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Interrupting Sudden Asymmetrie Short-Circuit Gurrents 
Without Zero Transition 

It is possible for  the Stator current of  synchronous machines 
to be displaced completely to one side of  the zero line for 
several cycles during sudden short circuits. In this article the 
time during which the curve does not pass through zero is 
calculated approximately with respect to the characteristics 
of  the machine. The operating condition of  the machine 
before  the short circuit plays a considerable part and this 
is fully  taken into account. A comparison of  the various 
faults  shows that the triple-pole terminal short circuit is the 
worst condition. 

It is also shown that the interruption of  a phase passing 
through zero effected  by a breaker opening during a fault 
of  this type results in a reduetion of  the d.c. in the residual 
circuit. Where the characteristics ofthe  machine are normal 
and if  the switching process is carried out at the correct 
time, this reduetion is sufficient  to cause the current in the 
residual circuit to immediately pass through zero and there-
fore  the breaker can make a safe  three-phase interruption. 

It is known that sudden short-circuit currents in 
synchronous machines can be completely displaced 
to one side of  the zero line, i.e. do not pass through 
zero, for  several cycles. Certain Standards [1] also 
acknowledge this phenomenon. I t occurs far  more 
readily and continues for  much longer, the larger 
the d.c. component, and the greater the ratios of  the 
time constants Tk/ and the reactances x^jx'^. 

Also, a base load with a wide load angle or with 
underexcitation has a detrimental effect  [2]. Amongst 

621.316.57.014.334.064.1 

other things Fig. la contains an oscillogram of  a 
phase current /u under a three-phase short circuit at 
a turbogenerator running under no load. The d.c. 
component has virtually the maximum possible value 
and as a result the curve does not reach the zero line 
until the 23rd cycle after  the short circuit commenced. 
Fig. l b shows the oscillogram of  a test carried out 
on the same machine during which it was short 
circuited with no excitation and with a load angle of 
d = 9 0 ° . The effect  of  the quadrature axis can be 
clearly seen. 

The objects of  this article are twofold: 

- To derive quantitative information  on the duration 
of  these displaced currents in relation to the re-
actances and time constants of  the machine and 
its operating condition before  the short circuit. 
This enables us to determine whether the natural 
trend of  machine characteristics towards higher 
Outputs and greater utilization will lead to an 
increase in the duration of  the displaced current. 

- The phenomena occurring when the breaker trips 
and during the subsequent interruption of  the 
current in one phase as it passes through zero are 
investigated. This will enable the true unsymmetry 
of  the current for  tripping the breaker to be 
evaluated. 
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Fig.  1. - Oscillogram  of  a three-phase short circuit at a 230 MVA  turbogenerator 

a: Short circuit after  no-load running 

b: Short circuit with underexcitation and load angle 6 = 90' 

/u, Iv,  Av = Stator currents 
/f  = Rotor current 
S  = Signal voltage for  determining rotor position 
U  — Stator voltage 
x = First zero transition of  current I\j 

Causes of  Sudden Displaced Short-Circuit 
Currents 

The stator currents of  synchronous machines under 
sudden short-circuit conditions are best illustrated by 
the locus diagram of  the stator current phasor [3]. 
The instantaneous value of  a phase current can be 
found  by projecting the phasor i in the system of 
stator coordinates to the axes of  the phases. The total 
stator current phasor comprises a rotating phasor, 

i.e. the a.c. component <» which decays with the a.c. 
time constants and and corresponds to the 
alternating currents in the phases, and a static d.c. 
component i_ which corresponds to the direct cur-
rents in the phases and which decays with the d.c. 
time constant T a . For as long as the locus diagram 
of  the stator current phasor is completely displaced 
to one side of  a straight line perpendicular to any 
one of  the phase axes, the current in this phase does 
not pass through zero. The locus diagram of  a 
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Fig.  2. - Locus diagram  of  Stator  current  phasor for  a 400 MVA 
turbogenerator 

T a = 0-53 s xd  = 2-56 
Ta = 1-30 s x^ = 0 03 
7% = 0 03 s 4 = 0-22 
K - n *<x = 243 // n Xq = Xd 

U,  V,  W  = Axes of  Stator windings 
i_ = D.C. component of  Stator current phasor 
i~ = A.C. component of  Stator current phasor 

i = Total Stator current phasor 

400 MVA machine under short circuit after  operating 
at rated active load and a power factor  of  1 is shown 
in Fig. 2. The short circuit was timed to coincide 
with maximum possible d.c., that is exactly in 
phase U.  This particular case is the example used 
throughout the following.  A current does not pass 
through zero for  as long as its d.c. component is larger 
than the amplitude of  the a.c. component i^ . As the 
axis of  the d.c. phasor cannot be more than 30° from 
that of  one of  the three phases, at whatever phase 
position the d.c. component is in, i.e. at whatever 
point in time, the short circuit is instigated, one of 
the three phases is carrying a direct current of  at 
least 86-6% of  the d.c. component i_. 

With a three-phase short-circuit at a machine 
running under no load, i_ and are equal at t = 0 
(Fig. 3a). Alternating current decays initially 
with the time constant T"A  and because T"x  < 7"a 

the value of  is at first  smaller than i_ which 

decays with T a . It is not until after  a certain time 
T  has elapsed that the first  passage through zero 
occurs, because now decays with time constant 
T'x (T,J > 7~a) and becomes greater than i_. 

In order to illustrate the effect  of  a steady-state 
load before  the short circuit, the current curves for 
three typical operating conditions (Fig. 3b, 3c and 3d) 
were calculated for  the 400 MVA machine men-
tioned above. It can be clearly seen from  the illus-
trations that operating with a wide load angle 
(Fig. 3c) or underexcitation (Fig. 3d) causes the first 
zero transition to be much later than is the case 
with a machine running under no load. In the 
first  case the increase in time where no zero 
transitions occur is a result of  the large quadrature 
axis component with subtransient decay and in the 
second case it is because of  the diminished initial 
value of  the alternating current. Because of  the 
higher initial a.c., a short circuit under rated service 
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conditions (Fig. 3b) is more favourable  with regard 
to the current passing through zero. In this case the 
curve passes through zero immediately after  the short 
circuit commences but the rapid decay of  the sub-
transient component means that after  the first  cycle 
the short-circuit current no longer reaches the zero 
line. 
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Fig.  3. - Curves  of  d.c.  and  a.c. for  short circuit after  various 
steady-state  operating  conditions  of  a 400 MVA  turbogenerator 

a: No load 
b: Rated load, / = 10 p.u., p.f.  = 0-75 
c: Rated active load, I = 0-745 p.u., p.f.  = 10 
d: Capacitive load, / = 0-25 p.u., p.f.  = 0 

i~ = A.C. component (amplitude) 
= D.C. component 

T  - Time of  first  zero transition 

see Eq. (1) 

All other data as Fig. 2. 

Duration of  Displaced Short-Circuit 
Currents with Three-Phase Short Circuits 

If  we limit the calculation to times t and T," 
(practical limit about t ^ 3 all subtransient 
currents can be disregarded. The alternating current 
is shown in Fig. 3a, 3b, 3c and 3d and where this 
subtransient component is disregarded the a.c. is 
shown dotted. This reduction is justifiable  because 
the cases we are concerned with are those where the 
current does not pass through zero for  a considerable 
time (t > 0-1 s). We can therefore  assume 

n 7 ? = o 
and also that 

i.e. that the machine is symmetrical in the sub-
transient ränge. 

With an asymmetrical machine [x"{ ^ and an 
asymmetrical short-circuit current, an a.c. compo-
nent with double the basic frequency  occurs and this 
also decays with the time constant TA  of  the d.c. 
component. We can therefore  regard this a.c. together 
with the d.c. component as a pulsating d.c. With a 
short circuit after  no-load running and in the case of 
*q > *d> the short-circuit current peaks near the 
zero line are flattened  by the second harmonic and 
the peaks on the other side are raised. This appears 
to encourage the lack of  zero transitions. It should 
be noted however, that the maximum values of  the 
pulsating d.c. are exactly the same as those of  the 
non-pulsating d.c. which is derived from  our 
assumption that x = x'A (Fig. 4). The a.c. reaches 
its peak value at exactly the same time as the pul-
sating d.c. reaches its maximum value (t  - 1,2, 
3 . tz  rad) and therefore  the peaks of  the actual 
current with the second harmonic and the peaks of 
the current calculated under the assumption that 
x q = a r e exactly the same distance from  the zero 
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Fig.  4. - Second  harmonic of  short-circuit  current  after  no-load 
running 

1 — Pulsating d.c. at x", > x'^ 
2 = Pulsating d.c. at xJJ < x"& 

3 = Pure d.c. at *q --- x"A 

4 = A.C. (schematic to illustrate phase positions) 

l ine. A shor t c i rcu i t o n a m a c h i n e w h i c h is p r e l o a d e d 

does n o t c h a n g e the a m p l i t u d e of  t h e pu re ly d .c . 

c o m p o n e n t o r t he second h a r m o n i c , b u t t he p r e l o a d 

does affect  t he p h a s e d i s p l a c e m e n t of  t he l a t t e r [4]. 

I f  w e use *q = for  c a l c u l a t i n g a p p r o x i m a t e l y t h e 

t i m e T  to t he first  pass t h r o u g h zero, w e o b t a i n a n 

u p p e r l imit va lue because ins tead of  us ing the t r u e 

p u l s a t i n g d .c . (curve 2, Fig . 4) w e a r e us ing its u p p e r 

e n v e l o p e (cu rve 3) w h i c h is a h i g h e r va lue . 

I n a few  r a r e cases x'̂  c a n be less t h a n x^ in t he 

r ä n g e w h e r e x'^x'^ is b e t w e e n 0-9 a n d 1-0. I n this 

case t h e peaks n e a r t he ze ro l ine b e c o m e m o r e p r o m i -

n e n t a n d the oppos i t e ones flattened  d u r i n g a shor t 

*q/q0 

Fig.  5. - Vector  diagram  of  a synchronous machine in steadv-state 
operation 

E = Synchronous internal voltage 
/o = Armature current before  short circuit 

/ao = Direct-axis component of  To 
/qo = Quadrature-axis component of  /o 
7co = Armature current under sustained short 

circuit 
Uo  = Terminal voltage before  short circuit 

Uao  = Direct-axis component of  Uo 
Utlo  = Quadrature-axis component of  Uo 

ö = Load angle 
<p = Phase angle 

Duration of  displaced  short-circuit  current  under  various operating  conditions 

Preload 
No load 

/ = 0 
Rated load 

I = 1 [p.u.] 
p.f.  = 0-75 

Rated active load 
I = 0-745 [p.u.] 

p.f.  = 1-0 

Capacitive load 
I = 0-25 [p.u.] 

p.f.  = 0 

Figures 3a 3b 3c 3d 

T  (read from  illustrations) [s] 0-263 0-140 0-462 0-328 

7"max (from  Eq. (1)) [s] 0-282 0-187 0-684 0-345 
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Fig.  6. - T m a x in relation  to preload  for  a 60 MVA, 
375 rev/min  salient pole generator 

a = Curves of  constant excitation 
In = Excitation current at no load 
/f  = Excitation current under load 
N  = Point of  rated Operation 
P = Active load 
Q = Reactive load 

T a 

Ti 
0-50 s 
1-40 s 
0-032 
1-31 
0-31 

x"A = 0-24 
* Q = 0-87 

circuit after  no load running. The distances from 
these peaks to the zero line are also identical to those 
of  the peaks of  the short-circuit currents calculated 
according to xJJ = Assuming x'^  = x"A for  a short 
circuit at a loaded machine, this gives us a value for 
T  which is somewhat too small because the d.c. used 
in the calculation is smaller than the actual pulsating 
current. The error is acceptable, however, because 
x'q is never appreciably smaller than xd. 

Under the above assumptions the stator current 
comprises the following  two components (cf.  Fig. 5) 

= I do u, q 0 7 4 - f ) - t / T ' , 1 

e d  -\ 
* d 

with 

and 

£ - £ / q 0 
-Mn — 

* d 

Uo 
II 

Xd 

J0  - t / T 

l-=—ire 

where from  / > 0 upwards t„ > i_ because the 
subtransient a.c. component has already been neg-
lected. At time t — T  at the first  zero transition 
these components are equal in magnitude 

xd qo \x'd  xdJ Xd 

In order to derive a finite  Solution we can Substitute 
the smaller value E / x d e ~ t l T

d for  E/xd = / " , i.e. one 
imagines that the sustained short-circuit current 
which is relatively small in the time ränge with 
which we are concerned here also decays with T^. 
From this we can obtain an upper limit for  T 
(Fig. 3a) 

T Td  T, 
T'd 

In Xd Uo 

x'i  Uq0  + Idoxd 

0,5 pu 1,0 
151006-1 

( ^max > T'd,  Tq) 

(1) 

Values C/qo and Ida have to be taken from  the 
phasor diagram for  steady-state Operation (Fig. 5) 
or calculated. 

The Table on p. 488 gives values for  the duration 
of  a displaced short-circuit current. These were 
obtained with the 400 MVA machine in the four 
operating conditions of  Fig. 3a to 3d. 

The direct influence  of  ratio x^jx'^ and time con-
stants 7~a and T d is illustrated by Eq. (1). The effect 
of  the preload is given by the factor  t/o/(£/qo + IdoXd). 
Operation with a large load angle or capacitive re-
active load leads to an additional increase in the 
duration of  a displaced short-circuit current. 

Each pair of  values of  f/qo  and /do corresponds 
unequivocally to an operating point in the power 
diagram. This interrelationship permits the curves 
Tmax = constant to be drawn in the current or power 
diagram. The effect  of  the preload is easy to see from 
the graphs. 

The family  of  curves 7 ' m a x = constant has the 
characteristic that two curves T m a x i and 7"m a X2 inter-
sect the same line segment of  each straight line for 
<5 = constant where <5 = load angle. It is a simple mat-
ter to derive the segments on the straight line curve 
d = 0. The complete diagram can then be drawn 
using these and a single, complete curve for  Tmax. 

The loci of  7'max = constant for  a medium sized 
salient pole machine (60 MVA) are shown in Fig. 6. 
When operating at rated power Tmax  is much 
smaller than the already low value of  0-19 s for  no-
load operation. The value of  T m a x for  a short circuit 
after  no-load running is therefore  not representative. 
The increase in 7 ' m a x with underexcitation is obvious 
but in this particular example the effect  of  the active 
power is very small because of  the low value of  Xd. 

The conditions for  a 750 MVA turbogenerator are 
shown in Fig. 7a. Because of  the small difference 
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Fig.  7 . - T m a x in relation  to f>reloadfor  a 750 MVA,  3000 revImin 
turbogenerator 

a: Short circuit at terminals 

b: Short circuit after  a transformer  in unit connection 

Generator data: Tk = 0-63 s xa = 2-50 
T'A  = 1-05 S = 0-32 

= 0026 *ä = 0-23 
Transformer  data: rt = 0 003 Xk = 0-145 

a = Curves of  constant excitation 
In  — Excitation current at no load 
/f  = Excitation current under load 
N  = Point of  rated Operation 
P Active load 
Q Reactive load 

between T^ and T a the value T m a x is generally high 
and the load angle and underexcitation have very 
pronounced effeets. 

Values  of  the Characteristic  Quantities of  Synchronous 
Machines 

The normal ranges of  values of  the characteristic 
quantities of  synchronous machines are compiled in 
the following  Table for  reference. 

The following  can be said of  the trend of  the 
characteristic quantities as unit Outputs continue 
to increase: 

Higher electrical utilization leads to increased 
reactances. 

- Increasing machine Output naturally results in an 
increase in T a to about 0-8 s at Outputs of  800 MVA 
and about 0-4 s for  short circuits on the high vol-
tage side of  the generator transformer  [ 1 ]. 

When the excitation windings have direct liquid 
cooling T'A  will become smaller. 
The last two considerations will both lead to an 

increase in the duration of  a displaced short-circuit 
current. 

Short  Circuit  after  the Generator  Transformer 

If  there is an additional impedance xe, such as a 
generator transformer,  between the location of  the 
short circuit and the machine, the values 

. / / . » ii 
* d t o t = r Xc,  X^tot  — -f-  Xt,  * d ( 0 t — X&  ~T  Xe 

BBR 10-69 

Quantity Turbo- Salient pole 

generators generators 

x a [p.u.] 10 -2-7 0-6 -1 -6 
0-12-0-45 0-18-0-5 

*d [P u - ] 0 08 - 0-30 0-11-0-35 

Ta [s] 0-6 -1 -5 0-5 -3-0 
n [s] 001 -0-06 0-01 -0-10 

[s] 006 -0 -80 0 0 5 - 0 - 6 
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which are increased by the external reactance xe 

must be substituted for  the reactances in Eq. (1). 
The transient short-circuit time constant is also 
affected  as follows 

T 't  nrit *dtOt rri! *dtOt /Q\ 
dtot — 1 do — 1 d ~~7 (/] 

•*dtot xd  *dtot 
With a short circuit after  the generator trans-

former,  its short-circuit reactance *k (where xe = Xk) 
reduces the ratio x^x'^ and increases time constant 
T'A.  On the other hand the time constant Fatot is 
smaller than Ta  because the resistance of  the trans-
former  is relatively greater than that of  the machine 
(rk/xk > ra/*2). The governing expression T a T'^j 
(T^— Ta) becomes smaller and the time Fm&x notice-
ably shorter. In other words the asymmetry decays 
more quickly and the d.c. more slowly; the sub-
transient component of  the a.c. has become relatively 
smaller. All these changes have the overall effect 
that the current passes through zero much sooner. 
The loci of  Tmax for  the same machine with a short 
circuit after  the generator transformer  are shown in 
Fig. 7b for  comparison with Fig. 7a. It can be seen 
that the values of  T m a x are reduced to about one 
sixth. 

