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CHAPTER XI
NON-CODED ALTERNATING CURRENT TRACK CIRCUITS

For many years direct current only was used for track circuits, but when it
was found to be inadequate for electrified roads, due to the interference of the
propulsion return current, the alternating current track relay was developed
by Mr. J. B. Struble, and was first used in 1903 offthe North Shore Railroad in
California. The alternating current track circuit consists of a portion of track
sectionalized by means of insulated rail joints, as in direct current track cir-
cuits; its energy is derived either from a track transformer receiving energy
from a line transformer connected to a transmission line or from a combined
line and track transformer. The transformer connected to the track transmits
its energy through the rails to an alternating current relay. In the track circuit
are various auxiliary attachments which will be considered later.

The first relay designed for the alternating current track circuit was the
single-element vane relay. It operates solely by the current received from the
transformer through the rails of the track circuit, as shown in Fig. 1.

The development of the two-element alternating current relay followed
several years after that of the single-element relay, for use on long track cir-
cuits where the single-element relay is impractical due to the excessive power
necessary to operate it. '

The two-element track relay has a track element and a local element. The
energy required in the track element is transmitted through the rails and is
comﬁarativel:f‘ small, while the local element requires more energy, which is
usually furnished from a local source. This relay requires the presence of cur-
rents in both elements at the same time to operate it, as shown in Fig. 2. The
absence of current in either element will de-energize the relay; thus a train
entering the track circuit shunts the current from the track element de-
energizing the relay.

Alternating current track relays are practically immune to the propulsion
current used by the railroad and to stray direct current. This latter feature
along with their simplicity and economy in maintenance has been the dominant
factor in bringing the alternating current track circuit into extensive use on
steam roads. On electric roads the use of the alternating current track circuit
is practically imperative, as the signal current and the return propulsion current
flow through the same rails.

A low track voltage is necessary, as with direct current track circuits, to
minimize the leakage of the track circuit current from rail to rail. The initial
voltage depends on the type of relay, the length of track circuit, and various
other conditions.

The rectified alternating current track circuit, a later de;relopment made in

the interest of economy, uses a rectifier, either full-wave or half-wave, and a
direct current neutral relay.



Alternating Current Track Circuits on Steam Roads

There are two types of alternating current track circuits in use on steam
roads:

1. Those using alternating current relays, either single-element as shown in
Fig. 1, or two-clement, either two-position as shown in Fig. 2 or three-
position as shown in Fig. 6.

2. Rectified alternating current track circuits using a direct current relay
and a rectifier. Several arrangements are in use as described under the
heading “‘Rectified alternating current track circuits on steam roads.”

Alternating current track circuits with alternating current relays.
This type track circuit w¥s extensively installed in the past on many steam
roads for several reasons:

1. To provide track relays immune to stray direct current.

2. To enable in the case of two-element, two or three-position relays, the
use of longer track circuits than could be operated using direct current
relays.

3. To obtain detection of broken-down insulated rail joints, as hereinafter
explained under the heading “Protection against broken-down rail
joints.”

This type track circuit as in service on steam roads is usually end-fed, al-
though center-fed track circuits are also in service.

Very few extensive installations of alternating current track circuits using
two or three-position alternating current track relays have been made on steam
roads during recent years; instead, this kind of installation of automatic block
signaling is using either coded direct current track circuits, or storage battery
fed track circuits with battery on float charge, or the AC primary system with
direct current track circuits fed by primary battery. N

End-fed track circuits using alternating current track relays as installed on
steam roads are shown in Figs. 1 and 2. )

On steam roads there are 1ilternating current track circuits in service from a
few feet up to approximately 10,000 feet in length. The maximum length of
track circuit using a single-element relay is approximately 1,000 feet.

Exhaustive studies indicate that, where the minimum ballast resistance is
not less than 4 ohms per 1,000 feet of track, the maximum length for a
60-cycle track circuit using a two-element relay should not exceed approxi-
mately 8,000 feet. Where the minimum ballast resistance is as low as 2 ohms
per 1,000 feet the maximum length should not exceed 5,500 feet. In 100-cycle
territory these maximum lengths should be reduced to 6,000 feet and 5,000 feet,
respectively. The maximum permissible length of track circuit will vary
somewhat depending upon the operating characteristics of the track relay and
other details of the track circuit arrangement.. The relay operating character-
istics will vary depending upon the particular type of relay and the number of
contacts. In general, a relay with only one or two front contacts has a higher
ratio of release to normal operating value and can be operated safely on longer
track circuits than relays with more contacts. )
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While track circuits equipped with two-element relays longer than those
specified in the preceding paragraph may be operated, it is not advisable to
do so for the following reasons: (1) it is impracticable to keep the voltage at the
relay track element terminals within the limits to secure shunting value recom-
mended by the Signal Section; (2) added difficulty of wet weather operation,
and (3) less broken-rail protection.

The single-element track relay is a two-position relay, as shown in Fig. 1,
while the two-element relay may be operated as a two-position relay as shown
in Fig. 2, or as a three-position relay as shoan in Fig. 6.
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Single-Element Relay Alternating Current Track Circuits on Steam Roads.
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Two-Element, Two-Position Relay Alternating Current Track Cirouits on Steam Roads.

When the three-position relay is de-energized it assumes the central or
neutral position, by means of a counterweight in the relay, as shown at A in
Fig. 6. The moving member makes contact to the right or left, depending
upon the relative flow of currents in the two elements of the relay. A reversal
of the current flow in either element will reverse the movement of the magnetic
flux. Astherelative polarity of current in the local element is usually fixed, the
flow of current in the track element is reversed by means of a pole changer
operated by the signal mechanism, as shown in Fig. 6. It is this action of the
pole changer that produces a change of phase angle of 180 degrees as mentioned
in Chapter X—Alternating Current Relays.
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Rectified alternating current track circuits on steam roads.

The rectified alternating current track circuit, alater development than that
using an alternating current track relay, was made to provide a less costly track
circuit arrangement that could be used, under certain limited conditions, in
place of the alternating current relay type.

There are several kinds of this type track circuit.in use:

(a)

(b)

(c)

The full-wave using a transformer-rectifier unit interposed between
track and the direct current relay as shown in Fig. 3.

la 100 TO 1000 FT.
¥ TRACK CIRCUIT

L4 L

PN TOTAL BALLAST RESISTANCE = 2.8 OHMS

= LEAD RESIETANCE )
ASSUMED NOT OVER
O.2 OHMS. ]
Ac
RECTIFIER
2V AL 60~ MAX.
LEY. 02 AMAS O RELAY

oc

1oV o~

Fig. 3.
Tull-Wave Rectified Alternating Current Track Circuit.

The Type A, half-wave as shown in Fig. 4. This circuit uses a half-
wave rectifier between transformer and track with a bleeder resistance
across the leads to the rails at the feed end of the circuit with a direct
current relay at the other end of the circuit with as much resistance as
minimum ballast resistance will permit, interposed between track and
relay. This circuit, due to its high shunt sensitivity and quick relay
release, is particularly suitable for application to detector track cir-
cuits at interlockings.

Wy
r;:
T

laocanonnel

Fig. 4.

Type A Half-Wave Reotified Alternating Current Track Cirouit.

The Type C, half-wave as shown in Fig. 5. In this circuit the direct
current relay is connected.to the track leads at the feed end and a half-
wave rectifier is connected between rails at the opposite end of the
circuit. The use of this track circuit at highway crossing locations in
non-signaled territory avoids running line wires to or installing battery
at thg far ends of the approach circuits.

i

I |

Fig. 5.
Type C Half-Wave Rectified Alternating Current Track Circuit.

A
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Protection against broken-down rail Jjoints.

Some degree of protection against broken-down insulated joints is secured
with two-element two-position alternating current relays by staggering or
reversing the polarities of adjacent track circuits.

In Fig. 2, the polarities of track circuits M and N are opposite at any given
instant and if insulated joints X and Y were to break down, contacts of relay B
should open due to a change in phase relation causing the signal to assume its
most restrictive indication. This same protection cannot be procured with the
two-element three-position or the single-element relays, yet it is customary to
stagger the polarities for a three-position relay in order to procure some pro-
tection by preventing the signal from displaying a more favorable indication
than Approach. This is illustrated in Fig. 6 which shows the conditions when
the first track circuit at the left of the diagram is occupied by a train. State-
ments about changing and reversing polarity simply mean that at any given
instant the polarities are reversed or changed from a positive to a negative
polarity, since the alternating currents are periodically changing in direction.
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Fig. 6.
‘Two-Element, Three-Position Relay Alternating Current Track Circuits on Steam Roads.

While it is possible to feed two track circuits in multiple from one secondary
of the transformer, yet it is advisable to feed each track circuit from a separate

" secondary of the transformer. When one secondary is used to feed more than

one track circuit a train occupying one track circuit may cause interference
with the other track circuit, and also may lessen the broken-rail protection.

Reactors.

The track transformer having low internal resistance must have a reactor
(or resistor) inserted between the transformer and the track to limit the flow of
current when the track circuit is shunted, as the transformer might seriously
heat or burn up, also power would be wasted. Adjustable track reactors are
illustrated in Fig. 7.

The adjustable track reactor consists of a form wound coil well protected
against moisture, assembled in a laminated iron core, divided into two parts,
the space between them being adjustable. Further adjustment is made
through different combinations of the various terminals. The ad justable track
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reactors gré génefally used on steam roads instead of resistors. The power
factor varies from 0.1 to 0.3 and the voltage drop is practically wattless. With
the single-element relay, it is used only as a matter of power economy as it has
no bearing-on its phase relation.
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Fig. 7.

Adjustable Track Reactors.

With the two-element relay, the type of relay and the limiting impedance
must be selected depending upon the length and other conditions of the track
circuit so that the phase relations will be suitable to make the relay operate
properly. In the vane or induction motor type of relay commonly used, in
general, the magnetic fluxes in the two elements should be 90 electrical degrees
or I cycle out of phase with each other for best operation. This usually cor-
responds to the currents in the two elements also being approximately 90 de-
grees out of phase and may require some method of phase shifting. For short
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track circuits, it is common to makeuse of the inherent phase relationsobtained

by using a resxstot as the current-lnmtmg device in the track circuit so that the
current in the control element of the relay will be nearly in phase with the line
‘voltage, lagging by only a small phase angle. The ‘current in the local element
inherently lags the line voltage by a large phase angle because of the relatively
large inductive reactance of the winding. This arrangement gives phase re-
lations that are not ideal and become rather poor on the longer circuits. The
operation is entirely satisfactory on short track circuits, however, and shunting
conditions are good because the track shunt tends to make the phase relations
worse.

For track circuits longer than approximately 3,000 feet, this type of oper-
ation is not practical because of the large amount of phase shift introduced by
the track circuit, causing the current in the control element of the track relay
to be too far out of phase with the line voltage. On the longer track circuits
it is customary to use a reactor as the limiting device, thus introducing further
phase shift in the track circuit current, and to provide some other means of
getting suitable phase relations at the relay. One method that has been used
to a limited extent is to provide a two or three-phase signal power line and
energize the local element of the relay with a different phase from the track
circuit, but the more common methods are for use on single-phase power supply.
One common and very efficient method is to use a capacitor so connected as to
be effectively in parallel with the control winding of the relay. In other ar-
rangements a resistor or capacitor, or a combination of both, may be used to
provide phase shifting in the local element of the relay.

