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1. SCOPE

This SAE Aerospace Information Report (AIR) describes the design, operation, and attributes of electrical braking
systems for both military and commercial aircraft. At this time, the document focuses only on brakes utilizing
electromechanical actuators (EMAS), as that is the present state of the art. As such, the discussions herein assume that
EMAs can simply replace the hydraulic actuation portion of typical brake system leaving things such as the wheel and
heat sink unchanged. Furthermore, the document provides detail information from the perspective of brake system design
and operation. The document also addresses failure modes, certification issues, and past development efforts. Details on
the design and control of electric motors, gear train design, ball or roller screw selection are available in the reference
documents and elsewhere, but are outside the scope of this document.

Other all-electric technologies such as piezoelectric actuation or mere exotic methods of applying drag to a rotating wheel
may be included at a later time.

Important: Electric braking systems for aircraft are at the early stages of production implementation. There are also a
variety of control schemes that may be used to provide acceptable EMA performance. As a result, many of the details
involved in the design of electric brake systems are proprietary or competition sensitive to the brake system OEMs. This
AIR attempts to provide a basic technical overview of electric brakes without compromising any particular manufacturer's
intellectual property concerns.

2. REFERENCES
2.1 Applicable Documents

The following publications form a part of this document to the extent specified herein. The latest issue of SAE publications
shall apply. The applicable issue of other publications shall be the issue in effect on the date of the purchase order. In the
event of conflict between the text of this document and references cited herein, the text of this document takes
precedence. Nothing in this document, however, supersedes applicable laws and regulations unless a specific exemption
has been obtained.

2.1.1  SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 135096-0001, Tel: 877-6086-7323 (inside
USA and Canada) or 724-776-4970 (outside USA), www.sae.org.

AlIR1064 Braking System Dynamics

ARP1070B Design and Testing of Antiskid Brake Control Systems for Total Aircraft Compatibility
ARP1493A Wheel & Brake Design and Test Requirements for Military Aircraft

AS1831 Electrical Power, 270 VDC, Aircraft, Characteristics and Utilization of

ARPA4255 Electrical Actuation Systems for Aerospace

ARP4729 Document for 270 VDC System

ARP4754 Certification Considerations for Highly-Integrated or Complex Aircraft Systems

AIRS5372 Information on Brake by Wire Control Systems

AS5663 Minimum Testing Requirements for Transport Airplane Wheel and Brake Assemblies Using

Electric Power Actuation
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SAE paper 881399 Performance Testing of an Electrically Actuated Aircraft Braking System
SAE paper 961299 Demoenstration of an Electrically Actuated Brake with Torque Feedback
SAE paper 2002-01-2946 Aircraft Electric Brakes - Technical Development

212  U.S. Government Publications

Available from the Document Automation and Production Service (DAPS), Building 4/D, 700 Robbins Avenue,
Philadelphia, PA 19111-3094, Tel: 215-697-6257, http./assist. daps.dla. mil/quicksearch/.

MIL-STD-461E Requirements for the Control of Electromagnetic Interference Characteristics of Subsystems and
Equipment

MIL-STD-704E Aircraft Electric Power Characteristics

MIL-STD-810F Environmental Engineering Considerations and Laboratory Tests

213 RTCA Publications

Available from RTCA, 1828 L Street, NW, Suite 805, Washington, DC 200386, Tel: 202-833-9339, www.rtca.org.
RTCA DO-160/EUROCAE ED14  Environmental Conditions and Test Procedures for Airborne Equipment
22 Related Publications

The following publications are provided for information purposes only and are not a required part of this SAE Aerospace
Technical Report.

TSO-C135 Transport Airplane Wheels and Wheel and Brake Assemblies
AFWAL-TR-88-3002  Aircraft Electric Brake System

WL-TR-95-3085 The Electrically Actuated Brake System Program

Power Electronics: Converters, Applications and Design, Mohan, Undeland and Robbins, Wiley, 1988
Honeywell Application Note: Low Gauss Bipolar Hall Effect Sensors

2.3  Acronyms/Definitions

AC: Alternating Current

ATRU: Auto Transformer Rectifier Unit

BIT: Built In Test

BJT: Bipolar Juncticn Transistor

BLDC: Brushless Direct Current

Commutation: Commutation is the control of current to produce torque

DC: Direct Current
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DSP: Digital Signal Processor

EB: Electric Brakes

EMA: ElectroMechanical Actuator

EMC: Electromagnetic Compatibility

EMF: Electromotive Force

IGBT: Insulated Gate Bipolar Transistor

LRU: Line Replaceable Unit

MOSFET: Metal Oxide Semiconductor Field Effect Transistor

OEM: Original Equipment Manufacturer

PFC: Power Factor Correction

PM: Permanent Magnet

PWM: Pulse Width Modulation

RTO: Rejected Takeoff

THD: Total Harmenic Distortion

T8O: Technical Standard Order

3. BASICS OF ELECTROMECHANICAL ACTUATION

Before discussing the complexities of overall electric brake system design and performance, an introduction to
electromechanical actuators (EMAs) is warranted. In an electrically actuated brake, the clamping force is provided by the
EMAs instead of hydraulic pistons. An EMA consists of a rotating electric metor and some means of converting the
rotation of the motor to a linear force. Typically, the electric motor is coupled to a ball screw through a reduction gearbox.
3.1 Brushless DC Motors

The DC brushless metor is the predominant choice for power conversion. This motor is equivalent to a permanent magnet
DC motor except that commutator and brushes are replaced by an electronic system of sensors and switches. This
simplifies the construction of the motor and eliminates the need to replace the carbon brushes and maintain the
commutator.

