AAIB Bulletin:

G-LMRC AAIB-28601

Serious Incident

Aircraft Type and Registration:

No & Type of Engines:

Year of Manufacture:
Date & Time (UTC):

Location:

Type of Flight:
Persons on Board:
Injuries:

Nature of Damage:
Commander’s Licence:

Commander’s Age:

ATR 42-500, G-LMRC

2 Pratt & Whitney Canada PW127E turboprop
engines

1996 (Serial no: 480)
27 August 2022 at 1018 hrs

During climb 14 nm north-east of Aberdeen
Airport

Commercial Air Transport (Passenger)
Crew -3 Passengers - 25
Crew - None Passengers - None
None

Airline Transport Pilot’s Licence

39 years

Commander’s Flying Experience: 4,900 hours (of which 243 were on type)

Last 90 days - 147 hours
Last 28 days - 36 hours

Information Source: AAIB Field Investigation

Synopsis

The ATR 42-500 aircraft (G-LMRC) experienced a loss of multiple flight deck displays
during climb from Aberdeen Airport. At FL100 when the co-pilot turned off the landing
lights as per normal procedure, both the commander’s and co-pilot’s Electronic Attitude
Director Indicators (EADI) and Electronic Horizontal Situation Indicators (EHSI) and two
other displays went blank, the autopilot disengaged, the air conditioning packs shut down,
and the crew felt a momentary deceleration. The co-pilot quickly turned the landing lights
back on. The failure lasted about 3 seconds and then the displays and systems returned.
The aircraft returned to Aberdeen and landed uneventfully, but a similar failure occurred on
the ground when the commander turned the landing lights off.

Investigations revealed a fault in the 1PA contactor, which was stuck in an intermediate
position and unable to supply backup power to the emergency electrical network. This was
a contributory factor but not a cause of the loss of power.

Despite extensive testing and examinations, the cause of the simultaneous loss of the
emergency electrical network and a loss or undervoltage condition of DC BUS 2 could
not be determined. However, no further failures occurred after replacement of the
1PA contactor, battery switch, and landing light relays. The aircraft manufacturer and EASA
have taken safety action to require testing and replacement of 1PA contactors that have
failed.
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Given the potential seriousness of a repeat failure, were it to last for more than 3 seconds
and occur at night or in IMC conditions, the AAIB has made a Safety Recommendation to
the aircraft manufacturer to continue investigating possible causes of the electrical failure.

History of the flight

The aircraft was on a scheduled flight from Aberdeen International Airport to Sumburgh
Airport, Shetland. Prior to this flight the aircraft had operated the same route and return
without event.

After an uneventful start up and taxi out, the aircraft took off from Runway 34 at 1010 hrs.
At the time the commander was the PF, and there was daylight.

As the aircraft was climbing through FL100, in VMC, the co-pilot actioned the
‘FL100 Procedure’, which included turning the landing lights off. As he did so, the crew
heard a “clunk” that sounded similar to selecting external power and seemed to emanate
from the electrical cabinet behind the co-pilot's seat. At the same time both Electronic
Attitude Director Indicators (EADI) and Electronic Horizontal Situation Indicators (EHSI)
went blank, the autopilot (AP) disengaged and both air conditioning packs de-powered.
Additionally, they felt a momentary noticeable deceleration and saw the engine torque
indications roll back to zero torque. The Multi-Function Control Display Unit (MCDU) and
the Advisory Display Unit (ADU) also went blank (Figure 1). As a reaction to the failure,
thinking that his action may have caused the failure, the co-pilot quickly turned the landing
lights back on. The EADIs, EHSIs, MCDU and ADU were restored, with no additional action
by the flight crew and the AP was re-engaged. The loss of power lasted about 3 seconds.

Figure 1
G-LMRC flight deck showing the displays that were reported lost during the failure
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The crew elected to return to Aberdeen where they initially entered a holding pattern while
they completed the necessary checklists and prepared the aircraft for the approach. The
main system that was not recovered, after the electrical failure, was the blue hydraulic
system pressure. The crew actioned the Quick Reference Handbook checklist for loss of
blue hydraulic system pressure which involved turning the blue hydraulic pump off. It was
later discovered that the system could not be recovered as a circuit breaker had tripped.
The Aberdeen ATIS, recorded at 1020 hrs, stated that the surface wind was variable in
direction at 2 kt, visibility was in excess of 10 km and there was scattered cloud at 700 ft aal
and broken cloud at 1,500 ft aal.

Once the aircraft and crew were ready to make the approach to Aberdeen, they flew an
uneventful radar vectored ILS and landing on Runway 34. After the aircraft vacated the
runway, the commander actioned the After Landing Checklist. This included switching the
landing lights off. As he did so the electrical failure reoccurred, with the same symptoms of
the screens going blank and returning about 3 seconds later. The lights were left off and the
aircraft was then taxied onto a stand and shut down without further event.

Flight crew training

Flight crew conduct training on flight instrument failures as part of the mandatory cycle
of training items during their Licence Proficiency Check and Operator Proficiency Check,
which are conducted in a simulator once every 18 months. These may not be a loss of all
instruments leading to flight on the standby flying instruments, as the scenario is left to the
examiner’s discretion.

The commander commented that he had never flown the ATR 42 simulator on standby
instruments alone.

Aircraft information

The ATR 42-500 is a twin turboprop regional aircraft with seating capacity of up to
48 passenger seats. G-LMRC was manufactured in 1996 and joined the operator’s fleet in
June 2020.

Electrical system

During flight, the ATR 42-500’s electrical power is provided by the following sources:

e Two engine-driven 28V DC starter-generators, one on each engine (DC
Gen 1 and DC Gen 2).

e One Main and one Emergency 24V DC battery.
e Two propeller-driven AC frequency generators providing 115V wild AC’

e Two DC-supplied static inverters, providing constant frequency 26V and
115V AC power.

e ATransformer Rectifier Unit (TRU) that can convert 115V wild AC to 28V DC.