In the past, some adjustment in the track circuit has been made by changing
taps on the limiting reactor, but the usual modern practice is to use a pre-
determined tap on the reactor (or resistor) as recommended for the particular
track circuit conditions, and then to adjust the track transformer secondary
voltage in small steps as required for good operation. In calculating, selecting,
and adjusting the relay and other apparatus for long track circuits, the aim
usually is to obtain nearly ideal phase relations for the least favorable ballast
conditions when the track voltage is the lowest. When the ballast conditions
are more favorable, the track voltage will be higher and the relay will operate
satisfactorily even though the phase relations are not as good.

It is possible to have sufficient energy going through both elements of the
relay, but not having proper phase displacement, the relay will fail to operate.
Thus the track relay may be made to operate by improving the phase relation,
although in the adjustment the track voltage would be lowered by the intro-
duction of impedance.

Sometimes when the track circuit is long and with poor ballast conditions, a
non-adjustable reactor or resistor is used in the local element circuit. In some
types of relays a small condenser is housed in the relay and used with the track
element to aid in securing proper phase relations.

Bonding of rail on steam roads.

Channel Pin Type Rail Bonds

No. 8 B.W.G. galvanized iron or steel bond wires were first used. Two wires
per joint, each wire from 3 to 4 feet long, are connected to the web of the rail
by channel pins. This type, while still in use to some extent, has been gradually

9




« nd ¢ reater resxstance to corrosxon Where subject to brme
dnppmgs, gases, etc.

~ 'Pliug' Type—Web of Rail, Long Rail Bonds

These bonds are used in lengths of 3 to 4 feet. The stranded single-conductor
bond is composed of a number of wires, usually 7 or 19, of either copper,
copper-covered steel or steel wires with a tapered steel pin welded to each end.
The pins are driven into a 34 inch hole in the web of the rail.

This type is also made with two stranded conductors each welded to the
same single tapered pin at each end. This type bond is stronger, more resistant
to corrosion and of lower resistance than the channel pin type having the same
kind of wire,

Rail Head Type—Short Bonds

These represent the latest development in rail bonds. They are in extensive
use for bonding rail in coded track circuits and in conventional type track cir-
cuits where a low and very uniform resistance of bonded rail is desired in order
to improve track circuit operation or to operate track circuits of somewhat
increased length. They are available in two types: (1) mechanically applied,
plug type, and (2) welded to rail type. They usually comprise a single rope
lay stranded conductor made up of a center strand of 12 or 19 wires, surrounded
by 6 strands of 12 or 19 wires each. Each end of the stranded conductor is
attached to a rail terminal of the proper design for its application. These
bonds are usually 4 to 6 inches long between terminals. The stranded con-
ductor may be made up of bronze or copper wires, galvanized steel wires or a
combination of a copper center strand surrounded by galvanized steel strands.
The bonds with bronze wire conductor are in quite extensive use.

Data on impedance and power factor of bonded rail is compiled in Table I.

The methods for bonding steam road track circuits have been and are re-
ceiving considerable attention and study, and experiments- are being made
with various other types of bonds than those described.

Insulated rail joints.
Figure 8 shows one of various types of insulated joints used.

Fig. 8.
Insulated Rail Joint, Continuous Type.
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Insulated joints are applied at the limits of each track circuit, also at turn-
outs, crossovers, etc., to restrict the flow of current to certain predetermined
limits. These joints are applied to the rails in place of the regular splice bars.
Fibre, bakelite or other insulating material is used to insulate one rail from the
other.

Direct Current Single-Rail Track Circuits on Electrified Roads
Using Direct Current Propulsion

Direct current electrification of railroads occurred before alternating current
track relays had been invented. Hence attempts were made to use direct cur-
rent track relays, both neutral and polarized, then available. This practice
was soon found to be unsafe, and as a result hastened the development of the
alternating current track relay.

Figure 9 shows this type of circuit as used employing a direct current neutral
relay. One rail, designated the “power” rail, was used as a common for both
the propulsion return current and the track circuit current; the other rail,
designated ‘‘signal” rail, was insulated at each end of the track circuit. The
propulsion return current caused a voltage drop in the power rail between the
ends of the track circuit which could be indicated by voltmeter V. This would
cause a flow of propulsion current in the multiple path through battery, signal
rail and relay coils in an amount directly proportional to the voltage V, and
inversely proportional to the resistance of the path through the signal rail.
Resistance units and fuses were used in the track leads at the battery and relay
ends of the track circuit. However, it was found, as is obvious, that a broken
rail or a high resistance rail bond in the power rail created a condition for which
sufficient propulsion current could flow through the relay coils to cause it
either to fail to release or to pick up improperly with a train in the track
circuit. The possibility of the occurrence of this very undesirable condition
caused the abandonment of this type track circuit and replacement of those in
service with an alternating current single-rail track circuit as soon as the alter-
nating current track relay was available.

o THIRD RAIL OR TROLLEY WIRE ™

- A . =y B
.c T . 3
x] : L} J
Fig. 9.

Mlustrating Effect of Propulsion Drop.

Alternating Current Track Circuits on Electric Roads
Using Direct Current Propulsion

Generally, electric road alternating current track circuits and steam road
alternating current track circuits are identical, except that on electric roads the
return of the propulsion current must be given special consideration.

11



‘Single-rail track circuits.

The ﬁrst development of the alternating current track circuit is shown in,

Fig. 10.

One rail is used for the propulsion return current and the opposite rail is
insulated and used for the signal track circuit.

Using one rail for signal purposes may require an extra cable to be run to
carry the propulsion return current. This cable should have at least the same
current-carrying capacity as the rail.

At all interlockings where sufficient return carrying capacity is obtained by
cross-bonding the return rails, where the single-rail track circuit gives sim-
plicity and adaptability to fouling protection, and where the installation of a
two-rail track circuit would be costly and cumbersome, the single-rail track
circuit has important advantages.

THIRD R8IL OR TROLLEY NIIE\

-

RESISTOR _.___._..”_ Eorue
SHIELOING o
mpzmws / TRANS FORMER
TRANSMIZEION LINE“

Fig. 10.
Single-Rail Alternating Current Track Circuit.

On a single-track road where one rajl is used for the propulsion return current
and the other for the signal track circuit, broken-rail protection is provided for
the signal rail and a certain degree of protection is provided for the propulsion
rail provided an extra cable has not been used to supplement the current-carry-
ing capacity of the propulsion rail. On a multiple-track road using single-rail
track circuits where the rails used for the return of propulsion current are cross-
bonded, it is possible that a broken propulsion rail will fail to open the front
contacts of the relay and detect the broken rail.

Asin Fig. 9, a certain direct voltage occurs across the relay terminals. Even
when there is no train in the circuit, the signal rail is connected in multiple with
the return rail by the transformer and relay track leads and carries a portion
of the propulsion return current. The amount is inversely proportional to the
resistance offered.

The direct propulsion current does not affect the safety of the alternating

current track circuit as the relay is designed to operate only by alternating °

current. Since the ohmic resistance in the alternating current relay and the
secondary of the transformer is quite low a considerable amount of direct pro-
pulsion current would flow through them were it not for the insertion of a re-
sistance in the signal track circuit as shown at R and R, in Fig. 10.

12




Re&istors.
relay. The present practice is to use resistors, as shown in Figs. 11 and 12.
These resistors consist of wire wound on an insulated core. Practically all of
them are adjustable for adaptability to varying track circuit conditions. The -
size of the resistors used depends upon the amount of resistance required and
the amount of current to be carried. They are practically non-inductive.

Tig. 12,
Metal-Clad Tapped Resistora.
(Watt Rating Varies with Size of Resistor.)
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‘Shzeldmg 1mpedance.

Where the propulsion current is very heavy, the track relay is further pro-
tected by a shielding impedance, Fig. 13, connected across the track terminals
of the relay, as shown at Z in Fig. 10, to act as a by-pass for this current. The
coil, wound around a laminated iron core, has a low ohmic resistance which
allows practically all the direct current to flow through it, but possesses a very
high impedance due to its self-induction properties, which chokes back a large
percentage of the alternating current.

e .
w ™~
)
O (@)
FanY
N7
EX3 M|
sf 3
-«
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Fig. 13.
Shielding Impedance.
Balancing impedance.

The balancing impedance shown in Fig. 14 illustrates another device that is
applied to the track element of a two-element track relay in order to prevent
interference by direct current with the normal operation of the relay when it is
used on single-rail track circuits.

The application of the balancing impedance to the two equal sections of the
relay track element is illustrated by the circuit, Fig. 15. The balancing im-
pedance has two sections, each having equal ohmic resistance, but one section,
wound on the laminated magnetic circuit of the device, also offers a high im-

14
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pedance to alternating current. The connections as shown between the balanc-
ing impedance and the two sections of the relay track element, each of equal
resistance and impedance, cause any direct current from track to relay track
element to flow in equal amount and in opposite directions through the two
sections of the track element, thereby neutralizing any effect on the relay
magnetic circuit.

The alternating current is prevented from flowing through the reactive
section of the balancing impedance and its corresponding section of the track
element and therefore is directed through the resistive section of the balancing
impedance and its corresponding section of the track element, thereby pro-
ducing relay operation.

oN- 1
% (=X
8§ >

58 . |

BALANCING IMPEDANCE

Fig. 14,
Balaneing:Impedance.

BALANCING
ELEMENT ELEMENT IMPEDANCE

ADJUSTABLE
RESISTOR
MODEL 2A TRACK RELAY
TIME i TWO ELEMENT

(%

DEL AY
FusE
R SIGNAL _RAIL. Y -
%
CRECT CURRENT PROPULSION RETURN RAIL

SINGLE RA.!L ALTERANATING CURRENT TRACK CiﬂCUlT
PL%CATION OF BALANCING !MPEDANC
TRACK PHASE CF RELA

Fig. 15.
Single~Rail Alternatmg Current Track Circuit.
Application of Balancing p&daneetonokPhaaeofRelay
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Double:rail track circuits.

- Due to the limitations of the single-rail alternating current track circuit and
forthe purpose of using both rails of the track for propulsion return current,
the double-rail track circuit shown in Fig. 16 was devised.

‘While this circuit (Fig. 16) shows track leads connected direct to track rails
and without fuses, some roads connect these leads to terminals inside the
impedance bond. However, in such cases the insulated rail joints must be

"located opposite (matched). This is done to prevent a possible improper relay
operation that could result provided a cable from bond to rail became dis-
connected and a train should stop with its rear axle located in the stagger, if the
insulated joints are not matched.

Whereas the length of a single-rail track circuit of a direct current electric
road is limited due to the direct current propulsion drop, the double-rail track
circuit with impedance bonds does not have this restriction and therefore longer
track circuits may be operated. The double-rail track circuit is more stable and
the energization of the track relay will not vary greatly with changes in ballast
conditions due to the comparatively low impedance of the copper connections
across the rails through the impedance bonds.

The insulation of both rails is necessary as in the direct current track circuit,
but in addition impedance bonds are used as shown at B in Fig. 16. After the
shielding impedance was developed for the relay in the single-rail track system,
it was only a step to devise a larger device to carry the entire propulsion return
current and choke back the alternating current of the track circuit by its in-
ductance.

Bonding of rail on electrified roads.

For double-rail track circuits with impedance bonds, where the traction re-
turn current divides between rails, each rail joint is bonded with the railroad’s
standard power bond, usually a large, low resistance stranded copper bond
either of the plug or welded type. For single-rail track circuits the traction
current return rail is bonded with the road’s standard copper bond. The rail
bonds for the signal rail usually are of the plug, web-of-rail type, as used on
steam roads.

