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Chapter 1

Introduction

Early aircraft controls were totally manually operated, that is, the forces required
to move control surfaces were generated by the pilot and were transmitted by cables
and rods. As aerodynamics and airframe technology developed and speeds increased,
the forces required to move control surfaces increased, as did the number of surfaces.
Thus, to provide the extra power required, hydraulic technology was introduced. The
pilot’s manual inputs were used to control the flow of hydraulic fluid to cylinders that
subsequently moved the surfaces.

With further developments in aerodynamic and airframe technology and the
arrival of airborne computers came the need for stability and control augmentation,
which led to further developments in electrohydraulic actuation systems. In these
systems, the pilot utilises flight control computers to electrically control hydraulic
valves that in turn control the fluid flow. The control authority of computers was
initially maintained well below that of the pilot to permit overcoming erroneous
control inputs.

Today, with the advent of statically unstable aircraft, pilots are only able to
control their aircraft with the assistance of complex and fast flight computers.
This has led to the fly-by-wire concept, where the flight control surface hydraulic
actuators are controlled entirely by electrical inputs. Here, the pilot input is sensed
electrically and the mechanical control system is eliminated (i.e. rods or cables are
eliminated).

The unavoidable element in the development of flight control systems (to date)
has been in hydraulic actuators. This has been the case primarily because of their
proven reliability and the lack of alternative technologies. However, the technology
to build electromechanically actuated primary flight control systems is now avail-
able. Motors developing the required power at the required frequencies are now
available with the use of high-energy permanent magnetic materials and compact
high-speed electronic circuits. Therefore, development of this technology may
mark the end of the hydraulic actuation systems, which are the last major non-
electrical elements in the modern-day aircraft. This is considered to be an important
step for the development of the future ‘all-electric’ aircraft. The purpose of the
‘all-electric’ aircraft concept is the consolidation of all secondary power systems into
electric power. By eliminating the hydraulic and pneumatic secondary power systems,
the aircraft benefits from improved maintainability and reliability, reduced life cycle
costs, improved flight readiness and efficient energy use.



In recent years there has been much interest in the ‘all-electric’ aircraft, and
its supporters have emphasised the serious consequences of hydraulic fluid loss on
the aircraft safety. Furthermore, they highlighted the weight and space dis-
advantage of a centralised hydraulic power distribution system, especially when
there are large distances between the primary power source and the actuators. Most
experts agree that electric surface actuation systems will only show a weight-saving
advantage if the hydraulic system is removed completely from the aircraft. There
is, therefore, a strong case for the study of all-electric power actuators, their per-
formance and integrity.

An enabling technology that took place in parallel with these developments
was the development of brushless dc motors, which are relatively recent additions
to electrical drives. The concept of brushless dc motors was first developed in
1964 by the National Aeronautics and Space Administration (NASA). The term
‘brushless’ is used to indicate that the motor is electronically commutated by sensing
the rotor position, eliminating the brushes and commutators with the potentially
dangerous sparking that is associated with conventional dc motors.

Although, these types of motors were introduced in the early sixties, only
recent developments in solid-state devices (for rotor position sensing and control-
ling armature input power) and rare earth magnetic materials have contributed to
their availability and wide spread use, both for aerospace and ground applications.
The need for the development of brushless dc motors was urged by some for the
advantages they enjoy over the brush-type motors. However, it must be emphasised
that brushless dc motors will not totally replace the brush-type motors, since each
type has its place in the range of motor applications.

Traditionally more than a channel of operation has been used to meet the
stringent integrity requirements for aircraft control surface actuators. In fact, air-
craft with powered flying controls would be fitted with at least two independent
hydraulic power supplies driving a tandem hydraulic ram.

Fly-by-wire systems pose more difficult problems since they must be designed
for failure-survival, thus corresponding designs of surface actuators are commonly
found to have up to four lanes of parallel ‘first stage’ hydraulic actuation driving a
duplicated or triplicated hydraulic second ‘power stage’.

Although electric power actuation is commonly used for slow-acting aircraft
controls such as trim motors, flaps and slats, so far it has found almost no appli-
cation, except in demonstrator aircraft, for driving primary aircraft controls because
of the speed of operation required. However, hydraulic controls have the advantage
of high power to weight ratio, thus they can easily achieve high speeds, and are
commonly used in fast acting aircraft controls.

Actuator manufacturers currently hold the opinion that purely electric power
actuators will eventually be developed to replace electrohydraulic actuators in the
next few decades. To make this possible, there is a need to advance various
essential areas of technology, including: power electronics, motor technology,
thermal design, gearbox design, layout or architecture, control systems, failure
monitoring and detection techniques, reliability and integrity.
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This book describes design concepts in electromechanical actuators by con-
sidering an actuator with four lanes of actuation that has the capability to drive the
aerodynamic and inertial loads of an aileron control surface similar to that of the
Sea Harrier, with two lanes failed. Each lane of the multi-channel actuator contains
its own dedicated microprocessor/s to perform control and comprehensive mon-
itoring tasks. The mathematical models of the actuator (in its lumped and three-
phase representations) and the acting loads will be derived from first principles.
Furthermore, failure development, detection and isolation methods that are gen-
erally applicable to multi-lane electric surface actuators will also be explained.