Line-to-Line and Line-to-Earth Faults 

These conditions can be related to the three-phase 
fault  by the method of  symmetrical components. The 
total reactance of  the positive sequence system for  a 
line-to-line fault  is series connection of  the positive 
sequence and negative sequence reactance but in 
the case of  a line-to-earth fault  zero sequence re-
actance must be included. In the same manner as 
with a fault,  after  a generator transformer,  equal 
reactances are added to the machine reactances x^ 
and The d.c. time constant can also be determined 
approximately from  the total subtransient positive 
sequence reactance [5, 6]. The effects  on Xmax are 
the same as with a short circuit after  the generator 
transformer.  A line-to-line or line-to-earth fault  does 
not affect  ^max as much as a three-phase one. For 
example the following  ^max values apply for  a 
750 MVA machine at various fault  conditions after 
no-load running using the approximate values 
X2  «a 4 and xo <=» x'^/2: 

Type 
of  fault 

Three-
phase 

Three-
phase 

Line-
to-line 

Line-
to-earth 

Location Terminals 
After 
trans-
former 

Terminals Terminals 

Tmax [s] 0-52 008 019 011 

Current Characteristics when the Breaker 
Opens 

Previous considerations were based on a current 
characteristic for  an uninterrupted short circuit, as is 
well known from  oscillograms of  short-circuit testing. 
In practice the breaker will open after  a certain 
time. The behaviour of  the machine during this 
switching sequence is therefore  important for  the 
interruption to succeed. 

Three-Phase  Fault 

The most unfavourable  current characteristic with 
maximum possible d.c. which has always been con-
sidered up tili now, can occur in only one phase. 
The other two phases carry half  the d.c. each so that 
in practical cases these phase currents pass through 
zero from  the beginning. In the other limiting case 
86-6% of  the maximum d.c. flows  in two phases and 
the current in the third is then fully  symmetrical. 

One phase is interrupted by the breaker as the 
current passes through zero. The question is: how 
much of  asymmetry remains in the circuit immedi-
ately after  the interruption ? It is assumed that the 
a.c. component in one phase remains very nearly 
unchanged after  interruption. As, at the time in 
question, / > 0-1 s this current is already lower 
than the a.c. of  a fault  which from  the outset is only 
line-to-line, and, as time increases, will attain the 
same value, this assumption is on the safe  side. 

After  the interruption only the t_(uw> component 
of  the Stator d.c. i_, can be maintained. This com-
ponent lies in the direction of  the new combined 
phase (UW) in Fig. 8. In accordance with the 
assumptions the current vector »"_ lies in the direction 
of  U.  The component in the direction of  (UW)  is 
i_ . cos 30°. The residual d.c. in phases U  and W 
are therefore  ± i_ . cos2 30° = ± 3/4 . i_, i.e. 25% 
lower. 
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If,  therefore,  the residual current in the two-phase 
short-circuit loop must immediately pass through 
zero, the following  condition must apply 

4 l ' < i~ 

If  once again we Substitute — e 1 / 1 d for  — , for 
xa 

short circuit after  no load we have 

3 U o - t / T a 

ix"/ 
V*  -

xd 

*d 3 

•'/Td 

(3) 

The ratio x^jx'^ is between 1 -3 and 1 -5 (and in 
certain cases higher) and is reduced if  transformer 
reactances are taken into account. 

Where x^/x'̂  < 4/3 the above condition is fulhlled 
as from  t = 0 because under normal circumstances 
T a < Tl.  Where x'Jx'ä  > 4/3, condition (3) is ful-
hlled only as from  the critical time t TK 

Td  r a 7v = 
T,\  - T (4) 

B R O W N B O V E R I 

Fig.  8. - Stator  current  phasor when interrupting  a phase current 
(derived from  Fig. 2) 

1 = Locus of  stator current vector 
2 = Time when current in phase V  is interrupted 
i_ = D.C. component before  interruption 

(UW) = D.C. component after  interruption 
i~ = A.C. component (remains unchanged) 

In all practical cases Tk  is less than the switching 
delay and therefore  the breaker has also to interrupt 
currents which pass through zero in the remaining 
phases. For the 750 MVA machine (Fig. 7a and 7b) 
the critical time Tk  = 0 068 s, which is considerably 
less than the minimum switching delay which is 
about Od s. 

With a short circuit in steady-state operation the 
factor  Uo/  (f/qo  + IaoXq)  must be incorporated in the 
logarithmic argument of  Eq. (4) so that similar loci 
are derived for  Tk  constant to those for  T'max 
constant. 

Line-to-Line  and Line-to-Earth  Faults 

With these faults  there is no longer any favourable 
phase current which passes through zero and whose 
interruption also instigates interruption of  the other 
phase currents. Also it is necessary to wait for  the 
first  actual zero transition to ensure safe  interrup-
tion. Although this time is much shorter for  a 
line-to-line fault  than in the case of  a three-phase 
one, if  conditions are unfavourable  and the fault  is 
at the terminals it can be long enough to exceed the 
minimum response and could conceivably necessitate 
a delay of  the switching operation. With a line-to-
earth fault  the first  zero transition is much sooner 
than with a line-to-earth one and need therefore  no 
longer be considered. The probability of  a large 
asymmetry occurring is much slimmer with a line-
to-line or line-to-earth fault  than with a three-phase 
fault. 

Conclusions 

The above method for  calculating approximately 
the maximum time T̂ max taken for  a sudden shorl-
circuit current to pass through zero confirms  numeri-
cally the well known Observation that a short circuit 
after  operation at rated Output is less dangerous 
than after  no-load running, but that previous Oper-
ation with a large load angle or underexcitation 
leads to a considerable increase in 7" m a x . The natural 
trend towards increasing the armature time constant 
7~a with rising unit Output, and reduction of  the 
transient time constant T^ with direct liquid cooling 
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in the rotor, results in an increase in TMAX.  The 
worst fault  condition is a three-phase short circuit 
at the terminals. With a line-to-line or line-to-earth 
fault  or short circuits with additional reactances in 
the short-circuit loop, such as a transformer,  7^ m a x 

becorrtes shorter. For example, in a large machine 
with a short circuit after  no-load running TM!LX  is 
thus reduced from  0-52 to 0 08 s. 

When the breaker opens following  a three-phase 
short circuit and interrupts the phase current which 
passes through zero and is always present, the result 
is a reduction in the d.c. of  the residual circuit, i.e. 
in the two adjacent phases. With normal values for 
the characteristic quantities of  the machine and the 
time when switching takes place, this reduction is 
usually sufficient  to cause the current in the residual 
circuit to pass through zero. This could be the reason 
why although short-circuit currents which do not 
pass through zero can easily occur in medium sized 
machines, this condition has not, as yet, presented 
any difficulties  in interrupting it. In unfavourable 

conditions, however, the line-to-line fault  can de-
mand a delay in the switching time. 
(AH)  M. CANAY 

L. WERREN 
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Behaviour of  Distance Relays Under Earth Fault Conditions 
on Double-Circuit Lines 

621.316.925.45 

Mutual impedance in the zero sequence system prevents 
accurate measurement by distance relays during earth faults 
in double-circuit lines. Although it is relatively small, under 
certain circumstances this error can slightly delay the inter-
ruption of  the faulty  line. There are certain methods of 
compensation which ensure rapid interruption in the correct 
sequence. Under certain conditions, however, all these 
methods can lead to non-selective interruption of  the sound 
line and for  this reason it is not always desirable to provide 
such compensation. On the whole, compensation has more 
drawbacks than advantages and is in general not applied 
by us. Suitable coupling between the relays at both ends 
of  the protected line permits immediate selective interruption 
of  earth faults  on the double-circuit line. 

Measurement by distance relays in double-circuit 
lines of  solidly earthed systems is affected  by the 
mutual zero sequence impedance between the two 
lines. On the other hand the mutual positive and 
negative sequence impedances normally remain 
small. Since, transposing the conductors makes them 
very close to zero, they are negligible for  practical 
purposes. Similar considerations apply for  double 
earth faults  in impedance-earthed systems. 

3 3 /£ Summation current in the faulted  line 
(relay 1 or 2) 

3 7°, 3 7° Summation current in the sound line 
(relay 3 or 4) 

1 /z°  \ 

ko — — I 1 I Correction factor  for  summation 
3 W / 

current 
/ Length of  line 
UJ,  U\,  Z7g Phase voltage to earth at busbar A, B 

or C of  the faulted  phase 
x Distance between fault  and busbar A 
z° Zero sequence impedance of  protected 

line [£2/ph km] 
Zero sequence source impedances on 
busbars C or D 
Positive or negative sequence imped-
ances of  protected line [Q/ph km] 
Mutual zero sequence impedance of 
the parallel lines [Q/ph km] 
Impedance measured by relays 1, 2 
or 3 
Relays and associated circuit-breakers 

7  o 70 C> D 

Zi, Z2, Z3 

1,2, 3 , 4 

Key  to Symbols 
Error in Measurement During Single-Phase 

Earth Faults 

A, B, C, D Busbars 
F  Location of  single-phase earth fault 
Ii,  h, I3  Current measured by relays 1, 2 and 3 
/ f ,  I f  Current in the faulted  phase (relay 1 

or 2) 

The effect  of  mutual zero impedance depends on 
its magnitude, the source impedances and the dis-
tribution of  the earthing points. Two conditions are 
considered; supply at one end and at both ends of 
the line. 
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Fig.  1. - Double-circuit  line with supply at one end  only 

A, B — Busbars 
F  = Location of  singlc-phase earth fault 
l = Length of  line 
x = Distance of  fault  from  A 

1 , 2 , 3 , 4 ^ Relays 

A B 
1 

— n 

— - n 3 " 

—X  —V U  — —l-x — 
B R O W N B O V E R I _ L F 150992-1 

Fig.  2. - Currents  in the faulted  system (Fig.  1) 

A, B = Busbars 
F — Location of  single-phase earth fault 
/ J = Current in faulted  line 

= Current in sound line 
l = Length of  line 
x = Distance of  fault  from  A 

Supply  at One End 

T h i s is i l lus t ra ted b y Fig. 1. T h e m e a s u r e d im-

p e d a n c e of  t he usua l t ype of  d i s t ance re lay is formed 

b y the q u o t i e n t 

UR 

z = 

h A R + 3 / ! ' • £ „ 

a n d as (2 l — *) - . x (see Fig. 2) 

a n d / f  = 3 7» 

b e c o m e s 

Zl  = z'.  x z m .x.z'  • [xj(2  l - *)] 
2 z ' + z° 

T h e i m p e d a n c e m e a s u r e d by re lay 3 is 

7™  1 
1 

TT  R 
Z3  = = z' (21-x) 2 z'  + z°" 21 - x 

(1) 

(2) 

Simi la r ly t he i m p e d a n c e m e a s u r e d by re lay 2 is 

7 u * , n , r, * 
+ z° 

(3) 

T h e m e a s u r i n g vo l t age of  t he faulted  p h a s e a t 

b u s b a r A is 

t/jv — z'  ,x . ( 7 ? + 37? * 0 ) + 7° • z m . * 

a n d the c u r r e n t in re lay 1 

h = 7xR + 3 I i • k 0 

T h e i m p e d a n c e m e a s u r e d by re lay 1 is 

^ C/a  , Ii.  zm.x 

1,5 

'x 

1,0 

0,85 

0,5 

\ 

V 
st 

0 
BROWN BOVERI 

0,25 0,5 0,75 

Fig.  3. - Impedances  measured  by the distance  relays under  earth 
fault  on double-circuit  line with supply at one end  (Fig.  1) 

l — Length of  line 
St  = Step limit 
x = Distance of  fault  from  A 

z'  = Direct or indirect impedance in the 
protected line 

Zi = Impedance measured by relay 1 
Z2 = Impedance measured by relay 2 
Z3 = Impedance measured by relay 3 

ZN = Line impedance (zm = 0-5 z°) 
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The second term of  the expression in brackets in 
Eq. (1), (2) and (3) represents the error in measure-
ment due to mutual zero impedance of  the parallel 
lines. 

The impedance measured by relays 1, 2 and 3 are 
shown in Fig. 3. These figures  were derived for  a 
system having values of  z° = 3 z' and z m = 0-5 z° 
which are average in practice. 

The error in measurement at relay 1 increases 
from  0 at A: = 0 to about 30% at x ^ l (fault  at 
end of  line). If  the first  step is set to 85 % of  the total 
length of  line, the actual length of  line covered is 
about 72%. On the other hand relay 2 responds in 
the first  Step for  all single-phase faults  on the pro-
tected line. Assuming that response sensitivity is 
infinite,  the percentage error in measurement by 
relay 2 remains constant. It should be noted how-
ever, that the current flowing  through relay 2 
becomes smaller and smaller as x decreases. This 
means that there is a limit below which relay 2 will 
no longer respond with supply at one end only. 
Rapid tripping by relay 2 for  single-phase faults  along 
the whole length of  the line does not indicate non-
selectivity. As relay 3 always measures a larger im-
pedance than that to the fault  (measured from  the 
relay), this again does not lead to non-selective 
interruption. A fault  in the vicinity of  relay 2 will 
be cleared by relay 3 in its second step. 

Supply  at Both Ends 

In most cases double-circuit lines are fed  at both 
ends. Even with supply at one end only it often 
happens that the transformer  neutral points at both 
ends of  the double-circuit lines are earthed. This 
means that the neutral current is supplied from 
both ends. 

A common type of  double-circuit line with supply 
from  both ends and earthed neutral points is illus-
trated by Fig. 4. 

The voltage to earth in the faulty  phase at bus-
bar C  is 

£ # = z ' . * [ / 1
R - f  S / f . * , ]  +I2.zm.x 

D 

and the impedance measured by relay 

Zx  — z . x • i : / 1
R z ' + / 1 ° ( z » - z (4) 

B R O W N B O V E R I 

ff Px-

Fig.  4. - Double-circuit  line with supply at both ends 

C, D = Busbars 
F = Location of  fault 
/ — Length of  line 
x = Distance of  fault  from  C 

1, 2, 3, 4 Relays and their breakers 

Similarly the impedance measured by relay 2 

= z ' . x . J l + 7 R . z ' + /2°(z° (5) 

where 
7° 

4 
7° 

3 

If  the fault  is near busbar C the zero sequence 
currents in relays 1 and 3 are opposed, whereas they 
have the same direction if  the fault  is near busbar D. 
Depending on the magnitude of  the zero sequence 
source impedances and the mutual zero sequence 
impedance of  the parallel lines the zero sequence 
current 7° in the parallel healthy line will disappear 
for  a particular value of  x. 

The measurement of  a single-phase earth fault  at 
this point will be exact and this fault  location is 
given by 

x z m . x + z<5 
l Z m ( / - * ) + ZjS 

Depending on the fault  location the value of  /g//° 
will be between —1 and +1 . For all faults  to the 
left  of  the point where /g//J 0, relay 1 will mea-
sure a smaller impedance, and for  all faults  to the 
right the impedance measured will be greater than 
the real value. 

As illustrated by Eq. (4) and (5) the error in-
creases with z m . The main factors  which determine 
the mutual zero sequence impedance of  the parallel 
lines are the geometric arrangement, specific  earth 
resistance, height of  the lines above ground, number 
of  earthing lines, frequency  and so on. 
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Fig.  5. - Error  in measurement (\Z)  of  distance  relays 1 and  2 
(Fig.  4) under  earth fault  on a double-circuit  line with supply at 
both ends.  The  error is expressed  as a percentage  of  the relevant 

desired  value z'  x (without  compensation) 

1 = Relay 1 
2 = Relay 2 

+ = Measured impedance too great 
— = Measured impedance too small 

_ . _ . _ = zm = o-7 z° I 0 

= zm = 0-5 z° = 3 
-X-X - = z m = 0-3 z° I z ' 

l — Length of  line 
x = Distance of  fault  from  C 

z'  = Direct or indirect impedance in the protected line 

The ratio z m / z ° is normally between 0-4 and 0-6. 
The effect  of  the mutual zero impedance on the 
accuracy of  measurement was calculated for  a 
double-circuit line with equal supply at both ends 
and a third connection between C and D. The errors 
in measurement by relays 1 and 2 for  all locations 
between x — 0 and 1 are shown in Fig. 5. The 
curves were determined for  z m 0-3 z°, 0-5 z° and 
0-7 z°. In these cases the error of  relay 1 is between 
2-5% (where z m = 0-3 z°) and 6% (where z m = 
0-7 z°) for  a single-phase fault  at 85% of  the line 
length. The error of  relay 2 is between 3-8% 
(z m = 0-3 z°) and 8% ( z m = 0-7 z°). Under normal 
circumstances where z m is about 0-5 z° the maximum 
error at the Step limit (about 85 % of  line length) 
will not exceed 5-5%. 

The error depends on the relative magnitude of 
the supply impedances, the fault  resistances and the 
positions of  the phase voltage vectors at bars C and 
D when the fault  occurs [1]. 

