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Purpose. Consideration of the design and determination of the electromagnetic parameters of a linear
stepper device during step-by-step movement of the moving link, obtainingformulas in analytical form for their
calculation and improving the operating efficiency of the linear stepper device.

Methodology. When conducting research on a linear stepper device with the step-by-step movement
of a moving link, the theory of electrical and magnetic circuits was used, and calculation of electromagnetic
parameters was carried out taking into account the design parameters of the switched-on stator section of a
linear stepper device that changes when the moving link moves by the step size.

Findings. The design features of n -winding linear stepper devices are considered and the operation
of the three-section structure of a linear stepper device is analyzed. An analysis of changes in the
electromagnetic parameters of the magnetic circuit in the section of the switched-on stator winding of a linear
stepper device has been carried out, and the dependence of the magnetic resistance in individual sections of
the magnetic circuit on the design parameters has been found, and the position of the moving link of the linear
stepper device. The correspondence between the change in inductive parameters when moving the moving link
and the change in electrical characteristics in the section of the switched-on stator winding of a linear stepper
device has been established.

Originality. The intervals of change in magnetic resistance when moving the moving link of a linear
stepper device by a step value are determined and analytical expressions for their calculation are obtained.
The change in inductive parameters when moving the moving link of a linear stepper device by a step size has
been studied, and analytical expressions have been found for calculating the inductance and its derivative for
the convenience of calculations, presented in dimensionless form.

Practical value. The results obtained can be used in the development of new designs of linear stepper
devices, and monitoring changes in electromagnetic parameters and electrical characteristics in the switched-
on winding section of linear stepper devices increases the efficiency of their operation.

Keywords: electromagnetic parameters; magnetic resistance; linear stepper device; moving link; step-
by-step movements.

Introduction. The widespread use of linear electromagnetic drives in various fields of
industry is due to severaladvantages: the elimination of intermediate mechanical and other gears from
the drive system to convert rotational motion into linear motion; environmentally friendly and quiet
operation; simplicity and reliability of design; manufacturability and wide functionality combined
with a simple control system. There are a large number of mechanisms that use a change in the
magnetic field in themto create a torque or synchronizing force [1-11]. Changes in the magnetic field
and electromagnetic processes during the operation of electrical machines [1, 2], for electric machines
with transverse magnetic flux [3—6], a change in characteristics is achieved through design changes:
the cross-section of the coils, the air gap, the distance between the poles. When moving a moving link
step by step, both rotationally [7-9] and linearly [10, 11], stepper devices are used. However, the
issue of the operation of these devices during linear step-by-step movement of the movable link of
the executive body has not been sufficiently considered. Particularly in need of additional research is
the change in electromagnetic parameters, which is based on a discrete change in the state of the
electromagnetic field in the working gap due to pulse excitation when moving the moving link by a
step size, which is a relevant scientific and technical task.

Statement of the task. When designing automated systems that include electromagnetic
linear stepper devices (LSD) with step-by-step movement of the moving link (ML) to ensure
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continuous operation of the LSD, the latter is taken into account as a variable active-inductive load,
which, depending on the design parameters of the LSD, will change significantly when moving the
moving link. The purpose of this work is to determine the change in magnetic resistance and inductive
parameters at intervals of movement of the moving link of the LSD, their influence on changes in
electrical characteristics, and current in the switched-on winding of the LSD, with step-by-step
movement of the moving link and increasing the efficiency of the LSD functioning.