Footnote

' Wild AC is an AC power source of variable frequency.
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The distribution of the DC electrical network is shown in Figure 2, with the normal in-flight
configuration shown with blue and red circuits. In normal in-flight configuration DC Gen 1
powers DC BUS 1 and DC Gen 2 powers DC BUS 2. These two main buses charge
the emergency and main batteries which in turn provide power to the Emergency DC Bus
(DC EMER BUS), DC Standby Bus (DC STBY BUS) and the DC Essential Bus? (DC ESS
BUS) — these three buses are referred to as the ‘emergency electrical network’. If power
to both DC BUS 1 and DC BUS 2 is lost, then critical flight systems and equipment are
retained because the batteries would still provide power to the three buses in the emergency
electrical network for about 30 minutes. If both batteries were to fail or were turned off, then
either DC Bus 1 or DC Bus 2 can provide power to the emergency electrical network, via
contactors® 1PA, 58PA and 3PA shown in Figure 2.

The contactors are controlled by the Bus Power Control Unit (BPCU), two Multi-Function
Computers (MFC) and two Generator Control Units (GCU).

AC - DC

BTR

“T~

XA

AC STBY BUS
4

JA

OC STBY BUS

UTLY BUS 2

| UTLY BUS 1

EXT PR

Figure 2
Schematic of DC electrical network — normal in-flight configuration

Footnote

2 The DC Essential Bus (DC ESS BUS) is technically two busses composed of DC ESS BUS SECT 1 and DC
ESS BUS SECT 2. For simplicity these are referred to as the DC ESS BUS in this report.

3 Acontactor is an electrically controlled switch which uses a low power circuit to switch a high-power circuit
on and off.
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Sources of electrical power to the equipment affected in this incident

During this incident power was briefly lost to many items of equipment. Some of these
were identified from the flight crew reports and some were identified from the recorded
data which is presented in the ‘Recorded information’ section. The primary and secondary
sources of power for this equipment are shown in Table 1. Some buses have two sections,
SECT 1 and SECT 2.

Source of Power

Equipment Equlpmclecr:;treported Primary Secondary
Captain’s EADI Yes, flight crew report DC STBY BUS N/A
Captain’s EHSI Yes, flight crew report DC STBY BUS N/A
Co-pilot’'s EADI Yes, flight crew report DC BUS 2 SECT 1 N/A
Co-pilot’'s EHSI Yes, flight crew report DC BUS 2 SECT 2 N/A

AdV'Sor{A%fB'ay Unit | ves, flight crew report DC STBY BUS N/A
MCDU Yes, flight crew report DC STBY BUS N/A
Pack Valve No. 1 Yes, flight crew report | DC ESS BUS SECT 1 N/A
Pack Valve No. 2 Yes, flight crew report | DC ESS BUS SECT 2 N/A
E?r?cll?fa’:i%rr?;e Yes, flight crew report DC EMER BUS N/A
GPS Yes, loss of data DC STBY BUS N/A
Propeller Electronic Yes, propeller rpm DC EMER
Control PEC 1 increased DC ESS BUS SECT 2 BUS
Propeller Electronic Yes, propeller rpm DC EMER
Control PEC 2 increased REIESS B SR ™ s
R%gglr(gétr\(/gi\(}em Yes, loss of recording DC ESS BUS SECT 2 N/A
Flight Data Acquisition DC ESS BUS
Unit (FDAU) Yes, loss of data SECT 1 (in-flight) N/A
Aydraulic blue pump | yes, fiight crew report DC EMER BUS N/A

Table 1

Sources of power for equipment detected or reported lost

There was evidence from recorded data to support a power loss from all three buses of
the emergency electrical network: DC STBY BUS, DC EMER BUS and DC ESS BUS. In
addition, the flight crew’s report of the co-pilot’'s EADI and EHSI going blank would indicate
loss of DC BUS 2. The cabin crew also reported a loss of cabin lights — it was not clear if
it was the lateral or ceiling lights or both. A loss of ceiling lights would be consistent with a
loss of DC BUS 2, whereas a loss of lateral lights would also require a loss of DC BUS 1.

Footnote

4 The display signal input to the screens is provided by Symbol Generator Units (SGUs). SGU 2 for the co-
pilots EADI and EHSI was also powered by DC BUS 2.
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The standby attitude indicator can be powered from the HOT EMER BAT BUS, while the
left altimeter and airspeed indicator are powered by the AC STBY BUS. As there was
no evidence that these buses were affected, it is likely that these instruments remained
powered.

Battery switch

The battery switch is located on the overhead panel (Figure 3) and has three positions, ON,
OFF and OVRD (override). The switch position sends a signal to both MFCs which command
the position of the 3PA and 58PA contactors. When the battery switch is in the OFF position,
the MFCs see an open circuit which causes the 3PA and 58PA contactors to de-energise
which disconnects the emergency and main batteries from the buses in the emergency
electrical network. When the battery switch is in the oN position, the MFCs see a closed
circuit which causes them to energise the 3PA and 58PA contactors which results in power
being supplied from both hot battery buses to the emergency electrical network. The hot
battery buses are powered by DC BUS 1 and DC BUS 2 respectively, or by their respective
batteries if its DC bus has lost power. The OVRD position is used in the event of a failure
when it is desired to override the logic and protections in the MFC and maintain battery
power to the emergency electrical network. If in the event of a fault only one MFC sees an
open circuit from the battery switch, the batteries are not disconnected from the emergency
electrical network.
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Figure 3
Location of battery switch and landing light switches on the overhead panel
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Landing light switches

There are two landing lights, left and right, mounted on either side of the forward part of the
main landing gear fairing. They are controlled by two switches, left and right, mounted on
the forward section of the overhead panel (Figure 3). Each switch is connected to a relay;
when the relay is energised by the switch using 28V DC, 115V wild AC is supplied to the
respective landing light.

Contactor 1PA

The contactor in the 1PA position (part number SM150D19, Figure 4) can supply power
from DC BUS 1 or DC BUS 2 directly to the emergency electrical network buses in the event
that one of the following conditions occurs:

e There is a fault with the power supply from one or both batteries.
e The battery switch is inadvertently turned off.
e There is a fault with the battery switch.

The normal in-flight position of the 1PA contactor is for it to be energised and connected
to DC BUS 1. If power to DC BUS 1 is lost, the contactor de-energises and switches to
DC BUS 2. The 1PA contactor is located in an electrical cabinet behind the co-pilot’s seat
with other contactors of the same type - they make a “clunk” sound when operated.
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Figure 4
1PA electrical contactor

A schematic of the contactor is shown in Figure 5. In the deenergised condition, a spring
holds a plunger carrying the movable contact plate (shown in blue) against the upper main
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contacts B3 and B2. When the contactor is energised, by applying a 28V DC voltage
between the solenoid terminals 7 and 8, the plunger moves downward against the spring
force and the upper movable contact plate moves away from contacts B3 and B2, and
the lower movable contact plate is pulled against contacts A1 and A2. At the same time,
auxiliary contacts transition from 6/2 to 6/1, and from 9/4 to 9/5; these provide contactor
state information to other systems. While the solenoid is energised there is continuity
between main contacts A1 and A2.

