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The verification calculation of the serial machine of direct current (DCM) MUN-2 with a modified excitation system
based on the finite element method (FEM), which allows to investigate the characteristics and electromagnetic
parameters of DCM taking into account new design solutions in static, quasi-static and dynamic modes of operation.
The finite element model of the DCM can be combined with the chain model of the power supply based on the joint
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solution of the field and circuit equations, which makes it possible to investigate the characteristics of the engine in
various modes when the anchor winding supplies signals of any shape.

Based on the obtained results, the verification calculation of the DCM MUN-2 with a modified excitation system
based on MSE allows the study of the characteristics and electromagnetic parameters of the DCM, considering
new constructive solutions in dynamic modes of operation. The resulting DCM field model can be combined with
the power source circuit model based on the joint solution of the field and circuit equations, which makes it possible
to study the characteristics of the motor in different modes when feeding the armature winding with signals of any
shape. The work established that the motor reaches the maximum rotation speed after 300 ms at a voltage of
120 V on the armature winding. At the same time, there is a surge in the starting current of the armature up to
2.0 A with subsequent stabilization at the level of 0.08 A. The starting torque reaches 1.2 Nm. The MUN-2 reaches
the nominal rotation frequency at the nominal load, accompanied by an increase in the armature winding current
to 0.7 A. During the operation of the motor, an electromotive force is induced in the armature winding, which, when
the motor reaches the nominal rotation speed, stabilizes at the level of 20 V and has a peak character. Maxwell’s
system of electromagnetic fields and analytical and mathematical methods for partial differential equations are used
to solve the problems. The finite element method is used to solve the differential equations of the magnetic field.

Key words: finite element method, DC machine, magnetic induction, magnetic potential vector, electromechanical
characteristics.

Kauypa Onekciti, HikoneHko AHOpili, KyaHeuyoe Bimaniti, CasstHoe OnekcaHop, LjunneHkoe mumpo,
Konuyee Cepeili, KoeaneHko Bikmop, N'ypin €e2eH. [JocnidxeHHs1 enlekmpoMa2HimHuUx napamempie
ma enlekmpomexaHiyHuUX xapaKkmepucmukK MawuHU MocmitliHo20 cmpyMy Ha OCHO8i Memody KiHueeux
efnleMeHmie

lposedeHo nepesipoyHuUll po3paxyHOK cepiliHoOi MawuHu nocmitiHo2o cmpymy (MI1C) MYH-2 3 moducbikosaHor
cucmemoro 36yOeHHsI Ha OCHO8I MEMOOY CKIHYEHHUX ertleMeHmig, wo 00380s15€ AoCnidxXysamu xapakmepucmuku
ma enekmpomazgHimHi napamempu MIIC 3 ypaxysaHHSAM HOBUX KOHCMPYKMUBHUX pilleHb y cmamuyi, keasicma-
muyHud i QuHamiyHUt pexumu pobomu. CKiHYEHHO-erleMeHmHy Moderib MOXHa noedHamu 3 1aHUyr2080t0 Moder-
J10 OXKeperia XUeNeHHs Ha OCHOB8I CriflbHO20 PO38’S3Ky PieHsIHb MO ma cxemu, wo 0ae 3moay 00crioxKysamu
Xapakmepucmuku 08uegyHa 8 Pi3HUX pexxumax, Koru o0bmomka sikopsi modae cuaHarnu bydb-sKkoi ¢hopmu.