Compensating the Error in Measurement; 
Other Remedial Measures 

The following  are some of  the measures which can 
be applied to attain accurate distance measurement 
and/or rapid interruption of  a single-phase earth 
fault  along the protected line: 

a feeding  the neutral current of  the parallel line 
into the relay 

b switched compensation [2, 3] by the zero se-
quence current of  the parallel line 

c correction by changing factor  ko  [4] 
d  deliberately setting ko  to a different  value than 

necessary 
e interconnecting the relays at both ends of  the line 

With method a a fraction  oc = z m / 3 z' of  the sum-
mation current 3 of  the healthy circuit (line 3 - 4 
in Fig. 4) is fed  to the relays of  the faulted  phase. 
Therefore  the current governing the measurement is 

/*  + k0  . 3 I»  + a 3 / • 

When this method is applied, the relay in the 
faulted  circuit will measure correctly. T o prevent a 
non-selective interruption of  the sound line it is 
sometimes necessary for  the summation current com-
pensation to be effected  from  the sound line to the 
relay of  the faulted  line and not vice versa. 

Where method b is used the compensating value 
is not connected before  the ratio of  the zero sequence 
current of  the line considered to that of  the other 
line is equal to or greater than unity. 

With method c the correction factor  ko  of  the 
relay is altered in relation to the magnitude and 
direction of  the zero sequence currents in the line 
as follows: 

- it is increased if  the zero sequence current in the 
parallel line is in the same direction and equal to 
or less than the zero sequence current in the relay. 

- it is reduced if  the zero sequence current in the 
parallel line is in the opposite direction and equal 
to or less than the zero sequence current in the 
relay. 

- it is reduced if  the breaker in the parallel line is 
tripped by the appropriate relay. 
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The  behaviour of  distance  relays under  single-phase earth faults 
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<4 1 , 2 , 3 , 4 = Relays 
0 = Without compensation 

a,b,c — Method of  compensation 
A to K = Switching arrangements 

M  = Measurement by distance relay 
51, S i l , SIII = Substations 

V  = Behaviour of  distance relay (tripping) 
+ = Correct measurement (tripping or blocking) 
— = Incorrect measurement (tripping or blocking 

which can endanger the distance Step grading) 
( ) = Probable response 
|-> = Relay overreaches (opposing zero sequence 

currents) 
|<— = Relay underreaches (parallel zero sequence 

currents) 
* = Correct operation with separate directional 

element without compensation 
** = Selectivity is possible because of  intermediate 

supply at Station II 
*** = Compensation impossible 

A = Distance Step grading endangered because only 
relay 2 has compensating current and relay 3 
overreaches due to lack of  compensating current 

- it is reduced if  the parallel line is interrupted and 
earthed at both ends (possibly by manual switch-
ing). 

This method does not provide accurate distance 
measurement but ensures correct behaviour of  the 
relay. 

With method d  the coefficient  ko  is set somewhat 
higher than would be necessary for  the line without 
considering the mutual impedance so that the error 
in measurement can be partly compensated. 

Method e involves an auxiliary link such as R F 
signal transmission, microwave equipment or a pilot 
connection [5] but provides selective and rapid 
interruption under all switching arrangements and 
supply conditions. 

Comparing the Various Methods 
of  Compensation and Their Operation 

The behaviour of  the distance relays under single-
phase earth-fault  conditions and using methods a, b 
and c for  various switching conditions on a double-
circuit line are shown in the Table. The interruptions 
are assumed to be three-phase. 

Cases A and  B with Supply  at Both Ends 

The distance measurement of  relays 1 and 2 on 
the faulted  line is affected  if  no compensation is 
used. An earth fault  at the beginning of  the line 
causes a three-phase interruption at both ends of  the 
line in cascade because the second relay trips imme-
diately after  the first  without waiting for  the time-lag 
of  the second step to elapse [6], If  an R F link 
(permissive underreach transfer  tripping or carrier 
acceleration [5]) is used, interruption of  breakers 1 
and 2 is almost simultaneous. 

The relays in the sound line, which possibly mea-
sure smaller impedances because the zero sequence 
currents in the two lines are in opposite directions, 
do not trip because of  their directional characteristics. 

If  compensation by method a is used, the distance 
relays of  the faulted  line measure correctly, and 
those of  the sound line wrongly because they cannot 
be compensated with the correct current. It is there-
fore  possible for  the sound phase to be interrupted 
for  no real reason. If  a separate directional element 
is used which is not compensated by the zero sequence 
current of  the other line, this incorrect interruption 
is prevented. On the other band there are the well 
known complications involving racing between the 
directional and measuring elements. After  breaker 1 
has opened, relay 3 of  the sound line would over-
reach due to lack of  compensating current so that 
the selectivity with respect to relay 2 at the other 
Station would be jeopardized, especially if  this is 
correctly compensated and trips in the second step. 

Methods b and c do not have the first  drawback 
because the quantities (e.g. zero sequence current in 
the sound line) which upset the selectivity are not 
fed  to the relay. The possibility of  non-selective 
operation between relays 2 and 3 after  breaker 1 
opens is not, however, overcome by using these 
methods. 

Cases C, D and  E with Supply  at One End 

Uncompensated relays on the faulted  line behave 
in the same fashion  as in cases A and B. The relay 
at the supply end of  the sound line underreaches. 
At most this can lead to a delay in the back-up steps. 
Although it has a tendency to overreach the relay in 
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the opposite Station will not trip because of  the 
directional characteristics of  the measuring elements. 

Method a once again leads to a false  distance 
measurement on the sound line. Selectivity between 
relay 3 at the supply end and relay 2 at the opposite 
Station is disrupted. If  the fault  is in the first  half  of 
the line viewed from  the supply end, both relays 
can trip simultaneously. 

Methods b and c enable correct behaviour of  the 
relay (or the required selectivity) to be attained but 
without eliminating the second drawback (cf.  cases 
A and B). On the other hand a carrier connection 
between the relays at both ends of  the protected line 
(method e) would ensure rapid and selective inter-
ruption of  all faults  on this section. 

Case F  with External  Fault 

Without compensation both of  the relays at the 
supply end underreach. For this reason there is no 
danger to the distance-time step grading and the 
only possible effect  would be a lag in response in the 
back-up stage which is also easily possible as a result 
of  intermediate supply at Station II . 

Switched compensation should become effective 
when the summation currents in both lines are equal. 
In this case also the interruption would be rapid and 
selective when using method e. 

Case G with Parallel  Lines Separated  at One End 

Apart from  one aspect the uncompensated relays 
behave similarly to case A. As the zero sequence 
currents in the two parallel lines are directionally 
opposed to each other at the connected end, relay 1 
at the supply end will overreach and it is therefore 
theoretically possible for  this relay to interfere  with 
the distance-time steps of  the other relays if  there is 
no infeed  from  Station II . In practice, however, this 
error is so small that selectivity is not affected. 

Compensation by method a could lead to a non 
selective interruption of  the sound line. 

With switchable compensation by methods b and c 
the relays behave properly. In this case also method e 
attains the requisite selectivity. 

Case H  with the Parallel  Line Interrupted  and  Earthed 

The relays without compensation overreach and 
there is a possible danger to the distance Step grading. 
On the other hand it is not possible to use methods a 
or b because no current is flowing  in the current 
transformers  connected to the parallel line. On the 
other hand with method c it is possible to make a 
correction to factor  ko  with suitable logic circuits so 
that the relays measure properly. Selecting a suitable 
method of  coupling (method e) enables selective and 
rapid interruption of  the fault  to be attained. 

Cases J  and  K 

If  a fault  occurs in the vicinity of  stations I I I or I, 
relay 2 in Station II overreaches and this can disrupt 
the distance-time step grading. Relay 3 also over-
reaches and if  there is no supply at Station II there 
is also a possibility of  danger to the distance-time 
step grading. Proper compensation can be provided 
only for  relays 2 and 4. Compensation by methods a, 
b or c for  relays 1 and 3 (this is possible in case K 
only) leads to false  distance measurement and also 
non-selective tripping. Method e, however, retains 
the selectivity. 

Although method c is theoretically feasible  it in-
volves a great deal of  complicated equipment. It is 
no simple matter to calculate the modifications  to 
correction factor  ko  and in certain cases it can lead 
to considerable corrections. The result of  this is high 
capital outlay and/or a large CT bürden. 

Method d  is a very much simplified  Version of 
method c and can naturally not work satisfactorily 
in every case. 

Summarizing it can be seen from  the Table and 
the above considerations that although compensating 
the mutual effect  of  the zero sequence current circuit 
leads to an improvement in the distance measure-
ment by the relays connected to the faulted  line the 
selectivity of  the relays on the sound line can be 
endangered under certain operating conditions. 

There are also cases where it is impossible to 
compensate. If,  for  instance, we change from  case C 
to case K, the compensation in K would have to be 
rendered ineffective  to prevent any non-selective 
tripping and to ensure that Station II does not 
become isolated. 
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Apart from  method «the methods mentioned are all 
designed for  relays with a single system of  measure-
ment where only the sound phase is measured. In 
cases where relays employing several systems of 
measuring elements are used, the relays connected 
to the sound phases could trip erroneously during 
single-phase earth faults  due to the additional com-
pensation current if  methods a, b, c or d  are used. 
Fundamentally the same considerations apply to 
single-phase reclosure if  we ignore insignificant 
exceptions. 

Conclusions 

Errors in measurement by distance relays occur 
during earth faults  on double-circuit lines because 
of  the mutual effects  of  the zero sequence systems in 
the two lines. It is fundamentally  possible to avoid 
these errors with respect to the faulted  line by 
suitable compensation. Under certain operating 
conditions, however, it is not possible to apply com-
pensation because it would disturb the selectivity of 
the sound line. 

It is possible, on the other hand, to use suitable 
methods of  coupling between the relays at both ends 

of  the protected line, such as permissive underreach 
transfer  tripping or carrier acceleration [5] and 
interrupt an earth fault  selectively and with no delay 
on a double-circuit line without using any special 
compensation systems. 
(AH)  H. UNGRAD 

V. NARAYAN 
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Thyribloc—A New Range of  Liquid-Cooled Thyristor Converters 

The steadily decreasing cost of  thyristors is continuously 
opening up new opportunities for  controlled semiconductor 
Converters. New production methods in the chemical and 
other industries, for  example, are becoming economically 
attractive. More highly rationalized manufacture  and im-
proved quality of  the end product, or increased utilization 
of  plant, are grounds for  using thyristors in the power 
supply, particularly in the field  of  electrochemistry, even 
though thyristors are still more expensive than diodes. 

The Thyribloc ränge of  liquid-cooled SCR Converters has 
been developed to Supplement the Thysert and Thyristack 
ranges, which have natural or forced  air cooling. This con-
struction and possible applications of  this new type of  Con-
verter are reviewed in this article. 

Introduction 

Hitherto we have been able to offer  Converter 
installations employing thyristors with natural or 
forced  air cooling, under the names "Thysert" and 
"Thyristack" [1, 2]. In cases where the ambient air 
is corrosive or heavily polluted, or the air require-
ment is very large, it may be necessary to fit  a very 
expensive fresh-air  filter  or use mixed or closed-
circuit air cooling. This has an important influence 
on the layout and cost of  the installation [3]. There-
fore,  if  there is no other equipment which needs a 
closed-circuit air system, direct liquid cooling of  the 
Converter devices offers  great advantages. Experience 
has confirmed  this in the case of  heavy-current 
equipment for  large electrolysers. 

Liquid cooling makes for  compactness [4], which 
is desirable with heavy-current plant because the 
available space is better utilized, voltage drops are 
smaller and the material and installation costs of 
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the busbars are lower. In heavy-current installations 
the cost of  materials for  separate busbars and heat 
sinks represent a comparatively large proportion of 
the total cost of  the Converter. A heavy-current 
Converter of  economical design must therefore  employ 
a low-priced material for  the busbars, and if  possible 
a combination of  bars and heat sinks. These points 
were considered some years ago in conjunction with 
heavy-current diode rectifiers,  and led to the "Recti-
bloc" ränge of  rectifiers  [5], which make wide use of 
aluminium. This design has proved itself  in practice 
(rectifier  installations of  this type for  a total of 
2500 kA arc in service), and it was therefore  logical 
to employ the same design principles for  heavy-
current installations incorporating thyristors. 

The Thyribloc Range 

The Thyribloc ränge complements the Thysert 
ränge and, because the equipment is liquid-cooled, 
opens the way to new applications and new arrange-
ments. Intended for  heavy-current low-voltage in-
stallations, Thyribloc units are specially designed for 
corrosive atmospheres. 

Field experience with thyristor Converters has 
shown that faults  in the semiconductors are rare. 
The failure  rate for  thyristors is of  the same order 
as for  diodes. If  a Converter is designed for  n-1 service, 
this means that, if  one thyristor should fail  in each 
limb of  the circuit, the installation can still be 
operated continuously at rated capacity. Availability 
is then not affected  in the case of  Converters which 
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Fig.  1. - Circuit  diagram  of  a Converter  limb 

1 = Pulse wiring to control set 
2 = Screen 

3, 4 = Main supply terminals 
5 = Combined heat sink and busbar of  extruded 

hollow-section aluminium 
6 = Coolant inlet and outlet 
7 = Component fault  indication 

T i~T n = Pulse transformers 
Thi-TK  = Thyristors 

RiCi-RnCn  = RC networks 
F i - F n = Fuses 
S\—Sn  — Indicator switches 
L\-Ln = Air-core reactors 

Indices 1 to n indicate the parallel units for  each heat sink. 

are normally switched off  every few  days or can 
occasionally be taken out of  Service. Any faulty 
components can be changed the next time the 
Converter is shut down, and there is thus no need 
to provide facilities  for  in-service replacement of 
parts. 

Electrical  Design 

The circuit of  one limb of  a Thyribloc Converter 
is shown in Fig. 1. The basic circuit diagram of  a 
complete Thyribloc in three-phase double-star anti-
parallel connection can be seen in Fig. 2. 

The questions of  specifying  and dimensioning the 
various components will not be discussed here, as 
they have already been dealt with in an earlier 
article [6], Overvoltages caused by sudden collapse 

of  the reverse current (the hole-storage effect)  are 
damped by R C networks connected in parallel with 
each thyristor. In series with each thyristor is an 
air-core reactor L which reduces the turn-on current 
and the rate of  rise of  the forward  voltage and 
improves the current distribution. Their effect  on 
the current distribution is reinforced  by the fact 
that they are wound in opposite directions and 
magnetically coupled with the neighbouring reactor. 
Turn-on losses in the first  thyristor to fire  in each 
limb are limited by a resistor R in the surge-damping 
circuit and air-core reactors L. Resistor R has the 
further  task of  reducing oscillations on commutat ion 
to an acceptable level. 

The characteristic of  fuses  F  (Fig. 1), which are 
in series with the thyristors, were not matched to the 
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limit-current characteristics of  the thyristors, for  the 
following  reasons: 

- In heavy-current installations operating at con-
stant load, losses are assessed at as much as 
SFr. 2000 per kW. Losses due to the fuses  must 
therefore  be as low as possible. 

- In heavy-current low-voltage installations, the 
likelihood of  a dead short circuit on the d.c. side 
is negligible, and the effect  of  the secondary-side 
busbar connections on the magnitude of  the short-
circuit current is so great [7, 8] that it is most 
unlikely that the thyristors will be stressed beyond 
their overcurrent capability during the opening 
time of  the primary breaker, or d.c. breaker if 
there is one. 

Faults are monitored by an auxiliary fuse  element 
which is integrated with the main fuse.  It is accep-
table to use auxiliary elements for  fault  detection in 
conjunction with unmatched fuses  because the ele-

ments respond to the reverse current in the event 
of  an internal short circuit. A switch S  (Fig. 1) which 
gives visual indication of  a fault  is actuated mechani-
cally if  the auxiliary fuse  element melts. All normally-
closed contacts of  these switches are connected in 
series in each limb of  the Converter and, depending 
on the size of  the Converter, can be used to indicate 
faulty  components and to disconnect the equipment. 

The trigger circuit, with special pulse transformers 
T  (Fig. 1), is electrically identical to that in the 
Thysert ränge [1]. Effective  geographical Separation 
of  the control circuits from  the power circuits was 
found  to be impracticable. By employing a specially 
designed screen 2 (Fig. 1) of  grain-oriented sheet, 
locating the pulse transformers  in a favourable 
position, and providing certain earthing facilities, 
however, it has been possible to reduce inductively 
and capacitively-borne interference  to a power level 
which is far  below the hring power of  the thyristors. 
To test these Screening measures, steep-fronted  pulses 
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Fig.  2. — Circuit  diagram  of  a supply 
system in double  three-phase star anti-

parallel  connection 

1 = Circuit-breaker 
2 = Transformer 
3 = Thyribloc 
4 = Load 

Ix, I2 = Double three-phase star 
connection for  forward 
current at load 

Iii , H2 = Double three-phase star 
connection for  reverse 
current at load 

II Ii, III2 = Transformer  protection 
against overvoltages 
transferred  capacitively 
from  primary side 

IVi, IV2 = Decoupled capacitor 
providing protection 
against overvoltages on 
a.c. and d.c. sides 

Vi, V2 = Reactor to damp cir-
culating currents 

VIi, VI2 = D.C. circuit-breaker 
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with a rate of  rise of  8 . 107 A/s were applied to the 
heat sinks 5 carrying the pulse transformers.  The 
tests confirmed  their effectiveness  in preventing the 
power side from  interfering  with the control 
circuits. 

Every Thyribloc includes protection against switch-
ing overvoltages. It consists of  a capacitor which is 
able to absorb the magnetic energy of  the Converter 
transformer  without the voltage exceeding transient 
maximum peak voltage of  the thyristors. The capaci-
tor is connected via decoupling diodes to the trans-
former  secondary side and the d.c. side, and thus 
damps any overvoltages occurring on the a.c. and 
d.c. sides. 