T 4
6 _./ \_ 9 | + Auxiliary contacts
1 5

B3 ————————— o B2
Movable Contact > Main contacts
plates Al ————————————a = o AD

Plunger and spring

«— Solenoid

Figure 5
Contactor schematic diagram (shown de-energised)

The movable contact plates and spring assembly of the contactor, with main contacts B2
and B3 removed, are shown in Figure 6.

Movable
Contact

Figure 6
De-energised (A1 and A2 open) left; energised (A1 and A2 closed) right
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Engine behaviour following loss of Propeller Electronic Control or Engine Electronic Control
units

There is a Propeller Electronic Control (PEC) for each engine, PEC 1 and PEC 2,
which commands the propeller blade angle to adjust the propeller rpm. With a power
management selector on climb or cruise positions, the PECs maintain propeller rpm at
82%. In climb or cruise, if a PEC loses electrical power the respective propeller blade angle
will move towards fine pitch, increasing rpm, until it is limited by the Overspeed Governor to
102.5% rpm. Any increase in rpm will cause a corresponding reduction in engine torque for
a given power setting®.

There is an Engine Electronic Control (EEC) for each engine, EEC 1 and EEC 2, which
controls engine power. With the power lever in the climb power setting the EECs will be
controlling fuel flow to maintain a constant engine power. If an EEC loses electrical power
the fuel flow is fixed until the flight crew move the power lever and regain control of fuel flow
in a manual mode. EEC 1 is powered by DC BUS 1 and EEC 2 is powered by DC BUS 2,
with backup power supply for both from DC EMER BUS. If an EEC loses electrical power
because its respective DC BUS and the DC EMER BUS have lost power, then the fuel
control unit solenoid in the respective engine will also lose power. This configuration results
in an immediate transition to manual mode, which will result in an increase in power and
torque when the power lever is in the climb power setting.

Recorded information

The aircraft’s flight data recorder (FDR) and cockpit voice recorder (CVR) were downloaded
for analysis of the recorded information, together with ground radar data from Allanshill
and Perwinnes. Relevant information from the CVR recording is included in the history of
the flight.

The FDR - powered by the aircraft's AC STBY BUS® — was supplied data (including a clock
time) from the aircraft’s flight data acquisition unit (FDAU). Both the FDAU and CVR were
powered by the aircraft's DC ESS BUS.

Loss of FDR and CVR recordings

The loss of power to the DC ESS BUS affected both the CVR and FDAU, so although the
FDR continued to work, there was no data from the FDAU to record for the duration of the
power losses.

Footnote

5 Engine power is proportional to propeller rpom multiplied by engine torque.
6 The AC STBY BUS receives power via an inverter from either DC BUS 1 or the HOT MAIN BAT BUS.
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The FDAU subsequently also took a few seconds to power back up correctly during which
time either too much or too little data was being streamed to the FDR.” This corruption
of the data stream resulted in the loss of reliable data that was retrievable from the FDR
recording.

The FDR recording included the oN/OFF status of the AC and DC Buses 1 and 2. The
recording was every second but of each bus in turn (so a four-second sample rate per bus)
and indicated that all four buses were on throughout the flight when sampled. These were
the only recordings on the FDR associated with the aircraft’s electrical system and so could
have missed a bus status change during the four-second period between samples. The
master warning was off when sampled (each second).

Duration of power losses

The clock time from the FDAU was recorded only every 4 seconds on the FDR with a
resolution of 1 second, and its accuracy relied on being manually updated to the correct
time. Altitude from the Mode S secondary surveillance radar (SSR) recordings were
matched with FDR altitude data. This enabled these two sets of data to be aligned in time
(against the GPS time of the SSR recordings)® before and after the power interruptions, so
that an estimation of the duration of these interruptions could be made.

Figure 7 illustrates that during the flight no data was output from the FDAU, starting at
time 10:18:32 hrs for a period of about 3.2 seconds. This meant that the FDAU lost power
from the DC ESS BUS for 3.2 seconds. This was followed by 4 seconds of data that was
found to be corrupted/unsynced on the FDR recording. The parameters plotted in the figure
during these 4 seconds have been manually re-synced.

The figure also shows an extract from a spectrum analysis of the CVR’s cockpit area
mic (CAM) audio recording of the base frequency for propeller speed during the event. When
aligned with the propeller speed from the FDAU recorded on the FDR, the figure shows
that the CVR continued to function under its own temporary power for about 1.6 seconds
following the power loss®, during which the propeller speed can be heard increasing (to
about 105%). Then, a discontinuity in the spectrum analysis of propeller speed suggests
that the CVR was without power for about 1.6 seconds, after which the two recordings
resume and are in alignment.

Footnote

7 The FDR recording of data from the FDAU is compressed such that uncompressing it relies on specific
additional data from the FDAU used by decompression software to reconstruct the flight data. The
reconstruction also relies on the FDAU sending the exact amount of data each second in four-second
packets of data that are not time stamped. If too little or too much data is sent in a packet, the data
reconstruction becomes ‘unsynced’. Unsynced data means that the position of data parameters (eg altitude,
airspeed etc.) will be shifted left or right in the data stream compared to their documented position, and not
knowing which bits of data are missing or extra requires educated guesswork to correct.

8 The FDAU clock time lagged the SSR time by about 2 minutes 49 seconds.

® The CVR and FDR are required to continue functioning without being affected if exposed to transient power
interruptions of at least 200 millisecond duration.
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For the taxiing event (about 33 minutes later), the FDR and SSR altitude data could not
be aligned in time as there was no variation in altitude before and after the event for a
mismatch in altitude to be seen and used to align them. There was, however, a period of
about 7 seconds of corrupted/unsynced data, including the FDAU clock time, recorded on
the FDR. Once the data became synced, the sequence in FDAU clock time resumed where
it would have been had there been no corruption in its data. The one-second resolution of
the clock time means that any power loss would have been less than 1 second, otherwise
a later time would have been sampled and the sequence would have been misaligned in
time post the event.
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Engine behaviour

When electrical power to the FDR was lost at 10:18:32 hrs, the propeller rpom was seen
to increase to about 105% rpm from the CVR spectrum analysis, indicating that electrical
power to the PECs was lost. When the FDR data was recovered the rpm was reducing
from about 102% rpm. The rpm continued to decrease back to 82% rpm, indicating that
electrical power to the PECs had been restored. The engine torque of both engines was
also seen to reduce during the loss of electrical power, which was primarily a consequence
of the propeller rpm increasing (for constant power the torque will decrease if a reduction
in propeller angle has increased rpm). The calculated shaft horsepower parameter (based
on torque and rpm) was seen to reduce by about 14% which explains the momentary
deceleration felt by the flight crew.

