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It was developed the axisymmetric mathematical model for calculating the instantaneous current density in the
electrode system, which is part of the electrical complex to reduce the residual stresses. It was determined the
instantaneous electromagnetic force affects the non-ferromagnetic conductive disc and consequently the pressure force
of the electrode on the non-ferromagnetic conductive plate and the current spreading in the electrode contact area with a
non-ferromagnetic conductive plate, calculated density distribution of the magnetic forces and the contact pressure
zone. The resulting electromagnetic field is the superposition of electromagnetic fields was found.The distribution of
current density and electromagnetic forces which is a prerequisite to the explanation of the phenomenon changes of
residual stresses in the contact area of the electrode with a non-ferromagnetic conductive plate was analyzed.
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Po3pobneHo BicecuMeTpUYHy MaTeMaTHYHY MOJIENb PO3PaXyHKY MUTTEBOI T'YyCTHHHU CTPYMY B €IEKTPOHIH cucTe-
Mi, 10 € CKJIAJIOBOIO YaCTHHOIO €IEKTPOTEXHIYHOI0 KOMIUIEKCY JUTS 3HW)KEHHS 3aJIMIIKOBHX HampyXeHb. BuzHaueHo
MUTTEBY €JIEKTPOMArHiTHY CHIIY, IO i€ Ha He()epOMarHiTHUH MPOBITHUHN IUCK, 1, SIK HACII/IOK, CHITy THCKY €IeKTpoJa
Ha He()epOMarHiTHY IIPOBIIHY TUIACTUHY Ta CTPYM PO3TiKaHHS B 30HI KOHTAKTY €leKTpoa 3 HehepOMarHiTHOI MPOBi-
JTHOIO TIACTHHON. P0O3paxoBaHO PO3MOALT I'YCTHHU MAarHiTHUX CHJI Ta THCKY B 30HI KOHTAaKTy. 3HalWIEHO PE3YNIbTYIOUe
€JIEKTPOMArHITHE TOJIe HaKJIaJIEHHSM €JIEeKTPOMarHiTHUX moiB. [IpoaHaizoBaHO PO3MO/LT TYCTHHU CTPYMY Ta €JIEKT-
POMAarHITHUX CHJI, IO € MEPEAYMOBOIO JI0 MTOSICHEHHSI SIBUIIIA 3MiHH 3aJIMIIKOBHX HAIPYXXEHb Y 30HI KOHTAKTY €JIEKTPO-
Jia 3 HehepOMarHiTHOIO MPOBIIHOO TUIACTHHOO.

Kiro4oBi cjioBa: 3aIMIIKOBI HAIIPY)KEHHS, €IEKTPOIHA CHCTEMaA, IMITYIbC CTPYMY, PiBHSHHA MakcBeiia, METOM
IHTETpaJIbHUX PIBHSHB, EIEKTPOAMHAMIUHI CHITH.

PROBLEM STATEMENT. Residual stresses (RS) which the local relaxation of residual stresses is
is the elastic strain and the corresponding stress which is achieved.
balanced within the body in the absence of external In the article an electrotechnical complex for reduc-
forces. They always appear at the end of any techno- ing residual stresses which consists of two independent
logical processes, production, strengthening and restora- circuits — circuit 1 and circuit 2, each of which consists
tion parts and components. Opportunities level control of series-connected capacity, inductance and active re-
RS with technological methods are limited, and usually sistance (Fig. 1) is engineered. The first circuit is in-
their level is still quite high even at the optimum manu- tended for providing of given pressure forces on non-
facturing technology. ferromagnetic conductive disc D, which is rigidly

Thus, the problem of reducing residual stresses dur- jointed with the electrode D,. The second one enables

ing the technological process of production and exploi-
tation is relevant to ensure the reliability required char-
acteristics, durability, operability and safety equipment
in various branches of agriculture.

setting the current pulse in the sample test.