Construction 

The Thyribloc, like the Rectibloc [5], is built up 
from  extruded aluminium sections. Certain alumi-
nium alloys have performed  extremely well in many 
rectifier  installations exposed to corrosive atmos-
pheres. This is true both of  the high corrosion 
resistance to air containing salt or chlorine, and also 
of  the junctions with copper parts. Suitable contact 
surface  treatment has completely eliminated this 
latter problem. 

Versions mounted in an open frame  and in an 
air and dust-tight cabinet are available to meet 
different  site conditions. The construction of  the 
Converter itself  is the same in both instances. 

The thyristors are mounted on hollow-section 
extruded aluminium which serves both as a con-
ductor and as a heat sink. The lower end of  this 
heat sink has a hose union appropriate to the coolant 
used, while at the top there is a double elbow to 
divert the coolant down again. Return of  the coolant 
to the inlet point results in a uniform  temperature 
level over the entire height of  the heat sink. 

The flat-base  thyristors are clamped to the heat 
sink by means of  a spring retaining plate. The 
problems of  establishing contact between the heat 
sink and thyristor, due to the double function  of  the 
fixing  as both thermal and electrical conductor, have 
been solved in the same way as with the Rectibloc [5], 

The air-core reactors for  each thyristor are welded 
by one end to a busbar running parallel to each heat 
sink. The fuses  are at the other end of  each reactor. 

An aluminium alloy with good electrical conduc-
tivity and adequate mechanical strength is used for 
these reactors. Instead of  the inter-turn insulation 
used in the past, the aluminium sections receive an 
oxide skin 50 [im thick before  being worked. The 
aluminium oxide provides sufficient  insulation to-
gether with efficient  heat removal. Each reactor is 
clamped individually and relative to the neigh-
bouring reactors by means of  glass-fibre  insulation 
and fixing  bolts so as to absorb the electrodynamic 
forces  caused by an internal short circuit. The reac-
tors are alternately wound in opposite senses and 
arranged so that the busbar passes through their 
centres. 

The R C networks for  the hole-storage effect  are 
immediately next to the thyristors. The pulse trans-
formers  for  firing  the thyristors are also close by the 
thyristors. These transformers  are surrounded by 
magnetic Screening. 

Thyriblocs can generally be adapted to suit the 
position required, e.g. free-standing  or wall-mounted. 
Because of  the construction, the busbar connections 
for  a.c. and d.c. can be brought out only at top and 
bottom. The maximum current permissible for  each 
Converter unit is then 30 kA with double three-phase 
star connection. However, any current can be 
handled by connecting a number of  units in parallel. 

Cooling System 

Power dissipated by the thyristors is removed via 
heat sinks by the coolant which flows  in closed-
circuit cooler groups. These groups can be suited 
to local conditions and other special requirements. 

Where there is a sufficient  supply of  water, whether 
from  the public supply, a cooling tower, a river or 
the sea, this is the ideal primary coolant. If  there 
is a shortage of  water, outside air may be used. O n 
the secondary (converter) side the coolant can be 
transformer  oil, chlorinated diphenyls or deionized 
water. If  transformer  oil is used, the maximum 
temperature of  the primary coolant should not ex-
ceed 35 °C, while for  temperatures up to 45 °C the 
only possible coolant on the converter side is water. 
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The  most common Thyribloc  arrangements 

1 — Heat sink of  extruded hollow section aluminium 4 = Fuse 
2 = Aluminium busbar 5 = Thyristors 
3 = Air-core reactor 
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By establishing these maximum values on the basis 
of  a minimum temperature difference  of  10 deg C, 
it is possible to obtain the Optimum arrangement of 
the cooler group with respect to cost and size. 

The cooler groups can be installed wherever is 
most convenient. They can, for  example, be situated 
directly by the Converter cubicle in the open version, 
or mounted in an enclosure to harmonize with the 
cubicle. They can be installed separate from  the 
Converter in a neighbouring room or on a lower 
floor.  These solutions are particularly well suited to 
liquid cooling, as connections to a water supply are 
usually to be found  nearby. If  air is used for  cooling, 
the best place is outside the building, e.g. in a shaded 
yard or on a roof  exposed to the wind. 

Cooling the Converter with transformer  oil involves 
the least expense as regards the cooler group. The 
group then consists of  the heat exchanger, a gland-
less circulating pump, an expansion vessel, the 
pressure and temperature monitoring instruments, 
stop valves and connections for  supplying the coolant 
to the Converter. Since the insulating capacity of  the 
oil decreases only very slightly during service, and 
the oil temperature anyway reaches 55 °C only in 
exceptional cases, maintenance of  the secondary side 
of  the cooling circuit presents no problems. One 
must assume, however, that the primary side will 
need to be inspected more frequently  than the 
secondary. This will depend of  the purity of  the 
coolant. 

The cost is higher if  deionized water, instead of 
transformer  oil, is used as the secondary coolant. 
To ensure that the specific  resistance of  the water 
remains above the minimum value of  20000 Qcm, 
an ion exchanger has to be installed in a shunt circuit. 
The two-stage ion exchanger used has the advantage 
that it can be regenerated without having to remove 
it from  the equipment. To allow ordinary steel and 
cast iron to be used for  the cooling circuit, a cor-
rosion inhibitor is added to the water. The system 
is also carefully  sealed to exclude any oxygen. 
Normal tap water is suitable for  installations with 
d.c. voltages up to 50 V, providing the specific 
resistance of  the water is about 2000 Dem. A re-
circulating system is then not necessary. However, 
it is advisable to provide means of  softening  the 
water. 

The Different  Versions and Applications 

As mentioned at the beginning, the Thyribloc is 
intended to Supplement the Thysert. Its design is 
such that the most economical ränge of  application 
lies between ratings of  5 and 30 kA per Converter 
unit. The economic limit of  a liquid-cooled Thyri-
bloc, as opposed to the air-cooled types, can, how-
ever, extend below 5 kA if  the Converter is to be 
located in a corrosive atmosphere, in which case it 
must be totally enclosed and an air/water recooling 
system is therefore  required. 

It can be seen from  the Table that with Thyriblocs 
virtually any normal Converter circuit arrangement, 
either for  drives [9] or for  electrochemical and other 
heavy-current d.c. applications, can be contained in 
a single or double rack, or alternatively in a cubicle. 

With the Thyribloc ränge it is not possible to 
connect thyristors directly in series. If  the d.c. voltage 
is comparatively high, complete Converter units are 
series-connected. In view of  the steadily increasing 
voltage ratings of  power thyristors, it will soon be 
possible to produce practically any service voltage 
required for  heavy-current installations, without 
having to connect either thyristors or entire Con-
verter units in series. 

The number of  thyristors to be connected in 
parallel has to be determined for  each particular 
case, since it is governed by the service current of 
the thyristors and the facilities  for  cooling. 

Thyristor-controlled heavy-current installations 
with liquid cooling generally provide an economical 
Solution wherever rapid response is required, such 
as for  electrolysers with current reversal, coils for 
agitators, magnet supply systems and power network 
interties. The favourable  trend in the price of  low-
blocking thyristors indicates that the controlled 
rectifier  will in the near future  find  more new appli-
cations in low-voltage installations up to about 50 V, 
such as electrolysers and galvanic plating plant. The 
Thyribloc design is particularly suitable for  these 
applications. 

In conclusion, it should be mentioned that the 
Thyribloc Converter shown in Fig. 3 has been 
operating faultlessly  for  about a year in the electro-
chemical industry. The main data of  the installation 
are: 
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Fig.  3. - Thyribloc  in open frame, 
for  double  three-phase star antiparallel 

connection 

Current rating in forward  direction /et, = 15000 A 
Current rating in reverse direction 7500 A 
No-load d.c. voltage uAio = 180 V 
Double three-phase star antiparallel connection 

Although the converter is in antiparallel connec-
tion, and free  from  circulating currents, the custo-
mary protection against circulating currents, com-
prising an air-core reactor and a d.c. circuit-breaker, 
has not been omitted. The d.c. breakers and current-
limiting reactors are in this case located in the path 
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of  the reverse current, because its r.m.s. value is only 
approximately 4 kA. 
(DJS)  E. KELLER 

M. QUISSEK 
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High-Voltage Rectifiers  for  Large Transmitters 

As transmitters become larger, the requirements to be 
met by the supply rectifiers  are becoming more exacting. 
Even now, anode voltages up to 20 kV and anode currents 
up to 200 A are needed. The advantages and drawbacks of 
rectifiers  employing thyratrons, thyristors or diodes are 
reviewed. The three-phase bridge connection customary for 
transmitter rectifiers  and sizing of  the filters  are discussed. 
Different  protection systems for  rectifiers  incorporating diodes 
are then compared. 

Introduction 

Transmitters with Outputs of  up to some 1000 kW 
require anode voltages up to 20 kV and anode cur-
rents up to 200 A. Rectifier  development has kept 
pace with the ever more exacting demands. Because 
of  their low efficiency,  the high-vacuum hot-cathode 
tube used in the early days of  transmitters were soon 
replaced by mercury-arc rectifiers.  These became 
known as mutators and evolved comparatively 
quickly from  uncontrolled devices to controlled, 
six-phase units. The rectifier  tanks were improved at 
the same time. At first  the high vacuum had to be 
constantly maintained by means of  pumps, but later 
it became possible to produce sealed tanks. Un-
fortunately,  these had the disadvantage that, if  an 
anode or a grid failed,  the whole unit had to be 
replaced. 

The introduction of  gas-filled,  single-anode rectifier 
tubes thus represented an important advance, and 
these have been in Service for  many years in a large 
number of  installations. As semiconductors are im-
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proved, however, an increasing proportion of  trans-
mitters obtain their power via thyristors or diodes. 
Since both types of  rectifier  system, whether em-
ploying tubes or semiconductors, are now contenders 
for  use in large transmitters, they are discussed below, 
together with their advantages and disadvantages. 

Rectifiers  with Tubes 

Rectifier  tubes include ignitrons, excitrons and 
thyratrons. These single-anode devices have the 
advantage over mercury-arc rectifiers  that they can 
be combined to form  any circuit arrangement, and 
are easily replaced. Ignitrons and excitrons have 
mercury-pool cathodes. The ignitron is triggered 
with an ignitor, while with the excitron an arc has 
to be maintained continuously by the ignition and 
excitation system associated with each tube. Ignitrons 
are more suitable for  small voltages and large cur-
rents. They are therefore  rarely used in rectifiers  for 
large transmitters. Moreover, the ignitor requires a 
much higher driving power than the control grid 
of  an excitron or a thyratron. The life  of  excitrons 
and ignitrons is shortened if  they are operated for 
long periods at voltages reduced by grid control 
because, as with mercury-arc types, the internal 
insulation accumulates deposits. 

For these reasons thyratrons with hot cathodes 
have become widely used. Each tube, of  course, has 
to be heated and controlled. With the three-phase 
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Fig.  1. - High-voltage  rectifier  for  15 kV  and  200 A, employing 
thyratrons 

have special supersaturated cores, thus providing a 
simple way of  generating needle-shaped pulses for 
the control grids. 

The  Three-Phase  Bridge 

The three-phase bridge circuit commonly used for 
transmitter rectifiers  is shown in Fig. 3. For the same 
d.c. Output voltage, the reverse voltage per tube is 
here only half  as high as with the six-phase connec-
tion customary with mercury-arc equipment and the 
tubes conduct for  120° el, and not 60° el. Utilization 
is thus greater, and the transformer  can be made 
simpler and with a rating some 30% lower than 
needed for  a six-phase arrangement. Half  the service 
voltage is present at the transformer  neutral, although 
hum is greater than with the circuit usually employed 
for  mercury-arc tubes. 

Fig.  2. - Inside  the high-voltage  rectifier  of  Fig.  1 

1 = Brown Boveri thyratron type TQ  101 
2 = Heating transformers 
3 = Control transformers 

bridge arrangement described in the following  section 
the filament  power can be fed  jointly to the top three 
tubes. On the other hand, separate leads for  the 
filament  power have to be provided for  the bottom 
three tubes, as the cathodes of  these are connected 
to the alternating-voltage potentials of  the high-
voltage transformer.  The same applies to the control 
leads to all six tubes. This apparent drawback is no 
longer of  any significance,  now that transformers  of 
low power and high insulation rating can easily be 
manufactured  with the aid of  synthetic resins. 

Figures 1 and 2 illustrate the rectifier  for  a 1000 kW 
transmitter. Rated 15 kV and 200 A, the rectifier 
is equipped with Brown Boveri thyratrons type 
TQ101. The heating and control transformers  for 
each tube can be seen in Fig. 2. These are of  the 
moulded resin type and designed for  a test voltage 
of  45 kV a.c. The control circuit is fully  earthed. In 
this particular installation the control transformers 
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Fig.  3. — Three-phase  bridge  connection 

1 = Circuit-breaker 
2 = Transformer 
3 = Controlled thyratrons 
4 = Filter choke 
5 = Filter capacitance 

In a three-phase bridge, one upper and one lower 
tube must always be conducting, as otherwise the 
circuit is not closed. It can thus be considered as 
two three-phase rectifiers  connected in series. This 
is apparent from  the curves of  voltage shown in 
oscillogram ai of  Fig. 4. Oscillogram a2 shows the 
summation voltage of  the upper and lower curves. 

In bi the firing  angle has been delayed by 20°, 
resulting in corresponding discontinuities in the 
voltage curves. This is shown clearly by the curve 
of  summation voltage in b2. Oscillograms ci and C2 
show the same when the firing  angle is advanced 
by 45°, and the d.c. Output voltage O is correspon-
dingly lower. 
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B R O W N B O V E R I 

Fig.  4. - Voltage  oscillograms  for  a 
three-phase bridge  connection 

ai, bi, ci, di, ei: 
Oscillograms for  thyra-
trons at different  firing 
angles, i.e. different  volt-
age levels 

Hl = Positive Output voltage 
^ g = Negative output voltage 

a2, b2, C2, d2, e2: 
Summation voltages sup-
plied by rectifier  at differ-
ent firing  angles 

U = Mean d.c. voltage Output 
1 = Firing point of  an upper 

tube 
2 = Voltage zero of  a lower 

tube 
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If  the firing  angle is shifted  by 75° (Fig. 4 di), 
negative summation voltage occur, as shown by 
oscillogram da. U p to a certain firing  angle, however, 
the current continues to flow  without interruption 
because during the positive periods the filter  choke 
is charged sufhciently  to bridge the negative periods. 

Oscillogram e2 shows that when the firing  angle 
is shifted  by 105° (Fig. 4 ei), actual gaps in the flow 
of  current occur because the choke charged up during 
a positive interval can at most bridge only a negative 
interval of  the same length (the areas of  the positive 
and negative portions are approximately equal). The 
voltage remains zero during the periods of  non-
conduction, and because of  its symmetry the resul-
tant summation voltage is also zero. 

As mentioned earlier, with a three-phase bridge 
one upper and one lower tube always conduct 
simultaneously, and the control pulses are distributed 
accordingly. This presents certain problems each 
time the voltage is first  increased to its füll  value. 
After  the short control pulse a tube continues to 
conduct only if  the circuit is closed across a tube 
on the opposite side. If  a lower tube is triggered 
when none on the upper side is conducting, there 
is no complete circuit. The Situation is the same if 
the order is reversed. An improvement is gained by 
inserting a resistor between the transformer  neutral 
and earth. If  the firing  angle is shifted  so that the 
lower half  of  the rectifier  still has positive voltage 
for  at least 60° el, it conducts until the next upper 
tube fires  (see point 1, Fig. 4 di), and the circuit 
remains closed throughout the rectifier.  The lower 
half  ceases to conduct at point 2 of  the same diagram. 
If  the firing  angle is further,  as in Fig. 4 ei for  ex-
ample, continuous Operation would no longer be 
possible. Consequently, the voltage cannot be in-
creased from  zero upwards. Double control pulses 
or a so-called midpoint filter  are needed for  this. 
In the first  instance, each control pulse is repeated 
after  an interval of  60°. In this way, each time a 
tube fires,  a pulse goes to a tube on the other side 
so that current can flow  as soon as a positive sum-
mation voltage exists across the bridge. 

A midpoint filter  is the term used for  a circuit in 
which the transformer  neutral is connected to earth 
not across a resistor, but across a series-connected 
inductance and capacitor. This has the effect  of 

t 

1 
-J 
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Fig.  5. - Oscillograms  illustrating  grid  control 

a: Progressive increase of  voltage (interval I) and interrup-
tion of  short circuit without recuperative control (inter-
val II) 

b: Current oscillogram for  a 

c: Progressive increase of  voltage (interval I) and interrup-
tion of  short circuit with recuperative control (interval II) 

d: Current oscillogram for  c 

/cc = Short-circuit current 
.r = Saturation limit of  choke 

Points 1 to 7 are explained in the text. 

roughly doubling the length of  the current pulses 
so that the voltage can be increased, starting from 
zero. Through utilizing the half  of  the voltage present 
at the transformer  neutral, the desired control char-
acteristic can be attained, without any further 
assistance, by means of  the filter  element which is 
in any case essential. On the basis of  the processes 
shown in Fig. 4, section I of  Fig. 5 illustrates how 
the voltage can be raised continuously from  zero 
with the aid of  the grid control system. The voltage 
can, of  course, also be held at any intermediate 
value. This is particularly desirable for  changing 
wavelengths in the case of  short-wave transmitters. 
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The principal advantage of  grid control lies in 
dealing with short circuits, as in section II of  Fig. 5. 
If  a short circuit occurs at moment 1, for  example, 
in the simplest case subsequent grid ignition will be 
suppressed. The anode which has just fired  continues 
to burn, and passes through zero at 2 after  approxi-
mately a quarter of  a cycle. The short-circuit current 
can thus built up for  a period of  5 ms at the moment, 
after  which it is reduced again because the driving 
voltage passes into the negative region. The remain-
der of  the interruption process is governed chiefly  by 
the smoothing choke. If  this is comparatively large, 
a correspondingly large amount of  magnetic energy 
becomes stored as the short circuit is building up. 
The maximum short -circuit current /cc at point 2 
in Fig. 5 runs counter to the negative voltage in the 
negative half-cycle,  and is reduced accordingly. It 
is possible, however, that this process is not complete 
by the time point 3 is reached. This is indicated by 
the fact  that / c c has not dropped to zero. The tube 
then continues to conduct during the next positive 
half-cycle,  and the choke is once more charged up 
to point 4. This sequence can be repeated for  a 
number of  cycles, until current /cc attains zero as a 
result of  the ohmic resistances. 

