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Introduction 

In 2013 SCE re-configured the Devers-Palo Verde Corridor by adding two new 500kV 
substations (Red Bluff and Colorado River). The existing line was cut into three segments, and a 
second parallel line was added to the Devers – Red Bluff and to the Colorado River - Red Bluff 
segment. SCE used a real time digital simulator (RTDS) to test the new line protection on all five 
of the lines. Two of the new lines, Devers – Red Bluff #1 and #2, had several attributes that 
made issuing setting more challenging. Devers – Red Bluff #1 and #2 500kV are short in length 
(less than 100 miles), both have a series capacitor 81% of the distance from Devers to Red Bluff, 
are not transposed, and are mutually coupled.  

The protective relay equipment on the Devers – Red Bluff #1 and #2 lines consists of two 
distance relays (each from a different vendor, subsequently referred to as vendor alpha and 
vendor beta), and one differential relay (vendor beta) on each end. The series capacitor is 
protected with a metal-oxide varistor (MOV) with a spark gap. Due to the series capacitors’ 
protective settings, and rating of the series capacitor, the capacitor is not bypassed for most of the 
in-zone faults. 

Initial settings were developed based on standard protection engineering practice, but needed to 
be changed due to unexpected results during RTDS testing. Expected relay operation not only 
includes a breaker trip (or non-trip), but also the all of the expected relay elements picking up, 
dropping out, and operating at the appropriate times. 

RTDS Test Rig 

The RTDS test rig connected all six relays (three relays on each end) in a closed, hardware in the 
loop (HIL), setup. Voltage and current signals were provided as inputs to each relay from the 
RTDS. Breaker trip and information relevant to the performance of the relay (such as which 
protective elements picked up and dropped out and permissive signals) was sent from the relays 
to the RTDS through wetted (24Vdc) contact outputs. 

Typical protective relay testing requires injecting secondary voltages and currents into the relays. 
However, this method requires the use of several amplifier test sets, and depending on the 
location and amount of fault current, the test set may not be able to inject enough secondary 
current for every test scenario. Instead the current and voltage transformers and transducers were 
bypassed, and the RTDS injected a low level analog signal directly into each relay’s 
analog/digital converter. 



One of the limitations of the test rig is the ability to properly model channel latency between the 
relays, due to the lack of commercially available C37.94 and RS-232 channel simulators. During 
this test the all of the relays were connected by a short fiber-optic or serial cable with almost no 
delay. It is possible to artificially create a communications delay on the distance relays without a 
communications link simulator by inserting pickup delay when receiving a POTT or DCB signal, 
but there is no equivalent option available for the differential relay. Simulating the 
communication delay on the differential relays is of key importance because the channel delay 
has a direct impact on how fast the differential element will operate. 

 

 

Figure 1: RTDS Test Rig Diagram 

 

Line Under Test Description 

The Devers – Red Bluff #1 line was created by dividing the existing Devers – Palo Verde line 
into three sections as a result of new generation being built in the Mohave Desert Area. The 
second line was built parallel to the first in the same right-away, as a result the lines are mutually 
coupled. The line is non-transposed along the length of the line, and as a result there is some 
negative sequence voltage and current on the line.  



 

Figure 2: Line Under Test Diagram 

 

Series Capacitors 

The series capacitors on the previously existing Devers – Palo Verde line were installed at 
approximately one third of the distance from each end. When the new stations (Red Bluff and 
Colorado River) were built, the series capacitors stayed in the same physical location. As a result 
the series capacitor banks on the Devers – Red Bluff #1 & #2 lines are approximately 19% of the 
distance from Red Bluff. 

The capacitors were upgraded such that the rated continuous rated current was increased by 40%, 
and the bank impedance was decreased such that both of the Devers-Red Bluff #1 and #2 lines 
were approximately 44% compensated. 

The protective relay for the series capacitor was modeled using a virtual model within the RTDS 
model. The spark gap is triggered if the instantaneous current exceeds a set value, or if the 
amount of energy (MJ) in the MOVs over a set time period is exceeded. Due to the location of 
the series capacitor banks, only a small number of faults caused the capacitor protection to 
operate. 

