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Many technical objects use the electromagnetic DC actuators, which, unlike AC actuators, are more reliable, simpler in terms
of manufacturing technology and have greater wear resistance. The listed advantages are the reason for the significant use of
DC actuators in various industries including application as drive mechanisms of electrical devices. The DC actuator as a part
of any technical object almost always plays one of the main roles _from the point of view of reliable operation of entire device.

Therefore the question of studying the designs of actuators and their characteristics is a rather topical task. Three designs of
forward-moving electromagnetic DC actuators with the same overall dimensions and winding data are studied. They differ in

the shapes of the supporting surfaces of poles, in other words, the surfaces with flat, conical and cut-conical shapes. As
established, the shape of the supporting surfaces of poles has a significant impact on the thrust characteristics of the actuator
and depending on the length of air gap this effect has a different character. The patterns of magnetic field of the studied
actuators with an attracted armature are constructed, and the nature of magnetic field distribution and magnetic flux density
distribution in operated gap are evaluated. The nature of the influence of cutting angle on static thrust characteristic for
actuators with conical and cut-conical pole shapes is studied too. References 21, table 1, figures 7.

Keywords: electromagnetic DC actuator, static thrust characteristic, finite-element method, shape of supporting surfaces,

poles of DC actuator.

Introduction. Direct current (DC) electromagnetic actuators are used as a source of mechanical
displacements and creation of necessary forces in many technical objects. In contrast with AC actuators, DC
actuators are more reliable due to the lesser number of parts in their construction. The actuators are simpler
from the point of view of fabrication practice, do not require the operations of stamping, riveting, grinding of
supporting surfaces, installation of short-circuited turns, etc., do not fail when the supporting surfaces of
poles are contaminated or when short-circuited turns in the windings occur and have greater wear resistance.
The listed advantages are the reason for the wide use of DC actuators in various industries including
application as drive mechanisms of electrical devices.

The DC actuator (hereinafter referred to as actuator) as a part of any technical object almost always
plays one of the main roles from the point of view of entire device reliability as a whole. Therefore the issue
of improving the designs of actuators in order to improve their characteristics is a rather urgent task.

Review of publications. Problem definition. Many publications both among the domestic [1-3]
and foreign scientists [4—17] are devoted to the problems of investigation and numerical modeling with
further experimental verification of various actuator designs, but insufficient attention is paid to study on the
influence of the shapes of the support surfaces of poles of forward-moving DC electromagnetic actuators on
their static thrust characteristics. Therefore the further development of investigation in this area is relevant. It
should be noted that in the vast majority of works the tool for conducting the numerical calculations is
commercial licensed computer codes, which are currently practically inaccessible to most domestic
researchers. This significantly limits the possibilities of domestic scientists. The FEMM code [18] among the
codes with open access is the most widespread. This code is built on finite-element method and its computed
results are verified experimentally by electrical engineers [19, 20]. Therefore the FEMM code is used in this
work for study and modeling of electromagnetic processes in DC forward-moving actuator. The finite-
element method is used along with FEMM program on open access [18] to carry out the numerical
calculations of the static thrust characteristics of DC actuator.

It is known [8, 12, 16, 17] that the static thrust characteristic is one of the important characteristics of
actuators. That is the dependence of thrust force F' on the length of operated air gap 6 between the poles of
actuator at the constant magnetomotive force of winding F,,. The shape and dimensions of the supporting
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surfaces of actuator’s poles have an effect on the shape of the thrust characteristics of actuator. The analysis
of publications reveals that the question on the influence of DC actuator poles shape on the thrust
characteristic of actuator does not sufficiently studied especially in the sense of improvement of design and
technical characteristics.

The aim of this work is to determine the nature of the influence of the shape of poles supporting
surfaces of DC electromagnetic actuator on its static thrust characteristic. The study is based on the
determination of the magnetic field distribution in operated air gap between the poles of the actuator.

