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EnekmpuyHi mawuHu ma anapamu
UDC 621.318
O. Belguet, R. Mehasni, A. Belounis, M. Ouili

https://doi.org/10.20998/2074-272X.2026.3.01

Effects of friction on the efficiency of open gradient magnetic separation in dry granular materials

I ntroduction. Magnetic separation is one of the most effective and widely used techniques for the purification and enrichment of materials. It
plays a crucial role in mineral processing, recycling, and environmental applications, where the separation efficiency depends on both the
magnetic field characteritics and the physical properties of the treated materials. Problem. A major limitation of existing studies is that the
frictional drag force is often neglected in magnetic separation, although it can sometimes completely prevent the separation process. Goal.
To edimate and experimentally verify the effect of frictional drag force on the performance and operational limits of open gradient magnetic
separation (OGMS) under dry conditions. Methodology. An integrated analytical, numerical, and experimental approach was used. The
granular medium was modeled as a complex fluid where friction acted as a drag force. The coupled magnetic and dynamic equations were
solved using Finite Element (FE) — Runge—Kutta (RK4) methods, and results were validated experimentally with a permanent magnet drum
separator. Results. To verify the obtained results experiments were carried out on samples of a mixture of sand and iron particles with
different components sizes (iron particles and sand grains) in a permanent magnet drum separator. Limited to fine granulometries, the
experiments carried out confirmed the results obtained theoretically. Scientific novelty. The study introduces a coupled FE-RK4 modd that
explicitly integrates the frictional drag force into the particle dynamic equations, enabling accurate prediction of trajectories and
operational thresholds. This provides a realistic description of dry magnetic separation behavior, which has been largely overlooked in
previous models of dry magnetic separation. Practical value. The findings provide engineers with a framework for optimizing dry OGMS
performance. The developed model defines the threshold separating efficient frominhibited particle capture and clarifies how frictional drag
controls the operational range of magnetic separators. These insights support improved design, process adjustment, and greater reliability
in dry magnetic separation. References 41, tables 7, figures 12.

Key words: finite element method, fine particle, frictional drag force, granular material, magnetic field, magnetic separation,
particle dynamics.

Bemyn. Maznimna cenapayisn — 00un 3 HauiOinbud eeKmusHux i WupoKo BUKOPUCMOBYBAHUX MEMO0ie Ouuwjens ma 36a2avens
Mmamepianie. Bona eidicpac easicnusy ponv y nepepodyi minepanie, 6mOpUHHil nepepobyi ma 0XOPOHI HABKOIUUIHBO2O Cepedosuuyd, Oe
ehexmueHicmb nOOLTy 3anedcums K Gi0 XAPAKMEPUCMUK MASHIMHO2O NOMsl, MAaK [ 6i0 Qizuunux eracmusocmeli 0OpoONIOSAHUX
mamepianis. Ilpoonema. OcHosHUM OOMENCEHHAM ICHYIOUUX POOIm € me, WO CUId MEPms Yacmo He 6PAXo8yEmbCs NPU MASHIMHIL
cenapayii, xoua iHodi 6oHa mooice 3asadxcamu nodiny. Memoio pobomu € oyinka ma eKChepuMeHmanIbHa NepesipKa N8y Cunu mepms Ha
NPOOYKMUBHICb MA  eKCNyamayitini mexci 6iokpumoi epadienmmnoi macnimnoi cenapayii. (OGMS) y cyxux ymosax. Memoduka.
Buxopucmosysascs inmezposanuii ananimuuHuil, YuceIbHull ma excnepumenmanbruii nioxio. I panyivosane cepedosuiye Mooeno8anocs saK
CKNIAOHa piouna, 0e mepms OiAno AK cuia onopy. 36’ A3aui MasHimHi ma OUHAMIYHI DIGHAHHA PO36’ A3Y6ANUCH 3 BUKOPUCTNAHHAM MEMOOi8
cxinuennux enemenmie (FE) — Pynee—Kymma (RK4), a pesyrvmamu 6yau excnepumenmansho niomeepodiceHi 3a 00noMo2o1o 6apabaniozo
cenapamopa 3 nocmiinumu maenimamu. Pesynomamu. [na nepegipku ompumanux pesyiemamie nposeoeni eKCnepumeHmu Ha 3paskax
cymiwi NICKY ma YACMUHOK 3ai3d 3 PI3HUMU po3mipamu KoMnonenmie (Yacmunku 3aniza ma niwunku) y 0apabanHomy cenapamopi 3
nocmiiinumu maeHimamu. Excnepumenmu 3 Opibnozeprucmum ckiaoom niomeepounu meopemudno ooepoicani pezynvmamu. Haykoea
Hoeu3Ha. Y Oocnioxcenni npedcmaenena 36' sazana mooens FE-RK4, axa aeno inmespye cuny mepms @ pieHAHHA OUHAMIKU YACMUHOK, WO
00360751€ MOYHO NPOSHO3Y6AMU MPACKMOPIL ma poboui epanuyni 3navenns. Lle 3abesneuye peanicmuynuil Onuc NOBeOiHKU CyXoi MAeHIMHOT
cenapayii, KA 3HAYHOIO MIPOIO I2HOPYBANACL Y NONEPEOHIXx MoOoensax cyxoi mazHimuoi cenapayii. Ilpakmuuna 3nauumicms. Ompumani
pe3yibmamu Haoaioms IHJICeHepam OCHO8y OnmuMizayii pobomu cyxux mazHimuux cenapamopie. Pospobnena modens euznavac zpanuyne
3HAUeHHs, WO pO30LIAE epekmusHe i YCKIAOHEeHe 3aXONNeHHs YACMUHOK, I NOSCHIOE, SIK Culd mepms KOHMPOMOE pobouuil dianazomn
MacHimHux cenapamopie. Lli Oaui cnpustomv nONNUIEHHIO KOHCMPYKYIi, KOPUSYBAHHA Npoyecy ma NioGUWeHHIO HAOIlHOCmi cyxoi
Mmaenimuoi cenapayii. bion. 41, Tabmn. 7, puc. 12.

Kniouosi cnosa: MeTos CKiHUeHHHMX €1€MEHTIB, APiOHOUCIIEPCHI YaCTUHKH, CHJIA TePTH, IPaHy/JIbOBAaHMIl MaTepiaj, MarHiTue
noJie, MarHiTHa cenapaunisi, JMHaMiKa YaCTHHOK.

Introduction. Magnetic separation is a powerful
process widely used in the mining industry notably for
beneficiation and concentration of iron ores [1-5]. It is based
on the application of magnetic field that allows the separation
and recovery of the ferrous component in a desired site. The
ore is initially extracted in form of rocks containing several
minerals (iron, phosphor, =zinc etc) with different
concentrations. Before proceeding with magnetic separation
which can be conducted in dry or wet ways [6—10], the
constituting minerals are firstly dissociated by the grinding of
the ore. The finer the grains, the better the dissociation.

Considering the water penury in arid regions on one
hand and to avoid the pollution of the environment that
can be caused by the ejection of water used in this process
on the other hand, dry separation is favored in which
permanent magnet drum separators are commonly used
[11-13]. In these separators where open gradient
magnetic field is used, the granular material to be treated
is generally fed through a conveyor belt.

In fact, the separation process results from the action
of applied forces that depend directly on the size of the
constituent components (particles and grains). The
fineness of the latter, which is advantageous for the
dissociation of the material constituting minerals, can be a

disadvantageous factor for the separation. In granular
materials, the main forces acting on the particle to be
separated are magnetic, gravity and frictional drag forces.

Numerous studies have investigated dry magnetic
separation in granular media and various separators were
designed without considering the frictional drag force
that, in some cases, can have dominant effect [13—-16].

The goal of the work is to estimate and
experimentally verify the effect of frictional drag force on
the performance and operational limits of open gradient
magnetic separation (OGMS) under dry conditions.

The generator of the magnetic field is itself the
capture element [14, 16-19].

The friction of solid object in non-cohesive granular
media was studied in several works related to other
problems. It was found that the domination of the
frictional force depends on the object shape, velocity,
depth and the medium specifications notably the
packaging rate. To calculate the dynamics of the object,
different models of the friction force were used, where the
coefficients are determined experimentally according to
the specifications of each problem [20-30].

© O. Belguet, R. Mehasni, A. Belounis, M. Ouili
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Because in our application there are other conditions
where the particles to be separated move randomly in a free-
falling granular material (the material is not fed by conveyor
belt but ejected vertically from a container under the effect of
gravity), such models cannot be applied. Therefore, the
moving granular material is modeled as a complex fluid in
which the frictional force is approached to the fluid drag
force for which an analytical model is used [31].

To estimate the effect of the frictional drag force on
the separation efficiency and so on the use limits of the
OGMS, we compared between the particle trajectories
computed with and without considering such a force. For
this purpose, and in order to take into account the coupling
of the magnetic and particle dynamics phenomena in a
study domain of complex geometry, a numerical resolution
of the separation problem based on the coupling of Finite
Element (FE) and Runge—Kutta (RK4) methods was
carried out [16-19]. In such configurations, finite element
methods are commonly employed for their robustness in
dealing with irregular geometries and strongly coupled
field—particle interactions [32, 33].

To verify the obtained results experiments were
carried out on mixtures of sand and iron particles with
different sizes and concentrations. For this purpose, a
horizontal permanent magnets drum separator producing an
open gradient magnetic field was used. The obtained results
confirmed qualitatively what was found theoretically. They
showed that the friction have significant effect that, in some
cases of material granulometry and applied field, can even
prevent the separation.

Modeling of the separation problem in dry
granular medium. To separate the magnetic particles a
static magnetic field is used. Because the permanent
magnet drum is driven at a constant speed (Fig. 1), the
spatial distribution of the magnetic field is computed at
each rotation step by solving the equation given by [34]

vx[lvaj:leBr, (1)
I Iz
where A is the magnetic vector potential; B, is the
residual magnetic flux density of the magnets; [ is the
magnetic permeability.

Fig. 1. 2D view of the considered dry drum separator

To compute the magnetic force applied on a magnetized
particle, different approaches can be applied [35, 36]. In order
to know the distribution of the magnetic force Fp, and its
nature in the environment of the separator, it is preferable to
apply locally the formula given by [16, 18, 19, 37]:

Fm=tto [(M-V)HAV » 2

Vo

where H is the magnetic field strength; L, is the magnetic
permeability of vacuum; M is the particle magnetization;
V, is the particle volume.

The major disadvantage of (2) resides in its high
sensitivity to the quality of the FE meshing of the study
domain. The existence of FEs of bad quality can lead to
singularities which generate significant errors. Such errors
may significantly propagate during the computation
process, particularly when successive spatial gradients are
evaluated. For this reason, and given that the particles are
rigid bodies, the Maxwell stress tensor method is applied.
For an elementary surface dI'" of the rigid particle, the
force is given by [36]

dsz—%yOszI’+,u0(H -dI'H, 3)

where dI'=d/n, where n is the unitary vector normal to
the surface of the particle body.

When the particle displaces in the granular medium,
it enters in collision with the medium grains. Such
collision results in a drag force that prevents its motion.
To take into account this effect in the study of the particle
dynamics, the granular medium is considered as a
complex fluid for which the drag force fp is approached
analytically by [31]

fg =3mgDpVra (1+o.15Re°-687), ()
where 5y is the granular medium viscosity; Dy is the
particle diameter, v, is the relative velocity between the
particle and the medium; R, is the Reynolds number of

the particle.
The Reynolds number of the particle is given by [31]
Re:pe|vreI|Dp/’79 ) (5)
where pe is the effective density of the granular material;
Pe = ps @, Where pq is the mass density of medium grains;
@ is the packing fraction of the granular medium.

To distinguish the effect of the granular drag force
on the particle behavior, it is necessary to study its motion
without considering such a medium. In this case, one of
the acting forces that merits to be considered is the drag
force of air (fluid) given by [14]

1
fp = E Ap/"aCD |Vre| |Vre| > (6)

where A, is the surface of the particle; p, is air density; Vg
is the relative velocity between the particle and air

(continuum phase); Cy = 24(1 + 0.15Fx’eo'687 )/ Re is the

coefficient of drag of the particle. The Reynolds number
is given by the following formula [14]

Re:Pa|Vre||Dp/777 @)
here 7 is the fluid (air) viscosity.
The other significant force applied on the particle is
the gravitational force:
fg=Mpg, (8)
where g is the gravity acceleration; m, is the particle
mass.
According to the 2™ Newton’s law, the computation
of the particle motion requires the resolution of the
dynamic equation given by [16—19],

dvp
mpT:fg-i-fD-i-Fm, (9)

here v, is the particle velocity.
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Resolution method and obtained results. To solve
the separation problem, we have coupled the FE and RK4
numerical methods. Before proceeding to such a
resolution, we firstly verified the accuracy of the
magnetic modeling equations and the reliability of the
developed FE computing tools. Such verification was
based on the computation of the distributions of the
magnetic field and force in the environment of the drum.

Applied magnetic field and generated force. To
compute the distribution of the magnetic field in the
geometrically complex domain, a 3D FE program was
developed and used as in [38, 39]. To facilitate the
interpretation and understanding of the results, we
considered the case where the drum is static. The resolution
of (1) and the exploitation of (2) for a drum of diameter
D¢=0.1 m with 8 identical NdFeB magnets of B=1.1 T, cross
sectional area §,=0.01x0.012 m? and depth dy=0.1 m
arranged periodically with a spacing angle a=45° (see Fig. 1)
have given the results presented in Fig. 2. Figure 2,a shows
a periodic distribution of the magnetic vector potential
that corresponds exactly to the chosen magnets polarity
and arrangement; Fig. 2,b shows that a field of attractive
magnetic force is obtained around the drum (to obtain the
zoom, we presented only the force vectors in elements
located out of the circle of radius 8-10* m).

A, mT-m

[ —

Fig. 2. Distributions of the magnetic field and force in the right
side of the drum (plane (Y, 2)): a — magnetic vector potential;
b — magnetic force density

To know quantitatively the specifications of the
spatial distribution of the generated magnetic force, we

computed the variations of its components following the
3 space directions X, Y, Z represented respectively by line 1
(X, Dg/2+75-10* m, 0), line 2 (0, y>Dg2+75-10* m, 0)
and line 3 (0, Dy/2+75-10* m, 2) (see Fig. 3).

Fig. 3. Chosen lines for the representation of the variations of
the magnetic force according to the 3 space directions
respectively X, Y, Z

For the shown position of the drum magnets, we
obtained the results presented in Fig. 4. Figure 4,a shows
that along the length of line 2, only the component Fp,
can have effect. It is high near the drum surface and
decreases sharply when we move away from it. Along the
length of line 3, Fnx is negligible and only the
components Fr, and Fy, can have effect (see Fig. 4,b).
The domination of each component depends on the
evaluation position in relation to the magnets. Figure 4,
shows that on line 1, except weak effect of the component
Frx at the drum edges, there is a clear domination with
quasi homogeneity of Fyy along the length of the magnet.

When we move along the perimeter of the drum, we
find the same result for Fy with a decreasing of Fpy and
increasing of Fn,. The two components can have the same
value near the immediately following magnets. At the lowest
and highest magnets, it is Fn, that becomes dominant.

In absence of significant effect of the Fy,, component
and due to the quasi homogeneity of Fny, and Fy, along the
depth of the magnets, no considerable deflection of the
particles according to the X direction can happen and the
separation can occur indifferently along the depth of the
separator. In these conditions, a 2D study of the separation
problem in the plane (Y, 2) can sufficiently provide all
information about the separation performance.

To compute the magnetic force applied on a
magnetic particle, we used (3). Applied on the particle
external surface, such a model permits the reduction of
calculation errors linked to the quality of the meshing. For
a cylindrical particle with a shape closer to a sphere of
relative magnetic permeability =115, diameter
Dy=1.6-mm and height h;=1.6-mm located at the position
shown in Fig. 5,8, we obtained the distribution of the
force density presented in Fig. 5,b. The latter shows
attractive elementary forces applied on the particle side
opposite to the drum and repulsive elementary forces
applied on its rear side but a resulting force oriented
towards the drum. To verify the obtained force, we
recalculated the force by applying (2), which has given
for the same computing conditions the distribution of the
force density presented in Fig. 5,C.

In Fig. 5,c the force is zero inside the particle, what
we see inside the particle are the central points of the
elements, where vectors of the elementary forces are
computed and presented. The quantitative comparison
between the results obtained by (2) and (3) has shown that
the attractive resulting force is perfectly the same in terms
of value and direction.
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Fig. 4. Variations of the magnetic force density and its
components (Fiy, Fry, Fi) along the considered lines: a— line 2
(y direction); b — line 3 (z direction); ¢ — line 1 (X direction)

To consolidate our verification on one hand and to
show that the force is globally attractive whatever the
particle position on the other hand, we compared in Fig. 6
between the resulting components of the force obtained
with (2) and (3) for different positions of the particle in
respect to the drum. Such a comparison shows that the
results are perfectly the same. Both the components of the
global force are negative which means that they work to
attract the particle towards the drum.

.x10°
Fm, N

y, m
“o0 0.01 0.02 0.03 0.04 0.05
5X 10°
‘Fm, N [em—

0

/
: Yy, m

_20 0.01 0.02 0.03 0.04 0.05

Fig. 6. Variation of the components of the magnetic force density as

a function of the distance between the particle and the drum surface:
a— Maxwell stress tensor method; b — field gradient method

Particle trajectory. To compute the particle trajectory
that provides all information on its separation, we solved (9)
where the particle body is taken into account (geometry and
magnetic permeability). To permit the distinguishing of any
effect of the granular frictional drag force on the separation,
we firstly computed the particle trajectories without
considering the granular medium. In this case, magnetic,
gravitational and air drag forces modeled by (3), (6) and (8)
respectively were taken into account. For ferromagnetic
particles of diameters 7-10° m < D, < 10> m, height h, = D,,
mass density p, = 7874 kg/m?®, g, = 115, g = 9.81 m/s’, we
obtained for the particle initial positions of Table 1, the
trajectories presented in Fig. 7.

L ]
-0.05-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05

[®]

Fig. 5. Distribution of the magnetic force applied on a cylindrical
particle of radius Dg=1.6 mm, height h;=1.6 mm, p,=115 for a given
position in respect to the drum: a— particle position;

b —Maxwell stress tensor method; ¢ — field gradient method

Table 1
Considered particle initial positions
Particle number | Position y, m Position Z m
1 525107 9107
2 575107 9107
3 6.25-107 9-107
4 6.75-10 9107

Figure 7 shows that in absence of the granular frictional
drag force, the capture occurs from a distance
Yo = 1.25-10 m from the drum surface. Particles initially
situated at the same position are almost captured at the same
site, which means that for this range of particles, the particle
size has no effect on the capture zone. On the contrary, the
computed separation times (except the singular values
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written in bold) presented in Table 2 show that for a given
initial position, the particle of higher size is captured faster.

Table 2

Capture time of the separated particles without considering

the granular frictional drag force

Particle diameter Particle capture time, s
Dy (x10°° m) 1 2 3
70 0.1190 0.1278 0.1422
150 0.1187 0.1280 0.1410
300 0.1186 0.1278 0.1415
800 0.1184 0.1278 0.1417
1500 0.1181 0.1277 0.1416
3000 0.1175 0.1273 0.1411
6000 0.1161 0.1262 0.1394
10000 0.1137 0.1239 0.1364

2]

[®] )
4] ¢] )
9]

Fig. 7. Particle trajectories obtained for different particle sizes
without considering the granular drag force:
a) Dy=70-10"° m; b) D;=150-10° m; ¢) D,=300-10"° m;
d) Dy=800-10° m; ) D;=1500-10"° m; f ) D,=3000-10"° m;
g) D;=6000-10"° m; h) D,=10000-10 ° m

To estimate the effect of the granular frictional drag
force on the separation, we recalculated the trajectories
considering that the particles are included in a granular
medium (sand) with homogeneous grains with a packing
fraction ¢=0.41 [40]. For the same previous computing
conditions, we obtained the results presented in Fig. 8.

Figure 8 shows that the particles of diameter less
than 300-10° m are not separated. Separation begins to
occur for larger diameter particles initially falling very
close to the drum (distance y < 0.25-10° m from the
surface of the drum). We see also that the separation
improves significantly with the increase in particle size.
Unlike the previous case where the particle falls in air, in
a granular medium, the size of the particle has
considerable influence on the capture site.

2] 2]

Fig. 8. Computed particle trajectories obtained in granular
medium: @) D,=70-10"° m; b) D,;=150-10"° m; ¢) D,;=300-10 ° m;
d) D;=800-10° m; €) D;=1500-10"° m; f ) D,=3000-10"° m;
g) Dy=6000-10"° m; h) D,~10000-10° m

The evaluation of the capture time of the separated

particles has given the results listed in Table 3. It is clearly

seen that the larger size particles are also captured faster.
Table 3
Capture time of separated particles in presence
of the granular frictional drag force

Particle diameter Particle capture time, s

Dy (x10°° m) 1 2 3

70 — — —

150 - — —

300 0.1387 - -

800 0.1290 - -

1500 0.1251 - -

3000 0.1204 0.1333 -
6000 0.1170 0.1283 0.1483
10000 0.1141 0.1248 0.1382

The computation of the particle trajectories and
capture time for other packing fractions ¢=0.21 and
»=0.61 has given almost the same findings.

The achieved theoretical study has shown that the
frictional drag force has important effect on the separation
efficiency. In granular ores of fine grains, such effect can
dominate the magnetic force and may even prevent the
separation.

Experimental verification. To validate the achieved
theoretical study and verify the obtained results, experiments
were carried out on mixtures of sand and iron particles of
=115 experimentally identified. In order to reduce the
effect of the magnetic dipole-dipole interaction that leads to
particle agglomerations before their separation (case in
which the frictional drag force will not be applied
individually on the particles) [41], mixtures of weak
concentrations of iron particles were considered.
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The used OGMS
separator is a
permanent  magnet
B=1.1 T) drum
separator [16]
equipped with a
container allowing the
feeding of the granular
material by gravity
instead of its
transporting by
conveyor belt (Fig. 9).
In this way, the friction
between the particles
to be separated and the
belt is entirely excluded, and only the friction with the sand
grains is considered.

As we previously mentioned, the iron ore is crushed
to small grains before proceeding to magnetic separation.
Therefore, the experimental verification is limited to iron
particles of diameter D, < 10 m. In order to reduce the
study cost, ranges of particle diameters D, < 8107 m,
210" m<Dp<410*mand 6:10*m <D, < 10° m
experimentally identified are treated (Fig. 10).

Fig. 9. Experimental used separator

[a]

[b]

Fig. 10. a — identified ranges of magnetic particles; b — identified
ranges of granular material grains; C — used sieving device

To verify the nature of dependence between the particle
size and the separation efficiency theoretically obtained on
one hand and to obtain basic results subsequently making it
possible to distinguish possible effects of the granular drag
force on the other hand, a first series of experiments have
been performed without considering the granular medium.
To permit a comparison between theoretical and
experimental results, the same operating conditions must be
considered. Accordingly, we have chosen a container orifice
w =107 m, a lift-off € = 3.4-10° m and shifting distance
d=2-10"2 m, which gives a feeding limit | = cw=3-10%m
from the drum surface (see Fig. 1).

The injection of a same volume Vi = 10° m’ of
particles in the separator gave for the considered particle
sizes the results presented in Fig. 11. The qualitative
examination of the non-separated quantities (quantities
circled in red «1») for each case shows that the larger the
particle size, the greater the separated quantity (quantities
circled in yellow «2»). Here, the particle is considered
separated if it is captured by the drum or fallen behind the
separation reference (see Fig.9).

In order to consolidate our verification, we
quantified the separated volume of particles. Such
quantification gave for the considered cases of particle
size the results presented in Table 4. The latter confirms
clearly the proportional relationship between the particle
size and the separation efficiency found theoretically
through a comparison of capture times (see Table 2).

1 1 1

Fig. 11. Separated particles obtained for w= 102 m, e=3.4-10% m,
d=2-10" m without granular medium. The considered iron
particle diameters are: @) R, < 810°m; b)2-10*m< Ry < 4107 m;
0610*m<R,<10°m

Table 4
Separated volume of particles
without considering the granular medium

Particle diameter Dy, m|Separated volume, m’
D, <8107 176.1-107°
2:10* <Dy <4107 260.6-107°
6-10*<D,< 107 357.3-107°

To verify experimentally the use limits of separation
without considering the granular medium, we quantified
the separated volume of particles for different shifting
distances d (see Fig.1). The obtained results for the
considered particle sizes are presented in Table 5.

Table 5

Separated volume of particles (separation efficiency)

without granular medium

Shifting distance Separated Voﬂlme Vy(x10~ nj )
d(x102m) | Dy<g-10°m | %10 m<DPp| 610" m =D,
P Dp<410*m| D,<10°m
0 990.8 928.7 930.8
1 770.5 580.2 625
2 176.1 260.6 357.3
4 33.6 45.8 118.1
6 <9.2 <183 42.8
8 0 0 9.2
10 0 0 0

If we neglect the singular values written in bold, we
also see a proportional relationship between the particle
size and the separation efficiency. A significant separation
is approximately obtained for a limit y, = 6-10% m, which
is really greater than that found theoretically

Vo= 125107 m.

The difference between the experimental and
computed values is mainly related to dipole-dipole
interaction neglected in the theoretical study [41].

To estimate the effect of the frictional drag force on
the separation efficiency, we treated samples of a mixture
of sand and iron particles for different sizes of sand grains
and particles. To obtain homogeneous dispersion of the
particles in the sand, the mixture is well prepared.

To permit a comparison between the results related to
each case of the composition size of the mixture, we always
treated the same volume with same fractions of sand and
iron particles. Practically, we inject in the separator, each
time, a sample composed of a volume Vs = 6:10* m® of
sand and a volume V; = 10" m® of iron particles.

For the same operating conditions of the drum and
geometrical parameters W = 102 m, e = 3.4-10% m and
d=1.5-10" m, the experiment effected with sand of grains
size Dg < 0.2:10° m has given for the considered size

8
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ranges of the iron particles the results of Fig. 12. In the
latter, the separated particles are circled in yellow.

2] 2]

Fig. 12. Separated particles obtained for w= 107 m, e=3.4-10"m
d=1.5-10"2 m with granular medium (sand) of grains diameter
Dg<0.2: 10~ m. The considered iron particle diameters are:
AR, <810 m;b) 210 m<R,<410*m; ¢) 610  m<R,<10° m

The qualitative comparison between Fig. 11 and Fig. 12
shows clearly that the separation efficiency degraded. The
same findings have been found by experiments achieved
with sand of grains sizes 2-10* m < D, < 410" m,
410*m<D,<6.310* mand D,>6.3-10* m.

To estimate the degradation of separation efficiency,
we quantified the separated volume of particles for the
considered cases of particle size. The assembling, for each
case, the particles captured by the drum and those fallen
behind the separation line gave the results presented in
Table 6. The latter shows that in presence of the granular
medium, the separation efficiency always increases with
the increase in the size of the iron particles.

Table 6

Separated volume of particles (separation efficiency)

with granular medium

. Separated volume V¢(x10~° m®)
Sand grains 7 —
. s 210" m<Dp|6:10* m <D,
diameterDg 1Dy <8107 M/ _ 410 m| Dy< 10°m
Dg> 0.63-10°m 49.9 81.4 107.9
0.4-10° m < Dy
18. 2 .
Dy<0.63-10° m 8.3 o8 139.4
0.2:10° m < Dy
. 1 122.1
Dyg<0.410° m 285 63
Dg<0.2:10° m <9.2 49.9 42.8

Looking at the results of Table 5 obtained for the
same W and d = 2:102 m, we see that without granular
medium the separation efficiency is very important in
relation to that obtained in presence of the granular medium
with a lower distance d = 1.5-10> m, which verifies clearly
the important effect of the frictional drag force.

Another reading of the results of Table 6 shows that
(apart from the singular values written in bold) for a given
size of the iron particle, the separation efficiency degrades
with the increase in the grains size of the sand.

To know the effect of the frictional drag force in
relatively weak applied magnetic field, experiments was
achieved for a larger container orifice W = 3-10 > m. The
results obtained for the same values of e and d are
presented in Table 7. The latter shows that apart from the
degradation of the separation efficiency due to the
decreasing of the field, the proportionality between the
particle size and the separation efficiency is lost.

Table 7
Separated volume of particles (separation efficiency)
with granular medium, w=3-102m

Sand grains Separated volume Vi(x10~° m®)
. 5 [210*m<D,|6:10*m<D
d ter D 1075 p P
iameter Dy Dp<810° m Dp<4~104m Dp<10’3m
Dy>0.6310°m| <<I183 45.8 40.7
0.4-10° m < Dy
<<
Dy <0.63-10° m 18.3 34.6 21.4
0.2:10° m < Dy
20.4 28. .
Dg<0.410° m 0 8.5 275
Dy<02:10°m | <<I83 9.2-18.3 <<9.2

Conclusions. In this work, the effect of the frictional
drag force on the efficiency of OGMS in dry granular
material is estimated and experimentally verified. To
permit such estimation, we have computed the particle
trajectories where the granular material is approached to
complex fluid for which the frictional drag force is
assumed similar to fluid drag force analytically modelled.

To wverify the theoretically obtained findings,
experiments were carried out on mixtures of sand and iron
particles of small size. The choice of sand is justified by
the fact that, on one hand the used analytical model for
the frictional drag force is valid for this type of material,
and on the other hand, the mixtures do not differ much
from real iron ore.

The achieved experiments have approved the
theoretically obtained findings. The differences between
the computed and experimental values are mainly related to
the dipole-dipole magnetic interaction neglected in the
theoretical study. Practically, such effect leads to particle
transient agglomerations, which encourages the separation.

The singular values in tables written in bold are
mainly related to measure errors committed during the
injection of the material through the container or the
assembling of the separated particles.

Finally, it can be concluded that, if the size of the
iron particles to be separated is very important compared
to that of the grains forming the granular medium
(magnetic purification of materials), the frictional drag
force can be neglected. But in granular materials, where
the iron particles are of the same size of the grains (case
of enrichment of fine grinded ores of low concentration of
iron particles), the frictional drag force must be taken into
account in any designing study.

Conlflict of interest. The authors declare that they
have no conflicts of interest.

REFERENCES
1 Ku J, Wang K., Wang Q., Lei Z. Application of Magnetic
Separation Technology in Resource Utilization and Environmental
Treatment. Separations 2024, vol. 11, no. 5, art. no. 130. doi:
https://doi.org/10.3390/separations1 1050130.
2. Kukkala P.C., Kumar S., Nirala A., Khan M.A., Alkahtani M.Q.,
Islam S. Beneficiation of Low-Grade Hematite Iron Ore Fines by
Magnetizing Roasting and Magnetic Separation. ACS Omega, 2024, vol.
9, no. 7, pp. 7634-7642. doi: https://doi.org/10.1021/acsomega.3c06802.
3. Fariss AH.B. Bicalho W.C.S., Seixas L., Faustino L.M.
Beneficiation of low-grade iron ore using a dry-roll magnetic separator
and its modeling via artificial neural network. Journal of Sustainable
Metallurgy, 2025, vol. 11, art. no. 529. doi:
https://doi.org/10.1007/s40831-025-01030.
4. Xie S, Hu Z., Lu D., Zhao Y. Dry Permanent Magnetic Separator:
Present Status and Future Prospects. Minerals 2022, vol. 12, no. 10, art.
no. 1251. doi: https://doi.org/10.3390/min12101251.
5. Jiu S, Zhao B., Yang C., Chen Y., Cheng F. High-Efficiency Iron
Extraction from Low-Grade Siderite via a Conveyor Bed Magnetization
Roasting—Magnetic  Separation Process: Kinetics Research and
Applications. Materials 2022, vol. 15, no. 18, art. no. 6260. doi:
https://doi.org/10.3390/mal5186260.

Enexkmpomexnixa i Enexmpomexanixa, 2026, Ne 3



6. Wang X, Hu Y., Hao Y., Shen Z., Liang G., Zhang M. Simulation
of Dynamic Particle Trapping and Accumulation in HGMS Based on
FEM-CFD-DEM Coupling Approach. Processes, 2025, vol. 13, no. 8,
art. no. 2391. doi: https://doi.org/10.3390/pr13082391.

7. Liul,DaiH., YuL., Wang C., Feng J., Li P., Xu S. Optimization of
the Matrix in a Transverse-Field High-Gradient Magnetic Separator for
an Improved Ilmenite Separation. Minerals, 2025, vol. 15, no. 2, art. no.
114. doi: https://doi.org/10.3390/min15020114.

8. Vilakazi A.Q., Shemi A., Ndlovu S. Dry Magnetic Separation and
the Leaching Behaviour of Aluminium, Iron, Titanium, and Selected
Rare Earth Elements (REEs) from Coal Fly Ash. Minerals, 2025, vol. 15,
no. 2, art. no. 119. doi: https://doi.org/10.3390/min15020119.

9. Chokin K., Yedilbayev A., Yugai V., Medvedev A. Beneficiation of
Magnetically Separated Iron-Containing Ore Waste. Processes 2022,
vol. 10, no. 11, art. no. 2212. doi: https://doi.org/10.3390/pr10112212.

10. Liu J.,, Xue Z., Dong Z., Yang X., Fu Y., Man X., Lu D.
Multiphysics Modeling Simulation and Optimization of Aerodynamic
Drum Magnetic Separator. Minerals 2021, vol. 11, no. 7, art. no. 680.
doi: https://doi.org/10.3390/min11070680.

11. Baawuah E., Kelsey C., Addai-Mensah J., Skinner W. A Novel
Pneumatic Planar Magnetic Separator for Magnetite Beneficiation: A
Focus on Flowsheet Configuration. Minerals 2020, vol. 10, no. 9, art. no.
759. doi: https://doi.org/10.3390/min10090759.

12. Luukkanen S., Tanhua A., Zhang Z., Mollehuara Canales R.,
Auranen 1. Towards waterless operations from mine to mill. Minerals
Engineering, 2022, wvol. 187, art. mno. 107793. doi:
https://doi.org/10.1016/j.mineng.2022.107793.

13. YiF., Chen L., Liu X., Zeng J., Xue Z. Development of a centrifugal
dry magnetic separator for separation of fine magnetite ore. Powder
Technology, 2024, wvol. 437, art. no. 119557. doi:
https://doi.org/10.1016/j.powtec.2024.119557.

14. Lu D, Liu J,, Cheng Z., Li X., Xue Z., Li S., Zheng X., Wang Y.
Development of an open-gradient magnetic separator in the aerodynamic
field. Physicochemical Problems of Mineral Processing, 2020, vol. 56,
no. 2, pp. 325-337. doi: https:/doi.org/10.37190/ppmp20005.

15. Li X.,, Wang Y., Lu D., Zheng X., Gao X. Optimization of Airflow
Field for Pneumatic Drum Magnetic Separator to Improve the Separation
Efficiency. Minerals, 2021, vol. 11, no. 11, art. no. 1228. doi:
https://doi.org/10.3390/min11111228.

16. Ouili M., Mehasni R., Feliachi M., Belounis A., Latreche M.E.H. A
simultaneous separation of magnetic and conductive particles in a
designed permanent magnet drum separator. International Journal of
Applied Electromagnetics and Mechanics, 2019, vol. 61, no. 1, pp. 137-
155. doi: https://doi.org/10.3233/JAE-180101.

17. Zeng J., Tong X., Yi F., Chen L. Selective Capture of Magnetic
Wires to Particles in High Gradient Magnetic Separation. Minerals, 2019,
vol. 9, no. 9, art. no. 509. doi: https://doi.org/10.3390/min9090509.

18. Belounis A., Mehasni R., Ouili M., Latreche M.E. Optimization of
the capture element for an OGMS based on the 3D computation of the
magnetic particle behavior. International Journal of Applied
Electromagnetics and Mechanics, 2015, vol. 48, no. 4, pp. 387-397. doi:
https://doi.org/10.3233/JAE-140157.

19. Mehasni R., Latreche M., Feliachi M. Fine particles behavior
analysis for magnetic separation process. |nternational Journal of Applied
Electromagnetics and Mechanics, 2004, vol. 19, no. 1-4, pp. 587-590.
doi: https://doi.org/10.3233/JAE-2004-633.

20. Katsuragi H., Durian D.J. Drag force scaling for penetration into
granular media. Physical Review E, 2013, vol. 87, no. 5, art. no. 052208.
doi: https://doi.org/10.1103/PhysRevE.87.052208.

21. Ye X., Wang D., Zhang X., Zhang C., Du W., Su X,, Li G. Projectile
oblique impact on granular media: penetration depth and dynamic
process. Granular Matter, 2021, vol. 23, no. 2, art. no. 48. doi:
https://doi.org/10.1007/s10035-021-01108-3.

22. Omidvar M., Iskander M., Bless S. Response of granular media to
rapid penetration. International Journal of Impact Engineering, 2014,
vol. 66, pp. 60-82. doi: https://doi.org/10.1016/j.ijimpeng.2013.12.004.
23. Pol A, Storti S., Gabrieli F. Granular drag and lift force on a flexible
fiber. Physical Review E, 2025, vol. 112, no. 4, art. no. 045425. doi:
https://doi.org/10.1103/p2db-yt7h.

24. Brzinski T.A., Mayor P., Durian D.J. Depth-Dependent Resistance
of Granular Media to Vertical Penetration. Physical Review Letters, 2013,
vol. 111, no. 16, art. no. 168002. doi:
https://doi.org/10.1103/PhysRevLett.111.168002.

25. Marghitu D., Lee S., Marghitu D. Experimental and Simulation
Results for the Impact of a Rotating Flexible Link with a Granular

How to citethis article:

Material. International Journal of Advanced Robotic Systems 2014, vol.
11, no. 1, art. no. 40. doi: https://doi.org/10.5772/58254.

26. Zhang C., Ye X. Force and flow characteristics of an intruder
immersed in 3D dense granular matter. Particuology, 2022, vol. 71, pp.
47-55. doi: https://doi.org/10.1016/].partic.2022.01.007.

27. Katsuragi H., Durian D.J. Unified force law for granular impact
cratering. Nature Physics 2007, vol. 3, no. 6, pp. 420-423. doi:
https://doi.org/10.1038/nphys583.

28. Wang F., Chen Y., Li Y., Li Y. A Drag Force Model of Vertical
Penetration into a Granular Medium Based on DEM Simulations and
Experiments. Applied Stiences, 2024, vol. 14, no. 6, art. no. 2336. doi:
https:/doi.org/10.3390/app14062336.

29. Zaidi A.A. Numerical investigation of drag force on a spherical
intruder by granular material. Powder Technology, 2023, vol. 427, art. no.
118765. doi: https://doi.org/10.1016/j.powtec.2023.118765.

30. Dodds D., Sarhan A.R., Naser J. Experimental and numerical study
of drag forces on particles in clusters. Powder Technology, 2020, vol.
371, pp. 195-208. doi: https:/doi.org/10.1016/j.powtec.2020.05.082.

31. Zaidi A.A. Granular drag force during immersion in dry quicksand.

Powder Technology, 2020, vol. 364, pp. 986-993. doi:
https:/doi.org/10.1016/j.powtec.2019.10.048.
32. Lavinsky D.V., Zaitsev Y.I. Computational studies of

electromagnetic field propagation and deforming of structural elements
for a thin-walled curved workpiece and an inductor. Electrical
Engineering & Electromechanics 2024, no. 2, pp. 55-60. doi:
https:/doi.org/10.20998/2074-272X.2024.2.08.

33. Gans S., Molnar J., Kova¢ D. Estimation of electrical resistivity of
conductive materials of random shapes. Electrical Engineering &
Electromechanics 2023, no. 6, Pp- 72-76. doi:
https:/doi.org/10.20998/2074-272X.2023.6.13.

34. Ouili M., Mehasni R., Feliachi M., Latreche M.E.H. Coupling of
PSO and FE methods for electrical conductivity identification of
materials used in eddy current separator. International Journal of Applied
Electromagnetics and Mechanics, 2023, vol. 72, no. 2, pp. 103-114. doi:
https://doi.org/10.3233/JAE-220248.

35. Yang Y., Robertson W.S.P., Jafari A., Arjomandi M. Advanced
Numerical Approaches for Magnetic Force Calculations: A
Comprehensive Review. Progress In Electromagnetics Research B,
2025, vol. 115, pp. 78-94. doi: https:/doi.org/10.2528/PIERB25071902.
36. Bastos J.P.A., Sadowski N. Electromagnetic Modeling by Finite
Element Methods CRC  Press, 2003. 510 p. doi:
https://doi.org/10.1201/9780203911174.

37. Tolmachev S.T., Bondarevskyi S.L., II’chenko A.V. Magnetic
properties of multicomponent heterogeneous media with a doubly
periodic structure. Electrical Engineering & Electromechanics 2020, no.
1, pp. 29-38. doi: https://doi.org/10.20998/2074-272X.2020.1.05.

38. Milykh V.1, Tymin M.G. A comparative analysis of the parameters
of a rotating magnetic field inductor when using concentric and loop
windings. Electrical Engineering & Electromechanics 2021, no. 4, pp.
12-18. doi: https:/doi.org/10.20998/2074-272X.2021.4.02.

39. Grechko O.M. Influence of the poles shape of DC electromagnetic
actuator on its thrust characteristic. Technical Electrodynamics 2024,
no. 1, pp. 38-45. doi: https://doi.org/10.15407/techned2024.01.038.

40. Lohse D., Rauhe R., Bergmann R., Van der Meer D. Creating a dry
variety of quicksand. Nature, 2004, vol. 432, no. 7018, pp. 689-690. doi:
https:/doi.org/10.1038/432689a.

41. Mehasni R., Feliachi M., Latreche M.E.H. Effect of the Magnetic
Dipole-Dipole Interaction on the Capture Efficiency in Open Gradient
Magnetic Separation. |EEE Transactions on Magnetics 2007, vol. 43,
no. 8, pp. 3488-3493. doi: https:/doi.org/10.1109/TMAG.2007.897616.

Received 20.10.2025
Accepted 27.12.2025
Published 02.05.2026

O. Belguet', PhD,

R. Mehasni', Professor,

A. Belounis?, Doctor of Electrical Engineering,

M. Ouili!, Doctor of Electrical Engineering,

!Electrical Laboratory of Constantine (LEC),

Constantine 1 University, Algeria,

e-mail: oussama.belguet@lec-umc.org (Corresponding Author).
220™ August 1955 University, Algeria.

Belguet O., Mehasni R., Belounis A., Ouili M. Effects of friction on the efficiency of open gradient magnetic separation in dry granular
materials. Electrical Engineering & Electromechanics, 2026, no. 3, pp. 3-10. doi: https://doi.org/10.20998/2074-272X.2026.3.01

10

Enexkmpomexnixa i Enexmpomexanixa, 2026, Ne 3



UDC 621.313 https://doi.org/10.20998/2074-272X.2026.3.02

A. Dilmi, A. Bouzida, N. Yassa, B. Fares

Analysis of the external network parameters influence on the operating characteristics
of self-excited induction generators

Introduction. Sdlf-excited induction generators (SEIGs) play a vital role in renewable energy systems, particularly in remote regions.
However, their performanceis highly sensitive to excitation capacitance, rotor speed and load variations, making stability and reliability key
challenges. Problem. Smplified analytical modelsfail to capture the complex internal interactions within SEIGs, limiting the analysis of how
external network variations influence their dynamics. Moreover, the gradual degradation of excitation capacitors, a common fault in
practice, significantly reduces generator efficiency. The goal of this work is to analyze the influence of excitation capacitance, rotor speed
and load variations on SEIG performance, focusng on gradual capacitor degradation and open-phase faults to provide guidelines for
reliable and efficient design. Methodology. Finite element modeling (FEM) with ANSYS Maxwell is used to accuratedly smulate
electromagnetic and mechanical dynamics under realistic operating conditions. Results. Smulations show how changes in capacitance,
rotor speed and load grestly affect voltage and current stability. Capacitor faults and open-phase conditions cause current digtortion,
voltage unbalance and reduced efficiency. Scientific novelty of this work lies in the FEM-based analysis of gradual excitation capacitor
degradation in SEIGs. It was determined that this degradation directly impacts voltage balance, current waveform distortion and overall
efficiency. Practical value. The findings provide clear guidelines for selecting optimal excitation capacitance and load ranges, reducing
cogts while enhancing the reliability and efficiency of SEIGs, particularly in isolated regions. Also this study offers new physical insight and
areliable framework for generator condition monitoring and design optimization. References 24, tables 1, figures 12.

Key words: self-excited induction generator, voltage stability, current distortion, reliability enhancement, rotor, capacitor.

Bemyn. Asmonomui acunxponni 2enepamopu (SEIGS) sidigpaioms scummeso sasiciugy poib y CUCMEMax 6iOHOGIIO8AHOI eHEP2emUKiL,
ocobnueo y giodanenux pezcionax. [lpome ixus npooyKmueHicms GUCOKOUYMAUBA 00 EMHOCHI 30YOXHCEHHS, WIBUOKOCMI pOmMopa ma 3MiH
HABAHMAIICEHHS, WO podums cmabitbHicms ma HadiiHicme Karowosumu eukiukamu. Ilpoonema. Cnpoweni anarimuuni mooeni He
30amHi 6i00Opazumu ckiaoui énympiwni 63aemooii 6 FEIG, wo obmencye ananiz moeo, sk KOIUBAHHIL 306HIUHbOT MEPEXCT BNIUBAIOMb
Ha ixnio ounamixy. Kpim moeo, nocmynosa dezpaoayis KOHOEHCAmMopie 30Y0XHCeHHS, WO € NOWUPEHOI0 HeCHPAGHICIIO HA NPpaKmuyi,
Cymmeso 3HUdICye egpekmugricme eenepamopa. Memoio pobomu € ananiz 8naugy eMHOCmi 30y0dicenHs, WeUOKOCHI pomopa ma 3MiH
Hasanmavicennss Ha npooykmuenicmv SEIG, 30cepedoicyiouucy Ha nocmynosii Oeepadayii konOencamopie ma obpusax @asz, wood
Haoamu pexomeHoayii 051 HAoIiHo20 ma egexmusHo2o npockmyesannsi. Memooonozis. /s mouno2o MoOeno8anHs eneKmpoMacHimHol
ma MexaniuHoi OUHAMIKYU 8 PeaniCmMudHUX pobo4UX YMOBAX BUKOPUCIOBYEMbCSL MOOCIO8AHHS Memodom ckiluennux eiemenmie (FEM)
3a oonomozoio npozpamnozo xomniekcy ANSYS Maxwell. Pesyavmamu. Moodemosanns nokasye, sk 3MIHU E€MHOCMI, WEUOKOCHI
pomopa ma HABAHMAICEHHs 3HAYHO 6NIUBAIOMb Ha cmabintbHicmb Hanpyau ma cmpymy. Hecnpagnocmi konoencamopie ma ymoeu
00pugy azu cnpuduHAIOMb CHOMBOPEHHA CMpPYMY, oucbananc nanpyeu ma suudicenus epexmusnocmi. Haykoea noeuzna pobomu
nonsgeae 6 amanizi nocmynogoi oeepadayii konoencamopis 36yooicenuss 6 EIG, zacnosanomy na FEM. Bemanogneno, wo ysa deepadayis
be3nocepedHbo BNIUBAE HA OANAHC HANpyeU, CHOMBOPEHH POPMU XEUNL CIMPYMY Ma 3a2anbHy epekmusHicms. IIpakmuuna yinnicme.
Ompumani pesyrsmamu HA0AMe YimKi pekomenoayii 0as 6ubOpPy ONMUMATLHOT EMHOCII 30Y04CeHHA ma Oiana3oHi8 HABAHMANCEHHS,
SHUICYIOUU SUMPAMU A OOHOYACHO nideuwyrouu Haditnicms i egpexmugnicmv FEIG, ocobruso y eiooanenux pecionax. Takoxc ye
00CHIOINCEHHSI NPONOHYE HOGe (PizuuHe pO3YMIHHS MA HAOIHY OCHOGY OJisl MOHIMOPUHSY CIMAHY 2eHepamopa ma Oonmumizayii 1o2o
npoekmyeanns. bion. 24, Tadmn. 1, puc. 12.