The overall design has to meet both local actuator and global aircraft system
performance requirements. Actuator requirements include: identify the control
surface and the loads over the full flight envelope; maximum rotary output; mini-
mum output rate; operation bandwidth; first nuisance disconnect probability;
minimum damping of position servo; failure transients envelopes (which will affect
the aircraft response). The aircraft system conditions that must be met include: the
control surface geometry, aircraft speed range, maximum aileron authority limits at
different aircraft speeds, maximum aircraft manoeuvre; maximum allowable bank
angle and roll rate following first (and any other permitted following) failures.

The structure in which the design will be presented is highlighted next, starting
with Chapter 2 where relevant technologies (to multi-lane electric actuators) will be
presented.

Chapter 3 will present and verify basic equivalent circuits for the brushless
dc motor.

Chapter 4 will present control system design steps, with the load mathematical
modelling across a defined flight envelope.

Alternative methods of output consolidation with associated monitoring
methods will be presented first in Chapter 5. A Simulation Graphical Monte Carlo
(SGMC) method is then presented to set the thresholds on the Monitoring-Voting
Devices (MVDs) within the Fault Detection and Isolation (FDI) System. The
general methodology of its implementation to scheduled and unscheduled threshold
settings will be presented.

Chapter 6 will present hardware cross monitoring in torque and velocity
summing architectures, by considering lumped servo models.

Chapter 7 will present both hardware and digital cross monitoring to the torque
summed architecture by considering three-phase servo models and lumped digital
models.

Chapters 6 and 7 will present statistical variations in lane disparities for
potentiometers, tachometers and motor currents. These are inherent random dis-
parities due to random internal variations in the motor parameters and feedback
signals from feedback devices, which were produced from samples of 1500 tests for
different aileron deflections and during different flight cases.

Appendix 1 lists simulation tests (from Chapter 6) in hardware cross
monitoring.

Appendix 2 lists simulation tests (from Chapter 7) in digital cross monitoring.
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Chapter 2

Relevant developments

Over the years, aircraft flight control systems have evolved from being totally
manually operated and generated to (what is commonly known today as) wire
driven, hence the expression fly by wire. Fly by wire technology is where human or
computer generated desired flight controls movements are represented by electro-
nic signals that feed and operate (hydraulic or pneumatic) valves to drive the
control surfaces, thus enabling on-board computers to perform functions at fre-
quencies beyond pilot’s abilities. With recent developments (in high-energy
permanent magnetic materials and compact high-speed electronic circuits) it was
made possible to extend this technology to the near future realisable concept of
all-electric aircraft.

It is the aim of this chapter to present state of the art developments in elec-
trohydraulic, electromagnetic and electromechanical actuators that led the way and
influenced actuation designs for the future all-electric aircraft development.

2.1 The all-electric aircraft concept

The purpose of the all-electric aircraft concept is the consolidation of all secondary
power systems into electric power. By eliminating the hydraulic and pneumatic
secondary power systems, the aircraft benefits from improved maintainability,
reduced life cycle costs, improved flight readiness and efficient energy use. This
prompted numerous studies into electromechanical primary flight control actuation,
which is considered a major milestone in the development of the all-electric aircraft,
and led to the development of the electromechanical actuator systems, survivability,
vulnerability and fault tolerance test programmes that addressed problems and
benefits of the concept in the next generation fighters [1].

With advances in rare earth magnetic materials, solid-state power switching
devices and high voltage dc power control, electromechanical actuator systems
were made possible. However, concerns over the safety of flight mission reliability
and combat survivability will have a major impact on the flight control hardware
and architecture chosen for future aircraft. Retaining undiminished performance
after failures places an enormous burden on the flight control system, and this
capability is attained only at considerable cost and complexity. To meet these
demands requires investigation into electromechanical actuator systems’ surviva-
bility and reliability [1].



Electromechanical actuators have advantages over hydraulic actuators, not
because they are better actuators in a conventional comparison sense, but because
of the changes they allow in the total secondary power system of the aircraft, which
means less weight, no hydraulic fluid leakage and consequently a reduction in fire
hazards, less complexity and cheaper installation and maintenance costs [2].

Studies by the authors in [3] showed the need to reduce the susceptibility (in
US Air Force aircraft) to hydraulic fluid-related fires. They tabulated hydraulic
fluid-related fire mishaps over the period 1965–1983 and found that:

● Over 1970–1975, 90 hydraulic fluid-related fire mishaps mounted a total cost
estimate of $100 million. Significant reduction was noted over the period
1976–1979, which rose again over the period 1980–1983.

● Over the period 1965–1979, 37 per cent of the hydraulic fluid fires were in
cargo aircraft.

To increase aircraft survivability, the report recommended:

● The development of a truly non-flammable hydraulic fluid (which increases
the weight).

● Urged further development in seals and equipment compatible with both high
pressure and non-flammable fluids.

The study concluded that future aircraft losses (due to inadequate maintenance
procedures or on-board equipment and system failures) must be reduced, which is
an indirect request to investigate alternatives to hydraulic systems for the future
aircraft.

The above studies pointed out that electromechanical actuators have more ben-
efits when compared with hydraulic actuators. Although hydraulic actuator systems
possess high force/weight ratio and high reliability, hydraulic systems still suffer
from pressure transients, leakages, fire hazards, survivability in battle field scenario,
and high installation and maintenance costs. However, the studies also showed that
hydraulic actuators were more reliable than electromechanical actuator systems,
due to the high probability of mechanical gearbox failure. In fact, acceptance of
electromechanical actuators for primary flight control surface applications will
undoubtedly rely on the acceptance of the gears in the mechanical transmission [1].

