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ANNOTATION: The article developed a parametric structure diagram for the dynamic modes of measuring devices in the formation
of operator-type algebraic equations that reflect the electromechanical and electromagnetic processes occurring in the dynamic
modes of the electromechanical measuring transducer, which measures the difference of angular displacements. In determining
the dynamic properties of the elements in the measuring device, their inputs are given jumping variable mechanical moments and
sinusoidal variable mechanical moments, the laws of change of the output size of the element over time are determined.
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INTRODUCTION
The mode in which the output and input magnitudes of a measuring device (MD) change over time is called its dynamic mode [12,
p. 46; 13, 8 p.]. The MDs under study, like other types of electromechanical measuring transducers, contain inertial elements such
as inductance and capacitance of mechanical, electrical and magnetic nature that store energy. Under the influence of these
elements, the instantaneous value of the output magnitude in the dynamic mode of MD depends not only on the change in the
instantaneous value of the input magnitude, but also on its derivative changes [7, 21-22 p.]. The inertial properties of MDs are
studied and evaluated using their dynamic characteristics. The dynamic characteristics of MDs are formed using differential
equations, transmissions or complex frequency functions that reflect the dynamic processes that take place in them. [14, 123-124
p.l.

As mentioned earlier, the MD under study is an electromechanical measuring transducer, the structural composition of
which consists of a set of elements of mechanical, electrical and magnetic chains.

METHODS

Figure 1 shows a schematic diagram of an electromechanical MD mechanical chain with a transformer measuring the difference
in angular displacement under study.

Figure 1. Constructive scheme of electromechanical MD

magnetic circuit with transformer measuring angular

displacement difference: 1, 2 — bars; 3, 4 - moving parts;
5, 6 - friction bearings; 7, 8 - spiral springs.
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In the scheme: Uy, Uy, [N - m] and Q,,1, Q.2, [degri]l- the moments of force transmitted by the controlled objects to
the rods fixed to the moving parts and the angles of rotation of the rods under the influence of these forces; R,,;, R,;» - mechanical

resistance of friction bearings, [Pa s -m?3]; L, L, — mechanical inductance of each moving part, [kg : m?]; Wy, W, -

mechanical stiffness of helical springs, [(N - m)/degri].
In the formation of operator-type algebraic equations necessary for the study of the dynamic properties of the studied

MDs and reflecting the electromechanical and electromagnetic processes occurring in their dynamic modes, it is expedient to use

the method of PSD for dynamic modes of MDs. [6].
Theoretical study of the dynamic characteristics of the created MDs PSDs are shown in Figures 2 and 3.
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Figure 2. Theoretical study of the dynamic characteristics of the created MD is a structured parametric structure scheme
The theoretical study of the dynamic characteristics of one of the created MDs is considered in the example of MD shown
in PSD Figure 3. In order to simplify the calculations to a certain extent, we introduce the following conditions for the MD under

study, taking into account the conventional limitations in the analysis of magnetic chains:
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Figure 3. A simplified parametric structure scheme based on a theoretical study of the dynamic characteristics of the
generated MD

Ryi = Ryz = Ry; Lyy # Lya; Wyy = Wy = Wy, W, = 0 (W, — a parameter that is inversely proportional to the electrical
capacitance between the excitation windings); L, = 0 (L, = C,; —electric capacity in the path of alternating currents generated
by alternating magnetic flux in a toroidal ferromagnetic core). W, and L, The values of are taken to be zero because they are so
small.

Operator image of the electrical voltage in the parts of the measuring instrument with the output size based on the
constructed PSD U, 4, (p) An operator image of the difference in mechanical moments applied to moving parts with an input size
of MD U, (p) and In order to make it easier to derive the operator equation for the dependence of mechanical, electrical and
magnetic parameters on MD, we divide the PSD into four parts (these parts are delimited by dashed lines in Figure 3 and are
denoted by Roman numerals.) [8].