Kniouogi cnoéa: acMHHXpOHHMIl reHepaTop 3 caMO30yIKeHHAM, CTA0LIbHICTL HANPYIH, CHOTBOPEHHH CTPYMY, HiIBUILECHHSA
HAii{HOCTI, pOTOp, KOHIEHCATOP.

Introduction. With the increasing integration of
wind energy into modern power systems, the demand for
reliable and cost-effective standalone generation solutions
has grown, particularly in isolated and rural regions [1].

Among the available options self-excited induction
generators (SEIGs) have emerged as an attractive choice
due to their simple construction, cost-effectiveness, and
ability to operate without external excitation sources.
SEIGs offer several advantages, including a robust
design, low maintenance requirements, and the use of a
brushless squirrel-cage rotor. Moreover, their nonlinear
voltage speed characteristic, shaped by magnetic
saturation, enables stable operation even under slight rotor
speed variations beyond the rated value [2].

Despite these advantages, the practical deployment of
SEIGs requires continuous performance assessment, as
they are highly sensitive to excitation capacitance, rotor
speed, and load variations [3]. Faults and parameter
variations can significantly degrade SEIG performance. In
particular, excitation capacitor failures or open-phase
conditions disturb the excitation balance, leading to
distorted stator currents, unstable torque, and voltage
fluctuations, which may escalate into complete system
breakdown [4]. While the minimum and maximum
capacitance levels required for self-excitation are well

known, selecting and maintaining optimal values under real
operating conditions remains a technical challenge [5].

To overcome these limitations, this study adopts the
finite element modeling (FEM) to model SEIGs with high
accuracy under both healthy and faulty conditions. The
machine is first simulated as a motor and then transitioned
to generator mode once the rotor exceeds synchronous
speed, with self-excitation sustained by a connected
capacitor bank [6]. Variations in capacitance, rotor speed,
and load are investigated systematically, along with the
impact of capacitor disconnect and open-phase faults on
generator dynamics.

The goal of this work is to analyze the influence of
excitation capacitance, rotor speed and load variations on
SEIG performance, focusing on gradual capacitor
degradation and open-phase faults to provide guidelines
for reliable and efficient design.

Literature review. Induction machines have been
widely investigated for use as generators in isolated
applications. In [7], the authors proposed and evaluated
series compensation techniques to improve the high-
power variable speed operation of SEIGs, showing
enhanced stability and power quality, which strengthens
the reliability and practical feasibility of these generators
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in modern energy systems. Meanwhile, in [8] authors
focused on employing the dragonfly algorithm for
transient and steady-state analysis of SEIGs, highlighting
the potential of computational intelligence methods in
performance modeling rather than direct operational
enhancement. Furthermore, practical applications of these
machines have been presented in [9].

SEIGs offers several advantages, including
robustness, light weight, compact size, and a brushless
structure that reduces maintenance requirements and
losses, making it a cost-effective solution. Moreover,
SEIGs are characterized by simple operation and fast
dynamic response, which further enhance their suitability
for small-scale power generation.

In [10] an experimental investigation was conducted
to evaluate and compare the performance of a SEIG and a
permanent magnet synchronous generator for standalone
renewable energy applications. The study utilized a
micro-hydro turbine to drive both generators and
examined their behavior under different load scenarios,
including resistive heating and an induction motor-driven
pump. With a focus on maintaining constant voltage and
frequency in isolated systems, the research aimed to
identify a simple, cost-effective, and reliable solution
without relying on power electronic switches for reactive
power compensation. The findings highlighted the
viability of SEIGs as an economical and practical option
for small-scale independent power generation.

Several studies have addressed parameter
identification, voltage regulation, and performance
optimization under steady-state, transient, and dynamic
operating conditions [11, 12]. Authors [13] proposed an
improved DSTATCOM control scheme using an
enhanced phase-locked loop based on the current
synchronous detection method, resulting in better terminal
voltage regulation and enhanced power quality. In
addition, in [14] were analyzed open-circuit capacitor
faults in SEIGs and demonstrated that such faults can
reduce torque to zero, destabilizing the system. Their
approach utilized the Hilbert-Huang transform for fault
detection. However, this study did not consider capacitor
aging. In contrast, our work addresses this gap by
evaluating the effects of capacitor aging on SEIG
performance and reliability. Furthermore, we expand the
study to include variations in capacitor capacity, load
changes, rotor speed fluctuations, and phase-opening
faults, providing a comprehensive assessment of factors
influencing SEIG operation.

However, most previous studies rely on traditional
SEIG modeling approaches, such as small-signal or d-q
axis models, which often fail to capture the nonlinear
behavior accurately under variable operating conditions,
such as variations in load, rotor speed, and capacitance. In
comparison, the present study employs the FEM, a robust
and reliable approach capable of accurately representing
the magnetic field and dynamic behavior of the generator.
This methodology enhances the credibility of the results
and addresses the limitations found in prior research.

Presentation of the main material. The FEM
analyzes magnetic fields by considering factors such as
the geometry of the magnetic circuit, the arrangement of
stator windings and rotor bars, the presence of slots
around the air gap, and the nonlinear characteristics of

ferromagnetic materials [15]. Moreover, the behavior of
electromagnetic systems is fundamentally governed by
Maxwell’s equations, which describe the essential
relationships between electric and magnetic fields, as well
as the intrinsic properties of various materials. These
equations form the foundation for modeling and analyzing
electromagnetic phenomena. In this context, it is crucial
to integrate motion with the field equations within the
FEM [16-18] to ensure an accurate and comprehensive
representation of the system’s dynamic behavior.
The general 2D formulation of Maxwell’s equations
is expressed as:
VxE =—0B/ot. 1)
This equation describes how a time-varying
magnetic field induces a circulating electric field, where
E is the electric field intensity; B is the magnetic flux
density; t is time; V is the curl operator denoting the
rotational derivative of a vector field.
The Maxwell-Ampere law is expressed as follows:
VxH = Je + dD/ét. 2)
where H is the magnetic field intensity; Je is the
conduction current density; D is the electric flux density.
In practical applications, particularly at industrial
frequencies, the displacement current term 0D/t is very
small and can be neglected. Thus, (2) simplifies to:
VxH = Je. 3)
The relationship between the electric flux density
and the free electric charge density pe is given by:
V-D = pe )
Since the divergence of the curl of any vector field is
always zero, applying this property to the Maxwell—-
Ampere law leads to the general continuity equation:
V{(VxH)=V-J.=0. 5)
This equation represents the conservation of electric
charge, implying that, in steady-state or low-frequency
applications where the displacement current is negligible
0D/ot = 0 and charge accumulation is minimal 0pg/0t = 0,
the net current entering a closed surface is equal to the net
current leaving it.
The electromagnetic behavior of materials is
governed by Ohm’s law in differential form:
Je=cE, (©6)
where o is the electrical conductivity of the material.
The electric flux density can be formulated as:

D=¢E=gr&E, @)
where & is the vacuum permittivity; & is the relative
permittivity.

The magnetic flux density can be written as:
B=uH = pH, (®)

where 4 is the permeability; g is the vacuum
permeability; z4 is the relative permeability.

In summary, these equations form the basis for
modeling electromagnetic fields and, within the FEM,
allow accurate simulation of complex systems under
dynamic conditions. The accurate assessment of the
minimal capacitance necessary for SEIG is of
considerable practical significance. Numerous numerical
approaches for determining the requisite excitation
capacitance have been recorded in prior studies [19].

This work derived the precise values of the minimum
capacitance required for self-excitation based on (9) [20]:
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CAmin = ng / 3U20), (9)
where Cyyin 1s the minimum capacitance per phase in A
connection; Qgen is the reactive power that must be
supplied by the excitation capacitors to establish self-
excitation in the generator; the angular frequency = 2#f,
where f is the supply frequency; U is the phase voltage.

Initially, the reactive power consumed by the
asynchronous machine while operating as a motor Qp is
determined as:

Qinot = (Po/ 1mor)-tan(cos ' gioan), (10)
where P, is the rated mechanical power; 7n is the
efficiency of the driving mechanism; @y is the power
factor angle during motor operation.

After evaluating the reactive power consumed in
motor mode Qn, the corresponding reactive power in
generator mode Qgen can be computed as:

Qgen = (Sin@gen / $i0@mot)Qrmots (11)
where @y is the power factor angle during generator
operation [21].

This study presents a numerical analysis of a SEIG
designed to operate with excitation capacitors of 151 pF.
The detailed specifications of the SEIG are listed in Table 1.

Table 1
Parameters of the SEIG

Parameter Value Parameter Value
Rated power 4 MW |Rotor slots 52
Rated voltage 3000 V |Bs0 rotor slot 3.5 mm
Coupling method Wye |Bsl rotor slot 13 mm
Number of poles 2 Bs2 rotor slot 13 mm
Rated speed 3135 rpm |[HsO rotor slot 4.3 mm
Operating temperature 75°  |HsO1 rotor slot | 2.7 mm
Stator slots 54 Hsl rotor slot | 4.85 mm
HsO stator slot 4.5 mm |Hs2 rotor slot [40.25 mm
Hs2 stator slot 115mm |[Hsl1 stator slot | 2.4 mm
BS2 stator slot 18.2 mm |Bs] stator slot |21.16 mm

Geometry and regions. Modeling half or a quarter
of the machine is possible due to symmetry; however,
once asymmetries are introduced, a full machine model is
required to accurately capture the physical phenomena.

The modeling procedure begins with the definition of
the stator slot geometry (Fig. 1), where the slot dimensions
and winding layout are carefully specified to reflect the real
machine design. The rotor slots were designed with a slight
skew angle to reduce cogging torque and mitigate magnetic
locking between the stator and rotor teeth.

Next, the rotor slot geometry is constructed, as
shown in Fig. 2. Ensuring that the bar placement and end-
ring connections are properly represented.

The stator and rotor of the studied generator were
designed and modeled within the Ansys Maxwell
simulation environment. Figure 3 shows the geometric
configuration of the notch structure along with the
distribution of slots and their corresponding parameters.

The meshing process is a fundamental step in
numerical simulation, as the quality and density of the
mesh directly affect the accuracy and reliability of the
results. A finer mesh is typically applied to critical
regions such as slots, the air gap, and areas with sharp
variations in electric and magnetic fields, where abrupt
field changes may cause significant errors if not
accurately resolved.

Fig. 1. Stator slot Fig. 2. Rotor slot

Fig. 3. Geometry of stator and rotor

Conversely, larger and coarser elements are utilized
in regions where the fields vary gradually, reducing the
computational load and enhancing simulation efficiency.
Moreover, the choice of element type — whether
triangular, quadrilateral, or higher-order elements -—
significantly influences both solution accuracy and
computational speed. These strategies collectively aim to
achieve an optimal balance between precision and
computational efficiency in the analysis of electrical
generators. The geometry, mesh and phases distribution
of the studied model are shown in Fig.4.

Fig. 4. The geometry, mesh and phases distribution of the
studied model

In the final stage, the 2D model is created, with all
the required parameters, boundary conditions and phase
and winding distributions accurately represented. The
magnetic field distribution is depicted, providing a
detailed map of flux lines and field density, which allows
for an in-depth analysis of the machine’s electromagnetic
performance. Figure 5 shows the Maxwell 2D model and
the corresponding magnetic field distribution.

Enexkmpomexnixa i Enexmpomexanixa, 2026, Ne 3

13



Fig. 5. Maxwell 2D model (a) and the distribution of magnetic
flux density (b)

This sequential workflow from geometry definition,
through meshing, to field distribution ensures a reliable finite
element representation of the machine, forming the
foundation for accurate simulations and further performance
evaluation.

Simulation results and discussion. The developed
model is tested using the time stepping FEM to evaluate
its performance under no-load conditions. The voltage
output of the SEIG remains stable at 3 kV, while the
stator current settles at 550 A without distortions,
confirming that the generator operates reliably in this
state.

Figure 6 shows the root mean square (RMS) values
of both voltage and current, clearly illustrating their stable
and distortion-free behavior.

Influence of capacitance value. In [22] a steady-
state equivalent circuit model of a 5 kW (SEIG) was
employed, focusing on optimizing shunt and series
capacitances for frequency regulation.

Two optimization techniques, the genetic algorithm
(GA) and the gravitational search algorithm (GSA),
were applied to determine the optimal capacitor values
under resistive and resistive—inductive loads.

The results showed that optimized capacitor sizing
significantly reduced frequency deviation and enhanced
operational stability, with comparable performance
between the two methods.

U, kv

i, A

s

t,s

Fig .6. The RMS values of voltage (a) and current (b)
under the no-load condition

Since that study focused on the effect of capacitance
on frequency, our work emphasizes the impact of excitation
capacitance on the self-excitation time, voltage, and current
of the SEIG. Starting from the minimum capacitance of
C, = 452 pF, the value was progressively increased to
900 pF, 1200 pF and 1500 pF. The corresponding results
are presented in Fig. 7, which shows the influence of
excitation capacitance on the voltage build-up process of the
generator. For a capacitance of 900 pF, the voltage
stabilizes at approximately 3.6 kV after nearly 3 s,
indicating slower excitation, with the corresponding RMS
current reaching about 1.53 kA. Increasing the capacitance
to 1200 pF raises the voltage to around 3.9 kV within 2 s,
accompanied by a steady-state current of nearly 1.55 kA. At
1500 pF the generator achieves nearly 4.2 kV in less than
1.5 s, while the current rises to approximately 2.3 kA,
highlighting a significant improvement in both excitation
time and output magnitude.

U, kv E

ts

Fig. 7. RMS values of voltage (&) and current (b) under variable
capacitor value
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These results clearly demonstrate that higher
capacitance values reduce the self-excitation time, but
they also increase the voltage and current beyond the
generator’s capacity, which may put it at risk. This
highlights the importance of careful and precise selection
of the appropriate capacitor size.

Moreover, our experiments show that selecting a
capacitance up to 10 % above the minimum required is
beneficial, as it ensures self-excitation, improves voltage
stability, and enhances the power factor. However, this
should be regarded as a practical guideline based on the
studied operating conditions, since the actual impact
depends on the generator characteristics, rotational speed,
and the connected load.

Influence of speed. The second parameter
influencing the generator’s electrical characteristics is
rotor speed. We set the capacitance value at C, = 900 pF
and created a variable speed profile (Fig. 8).

n, rpm

Fig. 8. Profile of variable rotor speed

Rotor speed fluctuations are a key factor influencing
the electrical characteristics of the induction generator, as
illustrated in Fig. 9.

(V'4% E

i, kA [b]

>

t,s

Fig. 9. RMS values of voltage (a) and current (b)
under a variable rotor speed profile

An increase in speed leads to higher voltage and
current, while a decrease reduces these values. The
analysis results indicate that when the rotor speed
increased by 25 rpm above the synchronous speed of
3110 rpm and stabilized at 3135 rpm, the start-up was
smooth, as observed in the current and voltage signals
during the period from 0 to 2.5 s. In contrast, when the
rotor speed rose significantly above this value, the voltage

exceeded 3 kV, pushing the generator beyond its design
capacity, increasing its temperature, and potentially
leading to failure. Accordingly, this study concludes that
the rotor speed should not exceed 30 % above the
synchronous speed (approximately 4043 rpm) in order to
avoid operational risks and ensure the stability and safety
of the generator. To address this, control techniques such
as blade angle adjustment in wind turbines or advanced
electronic systems for voltage and current regulation are
employed to maintain safe operation. The ability of the
induction generator to withstand such fluctuations without
voltage collapse is essential for grid stability and for
enhancing energy production efficiency.

Influence of load. This section investigates the impact
of load variation on the generator’s performance. The study
in [23] analyzed and simulated wind-driven SEIG supplying
isolated DC loads using a MATLAB/Simulink model,
focusing solely on DC loads without considering AC or
variable loads more comprehensively. In contrast, in our
study, a balanced 3-phase load of 3 Q is applied att =0.05 s
after the generator reaches steady-state, followed by
successive tests with loads of 5 Q and 10 Q. The resulting
voltage and current responses, shown in Fig. 10, highlight
the nonlinear behavior of the SEIG under varying load
conditions. For a 10 Q load, the generator maintains a nearly
constant voltage of 2.8-2.9 kV with a steady current of
0.55-0.6 kA, demonstrating stable operation.

R=30 R=50Q R=10Q
U, kv E

R=3Q

R=5Q
{i,kA

R=10Q

| |

ts

Fig. 10. The RMS values of voltage (@) and current (b)
under different load values

At 5 Q, the voltage gradually decreases to around
1.4-1.5 kV, while the current stabilizes at approximately
0.8 kA. In contrast, a 3 Q load leads to a pronounced
decline in voltage, falling from ~2.6 kV to ~1.4 kV,
accompanied by a current drop from ~1.2 kA to ~0.55 kA.
These results demonstrate that heavier loads significantly
accelerate voltage decay while only moderately affecting
the current, emphasizing the importance of load
management to preserve generator stability and efficiency.

Influence of open phase fault. Previous research in
[14] investigated the performance of SEIG under phase
fault conditions. The study focused on a line-line fault
between phases A and B. During this fault, the voltage of
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the directly affected phase A dropped immediately to zero
at t = 1.6 s, while the voltages of the remaining healthy
phases B and C decreased shortly afterward at t = 1.68 s. At
the same time, a sudden surge in current occurred in the
affected lines during the initial cycles following the fault.

However, this study did not explicitly examine the
effects of an open-phase fault, in which a single phase is
suddenly disconnected from the supply.

In the present study, phase A was intentionally
interrupted at t = 7 s after the generator reached steady-
state operation under load, as shown in Fig. 11. This
disconnection caused the current in the faulty phase to
collapse to zero, while the currents in the remaining
phases decreased, forcing the generator to operate in a
single-phase mode. The faulty phase also exhibited a
transient voltage rise before stabilizing at a lower value,
resulting in a clear imbalance among the 3-phase
voltages. These disturbances can compromise the stability
of control and protection systems, as voltage and current
fluctuations may trigger protective relays and disconnect
the generator from the network, potentially causing
unplanned outages and economic losses. The findings
emphasize the necessity of advanced monitoring and
protection strategies, including vibration analysis, thermal
imaging, and real-time diagnostics supported by
predictive algorithms, to enable early fault detection and
corrective actions before severe damage occurs.

[a]

U, kV

i, kA

s

b

ts

Fig. 11. RMS values of voltage (&) and current (b)
under an open phase A condition

Influence of capacitor degradation. The
progressive reduction in the capacitance of the excitation
capacitor due to aging, thermal, or electrical stress [24] is
a common fault in SEIGs, directly affecting their
electrical stability. Figure 12 illustrates the current and
voltage waveforms during this fault.

The gradual capacitor failure occurs while the
generator is in operation, between 5 s and 7 s, leading to a
drop in current from approximately 480 A to 370 A,
followed by voltage waveform distortion. This gradual
degradation reduces efficiency and shortens the
generator’s service life. Unlike previous studies that
mainly focused on sudden disconnection, this work

provides a precise analysis of the mechanism of gradual
capacitance collapse using FEM, enabling researchers and
engineers to gain deeper insights and enrich the
understanding of generator stability.

]

U, kv

ts

Fig. 12. RMS values of voltage (a) and current (D)
under the condition of capacitor degradation

Conclusions. The main findings of this study are
summarized through the analysis of internal and external
factors influencing SEIG performance.

It was demonstrated that the excitation capacitance
directly affects voltage stability and excitation time, as
higher capacitance accelerates voltage build-up but
increases the risk of overvoltage.

Regarding mechanical factors, rotor speed variation
significantly influences voltage and current magnitudes,
with stable operation ensured when the speed does not
exceed 30 % above the synchronous value. Under external
conditions, load variations revealed the nonlinear behavior
of SEIGs, where heavier loads accelerate voltage decay,
emphasizing the importance of proper load management.

Furthermore, open-phase faults cause severe voltage
imbalance and current distortion, highlighting the
necessity of advanced protection mechanisms. Notably,
the gradual degradation of excitation capacitors due to
aging serves as a reliable fault indicator, as it reduces
current amplitude and distorts voltage waveforms.

The FEM-based analysis proved to be an effective
approach for evaluating generator stability under both
healthy and faulty conditions. Based on these findings, it
is recommended to maintain the excitation capacitance
slightly above the minimum required value (by
approximately 10 %) to ensure reliable self-excitation and
improve the power factor.
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BuzHaveHHs1 mepexigHOro onopy po30ipHNX eJJeKTPHYHNX KOHTAKTIB 3 aKTHBHUM MAaCTHJIOM
Camital

Ilpoonema. Haoiiinicms po36ipHux elekmpusHux KOHMAKMHUX 3' EOHAHb ICIOMHO 3HUMCYEMbCA BHACTIOOK 3POCMAHHA NEPEXiOHO20 eeK-
MPUYHO20 ONOPY, CNPULUHEHO20 MEPMOMEXAHTUHUMY Oeopmayiamu, OKUCTIEHHAM KOHMAKMHUX NOBEPXOHb MA 3MEHUEHHAM epeKmueHol
naowi KOHMAaKkmy 6 npoyeci excnayamayii. 3a pe3yibmamamu eKCnayamayitiHux i eKCnepumMeHmanbHux 00CIiONCeHb GiOMO8U, NOB' A3aHI 3
0dez2paoayiclo KOHMAaKmie, CMaHOBIAMb 00 MPEeMUHU 342aTbHOT KITbKOCI ROWK0O0JIceHb enekmpoycmanosok. Tpaduyitini cnocobu, 30kpe-
Ma 3aCMOCY8anHts NACUBHUX eNeKMPONPOGIOHUX MACMUI, 30€0iIbUI020 Tuute CROSIILHIOIONTb OKUCTIIOBAIbHI NPOYect ma He 3a0e3neyyionb
AKMUBHO20 BIOHOGNIEHHS KOHMAKMHO20 CMAHy. Y 36 A3KY 3 YuM AKmyanbHum € po3poonenHs mooenell i meXHiuHux piutersb, 30amHux onucy-
eamu ma 3abesnedysamu cmadinizayilo nepexionozo onopy eleKMpUyHUX KOHMAKMI6 3a paxyHoK KepoBaHUX mepMoMexaniyHux npoyecie y
30nui konmaxmy. Mema. Bcmanoenenns saxonomipnocmeii i 63a€M036’ A3Ki6 Npoyecie 6 eneKmpuiHux KOHmMaxkmax wisaxom ekcnepumenma-
JIbHO20 0OCTIOHCEHHS MA MAMEMAMUYHO20 MOOEIOBANHS eBONOYIl Nepexiono20 Onopy KOHMAKMHUX 3' COHAHb 3 KOMROSUMHUM MACHUTIOM,
Mmoougpixosanum nopowkom cnaagy Cu-Al-Mn (Camital) 3 nav’ smmio ghopmu, 3 ypaxyeanmsm 63aemooii enexmpuynux, meniosux, mepmo-
MEXAHIYHUX | MPUOONOLIYHUX NPOYECI8 Y HOPMATLHUX MA ABAPIIHUX pedcumax pobomu erexmpoycmanogox. Memoouka. Excnepumenma-
JIbHI QOCTIOMNCEHHS BUKOHAHO HA MOOETAX OONMOBUX KOHMAKMHUX 3’ €OHAHb AIOMIHIESUX WUH 3 BUKOPUCAHHAM KOMRO3UMHO20 MACIUNA 3
emicmom nopowry CU-Al-Mn 5 % i 10 % 3a 06’ emom, a maxooic na konmponshux 3paskax 6ez macmuia. Iposoounucst doezompusani eu-
MIpIOBAHHs Nepexiono20 onopy 3a cmanoi memnepamypu ma npu nepioOudHUX meniogux Hasanmagicenusx. Teopemuune ocioncenms
bazyemvca Ha OazamopieHesiii MamemMamuyHitl MoOei, YUcCeIbHull po36' A30K AKOI 30IUCHIO8ABCA HEAGHUMU CIMILIKUMU MEMOOaMU 3 i0eH-
mucixayieio napamempig 3a excnepumenmanbHumy oanumu. Pezynemamu. Bcmanosneno suuoicentist ma cmabinizayiio nepexionozo onopy
NpU UKOPUCMAHHI KOMRO3UMHO20 MACmuia, Hatbinbw eupadicery 3a emicmy nopouxy Cu-Al-Mn 10 % 3a 06’ emom. 3anpononosaro pe-
oykoeary modenn egontoyii nepexionozo onopy. Haykoea noeusna. Haykosa nosusna pobomu nonsieac y po3poonenui ma ekcnepumenma-
JILHOMY OOTDYHNYBAHHI HOBO2O MUNY KOMNO3UMHO20 eeKMPOMEXHINHO20 MACMUNA Ol PO30IPHUX eNeKMPUYHUX KOHMAKIMIB, WO MICIumb
nopowoxk cnnagy Cu-Al-Mn 3 egpexmom nam’ smi popmu, a maxooic y 6cmano6ienHi QizudHO20 MexXanizMy akmueHoi cmabinizayii nepexio-
HO20 ONOPY KOHMAKMHUX 3' €OHAHb 30 PAXYHOK MEPMOMEXAHIYHO20 PYIUHY8AHH OKCUOHUX NIIBOK Y Npoyeci YUKIiUHUX MEeniosux HaeaH-
maoicens. Ipakmuuna 3uauumicmo. Ompumani pe3yromamu MO’Cyms Oymu SUKOPUCIAHE OJ1 NIOSUWEHHSL HAOTHOCME PO3OIPHUX elleK-
MPUYHUX KOHMAKIMHUX 3 €OHANb, NPOSHO3Y6AHHS 3MIHU NepexiOHo20 ONopy 6 npoyeci ekcniyamayii ma oOIPYHNY6anHs 6Ub0pYy cKIAoy
akmueHux enexmpoxonmaxmuux macmun. bion. 37, Tabn. 4, puc. 7.

Knwouoei cnosa. eneKTpUYHMIlT KOHTAKT, MepeXigHUi omip, KOMIO3MTHe eJeKTpoTexHiyHe mactmiao, Camital, cnias 3
nam’TTI0 GopMH, TENJIOBi, TepMOMeXaHiuHi Ta TPUGOIOriYHi npouecu.

Beryn. CraH KOHTAaKTiB BH3HAUYa€ s HE3ATCKHHUX
Ta B3a€EMO3AJIC)KHUX YMHHHKIB, 3MiHA SKHUX y Yaci 9acTo
HOCHUTH BWITAIKOBHU Xapakrep (puc. 1). Y 3arampHOMY
BUIIISAI YMHHHUKU BIUIMBY MOJKHA PO3IUINTH Ha JIBI yMO-
BHI IpYIH — BHYTPILIHI i 30BHILIHI. BHYTpIllIHI YUHHHUKH,
YTBOpPEHI 3a paxyHOK (YHKILIOHYBaHHS caMoi CHCTeMH
€JIEKTPOIIOCTaYaHHs, Aal0Th KUIBKICHY Ta SIKICHY Xapak-

TEPUCTUKY TpOILEciB (pexXHUMiB). 30BHIIIHI YNHHUKHU IIe-
PEBaXXHO BiTOOpaKalOTh XapaKTEPUCTUKU IOBKIILIS: at-
Moc(epHHH THCK Ta MEpEHANpPYTH TPO30BUX PO3PSIiB;
BOJIOTICTh Ta TEMIIEPATypy MOBITPS; COHAYHY Pajialiio;
JiT 00cayroByro4oro nepcoxany ta id. st po3risgy pis-
HUX PIBHIB CHCTEMH €JICKTPOIOCTAYaHHs HAOIp YMHHUKIB
MOJKE 3MIHIOBaTHCh KIJIBKICTIO Ta CKIIaaoM [ 1—6].

DpeTHHT

o

Tepmonpy>xHi 3MiHH

TenuoBe po3IIMpeHHs

ah3

3pocTaHHs TeMIepaTypu

1

VYTBOpeHHSs iHTepMeTaTiuHIX
CIIONYK

Haniiiricts

po306ipHUX
KOHTAKTIB

M

( N\
3HIKEHHS KOHTAKTHOTO
THCKY
\ J
( N\
OKHCIICHHS
. J
{ \
Koposis
. J

Ko

3poCTaHHs MePeXiTHOTO
oropy

<j 3MEHILIEHHS 30HU KOHTAKTY

Puc. 1. ®i3uyHi Ta XiMiYHI YAHHHUKH, 10 TIOB’s[3aHi 3 HAAIHHICTIO €IEKTPUYHUAX PO30IpHUX KOHTAKTIiB

OKCHJIHI TUTIBKH, 1[0 YTBOPIOIOTHCSI Ha KOHTAKTYIO-
YUX MMOBEPXHAX ATIOMIHIIO Ta MiJli, MAlOTh 3HAYHUH ITHU-
TOMHH €JIEeKTPUYHUA oOmip 1 3MEHIIYIOTh E(QEKTUBHY
IUIOILY CTPYMOIIPOBIHOTO KOHTAKTY, L0 MPU3BOJIUTH IO
3pOCTaHHS TEPEXiAHOTO OMOPY Ta JIOKAIBFHOTO Meperpi-

BaHHs. HakonmW4eHHs OKCHAHUX INapiB y MpPOIECi eKc-
Iulyaramii ~— NIPUCKOPIOE  JIeTpajalliio  KOHTaKTHOTO
3’€THaHHSI, IMiJABUIILYE BTPATH €JIEKTPOCHEPTrii Ta 3HIKYE
Horo moBrorpuBally HajilHicTh. HeBupimenHs 1iei npo-
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OrmeMu MOXe MPHU3BOAWTU IO TEPMIYHOTO PyHHYBaHHS
KOHTAKTIB 1 BITMOB CTPYMOIPOBiTHUX BY3IIiB.

JInist 3MEHILIeHHsI TEMITy POCTY OKCHJIHHX ILTIBOK 3a-
CTOCOBYIOTh T'aJIbBaHIUHI MOKPHUTTS, Pi3Hi criocodu o6pob-
KM TIOBEPXOHb, TePMETU3YIOUi Ta EIEeKTPONPOBiIHI MacTH-
na [7-9]. HaiinommpeHilmiMy eneKTpoIpoBiAHUMH 1 rep-
mermzyrounmu Mactuinamu € FOTU 571 Electrical Contact
Grease, NO-OX-ID «A-Special» Electrical Contact Grease,
Rheotemp™ 768G, CIATIM 221 Ta in. [10-17]. Onnak
HaBEJICHI TEXHIYHI 3acOo0M JIHIIE CIOBUIBHIOKTH PICT
OKCHIHMX IUTIBOK 1 HE 3a0e3MeuyloTh iX pyHHyBaHHS. Y
MIOTIEPEIHIX JTOCIHIKCHHAX EJIEKTPOTEXHIYHI MacTuia
pO3mIIsaanucs NePeBaKHO SIK MACHBHUI 3aci0d repmeTru-
3arii KOHTAKTHOTO MPOCTOPY Ta 3MEHIICHHS BIUIMBY Ha-
BKOJIMIIHBOTO CEPEIOBHIIA HAa MPOLIEC OKUCHEHHS KOH-
TaKTHUX MMOBEpXOHb. Ha BiAMIiHY BiJ BIIOMHUX MiIXOIB,
y IaHii poOOTi BHepIIe TOCTiIKYETbCS KOMIIO3UTHE Ma-
CTHJIO, 110 MicTUTh nopomiok [18-23] crmaBy Cu-Al-Mn
(Camital) [8, 9] 3 edpexrom nmam’siti popmu, KUl BUKO-
Hy€ aKTHBHY (YHKII0O TEpMOMEXaHIYHOrO BIUIMBY Ha
KOHTaKTHY ITOBEPXHIO Ta CHpUsiE pyHHYBAaHHIO OKCHIHUX
IUTIBOK Y Mpoleci eKkcruryaraiii. 3a pe3yibraraMu aHaji-
3y HayKOBUX MyOJiKaimii aBTopaMm He Biomi poOOTH, B
SIKUX OM ONHCYBAITNCS aHAJIOTIYHI MACTHIIbHI KOMITO3HIIIT
a00 eKCIIeprMEeHTANbHI JTOCTKEHHS TaKOTO MEXaHi3My
aii. Jlo ckiagy maHOTO KOMITO3UTHOT'O MAacTHJIA BXOISTH
— ENEeKTPONPOBiAHE MACTHJIO 1 MOPOIIOK iHTEPMETATiy
Camital, sikuii 3a0e3neuye BHCOKY €JEKTPONPOBIIHICTh
MacTuia 1 pyWHyBaHHsS OKCHIHMX ILTiBOK. [lin yac MoH-
TaXy KOHTAKTHOTO 3’€JHaHHs IOBEPXHI, 110 KOHTAKTY-
I0Th, 3MallyIOTh KOMIIO3UTHUM MaTepiajioM. 3aTsryBaH-
Hs1 OOJNTOBOTO KpiIJIEHHS 0 HOMIHQJIBHUX 3yCHIb IIPH-
3BOAMTH 10 NeOpMYyBaHHS BHYTPIIIHBOI HOBEPXHI KOH-
TaKT-JeTaleldl Ta YaCTMHOK CIUIaBy 3 e(ekToM mam’sri
dhopmu.

a

MeTo10 podOTH € BCTAaHOBJICHHS 3aKOHOMIipHOCTEH
Ta B3a€MO3B’S3KiB TPOIECIB Y PO30IPHUX ENEeKTPHIHHUX
KOHTAKTax MUIIXOM EKCIEePUMEHTAIBHOIO IOCIiKEHHS
Ta MaTEMaTHYHOTO MOJIEITIOBAHHS €BOJIIONIT MEPEeXiTHOTO
OIIOpY KOHTAKTHUX 3’€IHAHb 3 KOMIIO3UTHUM €JIEKTPOTe-
XHIYHUM MAaCTHJIOM, MOJU(IKOBAHUM MOPOIIKOM CILIABY
Cu-Al-Mn (Camital) 3 edpexrom mam’siti popMu Ha OCHO-
Bi po3pobieHoi OararopiBHEBOI MaTeMaTHYHOI MOAEN,
sKa BPaxOBYE B3a€MOJII0 ENEKTPHUYHMX, TEIUIOBHX, TEp-
MOMEXaHIYHHX 1 TPHOOJIOTIYHUX MPOLECIB Y HOPMAIbHUX
Ta aBapiiHUX pPeXUMaX pOOOTH EINEKTPOYCTAHOBOK.

Martepianu Ta Merogu. Y Tporeci JOBrOTPHBAIO]
eKCIUTyaTallil BinOyBa€eTbCs PICT IDTIBOK HA KOHTAKTYIOUHX
MOBEPXHSX, [0 NPU3BOMUTH JO 3POCTAHHS MNEPEXiIHOro
OIIOpY Ta 3MEHILICHHS eKCIUTyaTaliifHOro pecypcy KOHTaK-
Ty. Lle#t nporec iHTeHCHU(IKYEThCS 32 PAXyHOK HAarpiBaHHs
KOHTAaKTy CTpPyMaMH KOPOTKOro 3aMHKaHHs. OnHaK 3a Ha-
SIBHOCTI (DYHKLIIOHAJBHOT'O KOMITO3UTHOTO MacTHJIa Harpi-
BaHHS YaCTHHOK iHTepMeTaliay 3 edexTom mam’sti popmu
MPU3BOJUTH JIO BIIHOBJICHHS HUMH IOYaTKOBOI (opMmu,
SIKy BOHH Malli IO MOHTaXy KOHTakty. JleopMyrouuch,
YAaCTUHKH 3 IHTEPMETaJI Iy 3MILIYIOTECS BiJHOCHO TIOBEPX-
Hi KOHTaKTy Ta PyHHYIOTh 3HaYHy YacTHHY IIOBEPXHi OK-
CHITHHX IUTIBOK, IO 3a0e3ledye 3MEHIICHHS IePeXiJHOro
OTIOpy Ta 30UIBIIYE eKCIUTyaTaIliHNI pecypc KOHTAKTY.

Hocnimkennst  ¢Gpakiiii  MOPOLIKY — IHTepMeTaliay
Camital 3piiicHIOBa/IM Ha CKaHYIOUOMY €JIEKTPOHHOMY MiK-
pockorii TESCAN Mira 3 LMU (puc. 2) npu3HaueHOMY J1Jist
OTpUMaHHsI 300paXKEHH:I TIOBEPXHi 00’€KTa 3 BUCOKOIO PO-
CTOPOBOIO PO3AUILHOIO 3aaTHICTIO [24]. JlaHmii MiKpockor
3aCTOCOBYIOTh JUIsl JIOCHI/PKEHHS! (JOpM YacTHHOK Ta MOp-
XBHJISICTOCT] TIOBEPXHi 3pa3KiB, BOJIOKOH i3 3a/laHMH BIlac-
TUBOCTSIMH T4 iH., Ipu 30UbIIeHHAX Bif 4 10 1000000 kpat
3 IPICKOPIOBATLHOO HampyToro Bix 200 B 1o 30 kB.

b

Puc. 2. 3araneauit Burisy enexrpornoro Mikpockormry TESCAN Mira 3 LMU (a);
JociipreHHs (pakuii mopouiky intepmeraniny Camital (b)

JociimkeHHs1 BILIMBY (YHKIIOHAJBHOTO KOMITO3H-
THOTO MACTHJIA HA eJeKTPHYHMIl Omip KOHTAKTHOIO
3’e¢aqHaHHs. 71 epeBipky BIDIMBY MacTHiIa Ha €JEKTPUY-
HUH OMip KOHTaKTHOTO 3’€IHAHHS MPOBEIEHO CEpit0 eKCIie-
PUMEHTAJIBHUX JIOCITIPKEHb HAa MOJENSIX PO30ipHUX 0O0JITO-
BUX KOHTaKTHUX 3’€JIHAHb — QIFOMIHIEBUX IIHHAX 3 PO3Mi-
pamu 100x50x5 mm, GonroBux 3’emHaHHsAX M12 (Oont
M12%30 mmM, raiika mecturpada M12, aBi maiOu miocki
M12) (puc. 3). Bukopucrano ImicTtb 3paskiB OOJTOBHX
3’enHaHb: Ha 3pa3kyu Nel i Ne2 HaHeceHO elIeKTpONpoBii-
HE MacTwiIo 3 mopourkoM Qpaxmii 1 (v1), Ha 3pa3ku Ne3 i

Ned4 HaHECEHO MACTHIIO 3 TOPOIIKOM (paxiii 2 (v2), KOH-
TposbHI 3pa3ku Ne5 1 Ne6 Oe3 macTuia.

EnexTponpoBigHe MacTWIO 3 IOPOIIKOM (ppaKiii
Nel (v1) mictuno 95 % (3a 06’emom) CIATIM 22115 %
nopoiuky iHrepmeranigy Camital. Mactuio 3 ¢paxiieto
nopoiiky Ne2 (v2) mictuiio 90 % CIATIM 221 1 10 %
nopoiky intepmeraniny Camital. Mactuno Oyno HaHe-
CeHE TOHKHM IIapOM Ha KOHTAKTHI IMOBEPXHI AIFOMiHiE-
BuX mHH (puc. 4). 11 KOHTPOIIO MOMEHTY 3aTsDKKH 00-
JNTOBOTO 3’€HaHHsA, o ctaHoBUB 40 H M, Oymo 3acToco-
BaHO nuHaMoMeTpudHui Ki1rod (Intertool XT-9003).
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Puc. 3. [linroroBka /10 IPOBECHHS CKCIICPHMEHTY

Puc. 4. HaneceHHst GpyHKIIOHAIBHOTO KOMIIO3UTHOTO MaTepiaiy
Ha KOHTAKTHI HOBEpPXHi

[IpoBeneHHsT eKCIEPUMEHTY MOJATajlo B Mepioaud-
HOMY BUMIpIOBaHHI €JIEKTPHYHOTO OINOPY 3pa3KiB KOHTa-
KTHHUX 3’€aHaHb (puc. 5). TpuBamicTh eKCepUMEHTY — 3
11 6epesns 2024 poky o 1 kBiTHs 2025 poky.

Puc. 5. BumiproBaHHs OIIOpy KOHTAKTHOT'O 3’ €IHAHHS
p py

3pa3ku KoHTakTHUX 3’€nHaHb Nel, Ne3 i NeS mepi-
OJIMYHO MiJJIaBajli HAarpiBaHHIO B MeYl JI0 TEMIIepaTypu
120 °C, BuTpuMLi Ipu Lid TemrepaTypi 4 XB., 1 IPUPOJ-
HOMY OXOJOIDKeHHI0 a0 Temmeparypu 21 °C. V Taxwmii
cnoci® OyJo 3MOJEIbOBAHO IeperpiBaHHs KOHTAKTIB.
3pa3ku KOHTaKTHUX 3’enHaHb Ne2, Nod i Ne6 nepeOyBanu
MOCTIHHO y npuMinieHHi 3a Temneparypu 21 °C 3 Bosori-
cTIO TIOBITPs 45 %.

PesyabTaTn Ta 00roBopenHsi. PesynpTatu excre-
PUMEHTAIBHUX JIOCHIPKEHb TpelcTaBieHi y tabm. 11 2
(BiAMIOBIAHO TEPIIi i OCTaHHI EKCIIEPUMEHTH), a Ha pHC. 6
BCi eKCTICPUMEHTANIbHI BUMipIOBaHHS.

Ta6mums 1
PesynpraTté BUMiprOBaHHS OTIOpY KOHTAaKTHUX 3’enHanb 11.03.2024 1 16.03.2024
3Ha4YeHHs ONOpPYy KOHTAKTHOT'O 3’ €IHAHHS. 3Ha4YeHHs ONOpYy KOHTAKTHOT'O 3’ €IHAHHS.
BuwmiproBanus 11.03.2024, mxOm BuwmiproBanns 16.03.2024, mkOm
3pa3zok Ne Tun 3maieHHs
| 5 3 4 cepenHe 1 5 3 4 cepenHe
3HAUCHHS 3HAUCHHS
1 vl 22,37 | 22,54 | 22,92 | 22,54 | 22,59 | 22,05 | 22,16 | 22,27 | 22,48 22,24
2 vl 21,24 | 22,05 | 21,18 | 21,24 | 21,43 20,97 | 21,02 | 20,86 | 21,02 20,97
3 v2 19,01 | 18,96 | 18,91 | 19,07 18,99 19,07 | 19,34 | 18,69 | 18,85 18,99
4 v2 20,15 | 20,1 | 20,48 | 20,59 | 20,33 20,1 | 20,15 | 20,1 20,21 20,14
5 0e3 3MaleHHs 31,75 | 31,8 | 30,72 | 31,15 31,36 31,64 | 31,69 | 31,75 | 31,75 31,71
6 0e3 3MaleHHs 28,66 | 28,5 | 28,66 | 28,77 | 28,65 27,36 | 28,06 | 27,41 | 27,36 27,55
Ta6muus 2
PesyspraTé BUMipIOBaHHS ONOPY KOHTAKTHUX 3’enHanb 04.03.2025 1 01.04.2025
3Ha4YeHHs ONOpYy KOHTAKTHOT'O 3’€IHAHHS. 3Ha4YeHHs ONOpYy KOHTAKTHOT'O 3’€IHaHHS.
BuwmiproBanns 04.03.2025, mxOm BuwmiproBanns 01.04.2025, mxOm
3pa3zok Ne Tun 3maieHHs
1 2 3 4 cepesHe 1 2 3 4 cepesiHe
3HAUCHHS 3HAUCHHS
1 vl 25,74 | 25,72 | 25,67 | 25,78 | 25,73 25,73 | 25,79 | 25,79 | 25,81 25,78
2 vl 21,98 | 22,02 | 21,78 | 21,84 | 21,91 22,03 | 21,99 | 21,82 | 21,85 21,92
3 v2 20,68 | 20,86 | 20,84 | 20,9 20,82 20,71 | 20,84 | 20,82 | 20,79 20,79
4 v2 20,98 | 21,06 | 20,85 | 20,78 | 20,92 | 21,01 | 20,98 | 20,86 | 20,82 20,92
5 0e3 3MaleHHs 39,05 | 39,15 | 39,12 | 39,07 | 39,10 39,04 | 39,2 | 39,15 | 39,06 39,11
6 0e3 3ManieHHs 28,67 | 29,13 | 29,05 | 29,01 28,97 | 28,71 | 29,11 | 29,01 | 29,02 28,96

AHaJi3 pe3yabTaTiB eKCHePpUMEHTAJbHUX JO0CITi-
JkeHb. HasiBHicTh moporuky intepmeraniny Camital mij-
BHILY€E eJICKTPOIIPOBIAHICTh KOHTAKTIB — 3MEHIIY€E [IOYaTKO-
BHH OITip KOHTaKTiB Ha 65 % (omip koHTakTiB Ne3 i No5).

Tpusane nepeGyBaHHA KOHTaKTHUX 3’€HaHb N2, Nod
i Ne6 3a cranoi Temmeparypu 21 °C 1 BiTHOCHOT BOJIOTOCTI
noBitpst 45 % He NPU3BOAUTH A0 3MiH [IOYATKOBOTO OOPY
KOHTaKTHOTO 3’€JIHaHHS MPOTSAIOM POKYy (BHCHOBOK 3 ypa-
XYBaHHSIM BiJTHOCHOI TOXUOKH BUMIPIOBaHb 5 %).

CyTTEBUM € BIUTUB 00’€MHOTO BMICTY TOPOLIKY iH-
TepMeTaniy y (QyHKIIOHaIbHOMY MAcTHJI Ha MOYaTKoO-
BUil OIIp KOHTAKTY 1 MOJAJIbIIIE 3DOCTAHHS OMOPY MiJ Yac
MEPIONYHUX HArpiBaHb KOHTaKTiB. L[eil BHCHOBOK mij-
TBEPJKYE TIOPIBHSIHHS OYaTKOBUX OMOPiB KOHTAKTIB Nel
(BmicT mopouiky 5 %) 1 Ne3 (Bmict mopomky 10 %) — pi3-
HUIIS TOYaTKOBHX onopiB 19 %, a kinnesux 23 %.

[epiognuni HarpiBaHHS KOHTAaKTiB 3a BiJCYTHOCTI
mopomky iHTepmeranigy Camital y MacTuimi mpu3BOIATH
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J0 3pOCTaHHA OIOPY KOHTaKTHOTO 3’€IHAHHSA — KOHTAKT
Ne5 na 25 %.

HasiBHicTh nopomky intepmeraniny Camital y mac-
T 006’eMoM 10 % TpakTHYHO BUKIIOYAE BIUIMB TEpi-
ONMYHHMX 3MiH TeMIlepaTypd Ha OIp KOHTaKTHOTO
3’€THAHHS.

40 R uQ
> K e
sj,._,/"“‘_‘—"" ——Sample |
36 Sample2
—e—Sample 3
//_v Sample 4
32 p—— —e—Sample 5 |7
—e—Sample 6
6
A"
28 N e

1 /_._‘__._._./*-‘—‘—”'_'—'
24

20 S .

Experiment Ne
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Puc. 6. Pe3ynbraTn eKCIIepUMEHTAIBHUX BUMIPIOBaHb OMIOPY

KOHTAaKTHHX 3’eHaHb B riepiox 3 11.03.2024 o 01.04.2025
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TeopeTnyHe MOJe/IIOBaHHSA NpoueciB y po3dipHOMY
€JIeKTPUYHOMY KOHTAKTHOMY 3’€[IHAHHi, 10 MiCTHTH
KOMIIO3UTHE MAacTHJIO 3 nmopomkoMm cmiaBy Camital. ¥V
KOHTaKTHOMY  3’€[JHAHHI  «aIIOMiHIH-afoMiHii»  (abo
Cu-Cu) 3 mactwiom i mopomkoM Cu-Al-Mn omHOYacHO
BiIOyBatoThCs 4 B3aEMOIIOB’ sI3aHi IPOLECH:

e (opMyBaHHsS KOHTaKTHOI eJeKTporpoBigHocTi. [le-
pexizHMiA Omip BU3HAYAETHCS: PEATBHOIO IUIOMIEI0 KOHTa-
KTy; TOBIIMHOIO Ta IUTICHICTIO OKCHIHHX IDTIBOK; KiJIbKi-
CTIO MIKPOKOHTAKTiB, CTBOPEHHUX ITOPOLIKOM;

e TepMoMexaHIYHUH UK. CTpymMOBE HaBaHTAKCHHS
— HarpiBaHHA — (a30Be NCPETBOPCHHS CIUIaBy 3
mam’sTTI0 GOpMH — BiTHOBICHHS (POPMH YaCTHHOK —
JIOKaJIbHI MEXaHIYHI Halpy>KeHHS — pyIHYBaHHS OKCHIIB;

e MexaHi3M «Mikpockpebka». TocTpi kpai 4acTHHOK
Camital: KOHIEHTPYIOTb HANPYKEHHS; 3AIHCHIOIOTh IHK-
JIiYHEe MIKpOpi3aHHs OKCUIHOI IUTIBKH; MEPIOJJMYHO «OHO-
BIIIOIOTH» METaJl-MeTajl KOHTAKT;

e ximiuyHe cTapinHs. be3 nmopouiky — MOHOTOHHE 3poOc-
TaHHS IUIONI 1 TOBIMMHM OKCHAY. 3 TIOPOILIKOM — KOHKY-
PEHLsST ABOX MPOLECIB: 3pDOCTaHHS OKCHUIy; WOTO TepMo-
MeXaHIqHe pyHHyBaHHSI.