Research results. From the whole variety of linear electromagnetic devices, we will consider
a cylinder-shaped structure [10, 11], inside which an ML moves, consisting of magnetic and non-
magnetic cylindrical inserts alternating along the length, and the cylinder itself, the stator of the
device, is assembled from separate sections and depending on their number can perform different
functions. For example, when n = 1 (single-section structure), it can be used as an electromagnetic
valve, which is equipped with a return spring to return to its original position. The valve operates
under the influence of electromagnetic forces of the switched-on section and returns to its original
position under the action of a return spring. At n = 2 (two-section structure), used as a reciprocating
structure or as a vibrator, where one or the other section is turned on alternately and the ML moves
back and forth. At n = 3 (three-section structure), which is shown in Fig. 1, allows the ML to make
various movements during the movement step or work out individual parts of the step when switching
several sections simultaneously. When you set two structures in each of which n =3 sections, it is
possible to obtain movement of the ML with a split step [7, 8], which is important, for example, when
developing robotic complexes.
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Fig. 1. Three-section structure of linear stepper device

Three-section structure of the linear stepper deviceis presented in Fig. 1, it has a cylindrical
shape, the moving element of which is made up of alternating non-magnetic and ferromagnetic
elements, one of which: a — is located in the magnetic equilibrium position of the previous turned on
section of the LSD stator, and the other: ¢ —in the position before the start of movement when working
out a step movements in the LSD stator section that is switched on according to the order of operation;
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ferromagnetic elements separated by non-magnetic inserts — §. Stator sections — B with magnetic
poles — 2, between which are located field windings — D and pole pieces — e, turned towards the
moving element. Design parameters that make up the structure of the stator section: h; — thickness of
the pole piece; h, — pole length; h; = h, — thickness of pole and rim stator sections; b,, — width of
the pole piece; b — the distance between poles (pole pieces ); b., — the distance between the poles of
the stator section; r; — radius of the moving link; o — technological gap between the stator section and
the moving link; x; — the gap between the ferromagnetic element of the moving link and the pole
piece; x — step of movement, which changes during the movement of the moving link when
development of which, ferromagnetic elementoccupies a magnetic equilibrium position under the
pole pieces, for example, in the middle section in Fig. 1.

The dependence of inductance on the magnetic resistance of the load circuit is known [12],
and has the form:

L =W2?/Rm, 1)

where is Rm = Y}, Rp= L/ S1+..+1, /1, S, — magnetic resistance of segments of the
magnetic circuit of the stator section of the switched-on winding of the LSD;
U, — magnetic permeability of the medium;
Sn— cross-sectional area of the magnetic flux;
I,— average length of the magnetic field line of each segment of the magnetic circuit;
W is the number of turns of the excitation winding of the magnetic circuit.

The magnetic flux is closed through all segments of the magnetic circuit (Fig. 1, segments 1—
6), to find the total magnetic resistance, we determine the magnetic resistance at each segment [13].
As can be seen from the given structure of the LSD, the geometric dimensions of the stator section
are fixed, then we get five segments of the magnetic circuit: R,;;; = Rypi Rz + + Rz Y Ryut+ Rips—
the values of which do not change when the ML of the LSD is moved. For these segments, we
determine the average length of the magnetic field line and the cross-sectional area through the
geometric dimensions of the stator section: [, = I = hy; S; = S = 2nb, (0 + +17); I, =1, = hy;
S, =8, =2mh3(0c + + 71, + hy); I3 = by + hg; S3 = mhZ; u, — is the magnetic permeability of the
medium in five areas, then the total magnetic flux in areas where the geometric dimensions do not
change when moving the moving link, has the form

5
1 h h b..+h
Ry = Z Rpp = [ : 2 +— 2 . (2
k=1 H

7t "ot hy) B2

To calculate the magnetic resistance in the sixth segment of Fig. 1, the geometric parameters
of which changewhen moving the ML of the LSD, letus represent magnetic field lines as circular arcs
[12, 14]. Circular arcs create elementary tubes of magnetic conductivity, which makes it possible to
approximately write them in analytical form. The edge conductivities between the corresponding
faces of the stator section are found by integrating elementary tubes that determine the relative
position of the faces of the poles, pole pieces and the ferromagnetic element in the direction of
movement of the moving linkof the LSD. We will determine the edge conductivities for three ranges
of changes in the position of the moving link of the LSD: the first range — before the start of
movement; second range — movement by step size; the third range is the position of magnetic
equilibrium in the section of the switched-on stator winding of the LSD.

