UDC 621.317.3 doi: 10.20998/2074-272X.2018.5.09

V.0O. Brzhezytskyi, R.V. Vendychanskyi, Ye.O. Trotsenko, Ya.O. Haran, O.M. Desyatov, V.I. Khominich

CHARACTERISTICS OF SPECIALIZED SINGLE-PHASE HIGH VOLTAGE DOUBLER
RECTIFIER

Introduction. To obtain a high voltage direct current, voltage multipliers with a number of cascades of three or more are widely
used. At the same time, for voltage levels of 100...200 kV there are several advantages of using a specialized single-phase high
voltage doubler rectifier. Problem. The main difficulty is that at the moment mathematical modeling has not been worked out for
describing modes that use the built-in R, C-filter, as well as a nonlinear load in the form of Zener diodes. Goal. Generalization of
the results of the authors' previous publications on the development of an analytical method for calculating the modes of a typical
high-voltage direct current installation based on a specialized single-phase voltage doubler rectifier. Methodology. Compilation of
a system of algebraic linear and nonlinear equations that describe the current and voltage modes in the elements of a typical
high-voltage direct current installation with a nonlinear load. Results. It is shown that with the use of linearization of the current-
voltage characteristics of Zener diodes used in the load circuits of a typical high-voltage direct current installation, an analytical
solution for the voltages and currents in its elements can be obtained. Originality. The theoretical basis of the complex solution of
the system of equations for the currents, voltages and power of the elements of a typical high-voltage direct current installation
with the account of nonlinear pulsations is formulated for the first time. Practical value. The obtained theoretical results can be
used for calculations, design, optimization of the modes for a wide range of high-voltage direct current installations of technical,
technological, and measuring purposes in the range up to 100...200 kV. References 16, tables 2, figures 3.
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Llenv. Obobwenue pe3ynomamos npeovIOYWUX NYOIUKAUUI AGMOPCKO20 KONIEKMUGA NO pa3padomke aHAIUMUYECKOZO0
Memoda  pacyéma  pexcumos MUNOGOU  YCMAHOGKU  8bICOKO20  HARPANCEHUS  HOCMOAHHO20 MOKA HA  OCHOGe
CReYUAanu3upoOGanHHo20 00HOPA3H020 GbINpAMUmMENA ¢ Y0eoenuem Hanpaxcehus. Memoouka. Cocmaenenue cucnemol
anzebpauuecKux TUHEHHBIX U HETUHEUHbIX YPAGHEHUIl, ORUCHIGAIOUIUX PEXHCUMbBL MOKA U HANPANCCHUA 8 I/IEMEHMAxX MmUunoeoil
CcXeMbl YCMAHOBKU GbICOKO20 HANPANCEHUA NOCHIOAHHO20 MOKA ¢ HenuHelinol Hazpyskou. Pesynemamui. Ilokazano, umo c
npumenenuem TUHEAPUIAYUU 6OJILIN-AMNEPHDBIX XAPAKMEPUCHUK CIAOUTIUMPOHOG, UCHOIL3YEMBIX 6 YENAX HAZPY3KU MUNOBO
YCMAHO6KU 8bICOKO20 HANPAINCEHUA NOCIMOAHHO20 HMOKA, MOMCEM ObliMb NOIYUEHO AHATUMUYECKoe peulenue 0N HANPANCEHUT
u mokoe ¢ eé inemenmax. Hayunan mnoeusna. Bnepevie cpopmynupoean meopemuueckuii 6a3uc KOMHIEKCHO20 peuteHUs
cucmemsl ypagHenuil 0 MOKO06, HANPANCEHUN U MOWHOCIMU INEMEHMOE MUN0BOU YCMAHOEKU BbICOKO20 HANPANCEHUS.
HOCMOAHN020 mMoOKa ¢ yuémom Henuneitnvix nyavcayuu. Ilpakmuueckan 3nauumocmo. Ilonyuennvie meopemuueckue
pe3yibmamsl Mozynt Oblmb UCNOIL306AHbL ONA PACUEMO8, NPOCKMUPOBAHUS, ONMUMUZAUUN PEICUMOE WIUPOKO20 CHEKmpa

YCMAHOBOK 6bICOKO20 HARPANCEHUA ROCMOAHH020 MOKA MEXHUYeCK0o20,

MEXHO/I02UYECK020, a4 MAaKice UZMEPUMEIbHO20

npeonasnayenus 6 ouanazone 0o 100...200 kB. bubn. 16, Tabn. 2, puc. 3.