CTpykTypa MaTeMaTH4HOI MOJeNi € OaraTtopiBHe-
BOIO, CHCTEMa € HEJIHIHHOI0, HEeCTAliOHAPHOIO, 3 BHYT-
pilIHIME 3BOPOTHHMHM 3B’SI3KaMHU. 3arajbHa CTPYKTypa
MaTeMaTHYHOI MOJENl CKIAamacTbCa 3 S5  B3aeMo-
OB’ SI3aHUX MIICUCTEM:

1. EnexTpuyHa — KOHTaKTHHH OIp, CTPyM, T'yCTHHA
CTpyMY;

2. TerutoBa — HarpiBaHHs Ta OXOJIOPKEHHS KOHTAKTY;

3. Tepmomexaniuyna (SMA) — nedopmartisi yacTHHOK
Cu-Al-Mn;

4. Tpubonoriuna — pyiiHyBaHHS OKCHJIHOT IITiBKH;

5. EBoJIFOIIiSI KOHTAKTHOTO OTIOPY.

1. [ToBHMI IepeXiqHAN OITip KOHTAKTY BH3HAYAETHCS
SIK cCyMa CKJIagoBuX [25, 26]:

Re() =Ry + Rx(D), (D
ne R(t) — moBHumit mepeximuuii omip KoHTakTy, Owm;
R, — 00’emuwmii onip matepiany mmH, OM; Ro(t) — omip
OKcuAHOT IIiBKH, OM.

2. Crpym | i ryctuna J ctpymy:

I(t)=U®)/Re(1); 2
IO =1/ A (1), 3
ne I(t) — enexTpuunuit ctpym, A; U(t) — enextpuuHa Ha-
npyra, B; Ag (t) — edekTnBHA MIIOIIA €1EKTPUYHOTO KOH-
TaKTy, M.
3. TemyioBa migcucTeMa (HarpiBaHHs KOHTaKTy). Ko-
HTaKT PO3MVISLAAETHCS SIK CKOHIIEHTPOBAHA TEIJIOEMHICTB.
PiBHsiHHS TeruioBOTO Oanancy [27, 28]:

Co Se=PORO-M(T-T), @)

ne T — temmeparypa xoHTakTy, K; Ty — Temmeparypa no-
Bk, K; Cy, — TEmIoeMHICTh KOHTAKTY, I[)K'K’l; hin —
KoeiIlieHT TeIIoBiAmayi, Br-K.

4. TepmomexaniuHa Mopeinp nopomky Cu-Al-Mn
(SMA). Kinetruka ¢a3oBoro mneperBopeHHs. BBomuThCs
3MiHHa — yacTka aycteHity &(t) [29-31]:

%:kg[H(T—AS)(l—f)—H(Ms—T)i]a )

Je £ — JacTka aycTeHiTy, Oe3po3mipHa; K: — kiHeTuuHmit
koedimient, ¢ '; Ay Mg — Temmeparypu (asoBHX Hepexo-
niB, K; H — dynxkmis Xesicaiina, B.o.
BignoBmoBana paedopmariisi 4aCTHHOK ITOPOIIKY
Camital:
st) =&9<¢(1), (6)
ne &(t) — BigHOBIIOBaHA AedopMallisi YACTUHOK MOPOIIKY,
B.0.; & — IOYATKOBA BITHOBIIOBaHA aedopMallisi 4acTu-
HOK TIOPOILKY, B.O.
KoHTakTHI Hampy»XeHHs, CTBOPEHI YaCTHHKOIO ITO-
POIIKY:
op®) = Epe(t), (7)

Je op(t) — nokanbHE KOHTaKTHE HAMpy)KeHHs, CTBOPEHE
YacTUHKOIO nopouiky, ITa; E, — Moxysne npyskHOCTI crina-
By Cu-Al-Mn, ITa.

5. Monens OkcHAHOI IUTIBKM. EBOJIIOLIA TOBIMHU
okcuny [32, 33]:

dh
& =Kox Ko NpF (o). (8)

ne h — ToBIIMHA OKCHIY, M; Kox — IIBUAKICTD POCTY OKCH-
1y, M-c'; Koy — KOeillieHT pyiiHyBaHHS OKCHJIHOT ILTIBKH,
Mz'c’l; N, — 00’€MHa KOHLIEHTpallis YaCTHHOK, ML
OyHKIIIS pyHHYBaHHS OKCHIY
0, if Op <Ooxs

- n
Flop)= Op—Oox I . ©))
—— |, else op 2oy,
Oox
JI€ Ogy — TPAHUIIS MIITHOCTI OKCHIHOI IUTiBKH, [1a; N — mo-
Ka3HUK HENIHIHHOCTI MeXaHi3My pYHHYBaHHS OKCHIY,
0e3po3MipHHii.
6. 3B’5130K OKCH/IHOI TUTIBKH 3 OITOPOM.
Omip oOKCHIHOTO IIapy:

Rox = PoxN(®)/ A (1), (10)
II€ Pox — MUTOMHUM EIEKTPUYHUI OIip OKCHAHOI IUIIBKH,
OM M.
HIBuIKiCTh 3MiHHM €)EKTUBHOT IUIOII KOHTAKTY:

dAg

T:kA[N o2(0)—aph(®)], (11

ne Ka — xineTHaHmit KoedirieHT GopMyBaHHS KOHTAKTHOI
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wiont, M>-¢ ; ap — KOehII[iEHT 3MEHIIICHHS KOHTaKTHOT
IDIOIII Yepe3 OKUCHEHHS, M e
OTKe, IOBHA CUCTEMA PiBHIHb Ma€ BUTJISI:

t) = Poxh(t);
Re(t) Rb+—A9f ©

|®) =UM)/Re(h):
Cir i = P ORO - (T ~To);

‘;_f: ke[H(T - AN1-¢)-H(Mg-T)}

e(t) =&9g(t);
ap(t) = Ep-g(t);

(12)

dh

E = Kox = Kpr NpF(O'p)Q

d

(;_A‘t*: kalN pe(t) - aah)]

Ockibku cucteMa AudepeHlialbHUX PIBHIHb €
YKOPCTKOIO BHACHIJOK 3HAYHOI Pi3HUII 4acOBMUX MacIlTa-
0iB TEIJIOBMX, MEXaHIYHUX Ta XIMIYHUX MPOIECIB, IS 11
YHCEJIFHOTO PO3B’S3aHHS 3aCTOCOBAHO HESIBHI CTIHKI Me-
tonn BDF Tta Radau [34, 35]. UucimoBe MOICTIOBaHHS
BHKOHAHO 3 BHKOPHCTaHHSM IPOTPaMHOTO CEepeIOBHINA
Python (6i6miorekn NumPy, SciPy, Matplotlib).

Pe3ynbpraT 4MCIOBOTO MOJIENIOBAHHS 1 €KCIIepUMe-
HTaJIbHUX JOCHTIHKeHb IpeAcTaBiIeHo Ha puc. 7. CymipHi
JIHIT BiNIOBIJAIOTh YHCIOBOMY MOJICITIOBAHHIO, OTPHMAa-
HOMY 3 peAyKOBaHOI, (i3UYIHO OOTPYHTOBAHOI MOMEII.
Kosxna niHis moOy/oBaHa 3 iHAMBIAyaJbHUMH MapameT-
pamu, ineHTH(IKOBAaHUMHA IS BiIIOBITHOTO €KCIIepHMe-
HTaJIBHOTO 3pa3Ka.

MareMaTiuHe BUBEICHHS peayKoBaHOI Mozeni 3 Oa-
30BUMH 3MiHHUMH: h(t) — TOBHIMHA OKCHAHOI ILTiBKH;
A (1) — edextuBHa I0ma KoHTAKTY; R(l) — mepeximHuit
omip [36, 37].

Kitto4oBi piBHSHHS:

dh
E: kox_kberF(O'p);

% = ka[N )~ aan(®)];

R =Ry

(13)

(14)

" Poxh(t)

' (15)
Aet (1)
40 R 1O i

- _w,w
35 : /M e

»

=—t=— Experiment: 5% Cu-AFMn == Modeling: 5% Cu-A-Mn

30 =i Experiment: 10% Cu-A-Mn == Modeling: 10% Cu-Al-Mn

—#— Experiment: without powder Modeling: without powder

ZSM7

Load cycle number
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Puc. 7. EBosonist mepexiiHoro onopy y po36ipHOMY KOHTAKTHOMY
3’€IHAHHI INTOCKHUX eJIEKTPHIHIX IIHH i3 aTIOMIHIIO
(eKceprMEHTANBHI JJaH1 1 MOJICITFOBAHHS)

15

Yeepeonenns mepmomexaniunoi 6ionoeioi (xaouo-
suil kpox). Temmeparypa i pazoBuit cran SMA-4acTHHOK
3MIHIOIOTHCS IIBHIIIIE, HIXK JIErpaiallisi KOHTaKTY:

T << Th, Ta (16)

ToMy BBOIUTKCS ycepeIHeHa 3a [UKIOM e)eKTUBHA
nedopmartis:

1 At
(£) = j e(T(t)dt = g =const.  (17)
0

AHamoriuHo:
(F(op)) = Fet - (18)

Jineapusayis esonoyii okcuonoi naiexu. IlimcTtas-
nsirouu (17) B (13):

dh
E:kox_kberFeff . (19)
TTo3nauumo:
an=Kox, Bn =Ky N pFes - (20)
OTtpumaemo:
h(t) =hy + (an — Bpt - 21

Kesazicmayionapna nnowa xoumaxmy. Jna Ag
po3B’s3yemo (14) mpu cranux KoedirieHTax:

%:kA(Npgeﬁ —aph). (22)
[Mincramsttoun (21) B (22) 1 iHTErpyrOYH, ONEPIKYEMO:
Ay ()= A +C(1-e ), (23)
e
¥ ~Kaap, C~Npﬂ. (24)
an

Bugeoenns pedyxosanoeo piensanna ona R(t). Ilin-
craBisttoun (21), (23) y (12) i BUKOHYIOUH PO3KIAA Y Psif
Teitmopa 3a MAIUMU BiIXMJICHHAMU:

h(t)
As (D

[Micnst TpymyBaHHS 4YJIEHIB OCTaTOYHO OTPUMYEMO
pEeNyKOBaHYy MaTEMATUYHY MOJENb:

RO=Ry+at-pl-e™),  (26)
ne Ry — mouyaTkoBWil TepeximiHWW OImip KOHTaKTHOTO
3’eaHanHs1, MKOM; 0 — IMIBUIKICTh JAerpajailii KOHTaKTy B
HACIIZOK OKUCIeHHs, MKOM/IIUKI; f§ — IHTErpalbHUH Ta-
pameTp eeKTHBHOCTI TEPMOMEXaHIYHOTO CaMOOYMIIIEH-
Hs KOHTaKTy nopomkoM Cu-Al-Mn, MkOM; y — iHTEHCHB-
HICTh TEPMOMEXaHIYHOTO BIUTUBY (e(eKTHBHA YacTOTa
TEPMOIIHKIIIB), KT .

Oyinka Oosipuux inmepsanie napamempis. Memoo
oyinxu. [Mapamerpu 6= (R, o, f) ineHTndikyBarInucs Me-
TOZIOM HaliMEHIIMX KBaJpaTiB:

=a0+a1t—a2(1—e‘7‘). (25)

N 2
rrelinZ[Rexp(ti)— R(.0)] . 27)
i=1
KoBapiauiiiHa MaTpuIst OLIHIOETHCS SIK:
Co=c23T)7!, (28)

ne J — matpuis Sko0i.
VY tabx. 3 i 4 npeacrasieHi J0BipYl iHTEPBAIH.
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Tabmuns 3
Jogipui intepBanu CI (95 %). KonTakt 3 10 % Cu-Al-Mn

[Tapametp Ominka 95 % CI

Ry, MKOM 19,24 [18,9; 19,6]

o, MKOM/1IUKII 0,099 [0,085; 0,113]

f, MkOM 1,5 [1,30; 1,70]

Tabmurs 4
Josipui intepsanu CI (95 %). Konrakr 3 5 % Cu-Al-Mn

[Tapamerp Ominka 95 % CI

Ry, MKOM 22,1 [21,7;22,5]

o, MKOM/IIHKIT 0,135 [0,120; 0,150]

f, MkOM 0,15 [0,05; 0,25]

BucnoBok: mapamerp f CTaTHCTHYHO 3HAYyIIUH
qume npu 10 % BMICTY NMOpOLIKY, IO Y3TOXKYETHCS 3
(izuKor0 TporIecy.

[NomepenHiii TeopeTHyHUA aHAJi3 CTOCYBaBCS IPO-
[eciB HarpiBaHHI 1 OXOJOIKEHHS  KOHTAKTHOTO
3’€IHAHHS CTPYMaMHM EJIEKTPHUYHOTO HABAHTAXKCHHS Bil-
MOBIJHO 110 rpadika eNeKTPOCHONKHUBaHHS. Po3risHeMo
MOJIeJb JJISl TIPOLIECIB 3 MOSIBOIO CTPYMiB KOPOTKOTO 3a-
MHKaHHS — IMITYJIbCHUH TEIJIOBUI PEKHM.

VY pexuMi KOPOTKOTO 3aMHKaHHS CTPYM Ma€ iMITy-
JIbCHUM XapakTep:

—t/7
It)y=1e """, (29)
ne |y — mouaTkoBe (MiKOBE) 3HAYECHHS IMITyJILCHOTO CTPY-
My KOPOTKOTO 3aMHUKAaHHS;, 7} — 4aCcOBa CTaJa 3aTyXaHHsI

IMITYJILCHOTO CTPYMY KOPOTKOTO 3aMHUKaHHSI.
TemnoBe piBHAHHS:

Cin ST = 1ERE S (T =Ty). (30)

P03B’5130K [1a€ MKOBY TEMITEPATYPY T pmax-
Iunynvcne pyiinysanna oxcudy. Y piBasHHI (13)
BBOJHTHCS IMITyJIbCHA CKJIAI0BA!

dh
E:kox—kberF(ap)é‘(t—tk), (31)
Je ty — MOMEHT KOPOTKOTO 3aMHKaHHSL.
Iarerpytoun (31), orpumaemo:
Ahy = —Kor NpF (075 (Tinax ) - (32)

Cmpubronodiona modenv onopy. Ilicns iMmiyibscy
KOPOTKOT'O 3aMUKaHHSI:

R(ty ) = R(t )~ 4R, 4R > 0; (33)
AR =KRgN pg(Tmax) > (34)
ne Kgr — eekTuBHAN KOE(DIIIEHT €NEeKTPOKOHTAKTHOTO Tie-
PETBOPEHHS TePMOMEXaHiuHOT il y 3MiHy omopy, OM-M’;
t,, t — MOMeHTH 4acy 10 KOPOTKOrO 3aMHUKAHHS 1 TIiCIIs.
AHani3 cTpyKTypu MaTeMaTH4HOI Mojeni Ta ¢i3uy-
HUX MEXaHi3MiB, 3aKIaJCHUX y Hild, CBIAYUTH, IO IMPH
IMITYJIbCHUX TEIJIOBUX HABAHTAKEHHSX, XaPAKTEPHUX IS
CTPYMIB  KOPOTKOTO  3aMHKaHHS, Y KOHTAKTHOMY
3’€IHaHHI 3 ENEKTPOTEXHIYHIM MAaCTHIIOM, MOAHU(DIKOBa-
HUM TopomikoM Cu-Al-Mn, MOXIHMBE KOpPOTKOYacHE
3MEHILICHHSI MEePEXiJHOr0 ONOPY BHACHTIIOK TEepMOMeXa-
HIYHOT aKTHBALli{ YACTHHOK CILIaBY.
BucHoBkm.

1.V poboTi BUKOPUCTAHO OaraTopiBHEBY (i3UUHO 00-
I'PYHTOBaHY MaTeMaTHYHY MOJEINb IPOLECIB y PO30ipHO-
My €JICKTPUYHOMY KOHTAKTHOMY 3’€JHaHHI 3 €JIEKTPOTE-
XHIYHUM MAaCTHJIOM, MOJH()IKOBAHUM MMOPOIIKOM CIUIABY
Cu-Al-Mn 3 edexrom nam’siti hopmu.

2. Mozens BpaXxoBy€ B3a€EMO3B’SI30K €IEKTPUYHUX, Te-
IUIOBUX, TEPMOMEXaHIYHUX Ta TPHUOOJOTIYHUX IIPOLECIB 1
OIUCYE EBOJIOLII0 IIEPEeXiTHOr0 OIOpY KOHTAKTHOTI'O
3’€ﬂHaHHH B yMOBax I_ll/IKJ'Ii‘iHOFO CJICKTPUYHOI'O HaBaH-
Ta)XEHHS Ta aBapIMHUX PEXKUMIB.

3. Tlokazano, mo BBeneHHs mopouky Cu-Al-Mn npus-
LIUIIOBO 3MIHIOE MEXaHi3M Jierpajanii eeKTPUIHOTO KOHTa-
KTy: 3aMiCThb MOHOTOHHOTO 3pPOCTaHHs MEPEXiHOTO ONopy
peatizyeThCsl peKUM KOHKYPEHIIIT TPOIeciB OKHCHEHHS Ta
TEpPMOMEXaHIYHOTO PYHHYBaHHS OKCHTHHX TITiBOK.

4.YucnoBe MOJCIIOBAHHS, BUKOHAHE 3 BHKOPHCTAH-
HAM HesBHUX cTilikux MeroaiB BDF Tta Radau, 3a06e3re-
YHJI0 KOPEKTHHI PO3B’SI30K KOPCTKOI CUCTEMHU TudepeH-
LiaJIbHAX PIBHSHB 1 MPOAEMOHCTPYBANIO I00PY Y3romKe-
HiCT]: 3 CKCIICPUMECHTAJIbHUMU JaHUMU.

5. ExcriepMMeHTanbHO BCTAHOBJIEHO, 110 IIPU KOHIICH-
tpauii nopomky Cu-Al-Mn 10 % 3a 06’eMoM nocsiraeThb-
csl MakcUMaJIbHUH eeKT 3HIDKeHHs Ta cralimizamii nepe-
xizHOTO Oomopy — n0 45-48 % y NOpiBHAHHI 3 TpaguLii-
HUM KOHTaKTHHAM 3’ €THAHHSM 0€3 MOPOIIKY.

6. ITapameTpu pemryKkoBaHOI MOJAEN MalOTh WITKHHA (i-
3UYHANA 3MICT, a iX imeHTH(IKalis JO3BOISE KITBKICHO
OIHIOBATH C€(PEKTUBHICTH TEPMOMEXAHIYHOTO CaMOOYH-
IICHHS KOHTAKTIB 1 MPOTHO3YBaTH NOBIOTPHUBATY HamIiii-
HICTh €JIEKTPUYHUX 3’ €THAHD.

7. OTpuMaHa MaTeMaTu4Ha MOZENb JI03BOJISE ONUCATH
NOTEHUINHNI BIUIMB IMIYJIBCHUX CTPYMiB KOPOTKOTO
3aMUKaHHSl Ha CTaH €JIEKTPUYHOrO KOHTAKTy, IO MOXeE
OyTH IIpEeAMETOM IOJAIBIINX EKCHEPUMEHTAIBHUX J10-
CIIIIPKEHB.

8. OTpuMaHi pe3ysibTaTH MiITBEPAXKYIOTh MOXIHUBICTh
CTBOPEHHS HOBOT'O KJIACY «aKTHBHHX CJICKTPOKOHTAKTHUX
MAacTHII», 3IaTHUX O TEPMOLMUKIIYHOTO CAMOBIJIHOBIICH-
Hsl KOHTAKTHOI ITOBEPXHI Ta CIOBUIBHEHHS €IEeKTPOXiMiy-
HOT'O CTapiHHS KOHTaKTHHX 3’ €JIHaHb.

9. OtpumaHi pe3yiabTaTH MOXYTh CIyTyBaTH HAyKO-
BOIO OCHOBOIO JUISl IPOBE/ICHHS] TOBHOMACIITA0OHNX CTaH-
JAPTHUX BUIPOOYBAHb, SIK HACTYITHUIA eTar J0CTiHKECHb.

Konduikr inTepeciB. ABTOpH 3asBJIAIOTH PO Bif-
CYTHICTh KOH(]JIIKTY 1HTEpECIB.
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Determination of the transition resistance of detachable
electrical contacts with Camital active grease.

Problem. The reliability of detachable eectrical contact connec-
tionsis significantly reduced due to an increase in transition electri-
cal resistance caused by thermomechanical deformations, oxidation
of contact surfaces, and a decrease in the effective contact area
during operation. According to the results of operational and ex-
perimental studies, failures associated with contact degradation
account for up to a third of the total number of electrical installation
failures. Traditional methods, in particular the use of passive con-
ductive lubricants, mostly only dow down oxidation processes and
do not ensure active restoration of the contact condition. In this
regard, it is important to develop models and technical solutions
capable of describing and ensuring the stabilisation of the transition
resistance of electrical contacts through controlled thermomechani-
cal processesin the contact zone. Goal. To establish the regularities
and interrelationships of processes in dectrical contacts through
experimental research and mathematical modelling of the evolution
of the trandtion resistance of contact connections with composite
grease modified with Cu-Al-Mn (Camital) with shape memory,

How to citethis article:

taking into account the interaction of eectrical, thermal, thermome-
chanical and tribological processesin normal and emergency oper-
ating modes. Methodology. Experimental studies were performed
on moddls of bolted contact connections of aluminum busbars using
composite grease containing 5 % and 10 % Cu-Al-Mn powder by
volume, as well as on control samples without grease. Long-term
measurements of contact resistance were carried out at a constant
temperature and under periodic thermal loads. The theoretical
study is based on a multilevel mathematical model, the numerical
solution of which was carried out using implicit stable methods with
parameter identification based on experimental data. Results. A
decrease and sabilisation of contact resistance was established
when using composite lubricant, most pronounced at a Cu-Al-Mn
powder content of 10 % by volume. A reduced modd of contact
resistance evolution was proposed. Scientific novelty. For the first
time, a generalised mathematical modd of a detachable eectrical
contact with active composite lubricant has been devel oped, which
takes into account the phase transformations of Cu-Al-Mn alloy
particles and the mechanism of thermomechanical destruction of
oxide films. The possibility of a step-like decrease in contact ress-
tance under impulse currents is shown. Practical value. The results
obtained can be used to improve the reliability of detachable elec-
trical contact connections, predict changes in contact resistance
during operation, and justify the choice of the composition of active
eectrical contact lubricants. References 37, tables 4, figures 7.

Key words: electrical contact, contact resistance, composite
electrical grease, Camital, shape memory alloy, thermal,
thermomechanical and tribological processes.
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S. Shlyk, J. Pyrhonen, I. Petrov, M. Parviainen, I. Martikainen, A. Suikki, J. Pippuri-Mékeldinen, M. Zagirnyak

Possibility of cooling the rotor of an electric traction motor by bidirectional air flows

Introduction. The performance reliability of eectric vehicles (EVs) is an important factor in evaluating their suitability for widespread
adoption. The reliahility and lifespan of an EV depend on several critical factors including the motor, battery pack, controllers, and thermal
management systems. The problem addressed in this paper is to cool down the rotor of permanent magnet synchronous motor efficiently
using new combined cooling methods. Goal. Determination of the effectiveness of the combined rotor cooling method, which includes a
bidirectional airflow circulating through a designed fan and oil circulation in the hollow shaft. Methodology. The solution was carried out
using CFD (computational fluid dynamics) analysis. Results. A numerical model of a new combined cooling method for the rotor, which
taking into account heat generation in the rotor and the thermal influence of the stator and bearing units, based on heat flow equations that
consder its laminar or turbulent nature, was developed and studied. Scientific novelty. Based on the analysis of the rotor’s numerical
model, a fan design was proposed that allows for effective heat dissipation by creating bidirectional airflow circulation. Practical value. The
developed model can be used for further research on the dynamic thermal parameters of the rotor and evaluation of heat disspation
efficiency, which will optimize the heat and mass transfer processes within the motor, enhance its operational efficiency, and ensure the
Sability of its performancein various operating modes. References 21, tables 5, figures 17.

Key words: permanent magnet synchronous motor, combined cooling method, computational fluid dynamics, fan design,
hollow shaft.

Bcemyn. Haoitinicms pobomu enexkmpomobinie (EM) € easicnueum ghaxmopom @ oyinyi ix npudamuocmi onisi Wupoko20 6NpOBAONCEHHSL.
Haoitimicme ma mepmin ciyorcou EM 3anescams 6i0 KibKOX KpUmuyHux (paxmopie, 6Kuouaioyu O08USyH, aKyMyasmopuy bamapero,
KOHmponepu ma cucmemu mennogozo ynpaeninms. Ilpoénema, wo posensoacmoca 6 yiii cmammi, noas2ae 8 eekmusHOMY 0X0N00HNCEHH]
POMOpa CUHXPOHHO20 OB8USYHA 3 NOCMILIHUMU MASHIMAMU 3G OONOMO2010 HOBUX KOMOIHOBAHUX Memo0ie oxonodxcenis. Mema. Buznauenns
epexmusHocmi KOMOIHOBAHO20 MemOoOy OXONOONCEHHS POMOpA, AKULL 6KII0YAE OBOHANPAGIEHUIl NOMIK NOGIMpPs, WO YUPKYIIOE 3d
00NOMO2010 PO3POONIEHO20 6eHMUNAMOPA, MA YUPKVIAYII0 MACIa 8 nopodxchucmomy eany. Memoodonozia. Posé a3anns npoonemu 0yno
nposedero 3a donomozoio CFD (obuucmosanshoi 2iopodunamiku) ananizy. Pesynomamu. Po3pobieno ma 00CHONCeHO Yuciogy mooes
106020 KOMOIHOBAHO20 MEMOOY 0XON00JICEHHS POMOPA, SIKA 6PAX0EYE MeNI08UOLIeHHS 8 POMOPI ma memMnepantypHutl 6Naue cmamopa ma
NIOWUNHUKOBUX BY371i6, HA OCHOSI DiGHANHbL MENI06020 NOMOKY, WO PaX08YIONs 1020 NaminapHy abo mypbyrenmuy npupooy. Haykosea
Hosusna. Ha ocnosi nposedenozo ananizy 4ucioeoi mMooeni pomopa 3anponoHo8aHo OU3ALH 6eHMUTAMOPA, WO O03601A€ eheKmUsHO
810600UMU MENTIO 3A605KU CMBOPEHHIO 08oHanpasienol yupkyiayii nosimps. Ilpakmuuna yinnicms. Ompumana modens modxce Oymu
BUKOPUCIAHA OTSL NOOATILULO20 OOCTIONCEHHST OUHAMIYHUX MENI08UX Napamempie pomopa ma oyinyi eghekmueHoCmi 8i08edeHHs. menid,
WO 003601UNMb ONMUMIZYEAMU NPOYECU MENTOMACOOOMIHY 6cepeduni 08USYHaA, NIOGUWUMY eheKmusHicmb tio2o pobomu ma 3abe3nedumu
cmabinbHicmp 11020 (YHKYIOHY8aHHS 6 PisHUX pedxicumax excnayamayii. biom. 21, tabn. 5, puc. 17.

Knouosi cnosa: cMHXPOHHMI ABUTYH 3 NOCTIHHUMM MAarHiTaMu, KOMOIHOBaHMH MeTOJ O0XOJIO[KEHHSI, 00UMCIIOBAIbHA

rizpoaguHamika, 1M3aiH BEHTWISITOPA, IIOPOKHUCTHIA BaJl.

Introduction. Vehicle regulation in the EU favors
vehicles that emit no or low pollutants and CO,. Curbing
vehicle emissions and improving vehicle efficiency to meet
these regulatory requirements need multi-prong technical
solutions of electric vehicles such as hybrid electric
vehicles, plug-in hybrid electric vehicles, extended range
electric vehicles and battery electric vehicles [1].

Present-day electric traction motors rely heavily on
the use of rare-earth permanent magnets (PMs) that contain
scarce elements like Neodymium and Dysprosium. This
dependence is understandable from the perspective of
energy efficiency and torque density, but it also introduces
several challenges. First, these materials are imported into
the EU and are costly. Second, rare earth elements are finite
resources, and increasing demand may lead to a supply
shortage or even deplete these resources in the future. The
number of electric cars produced annually is in the range of
90 million, and heavy vehicles are 20 million. Therefore,
one can foresee that if rare earths are used wastefully, the
global resources will not be rich enough.

Consequently, more and more research is dedicated to
development of new generation of high-speed synchronous
reluctance motors with minimal usage of PM. It will allow
reduced dependence on rare-earth PM materials while
simultaneously enhancing their recyclability.

Problem statement. During the design of high-
speed high-specific-power motors, researchers face the
significant problem that increased motor loss density
results in very challenging heat dissipation. Heat
generated during operation does not only have a negative
effect on motor efficiency, but could lead to failure such

as too high operating temperature of the motor, degrading
of winding insulation, demagnetization of rotor magnets,
eventual shorts, etc. [2—4]

In [5, 6] it is shown that approximately 75 % of motor
performance problems are localized in the stator coil winding
and rotor bars, which are most affected by temperature
changes and mechanical stress. Internal losses (conduction
losses, stator core losses, rotor core losses, and PM eddy
current losses) and high temperatures affect the
torque/rotational speed of the electric motor.

Reducing the temperature rise can happen by
improving the cooling capacity of motor and by
decreasing the losses.

Nowadays, there are a wide range of methods used
for motor cooling. Depending on using different cooling
media and materials with high thermal conductivity, they
can be divided into 6 groups such as air cooling, liquid
cooling, cooling using heat pipe, potting cooling, cooling
using phase change materials, other cooling methods.
Many studies have been conducted regarding the
advantages and disadvantages of various cooling methods
[7-10]. Nevertheless, there is currently no universally
effective method for cooling the rotor. That is why it is
essential to develop and evaluate new cooling approaches
to ensure optimal performance and reliability of the rotor.

According to [11] one of the most effective cooling
methods is liquid cooling. Due to the high specific heat
capacity of liquids, this type of cooling allows absorbing
and transferring significant amounts of heat. Nevertheless,
such a cooling system requires additional equipment like
pumps, heat exchangers, and valves, which can
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complicate the system and increase the mass of it.
Moreover, not only does the cost of system increase, but
also the electricity consumption for operating components
such as pumps also rises.

In contrast to liquid cooling, air cooling has less
cooling performance, but it is much cheaper solution and
does not require any additional equipment (except fan for
forced cooling).

In this paper, the combined cooling method has been
chosen to include both liquid and air cooling to evaluate
effectiveness of this approach and its impact on internal
temperatures within the motor [12].

The goal of the work is to determine the
effectiveness of the combined rotor cooling method,
which includes a bidirectional airflow circulating through
a designed fan and oil circulation in the hollow shaft.

Materials and methods. The rotor was chosen as
the object of cooling because, after the stator, it is the
second location where significant amounts of heat are
generated in the motor. The rotor with PMs of 120 kW
motor is investigated (Fig. 1).

Rotor Permanent Magnets

Rotor Core

Hollow Shaft

Shaft Plug
Fig. 1 Exploded view of the traction motor rotor unit

The rotor diameter is 86 mm and its active length is
110 mm. Magnets are buried inside the rotor in single
layer «V» arrangement. The hollow shaft is cooled down
by oil. In addition, the impeller fan is designed (Fig. 2) to
provide cooling the rotor surface. It intakes air from the
middle area of the PM V and blows it through the outer
ends of the V-poles channels. The air heated close to the
rotor surface should be cooled when colliding to the
bearing shield cooled by bearing lubrication oil and
cooled further in the inner duct of the rotor next to the
well-cooled rotor shatft.

For air cooling of the rotor, an impeller fan is used
(Fig. 2), which allows the creation of bidirectional
airflow. Air is taken and pumped out in a volume of air
limited by the inner wall of the stator, the outer surface of
the left bearing shield, the front end of the rotor and the
outer surface of the shaft.

It is assumed that the rotor is cooled by air due to the
air passing through the internal channels of the rotor and
its subsequent passage through the peripheral channels
passing near the PMs (Fig. 3). The key factor in air
cooling of the rotor is the transfer of its heat by air from
the peripheral zones to the central part, where the heat is
removed due to heat exchange between the hollow shaft
and the oil circulating inside it. In this case, the degree of
heat transfer coefficient (HTC) between the inner wall of
the shaft and the oil is important.

In order to solve the equation of heat conduction,
correct definitions of the initial and boundary conditions
are required. The biggest research problem arises in the

determination of the local heat transfer coefficient on the
cooled surface. The heat conduction model based on the
solution of the heat conduction equation in cylindrical
coordinates with the use of numerical simulation methods
was proposed in [10, 11]:

T 10T 07T oT
A —+—+—|=pc——qlr,2), 1
er e 522} pe—-drz), (O

where 4 is the thermal conductivity; T is the temperature;
r, z are the cylindrical coordinates; p is the density of the
transmission medium; C is the heat capacity; 7 is the time;
q is the volumetric heat generation rate in the rotor.

Fig. 2. Impeller fan design

Rotor peripheral
channels

Rotor internal
channels

Rotor core +
y
4

< Hollow shaft

| Pole to pole variation
| on magnet placement

Fig. 3. 120 kW rotor lamination geometry

The variable temperature field on the cooled surface
of the material T(r, z 7) obtained as a result of solving (1)
should meet the boundary conditions [12, 13]. They are
written in the form of Fourier’s law:

4(r.z)=h(r,2)-(Ts-Tp). )
where ¢ is the heat flux density; h(r, 7) is the heat
transfer coefficient; T is the surface temperature; T, is the
ambient temperature.

A two-dimensional axisymmetric thermal conductivity
is assumed, in which heat exchange with the coolant occurs
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only on one of the cylinder’s front surfaces. The advantage
of using formulas based on dimensionless analysis is that any
gas or liquid can be used, even if the original formula was
developed for a specific liquid [14, 15].
For natural convection, the
convective correlation is:
Nu = a(GrPr)". 3)
For forced convection the typical form of the
convection correlation is:

Nu = a(Re)’(Pr)". 4)
where Nu is the dimensionless Nusselt number; a, b, € are the
constants given in the correlation; Gr is the dimensionless
Grashof number; Re is the dimensionless Reynolds
number; Pr is the dimensionless Prandtl number. Also:

typical form of

Re=pvL/ 1, (5)
Gr = fGATL? / 47, (6)
Pr=cyu/k (7
Nu=hL/k, (®)

where p is the fluid density; v is the fluid velocity; L is the
characteristic length of the surface; x is the fluid dynamic
viscosity; f is the coefficient of cubical expansion,
1/(273+TeLuip); G is the gravitational force of attraction;
AT is the delta temperature of surface-fluid; ¢, is the fluid
specific heat capacity; K is the fluid thermal conductivity.
The quantity Re is used to evaluate laminar or
turbulent flow in a system with forced convection. The
product of GrPr is used in systems with natural convection.

To predict the thermal behavior of the motor and
optimized motor temperatures computer modeling and
thermal monitoring such as lumped parameter thermal
network, finite element analysis (FEA) and computational
fluid dynamics (CFD) are used. Numerical models simulate
various operating conditions, providing a comprehensive
understanding of the thermal behavior of the motor. This
predictive method allows for the identification of hot spots
and, therefore, the optimization of the cooling system to
prevent overheating.

The effect of end windings cooling for the machine
under study was investigated using a 3D finite element
method (FEM) thermal model in [18]. The paper
compares the traditional method of cooling a machine
with a hairpin winding with oil cooling of the end
windings and stator stack cooling (SSC), and a new
cooling concept, based on oil cooling of the end windings
and direct oil cooling (DOC) of the slot conductors, which
allows improving hairpin winding thermal management
and increasing machine specific power.

The loss components distribution, thermal
properties, and boundary coefficients applied to the
developed models in [18] are shown in Tables 2, 3. The
simulation results are shown in Fig. 4-7.

Table 2
Loss components distribution in machines with different cooling
arrangements at different loads [18]

Ultimately, we are 1nter.ested in the parameter.h. SSC. SSC. DOC, DoC.
Heat transfer in natural convection depends Parameter
. 1 the t ture  diff bet th 96 N-m | 48 N-m | 96 N-m | 4§ N-m
primartly -on the temperature —dirierence between e ro s osses 730 W | 238W | 864 W | 256 W
vessel (in our case, the shaft) and the liquid (oil), as well L
. .. . ayer 2 losses 596 W 184 W 686 W 204 W
as on the properties of the liquid. Forced convection
d d . 1 th d of the liquid and it Layer 3 losses 500 W 153 W 593 W 174 W
epends prm?“ 31’ on ‘(’1 Sﬂee Oh ¢ liquid and 118 7o er 4 Tosses 434W | I31W | 520W | 153 W
plfopemes, an, 01{1 }Ifl selc'on’ (?rii y on 5 e terlrllperature, Since I ver's losses 33 W | 117w | 430w | 130w
the p(rlo;})lertles of the h1qu1 epend on the temperature. Layer 6 losses 35w T 110w | 271w | 133 W
Mixed heat transfer (hyx), caused by a combma‘qon of End windings losses| 839W | 251 W | 1063 W | 281 W
na‘tural (hnat) and forced .(hFRC) convection, is estimated  [g i core losses | 2596 W | 1576 W | 2596 W | 1576 W
using the formula [16, 17]: Rotor core losses 144 W 81 W 144 W 81 W
hizx = hire *hjaT » (9) |Efficiency 0946 | 0946 | 0942 | 0945
where the motor rotation orientation determines the «&» . .  Table3
sign used, a «+» sign for assisting and transverse flow and Thermal properties and boundary coefficients applied in the
a «—» sign for opposing flows. model [18]
Table 1 shows the values of the coefficients a and b Parameter Value
for laminar and turbulent flow also as the GrPr product at  |Copper thermal conductivity 398 W/(m-K)
which the transition to turbulent flow occurs for a smooth  |Stator core thermal conductivity 30 W/(m:K)
horizontal inner shaft surface. Rotor core thermal conductivity 30 W/(m-K)
Table 1 HTC on the surface between end winding 2
Correlation coefficients for natural convection and oil flow 100 W/(m"K)
GrPr laminar to a, b, a, b, HTC on the surface between slot conductor 5
turbulent laminar | laminar | turbulent | turbulent and oil flow 500 W/(m"K)
10° 0.525 0.25 0.129 0.33 HTC on the surface between stator stack 500 W/ (mZ-K)
In case of smooth inner surface of the shaft, we can  |[2ndoil flow .
use the following correlations for the flow [17, 19, 20]: Average oil temperature 60 °C

e for the laminar flow ((Re< 5-10°) and (0.6 < Pr < 50):

Nu = 0.664(Re)’>(Pr)"*; (10)
e for the turbulent flow ((Re> 5-10°):
Nu = [0.037(Re)"* — 871](Pr)"*. (11)

The heat transfer coefficient h can be calculated as:
e D 0946 ‘ 0.214
h="P—(1-e™); m=0.1448 | — ,(12)
4L DM6 | pepv

where D is the hydraulic diameter, L is the axial length of
the shaft.

Fig. 4. Temperature distribution in 3D FEM model
of the machine with oil cooling of the end windings
and SSC at 12000 rpm, 96 N-m

28

Enexkmpomexnixa i Enexmpomexanixa, 2026, Ne 3



Fig. 5. Temperature distribution in 3D FEM model
of the machine with oil cooling of the end windings
and SSC at 12000 rpm, 48 N-m

Fig. 6. Temperature distribution in 3D FEM model
of the machine with oil cooling of the end windings
and DOC at 12000 rpm, 96 N-m

Fig. 7. Temperature distribution in 3D FEM model
of the machine with oil cooling of the end windings
DOC at 12000 rpm, 48 N-m

According to the simulation results obtained in [18],
the PMSM with DOC has only 0.1 % lower efficiency at
48 N-m than the PMSM with SSC. This load is the
maximum continuous operating range of the PMSM with
standard winding. However, PMSM with DOC can obtain
much higher continuous operating loads without the risk
of being overheated due to more effective cooling.

The models used in [18] did not take into account
for rotor cooling and natural heat dissipation from the
stator frame, since these had a negligible effect on the
stator winding’s cooling. Therefore, the combined oil-air
rotor cooling of the 120 kW machines with DOC at a load
of 96 N-m was isolated into a separate problem, which is
solved in this work.

CFD was chosen for analysis of the behavior of fluid
and its interactions with surfaces. CFD simulations of liquid

STEP 2: temp.

inflians~a fram tha

g e
rotor channels

and gas flows are based on the assumption of the presence of
inlet and outlet zones through which the simulated medium
(in our case, air) freely flows into and out of the studied
domain. Since the stator cavity in our case is sealed (there are
no inlet or outlet zones), the thermal task of the proposed air
cooling of the rotor, in general, appears to be unsolvable
from the point of view of machine logic.

Therefore, the task was divided into 4 successive
steps, in which the inlet and outlet zones swapped places
at each step.

Sep 1. The airflow inside the rotor channels and
impeller cavity were simulated. All other parts of the
model except the air domain and the front air volume
were not considered. Inlet and outlet zones are the outer
walls of the front air volume.

Sep 2. The obtained values of airflow velocities and
pressures were added to the laminate model. The thermal
influence from the stator and the cold shaft was taken into
account. Inlet and outlet zones — internal and external
channels of the rotor.

Sep 3. The values of airflow velocities, pressures
and temperatures obtained in the previous Step were
added to the frontal air volume. The thermal influence of
the stator walls, cold shaft and front bearing shield on the
frontal air volume was considered. Inlet and outlet zones
— external and internal rotor channels.

Sep 4. The refined values of airflow velocities,
pressures and temperatures were added from the previous
Step to the rotor model with the added rear air volume. In
addition to the thermal influence from the stator and the
cold shaft, the thermal influence from the rear bearing
shield was also taken into account. Inlet and outlet zones
— internal and external channels of the rotor.

The task statement diagram is shown in Fig. 8.
Thermal properties and coefficients applied in the boundary
regions of the 3D CFD model are listed in Table 4. The
boundary conditions and the volumetric heat generation
rate ¢ in the rotor of the proposed design were obtained
based on [18, 21] results:

"

g =Piess/ V; = 144 W / 0.000507 m* ~ 284000 W/m’, (13)
where P is the total rotor core losses (Table 2); V, is the
specified rotor volume.

The computational mesh was generated automatically
from combined tetrahedral and polyhedral elements.

STEP 3: temp.

inflianra feam tha

STEP 4: temp.

infliianca feam tha

Fig. 8. Formulation of the rotor thermal simulation task solving
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Table 4
The materials thermal properties and coefficients applied in the
boundary regions

Parameter Value
Rotor core steel thermal conductivity 23 W/(m K)
Shaft steel thermal conductivity 45 W/(m K)
Impeller aluminum thermal conductivity 200 W/(m K)
Magnets thermal conductivity 9 W/(mK)
HTC on the surface between channels in 25 W/(m’ K)
rotor core and air flow
HTC on the gurface between bearing 25 W /(m2 K)
shields and air volumes
HTC on the surface between impeller and 65 W/(m® K)
rear air volume
HTC on the surface between stator and air 25 W/(m’ K)
volumes
Heat generation rate in rotor 284000 W/m’
Average bearing shields surface 60° C, stable
temperature

Results. The geometry for CFD simulation of the air
flow inside the rotor and the frontal air volume (Step 1) is
shown in Fig. 9.

Fig. 9. Geometry of the domain: static frontal air volume
(transparent blue) and rotating air domain (green)

CFD simulations at a rotation speed of 12000 rpm
showed that the impeller creates clear zones of negative
air pressure along the internal circuit and positive air
pressure along the external circuit, while the internal and
external channels are completely located inside the
negative and positive pressure zones, respectively. As can
be seen from the results obtained (Fig. 10), the internal
channels of the rotor lie in defined zones of negative
pressure in the range of 0.142—0.506 kPa, and the external
channels of the rotor lie in zones of positive pressure in
the range of 0.404-0.951 kPa. Thus, the pressure difference
of the airflow between the internal and external channels of
the rotor is 0.546-1.457 kPa, which makes pumping air
through the rotor channels and the impeller possible.

In Fig. 11 it can be seen that at a rotor and impeller
rotation speed of 12000 rpm in the internal channels (air
suction) and in the external channels (air pumping out), it
is possible to obtain stable flows with an average speed in
the range of 20-30 m/s.

The calculated average flow velocities for known
cross-sectional areas of the internal channels (12 channels
with a cross-sectional area of 12.503 mm® each) and the
external channels (12 channels with a cross-sectional area
of 5.1265 mm’ each) allow us to calculate the volumetric
flow rate of air passing through these channels by (14)
using Ansys Fluent built-in calculator:

Q=vx§ (14)
where Q is the air volumetric flow rate, m’s, v is the air flow
velocity, m/s, Sis the cross-sectional area of the flow, m

Fig. 10. The air pressure distribution (@) and the air velocity
distribution in the frontal air volume during suction (b)

a

Fig. 11. The air velocity distribution in internal (a)
and external (b) channels

The expected volumetric flow rate of air passing
through internal channels is 0.003 m*/s and the volumetric
flow rate of air passing through external channels is
0.00258 m>/s. As can be seen, the difference between the
volumetric flow of air passing through the internal and
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external channels is 14 %. The presence of such losses
can be explained by inaccuracies in the simulation,
uneven air flows through the rotor channels and local air
turbulence occurring in the impeller. Considering the
small volume of the frontal air volume (55300 mm® or
0.0000553 m®), we can conclude that at the rotor rotation
speed of 12000 rpm air from this cavity will be pumped
through the rotor channels about 50 times per second.
Shaft cooling simulations were provided with Mobil
EV Cool Drive 303 oil for different values of the oil flow
rates and oil inlet temperatures (Fig. 12). All further
simulations were performed at a rotor speed of 12000 rpm.

Fig. 12. Cross-section of oil volume fraction with 0.14 m/s inlet
velocity (mass flow rate 0.24 1/min) at 12000 rpm rotation speed

In Table 5 results of the shaft inner surface heat
transfer coefficient calculations are shown.
Table 5
Oil-inner shaft surface heat transfer coefficient
Oil-inner shaft surface HTC h, W/(m’ K)

. . Oil inlet temperature 6, °C
Oil flow rate g, /min 30 45 50

0.12 194.6 194.8 195.2

0.24 196.7 198.2 197.8

0.36 218.2 219.2 222.8

As can be seen (Fig. 13), considering the dynamic
properties of the selected oil, the key factor affecting the
value of the HTC is the value of the volumetric flow rate
of oil, while the initial temperature of the oil affects this
parameter insignificantly. In further simulations, the
average value of h =204 W/(m” K) was used.

r 4
Il

h, W/(m*K) P 4
2240 v/ 4

- 7/ 4
219,0 /S 4
2140 60 °C
205,0 _ 5o &80
204,0 45
199,0 30°C 30 i °C
194,0

0.12 0.24 036

0, /min

Fig. 13. Shaft inner surface HTC rates

Figure 14 shows the thermal behavior of the air
domain in the rotor channels and the cavity of the
impeller and the shaft after corrected rotor thermal
analysis (Step 4). As can be seen, warm air enters the
internal channels (inlet zones) and is cooled as it moves
through the channels along the shaft, and then exits
through the outer channels (the outlet zones) already
cooled. The shaft is taking heat along its length from the

front edge to the rear, where it borders the impeller. Thus,
it can be concluded that air temperatures are taken out by
the shaft through the body of the rotor laminate.