The following equations can be written for the elemental converters in the left branch of the PSD I-section:

AQM(p) = Qm(p) - sz(p)i (1)
QMl(p) = %Iml(p); (2) Iml(p) = GMIUMlG(p); (3)
Uu1s(®@) = Uy1(P) — Uy1, (P) — Uy (P); (4) U1, () = pLy1 L1 (P); (5)
UMlW(p) = (1/p)WM1 IMl(p)' (6)

(2) Substituting (3) - (4) into the equation, respectively, after less complex substitutions and taking into account the above
conditions, Q,,; (p) we find as follows [3]:
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Q ( ) — CMUM]. (p) — KMl UMl (p)
w1 (P LMchpz + RMCMp +1 p2 + 26M1p + a)l\%ll'

Where is KMl = 1/LM1r [1/(kg ' mZ)]; 5M1 = RM/ZLMII [5_1]; W1 =+ 1/CM1LM11 [5_1]
For the right branch of the PSD section | compose the equations in the same order as above and create the following

(7)

result equation:
CuUy2(P) Ku2Uy2 ()
QMZ(p) N LMZCMpz + RMCMp +1 B p2 + 26M2p + wl\%lzl
Substituting equations (7) and (8) into (1), we obtain the following expression:
AQ,(p) = . Ku1U1 (D) - Ku2U,2 (P) '
P?+28up + @iy P2+ 28,0 + Wi,
We write the following equations for the elemental converters in Part Ill of the PSD:

(8)

Usaue (P) = KIMU3,W.I#;;(I7)} (10) L@ = Lin1(0) + L2 (P); (11)
Lir1 () = PQurs (P (12) Qur1 @) =5 CurUpnc (0); (13)
s ®) = Uyn(®) = Uyese®); (14) Uirsn(®) = 3 PR Qyrs ) (15)
Upa@) = (PRuz + DLy + Wins + Winn) Qs (®0); (16)
Qua®@) = Quri(P) + Qur2(P); (17) Lir2(0) = PQur2(P); (18)
Qurz®) = 5 CurUrac (0); (19) Uiz @) = Upse(D) = Uprar @); (20)
Upr1e(®) = 5 PR Qurz (P (21) Uk () = Kng, ), AQu; (22)

Where is KAQMUﬂK = Wil /AQumax, [A/degri].
(13)-(17) and (19)-(22) equations Q1 (P), Qur2(P) and Q,,(p) together with respect to magnetic fluxes, we obtain the
following expressions:

K100, CusBQu(P) 3 K0y, Gus AQu(P)

Qur1(P) = Qura(p) = = )
ur1 ur2 Ry Coyp + 1 > +Ti (23)
uw
0,.(p) = ZKAQMUP_KC;LZAQM(p) _ KAQMUMKGuZAQM(p)
" RusCuzp +1 p+— (24)
u

Where is Guz = 1/Ruz, [.Q], Tl‘ = R/'LZCI"Z’ [S]
Substituting (12) and (18) into (11) and the result into (10), we obtain the following equation:
ZKlugua.lmK.KAQMUm(pG#ZAQM (p)
1 .
P+

Ty

Us.tmx. (p) = (25)

AQ,, (p) Substituting (9) into (25), we obtain the following equation of the dynamic characteristics of the studied MD in
operator form:

ZKquus.un.KAQMU;mG#ZKMlpUMl(p) .
(p? + 26,10 + wZ)) (p + Ti)
u
_ ZKIuaua.un.KAQMUHKGHEKMZPUMZ (P)
(p% + 28,2p + 02,) <p + %)
u

It is known that [1; 2, pp. 27-29], in transformer measuring converters, the excitation coil can be supplied from an

U:-).qmq. (P) =

(26)

alternating voltage or current source with sinusoidal regularity. If the excitation coil of the MD under study is supplied from a
current source, then the static characteristic of the MD retains its linearity even when it is operating in load-connected mode. This
is why it is the driving force in the study of the dynamic properties of MD i,,(t) = Ly cosw,t we consider the case connected to
a sinusoidal source.