Let's consider the operation of the LSD using the example of the switched-on right section in
Fig. 1, where the ferromagnetic element of the ML moves to the left until the magnetic equilibrium
position is reached under the pole pieces of poles A and B. We write the total magnetic resistance in
the sixth segment as,
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Rmz = 1/Gy +1/G,, 3)

where is G; —the conductivity of the first pole of the stator section of the LSD;
G, — conductivity of the second pole of the stator section of the LSD.

For the first range of changes in the position of the ML within 0 < X; < b/2 the right section
in Fig. 1, magnetic resistance through the conductivity of the faces of the first (A), second (B) poles
and faces (C) of the ferromagnetic element of the moving link

Riz1 = : + !
T G(BiCy) + G(ByCy) + G(B3Cs) + G + G G(A1Cr) + G(A2C,) + G(A2C,)

where A1, By, C; are the faces of the pole pieces of poles A and B turned towards the moving

linkof the LSD and the left end surface C of the ferromagnetic element of the moving link in Fig. 1;

Az , B2, Co— the internal faces of the poles A and B and the surface C of the
ferromagnetic element of the moving link facing the pole pieces A and B;

Az, Bz, Cs— the outer edges of the poles A and B and the right end surface C of the
ferromagnetic element of the moving link;

G(B,C,),G(B,C,),G(B3C3), G(A,C,),G(A,C,), G(A,C,)- conductivity between the
corresponding faces;

G, , Gg — conductivity on the surface of the ferromagnetic element of the moving link
under the pole piece B, the field lines of which are concentric circles centered at these points.

(4)
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Fig. 2. Graphics of inductance and its derivative in dimensionless form

Then the total magnetic resistance for the first range, taking into account expressions (2) and
(4): Ry = Ry + Rpz1, and the inductance L, = W2 /R,y = W?/(Rpm1 + Rimz1) has @ minimum
value on the graph — L”, Fig. 2, before the moving link of the LSD begins to move. To determine the
relationship between electromagnetic parameters, consider the value of inductance L; and its
relationship with the change in electrical parameters in the winding of the switched-on section of the
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LSD. As can be seen from changes in the current value in the switched-on windings of the LSD [7,
15, 16], with minimal inductance, the current increases in the winding of the switched-on stator
section in the absence of movement of the moving link.

The second range, when X; < b/2 characterizes the movement of the moving link by a step
size in the direction of the pole piece A of the switched-on right section of the LSD, where the
inductance of the magnetic circuit increases, and the current in the switched-on excitation winding
decreases [7, 15, 16]. Then the magnetic resistance has the form:

1
R, ., = +
M2Z T G(ALCy) + G(ALC,) + G(A,C,) + 26,

1

()

+ .
G(B,C,) + G(B.Cy) + G(B,C3) + G(B3C3) + 2G,

The total magnetic resistance in the second range, taking into account expressions (2) and (5),
is defined as R,; = Rym1 + Rmz2, and the inductance (1) has the form L; = W?/R,,; =
= W?2/(Ry1 + Rmz2) and continues to increase on the graph — L”, Fig. 2.

In the third range, when X = X,,,., the ferromagnetic element of the moving link of the LSD
took a step of movement and reached the position of magnetic equilibrium in the section of the
switched-on excitation winding. The current in the switched-on winding begins to increase [7, 15,
16], and the inductance reaches its maximum value on the graph — L", Fig. 2. Magnetic resistance at
a given position of the moving link

1
R, o = +
m23 T G(ALCy) + G(ALC) + G(A,Cy) + G(ALC3) + 26,

1

(6)

+ .
G(B,C,) + G(B.Cy) + G(B,C3) + 2G,

The total magnetic resistance in the third range, taking into account expressions (2) and (6),
is defined as R, = Rm1 + Rmzs, and the inductance (1) has the form L;,; = W2/Rpy =
= Wz/(Rm1 + Rin23)-

Conductivity (A,C,) is due to the interaction between the corresponding faces and for xi1 >o,
has the form:

G(A1C1) = [ (o ldr) /(r 1/2) = (2uo /) In((1 + 0)/x1), )

where r;is the current radius of the circular arc of the elementary tubes that come from the
end of the ferromagnetic element C; of the moving linkon the edge of the pole piece Ai1 pole A;
[- effective length in the direction normal to the power lines;
Ho = 410~ 7H/m — magnetic constant.