Fig. 14. Air domain thermal analysis

Figure 15 shows temperature distribution patterns
along the frontal and the rear faces of the rotor. It can be
seen that the approximate temperature in the middle zone
of the rotor is in the range of 80 °C, and the outer
peripheral zone cools even more. In the very narrow areas
between the outer outlet channels, temperatures of 64 °C
are reached. In Fig. 15,b, the rear face of the rotor is
shown. As can be seen, it cools more efficiently than the
frontal face (Fig. 15,a), and the temperature spots on it
have lower values than on the frontal one.

a]

Fig. 15. Temperature distribution along the frontal (a)
and the rear (b) faces of the rotor

Figure 16 shows a picture of the temperature
distribution in the PMs. As can be seen, the PMs heat up
unevenly. This could be explained by the asymmetry of the
impeller, the asymmetry and unequal airflows it creates, as
well as the asymmetry of the rotor itself and the location of
the magnets in it, and also the low thermal conductivity of
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the magnets specified in the model. The peak temperatures
achieved in the PMs do not exceed 64 °C.

Fig. 16. Temperature distribution in the PMs

1

Figure 17 shows the effect of air circulation in the
rotor channels created by an impeller fan (with and without
the presence of the air domain in the simulation system) on
the temperature distribution in the «shaft-rotor» system.

As can be seen from the obtained results, including
the Air domain in the simulation system (air circulates in
both directions due to the pressure difference between the
outer and inner channels inside the rotor) reduces rotor
heating, including in the PM V zone. The main
achievement is the avoidance of high-temperature fields
(hot spots) concentrated in the outer zone of the rotor.
Thus, the creation of bidirectional air flows generated by
the impeller fan simultaneously with the oil circulation
inside the hollow shaft not only reduces but also more
evenly distributes temperatures within the rotor.

a]

f

.1

=]

| I
|l

T

i m“'"

Fig. 17. Cross-section of temperature distribution across the shaft and rotor at 12000 rpm speed rotation:
a— air circulation disabled; b — air circulation enabled

Conclusions. As can be seen from the obtained results,
the presence of bidirectional air circulation inside the rotor
lamination channels, created by the impeller fan, with
simultaneous circulation of oil in the hollow shaft, allows for
the redistribution and reduction of the rotor core temperature
with a virtually unchanged hollow shaft temperature.

The key factor affecting the value of the heat
transfer coefficient between hollow shaft inner surface
and oil inside it is the value of the volumetric flow rate of
oil, while the initial temperature of the oil affects this
parameter insignificantly. Further development involves
studying the effect of the rotation speed of the hollow
shaft on the value of the heat transfer coefficient.

As stated above, the CFD simulations of the thermal
distribution in the rotor and the analysis of the possibility
of its cooling by bidirectional air flows created by the
impeller fan were carried out taking into account the
assumption that the temperature emanating from the front
and rear bearing shields, as well as the temperature of the
oil in the shaft, are constant and stable.

Possible further studies include the following:

e clarification of temperature indicators of bearing units
and their possible influence on temperatures in the rotor;

o study of the influence of rotation speed (and, therefore,
air and oil flow intensity) on the temperature in the rotor;

o study of the influence of oil volume flow and its inlet
temperature in the hollow shaft on the shaft temperature
and temperature distribution in the rotor as a whole;

e study of vibrations from the impeller;

e study of the power losses in the impeller and its
efficiency;

o further comprehensive FEA/CFD analysis of the
traction electric motor thermal state, taking into account
both the stator cooling and the proposed rotor cooling
method.
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EnekmpomexHi4yHi KoMrsiekcu ma cucmemu
UDC 621.314 https://doi.org/10.20998/2074-272X.2026.3.05
R.F. Abdelgoui, R. Taleb

Enhanced power quality in grid-connected wind energy systems using PI-controlled with doubly
fed induction generator optimized by hybrid differential evolution and grey wolf algorithm

I ntroduction. Nowadays, the most widdly used wind energy conversion systemin wind farms is based on a doubly fed induction generator
(DFIG); it has a large speed range and can function in multiple modes. Problem. Harmonic distortion in wind energy conversion system can
degrade output waveform quality, reduce power conversion efficiency. Goal. This study investigates the dynamic performance of a wind
energy conversion system comprising a grid-connected load, a 13-level hybrid multilevel converter and a doubly fed induction generator
(DFIG), using a Pl contraller. The study aims to eval uate the dynamic performance and power quality of wind energy conversion systems,
and to develop a novel hybrid metaheuristic method combining differential evolution (DE) and grey wolf optimization (GWO)-based
selective harmonic eimination pulse-width modulation (SHEPWM) control strategies. This method reduces total harmonic distortion (THD)
and ensures compliance with |EEE 519 standards, while increasing the power transferred to the grid. Methodology. The system, which
includes a grid-connected load, a 13-level converter, and a DFIG, is modeled and simulated in MATLAB/Smulink under steady-state wind
conditions. Vector control via stator flow orientation was used to modify the energy quality provided by the DFIG, making the system
comparable to the DC machine. Our approach was to use a Pl controller in order to directly control the active and reactive DFIG power
through multi-level converter then a hybrid metaheuristic algorithm combining DE and GWO is implemented to solve the SHEPWM
nonlinear transcendental equations. The proposed algorithm is evaluated based on its ability to suppress lower-order harmonics and
improve THD performance, these converters increase the power transmitted to the power grid by reducing harmonic content of the output
voltages. Reaults. By using the DE-GWO hybrid method and a Pl controller, lower-order harmonics were effectively removed and THD was
reduced to meet IEEE 519 standards. Smulations showed an improvement in output wave quality and better energy conversion efficiency
compared to conventional optimization methods. Scientific novelty of the proposed work liesin the fact that the study introduces a novel DE-
GWO hybrid optimization method for PWM (SHEPWM) in 13-level hybrid multilevel converter applied to wind energy systems. Practical
value. The novel method demonstrates that constant high performance in wind energy systems may be achieved by combining intelligent
optimization algorithms with complex multilevel converter designs This means it can be effectively integrated into contemporary wind farms
where meeting grid sandards, adjusting to varying sizes, and ensuring long-termrdiability are crucial. References 26, table 1, figures 19.
Key words: doubly fed induction generator, wind power, differential evolution, power quality, total harmonic distortion.

Bcemyn. Ha cb0200Hi Hatibinbiu nOWUPEHoO CUCEMOI0 NepemeopenHtsl eHepeii 6impy y 6imposux erekmpoCmanyisx € Cucmema Ha OCHO8I
acumnxponnozo zenepamopa 3 noosiunum scusnennsivm (DFIG); eona xapakmepusyemuvcs wiupoxum dianazonom wieuoxocmei i 30amuicmio
npayiosamu 6 pizHux pexcumax. Ilpoonema. [apmoniuni cnomeopenmsi 8 cucmemax nepemeopeHHs 6IMpoGoi eHepeii ModCymy
nocipuysamu AKicmo GUXIOHOI nanpyeu ma 3Hudicysamu egexmusnicme nepemeopenns enepeii. Mema. Y pobomi posensidacmocs
OUHAMIYHA NOBEOTHKA CUCMeMU NEPemEOPeHHs IMpPosoi eHepeil, o BKIIOUAE HABAHMAdICEHHS, NiOKIoYeHe 00 Mepedxci, 13-pienesui
2i6pudnutl bazamopieHesuii. nepemeopiosay ma AacunxpoHuuil eenepamop 3 nooeiiunum ocusiennsim (DFIG), i3 zacmocyeannsm I1I-
pezyramopa. Memoio pobomu € oyinka OUHAMIYHUX XAPAKMEPUCUK [ AKOCI efleKmpoeHepeii, a maxkodic po3pobaeHHs H08020 2iOpUOHO20
Memaespucmuyno2o Memooy, wo noconye ougepenyiansiy esomoyito (DE) ma onmumizayito cipoeo éoska (GWO) onst kepysanmsa 3a
MEMOOOM CENeKMUBHO20 YCYHEHHsl 2aPMOHIK i3 wiupomno-imnyischoio mooymayicto (SHEPWM). 3anpononosanuii memoo 3abesneuye
smenwiennst koegiyienma zapmoniunux cnomeopenv (THD), sionosionicme cmanoapmy |EEE 519 ma nidsuwenns nomyscnocmi, wo
nepedaemubcsi 00 mepedici. Memoouka. Cucmema, wo 6KII04AE HABAHMAICEHHS, NIOKIIOYeHe 00 mepedci, 13-pisnesuii nepemeoprosay i
DFIG, smodenvosana ma odocnioxcena 6 cepedosuwyi MATLAB/ISmMuUlink 3a  ycmanenux ymoe eimpy. [[is nokpawenmss sikocmi
efleKmpoeHepeii GUKOPUCMAHO 6eKMOPHe KepyBanHs 3 OPICHMAYIEI0 3a NOMOKOM CIamopa, wo 3abe3newye Xapakmepucmuku, nooioti 0o
Mawun nocmiiino2o cmpymy. Akmusna ma peaxmugna nomyscnocmi DFIG 6e3nocepednvo pezymoromucs 3a donomoeoro Il-pecynamopa
uepes bacamopignesuil nepemsopiogay. [isi po3e sazanms Heminiunux mpancyenoenmuux pignsine SHEPWM 3acmocosano 2i6puonuii
Memaespucmuunutl aneopumm, wo noeonye DE ma GWO. Egexmusnicmob aneopummy oyiHIOEMbCst 3a 30amMHICHI0  RPUSHIYY8amu
2apMOHIKU Hudcuux nopsiokie ma amenuwiysamu THD. Buxopucmanns 6azamopienesux nepemeopiosauis cnpuse 30UIbUeHHIo0 nepedanoi 0o
Mepedici NOMYNCHOCI 3a PAXYHOK 3HUIICEHHS 2ApMOMIYHUX CNOMEOpeHb 8uxionoi nanpyeu. Pezynemamu. 3acmocysannsa 2ibpuonozo
memody DE-GWO y noednanni 3 I1I-pecynsimopom 3abe3neuuno eghexmugne npudyutents 2apMOoHIiK HUAICUUX nopsokie i suudicenns THD oo
pigHa, wo eionosidac sumozam cmanoapmy |EEE 519. Pezynomamu modenosanis nokazanu nokpaujeHHs AKocmi 6uxioHoi anpyeu ma
niosuLenHs eheKmuUSHOCMI NepemeopeHHs eHepeii NopiBHAHO 3 mpaduyiiHumu memooamu onmumizayii. Haykoea noeusna nonszac y
PpOo3pobaenti Ho8oeo 2ifpudrozo memody onmumizayii DE-GWO o wupomno-imnynscnoi mooynsyii muny SHEPWM y 13-pignesomy
2ibpuonomy  bazamopienegomy nepemeopioayi, 3acmocoeaHomy 6 cucmemax eimpoenepzemuxu. Ipakmuuna 3nauumicms.
3anpononosanuii Memoo OeMOHCMPYE MONCIUBICHIL OOCSCHEHHS CMADLILHO BUCOKUX NOKA3HUKIE poDOmu cucmem 6impoeHepeemuxi
UTISIXOM NOEOHAHHSL THMENEKMYWILbHUX QI2OPUMMIE Onmumizayii 3i CKIaoOHumMu OaeamopieHesumu nepemeopiosauamu. Ile 3abesneuye
ehexmueny inmezpayito 6 cyuacui Gimposi enekmpocmanyii, 0e KpUmudHoO BANCIUBUMU € GIONOBIOHICMb MepedcesuM Cmanoapmam,
adanmueHicms 00 3MiH yMog pobomu ma 0oezompusaia Haditinicme. bioin. 26, Tabm. 1, puc. 19.

Knrouoei cnosa: acHHXpOHHMII reHepaTop 3 NOABIHHMM KHBJICHHSAM, BiTpOeHepreTnka, nudepeHniajlbHa €BOJIIOLIs, AKICTH
eJ1eKTpoeHeprii, koedinieHT rapMOHIYHUX CIOTBOPEHb.

Introduction. One of the most efficient power Wind power is crucial to the electrical grid, thus
generation systems is wind power. However, in the case of  cutting it off during a breakdown can cause instability and
grid-connected structures, different electrical generators — exacerbate the voltage surge. Because of this, the new
can be used. The doubly fed induction generator (DFIG) is  grid standards have established stringent guidelines for
still  widely used capacitors for reactive power  how wind producers must behave in these circumstances.

compensation [1]. In addition, the main advantage of this  Depending on the severity of the fault, fault ride-through
generator is the power converters, which are smaller than (. iiteria  include power delivery, an uninterrupted

Eadltlémal ﬁm'SIZZ .sta‘;lor l'converters.dSevleral techniques ¢ nnection, and a contribution to grid stability for a
ave been proposed In the literature to develop appropriate, specific amount of time [4]. Several solutions have been
economical and effective wind energy conversion systems
for microgrid connection [2, 3]. © R.F. Abdelgoui, R. Taleb
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proposed in the literature to meet the requirements of the
grid code while ensuring the reliable and safe operation of
the DFIG [5, 6].Converter based multi-level architectures
improve load power efficiency. Compared to standard 2-
level inverters that require a high switching frequency,
multi-level converters offer advantages. Because of its
high efficiency, significant voltage operating capacity,
low output of electromagnetic interference, and reduced
switching losses, multi-level inverters are gaining
increased attention from academics. In addition to
minimizing the stress of dv/dt, multi-level converters can
give incredibly low voltage distortion, which lessens
electromagnetic compatibility issues. Both fundamental
frequencies and high PWM switching frequencies can be
utilized with them [7, 8].

Space-vector pulse-width modulation (PWM) gating
of the inverter switches enhances the fundamental alone at
the alternating current sides as well as the utilization of
the available voltage [4]. Selective harmonic elimination
(SHEPWM), on the other hand, is typically a better option
when only specific low-order harmonics need to be
cancelled. This type of PWM produces ideal switching
angles that satisfy a system of non-linear transcendental
equations that are obtained by forcing the necessary
harmonic spectrum [2].

Switching angles in SHEPWM are frequently
calculated using the Newton-Raphson method and the
theory of elimination by results; however, these
approaches mostly depend on a reliable initial estimate,
which may result in convergence failures. Conversely,
heuristic and evolutionary methods like genetic algorithm,
differential evolution (DE), particle swarm optimization,
and grey wolf optimization (GWO) are easier to use and
less susceptible to this initial approximation. But they run
the risk of convergent to local optima too soon,
particularly when there are several transcendental
equations [9-16]. In [17] authors optimized switching
angles for an 11-level PV-fed modular multilevel inverter
using GWO and DE independently, demonstrating that
GWO produced a lower total harmonic distortion (THD)
than DE and enhance output voltage quality.

The goal of this study is to investigate the dynamic
performance of a wind energy conversion system
comprising a grid-connected load, a 13-level hybrid
multilevel converter and a DFIG using a PI controller.
The study aims to evaluate the dynamic performance and
power quality of wind energy conversion systems, and to
develop a novel hybrid metaheuristic method combining
DE and GWO-based SHEPWM control strategies. This
method reduces THD and ensures compliance with IEEE
519 standards, while increasing the power transferred to
the grid. The proposed system is shown in Fig. 1 [9-16].

Fig. 1. Schematic diagram of wind energy conversion system

Proposed multilevel converter. Figure 2 shows this
topology, which consists of a single complete bridge
(A bridge in H) and the cascading of a converter
suggested by 7 levels. A switch and 4 diodes make up the
auxiliary circuit in the lower H-bridge, which is
positioned between 2 DC sources [15].

Fig. 2. The proposed 13-level hybrid converter

To generate stepped output voltages, the 13-level
hybrid converter combines a diode-clamped (neutral-point
clamped, NPC) stage with a cascaded H-bridge. The NPC
leg generates levels of 0, +Vy/3, £2V/3, and £V, while
the H-bridge adds 0 or V. By summing both outputs,
the converter achieves 13 voltage levels from —V to +V
in Vy/6 increments, resulting in increased waveform
quality with fewer switches and lower THD [12].

To determine the number of levels N of this inverter,
the following formula will be applied by adopting a rating
per unit p.u.:

N =2(3Vqe + Vge) +1; )
Vyer =1pU;

dcl =1P @)
V2 =3pu.

This indicates that in order to get 13 voltage levels,
the voltage source linked to the 2™ cell must be 4 times
bigger than the single voltage source utilized in the 1% cell
[5, 10, 11]. Table 1 presents the appropriate switching
states corresponding to each feasible combination.

Table 1
Switching logic of a 13-level hybrid converter
Levels Output voltage| S;—Sg state S-S, state
6 +Vge S1.S; ON all OFF
5 +5Vy/6 S1.S; ON S7,S10 ON
4 +2Vyo/3 S1,S; ON all OFF
3 +Vyo/2 S1,S, ON S7,S10 ON
2 +Vyo/3 S1,S4 ON all OFF
1 +V/6 S3,S4 ON S7,S10 ON
0 0 S3,S4 ON all OFF
-1 —V4/6 S3,S4 ON Ss,S9 ON
-2 —Vy/3 S,,S4 ON all OFF
-3 —Vio/2 S,,S4 ON Ss,S9 ON
—4 —2Vy/3 S,,S4 ON all OFF
-5 —5V4/6 S,,S4 ON Ss,S9 ON
—6 —Vie S,,S; ON all OFF

Implementation of proposed algorithm. The
output phase voltage’s Fourier series expansion is
expressed as follows [9-12]:
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Vo(0)=2"0 557 17Pnsin(n6), 3)

where n=1, 3, 5, 7,...17 are the odd harmonics; @ is the
switching angle; by, is given by:

by, = ZZN_l 4:]/7‘:CV1 cos((n91)+...+Vm cos(nHN )), 4)

n=1,3,5

where N is the number of switching angles per quarter
cycle; n =1, 3, 5 ... 2N-1 (odd harmonics); m is the
number of DC sources.

By solving (4) and determining the best switching
angles, the 5% 7% 11" 13™ and 17™ harmonics are
eliminated. The output voltage waveform’s quality is
determined by how many harmonics it contains [11, 12].

The main goal of the SHEPWM technique is to
determine the firing angles (6, — ) that satisfy the
fundamental at the required level V, for each modulation
index. It also has the advantage of suppressing or
eliminating undesirable lower order harmonics from the
output phase voltage. The SHEPWM technique has the
superior ability and control to eliminate undesirable lower
order non-triple harmonics from the output of PWM. The
quarter waveform’s switching angles must adhere to the
following restriction in order to guarantee a symmetrical
and physically accurate quarter waveform [13, 14].

91<92<H3<94<95<96<7Z'/2. (5)

An objective function is then needed for the
optimization procedure, which is selected to gauge how
well the selected harmonic rank is eliminated while
maintaining the fundamental element at a predetermined
value. Consequently, the following is the representation
of this objective function [12, 14, 15]:

FO) =7 "eos(@ - M2+ W
Mi =72Vi /NVee
where M; is the modulation index; V; is the contribution of
the harmonic of order i in the waveform. It can be defined
as V, fundamental voltage divided by V. total number of
DC component voltage as shown in (6).

Using the suggested algorithm DE-GWO, optimal
switching angles are found by minimizing equation (6)
under constraint (5).

Overview of GWO technique. In order to identify
global maxima and minima for optimization issues,
swarm intelligence algorithms mathematically model the
hunting habits of animals and birds. One of the swarm
intelligence algorithms is the GWO algorithm [18]. In
essence, the grey wolves serve as the model for the GWO
algorithm. Because they live in packs and have strong
social dominance structure, grey wolves are the top
predators in the food chain. Figure 3 shows the social
order of grey wolves and the 3™ best option [15, 16].

(6)

Fig. 3. Social hierarchy of grey wolves

When hunting, grey wolves can encircle their victims
and capture them in packs. In order to quantitatively model
the encircling behavior, in [15, 17, 18] was proposed the
following equations:

D = |CX p(t)- X(t)]: @)

Xp(t+1)=Xp(t+1)-AD, ®)

where t is the t" iteration; A, C, D are the coefficient

vectors; X, depicts the prey’s location vector; X is the
grey wolf’s position vector.

The following equation can be used to evaluate the
vectors Aand C

A=2ar —-a; )

C=2n,, (10)

where ry, r, are the random vectors in [0, 1]; a is the

vector that decrease from 2 to 0 as we decrease the
number of iteration and it can be calculated as:

a=2-2t/ty. (11)

where t and t,,, are the current iteration and maximum

number of iterations respectively.

The wolf (solution) veers off course and looks in a
different direction: if |A| >1 and move in the direction of the
target (optimal solution), if |A| <1, and A is a random vector
in the interval [—2a, 2a] where a decreases from 2 to 0 over
the course of iteration. When the value of C is greater than
one, the C vector often favors exploration, and when the
value of C is less than one, it favors exploitation. C is not
linearly decreased in contrast to A, therefore, especially in
the last iteration, this parameter is quite helpful in
preventing the stalling of local optima [17, 18].

The three best optimal solutions are alpha a, beta f
and delta J solutions. The remaining omega @ solutions
update their position based on the positions of alpha, beta
and delta. The following equations describe how the
omega solutions update their position. Grey wolves are
able to memorize the position of prey, and because alpha
wolves are the leaders in the peck, they have the most
knowledge of prey [15]:

Do=[Ci X, - X[; (12)
Xy =Xy =ADy; (13)
Dy =|Co X4 - X|; (14)
Xy =Xy ~ADy: (15)
Ds =[C3Xs — X[; (16)
X3 =X5—-ADs; a7
X(t+1)=(X; + X5 + X3)/3, (18)

where X,, X3, X; are the positions of a, f, J, respectively; t is
the number of iterations; A; — A; are the random vectors [17].

Despite its performance for large-scale problems, the
GWO still experiences difficulties with small-scale
problems such as the one discussed here (only 2
dimensions), which can cause it to get stuck in local
minima. To solve this problem, the DE algorithm is
introduced; it adds randomness and improves the ability
to escape local minima. However, DE converges rather
slowly. In order to achieve better overall performance, a
new approach called DE-GWO is proposed. It combines
the advantages of both methods by merging GWO (with a
better convergence factor) and DE (with a dynamic
scaling factor). A target vector representing the
population is initialized randomly [10].
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Detailed steps of hybrid DE-GWO.

Step 1. Initialization. Create random possible
switching angles inside Eq. (5): 6 switching angles [6,—6],
population size N,=30 wolves.

Step 2. Evaluate fitness function. Reduce THD
while removing certain harmonics (5™, 7, 11™, 13", 17™)
and maintaining the fundamental voltage magnitude.

Step 3. Determine the alpha ¢, beta £ and delta 6
wolves. Evaluate the fitness of the wolves (solutions).

Step 4. Update on GWO position (hunting &
encircling) using (12) — (18).

Step 5. DE hybridization by avoiding local optima,
mutation and crossover enhances exploration.

Mutation expressed by the following equation:

Vi :Xr1+F(Xr2_Xr3)a (19)

where V; is the mutant vector; F is the mutation factor

(F=0.5); r; —r5 are coefficients which selected randomly.
Crossover. Using probability crossover rate CR,

combine the parent and mutant by the following equation:

i('):{vi(j), if rand <CR;

20
X (j ), otherwise, 29)

where U; is the test vector; X is the parent vector; CR is
the crossover rate (CR=0.9).

Selection. The best solution (reduced THD) should
be kept.

Step 6. Assessment of the new population. For
every wolf, recalculate the THD and harmonic restrictions
and refresh alpha ¢, beta fand delta o.

Step 7. Stopping until fitness convergence or
maximum iterations.

Start DE-GWO process used to
A determine the ideal firing
Mo GO angles for SHEPWM is shown
in Fig. 4 [10].
The optimal switching
1 angles (in degrees) versus
modulation index are shown in
Fig. 5 while the angles are
computed with a fine step-size
of 0.01 which corresponds to:
0, =6.2832°,
0, = 18.4642°,
0;=31.5773°,
04=44.7139°,
05 =57.0695°,
Os = 68.8813°.
Figure 6 illustrates the

Randomly initialize
‘population]
(sswitching angles)

Evaluate fitness for cach
Candidate (solve SHEPWM eqs.
compute THD & harmonics)

Update positions using £ GWO
(dentify o, B. 3)

e ‘“""‘I‘“”“'E“‘) dependence on modulation

- index corresponding to the

Fig. 4. Flowchart of ~ amplitude of odd number

DE-GWO harmonics of 5th, 7th, 11th,
13th and 17th order.

Results indicate differences in the behaviors

according to harmonic orders. At modulation index M; = 0,
5™ and 7™ harmonics indicate an exponential decay with
the primary starting amplitudes of 0.2 and 0.145. The
initial amplitudes are also much smaller (0.05-0.09) and
the exponential decrease is not as apparent for the higher
harmonics (11" and 17™).

9°

M; 1
Fig. 5. Switching angles versus modulation index

Harmonics

Mi
Fig. 6. Harmonics content versus modulation index

Figure 7 shows that the M; that achieved the lowest
percentage of THD was 3.1447 %, and only the lowest
THD from the set of angles corresponding to each
modular index was chosen.

THD, %

\ |
0.2 0.4 0.6 08 M 1

Fig. 7. THD versus modulation index

Turbine modeling. The modeling of a wind energy
system is given by [19-22]:

Y Cpl.B)pSP
R="—7TFRea=""—"F""
2 2
(21)
T _Par_ Cpl. B)pS7
o) 20

where P, is the mechanical power; P, is the aerodynamic
power; p is the air density (1.22 kg/m®); Sis the area of
the wind wheel; R is the radius of the blade; (2 is the
turbine speed; V is the wind speed; Tqe is the aecrodynamic
torque.

The power coefficient C, depends on the blade tilt
angle £ and the tip speed ratio A [20, 21]:
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21
Cp=0.5176[g—0.4ﬂ—5 e i +0.0068 - i;
A (22)
| 00035 . QR
A = - ;A= .
bA+00088 B3 +1 v

Follow equations are used to simulate the gearbox
that connects the turbine to the generator [22]:

Tem =Tur /G; Qmech =G, (23)

where T is the electromagnetic torque; Ty, is the turbine
torque; G is the ratio’s gearbox; Qmec, is the generator’s
speed.

The fundamental dynamic equation of a mechanical
system on a DFIG shaft [20, 22] is:

3 Wrmech fQmech = Trech — Tem s (24)
where J is the generator and the turbine moment of inertia;
f is the friction coefficient; Te is the mechanical torque.

Model of DFIG. The following matrix form
represents the generator’s Park state model [23]:

. d
Vo = Relgg T P T OsPsg;
(25)

. d
Vg = Rdig +5(Psq —WsPs

. d
Vid = Reirg +E¢rd —Orfrg;
(26)

. d
Vig = Rrirg +a¢rq —rfrd»

where R, R, are the stator and rotor phase resistances; ¢gj,
(¢« are d-g components of the stator and rotor flux; Vg, Vg
are d-q components of the stator voltage; Viq, Viq are d-q
components of the rotor voltage; ws= w; +w; ws, w; are the
angular frequencies of stator and rotor currents; w=pP Qec
is the electrical speed; p is the number of pairs of poles.

The stator and rotor fluxes are:

{¢sd = Ls_isd + M_ird; @7
Psq = Lsisg + Mirg;
{¢rd = I-r_ird + M_isd; 28)
$rq = Lrirg +Mig,

where i, is, irg, irg are d-q components of the stator and
rotor currents; Ls, L;, M are the stator, rotor and mutual
inductances.

The DFIG’s electromagnetic torque Ten and stator
active Pgand reactive power Qg are expressed as [23]:

Ps =Vgisg +Vsgisas
S sd-sd sq-sq (29)
Qs =Vglsg ~Vadlsgs
3 M . .
Tem == P—(Psgird —Psdlrg) - (30)

27 L

The development of equations that relate the values
of the rotor voltages generated by an inverter to the stator
active and reactive power will enable the independent
control of active and reactive power, hence facilitating the
control of wind-generated electricity [23, 24]. With the
stator’s flux assumed to be constant, we get:

Vg =0;
~ (31)
Vg =Vs;
P.=Vdig;
{ > o (32)
Qs :Vslsd~
The stator and rotor currents are:
g = _Mird s
L L (33)
.M.
isq = —L—qu.

S

We replace the currents in (32) by (33) to get the
expression of powers in function of stator currents:

M.
Ps:_VsL_'rq;
L (34)
Q= Ve VM,
S sts Ls rd-

We must determine the relationship between the
rotor current and voltages in order to properly manage the
machine [22-25]:

2\ 5 2
Vig=Rirg +[Lr —U‘t{;’— gws[Lr —Uirq;

. VERT M2 UM
qu I%'rq"‘[l-r Ls] &t ga’s['—r L }rd"‘g L )
where g is the asynchronous machine’s slip.

Indirect field-oriented control of the DFIG. Using
the dynamic equations, a template-based PI regulator is
built to guarantee steady operation and enable independent
control of the DFIG’s active and reactive power.

The principle of control by stator field direction is to
orient the stator field along the axis d, that is to say:

Psd = P55
¢Sq =0.
Figure 8 shows a control scheme of DFIG [19, 20, 25, 26].

(35)

(36)

Fig. 8. Control scheme of DFIG

Simulation results. The control scheme proposed in
this study aims at controlling the rotor-side of the wind
energy conversion system composed of a DFIG, 13-level
multilevel converter and connected load. The system was
simulated in MATLAB/Simulink at a steady wind speed
of 12 m/s, relating to moderate to high operational
conditions. Figures 9-19 show the transient and steady
state response of the system.

Figure 9 shows that the power is maximal at 2.5 MW
and it increases with the wind speed up to the threshold,
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reached at 12 m/s, and then remains constantly. This
demonstrates the multilevel converter regulates the power
applied to the load to avoid overload after the rated power.
The coefficient C, increases till an optimal wind velocity is
reached (6.12 m/s) and then decreases, which means that
the wind turbine is most efficient at that speed.

2pw

x . ) c,

2
Fig. 9. Power of turbine according to wind speed

Figure 10 displays the shaft’s mechanical speed for
DFIG. A stable and controlled generator system is shown
by the DFIG’s shaft mechanisms, which rapidly
accelerate from rest to nominal operation speed and then
operate at steady, constant speeds.

Figure 11 shows the DFIG torque as a function of
time. DFIG initially oscillates with enormous torque for a
short period before quickly stabilizing. This demonstrates
the damping and smooth operation of the generator after a
period of disturbance.

The 3-phase stator currents of the DFIG are shown
in Fig. 12. In the first few moments, the currents show
strong oscillations and irregularities. These oscillations
soon disappear, and the currents stabilize in the form of
regular, balanced sinusoids, indicating stable, normal
operation of the DFIG.

160 [, rad/s ‘ ‘ ' ‘

t,s
1 2 3 4 5
Fig.10. Mechanical speed of the shaft
=10
° I’Tem, N‘m ]
"l I
| I
L t,s]
(4] 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Fig. 11. Electromagnetic torque
x10*
15f s, A
1.5 . . . . t, S
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Fig. 12. 3-phase stator currents

The FFT of the 3-phase stator currents of the DFIG is
shown in Fig. 13. Regarding the FFT analysis, 3-phase stator
currents of the DFIG is mostly sinusoidal (THD = 1.19 %)
satisfactory power quality with effective control of the
generator.

=1 |

Harmonic order

Fig. 13. FFT of 3-phase stator currents

The 3-phase rotor currents i, of a DFIG is shown in
Fig. 14 as a function of time from 0 to 5 s. The rotor
currents show noticeable oscillations and irregularities at
(t=0), indicating a transient response to machine start-up.
The machine operates smoothly and efficiently when the
oscillations cease rapidly and the currents stabilize in
balanced, sinusoidal and symmetrical waveforms.

x10*
1501, A
I

1.5 . . . . ts
0 1 2 3 4 5
Fig. 14. 3-phase rotor currents

Figure 15 shows the FFT of the 3-phase rotor currents
of a DFIG. This FFT analysis shows that the 3-phase rotor
currents of the DFIG is predominantly sinusoidal, with a
low level of THD = 3.24 %. This indicates effective
current control and good power quality in the rotor circuit.

Harmonic order

Fig. 15. FFT of 3-phase rotor currents

Figure 16 shows the 3-phase stator voltages over a
period of 5 s. These voltages have a symmetrical
sinusoidal waveform with amplitude of +563.38 V,
indicating balanced 3-phase operation. There are no
visible distortions or irregularities, suggesting stable and
normal operation of the generator. Figure 17 shows the
zoom of the stator phase voltages.
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Fig. 16. The stator phase voltages
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Fig. 17. Zoom of the stator phase voltages

Figure 18 shows the harmonic spectrum of the stator
phase voltages, with the magnitude of each harmonic
order expressed as a percentage of the fundamental
component. THD is 4.18 %, which is relatively low,
indicating that the stator phase voltage is predominantly
sinusoidal with minor harmonic distortion.

Figure 19 shows the active power response of a load
provided by a system that consists of a DFIG and a
multilevel converter. Following an initial, highly
oscillatory transient, the active power rapidly stabilizes to
zero, exhibiting robust damping and a stable steady-state.

100” I I
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Fig. 18. FFT of the stator phase voltages
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Fig. 19. The active power response

Conclusions. The results of this study demonstrate that
the dynamic performance and power quality of grid-
connected wind energy systems are greatly enhanced by
combining a DFIG controlled by PI controller with a 13-level
multilevel converter, which is optimized using a hybrid GWO
and DE algorithm for SHEPWM.

The suggested method successfully reduces low-order
harmonics and keeps THD within IEEE 519 standards
where the 3-phase stator-current THD is 1.19 %, well
below the IEEE 519 limit; the stator phase-voltage THD
is 4.18 %, and the rotor-current THD is 3.24 %, as shown
by MATLAB/Simulink simulations.

The converter topology ensures effective energy
transfer and improves the quality of the voltage waveform,
confirming the potential of intelligent optimization
techniques and hybrid multilevel converters to advance
high-performance wind energy applications. These findings
offer important new information for creating reliable and
effective renewable energy systems that work with
contemporary power grids.
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Comprehensive modeling of grid-connected inverters in weak grid systems

Introduction. The stability of grid-connected inverters is critical for the integration of renewable energy into modern power systems.
However, this stability is significantly challenged under weak grid conditions, characterized by high impedance and low short-circuit ratios.
Problem. Under such conditions, complex dynamic interactions arise between the inverter control systems, the grid, and the phase-locked
loop, which is essential for synchronization. These interactions can degrade phase tracking and even lead to system ingtability. Such
complexities render traditional models inadequate for accurately evaluating system behavior or guiding robust control design. The goal of
this work is to develop and validate a compact, linearized state-space mode of a grid-connected inverter under weak grid conditions,
enabling stability analyss and supporting the design of robust control strategies. Methodology. Using small-signal modeling, a state-space
representation of the inverter system is derived, incorporating control dynamics, grid impedance, and the power converter. The modd’s
accuracy is validated through detailed nonlinear simulations, ensuring strong cond stency between both modeling approaches. Results. The
proposed model effectively captures the interaction between inverter dynamics and weak grid characteristics. Smulation results demonstrate
a high correlation with nonlinear behavior, confirming the model’ s validity. Scientific novelty. Unlike existing models, this unified linearized
state-gpace model explicitly captures cross-coupling effects among control loops and grid dynamics under weak grid scenarios. It enables
more accurate stability analysis and provides deeper insights into the sysem’'s dynamic behavior. Practical value. The model serves as a
practical tool for engineers designing control systems for renewable energy integration. By enhancing controller robustness, it contributesto
more stable and reliable power systemsin weak grid environments. References 22, tables 2, figures 6.

Key words: grid-connected inverter, weak grid, state-space model, small-signal analysis, phase locked loop, renewable energy.

Bcemyn. Cmiiikicmy  mepedicegux iH8epmopie € KpumuuHo 6axciueolo Ona inmespayii GiOHOGNI08aHUX Odicepesl eHepeii 6 CY4acHi
enexmpoenepeemuyni  cucmemu. OOHAK Y CMIUKICMb  CYIMMEBO NOSIPULYEMbCS 6 YMOBAX CIAOKOL  eleKMPUYHOi Mepedci, o
Xapakmepusyemvcs GUCOKUM IMNEOaHCOM i HU3bKUM Koe@iyichmom xopomxozo samukauns. Ilpoonema. 3a maxux ymos eunuxaiomo
CKNIAOHT OUHAMIYHI 63AEMOOIL MIJIC CUCMEMOI0 KepPYSaHHs IHEepmopa, eleKmpuiHOio Mepedicelo ma (hazoeum asmoniocmporO8aHHsIM
yacmomu, Wo € Kuo4osum o cumxporizayii. Li 63acmooii mooicyms nociputyeamu siocmedicents azu ma Hasinb npu3eo00umu 00
necmitikocmi cucmemu. Taxi cknaowi epexmu po6isime mpaouyivini Mooei HeOoCMamuiMy OJisl MOYHO2O OYIHIOBAHHSL NOBEOIHKU CUCIEMU
ma po3pobaentss pobacmHux areopummise Kepysauns. Mema pobomu nonseac y pospodnenti ma sanioayii KOMRAKMHOL THeapu3068aHoi
MoOeni Mepedceozo TH8epmopa y NpOCMopi CMAHie 6 YM08ax CIAOKOI mepedici, wjo 00360J8€ BUKOHYBAMU AHANI3 CMIUKocmi ma
niompumye cunmes pobacmuux cmpameeiii kepyéanns. Memoouka. Ha ocnosi memody manux cucHanié ompumano npeocmasneHHs
cucmemu iH6epmMopa y nPoCMopi CMAaHie 3 ypaxysantam OUHAMIKU CUCTeMU KePYBAHHSL, IMNeOaHCy Mepedici ma CUN0B020 Nepemeoprosad.
Tounicmv moOeni niOMeepPOHCEHO UIAXOM OeMANbHO20 HENIHIIHO20 MOOENIO8AHHS, WO 3A0e3neUYe GUCOKY V3200HCEHICMb MIidC 080MA
nioxooamu. Pesynomamu. 3anpononosana Mmodenv — eeKmugHoO  GIOMBOPIOE  63AEMOOI0  MidC — OUHAMIKOIO — [Heepmopa ma
Xapakmepucmukamu caaoxoi mepedici. Pesyromamu mMooento8anHs O0emMOHCIpYIomb UCOKY GIONOBIOHICMb HeNiHiliHIl No8ediHyi, o
niomeepoxcye adexéamuicmv mooeni. Hayxoea nosuzna. Ha 6iominy 6io0 icHytouux nioxo0ig, 3anponoHoeana y3azanibHena JiHeapu308ana
MOO0enb y NPOCMOpI CMAHI@ S6HO BPAXOBYE NEPEXPECHi 36’ A3KU MIJNC KOHMYPAMu KepyBaHHs ma OUHAMIKOIO Mepedci 8 yMoeax ciabkoi
mepeoxci. Lle 3abesneuye Ginbwr moynull awaniz cmitikocmi ma enubuie po3yMiHHA OUHAMIYHUX npoyecig y cucmemi. Ilpakmuuna
SHAUUMICIb. 3aNPONOHOBAHA MOOETb € ePEKMUSHUM THCIPYMEHIMOM OJIsL IHCEHePI8 NP PO3POONIEHHE cucmem KepyeanHs OJisl ihmeepayii
8i0HO808aHUX Odcepen eHepeii. ITiosuujenHs pobacmHocmi pe2yisamopie cnpusie 3a6e3neyenio it cmabintbHoi ma HaditiHoi pobomu
eNIeKMPOEHEP2eMUYHUX CUCeM 8 YMO8ax cliabkux mepeoic. bioin. 22, Tabmn. 2, puc. 6.

Kniouosi cnosa: mepe:xkeBuii iHBepTOp, c1a0Ka ejleKTpOMepe:ka, MO/e/Ib NPOCTOPY CTAHIB, aHAJI3 MaJIMX CUTHAIIB, (hazose
aBTONIICTPOIOBAHHSI YACTOTH, BiTHOB/IIOBAHA €HePreTHKA.

Introduction. The increasing penetration of To address the stability and control issues posed by

renewable energy sources has fundamentally transformed
modern power system architecture and operation [1, 2]. A
key element of this transformation is the widespread use of
grid-connected inverters, which interface variable
renewable generation, such as photovoltaic and wind
energy systems, with the power grid [3-5]. These inverters
are generally operated under current control and are
responsible for delivering both active and reactive power,
while ensuring synchronization with the grid voltage [6].

However, under weak grid conditions characterized by
high grid impedance and low short-circuit capacity the
dynamic interaction between inverter control systems and
the grid becomes significantly more complex [7—10]. The
phase-locked loop (PLL), which is critical for synchronizing
the inverter with the grid, becomes highly sensitive to
variations in grid impedance [11, 12]. This sensitivity may
lead to degraded phase tracking, oscillatory responses, and
even loss of synchronism, ultimately compromising system
stability [9, 10]. Furthermore, the nonlinear behavior of
power electronic interfaces and the tight coupling between
inverter control loops and grid dynamics further intensify
these challenges [11, 13].

Therefore, developing robust modeling and control
approaches that ensure stable operation under weak grid
conditions is a critical and timely challenge for integrating
renewable energy sources into modern power systems.

weak grids, various strategies have been proposed. For
example, in [4] was introduced an optimal virtual
impedance control method to enhance system stability
and improve reactive power sharing among distributed
generation units. In [10], a variable virtual inductance
control approach was presented to improve PLL damping
and enhance dynamic performance. Another study [7]
explored the interaction between PLL and current control
during severe voltage sags and proposed a damping
controller integrated within the active current loop.

Despite these advancements, accurate dynamic
modeling of grid-connected inverters remains a foundational
requirement for robust control design and system analysis.
Two main approaches dominate the literature:

e small-signal modeling, which involves linearizing
nonlinear system dynamics around an operating point [4,
5,14, 15].

e impedance-based modeling, which characterizes the
frequency-domain behavior of the inverter-grid interface
[16-18].

Among these, small-signal models provide detailed
insights into stability margins, resonance modes, and
control sensitivities by simplifying nonlinear behavior
into a tractable linear framework.
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However, many existing models either oversimplify
certain dynamic elements. This limits their effectiveness
in analyzing and designing control strategies under highly
dynamic or weak grid scenarios. Therefore, there is a
clear need for a comprehensive, integrated small-signal
state-space model that captures all significant dynamic
interactions in such conditions.

The goal of this work is to develop and validate a
compact, linearized state-space model of a grid-connected
inverter under weak grid conditions, enabling stability
analysis and supporting the design of robust control strategies.

This model aims to:

e accurately represent key dynamic behaviors during
weak grid operation;

¢ provide a foundation for systematic stability analysis;

¢ support the design and tuning of robust control strategies.

To validate the proposed model, simulation studies
are performed and compared against detailed nonlinear
time-domain simulations, demonstrating close agreement
and confirming the model’s effectiveness.

Description of the studied system. Figure 1 shows
the topology of a single voltage source converter (VSC)
connected to an infinite bus through a transmission line.
The converter voltage is assumed to be 3-phase
symmetrical with no harmonic injection [19].

Fig. 1. Typical configuration of grid connected inverter

The inverter is connected to the bus through an LC
filter with components R;, Lt and C.. Ry and Ly are the
resistance and inductance of the transmission line
respectively. Vi, and Vi are the voltage of the output
inverter and point of common coupling (PCC); ijn, is the
current across the converter; Vj is the voltage of the infinite
source with the fixed system angular frequency marked as
o, fixed amplitude and the initial phase angle of zero.

The current components i9, and i% are regulated

nv
using PI controllers. The reference currents i and i@

are typically generated by outer control loops, such as the
active and reactive power control loops. However, in this
paper, the analysis of the outer control loops is considered
beyond the scope of the study. The simplified PLL model
is shown in Fig 2,b. With PI controller, the quadrature
voltage at PCC point equals zero and the voltage phase
angle can be accurately locked and measured [20].

In Fig. 1 the stiffness of the grid at the PCC can be
described by the short circuit ratio (SCR):

SCR=Sgt /Sy » (1)
where S is the short-circuit apparent power at the PCC;
Sv is the total rated apparent power of inverters.
Alternatively, the SCR can be expressed using voltage
and current and line impedance Z; as:

2
GraNg/lzg] v
(3/2)‘/pcc(ra1ed) ’ iinv(rated) ‘Zg ‘ : iinv(max)
where Vy is the amplitude of grid voltage; Vjegratedy and
linvratedy are the amplitude of the rated PCC voltage and

rated inverter current.
From (2), it follows that the SCR decreases with

CR= , 2)

D — . J

Fig. 2. Control diagram of grid connected inverter [19]:
a— vector current control model; b — the simplified model of PLL

System modeling. To derive an accurately model of
the grid-connected inverter in a weak grid environment,
two distinct reference frames are employed [4]: the grid
reference frame (d—q), which is synchronized with the
actual grid voltage V,, and the controller reference frame
(D—Q) (Fig. 3), which is aligned with the estimated PCC
voltage angle provided by the PLL [15].

q

p D
0 Wyl
Wy d
A6
Oput
AN .

Fig. 3.Reference frame transformation

Under steady-state conditions, the controller’s (D-Q)
frame is aligned with the system’s (d—q) frame. However,
when small-signal perturbations affect the grid voltage,
the orientation of the system (0—Q) frame changes. Due to
the PLL’s internal dynamics particularly its PI regulator
and the controller’s (D—Q) frame may no longer remain
aligned with the system (d—q) frame.

The following transformation matrix T, is used to
convert system variables from the grid reference frame
(d—q) to the controller reference frame (D-Q):

cos(46) sin(A6) 3)
—sin(460) cos(46) |’
where 46 is the angular difference between the two
frames. Here 40 = Oy — 05, 0s = wd = 0 represents the
actual phase angle of the grid voltage, and 6y, is the phase
angle estimated by PLL.

For feedback control purposes, inverter voltage vigf}

460 —

and current iicr'ﬁ,

frame are transformed into the controller reference frame
(D—Q) as follow:

ViD | [ cos(46) sin(40)] v, @
VQ | [—sin(40) cos(40) |v4 |
The duty-cycle commands (mMp, Mg) generated by

feedback control are then rotated to the system (d—q)
frame by the applying the following inverse matrix:

vectors expressed in the system d—q

increasing grid impedance Zy According to IEEE o

Standard 1204-1997, a system is regarded as a weak when jé = cos(40) - —sin(40) . (5)
2<SCR<3 [21]. sin(46)  cos(46)
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1) LC filter model. The inverter system is modeled in
the synchronous rotating reference frame (d—q aligned with
the grid voltage orientation. The dynamics are derived for the
inverter currents, PCC voltages, and grid-side currents,
considering the LC filter and line impedances.

. d
dify _ Rig g Vi Vi
— - =——liny T @iy, +— >

L Le Ly
dijpy f.q .d inv pce

i, — e, + 2 ;

dt L, v inv L

d .d d
4Vpee — oV, liv _ L.

dt ey ¢ (6)
dVIC?CC d iicll’w iE

=—WVpeet

dt Ci C

d d
V V,
dI—L——&iE-F(OiS-F pcc _g’

it L Ly L
dif  Rygq 4 Ve Vg
—L =il + =2
it L Ly Ly

where R;, C; L; are the resistance, inductance, and
capacitance of the inverter filter respectively; Ry, Lg are
the resistance and inductance of the line impedance
respectively; @ is the grid angular frequency; ii‘?];/q is the

inverter output current; il‘_j’q is the load current in the (d—q)
axis; Vgc’g is the voltage at the PCC,; Viﬁoq is the inverter

voltage in (d—q) reference frame.
The inverter output voltage is determined by the
modulation indices My, My and the DC-link voltage Ugc:

d U
Vinv =My —de,
2 ™
Vlﬂv =My ;c

2) Current controller loop modeling. The current
control loop employs a conventional PI controller. The
controller receives as input the error signal, which is the
difference between the measured (sampled) inverter
output current and its reference value. In addition, a feed-
forward term is introduced to compensate for disturbances
in the output voltage. This control structure computes the
modulation indices in the (D-Q) reference frame, denoted
as (Mp, Mg) which are then supplied to the PWM block.
The control dynamics are described as:

dat T' inv inv
dﬂ: (IQref iQ )
dt I—f nv nv
de 1 ,
—2 ——(my-mp})
o Ts( b—mp) ®
de 1
T—(”’Q ”bl
. 2 (foref D )< D , )
mD:W(('m\r/ —linv 77D Ip""Vpcc_wI-f'i%v
C
, 2 (fcref [ )
”’Q:W(('i%\r/ _|i(r%v+’7Q)<lp+Vgcc+a’Lf'inv)
C

Dref Qref

im > Iis are the reference currents in the (D-Q)

where i

D
axis; i, i,

D-axis and Q-axis (the controller’s frame); 7p, 77g are the
integrator states (integral action of the current PI
controller); Mp, Mg are the actual modulation indices; M'p,
Mg are the calculated modulation indices; T;' is the integral
time constant of the current PI controller; kp' is the
proportional gain of the current PI controller; Tg is the

modulation and calculation delay; V2.9 is the voltage at

pcc
the PCC in (D—Q) reference frame.