Analysis of Equation (26) shows that a new transformer converter supplied from a current source can be described as a
real differentiating link given the difference between the output magnitudes of the two oscillating links at the input of the
automatic control system to which it is applied [5, pp. 56-61].

Therefore, equation (26) gives the coefficient Kag,u,, in the image of each additive wy i, (t)/AQumax = K, ki (t) in

order to simplify the finding of the original of the equation (26) in the form of the operator, we write in the following form:
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Us.lmx,. (p) _ Kl UMl (p)

AQ) = = )
UL 0] @26t ) (v+3)

_ KU1 ()
1 )
(P? + 26,20 + ©2) (p + E>

Where is L{Z i, ()} = pla@); Ky =2K;,0, . Ki«GusKuy [degri™ Q- (kg -m)™; Ky = 2K, 0, Ki «Gus Koz
[degri~t- Q- (kg -m?)71].

We know from the theory of automatic control [10, pp. 77-79] that in determining the dynamic properties of elements
in control and management systems, their input is usually given by sample effects of value jump and harmonic variable,

determining the regularity of change of element output size over time. We also study the reaction of the MD under study to these
sample input effects [4, 9].

(27)

RESULTS AND DISCUSSION

1. 1. The condition in which the mechanical moments of the jump are given by jumping to the MD inputs, that is U, (t) =

U,10 = const and Uy, (t) = Uyye = const. Their operator images Uy, (p) = U“;“’ and U,,(p) = % Substituting (16), we obtain
the following operator equation:

AQ) = Blo
p(P® + 26,up + i) (p + E>
_ K3Unzo _ F(p) _ F5(p)
p(p? + 28,00 + wiy) (p + Tl—u) RE) FE) %)
(28) equations characteristic equations F,(p) = 0 and F,(p) = 0 we find the following roots of:
P1=0; Pz =—6ytVOi—wi pu= _Tlﬂ' (29)

(28) from the image of the operator of the function (29) to the original of its time according to the roots we pass by the
following distribution theorem:

4 4
Fy (pi) Pt _ F5(py.) Pkt
& Fy(p) £ Fy(pi)

p% + 26,p + w2 = 0 depending on the values of the parameters of the mechanical chains p, and p; MD, which are the

roots of the equation, are known [11, 254-257 pp.], can be real and different, real and identical and complex joint roots. We find
the functions A (t) for these roots.

A(t) =

(30)

1) Oy1 > wyq and 8y, > w,, the roots of the equation are real and different, that is F,(p) = 0 for p,3 = —6,; £
V62, — wi;. And F,(p) = 0for py3 = =8, + /82, — wZ,. For this case, Equation (30) looks like this:
1

Ai(t) = A+ A11e_ﬁt + Ay [Mych(w) t) — Nysh(wy, t)]e~0mt

—Ay3[Mych(w],t) — Nysh(wj,t)]eovat (31)
. _ (K1Umio _ K2Uwmzo el
Where is Ao = (—wl\zﬂ o2, )Tw [Q-s];
_ K1Un10 _ K2 Umz20 3 . cl-
A11 N <(25M1T3K_ 321<(“1\241_1) (26M2T3K_ 32Kw1\242_1)) T#’ [Q S]'
4K1Up10T, 4KpUp20T,
Ay = ﬁ; [Q- 53]J Az = ﬁ, [Q- 53];
Wy1 = 85 — iy, [1/3]; wyy =82, — wly, [1/s];
M; = 14T, 63, + 5851 — wiy — 8T,w51 641, [1/s2%];
Ny = 2T, + 505181 + Tywhywyy + 127,85, 0y,  [1/5%];
M, = 14T, 8., + 584, — wi; — 8T, 05,8y, [1/s2];

Ny = 2T, + 5w 84z + T, 0k, wy, + 12T, 85wy, ,  [1/5%].
2) 8y1 = W, Ba Oy = W, in the case of