Ha nidcmasi ompumaHux pesynbmamie rnepesipodHuti podpaxyHok KM MYH-2 3 MoOugikogaHOK cucmemoro
36yOxeHHs Ha ocHosi MCQO doseornisie docrnidxyeamu xapakmepucmuku ma enekmpomazHimui napamempu JKM,
8paxosytoyU HO8i KOHCMPYKMUBHI pilueHHs1 8 QuHaMidHUX pexumax pobomu. Ompumary modenb nonss DCM moxHa
KOMOGIiHy8amu 3 MOOeSIII0 cxeMu Oxeperna XUeeHHs1 Ha OCHOB8I CriflbHO20 PO38’s3Ky Pi8HSIHb Mo ma cxemu, Wo dae
Moxnugicmb 00CiOXy8amu XxapakmepucmuKku 08u2yHa 8 Pi3HUX PexXuMaXx 3a Xue/eHHss 0OMOMKU SIKOpsi cugHanamu
bydb-siKoi popmu. Y pobomi ecmaHoerneHo, o 08ueyH docsieae MakcuMaribHOI weudkocmi obepmaHHs yepes 300 mc
3a Harpyau 120B Ha obmomui sikops. [lpu uboMy criocmepieaembsCsi CrfIECK MycKkogo20 cmpymy sikopss 0o 2,0A
3 nodanbwioro cmabinizauieto Ha pigHi 0,08A. lNyckosuli momeHm cs2ae 1,2Hm. MYH-2 docsizae HOMiHanbHOI Yacmo-
mu obepmaHHs 3a HOMiHa/IbHO20 HaBaHMAXXEHHST, WO CyrnpoBodXyembCs 36ifbWEHHAM CmpyMy 06MOMKU siKopsi 00
0,7A. Tid yac pobomu dguzyHa 8 0bMomMui IKOPS BUHUKAE enekmpopywiliHa cuna, sika 8 pasi docsizHeHHs1 dgu2yHOM
HoMiHanbHOI weudkocmi obepmaHHa cmabinidyemscsi Ha pigHi 20B i Mae nikosull xapakmep. [ns po3e’s3ysaHHs
3aday sUKopucmaHo cucmeMy eflekKmpoMagHimHux nosnie Makceenna ma aHanimuyHi G MamemMamuyHi Memoou pie-
HSIHb Yy YaCmuHHUX roxiOHUX. [nsi po3e’sisysaHHs1 dughepeHujianbHUX PIBHSIHb MazgHimHO20 Mosisi 8UKOPUCMOBYEMbCS
MemoO CKIHYEHHUX efleMeHmis.

Knrouosi crioga: Memod CKiHYeHHUX erleMeHmie, MawuHa nocmitHo2o cmpymy, MagHimHa iHOyKUis, eekmop
MazHImHo20 nomeHujiary, efekKmpoMexaHidHi xapakmepucmukKu.

Introduction. In many cases, when it is necessary to  compliance with modern standards and technical
regulate the performance of various mechanisms, asyn-  requirements. Taking this into account, some methods
chronous drives with frequency converters replace direct [6] have been developed and applied, incorporating an
current electric drives [1-3]. Sometimes this circumstance  analytical framework complemented by empirical rela-
is justified by the actual advantages of new technical tions and graphical dependencies obtained experimen-
solutions — reduction of electrical equipment dimensions, tally. As a rule, these methods are focused on general
increased reliability and durability, standardization and uni-  industrial series of machines with standard sizes and
fication of control systems [4; 5]. However, there are exten- ~ construction. Modification of the design and the use
sive areas where there is no alternative for dc electricdrives: ~ of new materials often cause challenges in designing.
metallurgical equipment, ground transportation, precise In this context, numerical methods become an impor-
positioning systems, instrument making, etc. In this regard, tant tool for DCM analysis, which allow to investigate
the task of researching the electromagnetic parameters of ~ the characteristics and parameters of DCM taking into
direct current machines in order to obtain electromechanical account new design solutions in static, quasi-static and
characteristics in dynamic modes of operation. dynamic modes of operation. The finite element method

Important factors that must be considered when  (FEM) can be used to solve the challenges of DCM
designing DCM are their reliability, cost-effectiveness, design.
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Material and research results. Using FEM, the
electromagnetic parameters and electromechanical
characteristics of the mass-produced DCM MUN-2
(Figure 1), manufactured by the “Ostrovskiy Electric
Machine Plant” (Ostrov city, Russia), was investigated
in this study.

Considering the peculiarities of the local operation of
the motor, the excitation system of the mass-produced
machine has been changed from sequential Fig. 2a,
on an independent one Fig. 2b, without any structural
changes in the armature circuit. The motor armature
winding scheme is shown in Fig. 3, its structural param-
eters — in Fig. 4, and the passport data are presented
in Table 1.