Kniouesvie cnosa: BBINPAMUTEIb € YIBOCHUEM HaNPAKCHUS,
XapaKTepHCTHKA.
Introduction. The variety of high voltage

applications for steady-state modes of technological
equipment (electrostatic precipitators of coal-fired power
plants, electro-coloring and coating sputtering devices,
electric separators) necessitates the improvement of their
power supplies to a level of 100...200 kV. In connection
with this, recently interest in various variants of the
improvement of the classical Cockcroft-Walton direct
current voltage generator [3] with a number of stages of
three or more [1, 2] has appeared. At the same time, since
high-voltage diodes [4] are of high quality, in order to
obtain the above voltage level, it is more efficient to use
the Cockroft-Walton generator with only doubling the
rectified voltage, and to reduce output voltage ripple — to
supplement it with the «built-in» R, C — filter [5].

It should be noted that to date no rigorous
mathematical model of the Cockroft-Walton generator has
been created. The available publications on this topic give
different results on the magnitude of voltage ripples, and
there are also no analytical expressions for the shape of
pulsing voltage, etc.

In this connection, a new development of the authors'
team [6-8] on the creation of elements of the theory of
voltages and currents of the Cockroft-Walton generator with
voltage doubling, together with the integrated R, C — filter,

BBICOKOBOJIbTHBIIf  CTA0OMJIMTPOH, BOJIbT-aMIepHas

and, in addition, the possibility of attaching to its load
nonlinear elements such as Zener diodes.

The goal of the paper is to generalize the results of
previous publications of the authors' group, to formulate
and analyze the final analytical expressions for both
voltages and currents in the rectifier circuit with voltage
doubling in Fig. 1, and for the powers of the elements of
the Cockroft-Walton generator with voltage doubling and
its integrated R, C — filter, taking into account the
nonlinear pulsation modes. To reduce the terminology, we
will call such a generator a specialized single-phase high
voltage doubler rectifier.

The subject of the research is a specialized high-
voltage single-phase rectifier with voltage doubling, its
generalized circuit is shown in Fig. 1.

In Fig. 1: VT — high-voltage step-up transformer;
VD,, VD, — high-voltage diodes; C;, C;, C; — capacitors;
Ri Ryy, r — resistors. The branch of n Zener diodes
ZD\,...ZD,, resistor r and voltmeter J forms the «built-
in» high-precision measuring group of the load voltage
U,y. In this case, the voltage source in the circuit diagram
in Fig. 1 is of interest for both technological applications
and measuring equipment [9, 10]. The peculiarity of this
voltage source is that by changing the parameters of the
elements it is possible to adjust the amplitude and shape
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Fig. 1. Functional diagram of rectifier with voltage doubling [5]

of the output voltage ripple U;y in a wide range. The
problems of the synthesis of circuits with capacitive energy
storage devices, including those using nonlinear electrical
loads, are considered in modern publications [11-13].
However, the features of the high-voltage source in Fig. 1 in
the well-known publications of other authors have not been
studied. The calculated relationships for the voltages and
currents of the circuit in Fig. 1 were first obtained in [6-8].

The initial prerequisites for the research are based
on a number of conditions:

e a typical current-voltage characteristic of a Zener
diode has the form shown in Fig. 2, where u,, I, denote
the selected point of its operating mode;

e a differential resistance of a Zener diode
rqy = duzp /dizp in its operating domain is far less than the
impedance u(/l, (number 1 denotes the linearized current-
voltage characteristic of a Zener diode);

duZD

e a capacitance current C, of a Zener diode is

far less than its through-current /; (here Czp is the inter-
electrode capacitance of a Zener diode);

e placement of a Zener diode in a metal casing (Fig. 3)
completely shields its internal active element from the
influence of external electric fields [5].

