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The Evolution of Flight Control: From Mechanical Links to Digital Intelligence

The transition from mechanical and hydro-mechanical flight control systems to digital Fly-By-Wire (FBW)
technology represents one of the most significant paradigm shifts in the history of aerospace engineering. For
decades, pilots controlled aircraft through a complex web of steel cables, pulleys, and hydraulic actuators. While
effective, these systems were heavy, required intensive maintenance, and offered no inherent protection against
pilot error or structural overstress.

Beginning in the early 1980s, Airbus pioneered the integration of full-authority digital electrical flight control systems
(EFCS) into commercial aviation, most notably with the launch of the A320 family. The core objective was not
merely to replace cables with wires, but to achieve a state of Total Dependability. In technical terms, dependability
is a composite of reliability, safety, availability, and maintainability. This article explores the architectural rigor,
mathematical principles, and engineering philosophies that underpin the Airbus FBW paradigm.

The Core Philosophy of Total Dependability

In high-criticality systems like avionics, dependability is defined by the ability of a system to deliver a service that
can be justified as being trusted. For Airbus, this trust is built on two primary pillars: Safety and Availability. Safety
ensures that the system never outputs an erroneous signal that could lead to a catastrophic event, while availability
ensures that the system remains functional even in the presence of internal component failures.

Defining the Design Requirements

The design requirements for the Airbus FBW system are among the most stringent in any engineering field. The
probability of a catastrophic failure in the flight control system must be lower than 107-9 per flight hour. To put this
in perspective, this is the equivalent of one failure every billion hours of operation. To achieve this, Airbus utilizes a
combination of hardware redundancy, software dissimilarity, and rigorous fault-detection logic.



Requirement Parameter Technical Objective Implementation Strategy

Integrity (Safety) Zero erroneous control outputs Self-monitoring and cross-channel
voting

Availability Continuous operation during faults Triple and quadruple hardware
redundancy

Dissimilarity Mitigation of common-mode failures Different processors, compilers, and
teams

Protection Structural and aerodynamic safety Flight envelope protection algorithms

Architectural Breakdown: The Digital Flight Control System (DFCS)

The Airbus FBW architecture is a distributed network of specialized computers that process pilot inputs from the
side-stick and translate them into aerodynamic surface movements. The system is designed to be "fail-passive" or
"fail-operational” depending on the specific flight phase and surface.

Key Computing Components

e ELAC (Elevator Aileron Computer): Responsible for normal, alternate, and direct pitch and roll control, as well
as aileron drooping and active skin load alleviation.

e SEC (Spoiler Elevator Computer): Manages spoiler control and provides standby pitch control in the event of
an ELAC failure.

¢ FAC (Flight Augmentation Computer): Controls the rudder and provides calculations for flight envelope
speeds and windshear detection.

Each of these computers is designed with internal dissimilarity. An ELAC, for example, consists of two separate
units: a Command Unit and a Monitor Unit. These two units use different hardware (e.g., an Intel processor for
one and a Motorola processor for the other) and different software written by independent teams using different
compilers. This ensures that a generic software bug or a hardware manufacturing defect cannot affect both units
simultaneously.

The Mechanism of Dissimilarity and Redundancy

The "Process Toward Total Dependability” relies heavily on the concept of avoiding Common-Mode Failures
(CMF). If four identical computers are used to control the aircraft, a single software bug present in all four could
lead to a total system loss. Airbus mitigates this through a multi-layered approach to dissimilarity.

1. Hardware Dissimilarity

By utilizing different microprocessors (e.g., 80186 vs. 68010 in early models), Airbus ensures that a hardware-level
erratum specific to one silicon architecture will not cause a fleet-wide grounding. This extends to the electrical
power supplies and physical routing of the wiring looms, which are separated by structural bulkheads to prevent
single-point failures from physical damage.

2. Software Dissimilarity

Software for the Command and Monitor units is developed by separate teams. They follow the same functional
specifications but use different programming languages and development environments. Before deployment, the
software undergoes Formal Verification, a mathematical approach to proving that the code behaves exactly as



intended under all possible input conditions.

3. Functional Redundancy

The distribution of tasks between ELAC, SEC, and FAC creates a web of functional redundancy. If all ELACs are
lost, the SECs can still maintain pitch and roll control, albeit in a degraded mode known as "Alternate Law." This
hierarchical degradation ensures the pilot always has control, even if the "smart" protections are offline.

Flight Envelope Protection: The Human-Machine Interface

One of the most revolutionary aspects of the Airbus FBW system is Flight Envelope Protection. In a conventional
aircraft, a pilot can inadvertently stall the plane or pull a maneuver that exceeds the structural G-limit. The Airbus
system prevents this through constant monitoring of the aircraft's state.