The effective length can be taken equal to the circumference of a circle with radius r; +
+a, minus the radius of the average field line found as the geometric mean between x1 and (r; +

+0),thenl=2 n[r1 + 00— Jx; (rp + a)]. Thus, the conductivity (7) between the faces has the

form: G(A1C1) = 4ug[ry + 0 — Jx1 (. + o) In((ry + 0)/x1).

After appropriate transformations, it is possible to calculate the conductivities between other
faces of the ferromagnetic element of the moving link, the poles and pole pieces at the step of moving
the ML of the LSD.

Let us imagine the electrical equivalent circuit of the switched-on winding of the stator section
of the LSD in the form of a series connection of inductance and active resistance of the winding [12].
Then the equation of the electrical circuit has the form:
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iRy +L-di/dt+i- dL/dt = U, or di/dt + i dLdx/Ldxdt + i Ry /L = U, /L, (8)

where is U,, —the rated voltage of the power supply;
Ry — active resistance of the excitation winding;
i — field winding current;
L — inductance;
dL— derivative of the inductance of the magnetic circuit of the switched-on section
of the LSD.

Taking into account the equation of an electrical circuit (8), the change in the parameters of
the magnetic circuit, expression (2 — 6) and the analysis of experimental data on the change in
inductance depending on the position of the ML of the LSD [1, 13], at a step of movement in the
range ¢ < x < (b, + hs — b,)/2, the inductance and its derivative can be represented in the form
(9) and (10):

(x —¢§)

L=Ly —AL , 9
i~ 881 COS (bCT +hs + by, — 25) ©

dL T m(x —&)
al_ - 10
@ 2(b + hy — b, — 20) " Lisin (bCT +hs — b, — zg)' (10)

and for the range (b, + hs — b,)/2 < x < (b, + h3)/2, in the form (11) and (12)
2% + b, — by — h
L =1L, + ALy sin| = n—ba ~ ha)) (11)
2b,,
dL =« m(2x + by, — by — h3)

— = — AL , 12
dx _ 2b, 4 C°S< 2b,, (12)

where x is the displacement of the moving link along the switched-on stator section;
& — displacement of the ferromagnetic element of the moving link from the position of
magnetic equilibrium in the section of the switched-on winding;
AL; —the increase in inductance in the section from L,,;,, to L;when the
ferromagnetic element of the moving link fits the pole piece of the switched section;
AL;; —increase in inductance from position x = bz—" to position of magnetic
equilibrium of the switched-on section;
L; = L,,in— minimum inductance before the moving linkof the LSD begins to move;
Li;; = Lyjax— Maximum inductance in the magnetic equilibrium position for the
switched-on LSD section.
To maintain equality of changes in inductance (9) and (11) between displacement sections,
we use approximating functions: AL;/AL;; = (bey + hg — by, —2&)/by;AL; = (Lyy—L;) ((ber +
+hs — by — 28)/(by, — 28)); ALy = (Lyy — Ly) by /(b — 28).
To reduce the volume of calculations, we reduce expressions (9-12) to dimensionless form.
Coefficients that determine the relationship between dimensional and dimensionless quantities:

L* = L/L[, AL>;= ALI/LII AL?I = AL”/LI;E = X/xo-; E* = E/xo-; K = bn/2x(,, (13)

berths .
where x, = CTT3 is the movement step,

Ly = Lyin = L;y—minimum inductance before the moving link begins to move.
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After appropriate transformations, taking into account the coefficients (13), at the step of
displacement in the range £* < ¢ < 1 — K, inductance and its derivative can be represented in the
form

n(e—¢&" dL* s m(e—¢&*
L* = L}; — ALj cos 2(1(——1(52(*) e 2(1_—1(_€*)AL’; sin [2(1(_—1(5;) , (14)
and intherange 1— K < ¢ < 1, in the form
L* = Ly + AL} sin lwl ;d—L* = lAL*}, cos lwl (15)
2K de 2K 2K

Using the given expressions (14, 15), dependencies were constructed for inductance, graph —
— L*and its derivative, graph — dL*/de, presented in Fig. 2.