Uzp A
1
”0 —%_-_
- |
| |
| |
| |
| |

Fig. 2. Current-voltage characteristic of the Zener diode D818D

When these conditions are fulfilled, a series
connection of the same type of Zener diodes in the steady
state is characterized by the flow of the same current
through their circuit with the voltage operating point

U(): Uy Tugp T ... Fugt ... +u0,,,
as well as the total differential resistance

Rd:rdl +rpt .o trgto. +rdn:
that corresponds to the conclusion of [4] on the
admissibility of a serial connection of any number of
Zener diodes. The typical «high-voltage» design of
insulation of a series of similar Zener diodes eliminates
the need to take into account the corona and other
phenomena of distributed currents [9].

Derivation of the initial expressions. Then for the

instantaneous load voltage u;(¢), one can write:
upy (1) =Ug + Lor+(i(0) = Ig Rq +7), )]
where: i(f) — instantaneous current through a Zener diode
and resistor 7 branch. From here one can get:
i(f)z ”LV(I)_UO_IO” + (2)
Rd +r

The expressions (1) and (2) are valid within the
stabilized domain of the current-voltage characteristic of
Zener diodes (Fig. 2) and, therefore, are applicable up to a
current ripple level of ~50 % (when I, is selected in the
middle part of this domain). The peculiarity of the
expressions (1) and (2) is also that they can provide (with an
appropriate selection of the parameters U, R;) any variants of
a series connection of Zener diodes and a resistor 7, up to the
limit: «only the Zener diode» load or «only resistive» load.

Let us write

”LV(t) = UO + ]Ol" + Au(t) ,
where Au(t) —load voltage ripple as a function of time.
Wherein

Iy.

T

[Auar=o,

0
where 7 = 1/f — voltage period of sinusoidal voltage
wy()=U,, sin(wt), w=2n — angular frequency, f —
voltage frequency.

Let us write i3 =Cs-duyy(t)/dt

account the losses in the capacitors of the circuit in Fig. 1
slightly ~refines the results obtained [6]) and
iy =ury )/ Rpy .

Then the current flowing through the resistor R, is:
Au(t) N Uy + Lyr + Au(?) e dupy(t) ’
Rd +r dt
and voltage is:

Mcz(l) = ”LV(t) + lfRf .

In its turn, iy =C, -duc,(t)/dt and the total current

at the input of the right-hand side of the circuit is

(taking into

i =Io+
4 Ry

i]N = lf + i2 =
=1, +M+Au(t)(L+ ! j-i—
— Lv Ry Rg+r
R R 3)
‘ +dAu(t) G+ G, 1+—L 21 |+
t RLV Rd +r
A0 2
16 +CyC3R; dA—Lz‘(’).
Fig. 3. Photograph of the Zener diode D818D ' dt
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Since the process occurs cyclically, let us assume
that at time instant ¢, the diode VD; «opens», and the
current i;=i;y flows (the resistance of the diode VD in the
open state is neglected). At time instant #,>f;, the diode
VD, «closes» (the resistance of the diode in the closed
state is assumed to be infinitely large). In the time interval
t, <t < T+ty, the current i;y= 0. Proceeding from this for a
given period of time, from (3) one can obtain an equation
for a function of Au(¢) in the form:

2
d?Auy (1) can dAuy (¢)

+arAuy(t) =
dtz dt 2 1()
4
10+L(U0 +107") ( )
_ Ry
C,C3R,

where

R R
C3+Cy A
RLV Rd +r
Cll = .
C,G3R,
1 1
—+
_ RLV Rd +7r
C,G3R,
A study of the roots p;, p, of the characteristic
equation p* + a;p + a, = 0 shows that its discriminant
D > 0. Thus, one can find the solution for Au;(¢) in the

form:

a

Auy (1) = AP’ + AyeP? + Auyg (5)
where Au;; — steady-state voltage.