The well-known approach is used for numerical modeling of magnetic field of the actuator.
According to this approach the magnetic field is determined in the subdomains, within which the magnetic
permeability of ferromagnetic materials generally depends on the magnetic field strength in accordance with
the main magnetization curve of corresponding material [21]. This allows to carry out the numerical solving of
the nonlinear Poisson equation for given regions in terms of magnetic vector potential A(x, y, z) [21] for the
known current density vector j(x, y, z) of external source specified by initial data. Here the boundary conditions
for magnetic vector potential at subdomain boundaries are applied. The conditions are derived by the tangential
components of magnetic field strength H and the normal components of magnetic flux density B.

The Poisson equation in the general case of calculating the spatial distribution of 3D magnetic field
in a ferromagnetic medium in the Cartesian coordinate system has the form [21]

V|:iVA(x, v, z)} =—j(x,r,2), (1)

where A is the magnetic vector potential; j is the current density vector of external source; u is the magnetic
permeability of the material; V is the Hamiltonian operator.

The finite-element method [21] allows to solve equation (1), that is to find the spatial magnetic field
distribution in the structure under consideration by, for example, minimizing the corresponding functional
(such a functional in FEMM code is the magnetic energy W accumulated in the field). The initial data
supplemented by boundary conditions as well as energy dependencies lead to a system of nonlinear algebraic
equations, the result of solving of which is the spatial distribution of magnetic vector potential 4. Knowing
its values at each point of computational area allows to find magnetic flux density vector B and magnetic
field strength vector H according to following expressions [21]:

B=rot4;, H=B/u. 2

Further, with known parameters of the magnetic field (2) at each point, the thrust force F' of actuator
can be found by:

F= % § [H(nB)+ B(nH) - n(HB)]dS , 3)

where B is the magnetic flux density vector on the outer surface of body; » is the unit normal vector; S is the
surface over which the integration is carried out.

To perform the numerical modeling of magnetic field for axisymmetric actuator, equation (1) is
written in the cylindrical coordinate system as

3( ! %}g( ! 8(#140)):_].(&2)’ @
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where 4, is the magnetic vector potential (azimuthal component); r, z are the coordinates of the point of
magnetic field region; u(r, z) is the magnetic permeability of material at corresponding point in space with
coordinates r, z (at corresponding node of finite-element mesh), the magnetic permeability depends on
magnetic field strength H at point r, z; j is the given current density of external source at point with
coordinates 7, z.

The equation is solved in the domain as an open space:

re (09 OO), FAS (_OO’ OO) s (5)
with the boundary condition of symmetry on the axis:
4,(0,2)=0. (6)

That allows considering the field in r-z plane, that is, within only half of actuator design, and then the
significantly reduced computational resources (running time, on-line storage, computer random access
memory) is required for simulation.

Practically in order to limit the computational region, the zero boundary conditions for the azimuthal
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component of magnetic vector potential 4, are set at the outer boundaries of the region sufficiently distant
from actuator.

The non-linear equation (4) has no analytical solution for the complex configuration of boundaries,
including the case under consideration; therefore the modern numerical methods are used to solve such
equations, the most widespread of which is finite-element method [21].

The subject for investigation in this article consists in the three most common designs of
cylindrical axisymmetric actuators with the same overall dimensions and winding data. The designs differ
only in the shape of the supporting surfaces of poles, particularly — with flat (PL), conical (CON) and cut-
conical (CUT) shapes according to Fig. 1 and Table (dimensions of the actuators are given in mm).

Fig. 1

The magnetization curve B = f{H) of 10895 steel for the armature and actuator body is shown in
Fig. 2.

The parameters of actuators' windings are assumed to be the same, specifically: supply voltage U,. =
36 V; turn number w = 4500; winding wire diameter d,, = 0.5 mm; current in the winding /= 0.47 A.

