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Abstract: The reduced state space model of interleaved
helical transformer winding enable to study the reflections
of the traveling waves on the terminals and the crossover
irregularities. The analytical eigenvalue-eigenvector analysis
of the two-dimensional blocks of the transition matrix gives
oscillating modes, their periods and damping.
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I. INTRODUCTION

Interleaving the turns of the transformer winding,
proposed by the English Electric Co., is one of the
constructive measures used to suppress atmospheric over-
voltages due to free oscillations excited by the difference
between the initial exponential and the final steady-state
linear voltage distribution [1]. Interleaved winding
construction, consisting of a coil wound from two
parallel, crossed over, conductors increases the effective
series capacitances between turns, making the initial
voltage distributions closer to the linear. The effective
increase of the serial capacitances is estimated [1] to be
proportional to the second power of the number of turns
in the winding. No method for computing the transients
has been suggested.

The numeric computation of the voltage transients in
the interleaved winding [2] is based on the multi-
conductor transmission-line theory in the frequency
domain.. The numerical results are confirmed with the
experiments on a real interleaved winding. Both methods
show oscillatory behavior of the transients The
oscillations are imputed to some unexplained resonant
conditions.

Simplified multi-conductor transmission-line model for
the helical interleaved transformer winding in the time
domain [3] approaches the origin of the oscillations. The
crossing of the conductors is taken as a discrete
irregularity that produces reflections of the traveling
waves. The quasi-stationary multi-component states take
place between reflections of the waves on the winding
terminals and conductor crossing. The model describes
the reduced state in terms of the surge voltage and the
previous winding state through a low order system of the
ordinary linear equations. The agreement with the full
model is achieved for the first few steps only.

This work promotes the reduced state space model up
to the eigenvalue analysis which brings to the light the
primary properties of the associated dynamics, all in pure
analytical form. Since effectively increased serial
capacitances results in substantial raise of the charging
surge currents it was assumed the resistances have
essential influence on the dumping of the free
oscillations.

The results are obtained in three phases.

The first phase creates the initial system of linear
equations which consider the resistances to be lumped
and supplemented to the terminal resistances. The total
number of eight equations follows from the laws for the
multiconductor traveling current and voltage waves of
transversal electromagnetic field (TEM) according to the
reduced model with the constant current waves inside the
winding.

The next, most demanding phase, brings the initial
system of linear equations to the standard discrete time
state space form[4]:

[x(t+1) = [A][x(®) + [B][v (1
[y(t) = [C][x(t) + [D][v 2

where [x is the column vector of the state variables, [v is
the column vector of the inputs (surge voltage) and [y is
the column vector of the outputs. The efforts were aimed
to find the state space of minimal dimension with state
variables grouped into weakly coupled clusters. It has
been found that only weak coupling exists between the
two-dimensional even and two-dimensional odd parity
state variables in the four-dimensional state space for the
model with symmetrical resistances. With the weak
coupling ignored the transition matrix [A] becomes
block-diagonal.

In the final phase the analytical eigenvalue-eigenvector
analysis of the two-dimensional blocks of the transition
matrix [A] is performed giving oscillating modes, their
periods and damping. The coupling between odd-even
modes due to eventual skew-symmetric component of
resistances can be analyzed according to the perturbation
theory [5].

II. MULTI-CONDUCTOR TRANSMISSION LINE
MODEL OF THE INTERLEAVED HELICAL
WINDING

Interleaved helical winding having even number N of
turns is constructed by winding N/2 turns of the two
parallel conductors A and B and connecting the end of
the last turn of the conductor A to the beginning of the
first turn of the conductor B. By cutting the winding
cylinder along the generator opposite to the terminals the
winding can be developed in the plane as a multi-
conductor transmission line shown in Fig. la). With a
minor modification, shown in Fig 1.b), the crossover
irregularity is separated from the terminal irregularity
giving a more favorable, similar to the one in Ref. [4],
multi-conductor transmission line representation of
interleaved N+1  turns  helical winding. The
electromagnetic transients are represented by line
currents ,i(x,t) and voltages ,e(x,t) to the grounded



screen as functions of longitudinal coordinate x and
time t. Subscript "n" is at the same time the discrete
transversal coordinate n = 0,1...N . . Longitudinal
coordinate "X" is continuous in the interval [0,w ) where
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w is the length of each turn. The interleaving crossover is
positioned at x = h = w/2. The coordinate x = h-0 is
designated as g.