Concurrent loss of FDR and CVR recordings

The FDR and CVR were powered by different buses to minimise the risk of both recorders
not functioning due to a single electrical failure. This was a regulatory requirement at the
time the aircraft type was certificated; however, the wording of the requirement did not
preclude the loss of data to the FDR if the FDAU was powered by the same bus as the CVR.

Subsequent changes to the regulations in July 2019 (EASA CS-25 Amendment 23) rectified
this by referencing ‘recording functions’, which for flight data would be the FDR and FDAU.
It specifies that ‘any single electrical failure that is external to the recorder does not disable
both the cockpit voice recorder function and the flight data recorder function’.

Aircraft examination

On-site aircraft examination

After the aircraft arrived on stand the engines were shut down and ground power was
applied. One of the aircraft operator’'s maintenance engineers then initiated troubleshooting
action. Both engines were started and the only fault noted was the lack of the blue hydraulic
system. The landing light switches were cycled on and off multiple times, but no faults
occurred. All the other light switches were also cycled, but no faults occurred. The engines
were shut down and then the engineer noticed that the circuit breaker for the main power
supply to the blue hydraulic pump had tripped. No other circuit breakers were found tripped.

The operator then contacted the aircraft manufacturer who provided a list of troubleshooting
procedures to perform. These procedures resulted in the discovery of a fault with the
1PA contactor; when it was energised, it was not supplying power from DC BUS 1. The
contactor was replaced as was the battery switch. Both landing lights were also removed,
its wiring inspected and then lights re-installed.
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The incident was reported to the AAIB on 30 August 2022, three days after the event. AAIB
inspectors travelled to Aberdeen on 31 August to examine the aircraft with the assistance of
investigators from the aircraft manufacturer. The original 1PA contactor and battery switch
were re-installed and further tests and examinations were carried out which included:

e Isolation and continuity tests of the wiring related to the landing lights,
battery switch and blue hydraulic system.

e Visual inspections of the battery switch and landing light switch wiring in the
overhead panel.

e Checking landing light operation.

e Hydraulic system tests.

e Operational tests of the GCUs and BPCU.

e Troubleshooting procedures on the DC and AC systems.

e Tests with both engines running:

o Engaging and disengaging DC generators.
o Actuating landing light switches together, and individually, multiple times.

o Repeating landing light switch tests both with and without AC wild power.

The incident fault could not be replicated, and no faults were detected beyond the fault with
the 1PA contactor. It was noted that the standard test procedure that is called for when
replacing the 1PA contactor does not detect a 1PA contactor that is in an intermediate
position when energised. A different test procedure, that was only required to be carried
out every 16,000 flight hours during a 2C check, could detect the fault. Because the
1PA contactor is not normally providing power to the electrical network, this type of fault
remains undetected until an electrical failure occurs or a 2C check is carried out.

The 1PA contactor, battery switch, both landing light relays, both GCUs, the BPCU, both
batteries and DC Gen 2 were removed from the aircraft for further examination. Subsequently,
the aircraft operated for almost two years without a repeat of the failure event, until the
aircraft was removed from service and scrapped in May 2024 for economic reasons.

MFC download

The fault messages from the MFC were downloaded but this was after ground testing had
been carried out, so it could not be established which messages were from in-flight events
and which were from ground testing.

DC Gen 2 wiring

When the maintenance engineers started to remove DC Gen 2, they discovered that the
cable connecting DC GCU 2 to the excitation field of DC Gen 2 only had one or two strands
of wire holding it to the lug on the starter-generator, instead of ten. When the engineer
wiggled the cable, the remaining wires broke (Figure 8).
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However, the post incident resistance measurements between DC GCU 2 and DC Gen 2
had been in the normal range, indicating that there had been good continuity prior to the
disturbance, but in-flight vibrations could have affected continuity with few wires remaining.

Figure 8

Remains of wires in crimped lug from the cable connecting the
DC GCU 2 to the DC Gen 2

Component examinations
Battery examinations

The main and emergency batteries were examined and underwent health checks at an
approved battery overhaul examination. Both batteries were found to be healthy and after
re-charging both reached 100% capacity.

Battery switch examination

The battery switch was tested and examined by the switch manufacturer under supervision
of an investigator from the Bureau d’Enquétes et d’Analyses pour la sécurité de I'aviation
civile (BEA) and an investigator from the aircraft manufacturer. The battery switch contains
eight cells of individual switches, of which only five are used on this aircraft type. The
cell which sends the battery oN command to the MFCs when the switch is turned on is
the B-cell. The examination of the contact surfaces of this cell showed some loss of gold
plating and some black deposits, but according to the manufacturer these were within the
normal range and would not affect the operation. The measurements of voltage drop,
working stroke and switching force were within specification. The deposits on the contacts
were further examined by the BEA using their scanning electron microscope and compared
to two other battery switches. The results showed similar deposits and similar levels of
surface degradation between the switches.

Landing light relay examinations

The landing light relays were taken to an organisation that specialises in forensic electrical
component examinations. Both relays had date stamps which indicated they were
manufactured in 1995 so may have been fitted to the aircraft since new. The relay coil
and contact resistances were measured and were within specification. The relays were
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not fitted with a suppression diode across the coil, which was an option on other variants
of the same type of relay. Without a suppression diode a transient voltage spike occurs
when a coil is de-energised, which is referred to as ‘back EMF’ (back electromotive force).
An oscilloscope was used to measure the voltage transient that occurred when the landing
light relay coils were de-energised. A peak transient voltage of 347 V was measured for
one of the relays and 400 V for the other relay. A reference relay was tested which had a
peak transient of 390 V. The duration of the transient was less than half a millisecond. The
relays were cut open and the contact surfaces examined, and no anomalies were found.