When the rail and the power bond used have practically the same ohmic re-
sistance per foot, the rail is said to be bonded to capacity.

BRROWS SHOW DIRECTION BRROWS SHOW INSTANTBNEOUS
OF PROFPULSION CURPENT OIPECTION OF A C LEAR THRIUGH
r//eaug:ﬁ/ IMPEDRNCE BONDS IMPEDANCE sflva
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Fig. 16.
Elements of the Double-Rail Alternating Current Track Cirouit.
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Impedance bonds.

The reactance produced by the track impedance bonds prevents excessive
leakage from one rail to the other of the signal current so that sufficient current
goes through the track relay to operate it. Practically no signal current will
flow from one track circuit to the adjacent one, due to the fact that the two
impedance bonds in adjacent track circuits are connected together at points
of zero potential.

The track impedance bond is the only special feature which distinguishes
the double-rail from the single-rail track circuit. The location and connection
of these bonds at the ends of adjoining track circuits is shown by the circuit,
Fig. 16. It is seen that the track relay winding and its associated impedance
bond are connected in multiple between rails.

The description which follows concerns the type of bond known as “non-
resonant.”” In some special cases installations are made using ‘“resonant’
bonds which are similar but include a capacitor in multiple with a secondary
coil to produce resonance at a given frequency. As a result, smaller bonds can
be constructed where very heavy propulsion currents must be handled, or, for
the more common size bonds (500 and 1,000 amperes per rail), the impedance
may be increased, thereby reducing the track circuit power requirements. This
type bond is used to some extent on the Long Island R.R., and on some direct
current electrified roads in the British Isles and Continental Europe.

The bond consists of a two-section laminated iron core usually with both
sections slotted to take the winding, although sometimes only the bottom sec-
tion is slotted with a flat top section. The upper and lower laminated sections
are usually separated by an air gap. The winding consists of two sections of
heavy copper conductor connected to form a series winding. The ends of the
series winding thus formed are connected to the two rail leads. The junction
of the two sections or midpoint of the series winding is connected to a third or
neutral lead. The number of turns in the winding, the size of the laminated
iron structure and the width of the air gap determines the impedance which
the bond offers to the alternating interrail voltage. The bond s so designed
that the flow of alternating current through it will be held within reasonable

‘limits, thereby maintaining sufficient interrail voltage to cause the required
flow of current to the track relay.

The neutral points of the two adjoining bonds are connected together to
provide a path for the propulsion return current to flow from one track circuit
to the other. The return current flows in each rail and enters the bond winding
from one rail at point X and from the other rail at point Y, Fig. 16, combining
at the midpoint of the winding to flow to the midpoint of the adjoining bond
where it again separates, the current to each rail being determined by the
relative resistance of each rail in this track circuit.

The return currents flow in opposite directions in the two sections of the
winding, hence, if these currents are equal in value, no magnetic flux due to
their action is set up in the magnetic circuit of the iron core. However, if the
current from one rail exceeds that from the other rail, the difference, or un-
balanced return current, will produce a flux in the iron core. This flux tends
to saturate the core and reduce its permeability, thereby reducing the reactance
of the core. If the unbalanced return current is of sufficient magnitude, the
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resultant flux will decrease the reactance of the bond to such an extent that
there will be an excessive flow of alternating current through its winding. This
may decrease the alternating interrail voltage enough to prevent the track
relay from receiving sufficient current, thereby causing it to release.

Impedance bonds are designed to take care of a certain amount of unbalanced
return current, this varying from 12 to 20 per cent. Bonds intended for direct
current propulsion are usually so designed that the propulsion current in one-
half the winding may exceed that in the other half by 12 per cent of the total
(two rail) continuous direct current rating of the bond without decreasing its
rated impedance by more than 10 per cent.

The track bonding should be kept in good condition in both rails, so that the
amount of return current will be about the same in each rail, thereby insuring
a good working condition for the impedance bonds. Sometimes a rail bond or
bonds in one rail may develop high resistance due to becoming loose or broken
thereby causing this rail to have greater resistance than the other rail in the
track circuit. This will cause inequality of the return current flow in the rails,
which in turn causes unbalance of the opposing return currents through the
two sections of the winding of the impedance bond. The unbalanced current,
if of sufficient magnitude, will adversely affect the operation of the track relay
as previously described.

Figure 17 shows the unbalancing curves of an impedance bond that will
carry 2,000 amperes per rail of propulsion return current. The air gap is %
inch.

50
a a5 l 1
Z
Z 2 VOLTS
m 40 $—rt
T 35 / ! 1
o .
85 10 e 1.2VOLTS
o8 56 L — v
£z =

e

x 20\ .——-" N
<Z 15 0.5 VOLTSH
4 |
G hd J =
<

0

80 240 400 560 720 880 1040
160 220 480 640 800 960 1120
D.CCAMPERESR UNBALANCING
Fig. 17.
Unbalancing Curves for a 2000-Ampere Impedance Bond.

The vertical lines show the unbalancing direct current in amperes; the hori-
zontal lines show the amount of signal current which will leak through the
bond with voltage as indicated by curves. Note that the reactance is practical-
1y constant up to about 700 amperes unbalancing eurrent, particularly on the
lower voltage curves.

Figure 18 shows the construction of an impedance bond. The laminated
iron core practically surrounds the heavy coils of bare copper wire. The bare
wire is kept from touching the core and adjacent wires by wood or fibre strips
used as spacers. The two central straps are connected together when the bond
is completed and form the neutral connector M. The two outside straps form
the rail terminals X and Y shown in Fig. 16.
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Fig. 18.
- Core and Coils of an Impedance Bond.

The impedance bond shown in Fig. 18, when in service, is enclosed in an iron
case generally filled with petrolatum compound or insulating mineral oil.

Figure 19 shows two bonds installed in a double-rail track circuit. This type
has 500 amperes capacity per rail and is suitable for traction lines. Impedance
bonds are designed for various capacities and are installed either between the
rails or at the side of the track, as illustrated in Fig. 20.

Fig. 19.
Track Layout of Two Impedance Bonds.
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20

r 023




Cross-bonding.

Methods of cross-bonding, insulating and bonding of sidings and making
connection to power house return are shown in Fig. 21. B and C show cross-
bonding at end of track circuits. Cross connection to power house return at
end of circuit isshown at A. E shows where cross connection is made at a point
away from the ends of the track circuit. In this case supplementary single
impedance bonds are inserted. This method is undesirable, not only due to
the additional cost, but because of the extra leak in the track circuit.
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Fig. 21,
Cross-Bonding Connections.

1t should be noted that Fig. 21 is intended to show cross- bonding schemes
for a number of specific conditions. In actual practice on roads having two or
more tracks usually cross-bonding between tracks should not be installed more

frequently than every other double impedance bond location. This will reduce

the possibility of improper relay operation in case of a broken rail by increasing
the impedance of the run-around path through the cross-bonding and the
parallel track or tracks.

Relays

Alternating current two-element relays of the induction motor, vane and
galvanometer types are in service on many steam and electrified roads. Gal-
vanometer relays are not used for any new installations. When the induction
motor or vane types are used in double-rail track circuitson electrified roads,
their track element is wound for a lower voltage and higher current than when
they are used on steam roads or on single-rail track circuits of electrified
roads, in order to keep down the leakage of signal current between rails
through the impedance bonds. Three-position track relays are not commonly
used in new installations.

Transformers.

The track transformers are similar to those used on steam roads but usually
have larger ratings because of the added current drain through the impedance
bonds. Adjustable filler type track transformers, which eliminated the need
for a separate reactor and which were formerly used to some extent, are not
now modern practice. .
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Reactors and resistors.

Reactors or resistors are used between the transformer and the track depend-
ing on which limiting device is required to provide proper phase relations for
relay operation. Where either a reactor or resistor will provide satisfactory
operation, the reactor will be more econormical from a power standpoint. Some
relays operate properly only when a reactor is used; others, only when a re-
sistor is used. A reactor, resistor, or capacitor, as conditions require, is some-
times used in series with the local element of the track relay in order to obtain
improved phase relation between currents in track and local elements and
thereby reduce the energy required from the track transformer.

Alternating Current Track Circuits on Electric Roads
Using Alternating Current Propulsion

Relays.

When alternating current is used for propulsion, a relay must be used that
is immune to a foreign direct current and inoperative by the alternating pro-
pulsion return current. Twenty-five cycle propulsion current is generally used.
Track relays are designed to operate selectively on a frequency of 60 cycles or
higher but not on the 25-cycle propulsion current. Centrifugal frequency or
vane type frequency relays are generally used.

Single-rail track circuits.

On single-rail track circuits through interlockings in non-cab-signaled terri-
tory and non-train-control territory, the vane frequency relay has generally
been used. The length of the track circuit must be limited to prevent excessive
propulsion current (causing injurious heating) flowing through the relay and
transformer due to voltage drop in the return rail.

Double-rail track circuits.

On long track circuits and in interlockings in cab signal or train control
territory, the double-rail circuit is used and generally equipped with the centri-
fugal frequency relay.

Impedance bonds.

The impedance bonds for double-rail track circuits on roads using alternating
current propulsion employ the same principle of magnetic balancing as charac-
terizes the bonds for direct current roads, for, although the propulsion current
is of an alternating character, it is divided between the two opposing windings
of the bonds so that the alternating magneto-motive forces are equal and op-
posite, and hence neutralize each other. The iron core of the bond remains,
therefore, unmagnetized by propulsion current, and as a result the bond offers
high impedance to the alternating signal current flowing through the two coils
in series, the same as with the bonds for direct current propulsion.

Figure 22 shows a single impedance bond used on alternacing curreut roads.
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Fig. 22.
Single Impedance Bond for Alternating Current Roads.

These bonds are smaller than those used on direct current propulsion roads
and sometimes two bonds are used in one housing as shown in Fig. 23. Where-
as on direct current propulsion roads the return current may run as high as
2,500 amperes per rail, that on alternating current propulsion roads will
generally be between the limits of 75 and 700 amperes per rail, due to the higher
alternating current propulsion voltages ordinarily used. This allows the im-
pedance bonds to be made considerably smaller.
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Fig. 23.
Double Impedance Bonds for Alternating Current Roads.

Unbalancing.

Unbalancing troubles are rare on roads using alternating current propulsion,
not only because the propulsion currents themselves are small in volume, but
especially because, if more current flows in one-half of the bond than the other,
the half winding carrying the heavier current induces a voltage in the weaker
half, tending to pull a larger current through that weaker half. Thus an auto-
matic action exists which tends to keep the bond well balanced. For this
reason, the bonds are not liable to be unbalanced, and no air gap is required
in the magnetic circuit to prevent saturation of the core which would other-
wise occur, ‘

Fuses.

On electric roads using alternating current propulsion, fuses are used be-
tween relay and track to protect the relay from excessive propulsion current
in case of broken rail or broken impedance bond cable.
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Fuses in transformer track leads on double-raﬂ track circuit may or may not
be used, dependmg on the practice of the individual railroad, Usually, for di-
rect current propulsion, fuses that are large enough to prevent frequent inter-
ruptions are too large to afford much protection to the apparatus and the
matter resolves itself into a question of continuity of service versus the pro-
tection of the relays and transformers. Fuses are always used in relay and
transformer track leads of single-rail track circuits on roads employing either
alternating current or direct current propulsion,

Track Circuit Calculations for Alternating Current Signal System

General.

