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For the successful use of magnetoelectric measuring systems, an important point is the possibility of assessing
their accuracy in a dynamic mode of operation. To obtain such estimates, methods based on frequency
transformations and, accordingly, analysis of the composition of the spectral components of the currents of
the interacting circuit and the magnetic field are traditionally used. At the same time, frequency methods have
a number of limitations, in particular, due to the finiteness of the number of terms of the Fourier series in the
analysis of periodic functions of time, as well as some other limitations when using the Fourier integral for
non-periodic functions. In addition, there are certain limitations when using the well-known complex-spectral
method and the method of typical effects. In the presented article, in addition to the indicated methods, it is
proposed to consider the possibility of using a temporary research method to assess the dynamic properties of
magnetoelectric systems. Also, as an example, the article presents an analysis of the dynamic properties of a
magnetoelectric measuring system with electromagnetic damping, which can be extended to more complex

measuring systems of this type.

1 INTRODUCTION

When assessing the dynamic accuracy of
magnetoelectric systems (i.e., those whose operation
is based on the interaction of a circuit with a current
and a magnetic field), the frequency method for
studying linear reproducing systems is usually used
[1, 2]. This research method is based on the
assumption that electric currents (initializing
currents) flowing through the circuit can be
represented as a set of constantly acting sinusoidal
components.

It is easy to conclude that the validity of using the
frequency method is limited to cases where the
currents in the circuit are accurately described by
periodic functions of time, as well as by functions of
time expressed by the Fourier integral [3, 4].

At the same time, experience shows that in
specific physical examples, the above time functions
are not enough to accurately describe the currents in
the circuit, and, consequently, to assess the accuracy
of reproducing the effects of a specific device. The
time functions used in such methods of studying

magnetoelectric systems as the complex spectral
method and the method of typical effects [5, 6] also
turn out to be insufficient.

In this regard, of particular interest is the use of
the time method for studying linear reproducing
systems to evaluate the dynamic properties of
magnetoelectric systems [7].

With this research method, to describe the
impacts, time functions a;,(t) are used that satisfy
the condition:

=0 —oo<k< —oo<k<
latsy DIChar, ar Tosteomsiore @
where M and () are some given real positive numbers.

The set of time functions satisfying condition (1)
will be referred to below as the class of
functions S(M, Q).

From a practical point of view, the determination
of the parameters M and required for the time method
for the class of impacts to be reproduced is associated,
as a rule, with less difficulties than the determination
of the spectral composition of these impacts, required
in the frequency and complex-spectral methods, and
the determination of the typical impact, required in
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the method of typical influences. It is characteristic
that in the study of the reproducing properties of
magnetoelectric systems, in most practical cases, the
relation can be used to determine the parameter (0.

|i(1)(t)|
- |l(t)|maxmax )
where [i(t)lmaxmax — the limiting value of the

module of the currents to be investigated in the circuit
at —oo <t < +oo;

[i{®D@®)| —is the limiting value of the modulus
maxmax

of the rate of change in time of the currents to be
investigated in the circuitat —co < t < +oo.

maxmax

2 METHODS

The main purpose of magnetoelectric systems is, as is
known, the conversion of an electric current flowing
through a certain circuit, i, (t), into a deviation of a
pointer mechanically connected to this circuit with a
current by the value L(t). The required nature of this
transformation is described either by the:

Lo(6) = K(0)ix () )
expressing the ideal tracking process, or by the
L.(t) = K(0)ix(t + 1) ®)

expressing the ideal registration process.

In (2) and (3): Ly(t) and L.(t) are the functions
of time describing the required reproduction of the
impact i, (t): K(0) is the sensitivity of the device
with the magnetoelectric unit for direct current; t —
admissible time of displacement of registration of the
investigated currents in the circuit.

Obviously, the actual reproduction of the impact
i (t), described by the time L(t), function differs
both from Ly(t), and from L. (t). The mutual
deviation of the time functions L, (t) and L(t) is the
instantaneous error of the tracking device (4):

Ao (8) = L(t) = Lo(t) (4)

and the mutual deviation of the time functions L, (t)
and L(t) is the instantaneous registration error (5)

Ar(t) = L(t) = L(2) - (®)

The functions Ay(t) and A (t) quite fully
characterize the dynamic properties of the
magnetoelectric system with respect to the current
i, (t). When determining these functions, we will
proceed from the assumption that the relationship
between L(t) and i (t) is expressed by a linear
differential equation with constant coefficients.