DC Gen 2, BPCU and GCU examinations

The DC Gen 2, BPCU and both GCUs were taken to the component manufacturer for
test and examination under the supervision of an investigator from the BEA and from the
aircraft manufacturer. The DC Gen 2 and BPCU passed all tests with no faults found. The
GCUs passed all tests except for two findings which would not have had any bearing on the
incident. Because there were only one or two strands of wire connecting the GCU to DC
Gen 2, tests were carried out to observe the system behaviour in the case of a brief loss of
excitation field output. A loss of excitation field output of less than 9 seconds did not trigger
a latched undervoltage, which meant that normal operation would have resumed if the loss
of connection had lasted less than 9 seconds. It was also determined that the resistance
across the lug would have needed to increase to 13 Q to trigger an undervoltage. The
aircraft manufacturer stated that the resistance of only one strand of wire would have been
less than 13 Q (between 0.5 and 1 Q), so a disconnect would have been required to cause
a loss of DC Gen 2 power.

1PA contactor examination

The 1PA contactor was sent to the component manufacturer in the USA where it was tested
and examined under the supervision of an investigator from the US National Transportation
Safety Board and an investigator from the aircraft manufacturer. The contactor passed
the de-energised continuity tests. When the contactor was energised the movable contact
plates moved downwards, but not sufficiently to make continuity with the lower stationary
contacts A1 and A2. When energised, the contactor was effectively in an ‘intermediate
position’ with the movable contact plates not making continuity with either the upper or
lower stationary contacts; this meant that while energised in-flight it could not have supplied
power from either DC BUS 1 or DC BUS 2 to the emergency electrical network.

Internal examination of the contactor revealed that the coil had significant black discolouration
from heat; however, the coil resistance was in the normal range so according to the
component manufacturer it would have provided sufficient force to move the contact plates
to make adequate contact. Plunger ‘stall testing’ revealed that the plunger was moving
normally and smoothly and the contact surfaces only had slight wear. The significant finding
was from internal measurements which revealed that there was insufficient stroke of the
plunger caused by a geometric upwards shift of the plunger stop by about 0.4 mm — this was
preventing sufficient downwards movement when the coil was energised. A close external
examination of the coil casing revealed that it was dished inwards (Figure 9). This was the
only damage found that could explain the 0.4 mm upwards shift of the plunger stop.
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Dished in coil shell

De-energized

Figure 9
1PA contactor from G-LMRC showing dished in coil shell

During the course of this investigation and another AAIB investigation involving the same
contactor type but with a different failure cause (AAIB investigation involving ATR 72-212A
600, EI-GPN') the component manufacturer tested and examined eight other contactors.
Two of these also had dished in coil shells; one was still functioning while the other had
contacts that did not transfer. Three other contactors were identified that had failed in the
intermediate position when energised, but these were due to a shift of the pin inside the
plunger which was not the case with the G-LMRC contactor.

Until these investigations with the component manufacturer began in October 2022, the
manufacturer was not aware that the contactors could fail in an intermediate position.

The component manufacturer carried out some tests to determine if the ‘dished in’ shell
damage could be caused by a hammer or mallet. Tests were carried out with a 113 g
(4 oz) hammer and a 170 g (6 oz) mallet. After three strikes with the hammer, only 0.1 mm
of upwards core movement was measured and there was no visible damage to the coill
shell. However, after one strike with the mallet, 0.3 mm of upwards core movement was
measured, and after two strikes 0.55 mm was measured, which was more than the 0.4 mm
seen on the contactor from G-LMRC. Similar ‘dished in’ damage of the coil shell was also
observed after strikes with the mallet.

Maintenance history

The aircraft was first delivered to an aircraft operator in France in March 1996 and registered
as F-GPYB. It was operated by five different airlines while under that registration. Between
September 2019 and May 2020, the aircraft was in storage. In May 2020 it was delivered
to the current operator and re-registered as G-LMRC. At that time, it had accumulated

Footnote

10 Link to AAIB report on EI-GPN https://www.gov.uk/aaib-reports/aaib-investigation-to-atr-72-212a-600-ei-gpn
[accessed 16 February 2026].
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34,117 airframe hours and 34,166 landings. At the time of the incident G-LMRC had
accumulated 36,396 airframe hours and 36,724 landings. The aircraft did not have any
downtime since entering operation in June 2020 other than for routine maintenance.

The operator reported that there had not been any maintenance or replacement of the
1PA contactor since it obtained the aircraft. And neither had the 7PA battery switch, landing
light switches nor DC Gen 2 been replaced since the aircraft entered their service. There
was no reported maintenance work on the ‘27VU’ overhead panel in the cockpit which
contains the landing light switches and battery switch. The maintenance data from the
aircraft’s previous operators was paper based rather than electronic so had to be searched
manually. Two people searched 50 boxes of records but did not find anything that might be
of relevance to this investigation.

Contactor tapping

The operator was asked if they were aware of any practices of hitting contactors during
troubleshooting work. They were not aware of any such practices on the ATR fleet, but they
reported that in the past they had electrical system failures on the Saab 340 fleet which could
sometimes be resolved by tapping the contactors, which were called Power Distribution
Units (PDUs). This practice was developed after consultation with the aircraft manufacturer
and resulted in the operator publishing a Technical Instruction which stated that ‘PDU tapping
is an acceptable procedure for trouble shooting, but never a final rectification of a problem.
Whenever time allows, carry out the replacement of a faulty PDU.'. This was published in
2002, but the Technical Instruction was removed in 2021 after a review comparing it to the
maintenance manual which did not contain such a procedure.

Aircraft manufacturer tests

One of the theories considered as a cause of the failure was that a bonding or grounding
issue could have sent a false open circuit to the MFCs indicating that the battery switch was
off when it was not. The ground reference used by the landing light switches and the battery
switch are located in close proximity. Electrical ground and bonding tests were carried out
by the aircraft manufacturer on an ATR 72-600, followed by an ATR 42-500. No issues were
uncovered. These tests were then repeated by the aircraft operator on G-LMRC, and no
issues were found.

The aircraft manufacturer also conducted some flights to measure the temperatures in the
electrical cabinet where the 1PA contactor was located. During five flights on an ATR 72-
600" in March 2023 temperature stickers were applied next to the 1PA and 95PA contactors
which are close together. The maximum temperature measured was between 54°C and
60°C. The contactors are rated to operate in ambient temperature of up to 70°C.