In general, the problem requires Maxwell's equations
solving in a three-dimensional region, but if we do some
: ) o assumptions, the problem can be reduced to the two-

One of the method to reducing RS is an additional dimensional problem. That is, if the coil, electrode and
action on metal by electric current with the denzsity that plate are massive cylindrical body having a common rota-
is exceeded a certain threshold (hundreds A/mm?). tion axis, which later is combined with z-axis of cylindri-

Despite the extensive evidence in this area there is cal coordinate system r,a ,z (Fig. 1), the problem is
no information about the parameters current pulses at considered in axisymmetrical formulation [1-4].
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Figure 1 — Electrotechnical complexes
for reduce residual stresses

On Fig. 1 R,L,,C, are the electrical parameters of
first circuit; U,, is capacitor C, voltage of first circuit;
R,,L,,C, are electrical parameters of second circuit;
U,, is capacitor C, voltage of second circuit; D, is
nonferromagnetic conductive disc; D, is nonferromag-
netic electrodes; D, is nonferromagnetic conducting
plate, in which we should reduce the residual stress; D,
is external space; D, is inductance coil; K is the first
thyristor circuit; K, is second circuit thyristor.

The aim of the article is to calculate the current i(7)
in the capacitor C, discharge circle, the current density
distribution &(Q,¢) in massive conductors, electro-

magnetic force F(¢) that is affects the electrode with

disk and so on for a given system geometry, electro-
physical characteristics of the structural elements mate-
rial, electrical elements connection, given capacitor
voltage.

The original problem is formed as a combination of
two subtasks.

1. We assume that geometric parameters of the elec-
trode system and the electrical properties of materials,
instant current density in the coil D,, that has only an-

gular components is given.

2. We assume that geometric parameters of the elec-
trode system and the electrical properties of materials,
instantaneous current density at the contact junction
Sio -
tem (electrode, nonferromagnetic conductive plate).

S, of the external circuit with the electrode sys-

The first subtask allows calculating the instantane-
ous electromagnetic force that affects the nonferromag-
netic conductive disc D, and therefore the pressure
force on the electrode nonferromagnetic conductive
plate D, .

The second subtask allows calculating the current
spreading at the contact junction of electrode D, with

nonferromagnetic conductive plate D, .

EXPERIMENTAL PART AND RESULTS
OBTAINED. The resulting magnetic field is calculated
by superposition of electromagnetic fields that are sepa-
rately calculated in each subtask [5, 6].

In the first subtask, there are the following expres-
sions for the components of the electromagnetic field
and the eddy currents in massive conductors:

E=8,E(r,zt); (1)
5(r,zt)=3,(r,z,t)e,. )

A(r,zt)= 4, (r,z,1)e, ; 3)

B(r,z,t)=B, (r,z,t)é +B_(r,z,t)é.;  (4)

in the second subtask:

E(r,z,t)=E (r,zt)é +E (r,z,t)é.;  (5)
5(r,zt)=3,(r,z,t)e +5.(r,z,t)e..  (6)

A(r,zt) =4, (r,zt)e + 4 (r,zt)e;  (7)
B(r,z,t)=B, (r,z,t)é,. (8)

For the task solutions we formulate a boundary-
value problem in terms of the magnetic vector potential
and electric scalar potential that reduces to an integro-
differential equations system (space integration vari-
ables, time differential) with the use of potential theory.

These systems of integro-differential equations are
solved using the approximation of the spatial variables
by complete averaging method and the approximation of
the time variable by first or second order difference
schemes [7].

After the density currents in conductors will be cal-
culated, the force affecting the disk, and the electro-
magnetic forces distribution in the contact zone of the
electrode D, and nonferromagnetic conducting plate

D, are calculated. Analysis of the current density dis-

tribution and electromagnetic forces is a precondition
for explanation of residual stress effects in the contact
zone of the electrode with nonferromagnetic conductive
plate.