Figure. 1 Initial a) and modified b) multi-conductor transmission line model of the interleaved helical winding

Except discrete irregularities at x = 0,w and x = h, the
transients i (x,t) and e (x,t) are supposed to satisfy the
vector telegraphist's equations for homogenous lossless
lines. The method of characteristics gives the solutions as
the superposition of forward and backward traveling
waves. In the TEM approximation these waves propagate
undistorted between irregularities with the universal
constant propagation velocity v and the surge impedance
[Z] according to.

[ = [ir+ [iv; [e = [er T [e

lec=[2] [ir, [en=-[2] [ib

In the per unit system the surge impedance matrix [Z;] is
advantageously approximated [1,3] with

nZhn = Z oo

where ( is the magnetic and the electric coupling constant
being equal for the TEM waves.

Boundary conditions for the waves at the nodes
influenced with the winding irregularities produce large
scale system of linear equations. Since wave reflections
occur only in the narrow boundary layers effectively only
the small scale systems of equations have to be solved. In
addition the penetrating currents reach quasi-stationary
state that is quantitatively considered in the next section.

III. QUASI-STATIONARY INPUT -OUTPUT

The main result of this section is the matrix equation
(7) for quasi-stationary outputs consisting of the four
traveling electric currents waves penetrating into the
depth of the winding in terms of the inputs consisting of
the surge voltage ES, the ground voltage EG = 0 and the
four electric currents waves coming from the depth of the

winding. The development of the equation (7) is
supported by the drawing in Figure 2 which introduces
the variables in the surge terminal side of the winding in
Figure 1b. The variables of the ground terminal side are
introduced according the symmetry with the variables of
the surge terminal side. The currents Ingr and Ipgr are
input waves in the A and B conductor to the ground
terminal G while the currents irg, and igg, are the

outputs. The crossover current iy supplies two outputs
igst = iaB — IBsvs iaGb = IaB — LGt (3)

The equation (7) uses odd-even components of the
inputs and outputs as follows:

I = (Iage + Iesv)/2; 1y = (Iace - Ins)/2; (42)

Inps = (Ut + Lasp)/2; Iapa = (pse - Iasp)/2  (4b)

is = (iasrtipp)/2; = (iast - iBGb)/2

iags = (iBsr T 1aGb)/2;  iaBa = (IBsriacb)/2

Note that, due to (3), the output i,g, is equal to the odd
input 7,:

iaga = (LagrIpsv)/2 = 1, (5)
i.e. the first equation in the (7) system.
The inverse transformation
iast =I5ty Ipgb =15~ la
ipst = IaBs t iABa; FAGb = IABs - IABa
Iage =L+ 1 Ipsy =1 -1,
It = IaBs * TaBas Iaso = Iass - IaBa

returns to the terminal variables.



There is a physical interpretation of the introduced
currents having parity symmetry. For instance the odd
component 7, is a half of the net output current wave
charging the winding while the even component i is the
current output wave traversing the winding.

The equation (7) uses even and odd components of the
resistances:
ps = (S + rG)/2, pg = (S —1rG)/2

Also, there are two constants i and v derived from the
magnetic coupling {. The constant

w=22/1-3)
is used in
w/l=2+pl=2/1-L
or in the equation
n+22-p=0

for the constant {. For p = 2 this is the equation for the
golden ratio (N5 — 1)/2 while generally

(=01

where v is the other auxiliary constant

v =41+’

The constants satisfy identities:

v=1pgv -l=p v F1=2+pd=p/C (6)

\IBSb+lwos
1gsf-lwos <> Igsp

Issp

1psf

110-T=1-0)/T=2/p

(148 /T =1L +T =1/ - T +20 =2/ + 2L = 2/p(1+
nl)=2vip

(148 /(1-0) = 1+ 1T+ UYA-L) = v

The remaining three equations of the (7) system
originate from given input terminal voltages Es in the
node SA in the Figure 2, Eg in the grounding node and
the equality of the voltages over the crossover conductor
at the node SB in the Figure 2 and analogous node GA at
the grounding side of the winding. The original equations
include the reflected current waves iyos and iy in the
boundary layer at the surge terminal side of the winding
and the analogous reflected current waves iy and ighg at
the grounding side of the winding. The voltage continuity
at nodes BS and AS in the Figure 2 give the two
equations for the additional unknowns iys and 7gys :