The aircraft manufacturer carried out ground tests on an ATR 42-500 which showed that
failing PEC 2 and pack valve No 2 resulted in an initial power and torque decrease on
engine 2, while the propeller rpm increased. In one case the propeller rpm momentarily

Footnote

" The electrical cabinet and contactor configuration on the 72-600 is essentially the same as on the 42-500.
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increased to 104% before stabilising at the limit of 102.5% rpm. Tests were also carried
out to simulate the failure of the PEC, pack valve closure, EEC and fuel control solenoid
on engine 2 (to simulate loss of DC BUS 2 and the DC EMER BUS), and this resulted in a
significant power and torque increase.

Previous similar electrical failure events

The aircraft manufacturer was asked if they were aware of any similar electrical failure
events having occurred on pre 600 series'? ATR 42 or ATR 72 (stretched variant) aircraft
before. The 600 series of aircraft have different avionics to pre 600 series aircraft such as
G-LMRC. Their database revealed the following three similar events (Table 2), but none
of them were the subject of an internal safety investigation or a state safety investigation
so only the following limited information was available to them. The events involved two
different operators and not the operator of G-LMRC.

Aircraft

SN Type

Date

Reported failures

Occurrence
trigger

Investigation

The aircraft later had an
accident involving an
Multiple occasions unrelated engine failure
of the captain’s Landing lights or resulting in the aircraft
720 | 72-500 | 14/02/2018 | EADI and EHSI anti-ice set being scrapped. This ended
screens switching to oFF the communications that
off momentarily. were in progress between
the manufacturer and the
operator.
During descent
the co-pilot’s
EADI, EHSI and
ADU switched off
momentarily. The o
. perator reported that
734 | 72-500 | 29/01/2019 No particular | 012 cing the 7PA battery
On another action X ¢
day, while on switch resolved the issue.
the ground, the
captain’s EADI and
EHSI switched off
momentarily.
Landing lights set
to OFF
Multipl i or
ultiple occasions f e The operator reported that
745 | 72-500 | 05/11/2018 | Of Tomentary lose | Captain's Wiper | p1cing the 7PA battery
’ switch resolved the issue.
ADU.
or
Left landing light
turned to oFfF
Table 2
Other similar electrical failure events reported to the aircraft manufacturer
Footnote

2 Pre 600 series aircraft are also known as ‘pre MOD 05948’ aircraft. MOD 05948 installed a new “Glass

cockpit” avionics suite.
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Aircraft manufacturer information

The aircraft manufacturer stated that, with the 1PA contactor failed in an intermediate
position, the only single additional failure that could cause a loss of all three buses on the
emergency electrical network was both MFCs sensing an open circuit (greater than 1,000 Q
resistance’®) from the 7PA battery switch. This failure mode had been seen before on the
600 series ATR aircraft where erosion of the B-cell contacts in the battery switch resulted in
a very high resistance, causing the MFCs to incorrectly sense the battery switch had been
turned off. However, the battery switch wiring on the 600 series aircraft was different to
that on the 500 series aircraft, resulting in higher currents being passed through the B-cell
contacts than on the 500 series aircraft, making the contacts more likely to erode.

The aircraft manufacturer provided two other scenarios that could lead to a power loss of
the emergency electrical network with the 1PA contactor in an intermediate position. One is
for both the 58PA and 3PA contactors to de-energise at the same time, and the other was a
simultaneous failure of both MFCs at the same time. They considered both scenarios to be
improbable, and in the G-LMRC case there were no faults identified with these contactors
or the MFCs.

The aircraft manufacturer stated that there was no known common failure mode that would
cause the simultaneous loss of the emergency electrical network and DC BUS 2. However,
they considered that the damaged wire connected to DC Gen 2 could have been the cause
of a voltage drop or a momentary loss of DC BUS 2 if the remaining wire strands had lost
contact with the lug.

The landing light relays generated a back EMF of 347 to 400 V when the landing light
switches were turned off. The aircraft manufacturer was asked if this back EMF could
trigger interference or some other issue in the wiring of the nearby battery switch. The
aircraft manufacturer stated that because the loss of power lasted about 3 seconds, this
could not have been caused by a back EMF that lasted about half a millisecond.

During certification the aircraft manufacturer had considered failure modes of the
1PA contactor where it failed in either the rest or energised positions, but they had not
considered it failing in an intermediate position when energised, as they were not aware of
this potential failure mode. The contactor manufacturer stated that they had also not been
aware of this failure mode until investigations began in 2022.

The aircraft manufacturer stated that they do not recommend tapping or hitting contactors
during troubleshooting, and they had not been aware of this practice prior to this investigation.

Foonote

3 The aircraft manufacturer carried out tests which determined that exceeding 1,000 Q was the threshold for
the MFCs to trigger the logic for the battery switch being off.

4 To address this failure mode, the battery switch wiring on the 600 series aircraft was subsequently modified,
and the battery switches were replaced at the same time. An inspection of the 1PA contactor was also
introduced.
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Safety actions

On 21 October 2022 the aircraft manufacturer published an ‘Airworthiness
Operator Message’ (AOM: 2022/04 Issue 1) which provided instructions for an
operational test of the 1PA contactor and recommended that operators perform
this test within 60 days and provide the aircraft manufacturer with feedback
within 10 days after having completed the test. The AOM applied to all
pre-600 series ATR 42 and ATR 72 aircraft but was not mandated by an
accompanying Airworthiness Directive (AD).

The aircraft manufacturer reported that out of 659 aircraft affected by the AOM, 245 aircraft
were tested (37%). Out of these 240 had no findings, and 5 found the 1PA contactor
had failed in the rest position. No 1PA contactors were identified that had failed in the
intermediate position like on G-LMRC.

In September 2023 the aircraft manufacturer published an amended AOM
2022/04 lIssue 3, which was accompanied by an EASA AD (AD 2023-
0181, issued 27 October 2023") that required aircraft operators to test the
1PA contactor within 60 days and, thereafter, at intervals not to exceed
1,000 flight hours.

The aircraft manufacturer stated that their Flight Safety Department publishes summaries
of investigation final reports concerning their aircraft which contain lessons learnt from
investigations and best practices to prevent recurrence, and that they plan to provide the
key aspects of this investigation.

The aircraft operator implemented the action required by the aircraft
manufacturer’s AOM and the EASAAD. Although the specific contactor involved
in this incident had not been purchased by the operator, they updated their
purchasing policy to only procure new contactors.