At the beginning the first subtask is considered. Af-
ter integration over the azimuthal angle the vector po-
tential expression takes the following form

4, (Q,t)=§—7°r [ 8, (M.0)T(Q.M)dS,, +
. )
+Z£5“ (M,0)T(0,M)ds,,,
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where S is the meridian cross-section area of massive
conductors; S, is same for the coil;

T@Jo=ﬁ?ﬂm; (10)
)
£ (k) is formed by the expression
(k) =(%—ij(k)—%E(k); (an
47,1,
kK = - 5 (12)
(rQ +rM) +(zQ —ZM)
K(k)= | —2a .
o 1—k*sina
/’c)zﬂj2 1-k*sin’ ada (13)

— is complete elliptic integrals of the first and second
kind of module k; r,, z,, is the position of the point

M in a cylindrical coordlnate system; 7, z

S Ty is similar
for the point Q .

Q

The components of magnetic induction B can be
found as follows:
(M, (ZQ )

t)
B, (Q,t) _H

2ﬂj i+ ) +(z0 -2 )

I, + 1y +(zQ -z, )2
(s —rQ)2 +(2zp =2y )2
5(M,t)
Y+, +(z-2 )

22 (zp-2,)
(rp -7 )2 +(zp -2y )2
We introduce the following notation

(ZQ _ZM)

br(Q,M)z x
@ﬂ@+my4%_%y
rQ2 +r +(zQ —zM)2

(5 =1) +(70 =20 )

bZ(Q,M)z ! X

J+r) +(z0-2)
U]
(o -7v) +(20—2u)
b(O,M)=b (O.M)e. +b (O, M)e..  (17)

Then the expression for calculating the magnetic
field can be written as

X

x| —K (k)+ E(k)|dS,;

X

E (k) |dS,,.

(15)
E(k)|;

X —K(k)+

X K(k)+

0,1)= ” S(M,0)b(Q,M)S,.  (18)
B( )b(0.M )

Ohm's law is performed in massive conductors sec-
tions:

5,(0.1)=VE, (Q.1). Q<D (19)
From Maxwell's equations rotE = —63’/ ot and rela-

tion B =rotd it follows
E= oA grado,
ot

where @ is the electric scalar potential. It can be shown

that the first task in the axisymmetrical case
gradp =0, therefore in the massive conductors sec-
tions
04, (0.t
E, (0.1)= —# . (20)

Substituting in the relation (20) the expression for
the vector potential in the form (9), then the resulting
expression for the electric field in the relation (19), we
obtain the following system of integro-differential equa-
tions for calculating the eddy currents density in mas-
sive conductors

9.(2.1)
Vs
=——j5Wa M, (Q,M)dS,,, Q € D.
SW
Thus, for calculating o -component eddy currents in
massive conductors caused by currents in the coil D,

61"[5 (M.0)r(Q.M)ds
@1)

enough to solve the system of integral-differential equa-
tions (21).

Let us consider the second subtask. It is not difficult
to show angular component of magnetic induction in a
cylindrical coordinate system. In this case it is

B,(0,1)= ”0 j5 (M,1)b, (0, M)dS,, -

(22)
~£o[5 (M.1)b.(0.M)ds,,
s

where b, (Q,M), b_(Q,M) are defined by expressions
(15) and (16).

After integration over the azimuthal angle, the scalar

electric potential takes the form
) [Pk (k)ar,,. (23)
To

p(0.1) =
The vector of the electric field
E(Q,t)=—-gradp=- 3 !