Some other advantages of brushless include no risk of explosion from sparking, no EMC issues from sparking, and much
higher reliability. Another advantage is that the coils are on the stator, where they are easier to cool than if they were on
the rotor (as they are with brushed motors).

On a brushless DC motor, the rotor assembly includes the magnets while the stator incorporates the wire windings. To
rotate the rotor, adequate magnetic field must be created in the stator and presented in the most optimum position with
respect to the magnets. Also, the magnetic vector needs to rotate with the rotor, so knowledge of the magnet angular
position is required. The rotor positicn is usually monitored by the use of an angular position sensor such as a Hall state

sensor or resolver. The rotating magnetic field produced by the stator is controlled by means of the control electronics
which sends the appropriate drive current to different windings in the stator in rapid succession.
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Figure 1 shows a typical brushless DC motor configuration. This particular example is an 8 pole, 12 slot configuration.
The 8 poles refers to the 4 pairs of magnetic poles while the 12 slots are those in the stator laminations into which the
wire windings are placed. The laminations in the stator complete the magnetic circuit and are made of a magnetically
permeable material such as silicon iron alloy. With a 3 phase drive as shown, the number of slots will always be divisible
by 3.

3 Phase ——— Windings Placed
Windings in ‘wye’ in Slots
Configuration

Controller

Drive
Signals

Hall State Sensors |:|

or Resolver

Laminations of
Magnetic Permeable
Material

Permanent Magnets
on Rotor

FIGURE 1 - BRUSHLESS DC MOTOR
If Hall sensors are used, they turn ‘'on’ when in the presence of a south pole. Note that in this motor with the Hall sensors
at a 120° spacing, there will be a Hall sensor changing state every 15° of motor rotation. The state changes, sometimes
called ‘motor counts’, can be used to monitor and control motor position.

As in conventional motors, the same basic principles of physics can be applied. The amount of torque produced is
governed by a simple equation:

Torque=f(BLI), where BL = K, (Eg. 1)

where:

B = flux density produced by the permanent magnets

i = current flowing in the windings

L = length of the conductor lying in the magnetic field
In a practical design, L is the sum of all the turns in the winding. As both flux density and winding length are fixed by the
geometry of the motor, the only variable is the current, which can be increased by raising the voltage impressed on the
windings. Increasing the voltage will increase the current, which increases the amount of torque and the motor speeds up
as voltage is raised. For any given motor, the relationship between torque and current is linear with a slope described as

the torque constant K. If the current is pushed high encugh, the magnetic circuit will saturate and the torque curve will
become non-linear.
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The other phenomenon that governs the behavior of the motor is the reverse voltage that is generated by the armature.
When a current carrying conductor is moved in a magnetic field, a voltage is generated according to the following
equation.

V=BLn (Eq. 2)
where:
n = speed of the rotor

As before, B and L are fixed and so the reverse voltage or back EMF is a linear function of speed. For a given motor, the
speed versus back EMF is expressed by the voltage constant K,.

With these constants, the behavior of the motor can be characterized. At a given load and applied voltage, the motor will
accelerate until the back EMF and the voltage dropped across the winding resistance balance the applied voltage. If the
load is increased, more current is required to produce the torque and this increases the voltage dropped in the winding -
the motor will slow down to a new speed. If the applied voltage is increased, the speed will increase until the motor is
going fast enough for the back EMF to balance the increased voltage. If the polarity of the applied voltage is reversed, the
motor will run in the opposite direction.

There are several materials/alloys used on brushless DC motor rotor magnets to be used on brakes. The driver is the
max temperature the material can withstand without losing its magnetic characteristics (margin versus its Curie
temperature). The magnets used may be conventional ceramic type but more typically utilize the higher performance ‘rare
earth’ materials such as samarium cobalt (SmCo) or neodymium iron boron (NdFeB). Of these two, SmCo has
approximately half the magnetic strength of the NeFeB. But, it has a higher Curie temperature making it the more likely
candidate for brakes.

Note it may be more appropriate to call the motors ‘AC synchronous permanent magnet’ motors if they are wound to
produce sinusoidal back EMF. A brushless PM motor is considered ‘DC brushless’ if it produces trapezoidal back EMF. A
DC brushless motor can be sinusoidally commutated, but it does not derive the same benefits from doing so as an AC
synchronous motor. Likewise, an AC motor can be driven with trapezoidal (6 step) commutation, but that does not take
advantage of the sinusoidal windings in the motor.

3.2 Motor Control and Electronics

As mentioned above, a DC brushless motor requires that the magnetic field in the stator be controlled relative to the
position of the rotor. This function is carried out by the motor control electronics.

The first piece of the control electronics is the sensor in the motor. Hall effect sensors are typical for many EMAs although
not common on brake systems because of temperature limits. Another sensor type is a resolver which has no functional
drawbacks, but does require significantly more envelope on the EMA and is more expensive. Some research is being
done in the field of sensorless motors with some applications outside of aerospace. But these have not proven viable for
servo applications with high accelerations at low speeds.

The output from the sensors is connected to electronic switches that switch the stator coils on and off at the appropriate
point in the revolution of the rotor. In permanent magnet motors, torque is produced when the magnetic field from the
winding interacts with the field from the magnet. When current is channeled to the proper winding or windings, the optimal
torgue is produced. When the rotor is moving, the position of the windings relative to the magnets changes. This means
that the optimal path to channel the current changes, depending on the rotor position. Brushless motors are commutated
electronically. The drive must measure the rotor position and determine how to channel the current so the requested
torgue is produced with the minimal current.

As the rotor turns, the current is electronically commutated from one pair of windings to ancther. In this way, only the flat
top portions of the back EMF are active, and a composite DC voltage is created, which is proportional to motor speed.

The current amplitude, which is proportional to developed torque, is usually controlled by pulse width modulating the
active switches.
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