Analysis
Conduct of the flight

The aircraft suffered a severe electrical failure soon after takeoff, while in the climb to its
cruising altitude. The failure seems to have been initiated when the co-pilot selected the
landing lights OFF, in accordance with the normal operating procedures. While this failure
was a surprise to the crew, the co-pilot thought that turning the lights oFF may have been
the initiator of the event, so he reversed the action. The power to the buses was restored
with the loss of power lasting about 3 seconds. Once most of the lost services had been
restored the crew then handled the remaining faults appropriately and landed without further
event.

Footnote

5 https://ad.easa.europa.eu/ad/2023-0181 [accessed 16 February 2026].

© Crown copyright 2026 20 All times are UTC


https://ad.easa.europa.eu/ad/2023-0181

AAIB Bulletin: G-LMRC AAIB-28601

During the brief period when the flying displays were blank the aircraft was in VMC and
it was daytime, so the commander was able to control the aircraft without the need to
reference the flight instruments. Had the failure not rectified itself, and the aircraft been in
IMC, or it had been night, the crew would have had an increase in their workload as they
would have been flying the aircraft with reference to only the standby instruments. This is
a scenario the commander had not trained for in the simulator, and there was no specific
requirement to do so when obtaining a new type rating.

Cause of the electrical failure

There was clear evidence from the recorded data that electrical power had been lost from
the DC STBY BUS, DC EMER BUS and DC ESS BUS (the emergency electrical network).
There was no data that could show if DC BUS 2 had lost power, but the flight crew’s evidence
that the co-pilot's EADI and EHSI went blank was compelling, which supported the theory
of a momentary loss of power from DC BUS 2. It was also supported by the cabin crew’s
reported loss of cabin lights — a loss of ceiling lights would be consistent with a loss of
DC BUS 2. The contradictory evidence was the behaviour of engine 2. If DC BUS 2 had
lost power, then EEC 2 and the fuel control solenoid on engine 2 would have lost power,
which would have caused a reversion to manual mode and both engine power and torque
to increase. However, engine power and torque were seen to decrease. One possible
explanation for this was that DC BUS 2 suffered from an undervoltage condition rather than
a complete loss of power. In an undervoltage condition some components connected to the
bus can be affected while others are not, particularly if the power interrupt is very brief. A
power interrupt on DC BUS 2 could have been shorter than the 3.2 second period that was
seen in the data for the DC ESS BUS.

The behaviour of engine 1 was similar to engine 2 which supported either DC BUS 1 not
having lost power, or it suffering a similar undervoltage condition to DC BUS 2. To extinguish
all the cabin lights (lateral and ceiling) would have required a loss of DC BUS 1, but there
was no other evidence to support a loss of DC BUS 1.

Loss of the emergency electrical network

With contactor 1PA failed in an intermediate position, the three buses on the emergency
electrical network would have lost power if contactors 58PA and 3PA had de-energised,
resulting in the three buses being connected to the 1PA contactor which could not supply
power (Figure 2). The 58PA and 3PA contactors will both de-energise if both MFCs sense
that the 7PA battery switch has been turned off. The battery switch is not near the landing
light switches (Figure 3), and although it is possible that the co-pilot inadvertently turned
off the battery switch instead of the landing light switches, this would not explain why the
symptoms reoccurred on the ground when the commander turned off the landing light
switches. It is unlikely that both the commander and co-pilot inadvertently turned off the
battery switch instead of the landing light switches on separate occasions during the same
flight.

If the battery switch was not moved, then a fault within the battery switch could trigger the
MFCs to sense it had been moved off. The examination of the battery switch revealed that
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the B-cell contacts, which when closed send a battery oN command to the MFCs, showed
some loss of gold plating and some black deposits. If the resistance across these contacts
had been excessive then the MFCs would sense an open circuit and de-energise the 58PA
and 3PA contactors. However, the voltage drop across these contacts, working stroke and
switching force were within specification. And further examinations of the contact surfaces
in a scanning electron microscope did not show anything unusual with the deposits.

The investigation then considered if a grounding issue could have sent a false open circuit
to the MFCs. The ground reference used by the landing light switches and the battery
switch are in close proximity, and it was the actuation of the landing light switches which
triggered the failures in both the airborne and on-ground events. However, grounding and
bonding tests on G-LMRC did not reveal any issues in that area.

The examinations of the landing light relays revealed that when they were de-energised
(i.e. landing light switches turned off) there was a back EMF with high peak transient
voltages. Back EMF can cause interference on other wires, but a reference relay had the
same level of back EMF suggesting it was normal for that device, and according to the
aircraft manufacturer the duration of the peak transient was too short to cause a 3 second
loss of power.

Other failure causes, apart from a de-energisation of contactors 58PA and 3PA, were
considered but these all involved multiple independent failures occurring simultaneously
which was considered very unlikely. Although the cause of the loss of the emergency
electrical network could not be determined, there were no further reoccurrences of the
failure mode after the battery switch, landing light relays and 1PA contactor were replaced
on G-LMRC. This suggests that the battery switch and/or landing light relays may have had
a part to play; however, a functioning 1PA contactor could have masked a reoccurrence of
the underlying fault by supplying backup power.

Two previous events involving unexplained loss of EADI and EHSI screens (Table 2) were
related to turning the landing light switches off. And in two of the three previous screen loss
events, replacing the 7PA battery switch reportedly resolved the issues.

Loss of DC BUS 2

Afailure of the emergency electrical network cannot explain a loss of the co-pilot’s EADI and
EHSI because they receive power solely from DC BUS 2. No single-failure theory could be
developed that would explain a simultaneous loss of the emergency electrical network and
DC BUS 2. However, there was a wiring issue with DC Gen 2 which supplies DC BUS 2. The
cable connecting DC GCU 2 to the excitation field of DC Gen 2 only had one or two strands
of wire holding it to the lug on the starter-generator, instead of ten. If the resistance across
this lug had increased to 13 Q then this would have triggered an undervoltage condition
on DC BUS 2 which could explain the loss of the co-pilot’s screens. However, resistance
measurements of a single strand of wire were between 0.5 and 1 Q. So, there would have
needed to have been a momentary complete disconnect of the remaining two wire strands
from the lug, which might be possible to occur as a result of vibration. But it is unlikely that
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this would have occurred both at the moment the landing light switches were turned off in
the air and then again when the switches were turned off on the ground. There is probably
some other, not yet conceived, explanation for the simultaneous loss of the co-pilot's EADI
and EHSI screens and the loss of the emergency electrical network.