When analyzing the dependence of inductance and its derivative on the coordinate at the
movement step in Fig. 2, before the start of movement, the inductance is equal to L; — is minimal,
and its derivative has zero value. After the start of movement, the inductance L;; — increases, and the
derivative is significantly in creases. When the moving link approaches. pole piece, the inductance
does not change significantly, which leads to a rapid change in its derivative, which in the magnetic
equilibrium position takes on a zero value. The magnetic circuit closes through areas with low
magnetic resistance and the inductance L;;; — reaches its maximum value. In accordance with the
change in the inductive parameters of the LSD in Fig. 2, a change in the electrical characteristics
occurs, the current value in the winding of the switched-on LSD.

From the analysis of the time intervals of moving the moving link by the step size and
changing the current in the winding of the LSD [15], an increase in the current after passing its
minimum value corresponds to a decrease in the derivative of the inductance to zero in Fig. 2,
switching the LSD windings at this point in time makes it possible to increase the dynamic
characteristics of the LSD by 1/3 relative to traditional switching upon achieving a steady current
value in the LSD winding, and when switching at the maximum value of the inductance derivative in
Fig. 2, which corresponds to the minimum value of the current in the winding of the LSD after the
end of the movement of the moving link by the step value, it is possible to increase the dynamic
characteristics of the LSD by 1/2, while the energy indicators of the consumed energy of the LSD are
correspondingly improved, which is no longer spent on heat losses and heating of the LSD, after
completing the move step.

Taking into account the above, when developing LSD control systems that monitor changes
in electromagnetic parameters and electrical characteristics, for example, the currents values in the
windings of the LSD, it is possible to implement control without additional sensors to control the
movement of the moving link and increase the efficiency of the LSD operation.

Conclusions.The design of a three-section linear stepping device is considered and a study of
its operation at the step of moving the moving link is carried out. An analysis of changes in the
electromagnetic parameters of the LSD was carried out and analytical expressions were obtained for
calculating magnetic resistance, inductance and its derivative depending on the design parameters of
the LSD, when moving the moving link by a step size, for the convenience of calculations presented
in dimensionless form. Atanalysis of changes in the inductive parameters of the internal structure of
the LSD and electrical characteristics, for example, changes in the current value in the winding of the
switched-on stator section of the LSD; their relationship was established, which makes it possible to
organize the effective functioning of the LSD by monitoring electromagnetic processes and electrical
characteristics in the LSD’s own design without the use of additional complex hardware funds.
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At the same time, changes in the air gap between the stator and the moving link of the LSD,
design changes in the step of movement of the LSD, the manufacture of windings at different
distances between the poles of the LSD require additional research, there is a promising direction for
the development of new designs of LSD to improve the functionality, energy efficiency, and speed
of the executive bodies of the meansautomation of technological processes of industrial production.
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YKuiscoxuii nayionanvuuii ynisepcumem mexnonoziii ma ousatiny, Yxpaina
Haykoeo-supobnuye nionpuemcmeo «MTIy, Kuis, Yxpaina
BU3HAYEHHSA EJIEKTPOMATHITHUX ITAPAMETPIB
JIHIMHOI'O KPOKOBOI'O ITPUCTPOIO

Mema. Q2150 KOHCMPYKYIT Ma SU3HAYEHHS eIeKMPOMACHIMHUX NAPAMEMPI8 NIHIUHO20 KPOKOBO2O
NPUCMPOIO NPU NOKPOKOBOMY NEPECYBAHHI PYXOMO20 NAHYI02a, OMPUMATIY (OPMYIU 8 AHATTMUYHIT hopmi
07131 X pO3paxyHKy ma nioguuyenHs epexmueHocmi hyHKYIOHYBAHHS TIHIIHO20 KPOKOBO20 NPUCTPOIO.