The proper calculation of the track circuit is of prime importance in the
design of an alternating current signal system as it enables the engineer to
select that type of track circuit apparatus which will operate most economically
under the particular set of conditions in question. Furthermore, aside from
the matter of economy, maximum safety of the track circuit can only be guar-
anteed by proper track circuit adjustments as dictated by the calculations.

L4

Resistance, reactance and impedance of rails.

The track circuit is in reality a small single-phase transmission system whose
two line wires are represented by the rails, and whose load is represented by the
relay at the end of the track circuit. Like the line wires of the transmission
line, the rails possess impedance (Z) composed of resistance (R) and reactance
(X); the effective resistance of a steel rail is, however, from three to five times
the actual resistance to direct current, due to the fact that the flow of alter-
nating current in the magnetic material of which the rail is composed, setsup a
magnetic field producing a counter electro-motive force in the body of the rail
itself, forcing the current to the outer surface or skin of the rail, rendering
thereby but a fraction of the cross-sectional area available for conducting
current. This is known as the ‘“‘skin effect,” and is present iri a greater or less
degree in all conductors carrying alternating currents.

A further increase in the impedance of the rail circuit is introduced by their
self-inductance, this depending on the spacing of the rails and their size just as
in the case of the two wires of a transmission line. Since the rails are made of
magnetic material and are irregular in shape, it is not possible to calculate the
impedance of the rail circuit by the methods used for an ordinary transmission
line.

Actual measurements have therefore had to be resorted to, and Table I
shows the total impedance per 1,000 feet of track (both rails, including bond
wires) under various conditions of bonding in common practice, and for values
of current commonly used for relay energization. This table has been in use for
several years and has been found to give results sufficiently accurate for all
practical purposes. While the values shown apply especially to steam road
conditions, they may be used for electric road track circuit calculations, since
the presence of propulsion current in the rails will only tend to decrease the
permeability of the rails and in turn their effective resistance and impedance;
hence the voltage at the relay may increase slightly with heavy propulsion
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~currents flowing in the rails and any error introduced will be such as to indicate
less current and voltage at the relay than will actually exist. Table II shows
separately the resistance of various kinds of bond wires as used in steam road
work; on electric roads the rail is bonded to capacity, or nearly so, for pro-
pulsion current.

TABLE 11

Resistance of Signal Rail Bonds to Direct Current
Ohms per 1,000 Feet of Track at 68 Degrees Fahrenheit

AAR.
Sheen A
Manusl 30 ft. 33 ft. 39 ft. resistance
Part No. rails rails rails of one bond
Number of rail bonds. ...... 66 60 51
Resistance of all bonds
Rail head bonds
Welded type—bronze
strand (Dwg. 1047)... .. 141 0.023 0.021 0.018 0.00035
Mechanically applied type
(Dwg. 1048)............ 142 0.033 0.030 0.026 0.0005
Channel pin bonds
2 No. 6 A.W.G. copper.. .. 175 0.052 0.048 0.041 0.0008
1 No. 6 A.W.G. copper and 175 and .
1 No. 8 BW.G. steel.... . 177 0.090 0.082 0.070 0.00137
2 No. 6 A.W.G. copper-
covered steel, 40%,. . ... 176 0.135 0.123 0.105 0.00205
2 No. 6 A.W.G. copper-
covered steel, 30%...... 180 0.180 0.163 0.139 0.00272
2 No. 8 BW.G. steel...... 177 0.315 0.286 0.243 0.00477

Rail head welded type bonds, free strand between terminals 514 inches.
Rail head plug type bonds, straight length approximately 5 inches.
Channel pin type bonds are 4814 to 49 inches long.

In Table 11, no allowance is made for conductance of angle bars. In actual
practice, however, a portion of the angle bars wiil conduct current, which will
result in lower values of total resistance for bonded rails than would be ob-
tained by adding the resistance of steel rails alone to the values in the table,

To find the total resistance of bonded rails the resistance of the steel rails
alone must be added to the table values. The resistance of the steel rails alone
per 1,000 feet of track (2,000 feet of rail) is approximately 0.02 ochm for 100-
pound rail and 0.0154 ohm for 130-pound rail. Direct current resistance of
steel rail per circular mil foot is assumed as 12 times that of copper.

The resistance of bonded rails per 1,000 feet of track (2,000 feet of rail)
should not exceed 0.15 ohm for 2 No. 8 B.W.G. galvanized steel bond wires per
joint. The maximum values should be considerably less when mechanical type
or welded type rail head bonds are used.
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The values shown in the table for rail head bonds are based upon the maxi-
mum installed resistance permitted by A.A.R. Signal Section specifications.
The actual value may be somewhat less depending upon the conductivity of
the conductor used in the bonds.

The values shown in the table for channel pin type bonds are based upon the
average resistance per foot permitted by A.A.R. Signal Section specifications
for the conductor from which these bonds are cut. Fora large quantity of such
bonds this average value represents approximately the maxzimum total to
expect in service.

The resistance values in the table for channel pin bonds are based on the
total length of wire, neglecting resistance of bond to rail. This assumes the
length of wire extending through and somewhat beyond the web of the rail has
a resistance at least that of the contact resistance to rail. An installed re-
sistance of 0.00005 ohm per bonded joint is sometimes added to take care of
the contgct resistance between wire, channel pin and rail.

Ballast leakage resistance and conductance.

The resistance of the leakage path between rails in ohms per 1,000 feet of
track varies with the nature of the ballast, the condition of the ties, and the
weather conditions. In connection with the calculations involving rail im-
pedance as given in Tables I and II, the following values for resistance of
ballast and ties may be used; they are typical values for ballast cleared away
from the rails:

Ohms per
1,000 ft. of track
Wetgravel......................... 2
Drygravel......................... 3
Wet brokenstone. .................. 4
Dry brokenstone................... 10

In making track circuit calculations, a leakage resistance of 4 ohms per 1,000
feet is very commonly used as representing the worst condition of well-drained
broken stone or rock ballast; 2 ohms per 1,000 feet is a low wet weather value
for track with gravel ballast. Poorly drained cinder ballast with old water-
soaked ties will run as low as 1 ohm per 1,000 feet. In making the calculations,
the wet weather ballast leakage figure should be used because if the track trans-
former were designed and track circuit adjustments were made on the dry
weather basis, the track relay might fail to pick up in wet weather. It is, how-
ever, advisable to make a check calculation on the dry weather basis in order
to determine the variation in voltage on the track relay from the wet to the dry
condition, as in the case of extremely long track circuits with poor ballast, the
relay voltage in dry weather may be so high that special means may have to be
employed to prevent the relay from being excessively energized. In track cir-
cuit calculations it is generally more convenient to represent the ballast leakage
factor in terms of conductance rather than resistance; conductance (expressed
in mhos) is the inverse of resistance (expressed in ohms), and thus a ballast
leakage resistance of 4 ohms per 1,000 feet corresponds to a ballast conductance
of 14 mho per 1,000 feet.
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Track circuit formulae and their derivation.

Given the voltage e and the current 1 required at the track relay terminals,
the length of the block, the rail impedance with its power factor, and the ballast
leakage resistance, the problem which confronts us is the determination of the
power to be fed into the track at the transformer end.

To begin with, due to the impedance drop in the rails caused by the relay
current, the difference of potential between the rails increases from e at the
relay end of the track circuit to some higher value E at the transformer end;
thus, the ballast leakage current increases as We¢ proceed from the relay to the
transformer. The ballast leakage current itself produces & drop in the rails
which again increases the voltage required at the transformer. The fact that
the ballast conductance is usually distributed uniformly throughout the length
of the track circuit rather complicates matters in that the current in the rails
and the voltage across them from point to point changes with the varying
magnitude of the ballast leakage current. In order to simplify matters, it is
sometimes assumed that the ballast leak is concentrated at the center of the
track circuit, but thisisnot strictly accurate; evidently the concentrated ballast
ieak is located nearer the transformer end of the track circuit than the relay
end, for it is near the transformer end that the voltage is highest and the ballast
leakage greatest. The correct determination of the ballast leak is therefore
somewhat of an snvolved process. 1t can, however, be determined, and in fact
this method is quite extensively used in England; the reader who is interested
in this phase of the matter is referred to a very interesting and complete dis-
cussion given in the January 1915 issue of the Railway Engineer of London.

1t is evidently more accurate to consider the ballast conductance as uniformly
distributed, and by means of the following formulae, originated by Mr. L. V.
Lewis and first presented in the July 1911 issue of the Signal Engineer, the
voltage E and the current 1 at the transformer end of the track circuit, as well
as their phase relationship, can easily be calculated. These general equations
are:

p—

E = e cosh VzZat+ i %sinh ' ZG ) 1)

1 = icosh \ZG+ e 1’—%— sinh vV ZG )

where e and i are the relay voltage and current respectively; 7 is the total im-
pedance of the rails of the track secured by multiplying the values in Table I
by the length of the track circuit in thousands of feet, and G is the total ballast
leakage conductance secured by multiplying the reciprocal of the ballast leak-
age resistance in ohms per thousand feet by the length of the track circuit in
thousands of feet. The terms cosh and sinh (pronounced “cosh” and “‘ghin’’)
are the hyperbolic cosine and sine, respectively, i an imaginary of complex
angle represented in this case by the quantity vZG. These formulae may be
reduced to workable form by expanding the functions into their corresponding
infinite series beginning
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Substituting the above values in equations (1) and (2)
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Reducing and rearranging the terms of equation (7) and (8)

Z Z G ZG Z
E=e+Zi+'zGe+‘"§ "‘22i+”‘4" "3”§Ce+... 9)

. G_. GZ G Z G._, -
l=1+Ge+“2" Zl—{—-'}" “'*Z“Ce-{—““i“ 35 Zi + ... (10)

The above equations may be carried out to any number of terms by carrying
out the above process, noting that the first element of each term of equation
(9) is Z, and of equation (10) G, each divided by 1, 2, 3, 4, etc., according to the
number of the term in the infinite series, the remaining elements of the term
under consideration being identical with the next preceding term in the other
equation. Sufficient accuracy for all practical purposes will in most cases be
secured by calculating only the first five terms of each series as above shown,
the remaining terms being generally small enough in value to be disregarded.

Equations (9) and (10) may also be developed direct from Ohm’s Law, stat-
ingthat E=1ZandI=E G, and consideration of the matter on this basis will
enable the reader to grasp fully their physical meaning. To begin with, the
first two terms e and 7 of equations (9) and (10)-are the relay voltage and cur-
rent, regpectively, and as such are known. Relay current 7 flowing through
the rail impedance causes a drop e; = Zi and likewise the relay voltage e im-
pressed across the rails throughout the length of the track circuit produces a
leakage current i, = Ge. Ziand Ge therefore constitute the second terms of
their respective series. Obviously e; = Zi (where i is constant) increases uni-
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formly from the relay to the transformer and its average value is therefore

e e G
— and the corresponding ballast leakage current isi; = 2—2- G= —2—~Zi; likewise,

. ) Z- .
it may be shown that e; = —2— Ge. These last quantities thus constitute the

third term of the current and voltage series, respectively.
The development of the next voltage term e, from 1; presents some difficulty

. . .. I3
in that we have no reason for assuming that the average value of i; is ?; as a

matter of fact, it is not, since 7; contains the product of the two factors G and Z,
varying with the length of the track circuit, and hence increases with the square
of the distance from the relay. It may be demonstrated by the calculus that
in any equation of the form y = x® the average value of y between the limits

1
ofy,and ois T—?ﬁ of the maximum valueof y. Therefore, the average value
n

1; Ziy, Z
of i3 above is -5-3 and the corresponding e.m.f. is e, = -—-3;—3=—§- r Zi, and like-

G Z
wise, iy = 3— — Ge; these latter values form the fourth terms of the voltage and

current series, respectively, and the process may be carried out until equations
(9) and (10) are entirely duplicated. It should be noted that any term in the
current series is derived from the preceding term in the voltage series by multi-
plying by the conductance G, divided by 1, 2, 3, etc., depending on the number
of the term, which is perfectly logical since it is that preceding voltage which
causes the current in question to flow; conversely, any term in the voltage series
is derived from the preceding term in the current series by multiplying it by Z,
divided by 1, 2, 3, etc.