For the industrial power supply frequencies of the
circuit in Fig. 1, one can ignore the inductance of its
elements. Therefore, in the open state of VD, (during the
time interval #; < ¢ < ;) one can obtain [6]:

in(0) = (1),
t

ucy =U,, sin(at)+U,, —Cljil (t)dt .
1 t,
1

After differentiating this expression, one can get:

% =wU, cos(a)t)—CL]il ®)
and, consequently:
ducy (1)
dt
Using the expression ucy(t) =upy (O)+ip(t) Ry

iy (1) = CywU,, cos(wt)-C; (6)

and performing its differentiation, and also substituting
(6) in (3), one obtain the equation for the function Au,(?)
during the time period #; <t < t,:

2
d Au22 (O PO
dt dt
10+L(U0+10r) (7)
_ GU,, cos(art) Riy
RfC3(C1 +C2) RfC3(C1 +C2)

where

R R
Cy+(C+Cy 1+—L 2L
R LV Rd +r
RfC3 (Cl + C2)
1 1
bz _ R LV Rd +r '
R/C5(Cy +Cy)
The discriminant of the characteristic equation in
this case is also greater than zero, and the solution for
Au, (t) is found in the form:

b1:

E)

Aty (£) = Ay sin(ot + ) + Age? + AseP* + Auyg , (8)
where Au,, — steady-state voltage, ps, ps — roots of the

characteristic equation p* + byp + b, = 0. Values of 45 and
w are given by following expressions:

Cla)Um

RfC3 (Cl + C2 )\/blza)z + (b2 — 602)2

bz - C!)2
= arctan .
bla)

Comparing (5) and (8), one can find:

Az =

[0 +L(U0 +IO}")
Ry

Aupg =Auyg = Aug =— 1 >

Rd+7”

Ry

where Aug — continuous component of the ripple voltage.

Using the invariance of uc, and uc; at the time
instants ft;, t,, as well as the determination of #, from the
condition U, (1 +sin(ar )) =ucsy(f ), and the time instant

t, from the condition i;(;) = 0, and also the expression
T+t

153
jAul(t)dt+IAu2(t)dt=O, one can get a system of
5) Ul
seven algebraic equations (9) -
unknowns: Ay, A», A3, A4, As, 11, b

Ay cos(@AL +y )+ pyAge” ™ + pyAse? ™ =
=P+ pards;

oAz cos(y )+ p3 Ay + pads =

= plAlepl(T_At) n pzAzepz(T—At);

Agsin(y )+ Ay + As = 4P T80 4 g eP2(T-20), (1)

(15) with seven

)
(10)
A3 sin(a)At +1//)+ A4ep3At + A5ep4At =4 +4,; (12)

ﬁ(COS(l//)— cos(a)At + l//)) =—Au T -
1)

_ﬂ(epl (T-ar) _ 1)_ﬁ(el72 (T-ar) _ 1)_

(13)
P1 P2
_ﬂ(el’sm _1)_ﬁ(el’4m _1)
pP3 Py
4 :iarcsin i—1 ; (14)
@ U,
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(15)

1 F,
t, =—arccos| .
w oU,,

In (14) F) is given by the expression:

Ry
F =IgRy +(Uy+Igr) 14— |+
‘ Rpy

R, R,
+(Auy + Aysin(y )+ Ay + A | 1+ —L+—L |+
RLV Rd +r
+C3Ry (a)A3 COS(l//)+ P3Ay +p4A5)
In its turn, in (15) F, is given by the expression:
F, = C3Rf( @ A3 sm(a)At + l//)+ P3 A4ep3At +

R/ R,

+ p3AseP M )+ LS (05 cos(wAt + )+
RLV Rd +r

+p3A4€p3At + p4A5ep4At

It should be noted that Atr=t,—#, while the

relation between A5 and U,, is defined above.

Equations (9) — (13) are linear with respect to 4, ...
A;, ... 4s, and therefore the system of equations (9) — (15)
can be reduced to three equations with three unknowns ¢,
t, A;. Our experience in calculating (9) — (15) confirms
the possibility of obtaining in each particular case a
unique solution of the system in a set of real numbers.

Development of theory. The initial expressions
(1) — (15) obtained above are derived from the
publications of the authors [6-8] and are necessary for the
further presentation of the materials in this article.

The advantage of the obtained analytical solution of
this problem implies its logical conclusion in the
derivation of expressions for the power of the elements of
the circuit in Fig. 1 taking into account the voltage and
current ripple in these elements (without the assumption
of a limitation of their smallness).