120

+

w | 100
l—— 12—

Fig. 1. Overall dimensions of mass-
produced DCM MUN-2

Fig. 2. The excitation system of DCM MUN-2

Fig. 3. Motor armature winding diagram

In order to perform the verification design, the DCM
model is represented by field equations based on the
FEM [9; 10], which allows to correctly describe the com-
plex geometry of the motor taking into account the non-
linear properties of materials in both stationary and tran-
sient operating modes. The following assumptions were
made during the development of the model:

1) the motor model is flat and considered in a rec-
tangular coordinate system;

2) the current density in the winding is uniformly dis-
tributed over the entire cross-section;

3) structural details are simplified (technological
grooves, fasteners and holes in them);
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4) the armature winding and the excitation winding
are powered by a constant voltage source of infinite
power.

Fig. 4. Design parameters of DCM

Table 1
Technical data of DCM MUN-2

(according to the passport)

Type MUN-2
Current Type direct current
Excitation sequential
Rated power, W 100
Rated voltage, V 220
Rated rotational speed, rpm 2200
Rated Torque, kg-cm 4.3
Rated current, A 0.9
Climatic modification UHIE éﬂ%‘fﬁii)"’md
Location Category 4
Operating Mode S1
Mass, kg 4.4

Based on the mathematical model considered in
[7, 8], the system of equations describing DCM can be
represented as follows:

—VX(vaVXA):O—air gap;
—VX(vVXA)=O—the bed;

-VX(vVXA)zo-the main poles;
<\ N.i, -
-Vx(v,VxA)=—2- pole winding;
( a ) 5 p g

oA oA

ox oy
oA A iy
ox oy

oA v oA A -motor shaft,
ot ox oy

-VX(V VXA) =- U( ]-armature core;

-Vx(véVXA) = u[ -armature winding;

a

—VX(vVXA)z -

where V is the nabla operator; v is the specific magnetic
resistance of steel; A is the specific magnetic resistance;
A is the vector magnetic potential; i, is the currentin the
excitation winding; ia is the current in the armature wind-
ing; N,,S, are the number of turns and cross-sectional
area of the excitation winding; N,,S, are the number of
turns and cross-sectional area of the armature winding;
o is the specific electrical conductivity of the material;

is the speed of rotation of the armature.



EnexTpoTexHivHi Ta iHbopmauinHi cuctemun, Ne 106, 2024

In a rectangular two-dimensional coordinate system,

system (2) is transformed into the form [7]:

0 ( OAJ o oA - .
—|Va— |+—=| va—— |=0-air gap;
ox\ * ox oy

oy
i(v%j+i[v%j:0—thebed;
ax\ax) oyl oy
i(v%}rg(v%j:O—the main poles;
ox\ ox) oy\ oy
a( 8AJ a( BA] N,i, o
—|Va— |+—| Va—— | =—2=— pole winding;
ax\toax) eyl tey) s,
e( (}A] a[ é‘A] [aA 6A] :
—| v— |+—| v— |=-v| — —— |—armature core;
ox\ ox) oyl oy ox oy
a( 0Aj a( OA] [aA aA] N,i,
—|va— |t |Va—|=-v| ——— |+
ox\ “ox) eyl "oy ox oy a
i[v%}ri[v%j = —a——u[———]—motor shaft.
ax\ oax) oyl oy ot \ox oy
System (2) should be supplemented by voltage bal-
ance equations for the armature and excitation wind-
ings:

—armature;

oA OA OA

Ua:Ra.iaJrM; 3)
dt
dL, (7.0,) i,
UézRé.iﬁ%, @)

where U, ,Uzare the supply voltages of the armature
and excitation windings; Ra’ Ry, Li.Ly are ohmic
resistances and inductances of windings; i,,i3 are cur-
rents of armature and excitation windings; y is an angle
of rotation of the armature relative to the winding of the
poles.

Based on equation (3), a mathematical model of an
electric circuit is implemented, simulating the operation
of a brush-collector node together with an armature
winding (Fig. 5).

To study electromechanical processes, the DCM
mathematical model includes the basic equation of the
dynamics of rotational motion

do

M-M_ =J"2 5
=3 ()

where M is the magnitude of the electromagnetic
torque; M. is a static resistance torque on the shaft;
J is the moment of inertia of the armature; A is an
angular velocity of rotation of the armature.