Holmdahl [4] described a single-channel electromechanical actuator that was
designed by Boeing and was installed on the inboard spoilers of the NASA-owned
Quiet Short-Haul Research Aircraft, which was completed in June 1982 and has
undergone flight tests since then. The units were designed to fit the installation
space and to replace a hydraulic actuator. The electromechanical actuator comprised
of a samarium-cobalt permanent-magnet motor manufactured by Inland Motors of
Radford\Virginia and a gear-ballscrew assembly (designed by Plessy Dynamics,
Hillside, New Jersey). Holmdahl reported that the electromechanical actuator perfor-
mance and response matched that of the original hydraulic actuator on the inboard
spoiler and that of the outboard spoiler. The report also listed the further payoffs that
this system offered, such as energy conservation, life cycle cost, operational readiness/
dispatch reliability, reduction in aircraft weight, reduction in system development and
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test efforts, improved survivability and the consolidation of energy/power sources into
one electrical system. Furthermore, the report also emphasised the need for further
investigations in performance after failure, tolerance and isolation, in order to achieve
the above payoffs. It raised the importance of correct architecture (velocity versus
torque/force summing) implementation and stated that a mix of the two types will be
required in most aircraft applications. However, the choice between the two summing
techniques is to a great extent, dependent upon failure considerations and failure mode
characteristics. One consideration is that a velocity-summed actuator tends to fail open,
zero output torque, leaving the control surface unrestrained. Whereas a torque-summed
actuator tends to fail locked at the point of failure. Therefore, a surface such as a rudder,
stabiliser or a canard that is flutter-prone tends toward torque summing, whereas
spoilers tend to be candidates for velocity summing.

The reliability and redundancy study in the Holmdahl report revealed that the
primary concern about the reliability of electromechanical actuators is the prob-
ability of a jam or structural failure in the gearbox section. A requirement that
was established early in the Grumman programme, which stated that the electro-
mechanical actuator systems reliability should be at least equal to that of the
dual-tandem hydraulic actuator, so that, the probability of a critical failure be
no greater than 10E-4 per flight hour [5]. The author also suggested that a fail-
operational/fail-safe requirement would usually be acceptable in flight-critical
applications, thus, the likely configuration of an electromechanical actuation
systems would be a four-motor design that meets full performance requirements
with three motors operating and has a degraded performance (get home cap-
ability) with two motors operating.

2.2 Electromechanical actuator development

This section describes key published programmes that gave basic design compar-
isons between electromechanical and hydraulic multi-lane actuators.

One of such programmes is the Lockheed-Georgia and Sundstrand Corporation
teamed together with the USAF Flight Dynamics Laboratory. The programme was
started in 1982 to develop flight worthy primary flight control electromechanical
actuator hardware, evaluate its impact on flight control system design and demon-
strate its capabilities in flight [6–9]. The programme described a dual-motor driving
a single ball screw through a torque summing gearbox electromechanical actuator
(Figure 2.1). The aircraft chosen to demonstrate the actuator was the C-141, and the
surface to be controlled was the left-hand aileron. The actuator was intended to
replace the existing hydraulic actuator on the aileron.

The controller was housed in the cargo bay of the aircraft with cabling to the
actuator running along the inside of the wing’s trailing edge. The controller was to
perform the functions of motor control, actuator position control, cross-channel
equalisation and failure detection. The primary control input to the controller was
the position error signal, which was generated by the mechanical feedback linkage
and sensed by a Rotary Variable Differential Transformer (RVDT). The controller
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drove the motor such as to maintain the position error signal as near to zero as
possible. The voltage to the motor was controlled by pulse width modulating an
internal 270 V dc power supply. The resultant average voltage was switched by six-
switch inverter to the three-phase motor stator windings. The inverter switching
sequence was determined by sensing the rotor position. For each rotor position,
a unique switch sequence was selected from a custom programmable memory.

To minimise the force fight between the two motors, the controller equalised
the current to each motor by regulating the output voltage. The current to each
motor was monitored, and the difference between them connected to each motor’s
control loop so as to reduce that difference. The authority of this equalisation was
minimised to reduce the impact of any component failure in its circuit. The con-
troller performs several fault management functions, and all the actuator position
sensors (including the motor commutation resolver) were monitored for failure.
The operation of the control electronics was monitored by comparing the actual
control parameters with those of a model that is incorporated into each channel.
The balance between each motor was also monitored, so that if currents were to
differ beyond a pre-set limit, the failed channel is shut down. The actuator was
also monitored for over-speeding and over-travel, and when a failure was detected,

Shutdown
decision

Comparator
delay

Electronics
model

Electronics

Shutdown
decision

Comparator
delay

Electrical
overtravel

Motor

Current
sensing

Ballscrew

Motor

Electrical
overtravel

ElectronicsElectronics

Electronics
model

Dual winding
RVDT

Shutdown
decision

Comparator
delay

Dual winding
RVDT

Electronics

Current
sharing

Current
sensing

Comparator
delay

Comparator
delay

Shutdown
decision

Shutdown
decision

Gears

Gears

Figure 2.1 Block diagram of the electromechanical actuator developed by
Lockheed-Georgia, Sundstrand Corporation and USAF Flight
Dynamics Laboratory
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the faulty channel was isolated and the cockpit enunciators were illuminated.
Furthermore, the input power, bridge voltages and the temperature were monitored
to provide an additional level of servo protection.