Comparison of center leak and distributed leak methods.

If the above terms are developed by the center leak method, in which the
entire ballast conductance is considered as being concentrated at the center of
the block, we find that

E=e+za+~f~c;e+—f— %za an
=i+ Ge +%za (2)

The first three terms of the above formulae are identical with the corresponding
terms of equations (9) and (10) calculated on the distributed leak basis. The
fourth term of equation (11) is however 50 per cent greater in value than the
corresponding term of equation (9). The center leak method will, therefore,
give sufficiently accurate results where the track circuit is short enough in
length to permit all terms after the third being disregarded.
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Application of track circuit formulae—examples.

Applying formulae (9) and (10) to two of the usual track circuit arrange-
ments, considering, first, a steam road using afvane type relay and, second, an
electric road using a vane type relay having different characteristics. Both
these relays are of the two-element type. These examples may be considered
as representative. Calculations for a track circuit employing a single-element
relay would be made in exactly the same manner, the calculations and diagram
as used in the case of a two-element relay being discontinued after the track
volts, amperes, and power factor at the transformer are determined for the one
winding used in the case of the single-element relay.

Model 15 A.C. Vane Type Track:Relay (See Vector Diagram, Fig. 24)

Steam road, 130-pound rails, 39 feet long, bonded with rail head (welded
bronze strand) bonds. ‘
Track circuit 5,000 feet long, end fed; ballast resistance 3 ohms per 1,000 feet.
Relay: Track, 0.5 volts, 0.5 ampere, 0.906 P.F., on 60 cycles.
Local, 110 volts, 0.44 ampere, 0.475 P.F., on 60 cycles.
Ideal phase relations, track current lags local voltage 97 degrees.
Rail impedance Z = 5 X 0.2 = 1.0 ohm at 0.36 P.F. (See Table I).
Ballast conductance G = 5 X 14 = 1.667 mhos at 1 P.F.
Relay and transformer leads to track — 150 feet No. 9 copper wire for each set
= 0.12 ohm.
Voltage drop in relay leads = 0.5 X 0.12 = 0.06 volt.
Rail voltage e at relay end = 0.5 -} 0.06 = 0.555 volt.
E = 0.555+ 0.5 0.463 + 0.139 -+ 0.064 + 0.012+ ...... = 1.35 volts.
I= 0.5+ 0.926 4 0.417 + 0.257 + 0.058 + 0.021 + ... = 1.78 amperes.

Rail voltage opposite the relay = 0.555 volt, obtained from Fig. 24 by adding
vectorially the relay voltage, e; = 0.5 volt, and the relay lead voltage drop,
0.06 volt, the latter being in phase with and hence parallel with the relay cur-
rent, i = 0.5 ampere, which is drawn at an angle whose P.F. = .0.906 (cosine of
the angle) lagging the relay volts, e;. This P.F. is that shown above for the
track element of the relay. .

In plotting the various leakage currents and their corresponding voltage
drops in Fig. 24 it will be remembered by referring to equation (9) that each
term in the voltage series is obtained by multiplication of the preceding term
in the current series by a multiple of the rail impedance Z. The power factor
of Z is 0.36, and hence each term of the voltage series is laid off at a leading
angle whose P.F. = 0.36 using the preceding term of the current series as a base
line. Referring to equation (10) each term in the current series is obtained by
multiplication of the preceding term in the voltage series by a submultiple of
the ballast conductance G. G being non-inductive, its P.F. = 1, hence each
term in the current series is laid off parallel with the preceding term in the
voltage series which produces it.

Following the above method, the current at the transformer end of the track
circuit is found to be I = 1.78 amperes, this being the vector sum of the relay
current and the various ballast leakage currents laid off with due attention to
phase relationship. Likewise, the voltage at the rails at the transformer end
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of the track circuit is E = 1.35 volts; this being the vector sum of the relay
voltage and the various rail voltage drops caused by the ballast leakage
currents.

To prevent the flow of an injurious short circuit current through the trans-
former secondary with a train in the track circuit, it is necessary to insert some
current limiting device between the transformer and the track. In order to
obtain maximum power economy for this track circuit arrangement, a track
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Fig. 24.
Vector Diagram for a Track Cireuit Using a Model 15 Relay.
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reactor as shown in Fig. 25 is used in preference to a track resistor. From the
taps available on the reactor; one is selected so that the voltage drop in this
unit when combined with the voltage drop in the track leads at the transformer
end will result in the transformer secondary voltage E ¢ approximately double
the rail voltage E at the transformer end. In this case the 0.75 ohm tap is
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Fig. 25.

Adjustable Track Reactor.

selected. The voltage drop in the reactor, with 1.78 amperes flowing through
it,is 1.78 X 0.75 = 1.335 volts. This vector is laid off at a P.F. = 0.2 with the
current I as a base.

The transformer current of 1.78 amperes flowing through the leads between
the transformer and the track gives a voltage drop of 1.78 X 0.12 = 0.214 volt,
laid off parallel to the current since the leads are non-inductive.
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__ Theresulting values of transformer secondary volts E r and current I are the
valueg;gqﬁired«mobtain the voltage ¢, and current i delivered at the relay if
the phase relations between the two elements of the relay are ideal. The ideal
phase relations for this relay as listed previously, occur when the current in the
track element lags the voltage of the local element 97 degrees. Since there is
practically no change in phase between the secondary and primary of the track
transformer, and since the primary of the track transformer is fed from the
same source of power supply as the local element of the relay and consequently
in phase with the same, then the phase difference between the track and local
elements of the relay may be obtained by measuring the angle between the
track transformer secondary volts Er and the relay current i in the vector
diagram. This measured angle is 87 degrees, a difference of 10 degrees from
the ideal angle of 97 degrees. In order to compensate for this difference be-
tween the measured and ideal phase relations, the track transformer secondary
voltage E1 and current I must be increased. The ratio by which these values

Er I
must be increased is and resulting in the following:
Cos 10°... Cos 10° ¢ €

Er 2.6
= = 2 64 volts
0.985 0.985

E7 (corrected) =

1 1.78
I (corrected) = ———— = ——— == 1,81 amperes
0.985 0.985

Another method of correcting the transformer secondary voltage and current
is to use the curves shown in Fig. 62 of Chapter X—Alternating Current
Relays.

1f, instead of a reactor unit, a resistance unit having unity power factor had
been used, a greater angle difference from the ideal would result which would
require greater corrected voltage and current supply values with greater power
input.

The angle between the transformer secondary voltage E1 and the current I
may be scaled from the vector diagram. The cosine ofthis angle or P.F.= 0.63,
hence the total power with the track circuit unoccupied is

E (corrected) X I (corrected) X P.F.= 2.64 X 1.81 X 0.63 = 3.01 watts.

With a train occupying the track circuit opposite the transformer, the current
flowing will be equal to the corrected transformer secondary voltage divided
by the vectorial sum of the inserted reactance and the resistance of the trans-
former track leads. The voltage drop in this part of the circuit as scaled from
the diagram is 1.39 volts and this is due to the current I = 1.78 amperes, hence

1.3
the combined impedance value of the reactor and leadsis Z = ﬁg = 0.78 ohm.
With a train in the track circuit as above, there will be only 0.78 ohm in series

with the transformer secondary, and neglecting the comparatively small re-
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sistance of the wheels and axles of the train, the short circuit current flowing
2.64 : ‘
will be 6—7—8— = 3.385 amperes. The corresponding power factor is 0.34 as scaled

from the diagram, this being the power factor of the voltage drop in the reactor
and leads with respect to the transformer current I. Therefore, the total power
with the block occupied is 2.64 X 3.385 X 0.34 = 3.04 watts.

Style PTV-42 Alternating Current Vane Type Track Relay
(See Vector Diagram, Fig. 26)

Electric road, 100-pound rails, 39 feet long, bonded to capacity.

Track circuit 4,000 feet long, end fed; ballast resistance 3 ohms per 1,000 feet.

Relay: Track, 0.34 volt, 0.84 ampere, 0.407 P.F., on 60 cycles.

Local, 115 volts, 0.165 ampere, 0.358 P.F., on 60 cycles.
Ideal phase relations, track voltage leads local voltage 90 degrees.

Rail impedance Z = 4 X 0.21 = 0.84 ohm at 0.3 P.F. (See Table I).

Ballast conductance G = 4 X 14 = 1.333 mhos at 1 P.F.

Impedance bond at each end of track circuit, 1,000 amperes direct current pro-
pulsion current per rail with unbalancing capacity of 270 amperes, im-
pedance to 60 cycles = 0.5 ohm at 0.2 P.F.

Relay and transformer leads to track — 150 feet No. 9 copper wires for each
set = 0.12 ohm.

Voltage drop in relay leads = 0.84 X 0.12 = 0.101 volt.

Rail voltage e at relay end = 0.34 -+ 0.101 = 0.393 volt.

0.393

Bond current at relay end = Ts—- = (.786 ampere at 0.2 P.F.

Total current i at relay end = 0.84 + 0.786 = 1.58 amperes.

E = 0.393 + 1.327 4 0.22+ 0.248+ 0.02+.............. = 1.905 volts.
I= 1.58- 0.523 - 0.885 4 0.098 -+ 0.082- .......... = 2.38 amperes.

Referring to Fig. 26, the relay voltage, e, = 0.34 volt, and relay current, i, =
0.84 ampere, are laid off at a P.F. = 0.407 as in the previous example, taking
into account the voltage drop in the relay leads of 0.101 volt laid off parallel to
the relay current, the rail voltage at the relay end of the track circuit is found
to be e = 0.393 volt. At this voltage, the current through the impedance bond

0.393
A at the relay end = w~6-5~ = 0,786 ampere laid off at a lagging angle cor-

responding to 0.2 P.F, with the rail voltage, e = 0.393 volt. The total current
at the relay end of the track circuit is the vectorial sum of the relay current and
the bond current and equals 0.84 - 0.786 = 1.58 amperes = i. Applying
formulae (9) and (10) and laying off the various ballast leakage currents and
voltages listed above in the same manner as for the previous diagram, Fig. 24,
the voltage and current values at the rails opposite the track transformer are
found. E = 1.905 volts and I = 2.38 amperes. With this voltage applied to
impedance bond B at the transformer end, the current through the bond

1.905 . .
= ———— = 3,81 amperes which is laid off at a lagging angle corresponding to

0.5
0.2 P.F.with E. The total current I fed into the track measures 6.01 amperes
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being the vectorial sum of the track current, I = 2.38 amperes, and the im-
pedance bond current, 3.81 amperes.