Armature — 10895 steel Body — 10895 steel Coil Gaps
Pole dy dy» Iy My | dp | dpo | dps | dpa | her | Beo | Bes | Bea | @ | v | 7| Ais | Omin | Onax
Flat (a=90°) — — — —
Conical (a=55°) — 50 - 65
Cut-conical (o= 30°) 36 20 63 50 |36(80|100|20|52|10|{10|65|18|86|2|2 |0,2]| 8
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In Table: Ay is the thickness of winding shrouding; J,; is the minimum gap between the armature and body
when the armature is attracted, (the gap takes place due to surface roughness and anti-corrosion coating);
Omax 18 the maximum gap between the armature and body at released armature.
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Computed results. The static thrust
characteristics of the actuators studied are obtained as a
result of computations. The results along with opposing
characteristic (P) are shown in Fig. 3. For better
visualization Fig. 3 shows simultaneously the enlarged
sections of thrust characteristics near gap with length &
=2 mm and 6= 8 mm.

Analysis of the obtained results (Fig. 3) shows
the following:

ethe shape of pole supporting surfaces
significantly affects the shape of actuator thrust
characteristic, and depending on air gap length, this
effect has a different character;

o when the armature is attracted (6 = 0.2 mm),
the actuators with all shapes of pole supporting surfaces
are operable, as they develop the thrust force greater
than the opposing characteristic. The actuator with flat
pole shape develops the largest thrust force (1175 N),
which is 1.45 times greater than the thrust force of the
actuator with conical pole shape (810 N) and 2.32 times
greater than the thrust force of the actuator with cut-
conical poles (507 N);

eat 6 = 2 mm (the «jump» of opposing
characteristic, associated with the need to create the
additional pressure, for example, in order to compress
the contact spring of electrical device and to ensure the
necessary force of contact pressure), the actuator with
flat pole shape is already inoperative, since its thrust

-Foon=338N R con | force (294 N) is less than the opposing characteristic
:?CUT;ZS’}l%N = 1 (300 N). In this section of armature movement, the
S=8 mm: 7 I — ___PL || actuator with conical pole shape (338 N) develops the
“Feyr=74N | | greatest thrust force, which is 1.1 times greater than the
:glfi’i:}g%N . 728 s Zoom ¢ thrust force of the actuator with cut-conical pole shape

Fig. 3

(310 N) and 1.15 times greater than the thrust force of
the actuator with flat pole shape (294 N);

e when the armature is released (0= 8 mm), two actuators: with flat (38 N) and conical (50 N) pole

shapes are incapable of start for movement and overcoming the opposing characteristic (70 N) and,
accordingly, are inoperative. Thus the only actuator with cut-conical pole shape remains operable; the thrust
force of such actuator at initial moment is the largest (74 N), the force is 1.48 times greater than the thrust
force of the actuator with conical pole shape (50 N) and 1.95 times greater than the thrust force of the
actuator with flat pole shape (38 N);

¢ only changing the shape of pole supporting surfaces provides the capacity of operation of actuator
without changing either overall dimensions or the dimensions of magnetic core sections, or supply voltage
and winding data. In order to reveal the nature of magnetic field distribution for the studied actuators, the
computations are carried out using FEMM code. The magnetic flux density distributions at attracted
armature are presented in Fig. 4. In this case the maximum saturation of the magnetic system takes place.

The plots of magnetic flux density in operated air gap at attracted armature are shown in Fig. 5.
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B, T PL The analys1s of computed results in Fig. 5
1.7 — shows the following:
1.6 \1 e the plots of magnetic flux density in the
154 area of operated gap of the actuators with flat and
14l conical pole shapes have a monotonic character with
' average value of ~1.7 T for armature with flat pole
3 shape and ~1.4 T for armature with conical pole
1.29 P shape. It is obvious that the lesser value of magnetic
mm o .
114 z - e flux density is related to the larger area through which
15 the magnetic flux passes in operated gap;
S1B,T CON .
1.4+ — = e the average value of the magnetic flux
12{/ W density of the actuator with cut-conical pole shape is
il ‘ the smallest among all considered actuators
n (~1.2 T), and the magnetic flux density variation is
0.9 ‘ more complex and nonuniform, i.e. with sharp
0.8 “ increase in the area of pole cut and further
g';’ monotonous decrease.
05 d, mm The next stage is studying the influence of
0 5 10 15 2 angle « (see Fig. 1) on the static thrust characteristics
27 . . .
B, T cur  of the actuators with conical and cut-conical pole
. N shapes. The results of computations are given in
' / \ Fig. 6, a for actuator with conical pole shape and in
N T — Fig. 6, b for actuator with a cut-'conlcal pole shape.t. .
T Fig. 7 presents the static thrust characteristics
os at different fixed values of angle « (a — 30°; b — 45°; ¢
' I —60°; d — 75°) for the actuators with conical and cut-
. d,mm  conical shapes of pole supporting surfaces.
0 5 10 15 20 25 The results in Fig. 7 show the following:
Fig. 5 e at attracted armature (0 = 0.2 mm) for all