This undesirable Situation can be remedied with 
the grid control in that the control pulses are not 
disconnected the moment a short circuit occurs, but 
are simply shifted  in phase (so-called recuperation). 
Ignition of  the next phase, which under fault-free 
conditions would take place at point 6, is then shifted 
to point 7. The other phases follow  with a similar 
delay. The result is the oscillogram shown in Fig. 5c, 
with persistently negative peaks which do not cross 
into the positive region until the choke is completely 
discharged, as might be the case at point 5. The 
current trace in Fig. 5d shows that the reduction of 
current due to the discontinuities is less violent, but 
steady, so that the short circuit is safely  eliminated 
in a shorter time. 

I t was mentioned that these processes are governed 
by the size of  the smoothing choke. The Saturation 
limit of  the choke is a particularly important factor 
in this respect. In accordance with the law of  induc-
tion, the short-circuit current rises more slowly if  the 
inductance is high, and more quickly if  it is low. 
In the oscillograms of  Fig. 5b and 5d this is apparent 

from  the kink at the dashed line representing the 
Saturation limit s. It is shown exaggerated in the 
diagram for  reasons of  clarity. If  the choke has a 
greater Saturation reserve, the short-circuit current 
would rise appreciably less. Apart from  the cost of 
such a choke, however, one must also take account 
of  any faults  where the short circuit is not im-
mediately interrupted. The maximum short-circuit 
current is determined by the internal resistance of 
the rectifier,  and is usually about ten times the rated 
current. In such a case, a choke with a greater 
Saturation margin would have stored a much greater 
quantity of  energy, and Clearing the short circuit 
would then be far  more difficult. 

If  the Saturation margin is small, the short circuit 
current rises beyond the Saturation value even if  the 
short circuit is eliminated quickly, but soon falls 
again during the recuperation period. With simple 
grid blocking, as in Fig. 5a, Saturation is also in-
dicated in the oscillogram (Fig. 5b) by the higher 
current peaks and the Hat Valleys. 

Determining  the Filter  Size 

The filter  unit (Fig. 3) must meet certain require-
ments, and these are described briefiy  below. 

Hum  level 

The usual stipulation that a transmitter should be 
free  from  hum at 60 dB means that the hum voltage 
at the rectifier  Output must be considerably less than 
0 1 %. A certain minimum filter  element is therefore 
necessary, in which case the determining factor  is 
the product LC. 

Natural  frequency 

This must be below the power frequency  and 
below the lowest frequency  transmitted, i.e. normally 
lower than 30 Hz. Again, the product LC is the 
deciding factor.  If  the natural frequency  is set at 
approximately 20 Hz, the stipulation regarding hum 
will also be satisfied. 

Starting  current  inrush 

If  the rectifier  is turned on suddenly, a charging 
current surge fiows  to the filter  capacitors and under 
certain circumstances can overload the rectifier  tubes. 
This surge can be reduced by enlarging the induc-
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tance and suitably decreasing the capacitance to 
acceptable values. 

Internal  impedance 

The rectifier  supplies the transmitter with a vari-
able direct current which has alternating currents 
superimposed on it, of  down to 30 Hz depending 
on modulation. If  the modulation amplitude sud-
denly changes, current surges occur which must not 
have too great an influence  on the d.c. Output 
voltage. If  a dynamic surge (change from  one 
d.c. value to another) causes the filter  to over-
shoot excessively, dynamic distortion occurs. Also, 
the a.c. load must not give rise to excessive a.c. 
variations of  the d.c. voltage at the rectifier,  so that 
the distortion remains within specified  limits. A 
relatively large filter  capacitor is needed to meet 
these requirements. The effects  of  the current inrush 
when the rectifier  is switched on must then be reduced 
by increasing the voltage automatically and pro-
gressively, instead of  by using a larger inductance. 

Distortion  factor 

The distortion factor  of  a transmitter depends on 
its filter  capacitance. This point requires careful 
examination. The basic circuit of  a simple anode-
modulated transmitter can be seen in Fig. 6. The 
rectifier  supplies the RF stage 5 via the secondary 
of  modulation transformer  3, and also, via the mid-
point of  the primary, the two AF tubes 4, both of 
which operate in class B. Modulation of  the AF stage 
is superposed on the d.c. supply to R F stage 5 by 
means of  the modulation transformer.  There are then 
three distorting influences. 

- Because of  the two AF tubes operating in class B, 
two half-wave  surges are drawn each cycle from 
the rectifier,  as indicated by oscillogram 4.1 in 
Fig. 6, and passed to the final  stage as a super-
imposed cycle (oscillogram 5.1). As a result of  these 
half-wave  surges from  the rectifier  there appears 
at smoothing capacitor 2 a second voltage har-
monic which is added as a supply voltage to 
oscillogram 5.1. In other words, it causes second-
harmonic distortion of  the modulation in the RF 
stage. 

5 4=2 

m 
4.1 

5.1 
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Fig.  6. — Simple  anode-modulated  transmitter 

1 = Filter choke 
2 = Filter capacitor 
3 = Modulation transformer 
4 = AF final  stage 

4.1 = Half-wave  current surges per cycle from  the 
rectifier  to the AF stage 

5 = RF final  stage 
5.1 = Voltage at RF stage 

- Owing to the presence of  this second harmonic 
at capacitor 2 (Fig. 6), one half-wave  is processed 
in one of  the AF tubes under anode-voltage con-
ditions which are different  from  those in the 
second tube. This gives rise to distortion with the 
first  and third harmonics. The first  harmonic does 
not cause any non-linear distortion, but only affects 
the frequency  response to some extent. Whereas 
this can easily be corrected, the third harmonic 
has a disturbing effect. 

- The sinusoidal loading of  the R F stage produces 
a natural-frequency  voltage Variation at the filter 
capacitor. This reinforces  the difference  in the 
way the two half-waves  are handled in the AF 
stage, and the result is further  distortion at the 
second harmonic. 

All three kinds of  distortion are directly dependent 
on the size of  the filter  capacitance 2 (Fig. 6). T h e 
first  and third types of  distortion described have the 
greatest influence  on the transmitter, while the 
second type is of  minor significance.  The various 
forms  of  distortion can be calculated, and the re-
quired capacitance is ultimately determined by the 
maximum permissible distortion factor. 

Rectifiers  with Semiconductor Devices 

Semiconductor devices have been steadily im-
proved in recent years, and have two advantages 
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over thyratrons. Firstly they last longer and, secondly, 
the mercury-vapour discharges in thyratrons are 
dependent on temperature, i.e. the anode voltage 
must not be turned on before  a certain pre-heating 
time has elapsed, and the temperature has to be 
carefully  monitored during operation. The unavoid-
able pre-heating time seriously complicates matters 
in the event of  a power failure. 

Rectifiers  with Thyristors 

Today thyristors can perform  the same tasks as 
thyratrons. The following  disadvantages, however, 
must be set against the merits of  practically un-
limited life  and independence of  temperature. 

- The inverse voltages of  thyristors are still appre-
ciably lower than those of  thyratrons. The value 
of  the anode voltage therefore  governs the number 
of  thyristors which have to be connected in series. 

- Thyristors (and diodes) are destroyed if  subjected 
only once to excessive current or voltage. Thyra-
trons, on the other hand, are relatively insensitive 
in this respect and can tolerate a considerable 
number of  backhres. 

- With series-connected thyristors, care must be 
taken to ensure a uniform  voltage distribution 
during the blocking period. All the thyristors must 
therefore  be bypassed with high resistances. It is 
also possible to limit the voltage by means of 
avalanche diodes. Furthermore, it is necessary to 
balance out the voltage difference  resulting from 
the delay in passing from  the on-state to the off-
state due to the hole-storage effect  in the individual 
thyristors. This is achieved by series-connected 
damping resistors and capacitors for  each thyristor. 

- Thyristors are sensitive to rapid changes of  current. 
Any change at the beginning of  the conduction 
period or before  blocking, i.e. when the current 
is small, must not be too quick owing to the risk 
of  local overloading or conduction-through. This 
is because the speed at which the firing  processes 
can spread is limited. With small currents, there-
fore,  the rate of  rise of  the current must be 
reduced by inserting a choke which becomes im-
mediately supersaturated if  the current rises. 

Fig.  7. - Experimental  thyristor  rectifier  for  a 1000 kW  transmitter 

1 = Thyristor units 
2 — Firing transformer 

- Each thyristor has to be controlled individually. 
Gompared with a thyratron rectifier,  therefore, 
the number of  control points in each limb is 
greater and is equal to the number of  series 
thyristors. To avoid voltage differences,  it is im-
portant that all the thyristors in a limb fire  at 
the same moment. Special firing  transformers  are 
needed for  this. The problem will probably be 
simplified  in the foreseeable  future  by using a flash 
of  light to fire  the thyristors. 

- Mains overvoltage peaks must be kept away from 
the thyristors by htting the rectifier  transformer 
with capacitors or other means of  absorbing alter-
nating peaks. 

- Rectifiers  with thyristors are at present more 
expensive than those with thyratrons. 

R R O W N BOVERI 
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If  the precautionary measures referred  to are 
taken, thyristors can perform  the same duties as 
thyratrons, and füll  advantage can be taken of  the 
merits of  gate control. Fig. 7 shows an experimental 
Version of  a thyristor rectifier  for  a 1000 kW trans-
mitted Each phase of  the rectifier  forms  a separate 
unit, one limb being at the front,  and the other at 
the rear. Each limb has six rows of  four  series-
connected thyristors. These can clearly be seen in 
Fig. 7. The individual thyristors obtain their control 
pulses from  the appropriate secondary winding of  a 
special firing  transformer  2 (Fig. 7). This consists of 
a single primary loop, which passes through the 
centre of  an insulating tube, and of  the rings dis-
cernible on the tube. Each ring constitutes an iron 
core and secondary winding for  one thyristor. 

Rectifiers  with Semiconductor  Diodes 

Rectifiers  with diodes are simpler and cheaper 
than those with thyristors. However, they cannot be 
used either to regulate the voltage or to disconnect 
short circuits. The switching functions  must be 
carried out by circuit-breakers or other means of 
control. In the event of  a short-circuit these cannot 
feed  the energy of  the choke back into the system. 
This energy always flows  in füll  to the site of  the 
short circuit because all the diodes conduct the short-
circuit current in the forward  direction. Moreover, 
because circuit-breakers cannot interrupt as quickly 
as controlled rectifiers,  the short-circuit current 
usually reaches the steady-state value determined 
by the transformer  leakage. 

Protection  with circuit-breakers 

Stepwise turn-on is most easily accomplished with 
the aid of  a star/delta connection on the primary 
side of  the transformer.  Diode rectifiers  of  this kind 
have been used for  a long time in small transmitters. 
In the course of  time they have been employed for 
ever higher transmitting powers. The question thus 
arises as to whether they are not also suitable for 
very high Outputs. In the larger transmitters, how-
ever, the tubes are much more sensitive to short 
circuits, and any damage incurs a greater financial 
loss. Also, large circuit-breakers are generally slower 
than small ones. They need between three and five 

cycles to extinguish an arc completely, whereas a 
grid control system can reduce the voltage to zero 
in approximately half  a cycle. Only vacuum breakers 
are capable of  interrupting relatively high currents 
inside one cycle. They cannot be used as primary 
breakers, however, because their capacity is limited, 
and is usually insufhcient  to interrupt short circuits 
on the primary side of  a transformer,  i.e. short-
circuit currents determined by the network im-
pedance. 

Very high dangerous overvoltages can also occur, 
for  example, when the transformer  is open-circuited 
and the rectifier  is at no-load. Nevertheless, vacuum 
breakers can be used to interrupt short circuits 
quickly if  they are fitted  on the secondary side of 
the transformer,  together with the primary circuit-
breakers. Tetrodes are being used increasingly for 
large transmitters. The screen grid of  these reacts 
very quickly to short circuits. In such cases even a 
controlled rectifier  often  cannot guarantee the neces-
sary protection, for  with these, too, the capacitor 
energy flows  to the short-circuit location. 

Tube  protection  with crowbar systems 

This Situation can be improved with what are 
termed crowbar systems. These consist of  controlled 
discharge gaps connected in parallel with the power 
capacitors. When a short circuit begins, the crowbar 
systems are switched to the conducting condition so 

B R O W N B O V E R I 

Fig.  8. — Rectifier  circuit with crowbar protection 

1 = Filter choke 
2, 3 = Resistors 

4 = Filter capacitor 
5 = Transformer 
6 = Shunt 
7 = Ignitron 
8 = Control unit 
9 = Transmitting tube 
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Fig.  9. - Transmitter  circuit with crowbar protection 

1 = Filter choke 
2 = Modulation choke 
3 = Modulation transformer 
4 = Filter capacitor 
5 = Modulation capacitor 
6 = Transformer  for  filter  capacitor 4 
7 = Transformer  for  modulation capacitor 5 
8 = Shunt 

9, 10 = Ignitrons 
1 1 = AF stage 
12 = RF tube 
13 = Control unit 

Fig.  10. - Rectifier  with a.c. control  circuit 

1 = Primary breaker 
2 = A.C. control circuit 
3 = Control unit 
4 = Rectifier  transformer 
5 = Rectifier  diodes 
6 = Filter choke 
7 = Filter capacitor 

Icc  — Short-circuit current 

that the capacitor energy can flow  away before  a 
significant  proportion reaches the site of  the short 
circuit. The simplest circuit is illustrated in Fig. 8. 
If  tube 9 suffers  a breakdown, the first  current peak 
flows  from  capacitor 4 via resistors 2 and 3 and trans-
former  5. The latter sends a pulse to control unit 8 
which triggers ignitron 7. The discharge current 
from  capacitor 4 then flows  via resistor 2 through 
ignitron 7, and tube 9 is protected not only against 
the remainder of  the discharge surge from  capacitor 4, 
but also from  the subsequently increasing short-
circuit current of  inductance 1. This current can then 
be higher and longer without causing damage. In 
the event of  short circuits which build up slowly, in 
which case the pulse produced by transformer  5 
would be too small, the ignitron is relieved of  the 
total current by means of  shunt 6. The values of 
resistors 2 and 3 are comparatively low, so that their 
energy consumption is not significant,  but at the 
same time they are high enough to ensure that the 
short-circuit current is accepted as fully  as possible 
by the ignitron. 

Ignitrons are very well suited to crowbar systems. 
The relatively high power required for  control is not 
important because they are seldom in Operation. On 
the other hand they require no power for  heating 
when not in use, and their mercury-pool cathodes 
can tolerate high discharge currents. 

The usual circuits for  anode-modulated trans-
mitters include a modulation capacitor 5 (Fig. 9), 
as well as a filter  capacitance. If  arc-over occurs in 
tube 12, the tube is subjected to the energy not only 
from  capacitor 4 (via modulation choke 2) but also 
from  capacitor 5 (via modulation transformer  3). 
With this arrangement, therefore,  capacitor 5 must 
be discharged by way of  another ignitron. I t is also 
evident that, having started, the subsequent short-
circuit current now flows  across modulation choke 2 
and on to the site of  the short circuit. Ignitrons 9 
and 10 (Fig. 9) are not able to intercept the short-
circuit energy accumulated in modulation induc-
tance 2. Under certain circumstances, therefore, 
another crowbar system has to be connected across 
this choke. 
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Regulation  and  protection  of  tubes with thyristorized 
a.c. control  circuits 

In contrast to medium-wave transmitters, short-
wave transmitters require a controllable high voltage, 
because of  the need to change wavelengths. Re-
tuning is conveniently done at a low voltage, to 
reduce any risk of  overloading. It is true that a 
star/delta connection is to a large extent adequate 
for  this, but finer  control is usually necessary. One 
reason why thyristor rectifiers  are expensive is that 
with high voltages a large number of  thyristors 
have to be connected in series, together with ap-
propriate protective circuits. With a lower primary 
voltage, 380 V for  example, control can be effected 
considerably more cheaply by means of  a.c. control 
circuits. These now cost little more than electro-
mechanical switches of  the same capability. The 
circuit has the form  shown in Fig. 10. On the 
primary side of  the transformer  are six groups of 
thyristors connected in antiparallel. With this 

arrangement the voltage can be controlled with 
control unit 3 just as smoothly as with high-voltage 
control. However, in the event of  a short circuit, an 
a.c. control circuit can interrupt the current only in 
the same manner as a circuit-breaker. In any diode 
rectifier  the short-circuit current I c c flows  through 
the diodes, reinforced  by the energy from  the filter 
choke. An a.c. control circuit therefore  also requires 
crowbar protection appropriate to the sensitivity of 
the tubes concerned. 