For greater power economy in this case, a resistor unit is used instead of a
reactor, selecting a tap so that the track transformer secondary voltage Et is
approximately double the rail voltage E. A resistor tap of 0.33 ohm is selected
which when combined with the lead resistance of 0.12 ohm = 0.45 ohm. The
voltage drop for the combined resistance = 6.01 X 0.45 = 2.7 volts laid off
parallel to the current vector It. The track transformer secondary voltage Et
measures 3.87 volts.

For ideal phase relations of this relay the relay voltage e, leads the local volt-
age E+ 90 degrees. From the vector diagram, the measured angle between the
relay voltage e, and the local voltage Er is 32.5 degrees. The phase difference
between the ideal and actual conditions is 90 degrees minus 32.5 degrees= 57.5
degrees. Compensation of the track transformer secondary voltage E+ and
current It is obtained by the following:

Er 3.87
Er (corrected) = ~ = = 7.2 volts.
Cos 57.5 0.537

Ir( ted) Ir .01 _ 12 r
COIT € == = = 4 amperes.
T {correc Cos 57.5°  0.537 P

With the track circuit clear, the total power is Et (corrected) X It (cor-
rected) X P.F.= 7.2 X 11.2 X 0.895 = 72.2 watts, the power factor of 0.895 being
the cosine of the angle between E ¢ and It as scaled from the diagram. With a
train occupying the track circuit opposite the transformer, the maximum cur-
rent is equal to the transformer volts Er divided by the total resistance be-

7.2
tween the transformer and the track and equals 0—4.»; = 16 amperes at 1 P.F.

since the resistance is non-inductive. Thus, the power w1th the track circuit
occupied is 7.2 X 16.0 X 1.0 = 115.2 watts.

It is apparent that, if a reactor instead of a resistance unit had been used as
the current limiting device between the rails and the track transformer, the
difference in phase angle would have been much greater than the 57.5 degrees
found above and the relay would not have been operable due to the imperfect
phase displacement.

The train shunt.

In general, alternating current track relays have a much lower internal im-
pedance than the ordinary track relays used in direct current practice; for
example, the Model 15 vane relay which was considered in connection with Fig.

E e 0.5
24 has an impedance of Z = -I~ = Z, = ~;—5 = -6; = 1.0 ohm while the PTV-42
1 .
. . . . . . 0.34
vane relay discussed in connection with Fig. 26 has an impedance of 0.8 =

0.405 ohm as compared to the resistance of 4 ohms of the standard direct cur-
rent relays. Since, with two circuits in parallel, as in the case of the track relay
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Veetor Diagram for a Track Circuit Using a PTV-42 Relay.
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and the car wheels across the rails, the current in each circuit is inversely pro-
. portional to the resistance of that circuit, it follows that with a train shunt of
given resistance the alternating current track relay will take a larger proportion
of thecurrent than would be the case with a direct current relay; hence, the
train shunt is not so effective in the former case.

The value of the train shunt in ohms is, of course, equal to the impedance of
the axles added vectorially to the ohmic contact resistance between rails and
car wheels. The impedance of the wheel and axle part of the shunt circuit is
negligible, and hence the reactance factor in the circuit may also be neglected.
It is also true that in the case of the heavy rolling stock employed in steam and
electric trunk line service, the wheel-rail contact resistance may likewise be
considered as insignificant. Table 11I was compiled from a series of tests made
on rails with a clean bearing surface in which a single pair of wheels and their
axle was submitted to various loads. It will be noted that the total resistance
of the shunt thus formed is practically independent of the loading. While the
total shunt resistance is extremely low in all cases, it is to be noted that, as
might be expected, the total apparent resistance increases with the frequency.
Compared to any of these shunt resistances, the impedance of the relays above
given is so enormously high that the shunt may be considered as practically
perfect,

TABLE 11I
Contact Surface of Wheels and Rails Clean Metal
Apparent
Total 1b, Amps. Volts ohmic resistance
Frequeney No. weight axﬁa aeross between rails via
cycles of test on track current rails wheels and axle
(1 18,700 185 0.133 0.0007
25 2. 23,052 175 0.13 0.0007
3 27,404 180 0.134 0.0007
4 36,108 180 0.14 0.0008
(1 18,700 112.5 0.12 0.001*
60 {2 27,404 112.5 0.114 0.001
(3 36,108 112.5 0.11 0.00097
(1 18,700 55 0.022 0.0004
d.c. {2 27,404 56 0.021 0.00037
(3 36,108 55 0.018 0.00033

* 2 feet 9 inches of axle gave drop of 0.048 volt. From this point (on either
side) to rail average drop 0.035 volt.

It is only when rusty or dirty rail surfaces are encountered that the resistance
of the train shunt becomes significant and this statement applies equally well
todirect current track circuits. Every signalman is familiar with the occasional
difficulties experienced on heavily sanded track. Table IV indicates what the
surface contact resistance may amount to, the tests having been made on a
four-wheel truck loaded so that the total weight on the rails was 40,900 pounds.
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TABLE IV

Clean rails Rusty rails
25 cycles 60 cycles 25 cycles 60 cycles
Total amperes through axles 220 - 180 70 125
Volts across rails 0.232 0.1 0.82 0.37
Train shunt in ohms ' 0.00105 0.00055 0.0117 0.003

On steam and electric trunk lines where the rolling stock is generally heavy
and the train movements are frequent enough to keep the rails clean, it may be
safely assumed that the train shunt resistance is so extremely low as to be
negligible. On some of the interurban trolley lines, however, where light single
car trains are operated and movements are not frequent enough to keep the
rails bright, the value of the train shunt must be taken into consideration; in
such cases, it has been found to run much higher than the values in Table IV
and since the relay should be shunted out to a point at least 50 per cent below
its minimum shunt point, it is often customary to make electric road track
circuit shunt calculations with a train shunt value of 0.06 ohm. In those cases
on electric roads where it is suspected that the train shunt may be of com-
paratxvely high resistance due to light rolling stock and rusty rails resulting
from infrequent train service, it is therefore generally advisable to check with
track circuit calculations as described in the following, in order to be certain
that the relay will be shunted open with a train in the block,

Methods of controlling track circuit shunting sensitivity,

The train shunt is least effective when the train is opposite the relay. At
that time the entire rail impedance will be in the circuit between the train shunt
and the track transformer with the result that the track feed currernt and the
consequent drop in the resistance or impedance between the transformer and
the track will be less than with the train opposite the transformer. Since the
voltage at the rails opposite the transformer is the vectorial difference between
the transformer voltage and the drop in the resistance or reactance inserted
between the transformer and the track, it follows that with the train opposite
the relay, the voltage at the track opposite the transformer and in turn that
opposite the relay will be greatest when the train is at the relay end of the
track circuit., Since this latter is the worst condition encountered, calculations
to improve the effectiveness of the track circuit should be made on this basis.

It is desirable to reduce, to the lowest point possible, the voltage at the relay
with a train in the block. It will be apparent from the foregoing that where the
impedance or resistance (as the case may be) is inserted between the trans-
former and the track, there is a very effective means of controlling the voltage
at the rails opposite the transformer, since, as this voltage decreases, so also
will the voltage at the relay decrease. Hence, with an impedance or resistance
of high value the short circuit current with a train in the block will cause a
correspondingly heavy drop between the transformer and the track and as a
result the track voltage opposite both transformer and relay will be low. It is
customary to use sufficiently high impedance or resistance so that with the

. block clear, the voltage at the track opposite the transformer will be about one-

half that at the transformer secondary, and it was with the train shunt in mind
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that these values were employed in connection with Figs. 24 and 26. With
such an adjustment the track voltage will generally fall to a perfectly safe
figure when a train comes on‘the track circuit. Inserting impedance or re-
sistance to give a transformer voltage greater than twice the track voltage will
rarely be justified since after the relay is once shunted out with a large margin
of safety, any further increase in inserted impedance or resistance will only
result in a useless waste of power,

With the aid of the vector diagrams shown in Figs. 24 and 26, it is not a
difficult matter to ascertain whether the inserted impedance or resistance, de-
termined on the basis of the transformer volts being twice the track volts with
the block unoccupied, will insure that the front contacts of the track relay open
with a train opposite it. Itis assumed, of course, that all the track circuit con-
stants are known, including the shunting point as well as the normal operating
point of the relay. With a train shunt of given value across the rails at the
relay, use the normal operating voltage of the relay plus the drop in the track
leads as the first term e of equation (9), and considering the train shunt as an
impedance bond of unity power factor, construct a diagram like Fig. 26, leav-
ing the propulsion bonds out if a steam road track circuit is being investigated;
in the case of an electric road circuit, the train shunt will simply constitute an
extra bond at the relay end in multiple with the propulsion bond. The vector
diagram thus obtained will, of course, indicate a transformer voltage con-
siderably greater than what is actually existent as determined from the cal-
culation with the block clear. Calling this hypothetical transformer voltage
E 13 and the actual existent transformer voltage E 1, the volts e at the relay

E
end of the block must be reduced in the proportion of El; in turn, the relay
T8

voltage and current will be decreased in like ratio and if with this reduction it
is found that the relay current is below the shunting point of the instrument,
the impedance or resistance chosen for the “‘block clear” condition may be con-
sidered as satisfactory. If the reduction is not sufficient, the impedance or
resistance inserted between the transformer and the track will have to be
arbitrarily increased until the calculations prove that the relay is effectively
shunted.

Power factor triangle.

In laying out vector track circuit diagrams such as those shown in Figs. 24
and 26, the value of the various angles are given by the calculations in terms of
their cosines, these being the power factors of the corresponding angles. The
phase spacing of vectors is, therefore, much more easily effected through the
use of a triangle marked off in cosines, such as that shown in Fig. 27, than
through the employment of a protractor indicating degrees, since in the latter
case the angles corresponding to the cosine would have to be looked up in a
table. A transparent triangle should be used as it is often necessary to use it
upside down; the lines 0.1 to 0.7, as drawn. from vertex A, are laid off with a
protractor at angles with base line B C corresponding to cosines of 0.1 to 0.7 as
given in standard cosine tables; the lines 0.8 to 0.99, as drawn from vertex B,
are laid off from base line B C, likewise at angles corresponding to cosines of
0.8 to 0.99. Considerable care should be exercised in using the triangle at first,

40




e T e e e

especially when reversing it, as otherwise one may be using the complement
of the angle instead of the angle itself.

A

Fig. 27.

Power Factor Triangle for Construeting
Track Circuit Vector Diagrams.

Instructions

Non-coded alternating current track circuits should be maintained and
tested in accordance with Signal Section, A.A.R. instructions, as follows:

Adjustments.

1. The adjustment of alternating current track circuits depends on many
factors, such as the type of track circuit; whether double or single rail with
steam or electric traction; the length of the track circuit; the ballast condition;
the desired shunting values at both relay and transformer ends of the track
circuit; the type of relay; and the weight of train equipment.

