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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
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.

Ka4ypa Onekciti, Hikxonenko AHamounit, KosaneHko Bikmop, Ky3Heyoe Bimanit, CasiHoe OnekcaHdp,
Yunnexnkoe mumpo, Konuyee Cepeitl, l'ypin €e2eH. [JocnidxeHHs1 enekmpoMa2HimHux napamempie
ma esleKmpomexaHiYHUX xapaKmepucmukKk MaWUuHU MocmitiHo20 cmpyMy Ha OCHO8i Memody KiHUuesaux
esileMeHmie

lposedeHo nepesipoqHUl po3paxyHOK cepitiHoi MawuHu nocmitiHozo cmpymy (MI1C) MYH-2 3 modugbikosaHo
cucmemoro 36y0XKeHHsT Ha OCHO8i MemoQy CKIHYEHHUX enneMeHmig, wWo 0038071€ 00CiOX)ysamu xapakmepucmuku
ma enekmpomazHimui napamempu MIIC 3 ypaxy8aHHSIM HOBUX KOHCMPYKMUBHUX PileHb Yy crmamuui, Kkeasicma-
muyHUU | QuHamiqHu pexumu pobomu. CKiHYeHHO-enieMeHmHy MoOerib MOXHa noedHamu 3 naHUyr2080K MoOerI-
T110 Oxeperna XueneHHs Ha OCHO8I CriflbHO20 PO38’A3KYy PiGHSIHb 107 ma cxemMu, wo 0ae 3moay Aocrioxysamu
Xapakmepucmuku 08uayHa 8 PI3HUX pexxumax, Koru obmomka sikopsi nodae cugHanu 6ydb-sKkoi chopmu.

Ha nidcmasi ompumaHux pesynbmamig rnepesipoyHuli pospaxyHok KM MYH-2 3 moougbikosaHOK cucmemoro
36yOxeHHs1 Ha ocHosi MCQO doseorisie docridxKyeamu xapakmepucmuku ma enekmpomazHimHi napamempu JKM,
8paxosytoyU HO8i KOHCMPYKMUBHI pilueHHs1 8 QuHaMidHUX pexumax pobomu. Ompumary modenb nossi DCM moxHa
KoMbiHy8amu 3 MOOesTo cxeMu OXXepera XUBMEHHST Ha OCHOBI CriflbHO20 PO38 3Ky PIBHSIHb MOJIsi ma cxemu, wo dae
Moxrusicmb Aocridxysamu Xapakmepucmuku 08u2yHa 8 Pi3HUX pexuMax 3a XusreHHss 06MOmKU SIKOpsI cugHanamu
bydb-sikoi popmu. Y pobomi ecmaHoeneHo, uo 08ueyH docseae MakcuMarbHoI weudkocmi obepmaHHs yepes 300 mc
3a Haripyau 120B Ha obmomui sikopsi. [pu yboMy criocmepieaembCsi CIECK Myckogoeo cmpymy sikops 0o 2,0A
3 nodasnbuworo cmabinizauieto Ha pigHi 0,08A. lNyckosul MomeHm csieae 1,2Hm. MYH-2 docsizae HOMiHanbHOI Yacmo-
mu obepmaHHs 3a HOMiHa/IbHO20 HaBaHMAXKEHHST, WO CyrnpoB0OXyembCs 36ifbWEHHSIM CmMpyMy 06MOMKU siKopsi 00
0,7A. Tid yac pobomu dguzyHa 8 06MOMUi IKOPS BUHUKAE €NEKmMpopywiliHa cuna, sika 8 pasi 0ocsizHeHHs1 08u2yHOM
HOMiHarnbHOI weudkocmi obepmarHs cmabinisyembcsi Ha pieHi 20B i mae nikosuli xapakmep. [nsi po3e’sidysaHHs
3aday suKopucmaHo cucmemMy enekmpomazgHimHux rnosnie Makceenna ma aHanimuyHi U MameMamuyHi Memoou pie-
HSIHb Y YaCmUuHHUX noxiOHUX. [nsi po3e’sdysaHHs OughepeHyjianbHUX PieHsIHb MazHImHO20 r071si BUKOPUCITIO8YEMbCS
Memood CKiHYEHHUX enlemeHmis.

Knro4oei cnoea: memod CKiHYeHHUX efleMeHmig, MawuHa MocmitiHo2o CmpyMy, MagHimHa iHOyKyisi, 8eKmop
MazgHImHo20 nomeHujiasy, eflekKmpoMexaHiyHi Xxapakmepucmuku.

