DERIVATION OF CONSTANTS OF A n-UNIT
CASCADE TRANSFORMER

By B. N. JAYARAM

(High Voltage Engineering Laboratory, Department of Power Engincering,
Indian Institute of Science, Bangalore-3)

Received January 27, 1955

SUMMARY

Expressions for the open-circuit admittance and short-circuit impe-
dance of a m-unit cascade transformer have been derived. These enable
the estimation of the above constants from a knowledge of the constants
of any one transformer and the arrangement of the transformers.

I. INTRODUCTION

It 1s the standard practice in High Voltage Laboratories! to produce high
voltage a.c. at power frequencies, above 500 kV, by Cascade Transformers.z 3
Cascading of transformers provides a. connection whereby the h.t. windings of
several similar transformers are virtually placed in series whilst only the primary
of the first (ground end) transformer is connected to the supply, the power for the
higher members of the group being provided by the first and intermediate trans-
formers through a third winding known as the exciting winding. This winding
has a 1:] ratio with the primary, i.e., low voltage winding, but is insulated from the
tank upto the full voltage of the secondary, i.e., high voltage winding. The con-
nection diagram of a 3-unit cascade transformer to provide 1050 kV, which has
been installed at the High Voltage Laboratory,! Indian Institute of Science, Banga-
lore, 1s shown in Fig, 1. '

Since each unit of a cascade transformer is a three-winding transformer, for
purposes of calculation of regulation, etc., it can be represented by an equivalent
circuit® ® shown in Fig. 2, in which the three impedances Z.v, Zz and Z« represent
the leakage impedances associated with the three windings, low voltage (LV),
exciting (E) and high voltage (H). Yx represents the excitation admittance 0£
each transformer. Recently mention has been made by Hagenguth and others
that the ratio of transformers connected in cascade is calculable on the basis of
a series connection of three-winding transgformer equivalent circuits. In the
present paper, with the idea of generalisation, the theory has been extended to 2
n-unit cascade transformer, in which ‘»’ identical transformers ar€ COﬂfleC‘ed
in the Dessauer cascade connection.? # Expressions for the__open-circuit_ 'adn}lttanecg
and short-circuit impedance have been derived. The results of tests cond}lcld
on the cascade transformers at the Indian Institute of Scienc? wil_l: be E_llb_'“he_i
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164 B. N. JAYARAM

2. THE n-UNIT CASCADE TRANSFORMER

In a n-unit cascade transformer, ‘ n’ identical transformers are connected ;
cascade as shown in Fig. 3. The first unit is the ground unit, its tank and orlln
end of h.v. winding being solidly grounded. The tanks of the intermediate an;
the last units are suitably insulated from ground for the proper voltages, Fig. 4
shows the equivalent circuit diagram of a n-unit cascade transformer, jn which
each unit is represented by a three-winding transformer equivalent circyjs. 5 and

S
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FI6. 3. ConniEcrion DIAGRAM OF 8 N-UNIT CASCADE TRANSFORMER.

is coupled to the next by an ideal 1:1 transformer to preserve the voltage and
current relations. The ath unit is represented by a two-winding transformer
equivalent circuit.

The values of impedances (and admittances), currents and voltages are all
those referred to the low voltage winding.

3, List OF SYMBOLS

L Ven Veeoo o Vieo o0 Ve, Vie = Low-side voltages of the units [ to 7.

2. 1y — Current in the low voltage winding of
. the ground (No. 1) unit wheo the
cascade set i1s open.

3. Lize o Tgecayicr « « Tusy (a=1)s I(n—1yn= Currents in the low voltage wind-
ings of the units 2 to 7 = currents
in the exciting windings ©
units 1 to (n—1).

f the

) - o T 0.
4 Ixp Ixze. o dxee ool Ixgens I,, = Exciting currents of the units 1 1o
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166 B. N. JAYARAM

5. Vi Vi - - Vae. ... Vam-1»  Ym. = Secondary (high voltage winding)
voltages of. the wunits 1 to
(referred). |

S PR (NI S — lgw-1y» Ty = Currents in the high voltage Windings

of the units | 1o n (referred).

7. Yise Vg oo Viagoonws L — V,o = H.V. terminal voltages with respect
to ground of the units 1 to ,

(referred).

8. | ST, T — Ym-nc. Yac = Tank-to-ground admittances of {he

units 2 to n (referred).

9. O I — D ety I, = Currents through the respective tank-
to-ground admittances (referred).

10. I, == The short-circuit current flowing from
the h.v. terminal of the ath unit to
ground when the cascade set is
shorted to ground (referred).

4. OPEN-CIRCUIT ADMITTANCE OF A n-UNIT CASCADE TRANSFORMER

While deriving the expression for the open-circuit admittance of a n-unit
cascade transformer all series impedances are neglected and the modified equiva-

lent circuit diagram is shown in Fig. 5.

