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The aerospace industry is currently undergoing a paradigm shift known as the More Electric Aircraft (MEA)
initiative. This evolution aims to replace traditional centralized hydraulic, pneumatic, and mechanical power systems
with localized electrical alternatives. Among the most critical components in this transition are secondary flight
control surfaces, specifically aircraft flaps and slats. Traditionally powered by complex hydraulic networks, these
surfaces are now the primary candidates for Electro-Mechanical Actuators (EMAS) and Electro-Hydrostatic
Actuators (EHAS). This article provides an in-depth technical examination of a prototype electrical actuator design,
focusing on its engineering architecture, operational advantages, and the challenges of high-integrity flight control
implementation.

The Shift from Hydraulic to Electrical Power Architectures

Conventional aircraft utilize a centralized hydraulic system where a pump, driven by the engine, circulates fluid at
high pressure (typically 3,000 to 5,000 psi) through a network of pipes to various actuators. While mature and
reliable, hydraulic systems suffer from several drawbacks, including leakage risks, high maintenance
requirements, and significant weight penalties due to the complexity of the piping and fluid reservoirs.

Electrical actuation, particularly for secondary surfaces like flaps, offers a "Power-by-Wire" solution. By utilizing
Permanent Magnet Synchronous Motors (PMSMs)and high-performance power electronics, engineers can
achieve localized power conversion. This eliminates the need for fluid transport across the airframe, replacing it
with lightweight copper or aluminum wiring. The primary drivers for this shift include:

* Reduced Life Cycle Costs: Lower maintenance intervals and simplified troubleshooting.

* Weight Optimization: Elimination of heavy hydraulic manifolds and fluids.

¢ Enhanced Functionality: Digital control allows for sophisticated health monitoring and prognostic data
collection.

e Environmental Impact: Removal of toxic and flammable hydraulic fluids.

Core Concepts of Aircraft Flap and Slat Actuation

Flaps and slats are high-lift devices located on the trailing and leading edges of the wings, respectively. Their
primary function is to increase the wing's coefficient of lift (Cl)during low-speed operations such as takeoff and
landing. Because these surfaces are exposed to immense aerodynamic loads, the actuators must provide high
torque and maintain precise positioning under varying pressure gradients.

Classification of Actuator Types
The development of prototype electrical actuators involves choosing between three main architectural frameworks:
1. Electro-Mechanical Actuator (EMA): Converts electrical energy directly into mechanical motion using a motor

and a gearbox (typically a ball screw or roller screw).
2. Electro-Hydrostatic Actuator (EHA): A self-contained system where an electric motor drives a local hydraulic



pump, which in turn moves a piston. It combines the benefits of electrical power with the reliability of hydraulic force.
3. Distributed Electrical Actuation: Multiple small motors distributed across the flap track to allow for asymmetric
load handling and morphing capabilities.

Technical Analysis: The Architecture of the Prototype Electrical Actuator

The prototype discussed in contemporary research (notably by J.W. Bennett et al.) focuses on a high-density EMA
designed specifically for trailing-edge flaps. The core of this system is a multi-phase motorintegrated with a high-
ratio reduction gearbox.

Motor Topology and Power Electronics

The motor is typically a Brushless DC (BLDC) or Permanent Magnet (PM) motor. These are favored due to their
high torque-to-weight ratio and high efficiency. In the prototype design, the motor is often wound for fault tolerance
. This is achieved by using independent phase windings, ensuring that a short circuit in one phase does not lead to
a total loss of torque.

The Power Drive Circuitryutilizes Pulse Width Modulation (PWM) to control the motor's speed and position. The
electronics must be capable of handling high voltage (typically 270V DC or 540V DC in MEA architectures) while
maintaining low electromagnetic interference (EMI) profiles to avoid disrupting the aircraft's communication and
navigation suites.

Mechanical Transmission: Ball Screws vs. Roller Screws

To convert the high-speed rotational motion of the motor into the high-force linear motion required to deploy flaps,
the prototype utilizes a ball screw assembly. Ball screws offer high mechanical efficiency (often >90%) but must
be engineered with "no-back" brakes. These brakes prevent the aerodynamic loads from "back-driving" the actuator
when the motor is not powered, ensuring the flaps remain in their commanded position.

Comparison: Hydraulic vs. Prototype Electrical Actuators

To evaluate the feasibility of replacing hydraulic systems, a comparison of key performance indicators (KPIs) is
essential. The following table highlights the technical trade-offs between traditional hydraulic actuators and the
prototype electrical EMA.