Thompson [8] and [9] shared reporting the success of the Lockheed-Georgia
flight tests and reported that the electromechanical actuator operation was smooth
and trouble free with no electromagnetic interference problems. It was also repor-
ted that there were no thermal problems and that the actuator ran a few degrees
cooler than the hydraulic actuator in the other wing. Furthermore, power con-
sumption during extensive system exercises was considerably less than expected,
and the actuator drew a maximum current of 12.5 A. Moreover, the aircraft
performance was identical to that of a standard C-141, and the pilot comments were
100 per cent favourable, indicating that the electric system performance was
identical to its hydraulic counterpart.

The Sundstrand programme tests also reported that (in 1986) the C-141
underwent six sorties of 9–12 h duration flight tests [9]. In these tests, the elec-
tromechanical actuator system was operated in both dual- and single-channel
modes throughout 9,000–41,000 ft and 80–390 kts flight envelopes. It was also
reported that the controller had operated successfully after detecting a sensor fail-
ure that led to a shutdown of the faulty channel.

The other interesting programme that addressed electromechanical actuation
and servo power conditioners was that conducted by Virginia Polytechnic [10–12].
The studies presented the development of a discrete time model to simulate a
samarium cobalt type permanent magnet brushless dc motor. The model was
developed as part of an overall discrete time analysis of the dynamic performance
of electromechanical actuators. This was conducted as part of a prototype devel-
opment, built for NASA Johnson Space Centre as a prospective alternative to the
hydraulic actuator used in the shuttle orbiter applications. The mathematical
modelling included the interaction between the machine and its transistorised
power conditioner unit, where excellent correlations were reported between the
numerical simulation and the actual hardware experimental tests.

2.3 Electromagnetically summed actuators

Another unique and very interesting programme was reported by Pond and Wyllie
[13]. The authors described a magnetic torque summed electromechanical actua-
tor that comprised of a rare earth permanent magnet brushless motor with quad
redundant windings. Despite the reported encountered problems, the design was
a brave and interesting attempted to increase reliability by removing the gearbox
assembly.

2.4 Electrohydraulic actuators

Multi-lane actuators were also investigated by Dowty Aerospace [14]. The author
compared the application of Electro-Hydraulic-Servo-Valves (EHSV) actuator with

Relevant developments 9



Direct Drive Valves (DDVs) actuation systems. Although an Electro-Hydraulic
actuator system was described, architecture and the redundancy concepts remain of
interest to state of the art actuators development. The programme investigated the
Experimental Aircraft Project Actuator (shown in Figure 2.2), which was con-
trolled by four computers, with each computer taking the error between demanded
and measured positions to signal an EHSV. The actuator position was measured
from four LVDTs within the actuator. The actuator operated from two hydraulic
systems to provide redundancy, where each hydraulic system is associated with two
EHSVs. This arrangement gives basic survivability of continued operation after one
electrical and one hydraulic failure or two electric failures.

Each EHSV controlled a miniature actuator, and the group of the four actuators
drove a tandem main control valve with local position control loop. The survival rule
quoted previously means that the system has to continue to function on a single
electrohydraulic channel, detecting and rejecting failures at the EHSV level, thus
adding considerable complexity. The position of the EHSV spool position is measured
by an LVDT and the measurement is compared against a valve computer model. In the
event of error, a signal is generated to switch off a fail-safe solenoid valve, thus
blocking the EHSV outputs and putting the failed valve actuator into a bypass con-
dition so that it imposes no further constraint on the operation of the good lane.

The author then described the DDV actuator, which is much simpler (Figure 2.3).
In this configuration the computer signals are flux summed at a single linear motor
which directly drove the tandem main control valve. Again a position loop is closed
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Figure 2.2 The BAe EAP actuator flow diagram, Dowty Aerospace,
Wolverhampton
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by four LVDTs. In this case the loss of a hydraulic supply does not impact the
number of electrical lanes. Here, monitoring was achieved by measuring individual
motor currents and comparing them to expected values.

Finally, the author described a simpler solution to the variation to the EAP
solution, that is, the development of EHSVs with an integral bypass mode which is
automatically selected after failure. This gives the benefit of the use of four sepa-
rate control devices which give a better ballistic survivability when compared to
DDV actuators. Despite this, the author favoured the implementation of DDVs for
the significant benefits they offer for multiplex actuators and better reliability
for simplex actuators. However, size works against DDV actuators, hence the
author emphasised on the need for further investigations in their development, so
that this technology would be even more widely applicable.

Figure 2.4 shows the electrohydraulic system of the B-2 advanced technology
bomber. In this system, the four aircraft computers compute and generate com-
mands to the actuator (in response to sensor inputs and guidance commands) and
perform fault detection and isolation as well as provide control communications
with the remaining avionics system [15]. The Flight Control Actuation System
(FCAS) contains the flight control actuators and a quadruplex Actuator Remote
Terminals (ARTs). The ARTs are distributed on the airframe so that a set of four
redundant ARTs operated on each side of the aircraft. Each ART contains loop
closure electronics for all flight control actuators on its own side of the airframe.
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feedback

Quadruplex
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Direct drive
motor
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Control
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Figure 2.3 The EFA DDV actuator flow diagram, Dowty Aerospace,
Wolverhampton
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The actuator of each of the 11 primary flight control surfaces contains a Direct
Drive Servo-Valve, a single piston and numerous quadraplex transducers.