2. When making train shunt resistance test it should be made in accordance
with Form 7003. (See Fig. 28.)

3. For single-element relays, the voltage at the relay track terminals under
wet ballast or other adverse conditions must be at least 10 per cent higher than
the values given on the manufacturer’s tag or name plate to take care of vary-
ing ballast and bonding. For two-element relays, the voltage on the relay
track terminals under wet ballast or other adverse conditions should be 10
per cent higher than that necessary to energize the relay with normal front
contact compression. On account of varying phase angle conditions the
necessary voltage on the track element may be considerably in excess of the
values marked on the manufacturer’s tag or name plate. A check for the proper
voltage to be applied across the track terminals of a relay under wet or other
unfavorable conditions, is to shunt the relay so that its contacts open half way,
then remove the shunt, and if the contacts come up to the front stop, sufficien
energy is passing through the track windings. ’
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4. Voltage at the relay local terminals must be as near as possible the
normal voltage given on the manufacturer’s tag or name plate. Iflessthan the
normal voltage value is impressed across the local terminals, more energy will
have to be used in the track element to cause proper operation, except for
centrifugal frequency relays. While a reduction in the local voltage of a centri-
fugal frequency relay generally does not require additional energy to the track
element, this reduction in the local voltage should be avoided as it tends to
increase the time of shunting.

5. When shunting two-element track relays, shunt must be applied at the
terminals of the track element and not the local element.

6. On steam road track circuits the voltage on the rails at transformer end
should be not more than one-half that at the transformer secondary under the
worst track conditions. Where reactive transformers are in use, the voltage
on the rails at transformer end should be not more than one-half the open-
circuit transformer secondary voltage.

7. On electric road track circuits to obtain adequate broken-rail protection
it may be necessary to make adjustments so that under worst track conditions
the voltage at the rails opposite the transformer is two-thirds that of the trans-
former secondary. Where reactive transformers are in use the voltage on the
rails at transformer end should be not more than two-thirds the open-circuit
transformer secondary voltage.

Phase angle measurement.

8. To obtain the best operation of two-element track relays under adverse
ballast conditions, phasge measuring instruments should be used to determine
that the phase angle relations in the relay approach the ideal value. These
measurements may indicate that adjustments should be made to improve
phase relations.

Circuit controllers.

9. Switch circuit controllers must be maintained and tested_ in accordance
with Instructions for Switch Circuit Controllers.

Ballast resistance and rail impedance.

10. Ballast resistance should be kept as high as possible by keeping ballast
free from rail and rail fastenings and providing proper drainage. Broken track
spikes must not be driven through the ties.

11. Bonding must be installed and maintained in condition to insure low
resistance. Bolts in angle bars should be kept tight.

12. Alternating current track circuit tests must be made in accordance with
A.C. Track Circuit Characteristics.

13. 'Resistance of rails and bonding per 1,000 feet of track shall not exceed
the assigned value for the particular type of bonding employed.

14. Resistance of ballast per 1,000 feet of track should preferably be not less
than 2 ohms when wet.

Bonding and track circuit connections.

15. Bonding and track circuit connections must be inspected as instructed
and renewed when necessary.
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16, ‘"witch frogs ‘must be so bonded that when removed, track circuit will be
_opened o , ,

17. When fastemng shunt wires or track circuit connections care must be
taken so that staples do not ground the circuit: The staples and wires must be
kept in place and in good condition.

18. Fouling circuits must be so maintained as to avoid breaks or undue
resistance.

Cross-bonding and bonding on electric propulsion roads.

19. To obtain broken-rail detection, it is desirable that cross-bonds between
neutral connections of impedance bonds on parallel tracks or between a neutral
connection and a negative propulsion return cable should not be located closer
than at alternate impedance bond locations. Calculations should be made and

ch_egmpl_figl_cii_tﬁg under the most adverse conditions so that the cross-
bonding as installed does not interfere with the desired broken-rail detection.
20. Both rails of a double-rail track circuit should be equally well bonded
because defective bonding in one rail will cause an unbalanced condition of the
track circuit due to unequal amounts of return propulsion current in the two
rails. ,
(a) With direct current propulsion and double-rail track circuits, un-
balanced propulsion current may saturate the iron core of the impedance

bonds. This may lower the bond impedance to such a point that the track
relay may be shunted.

(b) With alternating current propulsion and double-rail track circuits,
unbalanced propulsion current will cause the impedance bond to act as an
auto-transformer. Since the track relay is connected in multiple with the
bond the auto-transformer voltage may cause sufficient alternating current
of propulsion frequency to flow in the relay to cause it to open its contacts,
or to blow the protective fuse. .

Insulated rail joints.
21. Insulated rail joints must be maintained and tested in accordance with
Instructions for Insulated Rail Joints.

Broken-down insulated rail joint protection.
22. Where two-element track relays are used, polarities of adjacent track
circuits must be staggered when the signals are in the clear position.

Resistors.

23. Where single-rail track circuits are used on electric roads, care must be
taken to adjust the resistors at the relay and transformer ends so that the
amount of propulsion current permitted to flow through the relay track winding
is less than the allowable amount specified for a given relay. Where heavy
direct current propulsion is present, a shielding or a balancing impedance may
also be installed in connection with the track relay to protect against direct
current in the relay windings.




nt limiting device used in the transformer track lead should
, possxblc:, as the losses in a reactor are less than in a resistor. A
f a reactor should be used only when required to give correct
element track relays or to protect the relay and trans-
: former from proplﬂsxon return current.

Fuses.
25. Fuses must be inspected as instructed and replaced in kind when
necessary.

Relays. .
26. Relays must be maintained and tested in accordance with Instructions
for Alternating Current Relays.

Testing.

27. In testing alternating current track circuits, it is not possible to obtain
the relay current by simply inSérting an ammeter between the relay and track
since the resistance of alternating current ammeters is so high that they con-
siderably reduce the current to the relay when thus inserted. To measure the
current the relay is receiving from the track circuit, measure first the voltage
across the relay track terminals, then insert the ammeter in the track leads and
again measure the terminal voltage. This voltage divided by the current gives
the impedance of the relay which corresponds to the resistance of a direct cur-
rentrelay. Divide the relay terminal voltage, read with the ammeter removed,
by the impedance, and the relay current will be obtained.

28. Ground resistance test must be made in accordance with Instructions
for Resistance of Made Grounds.

Shunting sensitivity.

29. Shunting sensitivity test of a track circuit is made by determining the
mazximum resistance that can be placed across the rails opposite the relay and
opposite the transformer to cause the relay contacts to open. If this resistance
is less than 0.06 ohm, corrective measures must be taken at once. (15 feet of
No. 16 A.W.G. copper wire has a resistance of 0.06 chm.)

30. Shunting tests must be made as follows:

(a) Turnouts: Switch point side of insulated joints in lead rails and at
each end of fouling circuit.

(b) Crossovers: Switch point side of insulated joints in lead rails and
both sides of insulated joints at center of crossover. Where center in-
sulated joints are not used, make test as specified in Instruction 30-a.

31. Shunting tests must be made during dry weather conditions when the
maximum current is flowing through the relay coils.

32. Top of rails should be kept free from sand, rust, and other foreign matter
that affects proper shunting of track circuit,
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33. If the shunting sensitivity of a track circuit is lower than that of similar
track circuits, check against the following possible causes:
(a) Improper amount of limiting impedance or resistance between
transformer and track or between track and relay,

(b) Excess energization of the relay under minimum ballast resistance.
(c) Defective or sluggish relay,

General, :

34. When track or other conditions are such that they may cause signal
interruption or unsatisfactory operation of signal apparatus, the person im-
mediately responsible must be requested to correct the condition. If such
request is not acted upon within a reasonable time the matter must be reported
to proper authority in writing.

35. Wire and cable must be maintained and handled in accordance with
Instructions for Wire and Cable,

36. Lightning arresters must be properly connected and maintained,

37. Pipe lines under rajl must clear base of rail at least 14 inch.

38. If a track circuijt fails to operate properly, check for the following possi-
ble causes:

(a) Broken rail.

(b) Loose connections,

(c) Defects in bonding.

(d) Defects in insulated rail joints.

(e) Defects in switch rod, gage-plate or pipe-line insulation,
(f) Low ballast resistance. .

39. Experiments or changes must not be made in track circuitg except by
permission of proper authority.

40. Any unusual occurrences or developments in track circuits must be
promptly reported to proper authority.

Precautions to be Observed in Taking Readings in the Freld for
Rail Impedance and Ballast Resistance

1. Insulated joints should be tested to insure that there is no leakage through
them. This can be most easily done by shunting the track circuit on the other

ammeter in the transformer leads.

2. Bonding should be tested by taking voltage readings across the track
every 15 rail lengths, or as required by special length track circuits, with the
track circuit in its normal operating condition, Poor bonding or ballast will be
indicated by unusual voltage drops between the successive readings. It should
be noted if there are any poor sections of ballast or bonding in the track circuit
which would make the distribution of the leakage non-uniform and also give
erratic voltage readings. If an unusua] voltage drop is found between succes-
sive readings, take readings across the railg every rail length, at the same time
inspecting the individual bond wires in this particular section, which steps will
usually enable the defective bond to be detected.
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3. The sets of readings, first with relay disconnected and second with the
track short circuited, should be taken, if possible, without an intervening train
movement through the track circuit which might change conditions of bonding
or insulated joints.

4. The jumper indicated in Fig. 29 for short circuiting the track at the relay
end, should not have a higher resistance than 5 ft. of No. 9 A.W.G. copper wire
and it can best be connected to rails by the use of the low-resistance test clamp.

5. The resistance of the voltmeter should not be less than 20 ohms per volt.

6. In case it is desired to measure the rail impedance and ballast resistance
of double-rail electric road track circuits it will be necessary to disconnect the
impedance bonds before taking readings.

Formula for Calculating Rail Impedance and Ballast
Resistance for A. C. Track Circuit

(See Figs. 29 and 30)
Disconnect Impedance Bonds (if any) and Relay

Observed readings:

E, = volts across rails opposite transformer, track open circuited.

E, = volts across rails opposite transformer, track short circuited opposite
track relay. i

I, = amperes to track from transformer, track open circuited.

I, = amperes to track from transformer, track short circuited opposite track
relay.

Ey.4 = volts across rails 0.4 length of track circuit from feed end.

Calculated values:
E
Z, = i~° = impedance of track circuit on open circuit,
-]
Zy = i— = impedance of track circuit with short circuit opposite track relay.
8
Eou . ..
R = I = total ballast resistance of track circuit.
o
Then

r=R X L (L = length of track circuit in thousands of feet) = ballast
resistance per 1000 ft. of track. .
Zo X Z
z = Zo X2 rail impedance per 1000 ft. of track.
r

¢ = phase angle of rail impedance and can be obtajned directly from curve

chart Fig. 30 by taking value corresponding to z for particular track circuit
frequency.
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. Example of a 5,000 Ft. A.C. Track Circuit—Track Circuit
. ' ‘ « Frequency 60 Cycles
Observed 'readings:
E,= 4.35 volts, I, = 3.1 amperes.
E, = 3.4 volts, I, = 3.18 amperes.
Eq.4 = 3.1 volts.

From these values

E, 435
Zo= = —— = 14
S

Eﬂ 3-4
Zy = —= — =107
* I, 318

Eoix 3.1
R=-—"=="—=10

Io 3'1i

r=R X L= 1.0 X 5.0 = 5.0 ohms per 1,000 ft. ballast resistance,

ZoX Z, 1.4 X107 15
z = — X 2 = XS = ? = 0.3 ohm per 1,000 ft. rail impedance.
by

From curve Fig. 30 )
Phase angle of z (0.3 ohm @ 60 cycles) = 37° or P.F. = 0.8 (cos 37°)

Current limiting device,

E
Sfaor Eq L o4 e
. /.I

1
0.4L e 0.6l \

Place jumper across

rails for 3&I.,rczcwcﬁm‘;s M

X

Rel
Local

Disconnect jumper and reloy track element at

relay terminal for E,, lo & Eoq readings. .
Note: If circuit is on electric road track circuit

using impedance bonds, all impedance bonds
should be removed before taking these readings.