3) PLL dynamic modeling. The PLL technique is
essential for extracting phase and frequency information
from the electrical system, particularly when interfacing
with power electronic devices. The PLL block measures
the system frequency and provides the phase
synchronization angle to the reference frame
transformation block, enabling control operations to be
executed in synchronism with the power grid [22].

As illustrated in Fig. 2,b the controller operates in a
rotating (D-Q) reference frame, which rotates at an
angular frequency wp, with the d-axis phase-aligned
according to the angle 6. This phase alignment is

are the actual inverter output currents in the

determined by the PLL.
The dynamics of the PLL can be described as:
d€Q 1 é%c )
dt TpII )
de

4% p (\/ )

it =Ko Scc téQ

where 0y is the estimated phase angle of the grid voltage;
T is the integral time constant of the PLL controller;

Vp?cc is the voltage at the PCC in D-axis; kf, is the

proportional gain of the PLL controller; &; is the integral
action state (internal variable for the PLL integrator).

4) Full dynamic model. The full dynamic model of
the grid-connected inverter, incorporating the control
system and the PLL, is formulated by combining the state
equations (1) — (3), along with the transformation

matrices T,9 and Tjé. This results in a comprehensive

state-space representation that captures the electrical

dynamics of the LC filter, the inverter control loops, and

the synchronization mechanism. The system is expressed

as a nonlinear differential equation of the form:
dx/dt="f(x u),

where the state vector X is given by:

(10)

d .d.,d .0 - T
X=liinv IL Vpee 'i?wv 'E Vgcc Mo o Mp My Gy EQ]

Dref . Qref
Vq I|nv inv ] ’

and the control input vector u= [\/g
f(x, u) is the nonlinear function characterizing the system
dynamics defined by (11).

The inherent complexity of the original nonlinear
model, referred to as equations (10), (11), stems directly
from the inclusion of the PLL dynamics, which introduce
significant nonlinearities into the system’s mathematical
representation. These nonlinearities arise primarily from
trigonometric functions involving the PLL angle and its
coupling with other key state variables, such as currents and
voltages. Consequently, the model becomes analytically
intractable and poses substantial challenges for control
design, stability analysis, and performance prediction.
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b
Lt

f

1

d d . U Uge .
(Vpcc + R¢ljpy — ol ¢ 'i?w -Mmp %cos(é?p” )+ nb%sm(&r)“ )J
1{d \d pid : )
L—g(\/p‘:c—vg —Ryif +algif

é(ii?w_

1 . .d U Uge .
7L—(V§cc + Rf 'i?w + C()Lf linv — %%COS(HPH )* mD%sm(Hp” )]

id+ wcfvgcc)

1 6/q q q .d )
fg pec ~ Vg — Ryl —algipL

. . d
? ('i?w - 'E - waVpcc)
f

f(xu) = . L(11)
F(h?&‘a‘ ~ifhvcos(Bpn - i cosBp ))
I
%(ii%r/d ~ifhy o ) + i sin(6 ))
|
Tl[uzd ((h'ﬁ&""f ~iff COS(9p|| )- ii?wSin(lel )+ 70 )<|p +Viee COS(HpII )+ngSin('9pn )t idh, C05('5’p|| )+ ol sifh, Sin(5’p|| ))* ”bj
S (03
';[Li,((ii%‘r’d —ifhy coslOp ) +ifhy coslp )+ ﬂQ)<ip +VShocos(pn J-VSl sin(0g J+ L rilhy cosop J+ L si, siny ))— ”bJ
S IC
kFr))” (SQ —Vgcc Sin(ep” )+Vgcc COS(9p|| ))
T%@& coslgp -V sinlog )
L pll |
To address these challenges and establish a ! o
framework amenable to rigorous analysis and systematic A= x f (x,u* ; B= m f (X’U* (13)
controller synthesis, we justify the development of a %9-Uo %9-Uo

simplified linearized model using the well-established
Jacobian linearization technique. This approach is widely
accepted and formally valid under the assumption that the
system operates near a stable equilibrium point, denoted
as (Xp, Uy), where the nonlinear functions are smooth and
continuously differentiable.

The outcome of this process is a linear time-
invariant model, presented as equation (12), which offers
several critical advantages over its nonlinear counterpart.
Most notably, it enables the application of powerful linear
systems theory, facilitating:

e advanced stability analysis (e.g., eigenvalue-based
assessment);

o facilitate the design and systematic tuning of robust
control strategies, thereby enhancing stability margins in
weak grid scenarios

Linearized state-space model is carried out around a
steady-state operating point. This process results in a
linear time-invariant model that accurately captures the
system dynamics in the vicinity of the equilibrium. The
state-space representation of the linearized system is
obtained by linearizing equation (11) around the operating
point (Xo, Up), as given by:

%=A~Ax+ B-4u,
dt

(12)
where AX=X—X, is the deviation from the steady-state state
vector; AU=U—U, is the input perturbation; A, B are the
Jacobian matrices of the system dynamics, they are
computed as:

The full analytical expressions for the matrices A
and B are provided in Appendix in equations (A.1) and
(A.2), respectively.

Simulation results. A simulation study was
conducted using MATLAB/Simulink to validate the
theoretical analysis discussed earlier. Both the power
stage and control system were modeled within the
simulation environment. Key simulation parameters,
including the operating point of the VSC system and the
associated power controller settings, are listed in Table 1.

Table 1
Parameters of VSC connected to weak grid
Parameters symbols Value

Equivalent AC source voltage 380V

Vg (line-to-line RMS)

Inverter rated current 60 A
i Nome oy ey {301l
parameters impedance RtX, 0.302+j1.6022 Q2

LC filter capacitor C; 240 pF

LC filter inductance L¢ 0.02+j0.1751 Q

Rated DC voltage Uy 700 V
Controllers |Current controller gains (T;, kP) 0.1426, 20
parameters |PLL controller gains (T'y;, K1) 0.1070, 27

To verify the linearized state-space model, the time-
domain response of a VSC connected to an AC grid was
computed using the small-signal model in MATLAB.
This response was then compared to that obtained from
the full nonlinear model implemented in Simulink.

The state-space matrices A and B in (12) were
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computed using the expressions provided in Appendix,
based on the system parameters and the specific operating
point under consideration.

Test scenarios. To validate the accuracy of the
developed state-space model, small perturbations were
introduced around three distinct operating points. The
resulting dynamic responses from the state-space model
were then compared to those obtained from a full
nonlinear simulation. This comparison was conducted to
assess the fidelity of the linearized model in capturing the
system’s transient and steady-state behavior.

Table 2 illustrates the profiles of the d-axis and g-axis

reference currents i and i used as input
perturbations during the validation process.
Table 2
Inverter reference currents profiles for three test scenarios
1% test 2" test 3" test
Time, s| . gref qref - dref - gref - dref - qref
linv A 'i?\v A linv A Ii(rq'lv A linv A 'i?\v A
0 -50 -50 -50
0.8 —55 —55 —55
- +
0.9 -50 0 -50 10 -50 10
1 —45 —45 —45

The d-axis reference current ii?]rvd

signal exhibits
step changes at approximately 0.8 s, 0.9 s and 1 s. The

perturbation amplitude varies within +5 A around the

operating point of ii‘rj{vef = —50 A for three test scenarios.

represent
typically corresponds to active power

These variations reference
-dref
changes, as i,

active power

flow in a grid-connected VSC system. The negative sign
of the current reference indicates that active power is
injected from the inverter to the grid. The g-axis reference
- gref

current component i,

remains constant for each of the
three operating points, taking values of 0 A, —10 A and
+10 A, respectively. These values represent, in order, no
reactive power exchange, reactive power absorption, and
reactive power injection.

Figures 4-6 present the dynamic responses of the
load current. The response of the linearized state-space
model is compared with that obtained from the full
nonlinear simulation for three different test scenarios (see
Table 2), in order to evaluate the accuracy of the
developed model. The system is assumed to initially
operate around an equilibrium point characterized by the
load current components i%, and i%, in the d—q reference
frame. This operating point is then disturbed by applying

a small variation of Aii‘g{vef =45 A to the d-axis reference

current (—50 A). The resulting load current responses in
both the d-axis and g-axis are then observed.

The comparison shows a strong agreement between
the two models. The minor deviations observed in the
g-axis load current under steady-state conditions remain
negligible, confirming the ability of the linearized model to
faithfully reproduce the system dynamics and thereby
validating its accuracy around the selected operating points.

Figure 4 shows the dynamic responses of the linearized
state-space model and the detailed simulation model for the

1™ test scenario. In this case, a disturbance is applied to

+ dref gref

v > while linv

is kept at 0 A. Figure 4 shows an almost

identical response between the two models, particularly in
transient oscillations and steady-state convergence. This
confirms the linear model’s ability to capture the system
behavior around this operating point.

i, A

[a]

t,s

2

09 095 1 105 |
Fig. 4. Dynamic responses of the state-space model and detailed
simulation model for the 1% test: a — load current response in the

d-axis; b — load current response in the g-axis

08 085

Figure 5 shows the dynamic responses of the linearized
state-space model and the detailed simulation model for the
2" test scenario. Here, the same O-axis perturbation is
applied, but the graxis current reference is set to a negative

value, ii‘ﬂ{vd = —10 A. The results show that the linearized

model closely tracks the full simulation, even during rapid
transients and dynamic interactions between the d and q axes.

&

li,A

a]

£,

08 085 09 095 1 105 a
Fig. 5. Dynamic responses of the state-space model and detailed
simulation model for the 2°™ test: a— Load current response in

the d-axis; b — load current response in the g-axis

Figure 6 shows the dynamic responses of the
linearized state-space model and the detailed simulation
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model for the 3™ test scenario. In this case, the same

perturbation on is applied, but the g-axis current reference

jaref

is set to a positive value, i}

= +10 A, introducing a

different dynamic condition. Again, the linearized model
demonstrates excellent agreement with the full
simulation, confirming its ability to accurately replicate
system dynamics under varying operating conditions.

. . i
i, A —

[a]

259 081 t,s
08 085 09 095 1 105

Fig. 6. Dynamic responses of the state-space model and detailed
simulation model for the 3™ test: a— load current response in the

d-axis; b— load current response in the g-axis

092
"

Figures 4-6 also emphasize the significant influence
of the g-axis reference current on the damping behavior of

-qref
linv

positive corresponding to reactive power absorption by
the inverter, the system exhibits weaker damping

compared to cases where I

load current oscillations. Specifically, when is

is negative, resulting in a

reduced stability margin. However, a detailed analysis of
the impact of these parameters on system dynamics lies
beyond the scope of this study. The primary objective of
this work is to develop a model capable of accurately
reproducing both the dynamic and steady-state behavior
of grid-connected inverters under weak grid conditions.

Future research could focus on a more in-depth
investigation of how operating conditions, control
parameters, and line characteristics influence the system’s
stability and dynamic response.

Conclusions. This work has successfully achieved
its goal of developing and wvalidating a compact,
linearized state-space model for grid-connected inverter
operating in weak grid conditions. The proposed model
incorporates the essential dynamics of inverter control
systems, including the PLL, current control loops,
converter filter and grid impedance. Using small-signal
analysis, the model was derived and its accuracy
confirmed through detailed nonlinear simulations in
MATLAB/Simulink under multiple operating scenarios.

The simulation results demonstrate strong agreement
between the linearized and nonlinear models in both
transient and steady-state responses, validating the
model’s capability to capture key dynamic behavior near
the operating point. Furthermore, analysis of the g-axis
reference current revealed its significant impact on system
damping. Specifically, a positive g-axis current associated
with reactive power absorption was shown to reduce
damping and stability margins, emphasizing the need for
careful control tuning under weak grid conditions.

The model can serve as a practical tool for control
design and stability assessment in weak grid scenarios.
Also, control parameters such as PLL bandwidth and
current loop gains should be tuned based on dynamic
stability analysis to prevent oscillatory behavior or loss of
synchronism.

Future work will explore the influence of control
parameter variations, line impedance characteristics, and
grid strength fluctuations on system stability. Further
research will focus on using the model to design and
optimize adaptive or robust control schemes for grid-
connected inverters operating under a wide range of grid
conditions.

These developments will enhance the reliability and
resilience of renewable energy systems in weak and
evolving power networks.

Appendix. The full expressions of matrices A and B
are given below:

Ry 1 Ug u 1 U U ]
- 0 -— 0 0 0 0 —dg _—dy ——| mpp—Lb+my—L a 0
[ L “ 2L 2L UL T
0 - 0 @ 0 0 0 0 0 0 0
Lg LQ
s LI 0 0 @ 0 0 0 0 0 0
Cs Cy
Re 1 Ug u U
- 0 0 - 0 -— 0 0 —%p —dg =9 (_ mugb+ Mpea) 0
“ L L A 2L 2Lf( b+ M)
0 -a 0 0 B 0 0 0 0 0 0
Lg LQ
0 0 -a i LI 0 0 0 0 0 0
A= Cs C¢
a b 1 (g .
El 0 0 7 0 0 0 0 0 0 ?(lmwb—li?ma) 0
1 1 1
b a 1 ( d
- 0 0 -= 0 0 0 0 0 0 = |i$M,b+|mwa) 0
T T T

2 i 2 2 2 2 1 2 d . i d . d
———|kha-ayL¢b) 0 a ———|Kb+aylia] 0 b Ky 0o —— 0 ——l-ifokha-id kib+VSga+Va b-aylil a+aylithob] 0
Tngc( P ) TsUdc T&dc( P ) T&dc TsUdc P Ts T&dc( more imoP P pecd im0 ! ;

2 2 2 i 2 1 2 d i i d . -d Al
—Z [Kp+apliad) 0 -——=b ——>(Kha—aleb] 0 a 0 0 -4 2 lideka-id Kbrvaarva bomlid atalifb) o [(A.1)
TéJdc( P ) TUge TsUdc( v ) Tgc Tgc Ts TsUdc( mOTPTimoTe pd pec o '

0 0 —kpb 0 0 kya 0 0 0 0 *kﬁ\(\/pcmaw&mb) Khi
1 1 1 (q d
0 0 —Ti—b 0 0 0 0 0 0 7?6/pcwb+vpcwa) 0
pll pll pll
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0 0 0 0
-1/Lg 0 0 0
0 0 0 0
0 0 0 0 , (A2)
0 -1/Lg 0 0
5| O 0 0 0
0 0 /7 0
0 0 0 Vas
0 0 2/TU g 0
0 0 0 2/TSU g
0 0 0 0
| o 0 0 o |
where a and b in the matrix A are:
a=sin(@p0): (A3)
b=cos(@p0)- (A.4)

The subscript «0» indicates the equilibrium point
around which the system has been linearized. This steady-
state point, denoted as Xy, is obtained by numerically
solving the nonlinear equation (10) using the solve
function in MATLAB.
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Adaptive deep reinforcement learning-based control strategy for high-performance
permanent magnet synchronous motor drive systems

Introduction. In recent days, eectric vehicles, robotics and in many control system applications, permanent magnet synchronous motors
(PMSMs) are widdly utilized. Problem. Due to non-linear behavior of system, external interferences and frequent changes in parameters,
conventional control techniques like direct torque control, field-oriented control and Pl control, frequently experience decline in
performance. Goal. This paper presents a new deep learning based reinforcement learning (RL) PMSM control approach that makes use of
the twin delayed deep determinigtic policy gradient (TD3) and deep deterministic policy gradient (DDPG) algorithms. These algorithms
utilize actor-critic architectures to learn optimal control policies in a model-free manner, enabling adaptive and intelligent motor control.
Methodology. A MATLAB/Smulink-based simulation framework is developed to train and evaluate the proposed deep reinforcement
learning (DRL) based controllers againgt conventional Pl controllers. Performance metrics, including speed tracking accuracy, torque
ripple minimization are analyzed. Results. The results demondgtrate that DRL-based controllers exhibit superior adaptability, robustness, and
dynamic performance under varying load and speed conditionsin contrast to traditional control methods. Notably, the comparative analysis
reveals that the TD3 algorithm outperforms DDPG by mitigating overestimation bias, resulting in smoother torque output and more stable
control actions. Scientific novelty. This paper illustrates the capability of DRL for advanced PMSM control. Practical value. Paving the way
for real-time implementation in modern electric drive systems. References 25, tables 3, figures 12.

Key words: deep reinforcement learning, permanent magnet synchronous motor, deep deterministic policy gradient, twin
delayed deep deterministic policy gradient, adaptive motor control, actor-critic algorithm.

Bemyn. Ocmanniv wacom  cunxponni 0sueynu 3 nocmitinumu maenimavu (PMSM)  wuporo sacmocosytomoecst 6 enexmpomobinsix,
pobomomexuiyi ma 6acamvox cucmemax asmomamuunozo xepyeéawuus. Ilpoonema. Yepes wuenimitinuii xapakmep cucmemu, 308HilUHI
30YPeHHsT ma 4acmi 3MIHU napamempie mpaouyitiHi Memoou KepyeanHtsl, MaKi K npsime KepyeaHHs. MOMEHMoM, 6eKmopHe kepysanns i I11-
pe2yniosantis, 4acmo O0emMOHCmpyIomy 3Hudicenst egpexmuerocmi. Mema. 3anpononosano nosuti nioxio oo kepysannss PMSM na ocnosi
2nubunnoeo naguanns 3 niokpinaennsiv (RL), wo euxopucmogye anzopummu noogitinutl 6i0kIA0eHUll 2IUOUHHULL 0emepMIHO8aNULl 2PAdIEHM
nonimuxu (TD3) ma enubunnuti demepminosarnuii epadicnm nonimuxu (DDPG). 3aznaueni aneopummu sacmocogyrome apximexmypy akmop-
KpUMuK OJsl HA8YAHHs ONMUMATLHUX CHIPAMeZitl KepyeanHs 6e3 BUKOPUCAHHS MOYHOT MameMamuyHoi MoOeni, wo 3abesneuye aoanmueHe
ma inmenekmyanvte Kepyeanns oeuzynom. Memoouka. [{nsa nasuanms ma oyiHio8anHs 3anponoHOBaAHUX Pe2yiamopié Ha OCHOGI 2NUOUHHO20
nasuanns 3 niokpinaennsiv (DRL) pospobneno mooens y cepedosuwyi MATLAB/Smulink. Epexmusnicms DRL-pezynissmopis nopisniosanacsi 3
mpaouyitinumu [1l-pecynamopamu 3a NOKA3HUKAMU MOYHOCHI 8I0CMENHCEHHS WBUOKOCII ma MIHIMI3ayil nynbcayitl momernmy. Pesynomamu.
Ompumani pezymemamu nokazam, wo peeyisimopu na ocvogi DRL xapaxmepusyromvca suwjoro adanmuenicmio, pobacmmuicmio ma
Kpawjumu. OUHAMIYHUMU XADAKIMEPUCIIUKAMU 30 SMIHHUX HABAHMANCEHb | WEUOKOCIEL NOPIBHAHO 3 MPAOUYITIHUMU MEMOOAMU KePYBaHHs.
Topisnsnbhuii ananiz maxodxc 3aceiovus, wo areopumm TD3 nepesepuye DDPG 3a60sku 3menwennio noxubku nepeoyiHiosants, uo
3abe3neyye OinblU NIAAGHY 3MIHY MOMeHmy ma cmabinbHiwi Kepyeamvhi Oii. Haykoea woeusna. Poboma OeMOHCIMpPYE MONCIUBOCTE
suxopucmannsa DRL ona 6dockonanenoco kepysanns PMAMS. Ipakmuuna 3nauumicms. Ompumani pe3yismamu cmeopioloms nepeoymosu
0715 peanizayii 3anponoHo8an020 NIOX00Y 8 PeHCUMI PealbHO20 HACY 6 CYHACHUX eleKmMpPOnpusooHux cucmemax. bioin. 25, abmn. 3, puc. 12.
Kniouosi cnosa:. riIMOMHHe HABYAHHA 3 MiAKPIIUIEHHSM, CHHXPOHHMIi IBMIYH 3 NOCTIHHMMH MAarHiTamMM, rJIMOUHHUI
JeTepMiHOBAHMIA rpalieHT NMOJITMKY, NOABIHHUIN BiAKJIageHnii TIMOUHHMI JeTepMiHOBaHMIi IPafi€eHT MOJTITHKH, aanTHBHe
KepyBaHHs {BHTYHOM, AJITOPUTM AKTOP-KPUTHK.

Introduction. Permanent magnet synchronous combine the benefits of deep learning and RL to handle

motors (PMSMs) have gained significant attention in
industrial automation, electric vehicles and robotics due to
their compact size, excellent torque to weight ratio with
high efficiency. Their advantages over traditional induction
motors, such as superior dynamic response and high power
density, make them ideal for high performance applications
[1]. However, controlling PMSMs effectively remains a
challenge due to their non-linear dynamics, parameter
variations, and external disturbances. Conventional control
strategies such as field-oriented control and direct torque
control have been widely used for PMSM control, but they
often require precise parameter tuning and are sensitive to

system uncertainties [2]. Moreover, classical PID
controllers struggle to handle complex, nonlinear
characteristics in real-time, leading to suboptimal

performance under varying operating conditions.

The reinforcement learning (RL) based control
strategies have been a promising alternative for PMSM
drive systems due to the recent developments in artificial
intelligence and machine learning. RL eliminates the need
for an explicit mathematical model of the system by
allowing an agent to continuously interact with its
surroundings and learn the best control strategy [3]. In
particular, the deep reinforcement Ilearning (DRL)

high dimensional state spaces and optimize control
policies [4]. Recent advancements in DRL have
demonstrated superior performance in continuous control
tasks, particularly in handling complex nonlinearities [5]
These algorithms use an actor-critic paradigm, in which
the critic-network (CN) evaluates the quality of the action
as the actor-network (AN) determines the control actions.

In PMSM motor control, DRL based methodologies
have proven to be more efficient than conventional
methods in identifying and controlling complicated
system behaviors in the larger field of electrical
engineering [6]. Building on this basis, DRL agents adopt
adaptive policies based on real-time feedback to enhance
performance in nonlinear dynamic situations, setting them
distinct from classical control techniques [7]. For
handling system uncertainties and improving fault
tolerance is a crucial requirement for reliable operation in
practical electric motor systems, this data-driven
adaptation can be more advantageous [8]. Furthermore,
DRL based controllers can continuously refine their
policies during operation, ensuring optimal torque control,
reduced energy consumption, and enhanced speed
regulation without the need for manual tuning.
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Goal. This paper presents a new deep learning based
reinforcement learning (RL) PMSM control approach that
makes use of the twin delayed deep deterministic policy
gradient (TD3) and deep deterministic policy gradient
(DDPG) algorithms. These algorithms utilize actor-critic
architectures to learn optimal control policies in a model-free
manner, enabling adaptive and intelligent motor control.

Literature review. Recent advancements in DRL
have significantly influenced the control strategies of
PMSMs, improving speed tracking, torque ripple reduction,
and energy efficiency. While foundational DRL studies
established the theoretical basis for these agents [9—11],
more recent applications have explored model free and
adaptive control methodologies specifically to enhance the
robustness of PMSM drives against system uncertainties
[12]. This section reviews key contributions in the field,
focusing on DRL based PMSM control strategies,
including DDPG and TD3 algorithms, and their integration
with traditional control approaches.

An adaptive control strategy for PMSM drives by
integrating direct torque control with a TD3 based speed
controller was presented in [13]. Their approach improved
control accuracy through a model reference adaptive
system and refined speed estimation. The results
demonstrated enhanced transient response and robustness
against load disturbances. Similarly, their subsequent
paper [14] provided an experimental implementation of
TD3 for PMSM speed control, demonstrating superior
tracking performance over traditional PI controllers.
However, the work did not address energy efficiency
optimization or real-time adaptation under varying
environmental conditions.

In [15] was explored TD3 based speed optimization
for PMSMs, comparing it with conventional PI and linear
active disturbance rejection control methods. Their
findings indicated that TD3 outperformed traditional
controllers in trajectory tracking and current regulation,
especially under parameter variations and nonlinear
disturbances. Despite these advantages, the paper did not
emphasize adaptive learning mechanisms for handling
varying operating conditions, leaving scope for further
improvement in real-world implementations.

A DRL based power management strategy for
electric vehicles was introduced in [16], where DDPG and
deep Q network (DQN) agents were employed for PMSM
control. Their approach effectively improved fuel
economy and dynamic performance. While their findings
underscored the benefits of DRL in energy management,
the paper focused primarily on hybrid vehicles rather than
general PMSM applications, limiting its applicability to
standalone motor control systems. A similar model free
RL approach was explored in [17], where DDPG and
DQN were used to enhance PMSM current tracking
without requiring an explicit plant model. The Paper
highlighted the robustness of DRL against parameter
variations but lacked real-time experimental validation.

An alternative multimodal adaptive control strategy
using embedded neural networks for PMSMs was
introduced in [18]. Their paper emphasized real-time
learning and adaptability, improving PMSM performance
in dynamic environments. However, it did not incorporate
DRL techniques, making it less flexible for applications
requiring continuous learning based control policy

refinement. In [19] was presented a current control based
DRL approach for PMSMs based on DDPG
methodology. Their research provided a detailed analysis
of training setups, reward functions, and observation
vectors, improving performance across multiple operating
points. However, the work focused solely on current
control, without addressing torque and speed control
aspects critical for practical PMSM applications.

The study [20] applied a TD3-based RL algorithm
for tuning PI controllers in a five-phase PMSM drive
system. The paper compared TD3 with metaheuristic
optimization techniques, demonstrating its efficiency in
refining controller parameters. However, the approach
relied on a hybrid structure rather than a fully model free
DRL-based control strategy. Similarly, in [21] was
investigated a model free predictive current control
strategy for PMSM drives. Unlike traditional adaptive
inverse strategies which often lack generalization, this
approach utilizes DRL to effectively handle system
variations and improve adaptability.

Presentation of main materials. In this machine
learning model, an agent interacts with its surroundings
and learn the best ways to make decisions [22]. In
contrast to supervised learning, which uses labeled
datasets, RL uses trial and error approach in which an
agent acts, analyzes results, and reward/action is
generated as a feedback. These RL problems represented
mathematically resolved using Markov decision process
[23], which is defined by the tuple (S A, P, R, y), where:

o set of various states is represented by S

e set of possible actions by A;

e transaction probabilities of the two states (S, S') for
given action a is represented by P (S'| S, a);

¢ R(s a) represents the reward functions feedback;

e instantaneous and future rewards are balanced by
y€[0, 1] discount factor.

Maximizing the expected total reward using
optimizing policy z(a|S) is the primary aim of RL [17]
which is defined as:

(=)= E[iy‘R(st,at)} )

where S, & are the state and the action at time step t.
Multi-dimensional continuous control tasks offer
difficulty for traditional RL methods, such as Q learning.
This limitation has led to the emergence of DRL methods,
which are better suited for such complex environments [24].
DDPG is an actor-critic RL methodology used in
spaces of continuous action [25]. It maintains:
e an AN pé(s) is designed to take a state as input and
output a specific action;
e a CN Q¢(sa) is responsible for assessing the
specific state action defined in (2).
Bellman equation is used to train the CN to update
its predictions [17]:
Qs )= E[R(st,a0 )+ 1Qp (1. (510))). - ()

where ¢', 6’ are the target network parameters updated
using soft updates:
0«—10+(1-00;, ¢« m+(1-09¢. (3)
In (4) deterministic policy gradient is used to update
AN with 7 (a small constant e.g., 0.005) [17]
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Vgl ~ E[VaQ;zﬁ (s ax a=p,(s)Y 010 (S)] “4)

DDPG employs an experience replay buffer and
Ornstein-Uhlenbeck noise for exploration shown in (4).

TD3 reduce overestimation bias of DDPG by using
twin CNs is defined as:

Qtarget (St’at): e + 7min(Q¢1r (S[+1,5),Q¢2, (st+l’a))' ®)

Delaying policy updates relative to critic updates
and applying target policy smoothing [17]:

a= ,ué;v(s)+ clip(N(0,0'), -C, C) , (6)
where N(0, o) is the Gaussian noise.

Methodology. Implementing the PMSM model and
the DRL training framework involves a comprehensive
mathematical formulation of motor dynamics, control
strategies, and agent learning mechanisms. The PMSM is
modeled on the basis of its electrical and mechanical
equations, while the DRL training framework leverages
actor-critic architectures to optimize control policies.
Figure 1 shows the model training process. Based on the
current state of the PMSM environment, the AN
determines what action to take, while the CN evaluates
these actions based on the reward received and resulting
new state. Using this feedback, the CN provides updates
that help improve the policy followed by the AN, enabling
the system to learn more effective strategies over time.

l Action l
PMSM Actor
Environment | State Network

A
State _ Error. _; Policy
Reward { : Update

Critic :

Network [~

Fig. 1. DRL training for PMSM

The DRL framework for PMSM control employs an
actor-critic structure using the TD3 or DDPG algorithms.
The CN provides feedback by assessing the utility of an
action taken in a particular state. Q(S, &), while the AN
translates the observable states S to the optimal control
actions at Fig. 2.

Fig. 2. Basic structure of DRL training

The reward function r; is designed to minimize
speed tracking error €, and torque ripple:

= _(kl|ea)| +ky |Te —Tret |), (7N
where ki, k; are the weighing coefficients.
The network is trained based on the following steps:

e State observation: PMSM state vector includes rotor
speed, current components (lg, |4) and control errors.

e Action selection: AN generates continuous control
signals Vg, Vg, constrained by system limits.

e Environment interaction. PMSM model updates its
state based on applied voltages, returning new
observations and rewards.

e Critic update: Q-values are updated using Bellman
equation in CN.

¢ Actor update: the policy gradient is optimized through AN.
o Target network updates: to stabilize training, delayed
target networks are updated with soft updates.

By iterating through episodes, the agent refines its
control strategy, minimizing speed tracking errors while
maintaining high efficiency. The integration of PMSM
dynamics with DRL ensures adaptive, high performance
control suitable for real-time applications.

Simulation. For PMSM control, DDPG and TD3
learn optimal voltage vector commands to regulate motor
speed and torque. The RL framework defines:

o State space: rotor speed, stator currents and tracking
erTors.

¢ Action space: inverter voltage control inputs.

e Reward function: penalizes deviations from the
reference speed, high torque ripple and excessive energy
consumption.

DRL-based control provides an adaptive and model
free approach for high-performance PMSM drives,
overcoming limitations of traditional control strategies.
The motor and simulation parameters are as mentioned in
Table 1 and Table 2. EV system demonstrating the DRL
control is shown in Fig. 3.

Table 1
PMSM motor parameters used for simulation
Parameter Value
Stator phase resistance Ry, Q 18.7
D-axis inductance Ly, H 0.02547
Q-axis inductance Ly, H 0.02816
Flux linkage Am, Vs 0.1716
Pole pairs p 2
Table 2
Control and simulation parameters
Parameter Value
PWM switching frequency fpuw, kHz 1
Main sample time Ts, ms 1
Simulink sample time Ts gmuink, 1S 500
Speed controller sample time Tg geed, MS 10

Fig. 3. EV system demonstrating the DRL control
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Results and discussion. The simulation results
obtained from the MATLAB/Simulink environment offer
significant analysis of how DRL based control strategies
perform for PMSM drives. Figure 4 presents the developed
Simulink model, which integrates the PMSM, inverter and
RL agent. The model facilitates the training and evaluation
of DRL-based controllers, ensuring optimal torque and
speed control under varying operating conditions as shown
in Table 3. The Simulink model incorporates the actor-
critic framework, which enables efficient policy learning
and adaptation to different load conditions.

Reference
Generator
230 VDC 3- 3-¢ V-1 Clarke Park
Source Inverter Measurement Transform[ | Transform
PMSM Reinforc@ment
Learning
Speed, Phase, Angle, |
Current Measurements
Fig. 4. Framework for DRL based control of PMSM
Table 3

Comparative insights of DDPG vs TD3

Aspect DDPG TD3
One channel instantly
Initial reaches nearly +1, while BOFh. chanpels are
. positive, with clear
reward trend the other is already ;
. room for improvement
negative
Learni Rapid saturation; Gradual, steady
earning . . . .
dvnamics virtually no adaptation improvement until
Y after 0.05 s ~045s
Final Highly asymmetric Nearly symmetric
performance (+H vs—1) (both = +0.98)
symmetry
. Mitigates
Stability & Suffer from pol.lc.y overestimation; better
. collapse and critic . oy
exploration L exploration and critic
overestimation
robustness

Figures 5, 6 show the control actions generated by the
DDPG and TD3 algorithms, respectively. The action
outputs represent the reference voltages applied to the
PMSM drive system. Notably, the TD3 based controller
demonstrates more consistent and less oscillatory
performance compared to DDPG, primarily due to its use
of twin CNs and delayed policy updates, which help reduce
the overestimation bias often seen in single-critic methods.

Rewards

0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1

Fig. 5. Action output using DDPG

Figure 7 showcases the d, q axes currents, which play
crucial role in electromagnetic torque generation of PMSM.
The iy is manipulated to control torque output.
Simultaneously, the ig, which governs the magnetic flux, is
typically regulated to zero to minimize losses. The results
demonstrate that DRL-based controllers effectively regulate

these currents, maintaining optimal reference tracking while
mitigating fluctuations. Where as due to the delayed policy
in TD3-based control the torque produced is smoother than
the torque produced by DDPG-based control (Fig. 8, 9).

Rewards

s
0 0.1 02 0.3 04 0s 0.6 0.7 0.8 0.9 1
Fig. 6. Action output using TD3
i ig A
n.zl
03|
ts
Fig. 7. Currents along d, g axes
0.48
T,N'-m
0475 t s
0.37 0.38 0.39 0.4 0.41 0.42 0.43 0.44 0.45
Fig. 8. Output of torque estimator using DDPG
T,N'm
ts

037 0.38 0.39 0.4 0.41 0.42 0.43 0.44 0.45

Fig. 9. Output of torque estimator using TD3

Figure 10 shows exceptional speed tracking
performance, where the actual speed perfectly follows the
reference speed with negligible delay or overshoot. This
confirms the DRL ability to instantaneously adapt to the sharp
step change from 1000 rpm to 2000 rpm at 0.4 s, maintaining
precise synchronization. The inverter output (Fig. 11)
highlights the voltage waveforms applied to the PMSM. The
inverter operates using PWM to generate appropriate voltage
signals for motor. The TD3 control strategy ensures smooth
transitions and maintains system stability, preventing
excessive switching losses and harmonics, as evidenced by
the PMSM parameters in Fig. 12.
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Fig. 11. Output voltages of the inverter
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Fig. 12. PMSM parameters using TD3 control

Finally, depicts the electromagnetic torque
determined by the PMSM under the control of the DRL-
based agent. The torque response is a critical performance
indicator, as it directly affects the motor’s efficiency and
dynamic behavior. The results indicate that the DRL
controller minimizes torque ripples while ensuring fast
transient response. The comparative analysis of DDPG

and TD3 approaches suggests that TD3 provides a more
robust torque profile with reduced variations, enhancing
the overall reliability of the PMSM drive.

These findings highlight the effectiveness of DRL-
based controllers in PMSM applications, demonstrating
improved torque control, current regulation and stability.
The comparative analysis of different DRL approaches
provides insights into selecting appropriate RL strategies
for real-world electric drive applications.

Conclusions. This work shows the effectiveness of
DRL-based controllers, specifically DDPG and TD3, in
optimizing the performance of PMSM drive systems.

The developed MATLAB/Simulink framework
successfully integrates DRL algorithms for real-time
control, showcasing a 75 % reduction in torque ripple and
stator current fluctuations maintained within +£0.02 A of
the reference. Furthermore, the system exhibited
enhanced stability with zero steady-state speed tracking
error and a settling time under 10 ms during sharp
transient states. Comparative analysis highlights the
superiority of the TD3 approach in achieving a final
reward of +0.98, effectively mitigating overestimation
bias and ensuring robust control actions compared to
traditional and DDPG methods.

The results affirm the potential of RL in replacing
traditional control strategies, offering a data driven and
adaptive solution for electric drive applications.

Future research will focus on hardware-in-the-loop
validation and optimization of the reward function for
enhanced real-world applicability.

Conflict of interest. The authors declare that they
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Hybrid extended Kalman filter long short-term memory framework for robust state and fault
estimation in mobile robots under unknown disturbances

Introduction. Reliable and accurate state estimation plays a central role in mobile robotics, ensuring effective localization,
navigation, and control in uncertain and dynamic environments. Traditional estimation methods such as the extended Kalman filter
(EKF) and the unscented Kalman filter (UKF) are widely used for nonlinear systems; however, their performance degrades when
facing unknown disturbances or modeling inaccuracies. Problem. In real-world mobile robots, unexpected motor faults and
unmeasured disturbances significantly reduce the estimation accuracy and may lead to mission failure. Classical EKF and UKF
approaches rely on static models and Gaussian noise assumptions, which make them unsuitable for systems affected by unknown or
time-varying uncertainties. The goal of this work is to design and validate a hybrid extended Kalman filter long short-term memory
(EKF-LSTM) framework capable of achieving joint state and fault estimation for mobile robots operating under unknown
disturbances. Methodology. The proposed approach combines a model-based EKF with an offline-trained LSTM neural network.
The EKF performs nonlinear state estimation using physical robot dynamics and noisy Global Positioning System (GPS)
measurements, while the LSTM predicts additive motor faults based on temporal data. The LSTM outputs are incorporated into the
EKF as pseudo-measurements with adaptive covariance tuning, ensuring stability and robustness. Results. Smulation results
demonstrate that the hybrid EKF—LSTM reduces trajectory root mean square error (RMSE) by 4.6 % and fault RMSE by 68 %
compared to a standalone EKF, and by more than 50 % compared to the UKF. The framework effectively tracks abrupt fault
variations and remains resilient to unknown inputs and sensor noise. Scientific novelty. Unlike existing hybrid filters, the proposed
method introduces adaptive covariance fusion between EKF and LSTM estimators, enabling reliable operation under directional
dynamics and unmodeled disturbances. Practical value. The proposed hybrid EKF-LSTM framework enhances fault-tolerant
localization for autonomous robots, providing a scalable solution for real-time applications such as search-and-rescue operations,
industrial automation, and autonomous navigation in noisy or GPS-denied environments. References 33, tables 2, figures 5.

Key words: mobile robotics, fault-tolerant localization, extended Kalman filter, long short-term memory, hybrid estimation,
unknown disturbances.

Bemyn. Haoitine ma moune oyinio8anHss cmawy 6i0iepac KIo4ogy poib Y MOOLIbHINL pobomomextiyi, 3abe3neqyiouu epexmusHy
JIOKAI3aYiio, Hagieayito ma KepyBaHHs 8 HEGUSHAUEHUX I OUHAMIYHUX cepedosunyax. Tpaduyitini Memoou OYiHIBAHHS, MAKI AK PO3UUPEHULI
@inomp Kammana (EKF) ma nescynenuti ¢gpinomp Kamana (UKF), wupoko 3acmocogyiomvcs Ons HeriniiHux cucmem; OOHAK ix
ehexmueHiCIb 3HUIHCYEMBCS 30 HAABHOCTI Hegioomux 30yperb abo noxubok moodentosanns. Ilpoonema. Y peanvhux mobinonux pobomax
HeCnooieami 6I0MOBU OBUSYHIG | HEGUMIDIOBAHT 30YDEHHSL CYMMEBO 3HUMNCYIOMb MOYHICMb OYIHIOBAHHS MA MOICYNb NPU3B00UMU 00 3pUEY
eukoHarHs 3a60anist. Knacuuni nioxoou EKF i UKF 6azyiomoecs na cmamuunux MoOoensix i npunyuenti 2ayciéCbko2o uiymy, wo pooums ix
MAnONPUOAMHUMU Ol CUCIEM 13 HeGiOOMUMU abo 3MIHHUMU 6 Yaci HesusHavenocmamu. Memoio pobomu € pospobnenns ma éanioayis
2iOpudHoi cmpykmypu posuuperozo Qinempa Kamvana 3 0oseoto kopomxocmpokogoio nam' smmio (EKF-LSTM), 30amnoi 3abesneuumu
00HOUACHe OYIHIOBAHHA CMAHY MA 8I0MO8 MODITLHUX poOOMi6 6 yMOBax Hegioomux 30ypers. Memoouka. 3anpononosanutl nioxio noeonye
Mmooenvro-opicnmosanuii EKF i3 netiponnoro mepesicero LSTM, naguenoro oghnaiin. EKF suxomnye neninitine oyintosanus cmaty Ha ocHOGI
@izuunol modeni pyxy poboma ma 3auiyMIeHUX SUMIpIogansb 2106anehoi cucmemu nozuyionysanns (GPS), mooi sk LSTM npoenoszye
aoumueHi 6i0Mo8uU 08USYHIE Ha OCHOGI uacosux Oanux. Buxoou LSTM inmeepyiomvcs 6 EKF sx ncesdosumiprosanus 3 aoanmuenum
HanawimysanHam Koeapiayii, wjo sabesneuye cmitikicme i pobacmuicme ancopummy. Pesynsmamu mooentosants nokazanu, wo 2iopuoHuil
nioxio EKF—LSTM suenuye cepeonvoxsadpamuuny noxuoky mpaexkmopii (RMSE) na 4,6 % ma noxubky oyiniosanns eiomos na 68 %
nopiensino 3 okpemum EKF i 6invw nise na 50 % nopisuano 3 UKF. 3anpononosana cmpykmypa egexmusno iocmescye pizki 3MiHu
8i0M086 i 30epizac cmitikicms 00 HegidoMux enaueie i wymie cencopis. Haykoea nosusna. Ha iominy 6io icnyrouux 2iopuonux ¢inempis,
3anponoHoeanull Memoo nepedbauae adanmugHe y3eodicenns rkosapiayitl migic oyinosawamu EKF i LSTM, wo 3abesneuye nadiiny
pobOmy 3a HAAGHOCTI CHPAMOBAHOT OUHAMIKU MA HeMoOenbosaHux 30ypens. Ilpakmuuna 3nauumicms. 3anpononosana 2iOpuona
cmpykmypa EKF-LSTM nidsuyye epexmusnicmo 6iomosocmitixoi noxanizayii a8moHoMHux pobomis i modsice Oymu macumabo8ana ons
3acmocy8amb y peanvHOMY Yack, 30Kpema 6 NOULYKOBO-psAmY6aNbHUX ONepayisx, NPOMUCTOBIL A8MOMAmu3ayii ma asmoHOMHIL Hasieayii 6
ymosax wiymig abo eiocymmnocmi cuenany GPS bioin. 33, tabum. 2, puc. 5.

Knouosi  cnoséa: wmobiibHa poOoToTexHiKa, BigMoBoOcTiiika JokaJi3amis,
KOPOTKOCTPOKOBA IaM’fITh, ri0pu/iHe OLliHIOBaHHHA, HeBigoMi 30ypeHHs.

posmmpenuii  ¢ineTp Kanmana, gosra

Introduction. Reliable state estimation is To address these challenges, model-based estimation

fundamental in mobile robotics, serving as the backbone
for navigation, control, and fault-tolerant decision-making
in uncertain environments [1, 2]. Mobile robots often
operate in dynamic conditions where sensor
measurements are noisy [3] and process models are
affected by unmodeled dynamics, disturbances, and faults
[4, 5]. Among these, actuator and motor faults are
particularly critical, as they may lead to performance
degradation, unsafe behavior, or even mission failure if
not properly detected and compensated [6, 7]. Recent
advances in sensor fusion and adaptive filtering have
further highlighted the need for robust state estimation in
global positioning system (GPS)-denied or highly
dynamic environments [8, 9].

methods have been extensively studied. The extended
Kalman filter (EKF) is one of the most widely used tools
for nonlinear state estimation in robotics [10], while high-
order extensions [11] and unscented Kalman filter (UKF)
approaches [12] improve estimation accuracy by better
approximating nonlinear dynamics. These methods
provide reliable estimates under Gaussian noise
assumptions, but their performance can degrade in the
presence of unknown inputs, strong nonlinearities, or
unexpected faults [13, 14]. Recent works have also
explored adaptive variants to handle complex
nonlinearities and uncertainties [15]. Intelligent observers,
such as fuzzy back-stepping designs for induction motors,
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have shown robust nonlinear sensor less state estimation
capabilities [16], demonstrating the complementarity
between model-based and intelligent approaches.

In parallel, research on fault detection and isolation
(FDI) has highlighted the importance of estimating not
only the state, but also faults in real time. Model-based
fault detection techniques rely on residual generation and
adaptive observers [17], while robust fault-tolerant
control strategies have been designed to mitigate the
impact of actuator and sensor faults, such as those based
on multiple-constraint Takagi-Sugeno approaches for
permanent magnet synchronous machines [18-20].
However, explicit fault modeling remains challenging
when fault dynamics are uncertain or when disturbances
mimic fault signatures [21]. Distributed and interacting
multiple model approaches have also been proposed to
enhance fault diagnosis in multi-sensor robotic systems
[22]. Data-driven approaches, including artificial neural
networks for fault diagnosis in photovoltaic systems, have
further illustrated the potential of learning-based methods
to capture complex system behaviors [23].

In recent years, data-driven approaches based on
deep learning have emerged as powerful alternatives.
Long short-term memory (LSTM) networks [24] have
shown remarkable ability to capture long-term
dependencies in time-series data, leading to successful
applications in predictive maintenance and fault prognosis
[25]. Recent works have also demonstrated the
effectiveness of hybrid EKF-LSTM models in estimating
dynamic states in noisy and uncertain environments,
particularly for applications such as battery state-of-
charge estimation [26] and photovoltaic system parameter
estimation [27]. Despite their predictive power, purely
data-driven methods often lack physical interpretability
and may fail when faced with unseen scenarios [28].

To overcome the limitations of traditional model-
based or data-driven methods, recent studies have
explored hybrid approaches that combine the
interpretability of physical models with the flexibility of
neural networks. Attention mechanisms [29] and multi-
sensor fusion frameworks [30] have been employed to
improve  robustness in  complex environments,
demonstrating enhanced adaptability and accuracy [31,
32]. Building on this trend, in [33] was proposed a hybrid
EKF-LSTM approach for state and fault estimation in
mobile robots, highlighting the benefits of integrating
deep learning with Kalman filtering. However, that study
did not explicitly address adaptive covariance tuning or
the handling of unknown disturbances challenges that the
present work addresses by introducing an adaptively
fused EKF-LSTM framework capable of managing
directional dynamics and sensor uncertainties.

Review of the literature. State estimation and fault
detection are critical components in the fields of robotics,
autonomous systems, and electrical engineering.
Traditional methods, such as the EKF and UKF, have
been widely applied for state estimation in nonlinear
systems. Work [10] provided a comprehensive review of
sigma-point  Kalman filters, emphasizing their
effectiveness in sensor fusion and state estimation. In [11]
were explored high-order EKFs to enhance the accuracy
of state estimation in nonlinear systems.

FDI are essential for ensuring the reliability and safety
of robotic and electrical systems. Research [17] presented
robust approaches for multiple fault detection and
estimation in nonlinear systems, while surveyed model-
based methods for fault-tolerant control in mobile robots.
The study [19] utilized robust relative navigation techniques
for fault-tolerant control, addressing the challenges posed by
uncertain fault dynamics and disturbances. Work [21]
focused on the evaluation of uncertainties for state
estimation with the Kalman filter, including unknown inputs
and disturbances, further emphasizing the need for robust
state estimation techniques.