values of angle ¢, the actuator with cut-conical pole shape develops the greater thrust force than the actuator
with conical pole shape, and as angle « increases the ratio of corresponding thrust forces (Fcyr/Fcon) for the
two actuators decreases and has the following values:

- Feur/Feon=507.27/324.61 = 1.56 at o= 30°;

- Feur/Feon=T711.5/628.9 =1.13 at o =45°;

- Feut/Feon =976.2/910.1 = 1.07 at o= 60°;

- FCUT/FCON =1118.5/1106.7=1.01 at a= 750;

e when the operated air gap increases from 0.2 to 8 mm, the degree of influence of angle « on static
thrust characteristic for both actuators decreases. As seen from Fig. 7, the effect on static thrust characteristic
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is practically not detected at & = 75° and obviously at larger angles.
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Conclusion. It is revealed that the shape of actuator poles has a different effect on the shape of thrust
characteristic depending on the length of air gap:

e when the armature is attracted, the actuator with a flat pole shape develops the largest thrust force,
which is 1.45 times greater than the thrust force of the actuator with conical pole shape and 2.32 times
greater than the thrust force of the actuator with cut-conical pole shape;

e when the air gap increases, the shape of the actuator poles has a lesser effect on the thrust
characteristic, and when the armature is completely released at the initial moment of movement the thrust
force of the actuator with cut-conical pole shape is the largest and 1.48 times greater than the thrust force of
the actuator with conical pole shape and 1.95 times greater than the thrust force of the actuator with flat pole
shape.

The nature of the effect of cutting angle on static thrust characteristic for actuators with conical and
cut-conical pole shapes is determined:
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e when the armature is attracted, the actuator with cut-conical pole shape develops the greater thrust
force than the actuator with conical pole shape for all values of angle «, and as angle « increases, the ratio of
corresponding thrust forces (Fcyur/Fcon) of the two actuators decreases;

e when the operated gap increases, the degree of influence of angle « on static thrust characteristic
for the both actuators decreases, and when angle o = 75°, the influence on the static thrust characteristic is
practically not available.