Tele-Protection 

Both of the distance relays were set to use a permissive over-reaching transfer trip (POTT) 
scheme. In addition to POTT for communications assisted tripping, vendor beta’s distance relay 
also is set to use a directional comparison blocking scheme (DCB). The DCB scheme is set to 
provide faster tripping than the hybrid POTT for certain types of internal faults (open remote 
breaker condition, for example). 

The POTT scheme will transmit a permissive signal if the relay forward over-reaching phase 
distance or forward negative sequence directional elements pick up.   The receiving end will trip 
if it receives permission and also has a forward over-reaching phase distance or forward negative 
sequence directional element picked up 

The DCB scheme in vendor beta’s distance relay sends a block to the other end if the relay 
detects a fault in the reverse direction either by a reverse looking phase distance element picking 
or if reverse negative sequence directional element picks up. When the other end receives the 
blocking signal it prevents tripping by its forward phase distance and negative sequence 
directional elements.   



When testing the POTT and DCB settings, it is important to verify that for a given fault location 
the expected zone elements pick up, rather than just verify an expected trip for an in-zone fault. 
An under-reaching phase distance element not picking inside 80% of the line distance, or an 
over-reaching phase distance element not picking up beyond 80% of the distance is cause for 
reviewing settings. 

Last, the differential relay was set to also trip on under-reaching phase distance and residual 
overcurrent protection  

Test Scenarios 

Fault locations 

 Devers Bus (note: the voltage transformers for relaying were on the line side of the 
circuit breaker)  

 Red Bluff Bus (note: the voltage transformers for relaying were on the line side of the 
circuit breaker) 

 5% of the line distance behind Devers bus 
 20% of the line distance behind Devers bus 
 5% of the line distance behind Red Bluff bus 
 20% of the line distance behind Red Bluff bus 
 5% of the line distance from Devers to the series capacitor on the parallel line 
 20% of the line distance from Devers to the series capacitor on the parallel line 
 10% of the distance from the Devers bus to the series capacitor 
 20% of the distance from the Devers bus to the series capacitor 
 50% of the distance from the Devers bus to the series capacitor 
 80% of the distance from the Devers bus to the series capacitor 
 90% of the distance from the Devers bus to the series capacitor 
 10% of the distance from the Red Bluff bus to the series capacitor 
 20% of the distance from the Red Bluff bus to the series capacitor 
 50% of the distance from the Red Bluff bus to the series capacitor 
 80% of the distance from the Red Bluff bus to the series capacitor 
 90% of the distance from the Red Bluff bus to the series capacitor 

Fault type 

 Phase to ground (all phases) 
 Line to line (all combination) 
 Line to line to ground (all combinations) 
 Three phase 
 Three phase to ground 

Inception angle (relative to the zero voltage crossing on A phase voltage on the Dever’s 500kV 
bus) 

 0° - For AG, ABG, AB, ABC, and ABCN faults 
 45° - For AG, ABG, AB, ABC, and ABCN faults 



 90° - For AG, ABG, AB, ABC, and ABCN faults 
 120° - For BG, BCG, and BC faults 
 165° - For BG, BCG, and BC faults 
 210° - For BG, BCG, and BC faults 
 240° - For CG, CAG, and CA faults 
 285° - For CG, CAG, and CA faults 
 330° - For CG, CAG, and CA faults 

Fault impedance 

 0.01Ω 
 20 Ω 

Rotor Angle Swing and Out of Step Blocking 

The Devers – Palo Verde corridor is at the edge of SCE’s system, and the distance relays along 
the five lines are programed to either  block or trip during an out of step (OOS) event. In order to 
test the operation of the OOS, the generators near the area of interest need to be modeled as 
machines in the RTDS model. The machines at Palo Verde and IIC were modeled, but the rest of 
machines (further than two busses from the area of interest) were modeled as ideal equivalent 
voltage sources. An ideal equivalent voltage source in RTDS will provide a constant short 
current at a fixed angle during a fault, which artificially helps keep the machines in the model 
system stable. A larger, more detailed model is needed to test the out of step block and trip 
settings. 