In the classical theory of magnetoelectric systems
[8], the relationship between L(t) and i.(t) is
expressed by a linear inhomogeneous second-order
differential (6):

LO+ 2 0@+ L2 =K(©0) i), (©)
@ @y
where s - the degree of calming of the moving system
of the circuit with the investigated currents;
w, — hatural frequency of the mobile system.

At the same time, a thorough study of the dynamic
properties of magnetoelectric systems, carried out by
R. R. Kharchenko and N. N. Evtikhiev, showed that
to describe the relationship between L(t) and i (t) it
is necessary to use linear differential equations with
orders higher than the second. Therefore, in this
paper, to describe the relationship between L(t) and
i.(t), we use the linear inhomogeneous differential:

L(t) +Zn:bk L (t) = K(0)i, (t), @)

whose order (the number n) is not bounded from
above.

The coefficients by, in this case are real positive
numbers determined by the design features of the
used magnetoelectric device.

Consider the structure of the solution of the
differential (7) for the case when the initializing
currents i, (t) € S(M, Q) and the transfer function of
the device (8)

K(p) = K(0)————, ®)

1+ ZbK p“
k=1

is an analytic function of a complex variable inside
|p| < Ryn and outside the circle |p| < Ry The
relationship between coefficients b, and numbers
Ryin and R, is established by the well-known
theorem from higher algebra on the limits of zeros of
polynomials with real coefficients [9].

A) Initializing  currents i, (t) € S(M, Q),
Q < Ropin-

It can be proved that when solving the Q < R,
differential (6), the function L(t) can be represented
as the sum of two components (9)

L(t) = L(t)forc + L(t)fr- (9)

The first of these components is forced - L(¢t) forc,
due to the reaction of the moving system of the circuit
with current to smooth changes in time of the current
ix () and its derivatives {i, ®(t)} is determined by
the (10):
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S L0 )
L) fore = Z;K(O) L ),
k=0 ** (10)
where

K

K(p).

K

K (0) = lim d
p—0

The second component is free - L(t) s, due to the
reaction of the circuit system with current to abrupt
changes in time of the current i; (t) and its derivatives
i, ®(t), at t = 0, can be determined by the (11):

_ N 1 . d” s
L@y _EMp'ﬁ'% g PR+ A) ‘el (11)

where N —the number of poles of the transfer function
of the magnetoelectric system K (p); B, — k" pole
st order K(p); I.(p) — image (according to
Laplace) of the initializing current i), (t).

From the possibility of division into components
L(t) follows the possibility of division into
components A;(t) and Ay(t). Obviously (12) — (14),

Bo®fore = ), KOO O, (12
— K!
A fore = Z;[K ¢ _ 0KO @ K 7k+1(0)]i,5’<) ®, (13)
k=2 X
Ao(t)fr = Ar(t)fr = L(t)fr- (14)

The above formulas allow us to estimate the
limiting values |A0(t)forc|maxmax ,

|Af(t)fm|maxmax and |L(t)fr|maxmax for currents
i.(t)eSIM,Q),Q<Rppat —o <t <400,

It should be noted that for magnetoelectric
systems, which are known to be stable systems, of
greatest interest from a practical point of view are
estimates of the limiting values |Aq(t)ore| and
|Ar(t)forc|-

To estimate the limiting values of |Ay(t) for| and
|27 (t) fore|, We use the inequalities

i) < M, Q%0 <k < o,
following from (1). The above inequalities allow us
to write that for —oo < t < 40
> 1
180 (D) rorel <KOM Y =
k=1 K:

K®)(0)

X0) QF,  (15)

B Oerel < KOMY Q. (16)
—~ !

KW@ (k9O
K©) | K(©)

Analysis of estimate (15) shows that the minimum

values |A0(t)forclmaxmax for currents i.(t) €

S(M,Q),Q < R, 0ccur at minimum values of the
k®(0)
K(0)
minimum values of the coefficients b, and ratio Q. :

min

In turn, it follows from estimate (16) that for
currents i.(t) € S(M,Q),Q < Ryin » the minimum
values |Af(t)f°r6|maxmax occur at the minimum

values of the coefficients,

|K(K)(O)_ K(l)(o) .
‘ K(0) K(0) ’

coefficients {|

} or, the same thing, at the

which, in particular, is ensured when the following
relations are performed

1.5,
bz—zbll

_ 1
bn_mbll

(17)

whenfor2 <k <n:

[CIONESIONIE
‘ K(0) K©O) ||

For the differential (6) used in the classical theory
of devices using the magnetoelectric principle, the
minimization |Af(t)fm|maxmax conditions

established by relations (17) are reduced to the

equality
1 1)
ot 2N )’

. _ 1, 1
which matches s = (v2)~1 or &

It should be noted that at n > 5, magnetoelectric
systems that satisfy conditions (17) are physically
unfeasible, since for n > 5, the polynomial

n
1 K K
b(p)=1+ = b*p
kle'

does not satisfy the Hurwitz stability conditions
[10 - 12].