The obtained results may form the basis for the development of recommendations on the design of
actuators with improved technical characteristics.
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Bcemyn. YV 6azamvox mexuiunux 06’ ckmax 3acmocogyromvbCs e1eKmpoMazHimui akmyamopu noCmitiHo2o cmpymy,
AKI, Ha 8IOMIHY 810 aKmMyamopie 3MIHHO20 CIMPYMY, 8IOPIZHAIOMbCA OINbUIOI0 HAOTUHICMIO, € NPOCMIWUMU 3 MOYKU
30py MEeXHON02IT BUCOMOBIEHHA MA MAOMb OilbULy MeXaHiuny 3Hococmilkicme. Ilepeniueni nepesazu € npUUUHOIO
3HAYHO20 3ACMOCYBAHHA CaMe AKMYamopie NoOCMIllHO20 CIMPYMY 8 PI3HUX 2ALY3X NPOMUCTIO80CHI, 8 MOMY YUCT Y
AKOoCMi NPUBIOHUX MeXAaHiZmie elekmpudHux anapamis. YV cknadi 0y0b-aK020 mexHiuno20 00 ’€kmy axmyamop
HOCMITIHO20 CMPYMY Matidice 3a8icou 8i0icpac 0OHY 3 20108HUX POJiell 3 MOYKU 30PY HAOIHOCMI (DYHKYIOHYSAHHSL
ycboeo npucmporo yiakom. Tomy numanHs YOOCKOHANEHHA KOHCMPYKYIL aKmMyamopie 3 Memoio NOKpAueHHs iXHiX
xapaxkmepucmux € 00601 aKmyanvHum 3ae0annsim. Mema. Bcmanoenenns xapaxmepy 6niaugy opmu OnOpHux
NOBEPXOHb NONIOCI8 NPAMOX0008020 €NEKMPOMACHIMHOZO AKMYAmopa ROCMIUHO20 CMPYMY HA U020 CIMAMUYHY
mseogy xapaxmepucmuxy. Memooonozia. Xapaxmep 6niugy (opmu OnopHUX nOGEPXOHb AKMYAMOPIE HA IXHIO
Mms208y XAPAKMEPUCMUKY OO0CAIONCEHO HA OCHOBI BUBHAYEHHS PO3NO0OLLY MAZHIMHO20 NOJSA Y IX NOGIMPAHUX
POOOUUX NPOMINCKAX 3a OONOMO20I0 MemoOdy CKIHYUEHHUX eleMenmis i3 euxopucmauuam npoepamu FEMM.
Opuzinansnicms.  Ompumanru  nooArbLWUL  PO3BUMOK  OOCHIONCEHHA  YUNTHOPUHUHUX — NPAMOX0008UX
e1eKMPOMAHIMHUX aAKMYyamopie nOCMillHo20 cmpymy wo0o 8CMAHOBIEHHS XApaKmepy niugy opmu onopHux
NOBEPXOHbL NONIOCI6 HA IX cmamuuHy ma2o8y xapaxmepucmuky. Pezynsmamu. Jlocniosceno mpu Haubinvu
nowupeni KOHCMPYKYii NPAMOX0008UX eNeKMPOMASHIMHUX aKmMyamopie NOoCMmillHo20 CMpyMy i3 0OHAKOBUMU
2abapumuuMy  posmipamu ma O0OMOMKOBUMU OAHUMU, AKI GIOPIZHAIOMbCA Midc c000l0 (opmamu ONOPHUX
N08EPXOHb NONIOCI8 — i3 NIACKOI0, KOHIYHOIO Ma 3Pi3aHO-KOHIUHOW opmamu. BcmaHnosneno, wo ¢popma onopuux
NOBEPXOHb NONIOCIE CYMMEBO GNAUBAE HA (POpMY MA2080I XAPAKMEPUCMUKU AKMYaAmopa i 6 3anedcHocmi 6i0
3HAYEHHs NOGIMPAHO20 NPOMINCKY yell naue mac piznuil xapaxmep. 1100y0oeano kapmuHu MAazHimHO20 NOJs
00CHI0IHCYBAHUX AKMYAMOPI6 NPU NPUMASHYMOMY SKOPI, NPOGEOeHd OYIiHKA Xapakmepy pOo3nooiny MAcHImMHO20
nossi ma po3nooiny MacHimuol IHOYKYIl y NOGIMpAHOMY POOOYOMY RPOMINCKY. J{oCniodceHO Xxapakmep 6NIUBY
Kyma 3pi3y Ha CMAamu4Hy ms2o8y Xapakxmepucmuky 0 aKmyamopie i3 KOHIYHOW ma 3Pi3aHO0-KOHIYHOK hopmamu
nonwocig. bion. 21, radn. 1, puc. 7.

Kntouogi cnosa: eneKTPOMArHITHUI aKTyaTOp IIOCTIHHOTO CTpyMy, CTaTHYHA TArOBa XapaKTePUCTHKA, METO.
CKiHYCHHUX €JIEMEHTIB, ()OpMa OTIOPHUX MTOBEPXOHB MOJIOCIB aKTyaTopa IMOCTIHHOTO CTPyMY.
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