1
Ay(t) = Ao + Apse T + Ay,e 0t — 4, e~ Ou2t (32)
Whereis  Ayy =A5, [Q-sl; Ay =4y, [Q-s];
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K1Uym10T,
Azz = 2 - 3# 2 2 [Q ’ S]l
2Ty w101 +10T 851 +785 1 twyq

KaUpy20T,
A23 = 2 - 3# 2 2 [Q ’ S]I
2Ty Wy 6m2+10T 85,4785, + Wi

3) 6,;1 < W,y and 8, < w,,; When the roots of the equation are abstract

1
-1t
A3(t) = Asg + Agre Th + AgyeOmt cos(wyit — @1) —
—Azze %2t cos(wi t — @), (33)

Where is Asg = Agg, [Q-s]; Agp = Ayy, [Q-s]; Agp = 22008 [ 5] Ay, = 2202008 [ g]: B = 2883,T, + 1052, —
/Bf+512
2(1)1\2,[1 - 16T”0.)1\2,115M1, [S_z];

/BZZ+522 ‘
Sy = 24T,65, wyy — 4Ty + 10w 84y + 208,010 T,,  [s72];

@, = arctyg (;—11), [degril; ¢, = arctg (%),,[degri].
B, = 286,32TM + 1062, — 2w?2, — 16Tﬂwﬁ26M2, [s2];
Sy = 24T, 62,0y, — 4Ty + 10w, 6y, + 25,0 Ty, [s72].
Based on Equation (27), we find the original voltage at the MD output as follows:

Uy (£) = A(E) -%[iax(t)] = AW W, lymSinw,t. (34)

MD mechanical chains considering expressions (31), (32) and (33) p? + 25,,p + w2 = 0 The roots of the characteristic
equation are real and different, for real and the same and complex joint roots, equation (34) is as follows:

1
Uy yui1 (£) = UpmoSinw,t + Ulmle_ﬁtsinwst +
+[U} mach(wh t) — Uil o sh(wh,t)]e 1t sinw,t —
—[U} mzch(wist) — Ul zsh(wl,t)]e 2t sinw,t, (35)
Where is Uimo = A10Wslaim; Uimi = A11Wslaim; Ulmz = A1y lyqn My ;
Ulnz = A120515m Ny; Ulmz = Ay30, Ly My; Uimz = A13W5 L N, [V].

1
Uy yui2 (£) = UpmoSinw,t + U2m1e_ﬁtsinw3t +
“Sw2tsinw,t, (36)
Where is Uzmo = AzoWs L Upm1 = Ap1 05 Lm; Upmz = ApaWs Ly ;
Uamsz = Az30515m, [V].

+Uymze ~Omitsinw,t — Uymze

1
. -t
Us e 3(8) = UsmoSinw,t + Uzpmge T sinw,t +

Usmze it {sin[(w, — w1t + @1] + sinf(w, + wy )t — @11} —
—Usmze ™2t {sin[(w, — w;,)t + @;] + sinf(w, + w},)t — @,1}, (37)
. 1 1
Where is Uz = A30Wsloxm; Usmi = Az31Wsloxm; Uzma = ;A32w313;<m:' Usinz = ;A33w313xm» [V].

Graphs of functions (35), (36) and (37) are shown in Figures 4+5, respectively.
u3HI/IK.1! [V] Uy quk 2 [V]

0,4

0 0,02 0,04 t[s]
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Figure 4 Transient voltage time diagrams when the input  Figure 5. Transient voltage time diagrams when the input
of MD is given the difference of jumping moments and of MD is given the difference of the moments of the jump
when 8yq > wyq Ba 6y > W2 and when 6,;; = Wy, and Sy, = Wy

ua.qHK.Sy [V]

0,5

Usmo(t)

Figure 6. Transient voltage time diagrams when the input
of the MD input is given the difference of the alternating