The power losses in the R;; load can be found as
follows:

T+t
Py =t I
15
MLV(f)ZUO +[0r+Au1(t)f0r
L <t < T+, and u;p(t)=Ugy+1gr+Au,(t) for time
interval t; <t <t,.
Then let us transform (16) to the following form:

RiyPry _ [RLVPLV j(l) J{RLVPLV j(z) _

[LV()] dHfI[LV o, e

LV Rpy

where time interval

A S A
- A (7)
= .[[VO + Al/ll (l)]2 dt + I [VO + Au2 (f)]z dl,
53 h

where VO ZUO +10}".

Let us rewrite formula (17), integrating each
component and assuming Vo(l) =V +Auyg, then one can
obtain the following expressions, that allow computing
the power losses of P, taking into account the voltage
and current ripple on the load R; -

(1) 2
(—RLVPLVJ = (VO(D)Z(TH1 —t2)+2‘ix

S P
2
x [ezpl (T+-1y) _ 1]+ A [ezpz (T+-ty) _ 1]+
2py (18)
1) M
+ M [epl (T+1-1,) _ 1]+ M x
Pi P2
[ pa(T+t-15) _ ] ﬂ[ (pi+p2 \T+1-1,) _ 1]’
o pitp2
2
R;yP, 1 2
(B | -1

y {% +ﬁ [sin(2y)—sin(2(alty —1,)+ t//))]} +

2 2
+ A4 [eZp3 (l‘2 —tl) _1]+ A5 [62p4(t2 _tl) _1]+
2p3 2py

2w 4 2D 4
420 B 0 74

[eos(y)—coslelry —a)+y ]+

p3

U
x [epa (-1) _ 1]+ 2o As [e!’4 (1) _ 1]+
Pq

+—]{ep3(tztl)[p3 sm[a)( )+ 1//]— (19)

@

~coslo <r2-rl>+w]>—;sm(w>+cos<w)}+

+%[ep4(fz—ﬁ) %
P4
a{(wj +1}
X (ﬂ sin[a)(t2 | )+ l//]— cos[co(tz - t1)+ y/]j -

10}
% [e(P3 +pafta—t1) _ 1].
P3Py
The expression for the power losses in the group of
elements ZD,...ZD,, r, taking into account the previous
consideration, will look like:

T+t| Au (t)
R=1| {[V0 +Au1(t)]-{—l+10ﬂdt+
Rd +r
n (20)
7 Auy¢)
+ftJ. [VO +AL{2(I)]' m"l‘[o dt.
1
Next, let us transform expression (20) to the form:

<=L +|L| =
o\ /

T+t )
[t o | o) },H en

(0P }h.

5
"
+ || Volo + Auslt) Iy + }
;[I: 0%0 2({0 Rd+I”J Rd+1’
1

~Psinfy ) cosly) |+
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After integrating each component, the following
expressions can be obtained, that allow calculating power
losses in the group of elements ZD;...ZD,, r:

(1) ()
P 157 4 _
[—’J =Volo(T +1; - 12)+°—1[el’1(”‘1 b)_ 1]+
A P

14
+0 72 [epZ (Tn-t,) 1]+ IOAug(T +1-1,)+

V2)

2) 42 2) 42
+M[62P1(T+t1—fz) — 1]+ﬁx

2p 2p, (22)

y [e2P2 (T+0-1) _ 1]+ VO (Mug BT +1 1)+

(2) )
+—2V0 Ay .[e(P1+P2 NT+t-t,) _ 1]+ 2V~ Aug 4 o
(2)
% [epl (T+4-t,) _ 1]+ 2Vy" Aug A, [epz (T+4-1,) _ 1];
%)

() )
[ij =Vololta —11)+ fo 4 [cos(y) -
f w

1

“cosfolts —1)+y |+ L erlomn) g

pP3

1D 4
+0_5[e

; Paltz=1) _ 1]+ 1P Au gty — 1)+ VP 43 %
4

|32+ in)=sin(aloly =)+ +
[0
+ ﬁ [62!73 (1) _ 1]+ M [e2p4 (t-1) _ 1]+

2p; 2py
2
2w 34,

(5]

x (p—afsin[a)(tz —t))+y]-coslalt, -1;)+ '//]j -

VP (8ug Pl —1)+ lerstn)

(2
:| + M [ep4 (t2-11) %

— B3 Gin(y )+ cos(y) wl(mjz ) 1}

x (p—ajsin[a)(tz —4)+y]-cos[olt, —1,)+ '//]j -

]

(2)
+ 2V0 AHSAS [Cos((//)_
9 [

(2)
_ COS[C!)(tz _ tl )+ !//]]4_ M [e(p3 +Pg )(fz—ll) _ 1]+

P3+ D4
(2
e
P3
(2
e Y
P4

where 1" =1, +V,/(R; +7), V¥ =1/(R, +7).