Initial settings  

The initial settings used for phase distance were developed based off of standard protection 
engineering practice. Under-reaching phase distance was set at 80% of net self-positive sequence 
impedance and the over-reaching phase distance was set at 125% of net self-impedance. Each 
vendor has a slightly different way to set the relay to account for the negative inductance of the 
series capacitor bank, which proved to have interesting results during testing. The relays were set 
accordance with the vendor’s instruction manual. 

 Key – Vendor Alpha Distance Relay: 

 Z1P_L1 / R1: Zone 1 (under-reaching) phase distance element, series compensated 
 Z2P_L1 / R1 Zone 2 (over-reaching) phase distance element, series compensated 
 Z2PT_L1 / R1: Zone 2 (over-reaching) phase distance element, time delayed 
 Z3P_L1 / R1: Zone 3 (reverse) phase distance element 
 67G1_L1 / R1: Forward residual ground instantaneous overcurrent 
 51S1_L1 / R1: 3I0 time overcurrent element pick up 
 67G2_L1 / R1: Forward residual ground instantaneous overcurrent 
 67G3_L1 / R1: Reverse residual ground instantaneous overcurrent 
 POTTTX_L1 / R1: Permissive overreacting transfer trip (POTT) signal sent 
 POTTRX_L1 / R1: Permissive over-reaching transfer trip signal received 



 TR_L1 / L2: TRIP = Z1P OR Z2PT OR 67G1 OR 51S1T OR (Z2P AND POTT_RX) OR 
(67G2 AND POTT_RX) 

Key – Vendor Beta Differential Relay: 

 87L_L2 / R2: Differential current element 
 Z1P_L2 / R2: Zone 1 (under-reaching) phase distance element, series compensated  
 Z2P_L2 / R2: Zone 2 (over-reaching) phase distance element, series compensated  
 67_2F_L2 / R2: Negative sequence directional overcurrent, forward 
 67_2R_L3 / R2: Negative sequence directional overcurrent, reverse 
 51N_L2 / R2: Neutral time overcurrent (blocked by 67_2R) 
 50N_L2 / R2: Neutral instantaneous overcurrent (blocked by 67_2R) 
 TR_L2 / R2: TRIP = 87L OR Z1P OR Z2PT OR (51N AND 67_2F) OR (50N AND 

67_2F) 

Key – Vendor Beta Distance Relay: 

 Z1P_L3 / R3: Zone 1 (under-reaching) phase distance element, series compensated 
 Z2P_L3 / R3: Zone 2 (over-reaching) phase distance element, non-series compensated 
 Z3P_L3 / R3: Zone 3 (over-reaching) phase distance element, series compensated 
 Z3PT_L3 / R3: Zone 3 (over-reaching) phase distance element, time delayed 
 Z4P_L3 / R3: Zone 4 (reverse) phase distance element 
 67_2F_L3 / R3: Negative sequence directional overcurrent, forward 
 67_2R_L3 / R3: Negative sequence directional overcurrent, reverse 
 POTTTX_L3 / R3: POTT transmitted 
 POTTRX_L3 / R3: POTT received 
 DCBTX_L3 / R3: Directional comparison block transmitted 
 DCBRX_L3 / R3: Directional comparison block received 
 DCBOP_L3 / R3: Directional comparison block operate 
 HPOTTOP_L3 / R3: Hybrid POTT operate 
 TR_L3 / R3: Z1P OR Z3PT OR (51N AND 67_2F) OR (50N AND 67_2F) OR 

HPOTT_OP OR DCB_OP  
 
Initial Test Results: 

Most of the fault simulations produced the expected relay operation; however there were some 
unexpected results which are detailed below. The first event was a phase – phase – ground fault 
on the Devers bus. The expected outcome was for the zone 2 phase element to pick up on the 
Red Bluff end, but this was not the case for all possible fault combinations (see over-reaching 
phase distance elements in figure 6).  