T, 24)
x[o(M.0)E(Q.M)dL,

where

E(OM)=¢(0.M)e +& (O M)e.;  (25)
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é(Q’M) rzM 2><
(o +1 ) +(22—20)
) (26)
AT M
(=) +(20 —25)
2rM(ZM—ZQ)
£(O.M)= : _x
S 41 ) +(20 -2,) o

T+l

Thus, the system of integro-differential equations in
a cylindrical coordinate system takes the form

5(0.1)
YA,

X

0 r=
+5'S[5(M,t)T(Q,M)dSM—

070

xjo(M,t)édLM———jé (M,0)T(Q,M)dS,,,(28)

Q;S;
—Z(Q)”‘)g‘)gj(S(M,t),

V3 Ot
a(Q,t)+@ja(M,r)(§(Q,M),ﬁQ)dLM = 9)
_Z(Q),“ogo 0 )T(Q,M)X

- 5](5W(M,t),ﬁg
xdS, —F(0,t),0e LUL, UL,
where A, =u,/(27); L is the trace of the solid con-

ductor border S cross-section by the meridian area.
Instantaneous  three-dimensional electrodynamic

iig )T (0, M )dS,, +

30°

forces density f(Q,t) in the cross-section of the con-
ducting plate with current density & (Q,t), which is in

the magnetic field B(Q,¢) caused by the currents in the
coil and eddy currents in massive conductors is defined

as follows
F(0.0)=[5(0.1).B(0.1)]-

Whereas the current density & (Q,¢) has been repre-

sented in the form (6) and the magnetic induction vector
has only o -component (8) we derive the expression for
the vector

F(Q.t)==¢5.(0.1)B,(Q.1)+
+é.6.(0,1)B, (0,1).

Magnetic induction is calculated according to the
expression (22).

One of the most widespread and practically high-
used numerical methods of the system of the integro-
differential equations allows reducing them to the sys-
tem of linear algebraic equations (SLAE) [8—11].

(30)

Let's do on N, constant element discretization of

areas S, ,q=12,.,N, which is occupied by the mas-
sive conductors of the electrosystem magnetic "elec-
trode-disk-plate", with elementary areas

AS'; ,i=1,2,..,Ng , by orthogonal grids; a coil area
SW

ASh i=12,..,

is discretizated with Ny,
NSW

is discretizated with N,

elementary areas
. The contour of massive conductors

section L linear elements

AL i=1,2,.,N, .
Applying a full averaging method we shall receive
system of the linear algebraic equations which approxi-

mates system of the integrated equations (21) on spatial
variables:

) AS,5,, (1) 2 Ty 5, O
q:tm
0 ~
= _ETS”S”' 5Wa (t),
where
o ()= s (1): B (0)-e By ()]

— a column vector elements of which are instant values
of an @ component of eddy currents density in the cen-

ter of elementary area AS'; i=1,2,..,Ng ;

T
)oBiar (., (1)

— a column vector the elements of which are instant val-
ues of currents density in the center of elementary area

gWa (t) = H5Wal (t

AS', i=1,2,.., N, into which the area of the coil is
discretizated;
AS, = diag AS;,AS;,...,AS:S” — a diagonal matrix

the elements of which are the areas AS';, q=
i=1,2,...,N

S,

1,2,3,
of elementary areas into which the

g — massive conductor section is discretizated;

j [ 7(0.M)ds,ds,|,i=1,2,..,N, ,
AS AS,
j=l,2,...,NSm, qg,m=12,3;
T, =| | | 7(Q.M)dS, dS,[.i=12..N; .
AS! ASj,

q=123, j=12,.,Ny

The system of the equations (28)—(29) on spatial
variables is approximated by the following system of
the equations:

AS S, 3
Oa(1) 0 T,
Yo ot ot

q=12,3;

5. () -—

070

quc?(t) =0,

1)
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AS, 6.
L() 9 Tss5 () ! @gﬁ(;)zo,
;/q/lL atml oMy Y
qg=12,3, (32)
&,
B S T 8, 1)+
t
& = . -
+%5; XLL“ZLTLSI”(SZW[ (t)+ (33)

+AL5(1) +lXLL®LL6(t) = ALF;L (t)’
T

where
T

grm (t) = 5rml (t)’é’”mz (t)"“’érr”NSm (t)

o (1) =600 (1)-80 (1)

vectors the elements of which are instant values r - and
z — component of eddy current densities in the center of

AS! i=1,2,., Ny ;