From a practical point of view, the use of
inequalities (15) and (16) to assess the dynamic
accuracy of a magnetoelectric  system s
inappropriate. This is explained, first of all, by the
well-known difficulties of summing infinite series
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K (o)
K(0)

=z 1
2

and

“l| K©) | K()

K @ )
1% © (K <0)] o,
representing upper bounds for the modules of
functions

(L)
K(p) _ (p) = X(p) _eKK(c()?)

KO) g K(0)
respectively in a circle |p] < Q < Ryn.

In this regard, it is advisable to estimate the
limiting values |Aq () fore| and |A;(£) rore| using the
inequalities

&(p)=—=

|A0(t)forc| < K(O)Mni(ﬂ); (18)
|Ar(t)forc| < K(O)M(pi(ﬂ)r (19)

where 1;(Q) and ¢;(Q) are rather simply calculated
majorants of the series
(x)

ZE K(0)

k=1

S 1IKD©) (KO0
ZKI K(0) K(0) @

k=2

and

It can be proved [7] that the function n; (Q) can be
used as a majorant
n
Zb O~

m(Q) = —4——r,
1- Zb ol
and as a majorant ¢; () — the functlon
2 (Q) = (Q) +e™? —1-2b Q.

It follows from inequalities (18) and (19) that for
a magnetoelectric  device characterized by
differential (7), a sufficient condition for registering
an initializing current i, (t) € S(M,Q),Q < Rpin
with a reproduction scale K(0), a time offset

@ -

7= KTJ)O) = —b,, and limit values |Aq(t) orc| and
|A;(6) forc|, NOt exceeding for —oo < t < +o0 some

numbers A, and A,, is the fulfillment of the relations

K(OM7;(©) <4, (20)

and
KO)Mg, (Q) <A, (21)

at0 < Q < Ry

An analysis of the functions n,(Q) and ¢;(Q)
shows that, at sufficiently small values QR;}, the
influence of the coefficients b, 2 <k <n on the
nature of these functions is extremely insignificant.

This allows, when registering initializing currents
i.(t) ES(M,Q),Q< R, , to estimate the limit
values |Ag(t)fore| and |A;(©)forc| , to use the
relations (22), (23)

Q 0
25—+—2
180 () orcl < K(O)M @ _K(O)MSO[ ](22)
1—25——72
(2} @y
and
Q 232 Q
|Ar(t)farc|5 K(O)M 6‘0[}+e @D _1_4s" | =
[00 a)o
(23)
:K(O)MET[QJ,
Wy

derived from differential (6).

To estimate the attenuation intensity L(t) . in the
case under consideration, following relation can be
used

e—swot

- Q
L) < K(O)M[lgjlz_K(O)Mg{mo,tj. (24)
" -

Graphs of the functions

&R e

for different values of s are shown in Figures 1-3.
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Figure 1: Graph of the function ¢, (wi)
0
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Figure 2: Graph of the function &, (wﬂ)
0

Note that currents i, (t) € S(M,Q), M = 100 mA,
Q=25s"1 include, in particular, currents
i1,(t) = 100 sin 25t; iy, (t) = 100e~25¢, etc.