Mathematical Constraints on Pilot Input

When the aircraft is in "Normal Law," pilot input via the side-stick does not command a surface deflection angle;
instead, it commands a Load Factor (G) or a Roll Rate. The computers interpret the stick deflection and determine
the necessary surface movement to achieve the requested state while staying within safe limits.

* High Angle of Attack (AoA) Protection: Prevents the aircraft from stalling by automatically increasing thrust or
lowering the nose if the speed drops too low.

» Load Factor Protection: Limits the aircraft to +2.5g or -1.0g in clean configuration, preventing structural
damage.

e Bank Angle Protection: Limits the maximum bank angle to 67 degrees, ensuring the pilot cannot accidentally
roll the aircraft inverted.

Technical Analysis: The Voting and Quorum Process

In a redundant system, the computers must agree on what signal to send to the actuators. This is achieved through
a Quorum or Voting Mechanism. In the Airbus model, each computer unit (Command and Monitor) performs its
own calculation. The Monitor unit constantly compares its result with the Command unit's result.

Error Detection Logic

If the difference between the Command and Monitor units exceeds a predefined threshold (9Cp), the following
sequence occurs:

1. Immediate Disconnect: The specific computer (e.g., ELAC 1) disconnects itself from the bus.

2. Passive State: The computer stops sending signals to the actuators, preventing an "uncommanded
movement."

3. Reconfiguration: The next computer in the hierarchy (e.g., ELAC 2) automatically takes control of the affected
surfaces.

4. Pilot Alert: The Electronic Centralized Aircraft Monitor (ECAM) natifies the crew of the failure and the
resulting changes in system capability.

This "fail-passive" approach is critical. It is safer for a computer to turn itself off than to continue providing
potentially incorrect data to the flight controls.

Case Study: A320 Flight Control Reliability

The A320 was the first commercial implementation of this architecture. During its certification process, Airbus had
to demonstrate that the digital system could handle electromagnetic interference (EMI), lightning strikes, and total



electrical power loss.

Failure Mode and Effects Analysis (FMEA)

Engineers utilized FMEA to map every possible component failure to an outcome. For instance, the loss of a single
Air Data Inertial Reference Unit (ADIRU) results in no loss of protection, as the system utilizes a triplex voting
system for air data. If two ADIRUSs fail, the system transitions to Alternate Law, where certain protections (like stall
protection) are replaced by warnings, but the aircraft remains highly flyable.



Control Law System Status Available Protections

Normal Law All systems functional Full envelope protection (Stall, G-
load, Bank)
Alternate Law Multiple sensor/computer failure Limited protection; high-speed

stability remains

Direct Law Severe degradation No protection; stick movement
proportional to surface

Mechanical Backup Complete electrical loss Trim wheel and rudder control (cable-
linked)

Implementation Guide: Ensuring Integrity in the Field

For aerospace organizations implementing or maintaining FBW systems, the following procedures are mandatory
to maintain the integrity of the "Total Dependability” chain:

1. Rigorous Software Configuration Management

Every software update must be strictly version-controlled. Because of the dissimilar architecture, a patch for the
ELAC Monitor unit must never be applied to the ELAC Command unit. Mixing versions can break the dissimilarity
and introduce common-mode vulnerabilities.

2. BITE (Built-In Test Equipment) Maintenance

The system performs a Power-Up Self-Test (PBIT)every time the aircraft is energized. Maintenance teams must
analyze BITE data regularly to identify "latent failures"—faults in redundant components that do not affect the flight
but reduce the system's overall safety margin.

3. Environmental Shielding Inspection

The dependability of electrical signals relies on the physical integrity of shielding. Inspections must focus on the
condition of shielded cables to prevent High-Intensity Radiated Fields (HIRF)from inducing noise in the digital
signal paths.

The Future of Dependability: Towards Autonomy and Beyond

The Airbus FBW process has set the standard for high-criticality systems across multiple industries, including
automotive and medical robotics. As we look toward the future, the integration of Artificial Intelligence (Al)into
flight controls presents new challenges for dependability. Traditional formal verification is difficult to apply to neural
networks, which are often "black boxes."

Airbus's current research focuses on "Explainable Al" and "Deterministic Adaptive Control." These systems aim to
provide the benefits of machine learning while maintaining the strict safety quorums established by the original
FBW architects. The goal remains the same: a total approach to dependability that removes the possibility of
human error while providing a robust, fault-tolerant infrastructure.

By maintaining a strict hierarchy of control laws, utilizing hardware and software dissimilarity, and prioritizing safety
over all other metrics, the Airbus FBW system has transformed aviation safety. The "Process Toward Total
Dependability" is not a destination but a continuous evolution of engineering rigor, ensuring that as aircraft become



more complex, they also become safer for every passenger on board.
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