Conclusion 

For economical reasons, the majority of  rectifiers 
for  large transmitters are still fitted  with thyratrons. 
Semiconductor devices, however, are steadily be-
coming better and less expensive, and the point will 
come in the near future  when the main emphasis will 
swing to rectifiers  employing thyristors or diodes. 
(DJS)  M.  D I C K 
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Digital Path Simulator for  Gonveyor Systems 

A digital path Simulator for  conveyor systems is described. 
It gives continuous indication of  the position of  the Container 
ancl also enables control signals (e.g. for  regulating the 
motion of  the conveyor) to be obtained from  various points 
along the track. These are created by a pulse generator, a 
counter and a decoder. Inaccuracies due to mechanical 
equipment are eliminated by a correcting device. 

Purpose and Function of  Path Simulation 

Manual control of  conveyor systems is currently 
used only in small, low capacity installations with 
low lift  ratios, or if  a fault  occurs in an automatic 
system. If  the requirements with regard to speed and 
stopping accuracy are stringent, or if  the conveyor 
system is long and has a large number of  stops, then 
usually for  reasons of  economy an automatic control 
system is employed which supervises the operating 
sequence of  the installation by means of  a path 
Simulator. This provides a functional  image of  the 
actual conveyor configuration,  i.e. all positions at 
which the sequence is required to change can be 
monitored by logic circuits and the necessary control 
commands derived. 

In principle it is possible to provide mechanical 
path Simulation by means of  reduction gearing and 
cam switches. Controllers for  mine winders are based 
on this principle. Mechanical play and unavoidable 
wear in the mechanical transmission components 
means that the reproduction of  each control process 
deteriorates with time. Another factor  is the limited 
resolution of  the complete system by mechanical 
means. For these reasons there has been a general 
trend of  late towards Simulation by digital means. 

622.67-523.8:621.374 

When digital Simulation is used the rope driving 
sheave is fitted  with a pulse generator which emits 
a number of  pulses proportional to the distance 
travelled by the Container. If  these pulses are counted 
in relation to the direction of  rotation it is possible 
to instigate a control process by means of  a coin-
cidence pulse when a preset number is reached. This 
could, for  instance, stop the Container at any desired 
position. 

The Necessity of  Synchronizing and 
Correction 

In order to overcome the fluctuations  in the length 
of  the rope due to varying loads, slip, changes in 
temperature, etc., the appropriate desired values for 
various positions along the journey are fed  into a 
counter. The actual corresponding value is then set 
at the counter. 

Where a sheave is used for  winding the rope the 
transmission ratio between the pulse generator and 
driving sheave diameter varies due to wear between 
the sheave and the rope. The number of  pulses 
emitted per unit length of  travel therefore  increases 
as the sheave diameter reduces. For this reason a 
test journey must be made periodically to determine 
the number of  excess pulses. In order to prevent the 
accuracy of  Simulation from  deteriorating, these 
excess pulses are eliminated by a correction. This 
correction is made by setting a number corresponding 
to the number of  excess pulses counted during the 
test journey in a code switch which eliminates excess 
pulses evenly over the whole length of  travel. 
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Principle 5 

The basic principle is described using Fig. 1 to 
illustrate it. The pulses from  pulse generator 1 pass 
through the noise suppressors 2 and arrive at the 
sense-of-rotation  logic 3. This decides in which direc-
tion the main counter must count. From here the 
pulses pass through an AND gate, which is triggered 
by a correction logic 4, and enter the main counter 7. 
From here they pass into decoder 8. Subsequently, 
a logic 10 instigates evaluation by Output relay 11 
when the number of  pulses counted coincides with 
the preset value. 

Each synchronizing pulse from  5 corresponding to 
a given distance of  travel is coded in 6 and sets the 
main counter to the corresponding value. 

M a i n Sub-Assemblies 

Travel/Pulse  Conversion 

The travel/pulse Converter is driven by the driving 
sheave or rope drum through a friction  wheel and 
the working distance to be measured is transmitted 
to the input shaft  of  the Converter. Two discs, dis-
placed by 90° el relative to each other and each 
having ten slots, are mounted on this shaft.  These 
slotted discs control two oscillators by the fact  that 
the oscillations remain undamped in the slots but 
are damped by the solid portions. The oscillations 
are rectified  and each drives an amplifier  with a 
push-pull Output. There are thus two trains of  pulses 
available at the Output terminals of  the pulse 
generator at 90° el to each other when the shaft 
rotates. The phases are either leading or trailing, 
depending on the sense of  rotation. 

Noise  Suppressors  and  Signal  Restorer 

In order to prevent discrepancies in the actual 
number of  counted pulses due to noise voltages, the 
transmission leads from  the pulse generators to the 
electronic equipment are fitted  with filter  circuits 
whose capacitors render ineffective  the noise voltage 
peaks which are usually of  very brief  duration. As 
this also reduces the flank  gradient of  the pulses these 
must subsequently be improved by signal restorers. 

Fig.  1. - Basic circuit diagram  for  a digital  path Simulator 

1 = Pulse generator 
2 = Noise suppressors and signal restorer 
3 = Sense-of-rotation  logic 
4 = Correcting logic 
5 = Synchronizing pulse generator 
6 = Encoding 
7 = Main counter 
8 = Decoding 
9 = Digital display 

10 = Logic 
11 = Output relay 

Sense-of-Rotation  Logic 

The two pulse trains which are displaced by 90° el 
relative to each other are fed  into the sense-of-rota-
tion logic which determines whether the drive is 
running forwards  or backwards. On the basis of  this 
decision the main counter receives a constant 0 or 1 
signal which ensures that counting is carried out with 
the correct sign. At the same time as the sign decision 
is made the pulse train corresponding to the sense 
of  rotation is selected and emitted for  counting or 
correcting. 

The two pulse trains from  the travel/pulse Con-
verter have different  lengths for  the two senses of 
rotation. In order to standardize the pulses a timing 
element is incorporated which, when triggered, 
provides a pulse of  constant length by changing 
from  0 to 1. 
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Fig.  2. - The  effect  of  correction on the counting of  excess pulses i 

i = Excess pulses 
n =Journey 
/ = Pulse elimination 

Main  Counter 

The pulses emitted by the AND gate for  counting 
arrive at a reversible binary counter which is trig-
gered by the positive counting pulse flanks.  Apart 
from  the input for  the counting pulses and the one 
for  determining the sense of  counting which is con-
trolled by the sense-of-rotation  logic, the counter 
also has a communal reset input and a setting input 
for  each bit. The logic operates such that a syn-
chronizing command resets the counter to zero and 
then sets it to the prescribed value. During this 
process the input for  counting pulses is blocked to 
prevent faults  which could arise from  simultaneous 
setting and counting. 

Correcting  Logic 

As has already been stated, excess pulses due to 
wear at the driving sheave must be prevented from 
arriving at the main counter input. The correcting 
logic which is fitted  for  the purpose of  eliminating 
these excess pulses actually comprises two sections, 
one each for  the X and Y correction. The simplest 
way to describe these corrections is by means of  an 
example as follows. 

Let us assume that 

is = The number of  pulses required for  the total 
travel with maximum driving sheave diameter 

i = Number of  actual pulses counted during a test 
run over the whole journey 

im = i — is = Number of  excess pulses 

b 

— n 

BROWN BOVER I 151021-1 

Fig.  3. - Improving  correction by eliminating  an additional  pulse 

a = Journey with one excess pulse 
b = Journey with two excess pulses 
i — Excess pulses 
n = Journey 
Z = End of  journey 
I = Pulse elimination 

We can now calculate after  how many pulses a 
pulse must be eliminated in order to have eliminated 
exactly the right number at the end. 

i 
tx.Y  = — 

With this method the error grows from  zero until 
it corresponds to a füll  pulse and then one pulse is 
eliminated which means that the error is once again 
zero. 

As illustrated by Fig. 2 the average error is half 
a pulse. In the worst possible case the error is a füll 
pulse and the following  trick is applied to overcome 
it. If  one pulse more than is actually necessary 
according to the test-run is eliminated, the journey 
no longer commences with zero error, i.e. there is a 
built-in error before  the journey starts. The average 
error over the whole journey is reduced to zero and 
the maximum error is only half  of  a pulse. This is 
illustrated by Fig. 3. For the sake of  simplicity let us 
assume that one complete error pulse occurs over 
the total distance travelled (Fig. 3a). If  the journey 
now commences with half  a negative error pulse and 
if  two pulses are eliminated over the journey (Fig. 3b) 
the maximum error is half  a pulse. 
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In calculating tlie correction this has the following 
effect. 

i 
ix, Y = 

im + 1 

In general ix.Y  is a decimal number where the 
part before  the decimal point is the X correction 
and the part following  it is the Y correction. These 
two numbers are set separately at decade switches 
and are processed according to the corresponding 
correction. 

The basic diagram of  the correction logic is shown 
in Fig. 4. 

X  correction 

The counter (1 in Fig. 4) for  the X correction 
counts the pulses arriving from  the sense-of-rotation 
logic and for  the time being the AND gate at the 
input is considered to be open. The number counted 
at the X correction counter is continuously com-
pared with the value set at the decade switches 2 
by a coincidence circuit 3. When coincidence 
occurs a timing element emits a pulse which causes 
the AND gate of  the main counter to eliminate a 
counting pulse. At the same time this pulse resets 
the X correction counter to zero and the counting 
process commences again. 

Y  correction 

Let us assume that the calculated X correction is 
38 and the Y is 71. If  we set the X correction to 38 
and neglect the Y correction the number of  pulses 
eliminated would be far  too great. The following 
procedure brings the Y correction into play. 

The value for  the Y correction set at decade 
switches (4 in Fig. 4) is fed  into the Y correction 
counter 5 and added to the existing number each 
time coincidence is arrived at in the coincidence 
circuit 3 of  the X correction counter. When the 
total reaches a value greater than 100 (Y = 100 is 
equal to one complete X correction pulse) a timing 
element emits a pulse to the input AND gate 6 of 
the X correction counter I and a counting pulse is 
eliminated. The circuitry of  the Y correction counter 
ensures that the remainder over 100 is returned to 
the Y correction counter to be included in the sub-

2 

3 

B R O W N B O V E R I 

Fig.  4. - Basic circuit diagram  of  correction logic 

I — Counting pulses 
1 = Correction counter for  X 
2 = Decade switches for  X 
3 = Coincidence circuits 
4 — Decade switches for  Y 
5 = Correction counter for  Y 
6 = AND gate for  1 
7 = AND gate for  main counter 

sequent counting cycle. In other words the Y cor-
rection ensures that the X correction does not always 
respond to X pulses but occasionally lets an extra 
pulse through. The mean value over several correc-
tion cycles results in the set number ix, Y as the interval 
between pulse eliminations. 

Decoding,  Logics and  Output Relays 

The main counter can operate on any of  the usual 
code systems and its registered value is converted 

into a | — | code in a decoding matrix. This value 

is fed  into the evaluating logic or shown on a digital 
display. Depending on the geometric arrangement 
of  the journey to be travelled the control system is 
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affected  by the Output relays at certain counted sums 
or Container positions. Definite  preset values are 
compared with the registered number through AND 
or OR gates and when coincidence occurs a memory, 
provided for  this purpose, is either set or reset, which 
through an amplifier  causes the corresponding Out-
put to pick up or drop off. 

Existing Plant 

The digital control systems supplied with con-
veyor systems to Norway and Holland operate on 
the principle described above and comprise units of 
the Brown Boveri electronic system. They are re-
turning excellent Service. 
(AH)  P. WOLF 
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The Resistivity of  Insulating Oil in a Direct-Voltage Field 

The resistivity of  new and aged transformer  oil in relation 
to field  strength was investigated almost up to breakdown 
while varying the temperature, duration of  the stress and 
flow  velocity. The conductivity of  aged oil follows  simple 
laws, owing to the higher ion concentration, but certain 
anomalies are found  with new oil, such as a maximum in 
the resistivity at 1 to 2 kV/mm, which can probably be 
attributed to space charge effects. 

Insulating oil and oil-impregnated paper in various 
forms  are the principal means of  insulation in certain 
important items of  equipment found  in the rectifier 
and inverter stations of  h.v.d.c. transmission systems. 
These items include the Converter transformers  and 
smoothing reactors, equipment for  supplying aux-
iliary power and the control pulses, and to some 
extent also the thyristor valve groups and the trans-
former  and wall bushings. Depending on its function 
and location, the insulation is subjected either to a 
straightforward  d.c. voltage alone, or to a combi-
nation of  d.c. voltage and a complex a.c. voltage. 
In many instances the insulation is of  a composite 
structure consisting of  one or more layers of  solid 
insulating materials with oil-filled  gaps in between. 

With an electrical series arrangement of  this kind, 
the partial voltage applied to each dielectric, in the 
case of  d.c. voltage, is solely dependent on the d.c. 
conductances of  the individual materials. These in 
turn are dehned as the ratio of  the leakage current 
to applied partial voltage. This current may also 
include proportions of  a strongly time-dependent 
absorption current. The voltage distribution is very 

621.315.615.2.011.2 

much dependent on the properties of  the insulating 
materials used, however, and also varies widely with 
time. 

Origins of  the Leakage Current 

Absorption effects  are to be expected first  and 
foremost  only in solid insulating materials as a result 
of  almost inevitable inhomogeneities in their struc-
ture or composition. Such irregularities may, for 
example, be due to a laminated assembly or to the 
inclusion of  particles having different  dielectric 
properties in the main, homogeneous mass. With 
liquids, on the other hand, one would expect a 
similar Situation only if  particles are present in sus-
pension. They should therefore  be more amenable 
to investigation, thus making it easier to determine 
their electrical behaviour. 

Current can flow  in an absolutely pure insulating 
liquid only as a result of  the release of  electrons at 
the cathode due to photoelectric or field  emission. In 
reality, however, the liquid always contains some 
kind of  impurities, even though probably very finely 
distributed, and usually in dissolved form.  Since these 
impurities tend to dissociate, positive and negative 
ions are continuously formed  in equal numbers in 
the liquid until a balance, which is influenced  by 
external circumstances, is achieved between the 
generation and dissipation of  charge carriers, due 
to the processes of  recombination and diffusion.  The 
dissociation potential, and hence also the number 
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of  ions bearing the current, is closely related to 
temperature. It increases rapidly with rising temper-
ature. 

Impurities in the liquid exert a decisive influence. 
These consist not only of  suspended or emulsified 
foreign  substances such as water, fibres  and dust, etc., 
and sometimes also metallic salts which enter the oil 
through contact with the walls and electrodes of 
the Container. They also include dissociation pro-
ducts due to ageing of  the liquid. When a voltage 
is applied, these all contribute to electrical conduc-
tion in the basic medium, which is itself  an ideal 
insulator. Mineral oils, which are mixtures of  numer-
ous paraffin  and naphthene-based hydrocarbons 
together with a certain proportion of  aromatically 
bound hydrocarbons, are particularly inclined to 
give rise eventually to organic acids, through bond-
ing with atmospheric oxygen, and hence to con-
stituents having an extremely high dissociation 
potential. This is especially so at elevated temper-
atures. Already in the initial stage of  the ageing 
process, the so called induction period, when even 
sensitive chemical measurements are still unable to 
reveal any changes in the nature and composition 
of  the liquid, electrical measurements—of  conduc-
tivity, for  instance, or dielectric loss factor—indicate 
the incipient modifications  quite clearly. The results 
of  electrical measurements depend to a large extent 
on the physical, mechanical and chemical purity, 
and hence on the degree of  ageing, and also on 
temperature. Moreover, the behaviour of  the oil may 
be further  influenced  by space charges near the 
cathode and anode which are created when current 
flows.  In view of  these numerous influencing  factors 
and the fact  that resistivity is extremely sensitive to 
only slight changes in the State of  the measured 
liquid, one cannot expect the reproducibility of  such 
measurements to be particularly high. 

The relationship between the conductivity of 
mineral oils and these quantities in a weak d.c. 
voltage field  has already been investigated. I t has 
been found  that the conductivity is greatly increased 
by water in droplet form  dancing to and fro  between 
the electrodes, and that with rising temperature a 
curve in the form  of  an inverted V is obtained for 
the funetion  A = f(#)  [1], owing to the increased 
solubility of  water in the oil. I t has also been estab-

lished that if  voltage is applied for  a considerable 
time (a matter of  hours), conductivity decreases [2], 
and further  that, when plotted against the ratio of 
field  strength and electrode spacing, all measured 
values of  q obtained with an oil sample up to 
approximately 1 kV/mm lie on a curve which is 
influenced  only by temperature, and which rises 
slowly at first  and then more rapidly [3]. In greatly 
simplified  terms, the main features  of  these obser-
vations, and also the occurrence of  space charges, 
can be well explained by assuming singly charged 
positive and negative carriers of  different  mobilities 
in the liquid [3, 4], 

Relationship between q and tan d 

In an alternating field  the loss factor  tan 6, as 
measured in a high-sensitivity bridge arrangement, 
is used to characterize the degree of  ageing of  insu-
lation oils, and to a lesser degree their purity as well. 
Usual temperatures and power frequencies  are too 
low to cause significant  losses due to orientation 
polarization, so that under these circumstances the 
conductivity determined with d.c. voltage only is 
decisive for  the alternating field  losses. Conversely, 
a value for  the resistivity can be calculated from  the 
loss indicated by the measured tan <5, and this 
resistivity agrees closely with direct measurement, at 
least in the case of  oil which is not extremely pure [5], 

By assuming spherical charge carriers of  radius r 
and N  in number, with charge ± Q and uniform 
velocity, the following  expression for  the loss factor 
can be derived from  the equations of  motion in a 
viscous medium of  viscosity rj (see Appendix): 

6 n 2 r i r e f 

where e = Dielectric constant of  the liquid 
f  — Frequency of  the applied voltage 

Tests have also confirmed  that the loss factor 
varies in inverse proportion to the frequency,  while 
the losses themselves are independent of  frequency. 