Two hydraulic systems powered each actuator, with a mode control switch
valve to select one of the three (primary, alternate and bypass) operating modes. At
least two identical actuators drive each control surface and if there were sufficient
failures to cause an actuator to bypass, the other actuator will continue to control
the surface, albeit with reduced hinge moment capability. The hydraulic system is
designed so that each of the four independent systems is available to every flight
critical surface.

The FCAS has the capability to detect failures and reconfigure, utilising judi-
cious monitors to detect failures. Each ART has numerous monitors that con-
tinuously measure the health of central ART functions, such as power supply
voltages, central processing functions and dozens of other monitors. When a failure
is detected, the offending ART is disabled. Monitors that detect failures within
individual branches employ cross-channel comparison, comparing a local signal
with the voted value of that signal from all branches (transmitted via a cross-
channel data link). If the difference between the local signal and the voted value is
greater than a predetermined threshold for longer than a programmed interval, then
the signal is declared failed and its branch is shut down. The voter excludes failed
signals (in the voting process) for the remainder of the flight, unless the failed
signal is cleared.

2.5 The book approach

This book is concerned with the development of a smart electromechanical actuator
that utilises brushless dc motors. Two architectures will be presented, the velocity-
and torque summed architectures. Two motor models will be used in the designs,
one is based on the McCormick and Electro-craft lumped model, and the other is
the three-phase Taft model [16–19]. These two models will be used to address
the designs issues; however, other more complex models are also available in the
literature for the reader, such as those in [9, 10, 11, 20, 21].

Initially, the McCormick model is implemented for its simplicity to initially
examine the actuator, and the effect of any lane disparities due to internal parameter
variation and external transducer fluctuations for both velocity and torque summing
architectures. The three-phase Taft model is then implemented to examine the torque
ripple effect on lanes disparity.

While the three-phase model is used in hardware cross monitoring, the lumped
and the three-phase models will be used in digital cross monitoring. A Monte Carlo
Method will be utilised to evaluate scheduled and unscheduled threshold values, so
that the system will have a maximum false alarm rate of 1.0E-4. Designs will be
assessed by examining the effect of failure transients on the actuator and its impact
on the aircraft response.

It is the aim of this book that the reader develops clear design strategy in high
integrity systems.
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Chapter 3

Modelling the brushless dc motor

Motors used for space applications have to meet certain special requirements, such
as high reliability and very long (seven to ten years) unattended operational life
under hard vacuum. They have to operate over a wide temperature range and should
be capable of withstanding space radiation during operational life, vibration and
shocks during launch and out gassing of the materials used. Also, they should
have low power consumption and obviously minimum weight and volume. These
requirements impose constraints on lubrication, bearings and materials used, there-
fore, the concept of a non-contacting system is preferred, hence, brushless dc motors
were first developed in 1964 by NASA [22]. The term brushless is used to indicate
that the motors are electrically commutated by sensing the rotor position, thus
eliminating the brushes and commutator that are found in the conventional dc
motors. Although they were introduced in the early sixties, only recent developments
(in solid-state devices and rare earth magnetic materials) have contributed to the
availability and wide spread of their use, both for aerospace and ground applications.

The need for their development was due to some of the advantages they enjoy
over the brush-type motors, however, it must be emphasised that the brushless dc
motors will not in all likelihood completely replace the brush-type motors, since
each type has its place in the range of motor applications. Brushless dc motors
enjoy advantages that are traditionally associated with the conventional dc motors,
such as better efficiency, response time and linearity. They also enjoy the following
additional advantages:

1. There are no brushes to wear or limit rotational speed. The wear factor may be
important in applications that require high reliability for the military/aerospace
markets or in situations where the motor installation makes it extremely dif-
ficult to replace brushes. Similarly, the absence of commutator bars precludes
the problem of the commutator bar oxidation; therefore, brushless dc motors
can sit idle for years with no loss of performance. Also, there are environments
where brush arcing is very hazardous such as fuel pumps, grinders of materials
that produce explosive dust, or spraying with flammable materials. Moreover,
unlike the brush-type (where sliding contact against the commutation bars
limits the maximum practical speeds of the brush-type motors), the brushless-
type speeds is limited by the commutation electronics; therefore, motors with
speeds up to 80,000 RPM have been built. Furthermore, the elimination of
brushes also eliminates certain forms of radio frequency interference (RFI).



2. The winding configuration of a brushless dc motor allows the windings to be
more effectively cooled. The stator may be cooled by conduction through
mounting flange that is equipped with cooling fins or may have a water or
cooling jacket.

3. High energy product magnet materials, such as samarium cobalt or Neodymium-
Iron-Boron compounds, allow for a smaller rotor diameter than in conventional
brush-type motor. This means lower inertia, faster acceleration and an enhanced
control system.

However, the disadvantage in using brushless dc motors is the increase in the
complexity of the drive circuits which means a definite increase in cost. Although
the reliability of the brushless dc motor itself is higher than that of the brush type,
the reliability of the drive electronics may be reduced due to the increase in the
overall system complexity.