Introduction. In many cases, when it is necessary current machines in order to obtain electromechanical
to regulate the performance of various mechanisms, characteristics in dynamic modes of operation.
asynchronous drives with frequency converters replace Important factors that must be considered when
direct current electric drives [1-3]. Sometimes this cir-  designing DCM are their reliability, cost-effectiveness,
cumstance is justified by the actual advantages of new compliance with modern standards and technical require-
technical solutions — reduction of electrical equipment ments. Taking this into account, some methods [6] have
dimensions, increased reliability and durability, stand- been developed and applied, incorporating an analytical
ardization and unification of control systems [4; 5]. framework complemented by empirical relations and
However, there are extensive areas where there is no graphical dependencies obtained experimentally. As a
alternative for dc electric drives: metallurgical equip-  rule, these methods are focused on general industrial
ment, ground transportation, precise positioning sys- series of machines with standard sizes and construction.
tems, instrument making, etc. In this regard, the task  Modification of the design and the use of new materi-
of researching the electromagnetic parameters of direct als often cause challenges in designing. In this context,
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numerical methods become an important tool for DCM
analysis, which allow to investigate the characteristics
and parameters of DCM taking into account new design
solutions in static, quasi-static and dynamic modes of
operation. The finite element method (FEM) can be used
to solve the challenges of DCM design.

Material and research results. Using FEM, the elec-
tromagnetic parameters and electromechanical charac-
teristics 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.

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);

4) the armature winding and the excitation winding
are powered by a constant voltage source of infinite power.

Fig. 4. Design parameters of DCM

100%0,2

120 ————

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

TN e

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;
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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 UHI(‘: é:gocclii?;giz)and
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(vﬁVx;\)=0 -air gap;
-Vx (VVXA):()-lhe bed,;

-Vx (v VX;\)ZO -the main poles;
~\ N,
-Vx (va.VXA) ==l pole winding;
8
-Vx (v V><;\)=- u[———]—armature core;

N,
+

ala

-armature winding;

OA OA 0A
o — - v| —-— |-motor shaft,
ot ox 0Oy

where V is the nabla operator; v is the specific magnetic
resistance of steel; Z is the specific magnetic resistance;
A is the vector magnetic potential; i, is the currentin the
excitation winding; i, 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;



EnexTpoTexHivHi Ta iHbopmauinHi cuctemun, Ne 106, 2024

o is the specific electrical conductivity of the material; v
is the speed of rotation of the armature.

In a rectangular two-dimensional coordinate system,
system (2) is transformed into the form [7]:

[ J 0—air gap;

[ j 0—the bed;
GAJ 3 6A = 0—the main poles;
ox) oy y
( o4 j +—= M — pole winding;
" ox
o4 j
— |+
ox
( 04
—lv,
Ox

0 @
"),
o o4 04 o4
—| v— |=—v| ——— |—-armature core;
ay\ Oy ox Oy
] 0
=
“ox) oy
a[ 8Aj
—|v—|+
ox\ ox

()A 04 04
=-v| ——-— |+
j [8}( ﬁv]
a[
v

av
@ Ej:— a—A—z)[%—%‘f]—momr shaft.

System (2) should be supplemented by voltage bal-

ance equations for the armature and excitation wind-

X O)C
0)~

0

f(v
ox

Y

a
Ox

3]
—|v
Ox

a N,i,
—armature;

o
ay ot Ox

ings: S
U, =R, i, + L V) (Z’;“) s 3)

L. (7.0) i
Ud:Rd.,-dJr%, (4)

where U,,U;are the supply voltages of the armature
and excitation windings; R, R;, L,,L; are ohmic
resistances and inductances of windings; i,,i; 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

M-M, _sde (5)

dt
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; Z 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:
spe (Al DN gy

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]:

(6)
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where _

M, =g,M =§(yT,.- 2T, )dS ;
N

M, =q,M =§(zT,,-xT,.)dS ;
N

Mz :sz :i('xny—ynx)ds *
N

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).
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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
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 s and 0.2 s.

n, rpm
'3000.0—

=

250001
20000
15000
10000
500.0

0.0+
0.0

100.0 200.0 300.0 400.0 500.0 600.0 t,ms

Fig. 6. DCM rotation frequency
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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

56

nn w“ “1‘ /m W‘ w ‘

Bl /”\ Il [\ I

| “\ /J

g L\‘ W ‘NM\ R ‘M » \,d Mov

HiH
AR
oW W
100.0 300.0

200.0 400.0

Fig. 11. Electromotive force induced
in the armature winding section
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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 characteris-
tics 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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