Fig. 29.
Track Circuit Connections;
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RAIL IMPEDANCE AND PHASE ANGLE

These corves based on 1301b, rail are practically
cdrrect for other weight rails.

Fig. 30.
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Example of Typical Instructions

The instructions for the adjustment of 60-cycle alternating current track
circuits on steam lines are as follows:

General.

1. The adjustment of alternating current track circuits depends on many
factors, such as the type of track circuit; whether double or single rail with
steam or electric traction; the length of the track circuit; the ballast condition;
the desired shunting values at both relay and transformer ends of the track
circuit; the type of relay; and the weight of train equipment.

Voltage values.

2. Voltage at the relay local terminals must be as near as possible the normal
voltage given on the manufacturer’s tag or name plate. If less than the normal
voltage value is impressed across the local terminals, more energy will have to
be used in the track element to cause proper operation, except for centrifugal
frequency relays. While a reduction in the local voltage of a centrifugal fre-
quency relay generally does not require additional energy to the track element,
this reduction in the local voltage should be avoided as it tends to increase the
time of shunting,

3. The voltage at the relay track terminals will vary with changes in the
ballast and bonding resistances.

4. Figures 31, 32 and 33 are curves showing the maximum voltage at the
relay terminals on track circuits 5,000 feet long at various ballast resistances
where the minimum ballast resistance of the track circuit involved is not less
than 4 or 5 ohms, per 1,000 feet of track. Figure 34 also gives curves for track
circuits 4,000 and 6,000 feet in length.

5. Figures 34, 35 and 36 are similar curves and are to be used where min-
imum ballast resistance is 2 ohms per 1,000 feet of track.

6. It has been found that best results are obtained on track circuits from
4,000 to 5,500 feet in length with Model 15 condenser relays when using 1.3
ohms on the reactor in the circuit and making the adjustment for voltage by
using the nearest voltage on track transformer secondary to give desired volt-
age at relay. Where the transformer secondary does not have sufficient taps
to do this in all cases it may be necessary to use the next higher impedance on
the reactor to keep the voltage within proper limits.
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For track circuits longer or shorter than 5000 ft., the required maximum voltage shown should be
. raised or lowered proportionally as follows:—

For a 5500-foot track circuit, increase 10 per cent
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Fig. 32,
CURVES SHOWING MAXIMUM VOLTAGE REQUIRED AT RELAY TRACK LELEMENT.
Length of track circuit........ ... . ... . o 5000 feet
Minimum ballast resistance............ . " 4 ohms per M. ft.

For track circuits longer or shorter than 5000 ft., the required maxiraum voltage shown should be
raised or lowered proportionally as follows:-—

For a 5500-foot track circuit, increase 10 per cent For a 4500-foot track circuit, decrease 5 per cent
For a 5250-foot track circuit, increase 5 per cent For a 4000-foot track circuit, decrease 10 per cent
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CURVES SHOWING MAXIMUM VOLTAGL REQUIRED AT RELAY TRACK ELEMENT.
Length of track circuit........ooo i nn.. 5000 feet
Minimum ballast resistance................. 2 ohms per M, ft.
For track cireuits longer or shorter than 5000 ft., the required maximum vqltage shown should
raised or lowered proportionally as follows:~—
For a 5500-foot track circuit, increase 10 per cent
For a 5250-foot track circuit, increase 5 per cent
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For a 4500-foot track circuit, decrease 5 per cent
For a 4000-foot track circuit, decrease 10 per cent,
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CURVES SHOWING MAXIMUM VOLTAGI REQUIRED AT RELAY TRACK ELEMENT.
Length of track eireuit........ 05T T O T 5000 feet
Minimum ballast resistance.....,. """ .- -2 ohms per M. ft.

For track ecircuits longer or shorter than 5000 ft.., the required maximum voltage shown should be

raised or lowered Droportionally as follows:— .
For a 5500-foot track eireuit, increase 10 per cent For a 4500-foot track cireuit, decrease 5 per cent,
For & 5250-foot track circuit, increase & per cent For a 4000-foot track circuit, decrease 10 per cent
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. Ballast resistance.

7. Ballast resistance is the resistance of the ballast ties, etc., to leakage of
current from one rail of a circuit to the other. This resistance is constantly
changing and may vary in difty track circuits from 2 ohms per 1,000 feet when
wet -to 80 or 100 ohms when frozen. It is this wide variation which makes it
difficult to adjust the track circuit to operate satisfactorily when the ballast
is wet and not over-energize the relay when the ballast is dry or frozen.

" 8. To find the actual ballast resistance of an alternating current track circuit
requires considerable apparatus and time, but the approximate ballast re-
sistance of such a circuit close enough for practical purposes may be determined
quite easily as follows:

Local
Op_e}_nai- Relay
erminal \'

TN K
(O e

 — e :

- -4 e __ .6 -

Fig. 87.

9. As shown in Fig. 37, insert ammeter in circuit, open circuit at track ele-
ment of track relay, then take voltmeter reading on track four-tenths of the
way through the track circuit fro;n the feed end. The reading of the ammeter
and voltmeter should be taken simultaneously if practicable, or at least within
a few minutes of each other and without the track being occupied between the
readings.

10. The formula for obtaining the ballast resistance by the method outlined
in Instructions 8 and 9 is:

E
Rb = —-I—E; where RbD is the ballast resistance.

o

Example: Assume that the meters indicate 4.16 volts and 1.2 amperes,

Then, Rb = = ——-2- = 3.47 ohms.

The ballast resistance for the entire circuit is 3.47 ohms. To secure the ballast
resistance per 1,000 feet of track, multiply the ballast resistance in ohms for
the entire circuit by the length of the circuit in thousand feet. Thus, if the
circuit is 4,900 feet long, the ballast resistance per 1,000 feet of track would be
3.47 X 4.9 = 17 ohms.
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11. A test to determine the minimum ballast resistance of each track circuit
should be made during or immediately after a shower or late in the winter or
early spring when ballast is wet from melted snow or from thawing. If track
circuit should fail on account of wet and dirty track, minimum ballast resist-
ance test should be made at that time. When the minimum ballast resistance
is obtained it will not be necessary to make similar tests until the ballast con-
ditions get materially .better or worse,

Phase angle.

12. To secure proper and efficient operation of two-element alternating cur-
rent relays also requires the proper phase displacement between the currents
in the two elements of the relay; this is especially true when the voltage is low
on the track element of the relay.

13. Where a single-phase transmission line is used, this displacement of the
phase is obtained by the insertion of a reactor or resistor, or both, in the circuit
for one or both elements of the relay. The phase displacement is further
affected by the impedance of the rails and the ballast resistance. The im-
pedance of the rails is practically constant with the bonding in good condition.
The variation of phase displacement due to changes in ballast resistance is
great in a dirty track circuit. For example: on a 5,000-foot track circuit with
a Model 15 vane relay there would be a variation of about 40 degrees in the
phase in the track element of the relay with the ballast resistance at 20 ohms
per 1,000 feet of track on a circuit having a minimum ballast resistance of 2
ohms per 1,000 feet. To secure reliable operation of the relay it is necessary to
adjust the phase so that nearly ideal phase relation exists when the ballast
resistance is at or near its minimum. The term “ideal phase relation,” as used
in these instructions, means the phase displacement at which the relay operates
most efficiently.

14. The term “proper phase relation” is Understood to mean the phase ad-
justment at which the relay will operate most efficiently under low ballast
resistance, and shift far enough from ideal, under dry or frozen track conditions
to afford some protection against high track voltage. Track circuits adjusted
in accordance with these instructions will meet this condition.

Method of adjustment.
15. Model 15 vane relays.

(a) Find ballast resistance per 1,000 feet of track as outlined in In-
structions 8, 9 and 10, having previously determined the minimum ballast
resistance for the circuit. If minimum ballast resistance per 1,000 feet of
track is 4 ohms or better, consult Fig. 31 to determine the maximum per-
missible voltage at relay terminals for ballast resistance conditions then
existing. If the minimum ballast resistance is less than 4 ohms per 1,000
feet of track, use Fig. 34. ’

(b) Connect the reactor so that 1.3 ohms are in the circuit between the
track transformer secondary and the track, then adjust the voltage on the
secondary to give the correct voltage (as secured from the proper curve)
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the reactor should be checked with a voltmeter
. sure the the values ‘,aréapprox‘imately the same as
given for the taps used. This is very essential where the reactor has an
adjustable air gap.

edm Iuéﬁifﬁctio‘xia'l‘se‘a, b and ¢, except Figs. 32
~ and 35 are to be used in place of Figs. 31 and 34.

17. Model 2, form A, three-position induction motor type relays.

(a) For adjuétment of track voltage, proceed as outlined in Instruction
15-a, except Figs. 33 and 36 are to be used in place of Figs. 31 and 34.
Connect the tapped reactor used between the track transformer and track
so that its 3-ohm tap is in circuit; then adjust the voltage on the secondary
of the transformer to give correct voltage (as secured from the proper
curve for this type of relay) at the terminals for the track element of the
relay. Check of the impedance of the reactors should be made as de-
scribed in Instruction 15-c.

18. Method of test to approximate low (wet) ballast resistance.

(a) Measure ballast resistance on the day of the test.

(b) Find total ballast conductance of track circuit by taking the recip-
rocal of the total ballast resistance found in Instruction 18-a.

(c) Determine total wet weather conductance by dividing length of
track circuit in thousands of feet by ballast resistance in ohms per 1,000
feet. ’

(d) Subtract actual conductance (Instruction 18-b) from wet weather
conductance (Instruction 18-c).

This result will give the additional conductance which must be added
and which should be added by distributing it in parts along the track
circuit as indicated by the following table:

Table for Distribution of Ballast Conductance,
4,000 to 6,000-Foot (60 Cycle) Track Circuit

Portion of added conductance to be placed across rails at

Min. ballast different locations
resistance Relay 34 block 14 block 34 block - Trans.
per 1,000 ft. end length length length end
4 ohms Y .. P - Y
2 ohms 71 i 15 .. Y
1 ohm % M M M 3%
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For example,«xf 1tls desired to set up a 1-ohm per 1,000-foot ballast re-
‘S%stance condition on a 5,000-foot block having on the day of test ballast
x‘é§§§fgnce of 10 ochms per 1,000 feet, the total actual conductance of the

5
track circuit is -1—0- = 0.5 mho. The wet weather conductance desired is

5 - ‘
I = 5 mhos. The additional conductance will be 5 minus 0.5 = 4.5 mhos.

This conductance should be divided into 5 parts, 3 of 1.123 mhos (0.89
ohm) and 2 of 0.563 mho (1.78 ohms). The three 0.89 ohm resistors should
be placed across the rails at 1,250, 2,500 and 3,750 feet from the relay end
of the circuit. The two 1.78 ohm resistors should be placed one each across
the relay and the transformer end of the track circuit,

Part of the subject-matter and figure references in this chapter are repro-
duced by courtesy and permission of the Union Switch and Signal Company,
from their copyrighted book on Alternating Current Signaling, by H.
McCready. ’
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