A brushless dc motor has the same physical laws that govern the conventional
brush-type dc motor, but the primary difference is the inverse relationship of the
rotating and stationary elements. The conventional dc motor has a stationary mag-
netic field and a rotating armature, while the brushless dc motor has a rotating per-
manent magnet assembly and a stationary armature winding, as shown in Figure 3.1.
Commutation of electric current in the stationary armature is done by switching
on the appropriate windings (by solid-state amplifiers) as a function of rotor
position. Hence, brushless dc motors are also known as electronically commutated
motors [17, 22].

There are a variety of devices, such as optical, inductive and capacitive trans-
ducers, magnetoresistors and Hall Effect generators for rotor position sensing
[17, 22]. The optical arrangement consists of a disk attached to the rotor, an optical
source and a photosensitive device. The light reflected by the rotating disk falls on
the photosensitive device to generate the switching signal. Generally, inductive-type
sensors are not used because they require complex circuits for excitation and
demodulation. Also, the moving magnetic field may inhibit self-starting capability.

Stator

Magnet

Rotor

Stator
Magnet

Rotor

Figure 3.1 Cut-away view of brushless and conventional dc motor assemblies
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The capacitive transducers also require complex circuits and hence are not suitable.
Magnetoresistors do not have polarised output. The Hall Effect generator develops
a polarised voltage depending on the control current and magnetic field passing
through it. The unique property of polarised output means that only two sensors
are required. The Indium and Antimony Hall effect semiconductor devices are
very small in size and have higher sensitivity. As Hall Effect sensors have high
reliability, low power consumption and don’t require additional rotating disk and
complex circuitry, they are widely used.

The following analysis was developed by the authors in [16, 17, 23]. This
knowledge will be used in the development of the brushless dc motor lumped
mathematical model in the actuator.

3.1 The lumped mathematical model

3.1.1 Elementary magnetics
A current carrying wire placed in a magnetic field (with the current flow perpen-
dicular to the direction of the field) will cause a force to be exerted between the
field producing element (permanent magnet, in this case) and the wire. This force is
a cross product of the field strength, the wire length and the current in the wire.

F ¼ I � Lw � B

where F Force vector
I Current vector
B Flux density vector
Lw Displacement vector in the direction of the current I

The direction of the force depends on the orientation of the magnetic field and the
direction of the current in the wire. If the wire is disconnected from the current
source and either it or the field was moved in a direction perpendicular to the other, a
voltage may be measured across the ends of the wire. The magnitude of the voltage,
E, depends on the velocity, nw, with which the wire is moved through the field, or

E ¼ B � Lw � nw

Therefore, the force on the conductor in the magnetic field can be controlled by
changes in B, Lw or I. In motor design, these are affected by the permanent mag-
netic material circuit design B, the length and number of active conductors Lw and
the total current I. Similarly, the generated voltage is controlled by changes in B,
Lw and the rotor speed wm.

The above knowledge may be applied by considering the toroidally wound
two-pole brushless dc motor shown in Figure 3.2. The conductors are shown
wrapped around the stator. Lw from the previous discussion is the length of the
active conductors (number of turns times the length Lw), the B is the magnetic flux
density in the magnetic circuit, which is comprised of the North and the South
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permanent magnets and the toroidal core. If current is applied to the conductors
then F is imparted tangentially to the rotor and torque results in the direction of the
arrow. If the current source is removed and the rotor was to be allowed to rotate,
an alternating voltage will appear across the terminals as shown in Figure 3.3.
The alternating voltage results from the change in magnetic polarity as the rotor
turns, where each coil sees alternately a North and then a South Pole. The ampli-
tude and frequency of the voltage are dependent on the speed of rotation.

3.1.2 Commutation and the back emf waveform
One problem with the above design is that there is no way to make the motor rotate
for a complete revolution. That is, as the current is applied in the direction shown
in Figure 3.2, the motor will rotate to a point where the torques from the North and
South fields are balanced, and no amount of current in the winding will cause
torque. Thus the developed torque obtained for a given current is not constant as
the rotor position is varied between two points where the field is balanced. How-
ever, intuition indicates that the amount of torque available for a given current
should increase to some maximum at a midway between the two points where the

B

F

Voltage
source
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l

South
North

Rotation

Figure 3.2 Two pole brushless dc motor
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180º

360º

Figure 3.3 Terminal voltage applied
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fields are balanced. Therefore, to make the motor rotate through a complete
revolution, we need to commutate the current in the windings as a function of rotor
position. This means changing the direction of current in the coil at the proper
time. In the brush-type motors this is done by the arrangements of brushes and
commutation bars. For brushless dc motors, electronic switches and rotor position
sensors are used.

Figure 3.4 schematically shows a typical brushless motor wound with three
phases and the voltages seen between the phases (when the motor was driven as a
generator at constant speed). The motor is wound to provide overlapping, sinu-
soidal three-phase voltages, electrically spaced by 120�. The North/South balance
for each winding occurs where the voltages go through zero and reverse polarity.
It is the method and type of winding as well as the geometric and physical char-
acteristics of the rotor and stator that create the sinusoidal shape of the terminal
voltage, the back emf (BEMF) of the motor. The torque produced by a motor with a
given winding and physical geometry is directly related to the voltage it produces

ΦB

ΦA

ΦC

0°
60° 180° 300° 60° 180° 300° 60°

120° 240° 360° 120° 240°

Volts ΦAB ΦBC ΦCA ΦAB ΦBC ΦCA

360°

Rotor position

Figure 3.4 Typical three-phase brushless dc motor and the voltages between its
phases
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when the rotor is externally driven, or when the motor is used as a generator.
In fact, the motor torque constant, KT, and the motor voltage or BEMF constant,
KE, are equal when expressed in Nm/A and V/rad/s respectively.