-2 iyos - ((iasr - 2ighs - Iasp) =0

-2 igns - {(ipst— 2 iwos — Insp) = 0

with solutions

Aiyos = - Winge - W ipse T W Lasp + 1 Tngy

Aighs = - nQ inss- W ipse T UC Tasy + 1 Ipsp

O 1BSb+1wos

1ASb+1ghs

1Asf1ghs

Tasp

1Asf

Figure. 2 Input-Output variables at the surge terminal side of the winding

The analogous development at the ground G terminal in

the nodes AG and BG gives the equations

2 406 - (2 igng - oy + Ipar) = 0;

2 ignG - (2 iwog —iacp + Iacr) =0

with the solutions



4iyvo = -Hipab - B iagy + M Iegr + U Iace

dighg = - Cipay - Kiacy + 1 { Iogr + 1 aGe

Now the derivation of the remaining three input-output
equations in the (7) system is almost straightforward. The
last equation, the even counterpart to the odd one,
developed in (5) comes from the equality of the voltages
over the crossover conductor expressed as

(Esp - Ega)/2=0

where the voltages Esg and Eg, at the crossover
conductor end are given by

2iwos - Ipsp) T W (PaseTasy)/2 + ¥ (ipse -
Insp)/2 = iggs — 4iwos - Insy

Egsp =(ipst—

- Ega = (iacb -2iw0G - Iace) + 1 (isav-Iear)/2 + W*(iacy —
1769)/2 = iagy -4iwoG - Iace

giving
(1 + pQ)Is + p Ips
is the last

(1 + “Z)IABS + u is =
which, according the first identity in (6),
equation in (7)

ViABerHis:V[er“]ABs

The two companion equations in the middle of the (7)
system are obtained by symmetry decomposition of the
voltages at the surge node SA and the ground node GB.

rs(iase + Lisy) + (lasr— 2 gns - Lasy) + 1t (ipsy - Ipsp)/2 + ud
(iasy- Lasp)/2 = Esy = Eg

r6isey + Ipgp) = (2 igne —iper + Ipgy) + 1t (Lagr- Tap)/2 +
1l (Iggr—igep)/2

Substitutions and proper arrangement gives

Vs iy tpipy = v-rs) Lig, + pulpgt Es

vt re)igey T sy = v -re) Ipor T 1 Ligr

The half difference and the half sum of the previous
equations are just the two middle companion equations of
the system (7)

G0 40 000
L ]E"‘ 0. (R ]BI“ 0,8/ )
0, O “ 01, 0 g0
0o g O 0. 0
Mass O %AB@D 0o o
where
0 0oQd
O
v+ 0
[L]:HJ Ps  Pa 0 (7a)
m pd V+ps ND

D0 wovo

and

o o 1 0 0 O
D t
[R]= Vv +es uo0 Pa (7b)
d p, 0 u v-pO
O O
o o 0 v wu Qg

are the left and right matrix coeficient of the equation (7).

IV. STATE SPACE EQUATIONS FOR p3=0

The quasi-stationary input-output (7) lasts until output
current waves from one side of the winding become
inputs to the other side. This discrete time dynamics can
be specified as

Iagi(s+1) = iasi(s), Isa(st1) = ipsi(s)

Tasp(st+1) = iace(8), Isp(sT1) = iBau(S)

where s means the time step index. One step for the parity
symmetric components of (7) consists of the substitution

T aBa(s+1) = iaBa(S), Ta(5T1) = ia(s)

I(st1) =iy(s), I aps(st]l) =
Let v(s) = E5 and

[x(s) =

iaBs(S)
[I(S) = [IABaa Iaa Isa IABS]’(S)
Then

[x(s*+1) =[I(s+1) =[i(s) =

and the system (7) can be converted to the state space
equation (1). In particular for p; = 0 the odd and even
components are decoupled into two blocks.

[iABaa ia’ isa iABS]’ (S)

The first block describing the odd parity dynamics
becomes

Ok (s+DH0O_ Ck 0
el psle  ®
2
where
1 00 v+pO [ 7. 1 00O
W= Buen 2B BT Aol

The most noteworthy properties of the (8) dynamics
are characteristic (proper) values (eigenvalues, latent
roots) of the state transition matrix [4,] defined as the
roots of the characteristic equation

2 V-p,
det([Aa]—A[ﬂ)=A2+v+‘:)s A+v+zs =0
i.e.
M=k A=Ay
where



_—HEA1-p

= /\ ej¢a
a V+pb a >
/\a: ﬂ’
\v+p,
cos(¢a):—%, m/2<¢, <m
V™ =P

and asterisk * denotes complex conjugation. That means
the odd parity currents are oscillatory with frequency o,
and damping ratio A, = 1-p/v. Dynamics details are
obtained with the matrix [4,] characteristic vectors and
their amplitudes in the next section.