The second event was for a fault 40% of the distance from Devers to Red Bluff (50% of the 
distance from Devers to the series capacitor bus). It was expected that under-reaching phase 
distance element would pick up on all of the relays at both ends; however only vendor alpha’s 
relay on the Red Bluff end picked up. This is a key challenge of the topology because a fault near 
40% of the distance from Devers has the same equivalent impedance as a fault just on Red Bluff 



side of the series capacitor bank as seen by the relays at the Devers end (see under-reaching 
phase distance elements in figures 7 and 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results – Bus Fault at Devers 

 

Figure 3: Devers Relays ‐ AB to Ground @ Devers Bus, 0 degree inception angle 



 

Figure 4: Red Bluff Relays ‐ AB to Ground @ Devers Bus, 0 degree inception angle 



 

Figure 5: Devers Relays ‐ BC to Ground @ Devers Bus, 120 degree inception angle 



 

Figure 6: Red Bluff Relays ‐ BC to Ground @ Devers Bus, 120 degree inception angle 

 
 



Result – Fault 40% of the distance from Devers to Red Bluff 
 

 

Figure 7: Devers Relays ‐ AB to Ground @ 40% of the distance from Devers, 0 degree inception angle 



 

Figure 8: Red Bluff Relays ‐ AB to Ground @ 40% of the distance from Devers, 0 degree inception angle 



 
Updated Settings 

For the bus faults in figures 5 and 6, the distance elements did not pick up in vendor beta’s relays 
because the relays identified the event as a voltage transformer fuse failure; which blocks the 
distance elements (and the negative sequence directional element in the differential relays). By 
lowering the current cut off level from the factory default, the sensitivity of the disturbance 
detector was enhanced, which in turn kept the voltage transformer fuse failure from picking up. 
Upon retest the expected directional and distance elements picked up. 

 For the line faults in figures 7 and 8, the initial approach to utilize an adaptive feature for 
dynamic reach control by setting the under-reaching phase distance voltage supervision level 
equal to the air gap flashing, or MOV knee point levels. However, this is not a preferred solution 
since this adaptive voltage setting will cause the under-reaching phase distance not to pick-up 
(operate) for faults that occurs within the reach. As a result the dynamic reach was not used and, 
to enhance the security on the relay the under-reaching phase distance phase reach is needed to 
set at less than the initial 80% of the net self-positive sequence impedance of the 500 kV line. 
Test results indicated that a reach setting of 70% of should be set at Devers end to avoid under-
reaching phase distance phase over-tripping or line-line to ground faults at remote bus (Red 
Bluff), and 50% reach should be set at Red Bluff end to avoid under-reaching phase distance 
over-tripping or three phase faults at remote bus (Devers). 

Lessons Learned 
 
One of the goals of RTDS lab testing is to build the most accurate model of the transmission 
system possible, which also includes the delay in the communication circuits. Additional 
communication simulation hardware is needed to improve the quality of the testing. 
 
Additionally, capturing system dynamics for testing out of step blocking is difficult when most 
of the equivalent sources were ideal voltage sources. Research is ongoing into developing 
dynamic system equivalents, and larger models are being developed with mostly machine 
models the ideal equivalent sources many more busses further from the line under test. 
 
Last, massive amounts of data are created during RTDS testing. More tools need to be developed 
to archive, sort, and display the data in order to gain the maximum utility from testing. 
 
Conclusion 

Design constraints can create unique and/or unusual transmission line configurations which 
demand more rigorous study and testing when determining relay settings. By using a RTDS 
system, the engineers were able to run thousands of scenarios and identify any scenarios that 
generate an unexpected outcome. When developing the scenarios, the engineer should be through 
in running through all of the possible combinations, but also mindful to develop post-processing 
tools to screen for any unexpected operations. An unexpected outcome is not just a relay sending 
a trip signal for an out of zone of protection fault, but also an unexpected phase distance or 
directional element picking up. Last, while the final distance settings were found to provide 
secure protection for the transmission line, using three differential relays instead would have 
been a simpler solution for protecting the line. 
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