Referring to the equivalent network shown in Fig. 5,

Open-circuit admittance = V!E
L1
and by inspection, Iy, =0
Considering the junction S, in the nth unit,
Ii"‘”" = Lt + Ixn

Similarly at

Sia—1rs Lin-2) (n=1y = gaeipn F+ Tty + Ixn-n)
Sis ]u:-m: === lk{gm + Iy -+ ]J(L'

Sg, L2 = lyg + Ilue + Ixo
Su Iy = '12 1 IHI lx:

(4.01)

(4.02)

(4.03)
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168 B. N. JAYARAM
Adding all the equations in (4.03)

(n=—1) n

I'ﬂ == Zk IHI: + Zt ka
1 1

Again considering the junction T, in the ath wnit,

lH{n—-l} ™ lHn

51m|larly at T("—]p IH(n-—E) — IH{n—l} R I}n-l]G

Th IH{k—l] — ]H!.' i ]z-c

T,. P = Iy, + Iy -
Adding all the equations in (4.05)
IHI — IEG + I3G"'+]kG"'+IHG
Sim]larly ]H2 —_— Iac S +IkG .o +IHG l
]H{l‘—].) — ]‘»G * e +]HG
]H(n—lj — +InG ]

Adding (4.06) and (4.07),

(n—1) n
Zk Im: - Zk (k - 1) IkG
1 2
Substituting in (4.04)

o =Zik = DI+ Zila

Further,
Zk (k e ]) IkG = Z;k (k == l)v(k-lm-YkG
3
Where V{k—l}u —_— Vlﬂ VHE ----- VH'”C-I)
but since Vi, =Vygo=...... = Vy-1

V:k—l;u = (k - I) Vio

.?L- (k —1)Tig = Vi %‘k (k — 1)2.Y,q

5 ['G =)

(4.04)

(4.05)

(4.06)

(4.07)

(4.08)

(4.09)

(4.10)

(4.11)
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And
‘;ﬁ* ey = zl Vie. Yy (4.12)
but since V=V, ,=—...... = Vipeenn., =V,
z:’k Ixe=1n.Vy,. Yy @.13)
Substituting (4.11) and (4.13) in (4.09)
14 = V,[,;",_. (k — 1D)2.Y,. + Vii.(nYy) (4.14)
but since V,,= V,,
Ty == Vg [(an) + Dtk = 1Y, ] (4.15)
Substituting (4.15) in (4.01)
s caseade ransformer | = (1Y) + 4t = 1t Vi .

5. SHORT-CIRCUIT IMPEDANCE OF A n-UNIT CASCADE TRANSFORMER

While deriving the expression for the short-circuit impedance of a n-unit
cascade transformer all the shunt admittances are neglected and the modified
equivalent circuit diagram is shown in Fig. 6. The high voltage terminal of the
nth unit is shorted to ground and a current of I,, (referred) flows through the h.v.
winding of the nth unit. The current distribution in the different windings of the
other units is also shown in Fig. 6 and a current of nl,, flows through the low voltage

winding of the ground unit.

Referring to the equivalent network shown in Fig. 6,

\
Short-circuit impedance = nIL: (5.01)

Considering the loop L,S,H,T, in the nth unit,

Vo= Via— I (Zoy + Zy) (5.02)
Again considering the loop H,_;S,1Es-1Ta-1 1D the (n — 1)th unit
Vie= Viay 1 lan-Zu -~ Lo Ze (5.03)
Substituting (5.03) in (5.02)
Vi, = Vit -+ la-Zr — 1,.Zg — L. Zpy — I,.Zu
(5.04)

" Vi = Vi1 — la Zoy + Ze)
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Constants of a n-Unit Cascade Transformer

similarly Vien Vi = 20, 2y + Zp) |
VHUHJ VH!; - (?i = k) l“ (ZLV + Z‘E)
Vhe e Vm — (n — 1) [u (ZL‘J + Zg) -

Adding (5.04) and (5.05)

VH" :VHI —=t [l + 2...‘{"(’1 ‘_k)...—i—(n —— 1)] l“ (ZLV+ZE)

similarly

Viw-y=Vin = [ 2.4 0 — K)o+ (0 = D] Ly Zyy + Zg) -

VH[l"i-l}: VH, == [ 7 k) . s + (” - l)] Ill (ZLV + ZE)
Vi, = Vo - | (n — D] Ly (Zoy + Zg)
Vi = Vi

Adding (5.06) and (5.07)
n (m==1)
2‘ VHt = nvl.n —a Et k® [:i (ZLV T ZE)
1 1
But L.H.S. of (5.08) is zero since

jkvm=vnn#0
1

{n—1)
k

e vl‘!l == ""l—n s I.. (Z'[_,\!' + ZE)

Again considering the loop L,S;H,T; in the first unit
Vi = Vit Ia-Zu + nly . Ly
Dividing throughout (5.11) by al,, and rearranging,

Vi

Z

Y H
L1 o

HI..
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Substituting for Vi1 and Vg, 1n (5.12) from (5.01) and (5.10)

nl,,
(112—1)]{2
Short-circuit impedance of a} . Zs -
n-unit cascade transformer =Zwt T i Gy + Zy) (5.13)

6. CONCLUSIONS

The constants of a #-unit cascade transformer can be derived from a knowledge
of the constants of any one transformer and the arrangement of the transformers.
It is expected that these derived constants could be used with advantage in a two-
winding transformer equivalent circuit for rapid and approximate calculation of
the ratio of output voltage to input voltage of transformers connected in cascade
with different load capacitances.
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