The power losses in the active resistance of the
filter R, can be determined by the formula:

py=r floprr b rflira o

2] 4

(24)

where the values of iy, i have the following form:

—U°+10r+Au1(t)(—l - j+

RLV RLV Rd +r
dAuy (¢

+C3—d[1( ),

if1210+

Uy +1 1 1
R L Auz(t)[—+ J+
RLV RLV Rd+r

+ C3 —dAZ,f (t) .

ifZ =Io+

Then let us transform expression (24) to the form:

1 2
o[ B ()+ Py ()=
Ref \Rpf R/ f
T+t

2
= I[[éz)+Au1(t)(R1 - j+c3dA”1(t)j dr +

tz LV Rd +r dt

2 1 1 Ayt
+ J‘(I(()z) +u2(t)[ + J+C3 2 ] dt,
gl

RLV Rd +r dt

where 1{%) = I + (U +1or)/Ryy -

After integrating each component, one can obtain
the following expressions that allow calculating the power
losses in the active filter resistance of the installation:

(1)
[%J | = (133))2(T+t1 —t2)+%[e2pl(”’1_’2)—1]+

2 3)
+ X5 [62}72 (T+t-1y) _ 1]+ 210—X4 [epl (T+1-ty) _ 1]+
2p; pi
2I(()3)X5 (T+1,-1,) 2X4Xs
+—[ep2 1) s A2
P2 Pt P2
x le(P1+Pz NT+t-ty) _ 11,

)
[i} )3 S0+

R/ f

(25)

+ ﬁ[sin@t//)— sin Z[a)(t2 -4)+ l//]]} +(40C; )2 x

x B(fz -4)+ i[sm(z[w(fz —4)+y])- Sin(zvf)]} +

2 2
+ﬁ [62p3(t2 -1) _ 1]_,. ﬁ [621?4(12—&) _ 1]+
2p3 2py

210 x,

(0]

+ [eos(y)—coslal(r —1)+y ]+

20 x
0 2 «

+218Y) 4,C;[sin[o(t, — 1)+ ] sin(y )]+ ;
3
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(3)
o3 (6-11) 1] H[em(h—ﬁ) —1]+%x
P4 2
x[cos(2y) - cos@lelt - 1)+ )]+
2X1X, _ [6P3(t2_t1)><

+—
2
a)(m] +1
w

x (%sin[w(tz —t)+y]-coslw(t, - 1)+ l//]j -

—ﬂs1n((//)+cos(t//)}+ [2X1X3

x(p—4~sin[(n'(t2 —t))+y]-coso-(t; — 1)+ \V]J—

[ep4(tz 1) x

()
&.sinl//+Cosy/:|+%[ep3'(t2_tl)><
@ 2
(Ps} i
w

X(p_cj. cos[w-(1y —t; )+ y |+sin[w- (1, —1; )+ 1//]]—

—&cos(t//)—sin(z//)}+%[€)P4(I211) %
’ (p“] +1
)
x [ﬂcos[w(tz —4)+ 1//]+ sin[a)(t2 —1)+ V,]j _
1)

—ﬂCOS(l//)— sin(t//)} +%x
®

P3+ P4
x [e(l’a +pa)ta—1) _ IJ’ (26)

where

](()3)21(()2)+AMS(R1 - ]

LV Rd+}"
Xl A3 —+
RLV Rd+l"
X,=4 C +—+ ! ;
2 4| P3L3 R,y Ry+r >
X;=4 Cy+ ! + !
3 51 P4L3 Ry Ry+r
X,=4 C +;+ !
4 1] P143 R,y Ry+r >
Xs:=4 Cy + + !
5 2| P2C3 R,y Ry+r

Approbation of the obtained theoretical results
was performed using the calculations of the parameters of
the standard installation DETU 08-04-99, that is used in the
State verification scheme for means of measuring the direct
current electric voltage in the range 1...180 kV [14].