Feature/Metric

Energy Efficiency

Maintenance

Weight

Failure Mode

Prognostics

Thermal Management

Hydraulic Actuator
(Conventional)

Low (Constant pressure
leads to high standby
losses)

High (Leaks, seal
replacements, fluid
sampling)

High (Heavy piping,
pumps, and fluid)

Fluid leakage or pressure
loss

Difficult (Manual inspection
required)

Fluid acts as a heat sink

Electrical EMA
(Prototype)

High (Power consumed
only during movement)

Low (Solid-state
monitoring, no fluid leaks)

Medium to Low (Depends
on motor density)

Mechanical jamming or
electronic fault

Excellent (Digital bus
provides real-time health
data)

Localized heat generation
in motor/electronics

Advantage

Electrical

Electrical

Electrical

Hydraulic (Jam-tolerance)

Electrical

Hydraulic

Engineering Principles: Mathematical Modeling of Load and Torque

Designing a prototype requires rigorous mathematical modeling of the aerodynamic forces. The required motor
torque (Tm) can be calculated using the following simplified relationship:

Tm =(F_load *L_lead)/(2*< ¢ -_total * G_ratio)

Where:

e F_load: The aerodynamic force acting on the flap surface.

e L_lead: The lead of the ball screw (distance per revolution).

« :u+F+F A The combined efficiency of the gearbox and screw mechanism.
e G_ratio: The gear reduction ratio.

Engineers must also account for the Reflected Inertia. Since the motor spins at high RPMs, the inertia of the
motor rotor, when magnified by the square of the gear ratio, can significantly impact the dynamic response of the
flight control system. The prototype design must balance high gear ratios (to minimize motor size) against the need
for rapid response times during emergency flap retraction or deployment.

Implementation Guide: Designing an Electrical Flap System

The integration of an electrical actuator into an existing airframe requires a multi-step engineering workflow:

1. Load Profile Analysis

Analyze the maximum aerodynamic loads during the most strenuous phases of flight (e.g., maximum takeoff weight
and gust conditions). This defines the stall torque requirements of the actuator.

2. Selection of Power Supply Architecture

Decide on the DC bus voltage. While 28V DC is standard for small aircraft, the power requirements of flap



actuators usually necessitate 270V DC to keep current levels—and consequently wire weight—at manageable
levels.

3. Redundancy and Safety Synthesis

Flaps are safety-critical. The prototype must include redundant sensors (LVDTs or RVDTSs) for position feedback.
Furthermore, the electronic controller should utilize a dual-channel architectureto ensure that a single point of
failure does not result in unintended surface movement.

4. Thermal Analysis

Because EMAs do not have circulating fluid to dissipate heat, the actuator housing must be designed with
integrated heat sinks or cooling fins. Computational Fluid Dynamics (CFD) simulations are used to ensure the
motor does not exceed its Curie temperature, which would lead to permanent loss of magnetism.

Case Study: Addressing the "Jamming" Phenomenon

One of the primary technical hurdles for widespread EMA adoption is the risk of mechanical jamming. In a hydraulic
system, if an actuator fails, it often becomes "bypassable," allowing other actuators to move the surface. In an EMA,
a broken gear tooth or a seized ball screw can lock the flap in place. This is catastrophic if it occurs asymmetrically
(one wing flap deployed, the other retracted).

The Solution: Jam-Tolerant Mechanisms

Prototypes currently incorporate structural fuses or electromagnetic clutches. If a jam is detected via current
spikes in the motor, the clutch disengages the motor and gearbox from the output shaft, allowing the surface to be
moved by aerodynamic forces to a neutral position or held by a secondary redundant actuator. This ensures the
aircraft remains controllable despite a mechanical failure.

Operational Challenges and Maintenance Protocols

Transitioning to electrical actuators changes the maintenance landscape. Instead of checking for fluid puddles,
technicians utilize Built-In Test Equipment (BITE). Maintenance procedures for the prototype electrical actuator
include:

1. Dielectric Strength Testing: Ensuring the insulation of the motor windings has not degraded due to thermal
cycling.

2. Backlash Measurement: Checking for wear in the ball screw and gearbox to prevent oscillations or "flutter"
during flight.

3. Data Log Analysis: Reviewing the power electronics logs for transient over-current events that might indicate
impending mechanical resistance.

Future Implications: Morphing Wings and Intelligent Actuation

The research into prototype electrical actuators is not merely about replacing hydraulics; it is the gateway to
morphing wing technology. By using distributed electrical actuators, engineers can subtly change the shape of
the wing in real-time, optimizing the lift-to-drag ratio for every second of flight, rather than relying on fixed flap
settings. This could result in fuel savings of up to 5-10%.

Furthermore, the integration of Artificial Intelligence (Al)into the actuator control units allows for "intelligent” flight
controls. The actuators can sense changes in air density or turbulence and make micro-adjustments to the flap
positions to maintain passenger comfort and structural integrity, a feat nearly impossible with sluggish hydraulic lag



times.

The development of prototype electrical actuators for aircraft flaps and slats represents a cornerstone of modern
aerospace engineering. By successfully addressing the challenges of power density, thermal management, and
jam-tolerance, these systems pave the way for a more efficient, sustainable, and reliable generation of aircraft. As
power electronics and material sciences continue to advance, the all-electric wing will move from prototype to the
industry standard, redefining the mechanics of flight for the 21st century.
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