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When plotted on a polar diagram, the operating characteristic of charge comparison has the "rainbow" shape 
shown in Figure 3. Referring to Figure 1, if the adjusted received time-tag nests with a local negative half-cycle, 
this is equivalent to the upper half of Figure 3. If the adjusted received time-tag nests with a local positive half-cycle, 
the arithmetic sum and scalar sum are equal to each other. This describes a 45-degree line on the bias 
characteristic, well above the bias threshold for all current values. This is equivalent to the lower half of Figure 3. 
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Figure 3. Rainbow polar diagram characteristic 

Charge comparison is based on the principle of conservation of charge at a node. This is the principle from which 
Kirchhoff's Current Law (the theoretical basis of current differential relaying) is derived. The basic operation of 
charge comparison has been patented. (See Reference 3). The relay/communications system using this concept 
is the RFL 9300 Charge Comparison System. 

AUTOMATIC MEASUREMENT OF CHANNEL DELAY 
Although charge comparison is very tolerant of incorrect channel delay compensation, accurate compensation 
during nominal conditions is desirable. To accommodate changes in the communications channel, the compen­
sation automatically changes as the channel delay varies. Accurate nominal compensation allows the system to 
operate correctly during the interval after a sudden change in channel delay time and before a new measurement 
can be made and the compensation value corrected. 

Charge comparison uses two channel delay measurement techniques: ping-pong (round-trip delay measurement) 
and DML (delay measurement based on load current). 

PING-PONG MEASUREMENT 
About once a second, each relay transmits a PPI (Ping-Pong Initiate) message and starts a timer. As soon as PPI 
is received, the remote relay puts a PPR (Ping-Pong Response) message in its transmitter queue. If there is nothing 
of higher priority waiting in the queue, then PPR will be transmitted as the next message. The remote station 
keeps track of how long PPR has to wait, and this queuing time is included in the PPR message. The queuing 
time is then subtracted from the total time at the initiating terminal to get actual round-trip transit time. (See 
Figure4.) 

Initially, the charge comparison system assumes half of the round-trip ping-pong measurement for "ACTUAL 
CHANNEL DELAY TIME" and "CHANNEL DELAY COMPENSATION." As shown in Figure 1, the "TIME ADJUST­
MENT IN RECEIVED MESSAGE" can also be called the "RBT" (Reach-Back Timer) delay. 
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RBT = [(PW· 6 ms)/2] + Transmitter terminal queue time + 3 ms 
PVV = Transmitter terminal pulse width 

Therefore, the adjusted received time tag = RXTT-CDC-RBT 
Where, RXTT = Received time tag, CDC = Channel delay compensation. 
Ping-pong is also used on three-terminal lines, with a separate measurement made on each delta-connected leg 
(UR, UM and MIR in Figure 1 OJ. 
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Figure 4. Ping-pong measurement 

DELAY MEASUREMENT· LOAD 
The ping-pong measurement provides an accurate channel delay time only if the outgoing and return channel 
times are the same. If these times differ significantly, then an error is introduced. The RFL 9300 incorporates a 
DML (Delay Measurement-Load) measurement technique 1hat is not subject to this error. 
The phase angle of small load current is influenced by line-charging current, particularly on long EHV lines. 
Therefore, DML calculations are only done when the system is quiescent (nQ active fault detectors) and load 
current is 2 amperes rms or greater (on a S-ampere base). DML looks for a perfectly centered "nest" of the 
adjusted received time-tag within the local negative half-cycle of phase current. If the channel delay is 
undercompensated (Figure Sa) or overcompensated (Figure Sb), the nesting is off-center. When this happens at 
least three times sequentially, the receiving terminal measures this deviation and calculates a corrected CDC 
(channel delay compensation) value. 
DML is used on two-terminal lines only. 

SUMMARY OF CHANNEL DELAY MEASUREMENT 
Whenever the channel is working in both directions, ping-pong delay measurements are performed. This 
information may be used to automat ically calculate the channel delay compensation. DML is used to enhance 
the ping-pong method of delay measurement and corrects the errors that would occur if the outgoing and return 
channel times are different. 