To the high voltage direct current power supply circuit

shown in Fig. 1 were assigned the following parameters that
correspond to the installation of DETU 08-04-99 in the
modes of rated voltages ¥ from 1 to 180 kV: C; — charging
capacitor (0.1 puF); C,, C; — filter capacitors (0.072 pF);
R/ — filter resistance (1.78 MQ); ZD;, ... ZD,, ... ZD, are
Zener diodes of the D818D type; R,y is the resistance of
the resistive voltage divider.

For the D818D Zener diodes, the value of stabilized
current [, = 5 mA was selected for 27 different values of
the rated voltages V, on the load, according to Table 1.
The voltage divider has four values of input rated voltages
Vo: 180 kV; 90 kV; 60 kV; 30 kV for which the current of
the divider voltage is ;= 2.5 mA. For the other 23 input
voltages of the voltage divider V%, its current decreases in
proportion to the input voltage.

Table 1
Calculation results for 27 power modes
of the DETU 08-04-99 installation
Vo, kV Um, kV Al, \ Az, \ A,,, % IO+1LV5 mA
1 5.97 3.54 | —4.08 | 0.381 5.083
2 6.61 3.81 | -4.88 | 0.217 5.167
3 7.25 445 | -5.69 | 0.169 5.250
4 7.89 5.04 | —6.49 | 0.144 5.333
5 8.52 5.57 | -7.27 | 0.128 5417
6 9.16 6.04 | -8.04 | 0.117 5.500
7 9.80 644 | -8.81 | 0.109 5.583
8 10.44 6.78 | —9.54 | 0.102 5.667
9 11.08 7.07 | -10.26 | 0.096 5.750
10 11.72 7.31 | =10.97 | 0.091 5.833
20 18.27 | 11.41 | -20.65 | 0.080 6.667
30 24.66 | 13.09 | —24.15 | 0.062 7.500
40 29.27 | 11.71 | =22.07 | 0.042 6.667
50 3522 | 12.46 | -23.82 | 0.036 7.083
60 41.17 | 13.18 | -25.51 | 0.032 7.500
70 46.09 | 12.18 | —23.86 | 0.025 6.944
80 51.90 | 12.63 | —24.97 | 0.023 7.222
90 57.71 13.09 | —26.05 | 0.021 7.500
100 62.04 | 11.11 | -22.32 | 0.017 6.389
110 67.70 | 11.39 | —22.88 | 0.016 6.528
120 73.36 | 11.67 | —23.43 | 0.015 6.667
130 79.02 | 11.95 | -23.97 | 0.014 6.806
140 84.68 | 12.22 | -24.51 | 0.013 6.944
150 90.34 | 12.49 | -25.03 | 0.012 7.083
160 96.00 | 12.76 | -25.55 | 0.012 7.222
170 101.66 | 13.02 | —26.07 | 0.012 7.361
180 107.32 | 13.29 | —26.59 | 0.011 7.500

Calculations were performed to solve the system of
equations (9) — (15) for the parameters » = 10 kQ for the
modes Vy=1...10kV and r = 60 kQ for the V,=20...180 kV
modes. The value of r; was assumed according to [4] equal
to 22 Q for each Zener diode, and R; = nr,, where n is the
number of Zener diodes corresponding to each mode V.
This quantity is determined based on the average value of the
D818D stabilization voltage 1y =9 V.

Based on the calculation results, the maximum
positive pulsation values Au(f)=A; and minimum

negative pulsation values Au(¢)=A, were determined, as
well as the pulsation amplitude coefficient:
8, =2"82100, o
2V,
The obtained results of calculations are shown in
Table 1. Table 1 also shows the value of the total average
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load current I, + I,y (mA) for each DETU 08-04-99
installation operating mode.

From the data in Table 1 it follows that with increase
in load voltage V;, the pulsation amplitude coefficient A,
decreases accordingly. In the V, = 1 kV mode, the pulsation
amplitude coefficient A, = 0.381 %, and in the V;, = 180 kV
mode the pulsation amplitude coefficient is A, = 0.011 %.
The above values of ripple in different operating modes of
the installation differ by a factor of 35.