Recent advancements have seen the integration of
data-driven techniques, such as LSTM networks, with
traditional model-based methods to improve state estimation
and fault detection. In [24] were introduced LSTM networks
for modeling temporal sequences, which have since been
widely adopted for fault diagnosis and prognosis. In [25]
was demonstrated the effectiveness of LSTM networks in
robust inertial navigation. Works [26-28] proposed hybrid
approaches combining LSTM and EKF for robust state and
fault estimation in mobile robots under dynamic noise
environments, showcasing the potential of integrating deep
learning with traditional filtering techniques.

Hybrid approaches that combine the strengths of
model-based filters and data-driven learning have recently
attracted significant attention for localization, sensor fusion,
and fault detection tasks. In [29] was discussed a multi-
sensor decision-level fusion network based on attention
mechanisms for object detection, highlighting the importance
of adaptive and robust sensor fusion strategies. Work [31]
proposed an adaptive feature fusion strategy using dual-layer
attention and multi-modal deep reinforcement learning,
demonstrating the benefits of integrating neural networks
with traditional estimation frameworks. In [32] was
introduced a hybrid CWT-ResNet-LSTM model for bearing
fault diagnosis, showcasing the potential of deep learning
architectures in fault detection and classification.

Previous work [33] introduced a hybrid EKF-LSTM
framework for robust state and fault estimation in mobile
robots, demonstrating the potential of coupling deep
learning with EKF for enhanced robustness under
dynamic noise conditions. However, that study did not
explicitly address adaptive covariance tuning or the
management of unknown disturbances aspects that the
present work aims to improve through an adaptively fused
EKF-LSTM scheme capable of handling directional
dynamics and sensor uncertainty.

Despite these advancements, effectively integrating
deep learning with traditional state estimation remains
challenging. To address this, we propose a hybrid EKF—
LSTM framework that combines model-based filtering
with LSTM-based fault prediction.

The goal of this work is to design and validate a
hybrid EKF-LSTM framework capable of achieving joint
state and fault estimation for mobile robots operating
under unknown disturbances. The proposed approach
aims to combine the model-based accuracy of the EKF
with the data-driven predictive power of LSTM networks,
by incorporating LSTM-based fault predictions as
pseudo-measurements within the EKF through adaptive
covariance tuning. This integration seeks to enhance the
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system’s  robustness against sensor noise and
disturbances, while improving estimation accuracy and
fault detectability in dynamic environments.

Problem formulation. Accurate modeling of the
mobile robot dynamics and measurement process is
essential for robust state and fault estimation. In this
section, we define the nonlinear robot model, the fault and
disturbance representation, and the measurement model,
which will serve as the foundation for the estimation
framework. The formulation explicitly considers
unknown external disturbances and actuator faults, which
are common in real-world mobile robotic systems.

Mobile robot model. The mobile robot is modeled
with nonlinear kinematics in a 2D plane. The state vector
is defined as:

Xier1 = F(X) + Wik (1)
where X = [Xk, Yo G f\,,k]T, X and Y, are the position;
6 is the heading angle; f,y is the additive motor fault
affecting the robot’s forward velocity; Wy is the zero-
mean Gaussian measurement noise.

The control inputs consist of the commanded
forward velocity V; and angular velocity @.. Additionally,
the robot is subject to unknown external disturbances: d,
on velocity and dy on orientation. The discrete-time
dynamics of the robot are given by:

Xie1 = Xi + (Vek T fux + dvk)-cos(B)AL; 2)

Yier = Yie+ (Vox + fu + dyg)-sin(G)AL; (3)

G = G+ (@ck + dgr)-At; 4)

fv,k+1 = fV,ka (5)

where At is the sampling interval. The fault f, is assumed
slowly varying and additive, capturing actuator

degradation or motor faults.
Measurement model. The robot is equipped with a
GPS-like sensor providing noisy position measurements:

Zk{xk}wk’ (6)

where Vi is the zero-mean Gaussian measurement noise.

In addition, a pseudo-measurement of the fault will
later be introduced via an LSTM-based predictor, which
provides an estimate of f,x using historical sensor data and
EKEF state estimates. In summary, the mobile robot dynamics
are modeled as a nonlinear discrete-time system with an
augmented state vector that includes position, orientation,
and an additive motor fault. Noisy GPS measurements
provide partial observations of the state, while unknown
disturbances in velocity and orientation remain unmeasured.
This problem formulation highlights the challenges of joint
state and fault estimation under realistic conditions.

Estimation method. Accurate estimation of both the
robot states and the motor fault under unknown
disturbances requires a combination of model-based and
data-driven methods. In this work, we propose a hybrid
EKF-LSTM framework, where the EKF provides a
principled model-based estimate using the nonlinear robot
dynamics and GPS measurements, while the LSTM
captures temporal patterns and predicts the fault from
historical sensor data. The two components are fused online
via an adaptive Kalman update, improving robustness
against unknown disturbances and sensor noise.

Figure 1 provides a schematic overview of the
proposed hybrid approach. It illustrates the data flow and

the interaction between the model-based EKF and the data-
driven LSTM, highlighting how the hybrid framework
combines predictions from the robot’s nonlinear dynamics
with LSTM-based fault estimates to achieve robust state
and fault estimation under unknown disturbances.

Fig. 1. System architecture of the hybrid EKF-LSTM estimator

EKF-based state and fault estimation. The EKF
estimates both the robot states and the additive motor
fault. The augmented state vector is:

Xy
Y s (7

fv,k
The nonlinear dynamics are used to predict the next state:
Xk = f ()A(k—l\k—l)' ®)
The EKF linearizes the nonlinear dynamics using the
state transition Jacobian F,_; = of/ox.:

1 0 v sin(6y )ak cos (6 )ak

0 1 vg cos()Ak sin (G )Ak
-0 1(k) (Ok) ©

0 0 0 1

where Vet = Vi + Ty This captures the influence of the
fault and orientation on position updates.

The measurement Jacobian Hy = oh/oxc for GPS
measurements is:

L[t 000 (10
K“lo 1 0 of
Covariance prediction and update:
T
Pk-1 = PP P #Qers - (D)
Ryl RS
K = Rk Hk HiRgeHk +Re) 5 (12)
Rik="klk-1 + Kilz - h(?k\k_l ). a3
Rk = (1 = KicHi )Ry - (14)

This EKF provides a baseline estimation of both the
robot state and the fault without requiring knowledge of
the unknown disturbances. However, the presence of
unmodeled inputs, such as velocity and orientation
perturbations (dyx and dgy), can bias the state and fault
estimates and increase estimation uncertainty, motivating
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the integration of a data-driven LSTM predictor to
compensate for these unknown effects.

LSTM-based fault estimation. A LSTM network is
employed to predict the fault f,x based on historical
measurements and EKF estimates. The LSTM captures
temporal dependencies in the sensor data and the dynamics
of the fault. Let the input feature vector at time step K be:

7 EKF
Xk
| VEKF s
X = . .
GIFKF
1? EIFF
v,

Using a lookback window of length L, the LSTM
input sequence is:

X = [kaL+l9 X L+25 -+ » Xk] (16)

The LSTM computes the hidden states h; and cell
states C; recursively at each time step t within the window:

it= o (Wixx + Uihe, + by);
fi = o (Wixx + Ushy + by);
0= o (Woxx + Ughyy + by);

C; = tanh (Wxx + Uchy | + by);

Ci=foCu tio ét ;

h; = o©tanh(Cy),
where X, is the input at time t; h; is the hidden state vector;
C, is the cell state vector; f;, i; and o, are the forget, input
and output gates respectively; o is the sigmoid activation
function; W, U and b are the learnable LSTM weights.

The final hidden state is passed through a dense
layer to predict the fault:

fyie™ =Wyhy +by . (18)

The specific LSTM parameters (lookback length,
number of hidden units, activation functions, optimizer,
etc.) are detailed in the Simulation section to provide
reproducibility.

This output generates a pseudo-measurement for the
fault, which can be integrated into the EKF to enhance
estimation accuracy. In the next subsection, we present
the hybrid EKF-LSTM fusion framework, where the
LSTM output is adaptively fused with the EKF state
estimate to jointly improve state and fault estimation in
the presence of unknown disturbances.

Hybrid EKF-LSTM fusion. To improve fault
estimation accuracy and robustness against unknown
disturbances, the proposed framework integrates model-
based EKF estimates with data-driven LSTM predictions.
EKF provides a physically consistent state estimate, while
the LSTM captures complex temporal patterns in fault
evolution that are difficult to model analytically. By
fusing these two sources, the hybrid approach leverages
the complementary strengths of model-based and
learning-based methods.

After the EKF GPS update, the LSTM pseudo-
measurement is incorporated:

SLSTM _ £ LSTM ¢ EKF .
Yo =T -k s

LSTM T :
S =Hismm RgHismm + Ristv

(17

(19)
(20)

LSTM T Lst™m V!
K™ =RgkHistm (Sk ; @21
oFused _ oEKF LSTM ~LSTM .
xk‘k = xk‘k + K™ Yk ; (22)
Fused LSTM
Pk“j = (l ~KESMH s )Pk‘k : (23)

where Hyspy = [0, 0, 0, 1] selects the fault component;
R srv is adaptively estimated from the recent variance of
(vakST M_ fvﬁfF ) This adaptive covariance ensures

stability and prevents overconfidence in LSTM
predictions.

The hybrid EKF-LSTM fusion provides an
enhanced estimation of the motor fault compared to using
either EKF or LSTM alone. The adaptive covariance
tuning ensures that the filter remains stable and robust to
variations in LSTM prediction accuracy. This approach
allows the framework to effectively handle unknown
disturbances, improving overall state and fault estimation
performance in dynamic and noisy environments.

Simulation results and performance analysis. To
validate the effectiveness of the proposed hybrid EKF—
LSTM framework, a set of numerical simulations is
conducted on a mobile robot model subject to unknown
disturbances and additive motor faults. The simulations
aim to reproduce realistic operating conditions where
classical model-based estimation may be degraded due to
unmodeled dynamics and noisy sensor measurements.
The experimental setup includes the generation of the
robot’s ground-truth trajectory, noisy GPS observations,
motor fault injection, and external perturbations on both
velocity and orientation. The performance of the proposed
hybrid estimator is then compared against conventional
approaches, namely the EKF without LSTM
augmentation and the LSTM-based fault prediction alone.
In addition, the UKF is included as a benchmark to assess
whether nonlinear filtering offers advantages over the
EKEF in this scenario.

Simulation framework and parameters. The robot’s
motion is modeled kinematically under constant control
inputs, maintaining a steady linear velocity of Vi, = 2 m/s and
a steady angular velocity of @, = 0.1 rad/s. The simulation
environment is designed to emulate the motion of a mobile
robot subject to noisy measurements, additive motor faults,
and unknown disturbances. The discrete-time simulation
runs for n =200 steps with a sampling interval of At =0.1 s,
corresponding to a total duration of 20 s (Fig. 2).

The process noise and measurement noise are
modeled as Gaussian with covariance matrices:

Quk = diag(0.005; 0.005; 0.0005); R = diag(0.05; 0.05).

The initial state of the robot and covariance matrix
are set to:

Xo = [0; 0; 77/4; 0]; Py = diag(0.1; 0.1; 0.1; 0.01).

An additive motor fault is introduced in the velocity
channel. It evolves as a slowly varying bias with an
abrupt increase at mid-simulation (k>100) to emulate a
sudden motor degradation:

quk =0.002k + Af(k) + Wk,

where Af(K) is the abrupt fault increment at step k=100;
W is the Gaussian noise with covariance matrix Q= 0.02.
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To capture realistic operating conditions, two

unmodeled disturbances are applied (see Fig. 3):

e velocity disturbance: dyx = 0.1sin(27:0.01-kAt);

e orientation disturbance: dgx ~ N(0, 0.05),
where the former represents smooth oscillations (e.g., due
to uneven terrain), and the latter is a random perturbation
(e.g., steering noise). In addition to the EKF, a LSTM
network is trained to predict the additive motor fault
based on past system states and control inputs. The LSTM
is structured with:

¢ Input sequence length: 10 past steps.

¢ One hidden layer with 64 LSTM units.

e Dropout regularization with a rate of 0.2 to prevent
overfitting.

e Fully connected output layer mapping the hidden

state to the predicted fault fAV,k .

e Training setup: Adam optimizer, learning rate 10,
and mean squared error (MSE) loss.
The LSTM output is used as a pseudo-measurement
of the fault, which is dynamically fused with the EKF
estimate via the adaptive weighting mechanism.

t,s
0.0 25 5.0 75 10.0 12.5 15.0 175 20.0
Fig. 2. True fault generation

do

Fig. 3. Real unknown disturbances d, and dgy

Trajectory estimation. The first validation of the
proposed framework is performed through trajectory
estimation under the simulated noisy and faulty
conditions. The objective is to evaluate whether the
hybrid EKF-LSTM estimator can accurately track the
robot’s trajectory while simultaneously compensating for
additive motor faults and disturbances. Figure 4 shows the
ground-truth trajectory compared to the estimates
obtained with 3 approaches: the conventional EKF, the
UKF and the proposed hybrid EKF-LSTM.

Y, m

Figure 4 compares the estimated robot trajectories
using the EKF, UKF and the proposed EKF-LSTM
hybrid fusion against the true noisy trajectory and GPS
measurements. The GPS-only localization (purple points)
is highly scattered due to sensor noise.

e EKF (green dashed line) significantly improves
trajectory reconstruction and closely follows the ground
truth path. Its Jacobian-based linearization proves
sufficiently accurate given the moderate nonlinearity of
the kinematic model, and it demonstrates robustness
against the injected disturbances.

e By contrast, UKF (blue dashed line) provides less
accurate estimates in this scenario. While the UKF
theoretically captures nonlinear effects more effectively,
the presence of unmodeled disturbances distorts the
sigma-point propagation. This results in inflated
uncertainty and noticeable trajectory deviations,
particularly during turns. Consequently, EKF surpasses
UKF in this setup.

e Hybrid EKF-LSTM fusion (red line) delivers the
best overall performance. The LSTM component learns
disturbance and fault patterns from historical data,
compensating for model mismatch, while the EKF
ensures dynamical consistency. This synergy achieves the
most accurate trajectory reconstruction under noisy and
disturbed conditions.

The root mean square error (RMSE) and the mean
absolute error (MAE) between the estimated and true
trajectories are used as performance indicators:

RMSE pos = \/%Zn:((xk - >Zk)z +(Yk _YAk)Zj ;

k=1

MAE pos :%é\/((xk - Xk)z +(Yk —\?k)zj :

Numerical results, presented in Table 1, highlight
the following trends:

o EKF provides competitive trajectory estimation with
an RMSE of 0.182 and MAE of 0.162. Its performance
remains relatively robust despite the presence of unknown
inputs, which can significantly disturb the system dynamics.

e UKF exhibits higher errors, with an RMSE of 0.372
and MAE of 0.321, indicating that sigma-point
propagation is less effective in mitigating the impact of
unknown inputs in this scenario.

e Hybrid EKF-LSTM achieves the lowest errors, with
an RMSE of 0.174 and MAE of 0.154. By integrating
LSTM predictions, the framework can better capture the
effects of unknown inputs and unmodeled dynamics,
resulting in an improvement of ~4.6 % over EKF and
more than 50 % over UKF.

In summary, the results in Fig. 4 and Table 1 show
that while EKF can outperform UKF when disturbances
dominate, unknown disturbances still challenge traditional
filters. The hybrid EKF-LSTM framework consistently
provides the most accurate and robust trajectory estimation
by effectively accounting for these unknown disturbances.

Table 1
Comparative performance metrics for trajectory estimation
Metric EKF UKF EKF-LSTM
X, m, RMSE 0.182 0.372 0.174
Fig. 4. Trajectory estimation MAE 0.162 0.321 0.154
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Fault estimation. In addition to trajectory
reconstruction, a key objective of this study is the
accurate estimation of the additive motor fault affecting
the mobile robot. The fault signal is modeled as an
unknown disturbance added to the control input, and its
estimation is essential for both robust state estimation and
early fault detection.

Figure 5 presents the estimation of the additive
motor fault obtained with EKF, UKF, LSTM-only
prediction, and the proposed EKF-LSTM fusion
framework, compared to the true injected fault:

e EKF (green dashed line) successfully captures the
general evolution of the fault, including both the slow drift
and the abrupt jump around t = 10 s. However, the estimates
exhibit oscillations and noticeable variance due to the
influence of unknown disturbances and measurement noise.

e UKF (blue dashed line), contrary to expectations,
performs poorly in this case. Its sigma-point propagation
is highly sensitive to unmodeled disturbances, resulting in
large deviations from the true fault and even sign
inconsistencies during certain intervals. This confirms
that the UKF does not provide robustness advantages
under disturbance-dominated dynamics.

e Hybrid EKF-LSTM fusion framework (red line)
achieves the most accurate and stable fault estimation. By
dynamically combining EKF’s model-based consistency
with the LSTM’s ability to learn and predict fault
patterns, the fusion reduces estimation lag and smoothes
oscillations. The abrupt fault jump is captured with high
precision, while maintaining robustness against
disturbances throughout the simulation.

t,s
)
100 125 15.0 175 200

Fig. 5. Fault estimation

The estimation error of the fault is evaluated using
the RMSE and the MAE:

n n
RMSE 1t = %Z(fv,k B fV’k)z g
k=1

n
MAE fait :%Z fv,k - fv,k
k=1
Simulation results, summarized in Table 2, indicate
the following trends:

e EKF provides reasonably accurate fault estimation
with an RMSE of 0.138 and MAE of 0.101. However, its
performance is limited by unknown inputs and abrupt
nonlinear disturbances, which can perturb the fault
estimation.

e UKF performs significantly worse, with an RMSE
of 0.604 and MAE of 0.528, showing that sigma-point
propagation is not sufficient to handle unknown inputs or
rapid fault dynamics in this scenario.

e Hybrid EKF-LSTM achieves the lowest errors, with
an RMSE of 0.044 and MAE of 0.030, corresponding to a
~68 % improvement over EKF and more than 90 % over
UKEF. By incorporating LSTM predictions, the framework
effectively captures the effects of unknown inputs and
unmodeled dynamics, enabling accurate and real-time
fault estimation.

As illustrated in Fig. 5 and Table 2, the hybrid
framework achieves near-perfect alignment with the true
injected fault, even during abrupt transitions. In contrast,
EKF and UKF both underestimate the fault magnitude and
exhibit delayed convergence, emphasizing the challenges
posed by unknown inputs. These results highlight the hybrid
EKF-LSTM method’s superior capability for real-time FDI
in mobile robots operating under unknown disturbances.

Table 2
Comparative performance metrics for fault estimation
Variable | Metric EKF UKF EKF-LSTM
£ RMSE 0.138 0.604 0.044
’ MAE 0.101 0.528 0.030

Conclusions. In this paper, we proposed a hybrid
EKF-LSTM framework for robust joint state and fault
estimation in mobile robots operating under unknown
disturbances. The approach combines an augmented EKF,
which jointly estimates the robot state and additive motor
fault, with an offline-trained LSTM providing pseudo-
measurements for the fault. The fusion is performed with
adaptive covariance tuning, ensuring stable and accurate
estimation even in the presence of unmodeled disturbances.
Simulation results show that the hybrid framework
outperforms standard EKF and UKF, achieving lower
RMSE and MAE for both trajectory (~4—5 % improvement
over EKF, 50 % over UKF) and fault estimation (~68 %
over EKF, 90 % over UKF). It accurately tracks abrupt fault
changes and remains robust against unknown inputs,
demonstrating its potential for real-time FDI in robotic
applications.

Future work will extend this approach to multi-robot
systems, explore gated recurrent unit and transformer-based
predictors, validate on physical platforms, and develop
adaptive FDI strategies for complex environments.
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Performance improvement of sensorless scalar and vector control for induction motor drives
via an enhanced voltage model

Introduction. Scalar control (SC) and field-oriented control (FOC) are widely used in sensorless induction motor (IM) drives for their
balance of performance and cost. Among estimation techniques, the voltage-model (VM) based model reference adaptive system (MRAS)
is preferred in industry due to its simple structure and low computational load. Problem. Traditional VM-based MRAS schemes are
highly sensitive to parameter uncertainties, especially to variations in stator resistance Rs caused by temperature changes. These
variations degrade flux estimation accuracy, leading to significant speed-tracking errors, increased transients, and reduced stability in
both SC and FOC. Goal. This study quantitatively evaluates how the estimation of stator resistance R; and the dependent rotor
resistance R, affects the speed-control performance of sensorless SC and FOC under parameter mismatch. Methodology. An improved
VM-based MRAS is proposed with parallel R estimation and R, updated via a linear relation to Rs. Estimator stability and convergence
are proven using Lyapunov theory. The estimator is integrated into SC and FOC and tested in MATLAB/Smulink under identical
conditions, including a sudden 30 % increase in resistance. Speed tracking is quantified using the integral of time-weighted absolute
error (ITAE). Results. Parameter estimation markedly enhances the robustness of both strategies. In sensorless SC, ITAE drops by about
66.2 % (5.512 to 1.863), indicating much lower transient oscillations. In sensorless FOC, I TAE falls by about 54 % (0.7075 to 0.323),
with speed overshoot nearly diminated (0.031). Scientific novelty. The study provides a unified quantitative comparison of sensorless
SC and FOC using I TAE under identical operating and estimation conditions, revealing different levels of performance recovery with the
proposed dual-resistance adaptation. Practical value. The findings guide the design of more reliable industrial IM drives, showing that
while FOC retains superior dynamics, SC with estimation becomes a robust, cost-effective option for applications with significant
parameter uncertainty. References 31, table 1, figures 13.

Key words. induction motor, sensorless control, scalar control, field-oriented control, model reference adaptive system, stator
resistance estimation.

Bemyn. Cransipre kepysannsi (SC) ma eexmopne kepysannsi (FOC) wupoko 3acmocosyiomvcsi 6 6e30amyukosux enekmponpugooax 3
acurxporHumu deueynamu (IM) 3a60siKku onmumansromy noeoHanHIO epekmugHocmi ma eapmocmi. Ceped Memodie OyiHIO8aHHs A0ANMUEHA
cucmema 3 emanonnoio modenno (MRAS) na ocrosi mooeni nanpyeu (VM) € nowuperoio 6 npoMuciogochi 3a805Ku RPOCMIT cCMpyKmypi ma
Husbkum  obuucmosanvium  eumpamam. Ipoonema. Tpaouyitini cxemu MRAS Ha ocnosi moodeni nanpyeu € 6ucoxkowymuusumu 0o
HeBUSHAYEeHOCmell napamempis, 0coonueo 0o 3min onopy cmamopa (R), cnpuuunenux memnepamyprumu ennueamu. Taki 3MiHU ROZIPULIoms
MOYHICIb OYIHIOBAHHS NOMOKOSUENIEHHS, W0 NPUB0OUNTL OO SHAUHUX NOXUDOK 8I0CIEN CEHHS WUEUOKOCHIE, 3POCIAHHA NEPEXIOHUX NPOYecie
i suuorcenns cmitikocmi axk 'y SC, max i y FOC. Mema. Kinvkicno oyinumu eénmus oyinrosauus onopy cmamopa Rs ma nog azanoeo 3 Hum
onopy pomopa R, na xapakmepucmuxu kepyearHs wieuokicmio 6 bezdamuuxosux cucmemax SC i FOC 3a ymoe po3yzeodoicenns napamempis.
Memoouxa. 3anpononosano édockonanery cucmemy MRAS na ocrogi mooeni nanpyeu 3 napanershum oyiniogannsm Rs ma onoenennsiv R
3a AiHiiHoW 3anedxcHicmio 6i0 Re. Cmitixicms i 30ix4cHICIb OYIHIOBAYA 008e0eHO 3 BUKOPUCAHHAM meopii JIanynosa. Oyinioeay iHmezpoeano
0o cmpykmyp SC i FOC ma docnioocero 6 cepedosunyi MATLABISmUlink 3a oonaxosux ymos, 30kpema npu panmoomy 36itbueHHi Onopy
na 30 %. Hxicmo siocmedicentst wieuOKOCMI OYIHIOBANACS 34 IHMe2PANbHUM Kpumepiem abcomomnoi noxubku, 3eaxcenol 3a yacom (ITAE).
Pesynemamu. Oyinrosanus napamempie cymmego nioguufye podoacmuicmy obox cmpamezii. /[ns 6esoamuuxosoeo C suauenns | TAE
smenwunocs npubnusto Ha 66,2 % (3 5,512 0o 1,863), wo ceiouums npo icmomue 3HuUdICEHHST NREPEXIOHUX KOMUBAHb. JIIsL 0e30amuuKo6020
FOC suauenns | TAE snusunocst npubnusio na 54 % (3 0,7075 oo 0,323), npu yvomy nepepecynrosanns wisuokocmi 6y10 Matisice ROGHICHIIO
yeynerno (0,031). Haykosa nosusna. Y pobomi nasedeno yHighikosane Kinbkiche nopignsnns 6esoamuuxosux cucmem SC i FOC 3a
xkpumepiem | TAE 6 odHaroeux ymosax pobomu ma oyiHIOBaHHs, W0 00360IUNO GUAGUMU PI3HULL DI6eHb GIOHOGIEHHS XAPAKMEPUCIUK NpPU
sanponoHosaniti. aoanmayii 06ox onopis. Ipakmuuna 3nauumicms. Ompumani pesyrbmamu MoXiCymv Oymu GUKOPUCMAHI N0 4ac
NPOEKMY8AHHSA OLTbLU HAOTIHUX NPOMUCTIOBUX eeKMPONpU800i8 3 acunxporHumu osucyrnamu. Iloxaszarno, wo xoua FOC s6epizac nepesazy 3a
OuHamiyHumuy xapakmepucmukamu, SC 3 OYIHIOBAHHAM NAPAMEMPIE € POOACHHUM | eKOHOMIYHO OOYLTbHUM PIUUEHHSAM 0TSl 3ACMOCY8AaHb 31
BHAYHOIO HegusHauenicmio napamempis. bion. 31, tadn. 1, puc. 13.

Knuouosi cnosa: acCMHXpPOHHMIl ABUIYH, 0e31aTUMKOBE KePYBaHHs, CKaJspHe KepyBaHHsS, BEKTOPHe KepPYBaHHs, alalTHBHA
CHCTEMA 3 eTAJTOHHOI0 MO/IEJIIIO0, OLIHIOBAHHSI OTIOPY CTATOPA.

Introduction. The induction motors (IMs) is widely
used in variable-speed drive systems due to its simple
structure, low production cost, and high operational
reliability [1, 2]. Their favorable efficiency, low acoustic
noise, and limited maintenance requirements have led to
extensive adoption in pumps, compressors, CONveyor
systems, ventilation units, automated production lines, and
various mechatronic applications. To control IM drives,
several strategies are commonly employed, including scalar
control (SC) based on the voltage-frequency (V/f)
relationship [3-8] and field-oriented control (FOC) [9-11].
Among these methods, FOC is particularly suitable for
applications requiring fast dynamic response, as they
decouple torque and flux components through coordinate
transformations, enabling independent regulation of these
variables. Consequently, FOC is generally regarded as the
preferred solution for high-performance IM drives [12-14].

Problems and the relevance. Although modern
control techniques have significantly evolved, SC remains
widely adopted in industrial practice due to its low

implementation cost and structural simplicity. Classical
V/f-based SC schemes maintain an approximately constant
stator flux by preserving a fixed voltage-frequency ratio
[15, 16]. However, it has been well documented that such
an approach exhibits limited capability in handling
dynamic operating conditions, particularly during load
disturbances and rapid speed variations, with performance
degradation becoming more evident in sensorless (SSL)
operation. Comparative investigations indicate that while
closed-loop SC schemes enhance performance relative to
open-loop implementations, they still fall short of vector
control methods in terms of dynamic response and speed
regulation accuracy [17]. This trade-off between
performance and simplicity highlights the need to improve
the operating characteristics of different control strategies,
particularly in SSL configurations.

Review of recent publications on SSL control of
IM drives. SSL control for IM drives is gaining attention
because it reduces hardware costs and improves reliability

© P.D. Nguyen, M. Kuchar
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by eliminating mechanical speed sensors [18-20].
Traditional observer-based methods, such as sliding mode
observers, remain widely used for their robustness to noise
and parameter deviations and can provide acceptable speed
estimation under load variations, though low-speed
performance and vibration issues persist [21]. Al-based
methods and hybrid observer-machine learning schemes
demonstrate that Al-assisted sensorless IM control with
dual magnetic-field orientation improves speed estimation
accuracy and robustness to parameter variations compared
with traditional approaches [22]. The work [23] shows that
combining an extended Kalman filter (EKF) with a neural
network-based magnetic model significantly enhances
speed estimation and stability in electric drives, offering
useful guidance for sensorless IM systems.

Model reference adaptive systems (MRAS) are
widely used for SSL control because they have moderate
computational complexity and integrate easily into
traditional control structures. They estimate rotor speed
by minimizing the difference between a reference model
and an adaptive model, typically based on a voltage
model (VM) or current model, making them suitable for
real-time industrial use [24, 25]. Sensorless control with
MRAS offers a good trade-off between estimation
accuracy, robustness, and cost compared to more complex
Al-based or EKF methods. However, traditional MRAS is
sensitive to parameter deviations, especially Ry variations
at low speed, motivating advanced MRAS designs with
parameter adaptation to improve stability and robustness
under changing operating conditions [26].

The goal of the paper. This study quantitatively
evaluates how the estimation of stator resistance Rs and
the dependent rotor resistance R, affects the speed-control
performance of sensorless SC and FOC under parameter
mismatch. An improved VM-based MRAS with parallel
resistance estimation is embedded in both schemes under
identical conditions, using the integral of time-weighted
absolute error (ITAE) index [27] for a unified assessment
of speed tracking accuracy and robustness.

Mathematical model of the IM. In the stationary
(@, p) frame, the dynamic behavior of an IM is described
by voltage and flux-linkage equations, which relate the

stator currents, rotor flux components, and motor
parameters, as described as:
s dws
s s s -
U =Rgis+—>3 (1)
S RS S dt
g dy; .
0=Rﬂ}5+%—jwrwf; 2)
ws =Leis +Lnir; 3)
wy =Lmis+Lirs 4)

where i, i,° are the stator and rotor current vectors; Ug,
u,® are the stator and rotor voltage vectors; y’, ¥° are the
stator and rotor flux-linkage vectors; R;, R are the stator
and rotor resistances; L, L,, Ly, are the stator, rotor and
magnetizing inductances; @ is the electrical angular
speed; Te is the electromagnetic torque.

By combining (1)-(4), the electromagnetic torque Te
is obtained as:

3 .
Te=2 bl im{is e, 6)

where p is the number of pairs of poles.
SSL control for IM drive. The proposed SSL
employs an improved MRAS scheme for rotor speed

estimation. The observer compares the rotor flux obtained
from the VM-based reference model with that generated by
the adaptive model (AM). The resulting flux error is
processed by an adaptive PI mechanism to update the
estimated quantities. As shown in Fig. 1, the proposed
MRAS structure incorporates parallel estimation of the Rs
and rotor time constant (T;) together with the rotor speed.
Compared with conventional VM-based MRAS approaches,
this enhanced structure improves robustness against
parameter variations and changes in operating conditions.

u, Roa
u > Refh Via vM o
sp eference »
i model: P Stator resistance e
5% o | Voltage model Wip vu » estimator
Iy (VM) >
Rotor time
constant -
estimator
T = R R
> . >
Adaptive [ Wro_am > Rotor speed
model Fei
o (AM) Vg am 4>> estimator

et A
-l

Fig. 1. Sensorless speed based on improved MRAS using VM

Reference model using VM. In the stationary («, f)
frame, the rotor flux components of the VM are expressed
via the IM voltage equations:

Yra WM :IL__r[ﬁuS“ - %_estisa)dt -

LeL, — L2,
o omi (6
L« (6)

L : Lk, — L.
Yrp_ WM =L—rlj<usﬁ‘%_st'sﬂ)dt‘¥'sﬁ}’ ™
m r
where yi, ym, ¥p wm are the rotor flux components

from VM; Ry e is the estimated Rs.

Based on the rotor flux components in (6), (7), the
rotor flux angle (y,) is computed by:

7/ = tan_l M (8)
r= .
Yia WM

Adaptive model and rotor speed estimation. The
rotor flux in the AM is computed from the estimated
speed and stator current dynamics, as follows:

dvrg am Ly .
= sy —
T AR A
dvip am Ly
dt Trieﬂt

The estimated rotor speed is obtained via an
adaptive PI mechanism:

o =Vra AMVIE W ~Vig W¥Wrp av (11

(12)

where ¥, am» ¥rp am are the rotor flux components from

Yie AM~ @ est¥rp AM5(9)

. 1
'sﬁ_T Yip AMT G estra AM (10
r_est

O ey =Kppép + Kiwjgwdt ;

AM; T, o 1s the estimated rotor time constant; &, is the flux
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error function used as the adaptation signal; @ o is the

estimated rotor speed; K, K, are the proportional and
integral gains of the adaptive PI controller.

Parameter identification for the improved
structure. In SSL systems for IM drives, the precision of the
estimated rotor speed is highly dependent on the stability and
accuracy of the motor parameters. To overcome inaccuracies
caused by parameter variations during operation, this study
performs parallel estimation of the R and T, to ensure the
convergence and reliability of the improved MRAS.

Variations in R directly affect the accuracy of the
rotor flux calculated in the VM through (6), (7).
Therefore, Rs estimation is performed in parallel with the
speed estimation process to account for these changes. A
PI controller is used to estimate the stator resistance as:

R :isa(‘//ra_VM ~Yra AM )+i5ﬁ(‘//rﬁ_VM Y5 AM ); (13)

R e = Kprer + Kir [ Rt (14)
where Kpr, Kir denote the PI controller parameters for Rs
estimation, respectively.

The rotor time constant is a core parameter in the
AM, as seen in (9), (10). However, T, cannot be directly
measured and is difficult for standard observers to
identify independently. To address this limitation, this
research uses a method, in which R, is linearly adjusted
relative to the estimated Rq:

Rs est

R R (15)

Under the assumption that the ratio L/R remains
weakly affected by temperature variations relative to R, T,
can be treated as quasiconstant during the estimation process:

L (16)
R es

Stability analysis of the estimation observer using
Lyapunov theory. To guarantee bounded estimation
errors and convergence of the adaptive scheme to the true
values, the stability of the proposed MRAS observer is
analyzed via Lyapunov stability theory [28, 29].

Let the state error vector be defined as
e=y; om—wr ym - We define the parameter estimation

errors as Amy =@y —@ o aNd AR=R—R of-

To ensure the simultaneous stability of the flux
observer and the parameter estimators, a quadratic
Lyapunov candidate function V is defined as:

LT L o P+ (4R
Vegees (4w, ) +2/12(AR5) , (17

Tr_est =

where 4, 4, are the positive constants representing the
adaptation gains. The function V is positive definite (V>0)
for all non-zero errors and equals zero only when the
estimated states and parameters match the actual values.

The time derivative of the Lyapunov function is
given by:

& rds 1 doe 1o R

dt a4 dt Ay dt
with 4, 4, are the positive constants that ensure the
positive definiteness of V.

Based on the error dynamics of the improved MRAS
derived from (11)-(14), the term &'(dg/dt) contains

(18)

@y

components related to the parameter mismatches. To
ensure asymptotic stability dV/dt, the adaptation
mechanisms must be chosen to cancel out the indefinite
terms in the derivative.

By equating the parameter update rates to the error
driving terms, we derive the following adaptation laws:

For rotor speed in (12): the adaptation law
minimizes the cross-product of the flux error, which
corresponds to the torque error component. This satisfies
the condition for minimizing the Aar term in the
Lyapunov derivative.

For Rsin (14): the adaptation law is proportional to
the dot-product of the stator current and the flux error,
representing the resistive voltage drop error.

The PI controllers are employed for both the speed
estimator and the Ry estimator [30]. For the speed
estimation loop, a parallel PI structure is adopted with
gains K,,=150, K;,=1500. For the Rs estimation loop, a
parallel PI controller with gains K;r=3.6, Kig=12 is
implemented. These gains are tuned to achieve smooth
tracking of the Ry while minimizing its interaction with
the speed estimation loop.

Improved closed-loop SC. The main principle of
the closed-loop SC method is to use an estimated speed
technique to calculate slip compensation [31]. Figure 2
shows the control structure of the closed-loop SC with
slip compensation using improved MRAS.

o Ea .
Wy V/f cantrol Tb——> SPWM
ol Ue i
< s
Rotor| 7. | Voltage ™ Y ahc‘ !
slip model | s d
A Inverter
SSL control [ 9
O o using g
improved
MRAS

Fig. 2. Block diagram of the SC using SSL

In this structure, the y; in (8) is used to compute the
slip frequency, which is fed back to correct the
commanded synchronous frequency, thereby improving
speed regulation and transient performance. The
synchronous speed of the rotor flux ws is determined by
differentiating y, and the slip frequency wyg is defined as:

ws =dy, /dt; (19)
oy =|os-o; o )/p. (20)

Improved FOC control. FOC is a widely adopted
vector control technique for IM drives requiring fast
dynamic response. By orienting the rotating reference
frame along the rotor flux, the stator current vector is
separated into orthogonal components associated with
flux production and torque generation, enabling
independent control of these quantities.

Reliable FOC operation depends on accurate
information about the y, and rotor speed. To eliminate
mechanical sensors, an improved FOC structure based on
SSL is employed [10, 11]. The overall configuration of
FOC using improved MRAS is illustrated in Fig. 3.
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Fig. 3. Block diagram of the IM drive using SSL

Performance evaluation criteria. The performance
of each control scheme is evaluated using the ITAE index
[7, 27]. By weighting the tracking error with time, the
ITAE criterion effectively reflects prolonged deviations
between the actual and reference signals. The index is
calculated over a 5 s interval as:

ITAE = I(;rt‘(wm—w:n]dt, @1)

where o, cqﬂ* are the real and reference mechanical
angular speeds of the IM, respectively.

Simulation results. To validate the proposed
MRAS-based SSL scheme with integrated Ry and R
estimation, an IM drive was simulated under SC and
FOC. The goal was to assess how resistance estimation
affects speed control performance for both strategies
under identical conditions.

In all simulations, the reference speed increased
linearly from 0 to 710 rpm at 0.5 s, with a constant 1 N-m
load torque applied from startup. Two cases are
considered to assess the impact of R; and R, estimation:

Case 1: No Rsand R; estimation.

Case 2: Estimation of both Ryand R,.

The IM parameters are as follows: p = 2; rated speed
1420 rpm; Rs = 3.179 Q; R = 2.118 Q; Ly = 0.209 H;
L,=0.209 H; L,=0.192 H.

A. Sensorless SC. In the sensorless SC scheme
without resistance adaptation, the controller uses fixed
nominal Ry and R, while the actual motor parameters vary.
As shown in Fig. 4, the deviation between nominal and
actual resistances increases over time, distorting the torque-
speed relationship and causing oscillatory transients and
poorer tracking, as seen in the rotor speed response in Fig. 5.
This demonstrates that sensorless SC is highly sensitive to
parameter variations without estimation.

Rs, Q
L 1 1 1 1 ]
30 i 2 3 4 s s
R iadiadind aliadiadied ididie
V4

| ’ — = e oy |

2 [ | | 1 ! J
0 1 2 3 4 ts 5
Fig. 4. Actual and nominal RJ/R; under SC without resistance

estimation

n, rpm

0 1 2 3 4 ts 5
Fig. 5. Rotor speed response under sensorless SC without R/R;
estimation (reference, real and estimated)

With the proposed resistance estimation, the estimated
Rs and R closely match their actual values (Fig. 6). The
estimation errors converge quickly and remain bounded
(Fig. 7). The improved parameter accuracy yields a much
smoother rotor speed response with reduced oscillations
and better tracking (Fig. 8). The performance indices in
Table 1 confirm that the estimation scheme significantly
improves the transient response and robustness of
sensorless SC under varying operating conditions.

Rs, Q

t,s
R, Q
ts
Fig. 6 Actual and estimated R/R; under sensorless SC
1 T T T T
B 2 €R,
| .
O "'_

1o 1 2 3 4 ts 5
AT ' '
-1 0 i I2 é 21 t,s 5
Fig. 7. Estimation errors of R/R; under sensorless SC

n, rpm
0 1 2 3 4 t,s 5

Fig. 8. Rotor speed response under sensorless SC with R/R,
estimation (reference, real and estimated)

B. Sensorless FOC. In sensorless FOC without
resistance estimation, the R; and R, in the controller and
MRAS observer are kept constant, while the actual Rs
increases during operation (Fig. 9). This mismatch
degrades rotor flux and adaptive speed estimation, causing
the rotor speed response in Fig. 10 to show large transients
and poor tracking, highlighting the sensitivity of sensorless
FOC to resistance mismatches without adaptation.
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Fig. 9. Actual and nominal RJ/R; under parameter variation
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Fig. 10. Rotor speed response without R/R; estimation
(reference, real and estimated)

With the proposed MRAS-based resistance estimation
enabled, R; and R are accurately identified (Fig. 11). The
estimation errors converge rapidly (Fig. 12). This improved
parameter estimation yields more accurate flux and speed
estimates, producing a smooth rotor speed response with
minimal oscillations (Fig. 13).

R, Q
t,s
R, Q
t,s
Fig. 11. Actual and estimated Ry/R; with MRAS-based
estimation
1 - : - :
o €2 €R,
0
1o ' 2 3 1 Ls 5
1 [0 : ; ; . ]
1o 1 2 3 4 ts 3
Fig. 12. Estimation errors of R/R;
n, rpm
t,s

Fig. 13. Rotor speed response with R/R; resistance estimation
(reference, real and estimated)

The quantitative results in Table 1 show reduced
cumulative tracking error and transient deviations,

confirming the method’s effectiveness in enhancing the
dynamic behavior and robustness of sensorless FOC.

C. Quantitative performance comparison. Table 1
summarizes the speed performance of sensorless SC and
FOC with and without resistance estimation. For both
methods, ignoring resistance variations severely degrades
performance under parameter uncertainties, whereas the
proposed estimation consistently improves tracking and
reduces transients. Sensorless FOC still outperforms SC
dynamically due to its decoupled structure. Still, both benefit
markedly from the MRAS-based resistance estimation,
which mitigates parameter mismatch and improves the
reliability of sensorless IM drives under variable conditions.

Table 1
Speed performance comparison under SC and FOC
Control R/R Speed | Speed Performance
strategy | estimation | ITAE | overshoot assessment
No 5512 | 7895 |Laree oscillations,
SC low robustness
Better tracking,
res 863 0.0196 higher robustness
No 0.7075 | 0.2987 [|LArge transient
deviation
FOC deviatio
Yes | 0.3230| 0.0310 |>00th response,
high robustness

Conclusion. This paper examined how estimation of
Rs and R resistances affects sensorless IM drives using
SC and FOC. An improved MRAS-based scheme with
parallel resistance updates was proposed to reduce
parameter mismatch effects.

Without estimation, both strategies degraded under
resistance variations. In sensorless SC, the mismatch
caused significant tracking errors (ITAE 5.512) and high
overshoot (7.895). With estimation enabled, ITAE fell to
1.863 and overshoot to 0.0196, significantly improving
steady-state and transient performance.

In sensorless FOC, baseline performance was better
(ITAE 0.7075), but resistance changes still induced
transient deviations (overshoot 0.2987). Estimation
reduced the overshoot to 0.0310 and the ITAE to 0.3230,
further enhancing the dynamics.

Thus, although FOC remains dynamically superior,
both strategies gain substantially from the proposed
MRAS-based resistance estimation, with SC significantly
narrowing the gap. Resistance estimation is therefore
crucial for robustness, reduced transients, and reliable
sensorless IM operation under parameter uncertainties.

The results demonstrate the performance gains of the
proposed estimator and provide practical guidance for a
robust, cost-effective solution under parameter uncertainty.

In the future, it is necessary to conduct real IM
drives experimental studies of examined how estimation
of Rs and R, resistances affects sensorless IM drives using
SC and FOC based on proposed an improved MRAS-
based scheme with parallel resistance updates to reduce
parameter mismatch effects.
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A new stator flow-oriented control method based on type-2 fuzzy logic controllers for
permanent magnet synchronous motors

Introduction. Sator flow-oriented control is currently the most widely used system in industry or in previous research for improving the
quality of mechanical power generated by permanent magnet synchronous motors (PMSM). Problem. However, this contral is often based
on PI controllers, which have shown problem limitations in terms of performance and robustness. Furthermore, these controllers are not
suitable for variable-structure motors, which requires the use of new, more efficient controllers that provide robust control over both
internal and external changes, such astype-2 fuzzy logic controllers. The goal of thiswork isto develop a stator flow-oriented control system
by replacing Pl controllers with type-2 fuzzy logic controllers that are robust to both external variations, such as changes in torque
resistance, and internal variations, such as changes in parameters. Methodology. To implement this control on the PMSM, we maintained
the similar structure of stator flow-oriented control, but replaced the Pl controllers with type-2 fuzzy contrallers. The results of numerical
simulations performed using MATLAB/Smulink show that the stator flow-oriented control based on type-2 fuzzy logic controllers achieves
an ideal response time and minimal overshoot, with an exponential error close to zero in both the transent and steady states, even with the
application of external variations such as resistive torque or changes to the machine' s parameters. The scientific novelty of thiswork liesin
replacing all the controllers in the stator flow-oriented control system with type-2 fuzzy controllers and their programming method, thus
addressing the shortcomings of traditional methods. In addition, a rare type of comparative study is presented, thanks to which the
effectiveness and robustness of the developed control method relative to other can be demonstrated. Practical value. The excellent results
obtained with the new stator flow-oriented control method using type-2 fuzzy logic controllers suggest that it should be taught in academic
circlesand applied in industry. References 30, tables 3, figures 5.

Key words. mechanical power control, permanent magnet synchronous motor, stator flow-oriented control, type-2 fuzzy logic
control.

Bemyn. Kepysanns, opienmosarie 3a nomoxom cmamopa (IFOC), na cb0200Hi € 00HUM i3 HAUNOWUPEHIWUX RIOX00I8 ) NPOMUCIOBOCME MA
HAYKOBUX OOCTIONCEHHAX ONAl NIOGUWEHHS AKOCTI MEXAHIYHOI NOMYUCHOCM, WO 2eHEPYEMbC CUHXPOHHUMU OBUSYHAMU 3 NOCMIUHUMU
maenimamu (PMSM). Ilpoénema. [Ipome 6 Ginvuiocmi eunadkie maxe kepysanns bazyemuvcs Ha Ill-pecyismopax, sKi Maioms 0OMedcenHst 3
TMOYKU 30pY WEUOKoOii ma pobacmuocmi. Kpim moeo, yi pezyniamopu € Maionpuoamuumu O O8USYHIE 3i 3MIHHOIO CIPYKIYPOIO, WO
3YMOGTIOE HEOOXIOHICb 30CMOCY8AHH HOBUX, OLbl eeKmUSHUX pe2yIamopie, 30amHux 3a0e3nedumu pooacnte KepysauHsa SK npu
BHYMPIWHIX, MAK | 306HIUHIX 30YPEHHAX, 30KpeMa pe2yiamopie Ha OCHOGI Heuimkoi noziku muny 2. Memorw pobomu € po3pobieHHs
cucmemu KepyeamnHsl, OpiCHMOBAHOI 3a NOMOKOM cmamopa, wiaaxom saminu I[1l-pezynamopie na pe2ynsimopu newimxoi 102iku muny 2, sxi €
pobacmuumu Ik 00 306HIUHIX 3MiH (HANPUKIAO, 3MIHU HABAHMANCYEAILHO2O MOMEHNY), MaK i 00 GHYMpPIWHIX eapiayill napamempie
osucyna. Memoouka. [[ns peanizayii’ 3anpononoearozo nioxody 6 cucmemi kepyeanns PMSM 36epesiceno cmpyxmypy SFOC, oonax I1I-
Dpe2ynAmopy 3aMIHEHO HA Pe2yTIAmOopU Hewimkoi noeiku muny 2. Pe3ynbmamu uuceivHo20 MOOeNO08anHs, SUKOHAHOZ0 6 Cepedosuilyi
MATLAB/Smulink, noxazanu, wjo cucmema kepysamisi, OpicHmoBanHa 3a NOMOKOM CIMAmMopa Ha OCHOGI HewimKol 1oeiku muny 2, 3abeneyye
npakmuiHo i0eanbHUll 4ac peaxyii ma MiHiManbHe nepepezyiosanis, npu Yoomy noxXudKa Mae eKCHOHEHYIIHULL Xapakmep i npamye 0o Hyis
5K Y nepexionomy, max i 6 yCmaneHoMy pedjicumax Hagimv 3a HAA6HOCMI 306HIWUMIX 30YpeHb, MaKuX AK HABAHMAIICYBATLHULL MOMEHM a0
sminu napamempie mawiunu. Haykoea noeusna pobomu nonseac y noeuiti 3amini écix peeynamopie y cucmemi FOC na pezynismopu
HeuimKoi 102IKu muny 2, @ maxkoxc y 3anponoHo8aHoMy nioxooi 00 iX npocpamHol peamizayii, wo 0036015€ YCYHYmMu HeOOMIKU MPAOUYIHUX
Mmemodie. Kpim moeo, npedcmaeneno pioKICHULlL mun NOPIGHSUIBHO20 OOCTONCEHHS, KUl OeMOHCIMPYE epekmueHicmy i pobacmuicms
PO3pobeHo20 Memoody KepysauHs nopisHano 3 icHylouumu. IIpakmuuna 3nauumicmo. Ompumani pe3ynbmamu 3aCMOCYBAHHS HOBO2O
Memody Kepyeamhsl, OPIEHMOBAHO2O 3 NOMOKOM CHAMOpPA i3 GUKOPUCMAHHAM DecyNimopie Hewimkoi 1o2iku muny 2, ceiouams npo
OQOYLIbHICHb 11020 6NPOBAONCEHHSL SIK Y HABYATILHOMY NPOYECi, MaK i 8 npomMuciosux sacmocyearnnsix. biomn. 30, tadmn. 3, puc. 5.