To illustrate the definite  relationship between the 
d.c. resistivity of  an insulating oil and its dielectric 
loss factor,  Fig. 1 shows the results of  measurements 
at two temperatures with a considerable number of 
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Fig.  1. - Relationship between specific  resistance q and  loss factor  tan <5 for  a total  of  86 oil samples 

Values measured at 20 and 90 °C [6], 
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Fig.  2. - Test  arrangement  for  measuring the resistivity  of  flowing 
insulating  oil 

1 = Voltage source 
2 = Protective resistor 
3 = Electrical picoammeter 
4 = Measuring vessel 
5 = Metallic screen 
6 = Throttle valve for  regulating flow  velocity 
7 = Reciprocating pump 
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Fig.  3. - Resistivity of  new oil in relation  to time t and  under  the 
influence  of  flow  velocity v 

Measured at room temperature. 

oil samples from  transformers  of  very different  vin-
tages and hours of  Operation, and thus covering a 
wide ränge as regards ageing. The values are plotted 
in double logarithmic coordinates, with tan d on the 
abscissa and the measured specific  resistances q on 
the Ordinate. The broken line representing the mean 
value conforms  very well to the large number of 
individual measurements. From high values for  q of 
about 10 1 5 Ocm in the case of  new oil (tan $90° = 
= approx. 0-2%) the values drop by several Orders 
of  magnitude until, with severely aged oils, tan d 
ranges between 10 and 100% (measured at 90 °C). 

Measurements in Strong Fields 

Little published information  is available on the 
resistivity of  insulating oils or similar liquids in a 
strong d.c. field  almost up to breakdown. It has been 
found  [7] that conductivity in an air-saturated liquid 
is greatly reduced, as is the emission of  the cathode 
when irradiated. Also that the conductivity increases 
more than proportionally when the field  strength is 

high [3], and that distortion of  the field  is also 
increased in front  of  the cathode [8]. In view of  the 
considerable effect  on the voltage stresses occurring 
in actual insulation arrangements with intermediate 
oil-filled  spaces, it seemed appropriate to examine 
more closely the relationship between the resistivity 
and other properties of  insulating oils of  different 
origins and forms  of  pre-treatment. These measure-
ments are discussed below. 

Test Arrangement 

For the tests we used two cylindrical measuring 
vessels, each with a fully  screened measuring elec-
trode. The effective  oil volumes were 13-5 and 
130 cm 3 , and the oil gaps 1 and 5 mm, respectively. 
Before  each test the vessels were carefully  cleaned 
and filled,  but the oil sample was not put in under 
vacuum. For heat measurements the vessels were 
heatedrapidly ( inabout 15min) t o90°Cinano i lba th . 

Power was provided by a very stable, continuously 
variable electrostatic generator rated 80 kV and 
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0-2 mA, connected in series with a resistor of  a few 
megohm. The leakage current was measured on the 
earth side with an extremely sensitive ammeter giving 
readings down to 10~14 A. All measuring lines were 
doubly screened, and great care was taken to exclude 
any other interference. 

The specific  resistance was calculated from 

U  V 
Q = 

/ {R  — rY 
where V  = Considered volume of  oil 

R, r = Outside and inside radii of  oil gap 
In some series of  measurements the oil was cir-

culated through the vessel by means of  a pump in 
the external circuit (Fig. 2). It then flowed  upwards 
through the vessel with a maximum velocity of 
3 mm/s. The flow  velocity could be regulated with 
a throttle valve. 

The samples were proprietary oils of  high technical 
purity (mean breakdown strength, measured in 
accordance with IEG, not less than 60 kV/2-5 mm, 
tan Ö9o° not greater than 0-4%), with an aromatics 
content of  less than 13%, and also aged oils taken 
from  transformers  with tan b values of  8 and 37%. 
These latter oils were also in good condition as 
regards purity, and had high electric strengths. The 
air content of  all the oils was between 30 and 80% 
of  Saturation. 

Results 

Influence  of  Test  Duration and  Flow 
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Fig.  4. — Specific  resistance of  transformer  oils in relation  to field 
strength 

Except for  curve la, all curves were obtained 
with the 5 mm measuring vessel. 

la = Voltage applied for  20 min previously. Mean of  several 
measurements 
& = 20 °C 

lb = As la, but vessel with 1 mm oil gap 
lc = As la, but voltage applied for  several days bcforehand 

0 = 20 °C 
2 = As la, but & = 90 °C, mean of  several measurements 
3 = tan d9o°  = 8%, 20 °C 
4 = tan <59o° = 37%, 20 °C 
5 = tan 090° = 8%, 90 °C 
6 = tan (5<JO° = 37%, 90 °C 

When the voltage applied to still, new oil is con-
stant, the resistivity measured increases at first.  A 
value roughly 8 times higher is reached after  one 
to two days. This relationship to time seems to be 
more pronounced with a weak field  (below 0-5 
kV/mm). 

In the case of  aged oils, on the other hand, the 
final  State is reached immediately, as is so with 
moving new oil. This feature  of  new oil is illustrated 
in Fig. 3. Once the voltage is applied, the resistivity 
of  the still oil rises in about 100 min to approximately 
double its initial value. If  only a slight movement is 
imparted to the oil, the resistivity immediately drops 

to a much lower, and practically constant value. 
The drop is greater when the flow  velocity is higher. 
As soon as the oil stops moving, the resistivity in-
creases again. 

The  Influence  of  Field  Strength 

With a technically pure insulating oil in a d.c. 
voltage field,  breakdown can be expected to occur 
at a field  strength of  about 12 kV/mm, or slightly 
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higher [9], I t was therefore  of  interest to examine 
the resistivity of  new and aged oil at room temper-
ature and in the region of  transformer  operating 
temperatures with field  strengths up to approximately 
8 kV/mm. 

A selection of  the curves thus obtained are shown 
in Fig. 4. The resistivity of  still, new oil at room 
temperature increases at first  with field  strength 
until, beyond about 2 kV/mm, it drops again more 
or less rapidly, depending on the duration and 
magnitude of  the preceding exposure (curves 1 a and 
lc). The decrease is smaller in the vessel with a 1 mm 
oil gap (curve lb) than in the larger with a 5 mm 
gap (curve la) . When the sample was subjected for 
several days to a field  strength corresponding to just 
less than the breakdown limit, the resistivity in-
creased as expected (curve lc). The maximum of 
the curve of  g = f  (E)  is less pronounced. 

The resistivity of  new oil heated to 90° and sub-
jected to no previous stress varies very little with 
field  strength over the whole ränge (curve 2). In 
consequence, the difference  in resistivity between 
hot and cold oil in a strong electric field  is only a 
factor  of  about 2, instead of  between 10 and 15, as 
would otherwise be the case. 

With old oil the resistivity decreases monotonically 
with increasing field  strength throughout the con-
sidered ränge. The values attained are then lower, 
the greater the ion concentration, i.e. as the ageing 
process is more advanced (measured in terms of 
tan (3), or the oil temperature is higher. 

In general, the following  expression is valid in the 
region of  diminishing resistivity: 

g = g o . e ß E 

in which go is a reference  value when extrapolating 
to a very low field  strength. From the measurements 
illustrated in Fig. 4 we obtain the following  numerical 
values for  ß : 

Curve la ß 0-64 mm/kV 

(In a total of  8 series of  measurements on various 
new oils, ß was between 0-5 and 0-85 with field 
strengths between 2 and 8 kV/mm.) 

Curves 3 and 4 ß ^ 0-14 
Curves 5 and 6 ß «a 0-10 
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Fig.  5. - Resistivity offlowing  transformer  oil in relation  to field 
strength  at different  flow  velocities 

Oil gap 5 mm 
Temperature 20 °C 

When the 5 mm vessel was refilled  with a new oil 
from  another source, the curve denoted v = 0 in 
Fig. 5 was obtained under the same conditions of 
measurement as for  curve la in Fig. 4. 

With somewhat lower absolute values of  the resis-
tivity the drop is rather greater at high field  strengths. 
When the oil in the gap is made to flow,  the resis-
tivity drops in accordance with the pattern shown 
in Fig. 3, and the maximum at about 1 kV/mm dis-
appears. Below this value the resistivity is constant. 

Influence  of  Temperature 

The known effect  of  temperature, described by the 
expression 

g<> = go • e - a a 

was also examined in relation to aged oils. The 
results of  measurement with three varieties of  oil are 
shown in Fig. 6. The three samples were new oil, 
slightly aged oil (tan 690° = 8%) and more severely 
aged oil (tan dgo"  = 37J%). All were measured at 
20 and 90 °C with field  strengths of  1 and 5 kV/mm. 
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Fig.  6. - Resistivity of  transformer  oil in relation  to temperature  &, 
with degree  of  ageing (tan  6) and  field  strength  as Parameters 

Measurements taken after  brief  application of 
voltage (a few  minutes). Oil gap 5 mm. 

I = New oil at 1 kV/mm, <x = 0-057 deg C~i 
at 5 kV/mm, <x = 0-027 deg C" 1 

II = tan ä = 8%, oc = 0-045 deg C" 1 

I I I = tan 6 = 37%, tx = 0-030 deg CT1 

In the case of  the aged oils, exponent tx is in-
dependent of  field  strength, and is influenced  only 
by the type of  oil and its previous history. With a 
new oil, however, the effect  of  temperature on 
resistivity is less marked in a strong field  than in a 
weak one. This is not so with oil subjected to a field 
for  a period of  days beforehand.  Here, <x is higher 
and unaffected  by the field.  Values for  tx obtained 
from  Fig. 6 vary between 0-057 and 0-027 per deg C, 

which means that at 90 °G the resistivity is equi-
valent to 1/äo or 1 / i of  the values at 20 °C. 

Discussion of  Results 

New insulating oils of  high technical purity, 
characterized by specific  leakage resistances above 
1013  12cm, are very easily affected  as regards their 
dielectric behaviour by a wide variety of  external 
influences.  Apart from  impurities originating from 
outside or from  the walls of  the Container, the main 
influencing  factors  are temperature, the duration and 
magnitude of  the applied d.c. field,  and movement 
of  the oil. New oil may also be affected  to some 
extent by photoionization and photoelectric emission 
at the cathode, and hence by the cathode material 
and the cleanliness of  the surface. 

The action of  all these factors  can be explained 
by assuming that the oil contains dissolved impurities 
capable of  dissociation. Because of  their dissociation 
potential, positive and negative ions or colloidal ion 
complexes having one or more times the electronic 
charge are formed  and slowly migrate in the electrical 
field  towards the electrodes. This charge displace-
ment represents a current. As the temperature rises, 
the number of  ions increases rapidly, together with 
the electrical conductivity of  the liquid. Above all, 
charges of  opposite sign accumulate near the respec-
tive electrodes. The consequent polarization of  the 
liquid causes the potential to vary more rapidly in 
the vicinity of  the electrodes, and flatten  out in the 
broad central portion which supplies the ions. The 
result is that the transport of  carriers is impeded, 
and the resistivity gradually increases (Fig. 4). The 
same effect  is created by the migration of  carriers 
from  the volume of  the liquid to the electrodes, and 
their discharge and deposition there. 

Because of  the very slight mobility of  the carriers, 
and hence the low rate of  adjustment of  these effects, 
even moderate movement of  the oil has the result 
of  removing space charge layers already formed  and 
of  bringing new carriers into the oil exposed to the 
electrical field,  and the original State of  increased 
conductivity is therefore  quickly restored (Fig. 3). 

Because the ion concentration in aged oils, on the 
other hand, is far  greater, the conductivity is much 
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higher, and the electrical behaviour is much less 
easily influenced.  In view of  the large excess of  dis-
sociable molecules, no significant  effects  dependent 
on time or movement are to be expected. 

The deviation from  Ohm's law, studied here for 
the first  time in detail, in that the resistivity of  new 
oil in a weak and a strong electrical field  varies in 
opposite directions, and that a pronounced maximum 
occurs between 1 and 2 kV/mm, especially at low 
temperatures, may have a number of  different  causes. 
The initial increase with field  strengths up to about 
1 kV/mm can be explained by assuming there are 
two kinds of  charge carrier and that only dissociation 
occurs, i.e. disregarding recombination effects  [3]. 
The drop in resistivity at high field  strengths may 
be due to weakening of  the space-charge field  dis-
tortion or to an increase in ion mobility with field 
strength. I t may also be the result of  field-induced 
dissociation in the body of  the liquid or field-induced 
photoelectric emission at the cathode. Which of  these 
influences  predominates, or whether other effects 
also play a part, cannot be established from  the 
measurements carried out. Also, further  measure-
ments must be made in order to determine whether 
the statements made here concerning resistivity in 
conjunction with bare electrodes can be applied 
direct to the behaviour of  insulating oil in enclosed 
spaces. 

The tests described were carried out under the 
auspices of  the H V D C T Working Group, comprising 
AEG, Brown Boveri and Siemens. 
(DJS) 

where 

F\  = Q Eq sin o> t 

E0 = Uo/d 

Movement in the viscous medium is retarded by 
friction  force  According to Stokes' law: 

Fq,  = 6izrjrv 

where v = dsjdt  denotes the velocity of  the particle 
in the direction of  the field,  and rj is the viscosity 
coefficient. 

The particle thus obeys the equation of  motion 

m ^ = QE0 sin cot — 6 TC rj rv dt 

d ä j ds , . • ^ a — 4- b sin cot = ü 
d t* dt 

where 

6 TC rjr 
b = - QFo 

which has the Solution 

ab 
cos cot 4- sin cot co (a2  + co2) 

for  the distance travelled by the particle in a given 
time. The first  term on the right-hand side charac-
terizes the rate of  adjustment to changed test con-
ditions, and is considered no further  here. Also, it 
can easily be shown that for  normal Service fre-
quencies a co, and so for  the transient State it is 
true as an approximation that 

sin ojt 

Ii. GANGER 
G. MAIER 

QE0 / 1 
5 = — COS cot : — 

bnrjr \co bizrjr 

In one half-wave  the particle travels a distance of 

QE„ QU0 
•̂ "(t — TT/to) 67r »7 reo 6 71 rj rcod 

Work 

Appendix 

Relationship between Loss Factor  and  Conductivity 

Let us assume that the insulating liquid contains 
only spherical charge carriers of  mass m and diameter 
2r, each having a charge Q. In an alternating elec-
trical field  Eo sin cot of  frequency  f  = coj2TZ,  each 
particle is acted upon by a force 

A jFlds 

is imparted to it by the external field.  When 

QE0 ds 

we have 

A = 

1 cot dt 
6 tc rjr 

(QE0)2  71 
6 tz r] reo' 2 

If  unit volume (1 cm 3 ) contains 2 N  positive and 
negative particles, these acquire work 

(QE0)*N A' 6 rj cjr 
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which corresponds to a power loss 

A'_  (QEoy  N 
* to — , - c 

izjv) onrjr 
Referring  this to the reactive power of  unit volume 

in the electrical held 

K  = ^ OJE  E0-

we obtain the desired relationship for  the loss factor 

Q*N 
tan o = — . 

67z2erjrf 
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The Accuracy of  Calorimetry in Air Flow Measurement 

681.121.8.082.53 

It is general practice to use Standard nozzles for  deter-
mining the mass of  air flowing  through electrical machines. 
The characteristic values of  these nozzles are the subject 
of  many publications and are contained in international 
Standards. While conforming  to the relevant specifications 
accuracy deviations of  only J; 1 to 2% can be attained 
which are usually adequate for  technical purposes. The 
drawbacks of  this method are the large pressure drop across 
the nozzle and the long ducts necessary to provide a good 
velocity profile.  Both of  these drawbacks can be overcome 
by using the calorimetry method of  measurement. As will 
be demonstrated in the following,  results obtained with 
Standard nozzles agree well with those arrived at by calori-
metry. 

Scope 

The total losses of  a ränge of  air cooled electrical 
machines have already been measured by calori-
metry [4]. Here the mass of  cooling air was deter-
mined by calorimetry, i.e. by measuring the tem-
perature rise of  the cooling air, because it was 
impossible to carry out measurements with nozzles 
due to the high pressure losses. 

To Supplement these tests another series of  inves-
tigations was carried out and these show the agree-
ment between the Standard nozzle and air calori-
metry methods. The measured ränge Covers 0-5 to 
3-5 kg/s which corresponds to the mass of  cooling 
air for  medium-size machines. 

A further  series of  tests shows the agreement be-
t w e e n the va lues o b t a i n e d by c a l o r i m e t r y a n d those 

w i t h t h e c o r r e s p o n d i n g S t a n d a r d nozzles even w h e r e 

the air and temperature distribution over the cross 
section of  the measuring duct are not even. This 
enables the maximum error with air calorimetry due 
to these variations to be determined. 