Using the values of Py, P;, P, obtained above, one
can determine the energy efficiency coefficient of the
DETU 08-04-99 installation with nonlinear load:

Fv 2B 0= ! 100, %. (28)
Ppy +P+P; 1+P; [(Py +P:)

Table 2 shows the calculated values of EFF (28) for the
DETU 08-04-99 installation for ¥, modes from 1 to 30 kV.
For the ¥, = 180 kV mode, the EFF value is 93.1 %.

The calculated results for the DETU 08-04-99
installation, given in Table 1 and Table 2 are confirmed
by the data of installation experimental study.

EFF =

Table 2
The values of the energy efficiency coefficient of the
DETU 08-04-99 installation for the ¥, values from 1 kV to 30 kV

Vo kV | P, W P, W P, W EFF, %
1.0 0.09 5.25 46.15 10.38
2.0 0.35 10.25 47.68 18.19
3.0 0.78 15.25 49.20 24.57
4.0 137 20.25 50.77 29.86
5.0 2.13 25.25 5237 3433
6.0 3.05 30.25 53.99 38.15
7.0 4.14 35.25 55.63 4145
3.0 5.40 40.25 57.30 4434
9.0 6.83 4525 59.00 46.88
10.0 8.42 50.25 60.72 49.14

20.0 34.34 101.50 79.85 62.98
30.0 76.51 151.50 | 100.97 69.31

The discussion of the results. When determining the
energy efficiency coefficient of the high-voltage installation,
let us consider the power P,,, = P;,+P; as a net power, while
the power P, represents the additional power losses in the
filter resistance. At the same time, an increase in the
resistance of the filter Ry is a means of decreasing the
amplitude of the voltage ripple in the installation load when
increasing voltage U, at the input of the circuit [5].

The peculiarity of developing a mathematical model
for the typical high-voltage installation modes (Fig. 1) is
that it determines the necessary parameters of the
installation in the opposite direction — given average
voltage drop across the group of Zener diodes U, for a
given average current [ through it. The proposed solution
sets the numerical value of the time instant ¢#; — the start of
the charging of the installation capacitor C, and the time
instant #, — the «disconnection» of the right part of the
installation from the capacitance C), and also determines
the parameters A, A», A3, A, As, p1, P2, P3> Pa> W, Aug, Uy,
depending on the values of Uy, Iy, C1, Cy, C3, Ryy, T, 7, Ry,
R/ by the analytical method, and is new.

The use of Zener diodes in the measuring group of a
high-voltage direct current installation allows significantly
reducing the pulsation amplitude (up to 3 and more times)
and improve the voltage quality on the load [8].

It should also be noted that nowadays professional
and demonstration versions of various circuit simulation
programs are widely used to simulate voltage
multiplication schemes, as well as processes in electrical
equipment insulation. To simulate, for example, the
phenomenon of partial discharges in the insulation of high-
voltage equipment, demonstration versions of the programs
are sufficient enough [15, 16]. However, the number of
Zener diodes in the operating DETU 08-04-99 installation
is tens of thousands of pieces. In this regard, on the one
hand, a complete simulation of such a scheme requires
expensive professional circuit simulation programs. On the
other hand, as shown in this article, there is no need for a
detailed circuit simulation of such a complex scheme.
Taking these factors into account, the group of authors
made a choice in favor of a generalized analytical solution
of the problem posed in this article.

Conclusion.

1. An analytical method for solving equations for a
complex system of a typical high voltage direct current
installation based on a voltage doubler rectifier with an
integrated R, C — filter, and a measuring group has been
developed.

2. The solution obtained is generalized for the case of
insertion of Zener diodes into the measuring group, while
it is valid within the linearized domain of their current-
voltage characteristic.

3. The use of Zener diodes in the load circuits of the
installation makes it possible to significantly reduce the
amplitude of voltage ripple, and also to improve the
quality of the output voltage of direct current voltage
multiplier.

4. A theoretical basis is developed not only for voltages
and currents, but also for the electrical power of the elements
of a typical high-voltage direct current installation with
allowance for nonlinear voltage pulsations.
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