The second block, describing the even components
dynamics, becomes

Dc3 (s+1)O_ k5 (s)0
0= B 9
4( +1)D [ ] F; (s )D+[ ][V(S) ©)

where

[1]=—1 o

1+pv%+m

l—pva [ ] 1 DV/ZD
2up, B 1 T+ py Fu/2f

The roots of the characteristic equation
det((4,]-A[1)= 2 -

are given by

_V1I=p +pp,

1+vp,

240,
1+vp,

1-vp,
(o =0
1+vp,

_=\1=p +pp,

1+vp,

The A; characteristic value is responsible for the uniform
current output wave traversing the winding, dumped as
traversing the impedance with the R/L = 1-A; ratio. The
other A, proper values give alternating traversing
transient with the larger influence of the resistances to the
damping. Details are presented in the next section.

Since the output variables of the state space model (2)
do not comprise dynamic characteristics they will not be
considered here

V: MODAL ANALYSIS OF THE REDUCED
DYNAMICS

This section presents the proper vectors (dynamic
modes) for the characteristic values of the transition
matrix related with the reduction of the transition matrix
to the diagonal form by similarity transformation. This
task benefits a lot from the odd component of resistances
Py being set to zero so that the transition matrix is
advantageously partitioned into uncoupled 2X2 blocks.

The similarity transformation of the first block [4,] to
the diagonal form is related to the search of proper
vectors [ which satisfy

[ [W=A[W

Proper vectors exist when the parameter A is a proper
value i.e. the root of the characteristic equation. The two
proper vectors for the roots A, and A, are presented as the
columns of the matrix

01 1/A2°0
l.IJa = aD 10
[W,] %a - (10)
so that
@A, 00O
AW 1=%. 10" .
[ wa=teags o
or
i} @A, 00O
w14 Jw,1=0" .o (11)
00 A0

The inverse of the transformation matrix [W,] is

A O —1/AZE
A=A BA 1B

The similarity transformation that reduces [4,] to
diagonal form is the consequence of the representation of

the state vector in the proper vectors (columns of [W,])
basis:

W17 =

0 (12)
0

The uncoupled dynamics of the modal amplitudes
comes from (9) substituting (12), left multiplying with

[W,]" and applying (11):
& (+1)o_ @, 00Z, t) JEs(0) 10

%2’+1D EO A%ztD 41-p? %D

The second term gives the excitation of the modal
amplitudes by the surge voltage Es. The modal
amplitudes are complex since modal vectors in (10) are
complex. The modal synthesis (12) gives back the real
state space variables. Actually the two modes are
inseparable in (9) but when iterated it is advantageous to
use the modal analysis for the explicit potential of the
transition matrix:
1 =rwads O qw,
E0 AYE
The similarity transformation of the second block [A4;]
to the diagonal form is analogous to the transformation of
the first block. The columns of the transformation matrix
[W,] are proper vectors of the transition matrix [Ag] or the
null vectors of

E’A3 _A3A4D
g

[4,1-A )= y
4

and



B—A -AA, 0
[4,]-A [1] R
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wi=g D
01 1 g
gives
_ 1 or A
SARE o. .@
A=Al -AQ
and
_ 00
wollawa=gs o
4
With

TR

the (8) transforms to the modal state space equations

&5 (e +1)0_ 2 OD[fs()D Qv =Myt 0 Es(r)

%NHD 0o A4%4 () DV+A4MD4,/

Here it comes out that

av —-Au D v+p, 010 H 1-p; OO
0 T T+ov QH
Fv+dud 1+pv 315 1+pv A7

VI. CONCLUSION
. Although the fast transients significantly modify

quasi-stationary states in the later steps, the reduced
model still gives the valid dynamical component which

could be responsible for experimentally and numerically
established surge transient oscillations [2] in interleaved
windings. The transparency of the results comes out from
the several key suppositions. The first one is the
interleaved connection of the winding shown in the
Figure. 1. The initial connection a) results in a favorable
multi-conductor transmission line model of the
interleaved helical winding. The modified one b) is still
more advantageous without the loss of quality. The TEM
supposition and exponential approximation of the mutual
inductances are essential for getting the small (four) rank
quasi-stationary states system. The additional advantage
comes from odd-even symmetry decomposition capable
to incorporate the effects of the resistances. The transition
matrices of symmetric components are not only of the
low (second) order but also have properties that makes
easy to find the proper values and proper vectors
(modes).

The obtained results should be compared with
analogous results for the much simpler case of non-
interleaved windings.
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