>

T
(t)” — a column

elementary area

1),0,(1),...,

elements of which are instant values of surface electric

&(t)z"crl( oy, " — a column vectors the

charge densities on elementary line AL i=1,2,..,N, ;

., =diag " Zis Xas Ky, " — a diagonal matrix of dimen-
sion N, xN, the elements of which are values of func-
i=12,.,N,, of

L>

elementary areas on which a interface L between mass
conductors and also between massive conductors and
external space is discretizated;

Aol My, " , ny, =diag ||nzl 515 Moy, " -

a diagonal matrixes by dimension N, x N, the elements

tion y(Q) in the central points Q,,

n,, =diag|n

of which is r- and z -components of a normal to ele-
AL of a
ALt |

mentary  border massive  conductor;

AL = diag "AL‘,ALz,..., — a diagonal matrix the
elements of which are lengths of elementary line AL ,

i=12,..,N,,into which the border L is discretizated;

F, (t) =|7, (Ql’t)’ﬁL (Qzat)a""ﬁL (QN,(J)”T — a col-
umn vector the elements of which are values of function
F(Q,t) in the central points Q,, i =1,2,...,N,, of line-
ar elements into which the border L is discretizated.

In the equations (31)—(33) are accepted the follow-
ing designations for matrixes

Ty = jj (Q.M)dS,,dS, | .i=1.2,.. N .
AS, AS,

j=12,., Ny , ¢m=123;

r —_
®SL_

q

[ [e(om)dL,as,|.i=12,...N, ,

AS) AL

q=15253’ j=1’2""’NL;

®;,=( [ [&(o.M)dL,dS,|.i=12,...N, ,
AS) AL
g=123, j=12,.,N,;
T, =|[ | T(Q.M)dS,dLy|.j=12.... N .
AL AS/
m=1,23,i=12,.,N,;
- jj( Jdig )dLydLy ,i=1,2,..,N, ,
AL AL

j=12,.,N,.

The first variants of difference schemes for the solu-
tion of the similar equations have been described in
work [12]. In works [13—15] total schemes distinctive
feature of which is that the original differential equa-
tions are not approximated but equivalent to them
Volterra integral equations are approximated. These
equations are formed after integration the original dif-
ferential equations in an interval [¢,, t].

On time axis we choose generally a non-uniform
grid ¢t =nAt,, n=1,2,3,..., where At — a step of a
time grid. The index # is the index of time a layer. Let
the problem is solved on a layer ¢,_, . To receive differ-
ence scheme we shell integrate the equation (31)—(33)
on time in an interval [z,_,, ¢,]. Then for calculation of

integrals we use a relation

] f(¢)dt = [cf<”> +(1-¢) f(”“)]Atn . (34)

n—l)

where value of function f ) f "D g corresponding to

the time moments ¢ ¢

n “n-1 ’
accepts value from set {0; 0,5;1}. At ¢=0 and c=1
the formula is the formula of rectangulars, and at
¢=0,5 the formula is the formula of trapezes.

Having executed simple transformations, we write
down system of the algebraic equations which approxi-
mates the differential equations system (31)—(33) as

AS _ 5 _
Licht Ty (00 +cAt, > Ty 51—
ML o pari

m#q

¢ — a weight factor which

3 —
®;L ) _(1_C)AthTss 55»’17_1)
‘go,uo el
q9=12,3; (35)
AS, <(r) : S(n) _
+cAt T ¢ 52(1 +cAt, ) Too 6
YoM o el
! () . S(r-1)
- ®SqLU = _(1 _C)AthTS S, zm >
80#0 m=1
q9=12,3; (36)
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Mo 3 - S(n)

% CAtn Z xLLn’LL TLSm 5)”(; +

+H0% e T,, 5
T - ¢ thXLLnLL LS,

m=1

+(AL +l®uj5(”)
T

~(n € \ r S (n—
= ALFL( ) _%(1 _C) AthXLLnLLTLSm 5r(m V-
m=1

(37)