: S~ moments and when §,;; < Wy, Ba 6y < Wy
-0,5
0 0,02 0,04 t[s]
2. 2. A condition in which sinusoidal variable mechanical moments are given to the MD inputs, that is Uy, (t) =
Ui SinQy1t and Uy, (£) = Uy sin€l,, t. Their operator images U,,; (p) = %a nd U,,(p) = ﬂ“zz—;;z’“Substituting (27) into,
we obtain the following operator equation:
A(p) — K1UMm1 _
(P2 + Q%) (P + 26,up + i) (p + )
KaUymz _ F,(p) _ F3(p)
" F F,(p) (38)
@+ 2,)(p? +26sz+wmz)<p+ ) 2(p)  Fi(p)
F,(p) = 0 and F,(p) = 0 we find the following roots of the characteristic equations:
. 1
p1=1jQ; pyz=—-6,=k 04 —wd Py=— (39)

Ty
1) 6,51 > w4 and 6,,, > w,, for the present case (38) the original of equation (38) is in the following form according to
the propagation theorem:

1
——;
Ai(t) = Aje Tr + App cos(Qyit — @) — Ajz cos(Qyat — @) +
+A e 7% (B chwl t — S shwl t) —

—Ayse %2t (Bychw!,t — Syshw!,t), (40)
. _ Qu1K1Uum1 Tit Quz2K2Unm2Tjt .
Whereiis A1, = (2(T2021+1)(T2 2 28, Ty+1)  2(TE02,+1)(TRwZ,—28uaTy+1) )" Q- s];
Ty K1U Ty Ko U 2001 K1 Upm1 T,
uK1Uum1 uZMmz m1K1Unum1Ty 471.
Ap ="—=, [Q-s]; Ay ="—=, [Q-s]; A= T prsz [Q-s*];

2 /M1+1v1 2 /MZ +1v2

2002Ks Uz T, N ] N .
Ags = #, [Q-s*]; @, = arctg (M_i)’ [degril; @, = arctg (M_z)' [degri]; M; = Tuqu = 2Qy16y1 — TMQ‘lenZ/lll
[s72]; Ny = wiy — Q%1 — 2T,6,1 0%, [s72; M, = T,Q3; — 20,8, — T,Qp05,,  [s72]; Ny = wf, — Q%; — 2T,6,,Q2;,
[s72]; wiy =62, — iy, , [s7U; wyy =682, —wl,  [s7U; By = 2T,wgy + 87,641 + 4why 8,1 — 485, — 2T,0%, wly +
2T, 02,62 — 10T, w2, 62,,[s7%]; S; = 4w + 202wl + 203wl + 4T, Sﬁlwm 12T, 8wy — 2T, 0%, 8y Wy —

6T, 05101 Wy1,  [S73]; By = 2T w5, + 8T, 80, + 40558y, — 485, — 2T, Q% wh, + 2T,0%,8%, — 10T, wh,685,,  [s7°];
Sy = 4wy 4+ 202,01, + 20wy, + 4T, 85,04, — 127,605 — 2T,0%, 8,0, — 6T,wh; 8wy,  [s73];
2) 6,1 = Wy Ba 0,2 = W, in the case of:
1
-t
Ay () = Azre v+ Agp cos(Qyuit — 1) — Aps cos(Qypt — @) +
+A,,e70mt — A, e0m2t) (41)

H —_ . . J— . . — . . —_ -O-MlTuxlumml
Whereis Ay = Ay, [Q-sl; Ay =A41,, [Q-s]; Az =413, [Q-s]; Ay = (02 (1,02, 13187250

[Q-s];

Q2T K2Uumaz
A =k Q-s].
25 = (Wi =62,) (T2 +3Tu67%, ~28uz2) [ ]
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3) 61 < wy1 and 6,5, < w,, in the case where (38) the original of equation is as follows:

1
-1
A3(t) = Azie T+ Az cos(Qyit — @1) — Azz cos(Qyot — @3) +

+Az,e "1t cos(Qyq t — @3) — Azse " m2tcos(Qyot — @,), (42)
Whereis A3y = A1y, [Q-s]; Asp = Ay, [Q-s]; Asg =43, [Q-s];
Agy = 220EBmL [0 5]y Ay = 2l g g],
B; = ST#(U:,‘H - 4T#5$1 - 8&)»2,‘1(5‘,41 + 8(53[1 + 4Tuﬂx\241w»241 - 4Tﬂa)ﬁ163‘1 - 4THQ}2416311, [s73]; S3 = 4T#5]31w;41 -
6T, 051 Oy1Wyy — 2T, Q%1 Syq wyy — 4y + 205wy + 2051wy — 127,81 w03, [s73]; B, = 8T, wy, — 4T, 60, —