Cause of the 1PA contactor failure

The only failure that could be identified from physical examinations and testing was the
failure of contactor 1PA. When this contactor was energised the contacts did not move
sufficiently to close the circuit of the lower contacts. It was effectively stuck in an intermediate
position while energised and therefore could not supply backup power from DC BUS 1 to
the emergency electrical network. The aircraft system was not designed to detect such a
fault, as this type of fault had not been envisaged by either the contactor manufacturer or
the aircraft manufacturer. The only test, at the time, that could have detected this fault was
a test that was only carried out during a 2C check every 16,000 flight hours. This meant that
the fault could have been dormant for a long time.

The contactor failure was caused by the fact that the plunger stop had shifted upwards by
about 0.4 mm, preventing sufficient downwards stroke of the contacts when the coil was
energised. This upwards shift was most likely a consequence of impact damage to the coill
casing which was seen to be dished in. Testing on another contactor revealed that striking
the top of the coil casing with a mallet could produce similar dished-in damage and a similar
upwards shift in the plunger stop. The cause of this damage could not be determined
but it is possible that the contactor had been dropped or possibly hit with a mallet during
troubleshooting. The aircraft operator’s maintenance records did not reveal any issues with
this contactor so if it had been hit, it may have been by a previous operator.

It is possible that the damage occurred to the contactor some years ago, and that it was
only the subsequent normal wear of the contact surfaces that opened the gap sufficiently to
result in an open circuit.

Hitting contactors is not a technique recommended by the contactor manufacturer nor the
aircraft manufacturer, but the AAIB had obtained anecdotal evidence that this had been
done before in the aviation industry to release a ‘sticky’ contactor. It was also a technique
that had been recommended to the aircraft operator by a different aircraft manufacturer,
albeit with certain caveats.

Due to the importance of the 1PA contactor in providing backup electrical power to the
emergency electrical network, EASA published an AD to require operators to test this
contactor and then repeat the test every 1,000 flying hours.
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Safety Recommendation

The failure of the 1PA contactor was a contributory factor to the loss of the emergency
electrical network, but despite extensive testing the cause of the loss of the emergency
electrical network and potentially also DC BUS 2 could not be determined. The consequence
of such a failure, were it to last for more than 3 seconds and occur at night or in IMC
conditions, would be severe for a flight crew. However, the standby instruments would be
available.

The failures on G-LMRC were not unique. There have been three previous similar events
reported to the aircraft manufacturer, but these were not fully investigated. Given the
potential seriousness of a repeat failure, the aircraft manufacturer should continue to
investigate possible causes; therefore, the following safety recommendation is made:

Safety Recommendation 2026-001:

It is recommended that the aircraft manufacturer ATR continues to investigate
the possible causes of electrical failures that result in the loss of both the
commander’s and co-pilot’s primary flight displays on ATR 42-500 and 72-500
aircraft and develop safety action to address them.

Conclusion

There was clear evidence from the recorded data that electrical power had been lost from
the DC STBY BUS, DC EMER BUS and DC ESS BUS (the emergency electrical network)
for about 3 seconds. There was additional evidence from the flight crew and cabin crew
reports that DC BUS 2 had lost power or suffered from an undervoltage condition for about
3 seconds. The only failure that could be identified from physical examinations and testing
was the failure of contactor 1PA which was stuck in an intermediate position when energised.
This meant that it could not supply backup power to the emergency electrical network, so it
was a contributory factor but not a cause of the loss of power.

A single failure involving the battery switch or the wiring between the battery switch, the
MFCs, and ground, could explain a loss of the emergency electrical network but no such
faults were found.

The failure occurred twice, in the air and then subsequently on the ground, when the landing
light switches were turned off, but no faults with the landing light relays or lights were found.
The aircraft manufacturer discounted the high back EMF from the landing light relays as
a potential cause due to it being too short in duration. No link between activation of the
landing light switches and a loss of power from DC BUS 2 could be identified.

Two previous events on ATR 72-500 aircraft involving unexplained loss of flight display
screens were related to turning the landing light switches off. And in two of the three previous
screen loss events, replacing the 7PA battery switch reportedly resolved the issues.

Although the cause of the loss of the emergency electrical network on G-LMRC could not
be determined, there were no further reoccurrences of the failure mode after the battery
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switch, landing light relays and 1PA contactor were replaced. This suggests that the battery
switch and/or landing light relays may have had a part to play; however, a functioning
1PA contactor could have masked a reoccurrence of the underlying fault by supplying

backup power.

Given the potential seriousness of a repeat failure, were it to last for more than 3 seconds
and occur at night or in IMC conditions, the AAIB has made a safety recommendation to
the aircraft manufacturer to continue investigating possible causes of the electrical failure.

The aircraft manufacturer and EASA have taken safety action to require testing and

replacement of 1PA contactors that have failed.

Safety actions taken

On 21 October 2022 the aircraft manufacturer published an ‘Airworthiness
Operator Message’ (AOM: 2022/04 Issue 1) which provided instructions for
an operational test of the 1PA contactor and recommended that operators
perform this test within 60 days and provide the aircraft manufacturer with
feedback within 10 days after having completed the test. The AOM applied
to all pre-600 series ATR 42 and ATR 72 aircraft but was not mandated by
an accompanying Airworthiness Directive (AD).

In September 2023 the aircraft manufacturer published an amended AOM
2022/04 Issue 3, which was accompanied by an EASA AD (AD 2023-
0181, issued 27 October 2023'¢) that required aircraft operators to test the
1PA contactor within 60 days and, thereafter, at intervals not to exceed
1,000 flight hours.

The aircraft operator implemented the action required by the aircraft
manufacturer’'s AOM and the EASA AD. Although the specific contactor
involved in this incident had not been purchased by the operator, they
updated their purchasing policy to only procure new contactors.

Safety Recommendations

Safety Recommendation 2026-001:

It is recommended that the aircraft manufacturer ATR continues to investigate
the possible causes of electrical failures that result in the loss of both the
commander’s and co-pilot’s primary flight displays on ATR 42-500 and 72-500
aircraft and develop safety action to address them.

Published: 5 March 2026.

Footnote

6 https://ad.easa.europa.eu/ad/2023-0181 [accessed 16 February 2026].
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