Principle and Assumptions 

The mass of  air flowing  across the duct cross 
section is to be determined by air calorimetry. To 
this end the air was heated and the temperature was 
measured by a very accurately controlled resistance 
element before  and after  heating. In the steady-state 
condition therefore,  the mass of  air flowing  is 

1 
tp 

where 

qm = Mass of  air flowing 

M (1) 

kg 

s 
[kW] P H = Heat Output 

A$ - Mean temperature rise of  the air 
due to PH  [deg C] 
M  — 

and 
= Mean air temperature before  heating [°C] 

&2 = Mean air temperature after  heating [°C] 
cPm = Mean specific  heat of  the air in the 

ränge &i to ihi k j 
kg deg C 

cpm — (cp2 — Cpl) • ^ + C\ <-p2 

534 BBR 10-69 



It is assumed that the potential and kinetic energy 
of  the air do not vary along the measured distance 
and that there are no heat losses or leaks. Also the 
air temperature must be constant across the duct 
cross section. Only then is equation (1) accurate; 
this was shown in [4], 

Although it is a simple matter to determine the 
heat Output, this is not the case with the uniformity 
with respect to time. On the other hand it is difficult 
to measure the air temperature before  and after  the 
heating element. This was achieved with resistance 
measuring grids which have thin nicke! wires sus-
pended across the duct cross-section [4], 

The temperature sensitivity of  the nickel wires is 
represented by an approximation polynomial 

R = a + b # + c«?2 

and the unknown coefficients  a, b and c were deter-
mined by measurements carried out in an oil bath 
and varying the temperature [4]. 

If  two measuring grids Gi and G3 are connected 
to a special Wheatstone bridge the temperature rise 
due to heating the air can be determined according 
to [4]: 

M  = ~ . ( v ^ T 4 5  - A) (2) 

where 

A = 2 &i + -
c 

/ a b X 

80-0 +R3Q  \C  C 7 

Di = Temperature before  heating 
(air inlet temperature) 

R$0 = Reference  resistance of  two measuring grids 
(e.g. Äo , . , ) i.e. the resistance recorded at 
the Wheatstone bridge without heating the 
air 

AÄ3 = Increase in resistance at the same measuring 
grid due to heating air through P H 

According to equations (1) and (2) therefore,  the 
heat Output Pu, the specific  heat c p m and values 
&i, R-Sq and ARS must be determined for  calorimetric 
measurement of  air mass om- Considerable difßculties 
are often  involved in keeping the air inlet tempera-
ture constant while the air heating process is in the 
steady-state condition. 

BROWN BOVERI — R E I509B4 I 

Fig.  1. - Flow  coefficient  oc and  tolerante  rx in relation  to 
Reynolds  number Re 

d 
Aperture ratio of  Standard nozzle m — — = 0-3515 

D 

In order to check the accuracy of  the calorimetric 
method the air flow  masses were also measured 
using Standard nozzles. A Standard nozzle with an 
aperture ratio of  m = 0-3515 was available for  the 
flow  rates in question, i.e. 0-5 to 3-5 kg/s, and the 
duct diameter D was 0-45 m. The flow  coefficient  tx 
and expansion coefficient  e of  the nozzle are given in 
D I N Standards [1]. The interpolated values of  x 
and e for  the nozzle used are given in Fig. 1 and 2. 
It was unfortunately  not possible to calibrate the 
nozzle accurately using water because of  the expense 
involved. The effect  of  surface  roughness of  the test 
ducts on the flow  coefficients  was so small as to be 
negligible. 
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Fig.  2. - Coefficient  of  expansion e in relation  to the ratio of  differ-
A p 

ence in static pressure at nozzle to pressure before  the nozzle 

Aperture ratio m = 0-3515. 

P 

A c c o r d i n g to [1] t he mass flow  of  a i r c a n b e 

ca l cu l a t ed as follows: 

qm = « . e . n . — .J  2. Q . \ p 

w h e r e 

d  = d i a m e t e r of  nozz le a p e r t u r e 

Ap = difference  in s ta t ic p ressure a t nozz le 

1 N 
sa 0-102 m m w.g . 

m 2 

0,5 1,0 
1608651 

(3) 

[m] 
N 

m -

kg 
Q dens i ty of  mois t a i r 

Tests and Results 

T h e a r r a n g e m e n t of  t he test a p p a r a t u s is s h o w n 

in F ig . 3. T h e a i r is sucked in t h r o u g h a plastics 

d u c t b y fan  6. I t t h e n passes t h r o u g h a d u c t h a v i n g 

a l eng th a p p r o x i m a t e l y e q u a l to twelve d i a m e t e r s 

Fig.  3. - Arrangement  of  apparatus 

1,2 = Resistance measuring grids 
3 = Heating element 
4 = Standard nozzle 
5 = Inlet nozzle (air inlet) 
6 = Fan 
7 = Thermal insulation 
8 = Micromanometer 

YZZZTZZZZTZZl 
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Fig. 4. - Diagrammatic  arrangement 
of  apparatus 

1 = Resistance measuring grids 
Gx and G2 

2 = Resistance measuring grids 
G3 and G4 

3 = Heating element 
4 = Standard nozzle 
5 = Inlet nozzle (air inlet) 
6 = Fan 
7 = Thermal insulation 
8 = Honeycomb flow  straightener 
9 = Cascade of  thermocouples 

B R O W N BOVERI 
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(12 X D) and flows  through a built-in Standard 
nozzle. From here it passes through another duct of 
approximately eight diameters length and arrives at 
the heating element which forms  the first  obstacle. 

The actual measuring grids are arranged sym-
metrically on either side of  the heating element 
(Fig. 4) at a distance of  two diameters. Immediately 
in front  of  grids Gy and G2 is a cascade of  thermo-
couples which determine the air inlet temperature. 
The Stretch of  ducting from  the cascade to measuring 
grids G3 and G4, i.e. the actual calorimetric measur-
ing distance, is clad with thermal insulation. As can 
be seen in the illustration, honeycomb flow  straight-
eners are fitted  in the duct to improve the air 
distribution. 

Whereas a total length of  ducting of  12 D + 6 D, 
which is considered a minimum in the Standards, 
was necessary for  the tests involving nozzles, the 
calorimetric measuring duct was only 4 D long. 

The difference  in static pressure at the nozzle was 
measured with a precision micromanometer. This 
instrument has a ränge of  0 to 300 m m w.g. and 
readings can be taken with an accuracy of  0-01 mm 
of  water. I t was, however, never possible to attain 
such a high reading accuracy because of  unavoidable 
fluctuations  in the speed of  the fan. 

Table I shows the air flow  values as measured by 
calorimetry and with a Standard nozzle. The baro-
metric pressure and relative humidity were virtually 
constant throughout the tests and the air inlet tem-
perature varied between 23 and 27 °C. The mean 
specific  heat of  the air c p m was approximately 
1-01 kJ/kg°C and the average density Q was about 
1-13 kg/m3 . 

As the heating element was inadequately designed 
the temperature rise dropped from  about 12 
to 5 deg C as the mass flow  or air velocity in-
creased. 

TABLE I 

Air flow  measured  by Standard  nozzle and  calorimetric  methods 

Test 
No. 

Reynolds 
No. 

Air 
humidity 

Density of 
moist air 

Difference  in 
static pressure 

at Standard 
nozzle 

Mass of  air 
measured by 

Standard 
nozzle 

Increase 
in air 

temperature 

Mass of  air 
measured by 
calorimetry 

Mean 
difference 
between 

air masses 

Re. 105 f Q A/>N (?M)N A&k (?M)K 
d(?m) 

( ? m ) N 

/O kg/m3 mm/HjO kg/s deg C kg/s % 

1 0-86 42 1-135 3-5 0-506 10-60 0-505 0-2 

2 1-7 36 1-128 13-0 0-974 12-89 0-959 1-5 

3 2-6 34 1-122 30-0 1-474 8-55 1-446 1-9 

4 2-8 36 1-124 40-0 1-702 8-64 1-675 1-6 

5 3-4 32 1-132 54-0 1-981 5-88 1-956 1-3 

6 4-3 35 1-122 83-0 2-442 6-53 2-395 1-9 

7 5-0 36 1-107 119-0 2-901 5-47 2-861 1-4 

8 5-9 23 1126 163-0 3-414 5-32 3-369 1-3 
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TABLE I I 

Determining  the temperature  rise of  the air with four  measuring grids 

Test 
No. 

grids 3-1 
A&s-i 

Difference  in air te 

grids 3-2 
A # 3 - 2 

mperature between 

grids 4-1 
A&4-1 

grids 4-2 
A # 4 - 2 

Mean difference 
between air temper-

ature increases 
d(A#)max 

Test 
No. 

deg C deg C deg C deg C 0/ 
/o 

1 10-60 10-59 10-55 10-55 0-5 

2 12-89 12-84 12-86 12-83 0-5 

3 8-55 8-50 8-50 8-51 0-6 

4 8-64 8-66 8-64 8-62 0-5 

5 5-88 5-89 5-85 5-84 0-9 

6 6-53 6-50 6-48 6-50 0-8 

7 5-47 5-46 5-46 5-49 0-6 

8 5-32 * * * 
— 

* not measured 

It can be seen from  Table I that the mean error 
between the two sets of  tests d{qm)j(q  m) N — 1*5%. 
No definite  reason for  the obvious systematic devia-
tion could be found  without an elaborate calibration 
of  the Standard nozzle used. It is possible that the 
air flow  determined by the nozzle was excessive and 
according to [1 ] this would cause the « values to be 
too great. Comparative measurements with various 
Standard nozzles tend to confirm  these suspicions. 

In order to establish experimentally the error in 
the calorimetric determination of  the temperature 
rise, pairs of  measuring grids were fitted  before  and 
after  the heating element. The result is four  tem-
perature readings (A#3—1, A$3—2, A$4—1 and A/A4—2) 
per test. These are reproduced in Table II . As shown 
in Fig. 6 the maximum error between these values 
is 0-9%. (In Table I reading A&3—1 is used in every 
case for  determining the air flow  by calorimetry.) 

The connections between the measuring grids, 
two Wheatstone bridges and two null galvano-
meters are shown in Fig. 5. Connecting the null 
detector 4 to the recorder 5 enabled the temperature 

fluctuations  to be integrated for  two measuring grids 
for  the steady-state condition. 

Another set of  tests was carried out to determine 
the effects  of  any unevenness in air speed or temper-
ature distribution on the accuracy of  the air calori-
metry method. In order to create an unsymmetrical 
flow  at the measuring area half  the duct cross section 
was closed immediately in front  of  measuring grids 3 
and 4 during tests 9 and 10 (Table III) by a card-
board sheet. Although both the fluctuations  in the 
effective  pressure at the manometer and the varia-
tions in AÄ3 were considerably higher in the steady-
state condition, the error d(qm)l{qm)n  between the 
two methods remained of  the same order as before. 
It was not until the temperature distribution over 
the cross section was made unsymmetrical by heating 
only half  of  the element, as in tests 11 to 13, that 
considerable errors were recorded. Where the energy 
distribution over the duct cross section is so uneven, 
equation (1) no longer applies. With air calorimetry 
such unsymmetries are to be avoided and this can 
generally be arranged. Air calorimetry is therefore 
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TABLE I I I 

Calorimetric  air measurements with unsymmetrical  air or temperature  distribution  over the duct  cross section 

Test 
No. 

Difference  in 
static pressure 

at 
Standard 

nozzle 
A/>N 

mm/HzO 

Mass of  air 
measured at 

Standard 
nozzle 

( ? m ) N 

kg/s 

Increase 
in air 

temperature 

A#K 

deg C 

Mass of  air 
measured by 
calorimetry 

(?m)i 

kg/s 

Mean 
difference 
between 

air masses 

d ( 9 m ) 

( ? m ) s 

Duct 
cross section 

Heating 
element 

10 

54-0 

54-0 

1-986 

1-989 

3-29 

5-79 

1-973 

1-975 

0-7 

0-7 

11 

12 

13 

54-0 

54-0 

54-0 

1-990 

1-990 

3-72 

8-33 

1-844 

1-864 

7-3 

6-3 

1-996 •21 1-493 25-2 

B R O W N B O V E R I 

a = halfclosed b = fully  open c = symmetrical d = unsymmetrical 

Fig.  5. - Wheatstone  bridges  and 
galvanometers  for  measuring temper-

ature 

1 , 2 = Wheatstone bridges 
3 = Null galvanometer 
4 = Electronic null galvanometer 
5 = Recorder 

B R O W N B O V E R I 
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to the absolute value A& e m m s m m *- ?m 

Fig.  7. — Overall  tolerance  r of  nozzle measurements and  calori-
metric measurements in relation  to the CHT  771CISS  0 m for  the series 

of  tests in Table  I 

1 = Nozzle measurements 
2 = Calorimetric measurements 

far  less sensitive to deviations from  the ideal velocity 
profile  than corresponding Standard nozzle tests. 

Errors 

The maximum possible (random) error in deter-
mining the temperature rise of  the air Äff  can be 
calculated according to the error propagation law: 

d(Aff)  = 

+ 

ö(Aff) 
öa 

a(Afl) 
Sc ' 

| a (Äff) 
|Ö(AÄ,) 

. da 
ö(Aff) 

öb 
db 

de ö(Aff)  : 

° ! + 
(4) 

. d (AÄ3) 4-
ö (Äff) 

öff, 
.dff, 

dR3o  = ± 0 02 Q 

d(AÄs) = ± 0 02 ü. 

DFFI = ± 0-3 °C 

The results of  this error calculation are plotted 
in Fig. 6. The reason for  the strong relationship 
between the error and the absolute value of  A$ lies 

a (Äff) 
in the expression . d(AÄg). 

The individual errors da, db and de were calcu-
lated according to the adjustment laws and the 
remaining components are determined by the 
following  approximations 

J> (AÄ8) 

Whereas this component is only ± 0-3 % at around 
Äff  = 12°C, it increases to ± 1 - 2 % at about 
Äff  ^ 3 °C and where Äff  is even smaller it is almost 
solely responsible for  the total error. For precise 
measurements therefore,  Äff  should never be less 
than 8 deg C if  it can be avoided. 

The overall result of  the air flow  measurements 
taken by the calorimetric method is a funetion  of 
Äff,  Cpm, U  and I. If  the error limits d c p m ) d(Aff), 
dU  and dl  are known or can be estimated, the 
mean quadratic error of  the overall results are given 
by the following  formula: 

d(qm)K  = ± J { — . d c p m )  +(^W-d(Aff)j  - i - ^ ^ - . d f / j (5) 
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The relative value t(?m)K = d(</m)K/(<7 
is given in Fig. 7, curve 2. The error limits of  dc p m , 
d U  and d I are assumed to be ±0-2%. 

As the thermal Output of  the heating element could 
not be raised in line with the increased air throughput, 
the rise in air temperature dropped from  12 deg C 
at 1 -0 kg/s to about 5 deg G at 3-5 kg/s. The fact  that 
the error increases with qm, as shown by curve 2 
in Fig. 7, is a direct result of  this reduction in Ad. 
For a mean A& of  about 8 deg C the root mean square 
error over the complete ränge from  0-5 

to 3-5 kg/s 
would be less than 1 %. It is assumed, however, that 
for  this accuracy in the steady-state condition of  air 
temperature increase, the fluctuations  of  thermal 
Output and air inlet temperature remain negligibly 
small. 

In [5] the error of  calorimetric flow  measurement 
is quoted as ± 2 to 3%. Unfortunately  no details 
are given of  the apparatus used or of  the air masses 
involved. 

The errors involved in Standard nozzle tests are 
gone into in [2]. As the error in determining the 
nozzle and duct diameters is small in comparison to 
the other components, the error calculation accord-
ing to [1] can be simplified  to 

r (?JN  = + T*  + \ t1P + \ Tl  (6) 

In the measurements involved here, rf  according 
to [3] is also negligible. 

According to [1] the tolerance for  the flow  coeffi-
cient ot corresponds to double the estimated Standard 
deviation from  a multitude of  measured results and 
this represents a Statistical certainty of  the « values 
of  95-4%. It would be safer  here to use three times 
the amount so that the tolerances according to [1] 
would take on the character of  error limits and 
provide a Statistical certainty of  99-7%. 

The tolerances of  the flow  coefficients  rx are shown 
in Fig. 1 in relation to the Reynolds number. 

In accordance with an error calculation carried 
out, the tolerance of  the density values was considered 
to be r p = ±0-5%. The tolerances of  the static 
pressures across the nozzle are considered to be the 
maximum fluctuations  measured at the micromano-

meter. These are due partly to the small but un-
avoidable inconsistencies in fan  speed and partly to 
the air column fluctuations  in the connecting tubes 
to the manometer. Because of  this the tolerance TAp 

tended to be too large because each effective  pressure 
measurement was read off  as an average value and 
taken into the calculation. 

As stated above the root mean Square errors r (<7m) u 
compiled to form  curve 1 in Fig. 7 are derived from 
air flow  masses determined with the aid of  Standard 
nozzles. 

The reduction in error as the mass of  air increases 
can be traced to component | Whereas at low 
static pressures rl and | are of  the same order 
of  magnitude, the static pressure tolerance compo-
nent of  the total error drops as the mass of  air 
increases and at 3 0 to 3-5 kg/s it is negligible with 
respect to T\.  With adequately high effective  pressures 
therefore,  the accuracy of  the nozzle measurements 
is determined almost solely by the tolerance of  the 
nozzle coefficient.  As has already been mentioned, 
measurements with Standard nozzles with an accu-
racy of  sS ± 1 % can be made only if  the nozzle 
coefficient  for  each nozzle used is determined by 
water calibration. 

As is illustrated by curves 1 and 2 in Fig. 7 the 
error calculations for  both measuring methods gave 
root mean Square errors r (qm)  of  the same order of 
magnitude. 
(AH)  H. STRUPP 
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