PRECISE CHANNEL DELAY COMPENSATION NOT REQUIRED 
The rainbow characteristic of Figure 3 illustrates how precise channel delay compensation is no longer critical. 
For external and internal faults, it tolerates improper channel delay compensation (up to ±4 ms) without 
misoperation. The rainbow characteristic also improves the sensitivity during outfeed conditions (high-resistance 
ground faults with through-load and three-terminal line faults with outfeed). Figure 6 illustrates this improvement 
in sensitivity and security, when compared with the conventional circle characteristic. 
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SOLVING THE HICH·CAPACITY CHANNEL REQUIREMENT 
Charge comparison requires minimal communications channel capacity, since a single message is sent once per 
cycle, per phase. A 7 .2-Kbps modem, suitable for transmission over an analog voice circuit, provides the necessary 
channel throughput for charge comparison of all three phase currents and residual current. Therefore, charge 
comparison solves the second problem (a large communications capacity requirement). In contrast, conventional 
current differential schemes must replicate the entire current phaser, which requires a wide-band channel capacrty 
for per-phase protection. 

In addition, there are a number of messages that should be sent along with the charge comparison informatlon; 
these include direct transfer trip commands, ping-pong, and zero-current messages. The RFL 9300 uses a special 
message structure to compress all this information into a 7200..bps channel. (See Figure 7 .) This message structure 
features a variable ratio between address bits and data bits, and preset priorities to determine the message 
transmission order. 
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VARYING ADDRESS/DATA RATIO 
This technique reduces the required channel capacity for the expected mix of traffic. Messages with heavy oata 
content and high frequency of transmission (such as charge comparison data) are assigned a minimal number of 
address bits, leaving a large capacity for data. At the other extreme, messages that occur infrequently or require 
very little data content (such as Ping-Pong Initiate) are assigned many address bits and few (if any) data bits. Figure 
7 shows the varying ratio of data/address in the different messages. The shaded bits are data; unshaded bits are 
address. 
Since some high-priority, heavy-data messages appear more often than low-priority, low-data messages, this 
varying address/data ratio technique is very efficient. 

MESSAGE PRIORITY 
Each message is placed in the transmitter queue and waits to be sent. While waiting, it competes for first place 
in the queue, based on priority. (See Figure 7.) Some messages are real·time, such as Charge Comparison Data, 
UHS, and Ping-Pong Response. These messages keep track of how long they wait in the queue; this timing 
information is included in the message when it is finally sent. 

One important rule: regardless of the priority of a message waiting in the queue, it never interrupts a message 
that has started transmission. In particular, a two-word message (CCD or UHS) is never interrupted after just 
one word. 

NOTE�������������� 

CCD and CCD-WFD (Charge Comparison Data. With Fault Detector) consist of a first word and a 
second word, each one different. UHS (Ultra High-Speed) is always sent in two-word messages, both 
words the same. (This is done for enhanced dependability· the receiver operates on the receipt of a 
single UHS word.) 

ACKNOWLEDGE PROTOCOL 
The trip messages (Direct Transfer Trip, Charge Comparison Trip· Ultimate and Weak Feed Trip) are sent until 
acknowledged. For security, two straight trip/acknowledge messages must be received. The terminal receiving 
direct trips stops sending acknowledge when a different (not the original direct trip) valid word is received. This 
protocol gives high security and dependability, and also frees the channel quickly, so it can return to other 
messages. This quick release of the channel can provide useful targeting information for direct trip faults that are 
inside the zone of charge comparison protection. This includes line-connected shunt reactor faults 

CONTENTION AND SLIPPAGE IN THE QUEUE 
At 7200 bps, severe time slippage may occasionally occur in the queue. For example, consider a heavy 
two-phase·to·ground fault, with load current above 1/2 amperes rms. For this fault, seven two-word messages 
(four CCD and three UHS) will attempt to transmit every cycle. This time space can only handle four two·word 
messages. After four or five messages have been transmitted, the slippage time will exceed the capacity of the 
queuing time in the CCD and UHS messages. Whenever this happens, the message is dropped from the queue 
At high bit rates, the slippage is much smaller. There may be contention, causing some slippage, but it is not 
cumulative as it is at 7200 bps. Each word is repeated three times (equivalent to 21 two·word messages per cycle 
for the case previously cited). However, the channel capacity is roughly eight times greater (equivalent to about 
32 two.word messages per cycle). This means that only about two·thirds of the 56-Kbps channel's capacity is 
used for this maximum throughput condition. 
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