The solution to equation (2) is reduced to solving the
boundary value problem of Poisson and Laplace equa-
tions concerning the vector magnetic potential A Let
us reduce the boundary value problem to the variational
one and apply FEM for solving it [11, 12, 13]. In this
case, system (2) is transformed into the matrix form:

A (et

[she{a+{np<

(6)

where [S].[C].[N] are defined in [7].

Having calculated the values of the magnetic induc-
tion at each point of the DCM field, the electromagnetic
torque acting on the armature can be calculated through
the tension tensor [8]:

M =§[T,]dS=qM,+qM +qM, - (7)
S
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Fig. 5. Circuit diagram

where
M, =g M= gSS(yTnZ 2T, )ds ;
M, =q,M =<£(zTnx-me)ds :
M, =q,M = (T, - yT,,)ds.
s
Here T,,.T, T, are the components of the stress

tensor along the coordinate system axes.

Having combined the field problem (2) with the cir-
cuit equations (3), (4), we get a circuit-field model of a
DC machine. We supplement the system (2)—(4) with
the equation of mechanics (5).

2. Simulation Case

Based on the developed mathematical model, a verifi-
cation calculation of the start-up mode of DCM MUN-2 with
independent excitation without load, followed by loading
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up to the nominal torque, was performed. The calculation
results include the following characteristics: armature rota-
tion frequencies — Fig. 6; the electromagnetic torque of the
motor — Fig. 7; armature winding branch current — Fig. 8;
excitation winding current — Fig. 9; flux linkage of the arma-
ture winding branch — Fig. 10; EMF in the armature wind-
ing branch — Fig. 11. Fig. 12-15 show graphs of magnetic
potential and magnetic induction distribution in the DCM
cross-section at moments in time of 0.001 sand 0.2 s.

oo 100.0 2000 2000 4000 500.0 6000 tms

Fig. 6. DCM rotation frequency

Fig. 7. Electromagnetic torque of the motor
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Fig. 8. Armature winding current
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Fig. 9. Excitation winding current
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Fig. 10. Flux linkage
in the armature winding section
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Fig. 11. Electromotive force induced
in the armature winding section
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Fig. 12. Distribution of the vector magnetic
potential of DCM att=0.001 s
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Fig. 13. Distribution of the vector magnetic
potential of DCM att=0.21s

Bltes1al

3.67652-001
3. 4467e-00L
3.2170e-081
2,9872e-001

2.7574e-00L
2,5276e-08L
2,2979¢-081
2.@681e-001
- 1.8383e-001
1,6085¢-001
1.3788e-081
1.1490e-G01

9,1921e-082
6. 8944002
4. 5966e-002
2,2989%-882
1,1193-085

Time =0.001s
Speed  =0.047840)
Position =192 856904deg 0 100 (mm)

Fig. 14. Distribution of the magnetic
induction of DCM att=0.001 s
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Fig. 15. Distribution of the magnetic
induction of DCM att=0.2s

3. Summary and Conclusion

On the basis of the obtained results, the following
conclusions can be made: 1) a verification calculation
of the DCM MUN-2 with a modified excitation system

the DCM taking into account new design solutions in
dynamic modes of operation; 2) the field model of the
DCM can be combined with the circuit model of the
power source based on the joint solution of the field
and circuit equations, which allows to study the char-
acteristics of the motor in different modes when the
armature winding is supplied with signals of any shape;
3) it has been determined that the motor reaches the
maximum rotation speed after 300 ms with a voltage of
120 V on the armature winding. At the same time, there
is a surge in the starting current of the armature up to
2.0 A with subsequent stabilization at the level of 0.08
A. The starting torque reaches 1.2 Nm; 4) when the
nominal load is applied, the MUN-2 reaches the nom-
inal rotation frequency, accompanied by an increase
in the armature winding current up to 0.7 A; 5) dur-
ing the operation of the motor, an electromotive force
is induced in the armature winding, which, when the

motor reaches the nominal speed of rotation, stabilizes
at the level of 20 V and exhibits a peak character.

based on the FEM was performed. It allows to study
the characteristics and electromagnetic parameters of
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