In cases where the amplitude-frequency
characteristic of the magnetoelectric system M () and
its phase-frequency characteristic ¢(w) are known,
the following relations can be used to estimate the
limit values [Ag(®)fore| and |A;()forc|, When

displaying the initializing currents i.(t) €
S(M,Q),Q < Ryin < wyp
Bol@rorel = MO)M [P @) (25)
|A:(O) forcl = M (O)M M (8)) -1 (26)

obtained by substituting into inequalities (20) and
(17) the relations

x (x) ®
Z%K O o, LK),
It follows from these graphs that the circuit with a i ! K(0) K(0)
current, characterized by the differential (6) _at i 1|k (k90 K ool k2@ (K90 2 "
K(0) = 2 mm/mA, Wy = 500 H; z_ir_1d 5= 0,5 will 240 K(©) K(0) 21 K(0) X(0)
make it possible to display the initializing current ) !
ir(t) € S(My,Q), M = 100mA, Q = 2551 with a as well as the relations proved in [8]
limit value |Ag(t)forc|, NOt exceeding 2 x 100 x KY(0) _90)
0,05=10mm, and limit value |A,(t)sorc| nOt K(0) ’
exceeding 2x100x 0,01 = 2mm, (at ) )
T = —0,002 s). The limiting majorant in this case is M(Q) = M(0)+ M( (07,
the function
2
0 . 1, @ gy K 0)
K(O)Me| ==t |=275¢. M) = K O=%o |
20
Q
—. 0t
[0
1.4
1.2 \
1.0 \
0.8

8 9 T=mt

Figure 3: Graph of the function ¢ (wﬁ t).
0
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B) Initializing  currents
Q> Ry
It can be proved that for Q> R,.. the

representation of L(t) as a sum of two components
L(t) = L(t)forc + L(t)fr-

is preserved. The possibility of
determining L(t) s, by formula (11) also remains. At
the same time, formula (10) is not suitable for
determination L(t)sopc-

For Q < Rpax, L(t) ror is defined this way:

i, (t) € S(M,Q),

L0 jore = Y. 0PI,
k=0

where
QW (0) = lim L k(= Y),
20 dz*
and
1 t
i) =——— i ()-7)"d
I (k_l)!lx(r)( o),
in case if

K(p) = K(O)—=——,

1+ ZprK
k=1

for k <n, Q%™ (0) = 0 accordingly,
c 1 K (—x
L®rore = D, QO 1)

k=n+l1"""

Analysis of formula (27) shows that in relation to
the currents in the circuit i, (t) € S(M, Q), Q > R,
the magnetoelectric system, characterized by the
differential (7), manifests itself as an "opaque"
system with a forced component of the "suppression”
error of influences &(t) sorc, determined by the

6‘(t)forc = L(t)forc-

Formula (27) also implies the possibility of using
the studied magnetoelectric systemfor (n+1+q) -a
short integration of currents i, (t) € S(M,Q),Q >
R0, With a scale

l (n+1+q)
—_— 0
(n+1+ q)!Q ©
and a forced component of the integration error
J(®) forc, determined by the

1

e QPO @),

j(t)forc = L(t)forc -

The evaluation of the limit values |§(t)o,c| and
li(®)fore| for the currents in the circuit i (t) €
S(M, Q),Q > R, Can be made by similar methods
for evaluating the limit values |Ag(t)sor| and
|0 () orc| for the currents i (t) € S(M,Q),
Q < Rppin-

C) Initializing
Rmin < Q < Ry

At Ryin < Q < Riay, the division of L(t) into
forced and free components is generally impossible.
This is explained by the fact that among the currents
in the circuit i, (t) € S(M,Q), Rpmin < Q < Rpgx
there are those that are able to bring the moving
system of the circuit of the magnetoelectric system
into a state of generalized resonance, a phenomenon
first described by S.P. Strelkov. A special case of this
state is the well-known resonance that occurs when
sinusoidal currents flow through the circuit of the
magnetoelectric system, the frequency of which
coincides with the natural frequencies of the moving
system of the circuit with current.

currents i, (t) € S(M, Q),

3 RESULTS AND DISCUSSION

In the above analysis of the properties of the
magnetoelectric system, it was assumed that the
nature of the transfer function of the device is
determined only by its design parameters and is
completely independent from the parameters of the
electrical circuit of the device.

However, this assumption is valid only in cases
where the influence of EMF generated in a current-
carrying circuit on the properties of the
magnetoelectric system is practically imperceptible.
It is justified, in particular, when analyzing the
properties of magnetoelectric systems with single-
turn circuits with oil and magneto-inductive damping.
At the same time, for multi-turn circuits with
electromagnetic damping, the above assumption is
generally non-uniform.

As an example, let us analyze the properties of a
magnetoelectric  system  with  electromagnetic
damping when using it to study the EMF of
thermocouples.

Let e;(t) be the EMF of thermocouple to be
studied; r; is the ohmic resistance of the
thermocouple; e, (t) — EMF generated by the circuit;
1, — ohmic resistance of the loop; r; — damping loop
resistance (shunt).