8(1)]\2,[26]\42 + 8632 + 4T#Q§42w]\242 - 4’T#w}2425312 - 4T#Qﬁ263[2, [5_3];

1 ! 1 ! 1 14 ! - S
Sy = 4T, 65,0y, — 6T, 05,802 Why — 2T, Q%7 8, wyy — 415 + 200, Wy + 205, Wy — 12T,8,,0,5, [s73]; @3 = arctg (B_Z)’

[degri]; ¢, = arctg (S—‘*), [degri].
By
For a case where sinusoidal variable mechanical moments are applied to the MD inputs (40), (41) and, given (42), Equation

(34) is in the following form:
1

Us g1 (T) = Ulmle_ﬁtsinwat +
FUimz {sin[(w, — Qu)t + @] + sin[(w, + Qyi)t — @11} —
—Uims {sin[(w, — Q2)t + @] + sinf[(w, + Q2)t — @]} +
+e Smt(Us  chwl t — UjhaShwl t)sinw,t —
—e 2t (U] cchwl,t — UpmsShwl,t)sinw,t, (43)
Where is Usmy = A11@slogn; Usmz = 5 A12@slgm; Uima = 5 A130skoem; Uima = A1aB10slgn; Ulima = A1aS10slmi Uims =
A15Bywylym;
Ulms = A15S2W,Lym;  [V].

1
)
Uy 2 (£) = Uymre T sinw,t +

+Uzmaz {sin[(w, — Qyu1)t + @11 + sin[(w, + Qyui)t — @11} —
—Uzms {sin[(w, — Qup)t + @,] + sin[(w, + Qu2)t — @]} +

+Uymae " Omitsinw,t — Upmse "2 sinw,t, (44)

. 1 1

Where is Uypy = A1 WsLym; Uzmp = EAZZ(‘):-)[sKm; Uyms = §A23w313;<m}

Uzma = A24-w3]31<m; Uyms = A25w3131<m: [V].

Uy qui3(t) = U3mle_%tsinw3t +
+Uszm {sin[(w, — Qu)t + @] + sin[(w, + Qyu)t — @11} —
—Usms {sin[(w, — Qu2)t + o] + sin[(w, + Q2)t — @]} +
+Usmae ™t sin[(w, — Qui)t + @3] + sinf(w, + 1)t — @3]} —
—Uspmse o2 {sin[(w, — Q2)t + @4] + sinf(w, + Qu2)t — @4]}, (45)
Where is Uzyyq = Az10,0Lm; Usmz = %A32w313}<m; Uspz = %A33w313,<m;
Usma = 5 Asa@slom; Usms = 5 Ass@slogm, (V]

Graphs of functions (43), (44) and (45) are shown in Figures 7 + 9, respectively.
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CONCLUSION

1. Anew transformer measuring the difference in angular displacement supplied by the current source can be described
in the form of a real differentiating link, given the difference in the output magnitudes of the two oscillating links at the input to
the block diagram of the applied automatic control system.

2. A new transformer supplied by a current source consists of an algebraic sum of three free components, one of which
is constant, the magnets of which are magnetic, and the two mechanical chains, depending on the time constants, respectively.

3. Transient voltage frequencies at the output of a new transformer converter supplied from the current source at two
inputs with two torques of harmonic variable of different amplitude and frequency at the two inputs source current frequency
(w,) and input size frequency (£2,,) two constants consisting of a sum of signals equal to the difference and the sum, amplitude
values will consist of an algebraic sum of three free constituents that are extinct depending on the time constants of the magnetic
and two mechanical chains, respectively.
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