3 —
_luo_go(l - c) Atn ZXLL“ZLLTLS 5:8;_1)'
T m=1

Let's express from the equation (38) 6" and we
shall substitute the derived expression at the equation
(35), (36):

" =@, ALF" — % (1_¢)Ar,
T

3
) n— l
Z® LXLL“LLTLS 5

(1 ¢ At;7Z®LLXLLnLLTLS 5 - l

T m=1

CAth®LLXLLnLLTLS 5 Y -

m=1

Hoéy -G 0
- = CAt;7Z®LLXLLnZLTLS,,,5zm s
m=1

_ Hy&y
" (38)

where
~ 1 -1
0, = (AL +—®LLJ .
T

Next, substituting the equation (38) in the equations
(35), (36) we receive

AS B - R,
Lt cht T (80 +cat, Y Ty 51+
Vo i i
m#q
% ~ —
+eht, Y T 81 =
m=1
1 () " ()
= ®iS'qL®LLALFVL _(1_C)Atnz ;:S,, 5rm
EoHy m=1

where

riv rr

1 ~
— @ .
5,5 = qus,,, + n ®SqL®LLXLLn PLVR

1 ~
rz — r z .
T = ®SqL®LLXLLnLLTLS,,, ;

-

. r ) .
5,5, — ®s ey T ;
Ho

Tzz

1 . =« .
5,5 = qus,,, +;®SqL®LLXLLnLLTLS

The system of the algebraic equations (39), (40) al-
lows to pass from a time layer (n—1) to n.

CONCLUSION. The axisymmetrical mathematical
model for calculating the instantaneous current density
in the electrode system that is part of the electrical com-
plex for reduce residual stresses is developed.
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Pa3paborana ocecumMmerpU4Has MaTeMaTHYecKas MOJENb pacuera MTHOBEHHOM IUIOTHOCTH TOKa B DJIEKTPOAHOMN
CUCTEME, KOTOpas SBJISIETCSI COCTAaBHOM YaCThIO 3JEKTPOTEXHUUECKOTO KOMIUIEKCa JUIsl CHHXKEHHS OCTaTOYHBIX HAIps-
xeHuid. OnpeeneHbl MTHOBEHHAs! 3J€KTPOMArHUTHAS CHJIa, ISMCTBYIOAs Ha He(heppOMAarHUTHBINA NPOBOMISIINI JAUCK
U, KaK CJIEJICTBHE, CUITY JaBIICHUsI AJIEKTPOa Ha He(peppOMAarHUTHYIO IPOBOJISIYIO TUIACTUHY M TOK PACTEKaHHs B 30HE
KOHTaKTa 3JIeKTpoJa ¢ HeeppOMarHUTHON POBOSIIEH TNIACTUHOM, pACCUNTAHO paclpe/eeHHe TNIOTHOCTH MarHHT-
HBIX CWJI U JJaBJIEHUS B 30HE KOHTakTa. HaliieHo pe3ynabpTupyroliee JIeKTpOMarHuTHOE 10JIe HaJIOKEHHEM AJIeKTpoMar-
HUTHBIX THojed. [Ipoananu3upoBaHo pacipeesneHle MIOTHOCTH TOKa W ANEKTPOMAarHUTHBIX CHJI, YTO SIBJISIETCS Ipea-
MOCBUIKOM K OOBSICHEHHIO SIBJICHHSI M3MEHEHUsI OCTATOYHBIX HAlpsDKEHHH B 30HE KOHTAKTa AJIEKTpoja ¢ Hedeppomar-
HUTHOM IIpOBOAAIIEH TITACTUHOM.

KirodeBble cjioBa: ocTaTOYHBIE HANPSKEHUSA, SJIEKTPOIHAS CUCTEMa, UMITYJIbC TOKa, ypaBHeHHs MakcBenia, Me-
TOJl HIHTETPAJIbHBIX YPAaBHEHUH, dJIEKTPOJUHAMUYECKHUE CHUJIBL.
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