Kniouogi cnosa: MexaHiuHe KepyBaHHS NOTY KHICTIO, CHHXPOHHMIi JBUIYH 3 NIOCTiiHUMM MarHiTaMu, KepyBaHHsS OpPicHTOBaHe
32 HOTOKOM CTATOPAa, KEPYBAHHS HA OCHOBi He4iTKOI J1oriku THILY 2.

Introduction. In industrial settings, permanent
magnet synchronous motors (PMSMs) are highly favored
[1, 2]. Their popularity stems from their simplicity,
reliability, and compact footprint, which outshines that of
DC motors [3, 4]. Their design is simpler as they lack
mechanical switches, which enhances their longevity and
obviates the necessity for frequent maintenance [5, 6].
Moreover, their operation in explosive environments is
feasible due to the absence of spark generation.
Additionally, they offer superior power output relative to
their mass, distinguishing them from DC machines that
demand more power sources and exhibit a lower power-
to-weight ratio [7, 8].

It is well known that Al techniques have a great deal
of promise for solving problems in industrial processes,
particularly in domains like parameter estimation, control,
and system identification. More and more, induction
machines are being controlled and adjusted using fuzzy
logic, a prominent Al technology. Building systems that
can do cognitive tasks similar to human reasoning is the
ultimate objective of Al research [9-11].

Classical fuzzy logic, now called type-1 fuzzy logic,
has been generalised into a new type-2 fuzzy logic

(T2FL). When it’s tough to pin down precise membership
functions for a fuzzy system, T2FL comes in handy. With
this new logic, we may include uncertainty in the rules,
which will improve the system’s output [12—15].

Currently, the most popular method in industry and
previous research such as those reported in [16, 17] to
enhance the mechanical power produced by PMSM is
stator flow-oriented control (SFOC) based on PI
controllers. Unfortunately, these PI controllers have
shown performance and durability issues. Furthermore,
these controllers are not suitable for motors with variable
structure. In the present work the contribution consists in
proposing the replacement of PI controllers by type-2
fuzzy controllers to further improve the static and
dynamic performance in response to internal (such as
parameter changes) and external (such as torque
resistance) fluctuations.

The goal of this work is to develop a stator flow-
oriented control system by replacing PI controllers with
type-2 fuzzy logic controllers that are robust to both
external variations, such as changes in torque resistance,
and internal variations, such as changes in parameters.
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Modelling of the PMSM and its converters. In
order to simulate the behavior of the PMSM and to develop
control techniques for this machine, it is important to model
PMSM and its converters individually:

e the permanent magnet synchronous motor;

e the motor-side converter (two-level inverter),
utilizing a  two-level inverter, facilitates the
implementation of commands to regulate the mechanical
power produced;

e the grid-side converter, featuring a two-level rectifier,
emerges as an effective solution for enhancing the power
factor on the grid side and regulating the DC bus.

PMSM model. The PMSM mathematical model
needs to be formatted in order to study its control and
simulation in different operating systems [18, 19]:

d 1

Eldsza(vds_Rslds"‘g-qlqs)a

d 1

Elqs:L_(Vqs_Rslqs_ﬂ-dlds‘FQW)>
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3

Ce:Ep[(Ld_Lq)lqslds+¢f|qsl

Ce—Cr—fQ:J%Q,

LX) [AIx]+[B]v). @)
where:

[X]:[Ids |qs]r;[v]zb/ds Vas ¢f]r;

R Lk Lo o0 |v
o) | Lo QLd Ids+ La Vds.(3)
los] |o=ta =Rs|lgs] | o L -2 ¢qs

g L Ly Lo

We define:
[A]=] ™ + i @
0 ﬁ ﬂ 0
Lq Lq
LL 0 0/ oo o
[B]=| ¢ | o o L2,
0 — 0 ]

where C,, C,, Q, f, J, p are the resistance torque, motor
torque, mechanical speed, viscous friction factor, moment
of inertia, number of pairs of poles, respectively; lg, |4, Vg,
Vg Lg Lo @a, ¢4 are the dq components of the stator
current, voltage, inductance and flux linkage,
respectively; ¢x is the rotor flux linkage generated by the
permanent magnets; Rsis the stator resistance.

Motor-side converter model. To control the PMSM
effectively, a static converter a two-level inverter is
employed to energize its stator. This converter primarily
aims to modulate the DC bus voltage to power the stator
winding and facilitate the execution of commands for
regulating the mechanical power output [20, 21]:

Val [2 -1 -1]s
Ve|=c|-1 2 -1)S), (6)
Ve -1 -1 2SS

where Vp, Vg, V; are the line voltages; S—S are the
switching states; E is the DC source.

Grid-side converter model. The grid-side
converter, resembling the machine-side converter
established earlier, shares a similar design. Apart from its
bidirectional power flow capability, the grid-side
converter boasts the advantage of regulating the DC bus
voltage consistently and setting the reference reactive
power to zero, thereby preserving the grid’s quality by
maintaining a unity power factor [22, 23]:

gt o V) 4V,
i i +
d _1 R .1 1T Van .
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On the grid side, this converter can be controlled
using voltage oriented control, comprising two internal
loops for regulating the phase currents, while an external
loop oversees the output voltage regulation:

. d i
Vipa =Vg —Rig - L%Jr Lwig;

- (10)
. dig .
qu :Vq - qu — LE— LVV|d,
P=Ngig +Vgiq} Q=Ngia+Vaiq)- (1D
We define:
Pt =Ucmes! red—ref 5 (12)
Qrer =0, (13)

where ia, ip, ic, Vi, V2, V3, Van, Vin, Ven are the components
of the stator currents, stator voltage, and simple voltage,
inductance and flux linkage, respectively; L, R are the
inductance and resistance of the line; U is the DC
voltage; C is the capacity of the capacitor in parallel; Vg,
Vog Vo, Vg, ipg, ipg are the dg components of the line
voltage, grid voltages and currents respectively; P, Q are
the active and reactive powers; W is the pulsation.

Mechanical power control. In order to obtain high
quality control of the mechanical power produced by a
PMSM, it is necessary to select suitable control
techniques to control the mechanical power generated by
the rotor of this machine. To do this, it is necessary to
select suitable control techniques that allow the speed and
mechanical torque to be controlled at the reference speed
to ensure that our system is more efficient.

Stator flow-oriented control based on PI
controller. One technique to maximize the quality of the
mechanical energy generated is this control. This method,
we suggest a control algorithm that is based on the
machine’s stator flux orientation, which highlights the
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relationships between the mechanical power quantities
(speed and electromagnetic torque) and the stator voltages
produced by the inverter (Fig. 1). These relationships
allow action to be taken on the stator signals in order to
independently control the exchange of the speed
generated at the machine’s rotor [24, 25].

Fig. 1. Stator flow-oriented control based on PI controllers

In order to obtain control similar to that of separately
excited DC machines, it is necessary to maintain igs at
zero and control the speed or position via the current i

igg=0; (14)
igs =i (15)
_ digs
Vgs = Reigs + Lg ?—Wquqs;
di (16)
. gs .
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Stator flow-oriented control based on T2FL
controller. A fuzzy system is said to be of type-2 if it
contains at least one fuzzy set of type-2 in membership
functions that specify its premises or consequences. Fuzzy
reasoning in this type of system leads to fuzzy sets of
type-2 outputs. The configuration of a type-2 fuzzy
system closely resembles that of a type-1 fuzzy system. It
comprises a rule base, a fuzzification and defuzzification
blocks and an inference mechanism. The only difference
is in the output. In type-2, the defuzzification block is
preceded by a reduction block [26-28].

To implement this control on the PMSM, we
maintained the similar structure of stator flow-oriented
control but replaced the PI controllers with T2FL
controllers of the same types, which have the same
membership functions (Fig. 2). The difference lies in the
normalisation gains.

In reference to the choice of membership function
configurations within the defuzzification block of the
control variation and the fuzzification block for the
mistake and its variation [29, 30]. We opted for the
Gaussian shape shown in Fig. 3.

AE U
Fig. 3. The employed membership functions

Decision rules for the type-2 fuzzy controller are
represented in Table 1.

Table 1
Decision rules for the type-2 fuzzy controller
Error
Control N EZ P
Derived N NG NP PP
from error EZ NG EZ PG
P NP PP PG

Comparative analysis between the controls
developed. In order to evaluate the difference between
the two controls implemented on our PMSM in this work,
we shall do a comparative analysis of these controls. This
research was replicated under identical condition.

Qualitative comparisons. This comparison relies on
observing results obtained through simulating our motor
within the MATLAB/Simulink environment, using the two
control techniques developed. In this comparison, we carried
out the test by implementing a resistive torque (C;, = 6 N-m)
as an external variation of the instants (t=0.5sand t=1.5s)
and a speed set point equal to the nominal speed of the
PMSM (1000 rpm) (Fig. 4).

1100

Mechanical speed (rpm)

1050
soof- - — L —

m(mr_L_l_l__L‘
|

1000

15 155 6 165

Fig. 4. Mechanical speed produced for the two controls with a
zoom (external variation)

With an application and cancellation of external
variation (resistive torque), the simulation results
demonstrate that the mechanical speed adheres to their
reference in both control types; however, the reaction
time, overshoot, and exponential convergence of the
errors for the steady state are not. When SFOC based on
T2FL is used, the best value for these is evidently
reached, making it the most effective and best-performing
control when compared to the other control.
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Quantitative comparisons. Our comparison is
based on 4 criteria, all of which are derived from the
quantitative findings of our PMSM control approaches
and their application to simulations.

1) The integral error squared:

t
ISE = j e (t)dt . (20)
0
2) The integral of the absolute value of the error:
t
|AE=He (t)‘dt. @1
0
3) Integral of the time multiplied by the absolute
value of the error:
t
ITAE = [tle(t)|dt . (22)
0
4) Integral of the time multiplied by the squared error:
t
ITSE = Itezdt . (23)
0

The results of the simulation (Table 2) indicate that
SFOC based on T2FL controllers outperforms the other
controls in minimising all criteria (ISE, IAE, ITAE,
ITSE), yielding the lowest values.

Table 2
Quantitative comparison between the different controllers
for external variations
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Fig. 5. Mechanical speed produced for the two controls with a
zoom (internal variation)

Table 3 shows the comparison values for a robustness
test between the two controls developed. The simulation
results indicate that SFOC based on T2FL performs best for
minimises error compared with stator flow-oriented control.

Table 3

Quantitative comparison between different controllers

for robustness testing

Controls developed
Cvzlzf;gllfsd Criterion SFOC SFOC
PI T2FL
ISE 0.1276 0.0057
Speed IAE 0.0957 0.0374
ITAE 0.1037 0.0360
ITSE 0.1329 0.0049

Conclusions. In this work, we developed a stator

Controls developed
C\/‘;‘:;gi‘;d Criterion SFOC SFOC
PI T2FL
ISE 277.140 12.1679
Speed |IAE 4.9382 1.1503
ITAE 2.6872 0.6643
ITSE 144.7328 6.3375
Robustness comparisons. The final assessment

focuses on conducting robustness tests for the proposed
control strategies, which tests the impact of parametric
changes (internal variation) of the PMSM on their
performance. Being aware that these parameters can
fluctuate in a real motor due to a variety of physical events
(such as resistor heating, etc.), to apply this comparison we
will decompose our state model of the machine as follows:

fafs 336 el bl ol

[B]:[LF 0 O}LL{O 0 O}FL{O 0 OHQ' 25)
Ld{0o 0 O Lt1010 quo—l

In this comparison, we have plotted the mechanical
velocity curve to show the robustness of the proposed
controls (Fig. 5). The variation of the parameters will be
applied between the instants t=0.8 sandt=1.3 s.

In this test, we visualized the velocity shape. The two
proposed controls are very reliable and perform well even
with small parameter fluctuations; However, the SFOC
based on T2FL seems to be the best control, since it has an
almost smooth speed curve and good tracking of the set point
curve, followed by the SFOC based on PI corrector which
gives us remarkable ripples compared with the other control.

flow-oriented method using type-2 fuzzy logic controllers
to solve parametric and external variation problems and
achieve positive mechanical power output performance.
Finally, a comparative study is conducted between this
method and the one based on PI controllers where they
obtained results clearly show that the SFOC based on
T2FL controllers is the most efficient and effective
PMSM control compared to the stator flux orientation
control based on PI controllers both in transient and
steady state, even with the application of external
variations (EV) such as resistive torque or parametric
variations (PV) of our machine.

The latter achieved:

- high response time R: R(EV) =0.03 s, R(PV)=0s
for SFOC based on T2FL and R(EV) = 0.15 s, R(PV) =
=0.2 s for SFOC based on PI.

- minimal overshoot (Mo): Mo(EV) = 40 rpm,
Mo(PV) =0 rpm for SFOC based on T2FL and Mo(EV) =
=110 rpm, Mo(PV) =4 rpm for SFOC based on PI.

- ITAE that is close to 0: ITAEEV) = 0.6643,
ITAE(PV)= 0.036 for SFOC based on T2FL and ITAE(EV) =
=2.6872, ITAE(PV)=0.1037 for SFOC based on PI.

These results obtained with the new stator flow-
oriented control based on T2FL controllers call for the
teaching of this method in academic circles and also for
its application in industrial circles.
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Three-phase pulse width modulation boost rectifier enhancement direct power control based
on super-twisting algorithm

I ntroduction. Three-phase pulse width modulation (PWM) rectifiers are widely used in modern power conversion systems due to their
high efficiency, controllability, and ability to provide high-quality energy conversion. They play a crucial role in applications such as
motor drives, renewable energy integration, and power supplies, where a stable DC voltage and low harmonic distortion are essential.
The conventional direct power control (DPC) method, based on a 12-sector switching table, is commonly employed for its smple
implementation, reduced complexity, and fast dynamic response. Problem. Despiteits simplicity and fast dynamic response, the classical
DPC approach is highly senditive to parameter variations and relies on a predefined switching table, which limits its robustness and
current quality. Goal. To experimentally validate an improved control strategy for a three-phase PWM rectifier that enhances robustness
and current quality by integrating the super-twisting algorithm (STA) into the conventional DPC framework. Methodology. The
proposed STA-based DPC was implemented and tested on an experimental setup using a dSPACE DS1104 digital control board. Both
the conventional DPC and the modified STA-based DPC were experimentally evaluated under the same operating conditions to ensure
fair comparison. Results. Experimental results demonstrate that the STA-based DPC achieves a THD reduction from 11.85 % to 6.11 %
and improves the tability of the DC-link voltage under parameter variations. These quantitative results confirm current quality,
improved robustness and reduced chattering compared to the classical DPC. Scientific novelty. Integrating the STA into the DPC
framework eliminates dependence on the predefined switching table and enhances robustness to system uncertainties. Practical value.
The experimental validation confirms the feasibility and effectiveness of implementing the STA-based DPC in real-time applications,
offering a reliable and high-performance solution for modern power conversion systems. References 17, tables 4, figures 19.

Key words: direct power control, sliding mode control, super twisting algorithm, three-phase PWM rectifier, _SPACE 1104.

Bemyn. Tpughasni sunpsimnsivi 3 LIM (PWM) wupoko 3acmocogyiomcs 6 CYHacHUX CUCmeMax nepemeoperHst eHepaii 3a605Ku iX GUCOKIll
epexmusHoCHi, KeposaHoOCmi ma 30amHoCmi 3abe3neyyeamu 6UCOKY SKicmb efleKkmpoeHepeii. Bonu sidiepaoms éadxciugy pomv y makux
3ACMOCYBAHHAX, 5K €NIeKMPONPUEOOU, THMe2payisi GIOHOGNIIOBAHUX OXNCEPell eHepeii ma CUCEMU JICUBTEHHsl, 0e HeOOXIOHI cmabilbHa
Hanpyea nOCMItiHO20 CMpYMy ma HULKULL pieeHb 2apMOHIYHUX cnomeopens. Tpaouyitinuil Memoo npamMoco KepyBauHs NOMYMHCHICHIIO
(DPC), 3acnosanuii na 12-cexmopniii mabnuyi NEPeMUKAHHS, WUPOKO 3ACMOCOBYEMbCA 3a605KU NPOCMOMI Peanizayii, 3HUNCEHIl
cKknaonocmi ma eucokii weuokooii. Ilpoonema. Hessadicarouu na npocmomy ma weuoKy OuHamiuHy peaxyiio, kiacuunuil nioxio DPC ¢
yymaueum 00 eapiayiil napamempis i 6azyemvca Ha 3a30ane2iob BUIHAYEHI Mmabuyi NEPeMUKaHHs, Wo 00MeXHCYE 1020 podacmHicmy i
akicmv cmpymy. Mema. Excnepumenmanvro niomeepoumu egekmugHicnms YOOCKOHAneHoi cmpamezii kepyeéanna mpugaznum PVWM-
sunpaMIsYeM, KA NiOGUWYE pobacmuicme i AKicmy cmpymy uiisixom iHmezpayii ancopummy cynepckpydysarnsi (STA) y cmpykmypy
xnacuynoeo DPC. Memoouxa. 3anpononosanuii nioxio DPC na ocnosi STA peanizosano ma 0ocniodiceno ma excnepumeHmanbHOMY
cmenoi 3 gukopucmannsm miamu yugposozo kepyeanns ASPACE DSL104. Sk kracuunuti DPC, maxk i moougixosanuii DPC na ocnoei STA
EKCNepUMEHMANbHO ~ OYIHIOBANUCS. 30 OOHAKOBUX YMO8 pobomu Onsi  3a0e3nevenHs KOpekmHozo nopienauns. Pesynemamu.
Excnepumenmanvni pezynomamu noxkazanu, wo DPC na ocnosi STA zabesneuye snudicennsi koeiyicnma 2apmoniunux cnomeoperns (THD)
3 11,85 % 0o 6,11 % ma nokpawye cmabinenicme nanpyeu 6 Janyi NOCMIUHOZ0 CMpPYMY 3a YMO8 3MiHu napamempie. Ompumani
pesyibmamu  niomeepodiCcyloms NOKpAwjeHHs AKOCMI Cmpymy, NiOGUWeHHA pPoOAcmHOCHi ma 3MEHUEHHS MPEeMMIHHA NOPIGHAHO 3
xnacuunum DPC. Haykosa noeusna. Inmezpayis STA 6 cmpykmypy DPC ycysae sanesxcricmv 6i0 3a30aneciov eusnayenoi mabauyi
nepemuxanta ma nioguufye podacmmuicms 00 Hegusnauenocmeti cucmemu. Ilpakmuuna 3nauumicms. Excnepumenmansha eanioayis
niomeepodicye doyinvhicmy i eghexmusnicmv peanizayii DPC na ocnosi STA 6 cucmemax peanvroco uacy, wjo 3abesneuye Haoiine ma
sUcoKoehexmugHe piueHHs Oisl CYHACHUX cucmeMm nepemsopents enekmpoenepeii. biomn. 17, Tabn. 4, puc. 19.

Kniouogi cnosa: mpsiMe KepyBaHHS MOTYKHICTIO, KEPYBaHHSI B KOB3HOMY PeKHMi, aIropuTM cynepcKpydyBaHHs, TpHpazHuii
INIM punpsamasyd, dSPACE 1104.

Introduction. The control of three-phase pulse width
modulation (PWM) boost rectifiers is a key challenge in
modern power electronics, particularly for applications that
require high energy efficiency and fast dynamic response.
Among the various available control strategies, direct
power control (DPC) has established itself as an effective
solution due to its ability to regulate both active and
reactive power without relying on complex modulation
techniques [1, 2]. The classical version of DPC is widely
adopted for its straightforward implementation and
satisfactory dynamic performance [3]. However, this
approach also exhibits certain limitations, including steady-
state power oscillations and increased sensitivity to
parameter variations, which can degrade its performance in
practical operating conditions [2].

To overcome these drawbacks an improved version,
known as super twisting algorithm-based direct power
control (STA-DPC), is proposed. This approach leverages
the super twisting sliding mode control (STA-SMC)
algorithm to enhance robustness against external

disturbances and to significantly mitigate the chattering
effect commonly associated with sliding mode control
techniques [4, 5]. Unlike the conventional DPC, which
relies on fixed switching tables, STA-DPC exclusively
uses real-time current and voltage measurements to
compute and regulate power, ensuring a more stable and
adaptive control process [3, 4].

The main objective of this paper is to experimentally
validate, using a dSPACE1104-based digital control
platform, the DPC strategy in both its conventional form
and the optimized version incorporating the STA. The
study aims to compare the performance of both
approaches in terms of regulation quality, robustness, and
total harmonic distortion (THD) reduction. The expected
results demonstrate the benefits of integrating sliding
mode control to enhance the performance of three-phase
PWM boost rectifiers and open new perspectives for
developing more advanced and reliable power converter
control strategies [6].
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The goal of this work is to experimentally validate
an improved control strategy for a three-phase PWM
rectifier that enhances robustness and current quality by
integrating the super-twisting algorithm (STA) into the
conventional DPC framework.

Topology and modeling of a three-phase boost
PWM rectifier. For modeling purposes, the equivalent
single-phase electrical circuit is shown in Fig. 1.

Fig. 1. Per-phase electrical circuit model of the PWM rectifier

Based on the per-phase equivalent circuit in Fig. 1,
the AC-side equations for all 3 phases are given by:

dig
——ea I’Ia as

L‘L—b=eo—rib—vb; (1)
di

where ig, ip, i are the 3-phase grid currents; €,, &, & are
the 3-phase grid voltages; V,, Vj, V. are the controllable
bridge converter voltage, regulated from the DC side; r is
the resistance of the interconnecting filters;
inductance of the interconnecting filters.

The topology of the 3-phase PWM rectifier is
illustrated in Fig. 2 [7, 8].

L is the

g

Fig. 2. Three-phase PWM rectifier electrical circuit

According to (1) and Fig. 2, a 3-phase PWM
rectifier equation is given as follows [7, 8]:

dia _o i VYocphe _a _g)

L2 e -rig 20 (25, - §, - &)

o _ g, —rip—2C(- 5, +28, - S}

dt @)
L%=ec—nc—ﬂ(—sa—so+zsc),
CcT0C _ (8, + Sy + Sic) -2

where: Vpc is the DC link voltage; R is the load
resistance on the DC side; C is the capacitance on the DC
side; S, §,, & are the control signals.

Using the Park transformation, the PWM rectifier
equations expressed in the stationary a, b, ¢ frame are
converted into the synchronous d-q frame for simplified
analysis [9]:

Lﬂ =€ —lg + olig+Vy;
dig : :
Lzrz%—wm+wud+Wﬁ 3)
i\ . .
ci: Sig + Sgiq — 2

where Vy = —-SVpc; Vq = —§Voc; g, iq are the grid
currents in d-g reference frame €y, € are the grid voltages
in d-q reference frame; Vg, Vg are the controllable bridge
converter voltage, regulated from the DC side in d-q
reference frame.

The source delivers both active P and reactive Q
powers, which are defined as:

P=R%Lﬁ}43a+%%+%k; @
P= € | + eﬂﬂ,
= Im{g } (ea' + &l + &lc);
(6]
QZ%W+%W-
It gives in the synchronous d-q coordinates:
P =ejig + &g
oo 6
Q=¢jlg + &g

Direct power control (DPC) is an advanced control
technique implemented on 3-phase converters employing
PWM to regulate active and reactive power flows, this
method relies on the instantaneous measurement of phase
voltages and currents, from which the active and reactive
powers are determined in real time [10, 11].

The computed power values are then continuously
compared with their respective reference values. The
resulting error signals are processed by hysteresis
regulators, which determine the appropriate voltage
vector components, typically within the stationary «f
reference frame. Based on these control variables, a
switching table is utilized to generate the required gating
signals for the converter switches, thereby ensuring fast
and accurate power regulatlon (Fig.3)[3,7, 8]

PWAM recrifier
i a
b
I
V.
c Sqk Sp TSC T Voc
power calculation — Swirching Tuble ! VE:C

0 Sclection
\—>% @ ]
P Lt
- -
o =of
Fig. 3. DPC scheme

Instantaneons

P

The angular region of the voltage (or flux) vector is
divided into 12 sectors, which can be numerically indexed as:

@—U%s6<n%, (7)

where n is the sector number, ranging from 1 to 12;
0<[0; 2 7] is the voltage vector position obtained as:

6= arctg(\/ﬂ Na ) (8)
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Table 1 defines the switching logic used in the DPC
scheme to generate the inverter switching signals. The
table receives 3 inputs: the outputs of the hysteresis
comparators for the active and reactive power errors (d
and dg), and the sector angle @ that indicates the position
of the reference voltage vector in the &, fplane. Based on
the combination of these inputs, the corresponding
voltage vector (V—V,) is selected from the table. Each
voltage vector represents a specific switching state of the
inverter, determining which semiconductor devices are
turned on or off. In this way, the table translates the
instantaneous power errors and the sector location into the
appropriate switching commands, ensuring fast and
accurate control of active and reactive power.

Table 1

Switching table for DPC
d, 1 1 0
dq 0 1 0 1
6 Ve V; V V,
& Vo Vo Vi Vo
o, Vi Vo v, v,
Oy V; V; V, Vs
6 V, V; Vs 2
s Vo Vo Vs 2
6, v, Vo Vs Vs
o v, v, v, Vs
&% \Z \%i Vs Ve
Gio Vo Vo Vs Vs
O Vs Vo Vs Vi
O \%i \%i Ve Vi

Experimental validation of classical DPC. While
simulation alone cannot capture all real-world physical
phenomena — such as measurement errors, delays, data
processing times and noise — real-time implementation of
control techniques is essential for evaluating algorithm
performance under practical conditions. In this section, the
classical DPC scheme, which integrates a PI regulator for
DC-link voltage regulation and hysteresis controllers for
active and reactive power, is validated experimentally using
a dSPACE 1104 card. The objective is to assess its real-time
behavior on an experimental test bench developed in our
LGEA laboratory. The experimental tests were conducted
according to Fig. 4, which presents the experimental setup
and highlights the main devices used for validation. The
detailed list and specifications of these components are
provided in Table 2, ensuring accurate measurements and
effective control throughout the experiments.

Fig. 4. DPC experimental validation

Table 2

The devices list of DPC experimental tests
Number Name

1 3-phase autotransformer
3-phase inductor
Ammeter
Simulink and ControlDesk
PC unit includes a DS1104 card
Interface card
Control panel CLP 1104
SEMIKRON inverter
9 Current sensors
10 |Voltage sensors
11  |DC variable load
12 | 3-phase AC supply

[e] RN KN LU, } BN QUST § NS

The main parameters of the 3-phase PWM rectifier
used in the simulations are summarized in Table 3.

Table 3
Parameters of 3-phase PWM rectifier

Parameters Value
Grid voltage, V 120
Reference of DC-link voltage Ve, V 300
Grid line inductance L, mH 10
Grid line resistance r, Q 0.1
DC-link capacitor C, pF 1100
Load resistance R, Q 80 — 50
Grid frequency f, Hz 50

Two experiments are carried out to evaluate the
performance of the proposed control scheme under
different operating conditions.

Test 1. In the first experiment, the DC-link voltage
was kept constant at 200 V, while the load resistance was
decreased from 80 Q to 50 Q. The waveforms of the
different variables obtained via ControlDesk are displayed
in Fig. 5-8. Figure 5 shows that the DC-link voltage
accurately tracks its reference without being affected by
load variations, demonstrating that the regulator provides
a fast dynamic response and ensures voltage stability
despite transient fluctuations in load power.

Voo V. ‘ '

200

50 [

3 32 34 36 38 ts
Fig. 5. DC-link voltage

Figure 6 shows the active power, demonstrating its
ability to accurately track its reference even during load
variations; when the load changes at 3.6s, the active
power continues to follow its setpoint, highlighting the
system’s fast response and strong dynamic performance.

‘P,W ' ' ?

p*‘

200
0 1 L 1 1 t’ S
3 32 34 36 338 4
Fig. 6. Active power and its reference
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Figure 7 shows the reactive power and its reference,
indicating that the reactive power remains at zero
throughout the transient period, thereby confirming that a
unity power factor is maintained.

---TQ VAr T [ 1|
| - |

4

=200 ‘I
-300 . . . . t.s]
3 32 34 36 38 4

Fig. 7. Reactive power and its reference

Figure 8 presents, on the same graph, the current and
voltage waveforms of the first grid phase. Both
waveforms are sinusoidal and in phase, indicating
operation at a unity power factor.

150 |V’V;I T
1A "

366 368 37 32 \V t,s|
5

150 3 32 34 36 38 3

Fig. 8. Input voltage and current for the rectifier

Test 2. In the second experiment, the load resistance
was kept constant at 80 Q, while the DC-link voltage was
reduced from 250 V to 200 V. Figures 9-11 show the
results of the second test. The analysis of the waveforms
yields the following comments:

e The DC-link voltage constantly tracks its reference
profile.

e The active power clearly follows the generated
reference with high accuracy, reflecting the applied load
variations.

e The reactive power maintains a zero average value
under varying load conditions, thereby ensuring unity
power factor operation.

AN |

- |VDC, A\

\ |
50 >> L6 13 2 “
[ v |

0L L L L T T 1
1.4 1.5 1.6 1.7 1.8 19 ts

Fig. 9. DC link voltage and his reference

WOEW T T T ]

0 s . . . . ts
14 15 16 17 18 19 2
Fig. 10. Active power and his reference

400 [ VAT
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o Il

-200

ts
14 145 15 155 16 16 17 175 18
Fig. 11. Reactive power and his reference
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Super twisting direct power control. The super-
twisting sliding mode control (STA-SMC) is a robust
nonlinear control strategy that has proven highly effective
in enhancing the dynamic performance of 3-phase PWM
rectifiers (Fig. 12). These rectifiers are widely employed
in industrial applications to convert AC into DC while
maintaining a high power factor, minimizing THD, and
enabling bidirectional power flow [12, 13].

i PIEM cectifier oc

in J@ C R
i

I Sq S;,?SL.?

U,

| PO | LST?M(

o [P %

S
"@T% p*
p =

Fig. 12. STA-DPC scheme

The implementation of STA-SMC provides an
effective solution for enhancing the dynamic performance
of 3-phase PWM rectifiers, owing to its inherent
robustness, high precision, and capability to mitigate
chattering effects [14, 15]. These characteristics make it
particularly well suited for applications in renewable
energy systems, industrial automation, and electric
vehicle charging stations. However, its practical
deployment presents 2 major challenges: first, its complex
design requires careful tuning of parameters, such as
sliding surface coefficients and control gains, to achieve
an optimal trade-off between performance and robustness;
second, it involves significant computational demands, as
real-time implementation requires solving nonlinear
equations, which often necessitates the use of advanced
digital signal processors (DSPs) [6, 15].

The STA-SMC law ug is composed of two
components [16, 17]. The first component is represented
by its time derivative u;(t), while the second component is
determined as a function of the sliding variable u(t). The
STA control law is expressed as [12]:

Usr =u®+u (1), &)

u=-49"sign(S);
U, = asign(S),

with:

where a, 4> 0 that are used to regulate the STA; p is the
parameter used to adjust the degree of non-linearity,
where 0 < p<0.5.
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To perform maximum second-order SMC, p is often
set to 0.5. The law STSMC for the power controller is
defined by:

Ugr = —}L|S|O'5 sign(S)+ug;
U, = asign(S).

In (10), A=+u and « = 1.1u, where U > 0 with
sufficiently large value. Here, the power errors € = Prg — P
and & = Qg — Q are chosen as the sliding surfaces. This
approach is based on the STA without an equivalent
control term. The stability proof of this control strategy
and the convergence of the states can be found in [14].

Experimental validation of STA-DPC. For this
control strategy based on the STA algorithm, two test
scenarios are considered: first, a variation of the load
resistance between 50 Q and 80 Q while maintaining a
constant DC bus voltage; then, an increase in the DC bus
reference voltage with the load resistance fixed at 80 Q.
The measured variables acquired via ControlDesk are
illustrated by curves in Fig. 13—19.

Test 1 (load resistance variation). Unlike the first
conventional DPC control technique; this experimental
test consists in increasing the load to 80 Q within the
interval [6's, 16 s] in order to observe the behavior of the
different variables. The analysis of these variables allows
us to make the following remarks:

e The DC bus voltage perfectly tracks its reference
with excellent disturbance rejection in response to the
load variation at 6 s and 16 s.

e The active power provided by the electrical grid
adjusts to meet the load demand: it decreases when the
load increases and accurately tracks its reference.
Meanwhile, the reactive power maintains a zero average
value, which improves the quality of the supplied energy
and ensures that the current remains in phase with the grid
voltage (Fig. 16).

e The voltage remains purely sinusoidal with fixed
amplitude, while the currents preserve a sinusoidal
waveform whose amplitude varies in accordance with
load fluctuations.

(10)

Voo, V. 205 | ' ' : :
ﬁm e
205 + | 4.200 Ve
200 bt Sty B " .
200 F?‘ / (
105 b 4
190 . | I 13.5 145 I t’sl
6 8 10 12 14 16

Fig. 13. DC-link voltage
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Fig. 14. Active power and its reference
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Fig. 15. Reactive power and its reference
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Fig. 16. Input voltage and current for the rectifier
Test 2. DC-link reference voltage increase. In this
second test, the load resistance was kept constant at 80 Q,
while the DC-link reference voltage was increased from
180 V to 200 V. Figures 17-19 illustrate the
corresponding results:
e The DC-link voltage consistently follows its
reference profile.
e The active power accurately tracks the generated
reference, clearly reflecting the applied load conditions.
o The reactive power remains zero on average, even
under DC-link voltage variations, thereby guaranteeing
operation at unity power factor.

210 T T T r
Voe, V ' | Ve Vie I
I,
00 "
’ (i |
Izos 180
180 200 175
195 170
t,s
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Fig. 17. DC link voltage and his reference
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Fig. 18. Active power and its reference
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Fig. 19. Reactive power and its reference
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In the practical tests, when the STA-DPC strategy
was implemented in Test 1 (with load variation), the THD
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dropped to 6.11 %, compared to 11.85 % with the classical
DPC (Table 4). This significant reduction demonstrates the
superior capability of the STA-DPC approach to minimize
harmonics and improve current quality.

In Test 2 (the DC-link voltage varied) the classical
DPC recorded a THD of 10.21 %, whereas the STA-DPC
achieved a slightly lower value of 9.7 %. Although the
improvement is less substantial than in the variable load
scenario, it still confirms the enhanced harmonic
mitigation performance of the STA-DPC method.

It is worth noting that the limited accuracy of the
current and voltage sensors may have adversely affected
the measurements. Under ideal sensing conditions, even
better THD performance could likely be achieved.

Table 4
THD value
Strategy DC-link voltage variation Load variation
DPC 10.21 % 11.85%
STA-DPC 9.7 % 6.11 %

Conclusions. This study experimentally validated an
improved control strategy for a 3-phase PWM rectifier by
integrating the STA into the conventional DPC framework.

The experimental implementation on a DSP-1104
platform demonstrated that the proposed DPC-STA
approach significantly enhances system robustness, dynamic
response, and current quality compared to the classical DPC
method. In particular, the reduction of THD from 11.85 % to
6.11 % confirms the effectiveness of the proposed method in
improving current waveform quality and ensuring stable DC-
link regulation under parameter variations.

Beyond validating the control performance, this work
confirms the feasibility of implementing second-order
sliding mode techniques in real-time power converter
applications. Future research will focus on extending this
approach to grid-connected converters and renewable
energy interfaces to further exploit its robustness and
control accuracy.
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Application of the Newton—Raphson algorithm for enhanced harmonic reduction
in seven-level packed U-cell multilevel inverters

Introduction. Recently, multilevel inverters (MLIs) have been widely investigated for industrial and renewable energy systems as they
are valuable in applications where they can produce clean, high-fiddlity electrical signalsthat minimize harmonic content and distortion.
Problem. Among the modulation strategies, selective harmonic elimination pulse width modulation (SHE-PWM) is highly effective, but
solving its nonlinear transcendental equations requires accurate numerical methods. Goal. To improve the performance of the 7-level
packed U-cell (PUC) inverter by applying the Newton—Raphson method to compute optimal switching angles for SHE-PWM, thereby
minimizing total harmonic distortion (THD), improving waveform quality, and achieving a more compact and cost-effective design with
fewer components. Methodology. The Newton—Raphson iterative algorithm was implemented in MATLAB/Smulink to solve the
nonlinear equations of SHE-PWM, and a hardware prototype of the 7-level PUC-MLI was fabricated and tested to validate real-world
performance. Results. The application of the Newton—Raphson algorithm significantly improved the system's performance. After
implementation, the THD was reduced to 13.19 % in the smulation and 18.14 % in the hardware prototype, whereas both initially
exhibited considerably higher THD levels. Scientific novelty. The proposed method demonstrates the capability of the Newton—Raphson
algorithm as a reliable numerical solution for selective harmonic elimination in the 7-level PUC MLI, ensuring rapid convergence and
precise determination of switching angles. Practical value. The study shows that significant harmonic reduction can be achieved without
additional hardware or complex circuitry, making the approach applicable to other inverter topologies and suitable for advanced power
electronic and renewable energy systems. References 22, tables 4, figures 9.

Key words: multilevel inverter, packed U-cell, selective harmonic elimination, Newton—Raphson algorithm, switching angle
optimization, total harmonic distortion.

Bcemyn. Ocmanniv wacom bacamopisnesi ineepmopu (MLI) axmugno Oocaiosicylomscs Onsi npOMUCIOBUX 3ACMOCY8AHb Ma CUcmem
BIOHOBIIOBAHOT eHep2emUKU, OCKUIbKU 6OHU 30aAMHI YOPMYBAMU BUCOKOSIKICHI eleKMPUYHI CUSHAU 3 MIHIMAIbHUM DIGHEM 2APMOHIK |
cnomeopens. Ipobnema. Ceped memoodie MoOyIAYil cerekmusHe YCYHeH s 2APMOHIK Ha OCHOSI wuupomuo-imnyabcroi modyasyii (SHE-
PWM) ¢ sucoroepexmusnum, npome po3s’ sizanms 6i0n06IOHUX HENIHITHUX MPAHCYEHOCHMHUX PIGHAHb NOMPEOYE 3ACMOCYEANHSL MOYHUX
yucenvrux memooie. Mema. ITiosuwenns epexmusnocmi T-pieHegoeo bazamopisnesoeo ineepmopa 3 komnaxmuoro U-komipkoro (PUC)
wasxomM 3acmocyeanuss memooy Hvromona—Paghcona ona eusmauenns onmumanvHux xKymie nepemuxanis ¢ SHE-PWM 3 memoro
SMEHUeHHsl CyMapho2o Koegiyicnma capmoniunux cnomeopens (THD), nokpawenns gpopmu euxionoi nanpyeu ma docsenennsi 6iiviu
KOMNAKMHOT 1l eKOHOMIUHO epeKmueHoi KOHCMpYKyii 3 MeHwtolo Kinbkicmio komnonenmie. Memooduka. Imepayiiinuii areopumm
Hviomona—Paghcona peanizosano ¢ cepedosuwsi MATLAB/Smulink ons  pose’ sizanns  neninitinux  piensne  SHE-PWM.  [Tua
niomeepodCeHHs Npaye30amHoCcmi po3pobNIeH0 ma eKCNEPUMEHMATIbHO O00CHiOdceHo anapamuuti npomomun {-pisneeoco PUC-
ingepmopa. Pesynomamu. 3acmocysanns aneopummy Heiomona—Pagcona cymmego noxpawuno xapakmepucmuku cucmemu. Ilicas
020 6npogadicenns snavenns THD suuorcerno oo 13,19 % y moodenrosanni ma 0o 18,14 % 6 excnepumenmanvromy npomomuni, mooi s
nouamxogo yi snavenus oyau suwumu. Haykoea nosuzna. 3anpononoganuii nioxio oemoHcmpye egpexmugnicms memooy Hvromona—
Paghcona ax Haoilinozo uucenbHo2o iHCMpPYMeHNy 08 CeleKMUBHO20 VCYHEHH 2apMOHIK Yy [-pienesomy 6azamopisnesomy PUC-
ingepmopi, 3abesneuyiouu WeUOKy 30ixcnicme i moune gusnavenHs Kymie nepemuxanns. Ilpaxkmuuna snauumicmes. Iloxaszano, wo
3MeHWeHHs 2apMOHIK Modice 6ymu 0ocscHyme 0e3 YCKIAOHeHHs anapamtoi YacmuHu YU 6UKOPUCIAHHS 000AMKOBUX eleMeHMI8, o
pobumb 3aNpoONOHOBAHUL NIOXIO NPUOAMHUM O THUWUX MONOAO0RI TH8EpMOpI8 1 NepcneKmMueHUM Ol CYYACHUX CUCTEM CUL08OT
e/leKmpoHIKY ma 8i0H06108aH0T enepeemuku. bidomn. 22, tabin. 4, puc. 9.

Kniouosi cnosa: GararopiBHeBmii inBepTop, komnakTHa U-koMmipka, cejleKTHBHe YCYHeHHSI FTapMoOHiK, aaroputM Herotona-
Padcona, onTumizanisi kyra nepeMuKaHHs, cyMapHuii koedilieHT rapMOHIiYHUX CIOTBOPEHb.

Introduction. The rapid expansion of renewable
energy systems, electric vehicles, and distributed energy
resources has created an increasing demand for highly
efficient power conversion systems that ensure reduced
losses and improved power quality. Multilevel inverters
(MLIs) are widely recognized as promising solutions
because they can synthesize nearly sinusoidal voltage
waveforms from multiple voltage levels, thereby lowering
device stress and suppressing harmonic distortion [1, 2].

These features make MLIs attractive for medium-
and high-power applications where grid compliance and
reduced electromagnetic interference are critical [3].
Among the existing MLI topologies, the packed U-cell
(PUC) inverter offers significant advantages due to its
ability to achieve multiple output voltage levels with
fewer power electronic components, making it more
compact, cost-effective, and modular. Compared to
conventional topologies for instance, neutral point
clamped (NPC) and cascaded H-bridge (CHB) converter
structures, the PUC inverter demonstrates superior
scalability, hardware simplicity, and reduced component
count while maintaining high-quality output performance
[4, 5]. In particular, the 7-level PUC (7-PUC) inverter
provides a practical trade-off between hardware
complexity and output waveform quality.

However, a major problem arises from its inherent
harmonic distortion, especially low-order harmonics, which
degrade voltage quality and shorten the lifetime of
connected loads [6]. The selective harmonic elimination
pulse width modulation (SHE-PWM) is a powerful
modulation approach for minimizing harmonics by
calculating optimal switching angles. However, solving the
SHE nonlinear transcendental equations requires substantial
computational effort, particularly for PUC topologies with
asymmetric DC sources where the equations become more
complex and convergence of numerical methods is less
guaranteed [7]. Optimization techniques such as particle
swarm optimization, genetic algorithms and ant colony
optimization have been applied to SHE metaheuristic
solutions for selective harmonic elimination in MLIs [8, 9],
but they typically involve high computational costs and are
unsuitable for real-time applications. Alternative control
strategies have been explored for harmonic suppression. In
[10] fuzzy logic control was proposed for harmonic
mitigation in power converters, demonstrating effective
reduction of low-order harmonics. In [11] was investigated
power quality enhancement in inverter-based renewable
energy systems through optimized control strategies.
However, these approaches either require complex tuning
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procedures or involve higher computational overhead
compared to analytical methods In contrast, the Newton—
Raphson (NR) method offers fast convergence and high
accuracy when provided with good initial estimates, and has
been effectively used in other inverter topologies such as
CHB and NPC [12, 13]. However, the application of NR to
7-PUC inverters with asymmetric voltage sources remains
underexplored, which represents a clear research gap.

This study investigates the application of the NR
algorithm to the 7-level PUC inverter under asymmetric
DC input conditions with a focus on solving the nonlinear
switching angle equations of SHE-PWM. The subject of
investigation includes the analysis of harmonic
performance, algorithm convergence, and total harmonic
distortion (THD) reduction in order to evaluate the
feasibility and efficiency of this numerical approach for
real-time inverter control.

The goal of this work is to improve the performance
of the 7-level PUC inverter by applying the Newton—
Raphson method to compute optimal switching angles for
SHE-PWM, thereby minimizing THD, improving
waveform quality, and achieving a more compact and cost-
effective design with fewer components.

The main contributions of this study include:

1) formulation of the SHE-PWM problem for 7-PUC
under asymmetric DC sources;

2) implementation of the NR algorithm in Simulink
and hardware for computing switching angles and
evaluating convergence.

This work demonstrates that the NR algorithm
provides a computationally efficient solution with reduced
processing demand, making it suitable for real-time
applications on microcontrollers such as Arduino, based
embedded inverter systems.

Methodology of packed U-cell MLI. The employed
circuit topology is a compact and efficient MLI topology
designed to generate superior output performance
waveforms using a reduced number of components. The
inverter comprises three cascaded U-cells, each composed
of 2 complementary IGBT switches. The entire
mechanism functions using six switches and two primary
DC voltage sources [14].

The PUC converter was originally proposed by
Al-Haddad in earlier studies and later adapted for 7-level
configurations [15]. Figure 1 shows a configuration featuring
6 operational switches and
2 DC sources, namely the 1%
and 2" sources. The
significant benefit of PUC lies
in the total component count
relative to other topologies. A
reduced number of switches
leads to diminished power
losses, fewer gate drives and
lower costs. The correlation
between the quantity of
voltage levels attained and the

> | |
“‘E—|J—jg_‘ number of sources employed

Fig. 1. 7-level PUC inverter ~ can be formulated as:
Ny =2"%" —1; ()
Np =2, (2)
where N, is the number of voltage levels; N, is the number
of power switches; Ns is the number of DC voltage sources.
The PUC configuration achieves elevated voltage
generation by reconfiguring the 2" DC source (V)

S

1* DC source

2" DC source

topology, with bottom switches (S; and S¢) inverted to
suppress unwanted diode conduction. All feasible
switching combinations are detailed in Table 2. The
inverter produces 7 voltage levels ranging from 0 to 4E
when V; equals 3V,. The maximum output voltage of
4E results from the series combination of both DC
sources.