This applies not only to the motor constants, but also to the wave shape
throughout the commutation cycle. In other words, if the BEMF waveforms are
viewed as a function of rotor position on an oscilloscope (when a constant current is
applied to the motor), the torque as a function of rotor position will vary in a similar
manner. Therefore, there is a logical way to decide when to commutate a brushless
motor. In the discussion above it was found that commutating at the zero crossing
of the BEMF waveform is not a good place to start since there is no resultant torque
no matter how much current is injected into the phase. Also, it was found that peak
torque for a running motor is achieved at the peak of the BEMF waveform. Hence
if the motor is to run smoothly between commutation cycles, then the commutation
zone should take place at the points of the centre of the peak BEMF waveform, as
shown in Figure 3.5. This will provide equal sharing of motor phases in the process
of producing torque, but will introduce variations of 50 per cent in KT [16, 17].

Torque ripple as a function of rotor position with constant current
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Figure 3.5 Torque ripple as a function of rotor position with constant current
input and commutations at the positive half of the BEMF
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This might be considered acceptable in some applications such as ventilators
and pumps. To improve this variation of torque during commutation, or the torque
ripple, commutation frequency is doubled by using the negative and the positive
half of the BEMF, as shown in Figure 3.6. This will yield a 13 per cent ripple. For
a three-phase motor, this is considered to be the best that can be achieved when
considering the BEMF waveform.

Further improvements to reduce the torque ripple may be achieved. One way is
to increase the number of phases of the motor, thus increasing the number
of commutation cycles per revolution. This means using smaller and smaller por-
tions of the peaks of the BEMF waveform and thereby limiting the torque ripple
excursion. This method is similar to that of increasing the number of commutation
bars of the brush-type motor. The penalty in applying this to brushless dc motors is
the increased number of transistor switches and commutation frequency.

A second method, and one that is more common, is to modify the shape of the
BEMF waveform so that it is more trapezoidal (i.e. flat during the period of com-
mutation), as shown in Figure 3.7. The ripple of this type of motor is much less than
a motor with a sinusoidal BEMF waveform. In practice, the BEMF waveform
cannot be made precisely flat due to the armature reaction, but torque ripple of
5–6 percent is achievable.
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Figure 3.6 Commutation at the positive and negative halves of the BEMF
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3.1.3 Model development
The lumped model is a simplified mathematical representation, thus it is very
useful in examining designs at the early stages. It is possible to assume that the
brushless dc motor has the same mathematical model of that of the brush type if the
following is assumed [16, 17]:

● Commutations are properly implemented using rotor position sensors and
semiconductor switches, so that the brushless dc motor is commutated to fol-
low the trapezoidal BEMF waveform.

● The values of KT and KE were assumed to be constant during commutation.
● Losses in semiconductor switches were assumed to be minimum and are

neglected.

Thus, the brushless dc motor may be represented by the equivalent circuit shown in
Figure 3.8. From this circuit the mathematical model may be derived as follows:

V ¼ I � R þ L
dI
dt

þ KE � w ð3:1Þ

where R Resistance of a phase winding
L Inductance of a phase winding
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Figure 3.7 Commutation with trapezoidal waveform
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V Terminal voltage
KE Voltage constant of a phase winding over the conduction angle induced back

EMF
I Total of phase currents
w Motor shaft angular velocity

The above relationships hold well for the common brushless motor structures,
although there are lower order effects due to mutual inductance between windings,
overlapping conduction angles and unequal rise and fall times of current due
to differing charge and discharge paths. The dynamic equation for the brushless
dc motor when coupled to a load is given by

KT � I ¼ ðJm þ JLÞ � @w
@t

þ D � wþ Tf þ TL ð3:2Þ

where KT Torque constant of the motor winding
Jm Motor moment of inertia
JL Load moment of inertia
D Viscous damping coefficient
Tf Friction torque
TL Load torque

In brushless dc motors Tf is small, usually only due to bearing drag, the viscous
damping coefficient is also very small, and both items can usually be ignored in
dynamic performance calculations.

Equations 3.1 and 3.2 may be rewritten as follows:

I
� ¼ 1

L
½V � I � R � KE � w� ð3:3Þ

w
� ¼ To

ðJm þ JLÞ ð3:4Þ

where To ¼ KT � I � TL ðNet TorqueÞ
Equations 3.3 and 3.4 represent the lumped mathematical model of the

brushless dc motor, which doesn’t exhibit any torque ripple effects behaviour.