Memoouxka. Ilpu nposedenHi 00Cni0NHCEHb JIHIIHO20 KPOKOBO2O NPUCMPOIO 3 NOKPOKOBUM
nepecy8anHiam pyxomoi JaHKu 3aCmoco8y8alacs meopis eAeKmpUyHUx i MAeHIMHUX JIAHYIO2I8, PO3PAXYHOK
ENeKMPOMASHIMHUX NApPaMempie SUKOHAHUL 3 YPAXY8AHHAM KOHCMPYKMUBHUX NAPAMEMPIE GGIMKHYMOL
cekyii cmamopa NiHIHO020 KPOKOBO2O NPUCMPOIO, WO 3MIHIOIOMbCA NpU NepecyB8aHHi pYXOMOi JIaHKU Ha
008ICUHY KPOKY.
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Pesynomamu. Posznsanymu KoHCmMpyKmueHi ocobnugocmi N — 0OMOMKOGUX JIHIUHUX KPOKOGUX
npucmpoie ma npoeoeHuti ananiz pobomu mpboxceKyitihoi cmpyKmypu JiHitIHO20 KPOKO8020 NPUCMPOIO.
Bukonanuii ananis 3min enekmpomMacHimHux napamempie MazHimHo20 1anyo2a 68 CeKYii 6GIMKHYmMOoi 0OMOmKuU
Cmamopa AiHitiHO20 KPOKOBO20 NPUCMPOIO, SHAUOEHA 3ANIeHCHICING MACHIMHO20 ONOPY HA OKPEMUX OLIAHKAX
MA2HIMHO20 1aAHYI02a 8I0 KOHCMPYKMUBHUX NAPAMEMPIE MA NOIONCEHHS PYXOMOI NIAHKU JTIHIUHO20 KPOKOBO20
npucmpor. Bemanosenena 6ionogionicme 3miH iHOYKMUBHUX NAPAMEMPIe NpU NepecyB8anti pyXomoi NanKu,
SMIHAM eNeKMPUYHUX XAPAKMEPUCMUK 6 CeKyii 66IMKHYMOI 0OMOMKU cmamopa JiHIlIHO20 KPOK0BO20
npucmpoio.

Haykoea nosusna. Buznaueni inmepeanu smin MAacHIMHO20 ONopy npu nepecys8anHi pyxomoi AaHKu
JIHIUHO20 KPOKOBO20 NPUCMPOIO HA O0GICUHY KPOKY MA OMPUMAHT AHANIMUYHI UPA3U OAA iX PO3PAXYHKY.
Jlocniosceno 3minu IHOYKMUBHUX NAPAMEMPI8 Npu Nepecy8aHHi pyxXomoi NaHKu JAiHIUHO020 KPOKOBO2O
NPUCMPOIO HA O0BICUHY KPOKY, 3HANUOCHI AHANIMUYHI 8Upa3U OJisl PO3PAXYHKY IHOYKMUBHOCMI md il NOXIOHOT
07151 3pYHHOCII 00UUCIeHb HAOAHUX 8 Oe3DO3MIPHOMY 8UAJI.

Ipakxmuuna snauumicmes. Ompumani pe3yrbmamu MoXIcyms 6ymu 6UKOPUCMAHI nPu po3pooYyi HOBUX
KOHCMPYKYIU JIHIUHUX KPOKOGUX NPUCMPOi8, A KOHMPOTb 3d 3MIHAMU eleKMPOMASHIMHUX napamempie ma
eNeKMPUYHUX XAPAKMEPUCMUK 6 CeKYii 88IMKHYMOI 0OMOMKU NIHIUHUX KPOKOGUX NPUCMPOIB, NiOsuyye
ehexmuenicmy ix OyHKYIOHYBAHHS.

Knrouosi cnoea: enexmpomasnimui napamempu, MAcHIMHUL onip, MHIUHUL KPOKOBUL NpUcmpil,
pyxomuil 1aHyio2; NOKPOKOGe Nepecy8aHHsi.
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