Table 1
Switching states for 7-PUC inverter
Switching states | S; | S, | S; | Sy | Ss | Sg¢ | Voltages
1 1 10 1] 0] 1]0 V,+V,
2 1 {0 ]0]O0]1 1 \4
3 0 0 1 1 1 0 V,
4 0 0 0 1 1 1 0
5 1 1] 0]0]0 1 -V,
6 0 |1 1 1100 -V,
7 OjJ1]J]o0]1]0]1 V-V,
The study utilizes the SHE-PWM on a 7-PUC

inverter to target specific low-order harmonics, primarily
the 5™ and 7" thereby improving spectral purity by limiting
THD. To accomplish this, it is essential to identify 3
switching angles. A notable advantage of the PUC is its
utilization of fewer components compared to alternatives
such as the CHB, resulting in diminished power losses,
reduced gate drive requirements and lower system costs. In
this method, 3 switching angles (¢, &, o) are determined
within the 1* quarter-cycle of the fundamental waveform to
shape the stepped output. To ascertain these angles, it is
essential to resolve several nonlinear transcendental
equations through Fourier analysis. This is subsequently
followed by the implementation of the NR method to
achieve a prompt and precise solution [16, 17].

The notable advantage of PUC is its reduced
component count compared to alternative topologies, such
as the CHB, fewer switches result in diminished enhanced
efficiency through reduced losses, fewer control circuits,
and lower financial investment in the system. The voltage
magnitudes produced at the output of the single-phase
inverter topology seen in Fig. 1 are enumerated in Table 1.
There are 8 possible states, in which Sy, Ss and Sg work in
reverse with respect to the switches S;, S, and S; are
controlled in a manner that prevents short circuits across
the DC buses. It is important to note that switches Sy, S
and S¢ function as complementary pairs to S;, S, and S;,
respectively. As a result, each switch pair (S;, Sy), (S;, Ss)
and (S;, S¢) is designed to avoid simultaneous conduction
[18]. While the PUC can generate multiple discrete
voltage magnitudes from various DC sources, achieving
the maximum output voltage Vy,. The output voltage Vy,
can generate 7 distinct levels [19].

Selective harmonic elimination. Various control
procedures govern output voltage profiles in converter
stages, primarily categorized into 2 types:

¢ low-frequency switching modulation techniques including
phase disposition, phase opposition disposition and SHE;
o high-frequency switching methods employing PWM [20].

SHE decreases switching losses and noise levels,
facilitating the use of smaller output filters. It operates by
waveform symmetry and advances in a sequentially
increasing manner. The design offers a lower number of
circuit elements, thereby minimizing power losses and gate
drive requirements.

Equation (3) ensures that the switching angles (¢,
o, o) are properly ordered within one quarter of the
output waveform. This constraint maintains the
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waveform’s symmetry and guarantees correct pulse
positioning. It is essential for achieving accurate harmonic
elimination using SHE techniques:
O<a1<a2< (Z3<900. (3)
Equation (4) defines the modulation index m with
respect to the magnitude of the fundamental voltage V,
relative to the maximum and represents the V. which is the
total direct current supply voltage provided to the inverter:
me— _ 3= “4)
4+ 3VdC 4Vdc
Equations (5)—(8) represent the SHE conditions, where
the switching angles o; — o5 are calculated to achieve the
desired modulation index m while eliminating the 3%, 5™
and 7™ harmonics from the inverter output voltage:

cos(ap) + cos(ay) + cos(az) =3m; (5)
cos(3a)+cos(3ay ) +cos(3a3) =0 (6)
cos(5aq) +cos5(ay)+cos(Saz)=0; @)
cos(7ay)+cos(7ap) +cos(7a3)=0. ()

The resolution of the SHE equations is a
significantly non-linear endeavor, as it produces a
transcendental system. Traditional methods, such as
sequential and recursive algorithms, particularly the NR
method, are frequently favored; however, as inverter
levels increase, the task becomes more challenging,
necessitating more accurate initial estimates [21].

The Newton—Raphson approach is a commonly
employed iterative technique for resolving nonlinear
equations. It is especially efficacious when an accurate
initial estimate is supplied. The approach relies on the
Taylor series expansion and linear approximation of the
function in question [22]. The standard formulation of the
NR method is expressed as:
~ f(xn) , )

f'(%p)
where X, is the current approximation; X,,; is the next
approximation; f(X,) is the function value at Xn; f'(X,) is
the derivative of the function at X,,.

In the context of SHE, the target is to find the
switching angles that resolve the system of nonlinear
mathematical models () = 0. The NR method requires
the computation of the Jacobian matrix J of the equations
system, which consists of the partial derivatives of the
nonlinear functions corresponding to each switching angle

The proposed NR technique begins by selecting a
random initial estimate for the switching angles within the
range of 0-90°, where the iteration count is denoted as J
and the tolerance as ¢. The optimization process for
determining the switching angles is structured as follows.

1) Initialization. Formulate a preliminary set of
estimations for switching angles.

2) Jacobian calculation. Determine the parameters
for the constraint equations and compute the Jacobian
matrix J for the nonlinear system The Jacobian matrix J
represents the partial derivatives of the constraint
equations f = [fy(@), fxa),..., f.()] with respect to the
switching angles a = [y, @,..., o], where f(a) is the
system of nonlinear equations for harmonic elimination.

The correction vector Ae, corresponding to n
unknowns in the k-th iteration, is obtained using (10),
(11). Here J! is the inverse of the Jacobian matrix; ¢/ is
the current estimate of switching angles at iteration i,
which is then updated as o' = o'+ A

Xy41 = Xp

o
ooy oap
J= P (10)
I Om
o oo
da=-3"xf("). (11)

3) Convergence check. Continue the iteration while
the tolerance & remains smaller than Aa. The process
terminates once the tolerance equals or exceeds Aa.

4) Angle update. Update the switching-angle vector
a according to (12), then repeat from Step 3 until
convergence is achieved .The convergence criterion is

defined as ||Ad|| < &, where || || denotes the Euclidean
norm and ¢ is the specified tolerance value.
i+1

at=a +4a. (12)

The NR algorithm is employed to determine the
optimal switching angles for the SHE-PWM technique
through an iterative numerical procedure.

The process begins with an initial estimation of the
switching angles, followed by the computation of the
Jacobian matrix, which represents the partial derivatives
of the nonlinear system equations. A correction vector Aa
is subsequently calculated and applied to update the
switching angles iteratively until the convergence
criterion, defined by a specified tolerance ¢, is satisfied.
Upon convergence, the resulting set of switching angles is
considered optimal, effectively minimizing the THD in
the inverter output voltage.

The following organizational layout shown in Fig. 2
is intended to utilize the NR technique for solving the
mathematical complexity associated with SHE.

Start

Set initial switching-angle estimates:
(o, o, a5) € [0°,90°]

}

Initialize iteration counter:
n=0

Compute Jacobian J
and update Aa by (10), (11)

Update angles
by (12)

heck convergence
Aall<e2

Increment
counter N=n+1

Fig. 2. Flowchart of the NR-based SHE-PWM method

Simulation results. To validate the proposed SHE-
NR technique, comprehensive simulations were
conducted to evaluate harmonic suppression performance,

Enexkmpomexnixa i Enexmpomexanixa, 2026, Ne 3

81



switching angle optimization, and THD reduction. The
NR method solves the nonlinear equations required to
determine optimal switching angles that eliminate specific
harmonics while maintaining fundamental voltage across
33 V and 11 V DC links. The following subsections
present the detailed analysis and results.

This work utilized the SHE methodology in
conjunction with the NR iterative method to ascertain the
optimal switching angles for a MLI. The preferred due to
its advantages that can easily solve non-linear equations,
with special mention of its fast rate of convergence and
precision. The following features are essential in the case
of the inference of the SHE process, which is nothing but
the reduction of lower-order harmonics (for example, the
5™ and 7"™) from the output voltage waveform by keeping
the desired fundamental component. The NR method will,
through iterations of an indirect procedure, minimize the
discrepancy between the found and the desired harmonic
components, and thus the time it takes for convergence to
be realized.

Figure 3 and Table 4 present a comprehensive dual-
perspective analysis of THD in MLI operation, evaluating
performance under varying modulation indices and
switching angle configurations. Figure 3 shows an inverse
relationship between modulation index (MI) and THD
across the range of 0.35 to 1.05, where THD decreases non-
linearly from approximately 48 % to 13.91 %, with the
steepest reduction occurring below MI = 0.7 and local
extrema observed at MI =~ 0.6 and MI = 0.7 reflecting
complex harmonic interactions in PWM strategies. Table 4
illustrates THD variation as a function of 3 independent
switching angles (&, @, @) ranging from 11° to 90°,
where all 3 parameters exhibit positive correlation with
THD, increasing from approximately 13.19 % to 49 %.
The SHE-NR optimization algorithm successfully identifies
the optimal switching angle combination (¢ = 12.57°%
o = 23.81°% a3 = 54.33°), achieving minimum THD of
13.19 %, which represents substantial improvement over
arbitrary angle selection.

60
THD, %

50
40
30
20

10
MI

0
04 05 06 07 08 09 1.0
Fig. 3. THD vs modulation index MI

Table 2
SHE-NR switching angles at various MI

The parallel upward trajectories in Fig. 3 and the
monotonic decrease in Table 4 collectively validate the
SHE-NR technique’s effectiveness in minimizing harmonic
distortion, thereby reducing inverter losses and enhancing
output waveform quality for multilevel converter
applications. Figure 4 shows the correlation between the
MI and the corresponding switching angles. As the MI
increases, the inverter strives to deliver higher amplitude of

fundamental voltage while maintaining harmonic
cancellation, thereby resulting in reduced switching angles.
100—=
80 @
60 %)
40 &
20
0 MI
04 05 06 07 08 09 10

Fig. 4. Switching angles vs modulation index

Figure 5 shows the suppression of low-order
harmonics (5" and 7"), with the FFT analysis of THD,
which shows a reduction from 59.21 % (MI = 0.35) to
13.19 % (MI = 1.05). The transitory increase in THD to
45.46 % at MI = 0.7 (see Table 2), is associated with the
overlapping switching angles. This indicates that SHE-
PWM is highly sensitive to the selection of angle. Both
outcomes substantiate the notion that the NR method

enhances harmonic suppression and waveform fidelity.
Fundamental (50Hz) = 34.66 , THD= 13.19%

9

8l

Mag (% of Fundamental)
M w EN o = ~

-
T
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Fig. 5.THD vs switching angle

In Fig. 6, the output waveforms of the topology are
shown, obtained using SHE-PWM based on the NR
method, where 7-level voltages are produced and harmonic
distortion is effectively minimized through selective
elimination of low-order harmonics.

40F ;
Vab, V
[ | [ | [ | [ | [ |

. L

Modulation index MI Switching angles &y, &, &3
0.35 46.30 82.37 89.94 0
0.50 40.77 65.82 89.36 o
0.55 39.77 62.13 86.57 -10
0.60 39.43 58.58 83.10 2ok | | | | | | | |
0.65 39.39 55.52 78.90 oo r ar - A
0.70 38.34 53.53 73.96 s
075 3489 5446 6855 mﬂ oo 002 003 004 005 006 007 008 009 o1
0.80 29.24 54.44 64.48 Fig. 6. Output voltage of 7-PUC MLI
0.85 22.77 49.38 64.56 As illustrated in Fig. 6, optimal switching angles are
0.95 13.82 37.19 61.92 iteratively calculated by the NR algorithm to achieve
1.00 11.68 31.18 58.58 harmonic cancellation, while the desired fundamental
1.05 12.57 23.81 54.33 component is maintained, resulting in superior power
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quality with minimal switching losses suitable for high-
power applications.

Hardware testing and practical implementation.
The experimental prototype (Fig. 7) consists of a 7-level
PUC MLI with 2 DC sources configured in a 3:1 ratio (33 V
and 11 V). The power stage includes IGBT switching
devices with gate drivers, heat sinks for thermal
management, and snubber circuits for protection. An
Arduino microcontroller serves as the digital controller,
executing pre-calculated SHE-PWM switching angles
derived from the NR algorithm. Gate driver circuits with
optocouplers provide electrical isolation between control
and power stages. The measurement setup includes a GW
Instek PSS-3203 programmable DC supply, digital
oscilloscope for waveform capture, and FFT analyzer for
harmonic spectrum analysis (Table 3).

Table 3
Component list

Components Specification
Optocoupler IC FOD 3182
Microcontroller Arduino
Gate drive power supply | GW Instek PSS-3203, PSW 30-36
IGBT switches SGL160N60UFD
Converts Hi link 220V to 12V
Passive heat exchanger Heat sink

Fig. 7. Experimental setup layout and configuration

The NR algorithm was executed offline in MATLAB
to calculate optimal switching angles for harmonic
elimination. The computed angles were stored as lookup
tables in the Arduino’s memory, mapping different
modulation indices to their corresponding switching angles.
During real-time operation, the Arduino retrieves the
appropriate angles based on the desired output voltage and
generates precise PWM pulses with microsecond-level
timing accuracy. These control signals are processed
through gate driver circuits to trigger the IGBT switches at
the calculated instants. The PUC topology configuration
strategically switches the two DC sources to produce seven
distinct voltage levels: 0, £11 V, £22 V, £33 V, +44 V.
This switching sequence synthesizes a stepped quasi-
sinusoidal waveform that inherently suppresses the
specified 5™ and 7" harmonics while retaining the desired

fundamental voltage as depicted in Fig. 8.
RIGOL STOF

Izaml)

Fig. 8. Experimental output voltage -P

Oscilloscope measurements confirm a 7-level stepped
waveform with +44 V peak amplitude and 50 Hz
fundamental frequency. The waveform exhibits smooth
transitions between voltage levels with symmetric positive
and negative half-cycles. FFT analysis reveals the harmonic
spectrum with the fundamental component at 100 %
reference magnitude as illustrated in Fig. 9. The 5™ and 7"
harmonics are successfully suppressed to below 3 %,
compared to typical values of 15-20 % and 10-15 % in
conventional PWM methods. Higher-order harmonics (11™
and 13") remain at approximately 8 % and 6 %
respectively, as they were not targeted for elimination in
this implementation. The measured THD is 18.14 %,
representing a significant improvement over square wave
inverters which typically exhibit THD around 45 %,
validating the effectiveness of the SHE-PWM approach in

reducing low-order harmonics
RIGOL STOFP (e -

Frdil] =+

Fig. 9. FFT harmonic spectrum

The experimental results exhibit strong agreement
with the theoretical predictions across multiple
performance metrics, as presented in Table 4. The voltage
levels match the theoretical formula with 100 % accuracy,
confirming proper implementation of the PUC topology.
Targeted harmonics (5™ and 7™) are reduced to below 3 %,
validating the NR optimization effectiveness. The
measured THD of 18.14 % shows reasonable deviation
from theoretical predictions (12-15 %) due to practical
non-idealities including switching dead-time (typically
1-2 ps), device voltage drops (=2-3 V), finite rise/fall
times, component tolerances (£5 %), and DC supply
ripple (<1 %). The fundamental voltage exhibits linear
control with modulation index variation, confirming the
expected relationship between control input and output
amplitude. These results validate the practical feasibility
of SHE-PWM-based harmonic elimination in MLIs using
Arduino  implementation, demonstrating effective
reduction of low-order harmonics while maintaining
acceptable power quality for practical applications.

Table 4
Comparison of THD between simulation and hardware results
Type THD, %
Simulation results 13.19
Hardware results 18.14

Conclusions. The Newton—Raphson algorithm was
successfully applied to compute optimal switching angles
for selective harmonic elimination pulse width modulation
in 7-level packed U-cell MLIs, demonstrating rapid
convergence in solving nonlinear transcendental equations
and effectively eliminating the 5™ and 7" harmonics.

Simulation results achieved a THD of 13.19 % at a
modulation index of 1, while hardware testing validated
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practical feasibility with a THD of 18.14 %, confirming
acceptable power quality for grid-connected applications.

The 7-PUC topology provides significant advantages
including reduced component count compared to CHB
and NPC configurations, resulting in a more compact and
cost-effective design.

The  Newton—Raphson = method  offers a
computationally efficient solution suitable for real-time
implementation on resource-constrained embedded systems
such as Arduino-based microcontrollers, providing a viable
path for improving power quality in MLIs.

The proposed approach is applicable for renewable
energy integration, with future work recommended to focus
on experimental validation under varied operating conditions
and extension to higher-level inverter topologies.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
UDC 621.311 https://doi.org/10.20998/2074-272X.2026.3.13
S.A. Alomari, A. Smerat, O.P. Malik, R. Abu Zitar, M. Dehghani, Z. Montazeri

Power system operational optimization using the kakapo optimization algorithm for dynamic
economic dispatch

Introduction. Metaheuristic algorithms are effective for solving complex power system optimization problems characterized by
nonlinearity, multimodality, and high dimensionality. Nature-inspired strategies based on adaptive biological behaviors offer significant
potential to enhance search efficiency and convergence reliability. The recently published kakapo optimization algorithm (KOA) is
employed in this study to address the dynamic economic dispatch (DED) problem over a 24-hour horizon in multi-unit power systems.
Problem. The DED problem extends conventional economic load dispatch into a multi-hour planning horizon, considering hourly load
variations, generator ramp-rate limits, valve-point effects, and transmission losses. These characteristics render DED highly nonconvex
and nonlinear, posing challenges to conventional and metaheuristic techniques. Maintaining a robust balance between global
exploration and local exploitation is critical to prevent premature convergence or suboptimal generation schedules. Goal. To apply
kakapo optimization algorithm for the dynamic economic dispatch problem, aiming to generate economically optimal and operationally
feasible generation schedules over a 24-hour dispatch horizon while preserving population diversity and search stability. Methodol ogy.
KOA models two synergistic behavioral phases of the kakapo. Exploration is inspired by lek mating and acoustic signaling, where
higher-fitness solutions emit stronger «calls» that probabilistically attract weaker candidates toward promising regions. Exploitation
mimics freezing and camouflage strategies, performing fine-grained local adjustments around promising solutions with adaptive step
sizes. KOA is applied to a standard five-unit system over 24 hours and benchmarked against nine well-known metaheuristics. Results.
KOA achieves the lowest total generation cost, rapid convergence, and high robustness. Satistical performance metrics — including
mean, best, worst, standard deviation, and rank — consistently favor KOA, confirming its effectiveness for multi-dimensional, multi-
modal DED problems. Scientific novelty. KOA introduces a biologically inspired, self-adaptive search framework that balances
exploration and exploitation without external control parameters. Practical value. The algorithm provides a reliable, versatile, and
computationally efficient optimization tool for complex power system dispatch problems, with potential applications in renewable
integration, multi-objective optimization, and real-time adaptive operations. References 29, tables 4, figures 2.

Key words. dynamic economic dispatch, kakapo optimization algorithm, metaheuristic optimization, power system operation,
valve-point effects, economic load scheduling.

Bcemyn. Memaespucmuuni aneopummu € eghekmusnum 3ac060m po36’ 13anHs CKIAOHUX 3a0ay ONMUMI3ayii enexmpoeHepeemuiHux cucmem,
WO XapaKmepusylomvCsi HeHILHICIIO, MYTbIMUMOOALHICIIO Ma 8eUKO posmipricmio. [Ipupodoopienmosani cmpamezii, 3acHO8aHI HA
adanmugHiil 6ionoeiuniti Nogedinyi, MMy 3HAYHUL NOMEHYIAN Ol NIOBUYEeHHS egheKMUBHOCII NOWLYKY ma Haditimocmi 30iicnocmi. Y
0aHoMy O0CHOMNCEHHI OISl PO36 A3AHHSL 3A0a4l OUHAMIYHO20 eKOHOMIUHO020 po3nodiny Hasanmacenns (DED) y 6acamozenepamopux
eNeKmpoeHepeemudHUX cucmemax Ha 24-200unHoMmy IHMepeani 3acmoco8ano HewjoOagHO 3aNPONOHOBAHUL AN2OPUMM ONMUMI3AYIT KAKANO
(KOA). IIpobnema. 3aoaua DED e poswupennam KiacuuHoi 3a0aui eKOHOMIYHO2O PO3NOOINY HABAHMANCEHH HA 0a2amo200UHHUL
4aco8uUll 20pU3OHM 3 YPAxyBanHam NO20OUHHUX 3MIH HAGAHMAICEHHS, 0OMedICeHb WEUOKOCMI 3MIHU NOMYICHOCHI 2eHepamopis, egexmis
KIANaHHux movox ma empam y mepeoici. Lli ocobnusocmi pobname 3a0ayy DED cumvho meonyxknoro ma HeniuiiiHow, wo cmeopioe
MpPYOHOWE 018 MPAOUYITIHUX | MEAaespUCMUYHUX Memooig. [lna 3anobicants nepedyacitl 30iHcHOCII A60 OMPUMAHHIO HEONMUMATLHUX
epagikie cenepayii He0OXiOHO 3abe3neuumu HadiliHULL OANAHC MidC 2I00ATLHUM NOULYKOM 1 IOKATbHUM ymoyHenHAM. Mema. 3acmocysamu
aneopumm onmuMizayii Kakano 0a 3a0ayi OUHAMIYHO20 eKOHOMIYHO20 PO3NOOLTY HABAHMANCEHHS 3 MEMOK (QOPMYSAHHA eKOHOMIYHO
ONMUMATLHUX 1 MeXHiuHO Oonycmumux 2epagixie eenepayii Ha 24-200unHomy iHmepeani Oucnemuepusayii 31 30epedceHHAM
pisHomanimnocmi nonynayii ma cmabinenocmi nowiyky. Memoouka. Ancopumm KOA mooentoe 06i 63a€M0O00N08HIOBATLHI NOBEOTHKOBI
¢hasu kakano. Eman 0ocniodcenHs npocmopy HOULyKy IpYHIMYyEMbCs Ha WitoOHiIll n08edinyi Ha MOKOGUWI ma aKyCmudHil cueHanisayii, 3a
SKOI PO36’ A3KU 3 BUOIO NPUCIOCOBAHICINIO 2EHEPYIOMb CUTLHIULE <CUSHATU, WO 3 NEGHOIO UMOBIPHICIIO NPUMAYIomMb c1abuli KaHouoamu
00 nepcnexmugHux obaacmeii noutyky. Eman ymounenns imimye 3a6Mupanus ma MACKY6aHHs, 6UKOHYIOYU JNOKANbHI KOPUSYBAHHS
nepcneKmueHUX po36’ 3Kié 3a 00NOMO2010 A0anMUBHUX KpOKig. Aneopumm 3acmocoéano 00 CMaHOapmuoi n’amuaspe2amHoi cucmemu
npomsicom 24 200un i nopisHsaHo 3 0e6’ ssimoma sioomumu memaegpucmuynumu areopummamu. Pesynomamu. KOA 3abesneuye naimenuty
CyMapHy eapmicme 2eHepayii, WeUoKy 30IicHicmb ma 6Ucoky pobacmuicmes. CmamucmuyHi NOKA3HUKU eqheKmueHOCI, 30Kpema cepeoHe
SHAUeHHsl, HAUKpawull ma Hau2ipuiull pe3yibmamu, cmanoapmue GiOXwienHs i pane, cmabinbho niomsepodcytoms nepesazy KOA, wo
cgiouUmb npo 1oeo epexmusnicms 01 6azamosumiprux i myremumodarvrux 3aday DED. Haykosa nosusna. Ancopumm KOA nponownye
Oionoeiuno Hamxueny camOBOANMUGHy NOULYKO8Y CMPYKMYpY, AKa 3a0e3newye Oananc Mixe 2no0anbHumM NOULYKOM 1 JOKANbHUM
ymounennam be3 GUKOPUCIANHA napamempie 306Hiunb020 Kepysarns. IIpakmuuna 3uauumicms. Ancopumm € HaOiliHUM, YHIBEPCANbHUM
ma oGUUCTIOBAILHO ehEeKMUSHUM THCMPYMEHMOM ONMUMI3ayii 05l CKIAOHUX 3a0ay Oucnemuyepu3ayii enekmpoeHepeemuyHux cucmem i
Mae nomeHyian 3acmOCY68aHHsi 6 3a0auax iHmeepayii GIOHOBMIOBAHUX Odcepell eHepell, bazamoKpumepianbHoi onmumizayii ma
adanmueHo20 KepysanHsi 6 peaibHomy yaci.. biomn. 29, tabn. 4, puc. 2.

Knouosi crnoséa: nuHamMiyHMii eKOHOMIYHMH PO3MOAIT HABAHTAKEHHsI, aAJTOPUTM ONTHMI3auii Kakamo, MeTaeBPUCTHYHA
onrtuMizanisg, (yHKIiOHYBAHHS €JEKTPOCHEPIreTHYHOI CHUCTEeMH, e(eKTH KJIANAHHHX TOYOK, E€KOHOMiYHe IUIAHYBAHHS
HABaHTA’KeHHs.

Introduction. Optimization of dynamic economic
dispatch (DED) is a fundamental optimization problem in
power system operation, aiming to schedule generating
units over a multi-hour horizon while minimizing total
operating cost and ensuring compliance with system
constraints [1]. Unlike the single-period economic load
dispatch (ELD), the DED problem incorporates time-
coupled characteristics such as ramp-rate limits, valve-
point effects, prohibited operating zones, and transmission
losses, making it significantly more complex and highly
nonlinear [2]. Accurate and efficient DED scheduling is

essential for modern power systems, as it ensures
economic efficiency, enhances operational security,
accommodates fluctuating load patterns, and supports the
integration of renewable energy resources. As power
systems evolve toward higher penetration of variable
renewable energy and increased demand-side
management, the importance of robust DED optimization
strategies becomes even more pronounced [3].

Given the nonconvex, multimodal, and dynamic
structure of the DED problem, deterministic mathematical
programming approaches often struggle to provide globally
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optimal or computationally feasible solutions. In contrast,
metaheuristic algorithms have proven to be powerful tools
for solving complex power system optimization problems
due to their flexibility, derivative-free search mechanisms,
and strong global exploration capabilities [4, 5].
Metaheuristic algorithms are stochastic-based approaches
that rely on randomized search processes within the
solution space, enabling them to provide high-quality and
practically acceptable solutions for complex optimization
problems [6-8]. Numerous metaheuristic optimization
algorithms — ranging from evolutionary strategies to swarm
intelligence and physics-inspired techniques — have been
successfully applied to power system applications [9—12].
Recent literature demonstrates the increasing importance of
metaheuristic optimization techniques in solving DED
problems, particularly due to their strong ability to cope
with nonlinearity, nonconvexity, multimodality, and
operational constraints. A comprehensive survey of
economic and multi-area dispatch confirms the significant
expansion of metaheuristic applications in power system
optimization and highlights the need for more advanced,
adaptive, and robust methods for dispatch problems with
dynamic characteristics [13].

Several recent studies have enhanced classical
metaheuristics to address the complexities of DED under
renewable integration, uncertainty, and practical operating
constraints. For instance, an enhanced artificial
hummingbird algorithm has been shown to effectively
handle DED with uncertain wind power, ramp-rate limits,
and valve-point effects, demonstrating strong performance
across multiple dynamic test systems [14]. Similarly, the
chaotic hippopotamus optimization algorithm (CHOA) has
been applied to hybrid renewable power systems involving
wind, solar, and electric vehicles, providing improved cost
minimization and loss reduction over a 24-hour horizon
while satisfying transmission loss and prohibited operating
zone constraints [15].

Further improvements have been reported using a
cheetah-inspired optimizer, which incorporates demand-
side management and pumped-storage operation,
achieving measurable cost reductions in renewable-
integrated DED environments [16]. Differential evolution
(DE) variants have also been adapted for combined heat-
and-power DED, introducing migrating variables and
constraint-repair mechanisms that significantly enhance
feasibility and convergence behavior [17].

Additionally, the improved grey wolf optimizer
strengthens exploration—exploitation balance through chaotic
initialization and nonlinear convergence mechanisms,
achieving superior cost minimization compared with
traditional approaches across multi-scale DED systems [18].
Mathematical optimizers have also contributed to DED and
ELD improvement; for example, arithmetic optimization
algorithm variants using elementary function disturbances
provide enhanced global search capability, faster
convergence, and improved robustness when addressing
nonlinear ELD/DED formulations involving valve-point
effects and transmission losses [19].

Despite these advancements, DED remains a
challenging problem due to its dynamic constraints, high
dimensionality, and susceptibility to premature convergence
in existing optimization methods. As highlighted in recent
literature, the effectiveness of metaheuristics in solving
DED heavily depends on their ability to maintain a proper
balance between exploration and exploitation, avoid

stagnation in local optima, and adapt their search behavior
across the multi-hour dispatch horizon. Consequently,
developing novel, robust, and adaptive optimization
techniques continues to be an essential research direction in
power system studies.

In this context, the present study employs the recently
published kakapo optimization algorithm (KOA) to solve
the DED problem. KOA is a nature-inspired metaheuristic
based on the unique behavioral patterns of the kakapo bird,
offering an adaptive, parameter-free, and exploration —
exploitation-balanced search mechanism. Its evolutionary
dynamics, characterized by probabilistic attraction and
fine-tuned local search, make it a promising candidate for
addressing the inherent complexities of DED.

The goal of the work is to apply kakapo
optimization algorithm for the dynamic economic
dispatch problem, aiming to generate economically
optimal and operationally feasible generation schedules
over a 24-hour dispatch horizon while preserving
population diversity and search stability.

The major contributions of this study are
summarized as follows. First, a comprehensive DED
formulation is considered, incorporating practical system
characteristics such as ramp-rate limits, valve-point
effects, and time-varying load demands across a 24-hour
horizon. Second, the recently developed KOA algorithm
is applied to DED for the first time, and its performance is
rigorously evaluated. Third, an extensive comparative
analysis is performed against nine well-established
metaheuristic ~ algorithms to  assess  robustness,
convergence behavior, and cost minimization capability.
Fourth, statistical indicators — including mean, best,
worst, standard deviation, and rank — are examined to
ensure a fair and reliable performance evaluation.

Dynamic economic dispatch problem represents
one of the fundamental optimization challenges in modern
power system operation, as it extends the traditional single-
period dispatch problem into a multi-hour planning
horizon. Unlike ELD, where the load demand is assumed to
be constant at a single operating point, the DED problem
accounts for hourly load variations over a typical 24-hour
period. Consequently, its dimensionality becomes
significantly higher — specifically, 24 times larger than that
of the static ELD — since a separate generation schedule
must be determined for each hour of the dispatch interval.

In today’s operational environments, system operators
face continuously changing demand patterns, technical
limitations of generating units, and nonlinearities such as
valve-point loading effects. These complexities make the
DED problem highly nonconvex and computationally
challenging, thereby motivating the use of advanced
metaheuristic optimization techniques. The mathematical
formulation of the DED problem, including the objective
function and its associated operational constraints, is
presented in the following subsections.

Objective function. The goal of the DED problem
is to minimize the total generation cost over the entire
dispatch horizon. The cost of each generator is modeled
as a function of its real power output.

The objective function is defined as:

T Ng
Minimize: F = ZZ Fn(Pn), (1
h=li=1

where T is the total number of dispatch periods (hours),
typically T = 24; Ng is the number of committed (online)
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generating units; Pj, or Pj; are the real power output (MW)
of generator i at hour h (or t); Fin(P;) is the fuel cost of
generator i during hour h.

For each generator, the fuel cost is approximated by
a quadratic function:

Fe(Re)=aPR{ +B R+, 2)
where a ($/MW?), b, ($/MW), ¢ ($) are the cost
coefficients of generator i;

Valve-point loading effect. To model nonlinear

ripples in fuel cost due to valve-point opening, the cost
function becomes:

Fi(Re)=aR{ +b R +g +\a Sin(fi (F?t —Rmn )] . (3)

where €, f; are the valve-point loading coefficients for
generator i; P™" is the minimum power output (MW) of
generator i. The sinusoidal term creates multiple local
minima, significantly increasing the difficulty of the
optimization process.

DED constraints. A feasible DED schedule must
satisfy several operational constraints related to system
balance, generator limits and ramping characteristics.

Power balance constraint. At every hour t, the total
power generation must match the system demand plus
transmission losses:

NG
D Ri=Por+Pt» “4)
i=1
where Pp; is the system load demand (MW) at hour t;
P\ is the transmission loss (MW) at hour t.
Transmission losses are computed using the
B-coefficient formula:
Ng Ng
Pt =D RiBjPyt . 5)
i=1 j=1
where B is the loss coefficient (MW ') relating units i and j.

Generator operating limits. Each generating unit
can operate only within its physical minimum and
maximum output:

P™" < Py < P, (6)
where P/™" is the minimum power output limit of
generator i; P™ is the maximum power output limit of
generator .

Ramp rate limits. Generating units cannot change
their power output instantaneously. Their ramp-up and
ramp-down capabilities are modeled as:

Generation increase constraint:

min

Pit— Pie-1y < UR. (7
Generation decrease constraint:
Piw1y— Pi<DR, ()

where UR, is the ramp-up limit (MW/h) of generator i;
DR; is the ramp-down limit (MW/h) of generator i; Pjq )
is the output of generator i at the previous hour.
These restrictions create a feasible range for the
output during hour t:
max(P,™", Pyt ) — DR) < Py < min(P™, Py 1, + UR). (9)
Fitness function and constraint handling. A
penalty-based fitness evaluation is used to ensure that all
equality and inequality constraints are adequately
enforced during the optimization process. The fitness
function is expressed as:

)

=li=l

n N . 2
+ e [ZZ Re - F}“‘“J :
t=li=l1
where n is the number of hours in the scheduling horizon
(n=T); N is the number of generating units (N=Ng); 4, is
the penalty factor for power balance constraint violation;

A, 1s the penalty factor for ramp-limit violation.
The adjusted feasible limit P,"™ is given by:
R(t-1) DR if Rt <R(-1)—DR;
R =1 Ry) +UR, if Ry > R +UR;

R, else.

Fe(Re)+ /ﬁ[i% Rt - PDth +

t=1i=l

—

(10)

an

This formulation ensures that solutions violating
ramp limits incur a penalty rather than being discarded.

Kakapo optimization algorithm. KOA is a recent
bio-inspired metaheuristic method developed based on the
ecological and behavioral characteristics of the kakapo
(Strigops habroptilus), an endangered nocturnal parrot
native to New Zealand. The algorithm, originally
proposed in [20], captures the kakapo’s distinctive
survival, mating, and adaptive strategies, translating them
into mathematically structured search operators suitable
for solving complex optimization problems. In this
research, KOA is employed as the core optimizer for
minimizing the DED objective function presented in
section «Dynamic economic dispatch problem». To
enable a rigorous and transparent application of KOA to
the DED problem, this section provides a concise yet fully
detailed introduction to the theoretical foundations,
mathematical modeling, and computational operators of
the algorithm. KOA consists of two synergistic phases,
exploration and exploitation, each modeling a different
biological aspect of kakapo behavior. Exploration is
driven by long-range mating calls and lek-based selection,
encouraging global diversification. Exploitation, on the
other hand, is inspired by freezing and camouflage
strategies, promoting localized refinement of promising
solutions. Together, these mechanisms establish a
balanced search process capable of avoiding premature
convergence while efficiently guiding the population
toward high-quality regions of the solution space.

Biological motivation and algorithmic concept.
Kakapo exhibits several remarkable behaviors that serve
as the conceptual basis of KOA:

e Lek mating and acoustic signaling
(exploration). Male kakapos construct shallow lek
depressions that act as acoustic amplifiers, enabling their
booming calls to propagate over large distances. Males
emitting stronger calls attract more females. In KOA, this
is mapped into a mechanism where candidate solutions
with superior fitness generate stronger signals, and
weaker individuals are probabilistically guided toward
these promising regions.

o Fitness-based female selection. Females evaluate
multiple males and select the one emitting the most
dominant call. Algorithmically, each candidate evaluates
a set of superior solutions and moves toward the strongest
one, providing directional global search.
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e Freezing and camouflage (exploitation). When
threatened, kakapos avoid movement and rely on
camouflage rather than escape. KOA converts this
behavior into a local search operator that applies small,
adaptive adjustments around the current position,
gradually shrinking step size as iterations progress.

Exploration phase: global search via lek mating.
The exploration phase is inspired by the kakapo’s lek
mating system, where males attract females with booming
calls. In KOA, the relative quality of candidate solutions

determines their booming intensity, which guides
exploration:
fi — fworst Nion .
N -t if z fi = fuorst = 0;
En_ ZJ -1 worst (12)
, else,
Nkoa

where F" is the normalized of objectlve function value;
fi is the objective function value of i" member; Nkoa is the
number of population members; forg¢ = max{F;, F,,..., Frxoa}
is representing the least fit candidate. This normalization
ensures that better solutions emit proportionally stronger
signals.

The perceived signal by candidate i from candidate |
accounts for distance:

: F"
VLj::Vbux{Xi,X

\/Zd | Kid XJd)

where the denominator represents the Euclidean distance
between solutions X; and X, ensuring that influence
diminishes with distance and maintaining population
diversity.

Each candidate X; then selects potential mates from
the global best solution Xpeg and all superior candidates:

Male = {Xoes U X | Fu<Fi}. (14)

The dominant mate Malg is chosen as the individual
with the highest received signal. Candidate X; moves
probabilistically toward this selected mate:

X =X +25in(r§j-(|\/|a|% —1-Xi), (15

» (13)

where X' is the proposed new position for i"™ member
based on exploration phase; r ~ U(0, 1) is a uniform
random number; | € {1, 2} is a discrete factor controlling
attraction intensity. The new position is accepted if it
improves the objective value:

Pl .. PI
xi={xi ,if FP <F;

X, else.

(16)

Exploitation phase: local refinement via
camouflage. Local exploitation in KOA is motivated by the
kakapo’s defensive freezing and camouflage behavior. Once
a promising solution is identified, the candidate undergoes
small, adaptive adjustments to refine its position:

X2 = X; +(1—2sin[r%)]-|UB— Lg-e¥T, (17)

where X is the proposed new position for i"™ member
based on exploitation phase; UB, LB are the decision
variable bounds; t is the current iteration; T is the
maximum number of iterations. The candidate is updated
conditionally:

P2 .. P2
X5, if RE<E;
X;p=<4"" 7 ! r (18)
Xi, else.
This mechanism ensures precise local optimization,
stabilizes  promising candidates, and promotes

convergence toward optima.

In the following section, the DED problem — along
with its objective function and full set of constraints — is
optimized using the KOA. The performance of KOA is
then systematically compared with several other state-of-
the-art metaheuristic algorithms to demonstrate its
effectiveness and robustness in solving complex dynamic
dispatch problems.

Simulation studies and performance analysis of
KOA on the DED problem. In this section, the recently
proposed KOA is applied to the DED problem to evaluate
its performance in optimizing generation scheduling over
a 24-hour horizon. The primary goal is to minimize the
total generation cost while satisfying system operational
constraints, including generation limits, ramp rates and
network demand requirements.

Case study: 5 unit power system. The DED study
considers a standard 5 unit power system operating over
24 h. The hourly load demand profile and generator-
specific parameters are provided as follows: number of
load hours — 24; number of generators — 5.

Power demand (MW) over 24 h: 410, 435, 475, 530,
558, 608, 626, 654, 690, 704, 720, 740, 704, 690, 654,
580, 558, 608, 654, 704, 680, 605, 527, 463.

Transmission loss coefficients (B-matrix):

49 14 1.5

14 45 16 2 1.8
B=[1.5 1.6 39 1 12][x107

15 2 1 4 14

2 18 12 14 35

Generators data (Ppin, Pmax, cost coefficients and
valve-point effects) are presented in Table 1, while ramp
rate and operating zone constraints are provided in Table 2.

Table 1
Generators data

Unit|Ppin, MW|Ppa MW|a, SMW?[b, $/MW]c, §] e [ f
1 10 75 0.008 2 251100{0.042
2 20 125 0.003 1.8 |60 ]140| 0.04
3 30 175 0.0012 2.1 ]100|160{0.038
4 40 250 0.001 2 120{180/0.037
5 50 300 0.0015 1.8 ]40]200(0.035
Table 2
Ramp rate and operating zone constraints
Unit UR, DR, Zonel | Zonel | Zone2 | Zone2
MW/h | MW/h min max min max
1 30 30 10 10 10 10
2 30 30 20 20 20 20
3 40 40 30 30 30 30
4 50 50 40 40 40 40
5 50 50 50 50 50 50

Implementation of KOA on the DED problem.
The KOA algorithm was implemented to optimize the
hourly generation schedules of the 5 units over the 24 h
dispatch period. The hourly generation results obtained
from KOA are shown in Table 3, while the convergence
behavior of the algorithm is illustrated in Fig. 1.
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Table 3
Hourly generation schedule of generators over the 24-hour
dispatch horizon

(GSA) [23], whale optimization algorithm (WOA) [24],
teaching-learning-based optimization (TLBO) [25], multi-
verse optimizer (MVO) [26], tunicate swarm algorithm
(TSA) [27], grey wolf optimizer (GWO) [28] and marine

el
% g ; g :;) l;) § predators algqri‘ghm (MPA) [29]: .
an! &) (&) (&) &) &) 2 The statistical results obtained from 30 independent
runs of each algorithm are summarized in Table 4, and
1 |46.11662|83.52216| 83.2277 | 90.9579 |169.3697(473.1941 boxplot distributions of the objective function are
2 121.4801 [87.62952143.90394[139.9543]157.3372]450.3051 depicted in Fig. 2.
3 151.45117|70.03376(68.21506|128.6201{206.9151(525.2352 The results clearly demonstrate that KOA
4 137.86257|53.29862(74.47033|178.3501{192.3671|536.3487 outperforms all competitor algorithms in terms of mean
2 ;gég;gz ;Zgg}ég i?ggi’zi iggig;g 123;;‘1‘6 2?2;%2 and best generation cost, achieving the lowest objective
7 [51.04515]84.30845]114.7332|176.0769]208.0255]634.1892 :/eaitl;z (;?;c?rr;thr;s?ﬁg%l;gg ts:l‘;?yns%sr?:kl:i;a??zﬁhﬁ
8 [51.57515|84.69726|140.8388(172.6809|213.9147(663.7069 hichlichts th ist d robust £ KOA it
9 [63.70681|79.63767]129.6526]180.9167| 245.129 |699.0428| ~ '8N18NIS the consistency and robusiness o > 851
10[54.65936]94.41113]129.6619] 225.862 |209.4364714.0308] ~ cxXhibits the narrowest interquartile range and minimal
11[52.49315(80.26212[124.6985] 183.1834[251.3803]692.0174| ~ Variability in solution quality across multiple runs.
12[59.71101[105.8928137.3994|169.5833]276.8193[749.4059 Discussion. The superior performance of KOA on
13]52.1899 [ 109.967 [127.5033[186.7113]239.0105 715.382 |  the DED problem can be attributed to several factors:
14]53.20617|81.67361] 116.544 |236.5096]211.5443]699.4777 1. Effective balance between exploration and
15]51.99971]101.9325[119.3569(186.5427|202.7541]662.5859|  exploitation. The lek mating-inspired global search
1663.73308(76.59892(82.70339| 193.765 |168.9226| 585.723 efficiently guides candidate solutions toward promising
17147.08895]90.25797|114.2526| 143.979 |190.9772|586.5557|  regions, while the camouflage-driven local refinement
18] 53.4963 196.00657]120.3826/169.0987|176.6804|615.6646|  ensures precise convergence near optimal solutions.
19149.33967(79.86549(137.8555|187.8211{208.9346(663.8163 2. Preservation of population diversity. Distance-
2053.54952|91.23786]167.7917] 197.979 [203.6111]714.1692|  pased signal propagation prevents premature convergence
21149.37575[105.1834| 139.382 [149.2361|246.0384|689.2156 and maintains diverse solution candidates throughout the
22(50.12384|82.59457{104.1344|180.1852{196.0631|613.1011 search process.
23149.42887| 63.509 [69.39283|170.916 |183.0527|536.2994 3. Adaptive, stochastic search mechanisms.
24]52.14645] 72.6833 30 [151.2307]160.9773|467.0377 Sinusoidal random factors and iteration-based step size
(: : P p
7t DA OO DR (O Brebie: reduction provide fine-grained adjustments that enhance
oF solution accuracy.
il Overall, the simulation results demonstrate that
£ KOA is highly capable of generating cost-effective and
24 feasible generation schedules for complex, multi-unit
2at DED problems. The algorithm’s superior convergence
3@27 characteristics and robustness compared to GA, PSO,
GSA, WOA, TLBO, MVO, TSA, GWO and MPA
il - highlight its potential as a reliable tool for practical power
Iterations . R .
0 - we o system dispatch applications.
Fig. 1. Convergence curve of KOA performance on the DED x10° ____ Dynamic Economic Dispatch (DED) problem ‘
problem
gk ]
The convergence curve in Fig. 1 demonstrates that - _ E
KOA rapidly approaches near-optimal solutions within ‘§6* — — .
the first 100 iterations and gradually refines the total P é
generation cost to a minimal value, confirming the g2 =
algorithm’s stability and efficiency. E A T
Comparative performance analysis. To validate = = =
the effectiveness of KOA, its performance was off E Y
benchmarked against 9 well-known metaheuristic g ¢ 2z 8 3 gz g £ ¢ ¢
algorithms: genetic algorithm (GA) [21], particle swarm  Fig. 2. Boxplot diagrams of KOA and the competitor algorithms
optimization (PSO) [22], gravitational search algorithm on the DED problem
Table 4
Statistical results of KOA and competitor algorithms applied to the DED problem
KOA GA PSO GSA TLBO MVO WOA GWO MPA TSA
Mean 437887.2 | 6720657 | 5698276 | 1723748 | 5689705 | 1434226 | 1523670 | 4251127 | 814578.5 | 7415002
Best 241032 6697859 | 5689705 | 1630110 | 5689705 | 783827 1435945 | 3548498 524603 | 5636969
Worst 518064.2 | 6744016 | 5723987 | 1852886 | 5689705 | 2809419 | 1592087 | 5076836 | 1149721 | 8413637
Std 132165.5 | 24865.71 | 17141.04 | 94054.47 929183.4 | 65769.13 | 628895.2 | 300209.1 | 1267961
Median | 496226.4 | 6720376 | 5689705 | 1705998 | 5689705 | 1071828 | 1533324 | 4189587 | 791994.9 | 7804701
Rank 1 9 8 5 3 4 6 2 10
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Conclusions. Application of the KOA to the DED
problem in a multi-unit power system over a 24 h horizon is
investigated. The DED problem, inherently nonconvex and
highly nonlinear due to valve-point loading effects, ramp-
rate limits, and transmission losses, represents a significant
operational challenge for modern power systems. By
leveraging KOA’s bio-inspired mechanisms, including lek
mating-based  exploration and  camouflage-driven
exploitation, the algorithm effectively balances global
search diversification with local refinement, enabling the
identification of cost-optimal and feasible generation
schedules across all dispatch intervals. Simulation results on
a standard five-unit system demonstrate that KOA
outperforms nine benchmark metaheuristic algorithms in
terms of total generation cost, convergence speed, and
solution robustness.

The convergence analysis revealed that KOA rapidly
reaches near-optimal solutions within the early iterations,
while maintaining a stable search process that prevents
premature convergence. Statistical performance metrics,
including mean, best, worst, standard deviation, and rank,
consistently favor KOA, confirming its effectiveness in
handling multi-dimensional, multi-modal optimization
problems inherent in DED.

The success of KOA in this study can be attributed
to three key factors: 1) efficient global exploration
through  fitness-weighted acoustic  signaling and
probabilistic attraction, which enables the algorithm to
explore diverse solution regions; 2) precise local
exploitation inspired by kakapo freezing and camouflage

behavior, allowing fine-grained adjustments near
promising solutions; 3) adaptive, stochastic search
operators that enhance population diversity and

robustness against local minima. Collectively, these
features render KOA a reliable tool for complex power
system dispatch problems, ensuring both economic
efficiency and operational feasibility.

For future research, several avenues can be pursued
to further enhance the applicability and performance of
KOA in DED and related domains:

1. Integration with renewable energy sources such as
wind and solar, which introduces additional uncertainty
and intermittency in generation profiles.

2. Inclusion of multi-objective criteria, incorporating
emission minimization, reliability enhancement, and
system security alongside generation cost reduction.

3. Hybridization with other metaheuristics or machine
learning techniques to accelerate convergence and
improve adaptability to large-scale power systems.

4. Real-time and adaptive implementations, enabling
KOA to respond dynamically to sudden load changes or
generator outages in practical operational environments.

5. Investigation of scalability and parallelization
strategies, to efficiently handle large-scale systems with
high-dimensional decision variables and complex network
constraints.
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