For the case under consideration, the relationship
between i, (t), er(t) and eg(t)is expressed by
the (28)
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e O+ e
rr,+rr,+rr,

i (1)

(28)

Let's pretend that
e.(t) = _kcurL(l) ®, (29)

where ker — constructive constant of the loop with
current, and

1 n
i (t) = ——1 L)+ > b Lt
i(t) K(O){ ®) kZ; 2 ()}
in accordance with the differential (7) without taking
into account the effect of electromagnetic damping of
the current loop due to the EMF generated by it.
Substituting the expanded expressions for e, (t) (29)
and i, (t) (30) into (28), we can write that

(30)

KO)re ) _
e +rr 0

cur K i .
(O)(rr + ro)j L@ (t) + Zb’( L (t)
rr,+rrn+rnr =1

(1)
k
= L(t) + (bl +

This means that the transfer function of the
magnetoelectric system with respect to EMF of
thermocouple is a fractional rational function

K(O)r
N(p)=———22
(p) rr,+rr +r.r,

1
.>< = .
kcur 1
1+[b1 K(O)(rT+ro)]p+ZprK
k=2

+
rr,+rr.+rr,

Let the studying EMF of thermocouple
i, (t)eSM,Q),Q >Ry, where Ry, is the

convergence radius of the series

> INO©)p = N(p)
k=0 K:

By analogy with the previous one, it can be argued
that in the case under  consideration
i, (t)eSM,Q),Q < Ry,;,, the effects will be
reproduced by the magnetoelectric system with a
reproduction scale

K()r,
[ o Y o

k0

N(0) =

displacement time

_[bl +kCWK(O)(rT + ro)j

rr+rr+rr,

and limit values |Ag()sore| and |A(6)sore|,
estimated with inequalities

K(©O)r,M ,
8o (Oorel < — M __ i) (32)
rr,+rr. +r.r,
and
K@O)r,M ,
|A‘r(t)forc| < ¢¢1(Q)1 (33)
rr,+rr +r.r,
where
kcur n
+ K(O)(rT + ro) Q+szQK
, rr+rr +rr, —
)= ko KO)(T, +1)] - & ’
1— b1+’ cur r "% Q_ZbKQK
rr+rr +r.r, —~
’ ’ f(l) r
P(Q) =1 (Q) + e 001 2771(1) (0).
When registering EMF of thermocouple

er(t) e S(M,Q),Q K R;,;,, the condition for
minimizing the limit value [Ag(t)sorc| is the
fulfillment of the relation

bl kcur(K(O)(rT +rd) _
torr+rr+rr

K0

0 (34)

and relations

by=0at2<k<n. (35)

The condition for minimizing the limiting value
|A2(t) fore| in the case under consideration is the
fulfillment of the relations

b. =i|:bl kcur K(O)(rT + r()):|xl (36)
R | A A R
at 2<k<n

An analysis of the differential (31), inequalities
(32) and (33), as well as the conditions for
minimizing the limit values |Ag(t)fore| and
|A;(6) forc|, shows that the use of the effect of

electromagnetic damping of the current circuit,
increasing in

+ kcu‘r K(O)(rT + r())
(rr,+rr +rr)b

times the damping intensity L(t)z, at the same time
leads to an increase in the displacement time 7 and the
limit value |Aq(t)sorc|- From conditions (36) it
follows, in particular, that for circuits with current,
characterized by differential (6), the dynamic
correction of the magnetoelectric system in order to

reduce the limit value |A,(t) sorc| takes place at

L kar K(0)a, _r (37)

rr+r _\/5(1—\/55) *
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in cases where 1, > 13 condition (37) reduces to the
relation

ke K(0)w,
r, ~—\/§(1_ 725) r. (38)

With the resistance of the

_karK(0)ay,

h=—— -
\/E(l—\/is) , the dynamic correction of the
magnetoelectric system in order to reduce the limit
value |a,(t)sorc|is provided in the absence
of ry (i.e.,atry = o0 1).
Similarly, the properties of more complex
measuring devices, in which magnetoelectric systems
are used as recording organs, can be investigated.

thermocouple

CONCLUSION

The possibility of using the time method for solving
problems of dynamic accuracy associated with the
design and operation of magnetoelectric systems, as
well as various types of measuring devices, in which
current-carrying  circuits as part of the
magnetoelectric system are used as recording organs,
is shown.
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