mutual inductance changes with saturation. For induction
machines and polyphase drives, consideration of saturation and crossover saturation substantially
affects transient currents and voltages, as well as the accuracy of models.

The second principle factor is nonlinearity mechanical channel. Dry friction can be described
approximated as [6]:

Mf (03)=Mcosgn(0))+bco 4)

where M., is the Coulomb component;

bw — binding component. Such a model is already unevenly smooth and, in the low-speed zone,

generates effects such as sticking, microvibrations, and reduced positioning accuracy.

Third, the source is backlash, gear and elastic transmission gaps [3]. They generate dead zones,
delay torque transmission, shock absorber phenomena during changes in direction of movement,
and additional oscillatory modes. Since BACKLASH is an ambiguous nonlinearity with memory, it
cannot be reduced to a simple static correction and must be considered separately in the model.

Fourth group nonlinearities related to the force converter and control system [7-9]. Current and
voltage limitations, saturation regulators, PWM discreteness, digital computing delays, and anti-
windup effects actually change the system’s structure depending on the regime.
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Fifth nonlinearity is exactly load. For many mechanisms, the moment of resistance is not constant
and depends from speed in the form of:

M, (0)=M, + ko’ (5)

For pumps and fans, the typical law is the quadratic law; for transport and lifting mechanisms,
piecewise linear or combined characteristics.

From here follows key theoretical position: linearization has local character. If for a stationary
point (x, u) the following holds: condition f{x,,u,) = 0, then in the neighborhood this point the system
can be presented in the first approximate as :

Ax = AAx + BAu, (6)
where
d d
=4 pY ™)
X0-Y0 dI/l

X0>Yo

This simplification is useful for controller synthesis, but it loses its adequacy when passing through
zero speed, entering saturation, changing load, or structurally changing the converter mode. That is
why, for a wide operating range of an electric drive, a nonlinear model is not an alternative, but a basic
form of description.

Question: It is advisable to consider the stability of such systems on the basis of the energy approach
and Lyapunov functions [10]. For an electric drive, a natural candidate for the Lyapunov function is
the sum of the electromagnetic and mechanical energies. If the derivative of this function along the
system’s trajectories is negative, we can draw conclusions about sustainability or asymptotic regime
stability.

From a control synthesis perspective, it means that traditional linear PI and PID controllers are
considered a special case suitable for modes with relatively weak nonlinearities. If available, essential
changes parameters, load, saturation, and disturbances become more justified, robust and nonlinear
methods: SLIDING MODE, BACKSTEPPING, FEEDBACK LINEARIZATION, DISTURBANCE
OBSERVER — BASED CONTROL, ADAPTIVE SCHEMES.

So, theoretically, the justification of electric drives with inherent nonlinearities consists in moving
from simplified linear interpretations to a systemic nonlinear description. Such an approach should
combine a physically correct model, local linearization for engineering synthesis, energy analysis,
stability and numerical modelling characteristic modes.

Conclusions. It was found that nonlinear electric drives have a fundamental nature and arise in all
main subsystems: electromagnetic, mechanical, power and control [4-7].

It has been proven that magnetic saturation, nonlinear friction, backlash, gaps, voltage and current
constraints, and the load’s nonlinear nature significantly alter the drive’s dynamic characteristics and
cannot be adequately captured by a single global linear model.

It is justified that linearised models are acceptable only for local analysis near the operating point,
whereas over a wide range of modes, the electric drive must be described by a nonlinear state-space
model.

Theoretical analysis indicates that a comprehensive approach combining physically meaningful
nonlinear modelling, local linearization, Lyapunov methods, phase analysis, and robust control
synthesis is advisable.

The received position can serve as a basis for further research and the design of high-precision,
adaptive, and energy-efficient electric drive systems.
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Xepconcwkuii HA84ATbHO-HAYKOBUL THCMUMYM
Hayionanvrozo ynieepcumemy xopabnebyodyeanus imeni aomipana Makapoea

TEOPETUYHE OBIPYHTYBAHHS EJIEKTPOIIPUBO/IIB
3 MIPUTAMAHHWMHW HEJIHIMHOCTSAMMA

Anomauis

V crarTi 37iliCHEHO TEOpeTHYHE OOIPYHTYBaHHS SNEKTPONPUBO/IB, Y SIKMX CYTTEBHH BIUIMB Ha JHHAMIYHI
Ta CTaTUYHI XapaKTEPUCTHKUA MAIOTh NPUTAMAHHI HENMIHIHHOCTI €NEKTPOMATHITHOI, MEXaHIYHOI Ta KepyBalbHOT
npuponu. [lokazaHo, o peanbHUI eTEKTPOIIPUBOL AOUITEHO PO3TISIATH HE K CYKYITHICTD JIIHIHHHUX JIAHOK 13
MaJlMMH BiJIXHJICHHSMH MApaMeTpiB, a K CKIAJHY HENIHIHHY eNeKTPOMEXaHIuHy CUCTEMY, MOBEIIHKA SIKOi (op-
MYETHCS MArHITHUM HACHUCHHSM, CYXHM 1 B’SI3KMM TEPTAM, TIOPTaMH Ta 3a30paMu y nepeadax, 00MeKeHHIMU
HaIpyry i CTpyMy CHJIOBOTO TEPETBOPIOBauYa, HENIHIHHICTIO HABAHTAKEHHS, TiCTEPE3UCOM, MEPTBUMH 30HAMHU
Ta TUCKPETHICTIO KepyBalbHUX BIUTHBIB. OOTPYHTOBAHO, 110 JIHEAPH30BaHI MOJIETI € KOPEKTHHUMH JIHIIE B OKO-
71 pobo4oi TOUKH 1 He 3a0e3MeUyI0Th HANEKHOI aJIeKBATHOCTI ITiJl Yac aHaNli3y IMHPOKOTO Jiarna3oHy PeXHUMiB,
30KpeMa MyCKy, peBepcy, MallOIBHIKICHOTO PyXy, (OPCYBaHHI MOMEHTY Ta POOOTH B YMOBAX 3MIHHUX 30ypeHb.
3anponoHOBaHO y3arajlbHEHUH MTi/IXi]] 10 MATEMAaTHYHOTO OTUCY €JIEKTPOIIPUBO/A Y IPOCTOPI CTaHIB 3 ypaxyBaH-
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HAM 0a30BHX HETIHIHHUX 3ajekHOocTel. [loka3zaHo MOMITbHICTS KOMIIEKCHOTO BUKOPHCTAHHS JIOKAIBHOI JTiHe-
apu3allii, CHepreTHIHUX METOMIB, GyHKINiH JIsmyHOBa, Pa30BOro aHamizy Ta CydyaCHHX HENiHIHHUX alTOPUTMIB
kepyBaHHA. OTpuUMaHi pe3ynbTatd GOPMYIOTh TEOPETHYHY OCHOBY UIS CHHTE3y BHCOKOTOYHHX, POOACTHUX Ta
eHeproe(DeKTUBHUX €ICKTPOIIPUBOTHUX CHCTEM.

Knrouosi crosa: enexTponpuBo, HETIHIHHICTD, eIEKTPHYHA MallIMHa, MAaTeMaTHYHA MOJIEITb, MATHITHE HACHYCH-
HS, TepTA, TOQT, podacTHEe KepyBaHHS, CTIHKICTh, CHIIOBHI TIEPETBOPIOBAY.
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