R

L
Vn VBEMF

In

+

Figure 3.8 The brushless dc motor lumped equivalent circuit
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Simulation tests show that the motor has the following angular speed to input
voltage transfer function:

w
V
¼ 1

Ke
� wsn

2

s2 þ R
L

s þ wsn
2

ð3:5Þ

where wsn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Kt Ke

Jm � L

r
ðservo undamped natural frequencyÞ ð3:6Þ

zs ¼
R
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Jm

L Ke Kt

r
ðdamping coefficientÞ ð3:7Þ

and Jm being the motor inertia

To evaluate the transient response, the natural frequency and the damping of the
motor, the parameters Jm, KT, KE, R and L for the Inland motor model A3000-50
were substituted [23].

wsn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � 1
4:5E-4 � 17 .7E-3

r
¼ 354:33 s�1;

and zs ¼
7:2
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:5E-4

17:7E-3 � 1 � 1

r
¼ 0:574

The system has a time constant of 1/wsn s or L/R s, T � 2.5 E-3 (s) [23, 24].
Figure 3.9 is the speed–time transient response plot to a 100 V step input supply

voltage. The overshoot in the response could be explained by the low value of zs

calculated above, which is related to the low inertia of the rotor. Also from the same
plot, it can be seen that the motor has a steady state no-load speed of approximately
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Figure 3.9 The lumped model speed characteristics
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100 rad/s, which matches manufacturer’s data [23]. The Torque/Speed characteristics
in Figure 3.10 are also the Current/Speed as KT ¼ 1. The figure shows that the peak
current value is 8.0 A which is less than the peak permitted value of 14.7 A. The tail
curl in the plot is due to the low rotor inertia. This model does not exhibit any torque
ripple effects, but is considered adequate for the purpose of examining the different
methods of consolidation of the lanes in the multi-lane actuator.

3.2 The three-phase mathematical model

3.2.1 Windings configuration
The brushless dc motor can be connected to electronic drive in one of several
different configurations. The two most common configurations are the Delta and
Wye, where nodes can be connected to supply, ground, or open circuited. It is
possible to apply positive or negative supply voltages to the nodes causing larger
currents to flow, thus requiring considerably more complex drives.

The authors in [18, 19] derived the torque-speed curves for a brushless motor
with various possible drive arrangements or circuit interconnections. The analysis
assumes that the motor is operating at a constant speed with negligible effects (due
to sinusoidal terms that occur in the BEMF and in torque expressions). The analysis
also assumes the phases to be mutually coupled, with sinusoidal current waveforms
during torque delivery at constant speed. This is nearly always true for motors
whose torque-angle and back emf-angle curves are nearly sinusoidal as was dis-
cussed earlier. Many brushless dc motors have trapezoidal torque-angle curves
(TACs), however, the trapezoidal assumption is only an approximation and these
torque-angle curves take a flattened sinusoidal form with the peak of the sine wave
somewhat truncated, but the torque-angle curves and the back emf-angle curves
will still have a nearly sinusoidal shape. This analysis, while it neglects harmonics,
should provide accurate results even with motors having trapezoidal torque-angle
curves [18, 19].
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Figure 3.10 The lumped model torque-speed characteristics
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3.2.2 The equivalent circuit
To develop the above analysis, it is necessary to first consider each of the stator phase
ideal element circuits. The phase circuit of a typical phase is shown in Figure 3.11.
The phase has a resistance, inductance and BEMF source whose magnitude depends
on the speed of the motor, and is a sinusoidal function of rotor angle and the phase
angle associated with the mechanical location of the phase. Each of the phase circuits
is mutually coupled to the other phases. The magnitude of this mutual coupling is
denoted by mo, a dot convention consisting of a square and circle denotes polarity. In
each phase, the direction of current flow will be assumed to have a voltage across it
whose positive terminal is located as shown in Figure 3.11. With this type of des-
ignation it is possible to develop an electrical equation for each phase to the voltage
across the phase as shown in equation 3.8:

Vn ¼ R � In þ L
@In

@t
þ m

@

@t

X3

p 6¼n

Ip þ KE q
�

sin ðAq� ðn � 1Þ120Þ ð3:8Þ

where Vn Phase voltage, n¼ 1, 2 or 3
In Phase current, n ¼ 1, 2 or 3
Ip Phase in mutually coupled phases, where P ¼ 1, 2 or 3, and P 6¼ n
m Mutual inductance
q Motor shaft mechanical angular displacement
q
�

Motor shaft mechanical angular speed
A Number of pole pairs

This equation allows one to express the current through any phase in terms of the
currents through the other phases and the voltage applied to the phase. The basic
equation can then be combined with the ideal torque equation (equation 3.9), where

+ Vn

R
m L in

+

KEq  sin[Aq – (n – 1)120°]

m

Figure 3.11 Phase electrical equivalent circuit
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the total developed motor torque is equal to the sum of the torques contributed by
each of the phases.

T ¼
X3

n

KTInsinðAq� ðn � 1Þ120�Þ ð3:9Þ

where KT Motor torque constant
T Total developed torque

3.2.3 The commutation states
Figure 3.12 shows the two basic types of Delta and Wye motor phase inter-
connections. With either type, it is possible to reverse currents in the phases without
having to reverse supply voltages. It can be shown that when commutating a three-
phase brushless motor, unless one can reverse the currents through the phases it is
possible to produce only 120� apart torque-angle curves, and therefore the torque
ripple is large. Whereas if one can reverse the current through the phases it is
possible to produce torque-angle curves which are 60� apart, and thereby greatly
reducing the torque ripple. Any commutation strategy controls the voltages at the
nodes a, b or c. Therefore, by changing the voltages at the nodes to shift from one
torque-angle curve to another, one may minimise the ripple at low speeds for a
given phase interconnection circuit. This can be illustrated by examining commu-
tation strategies for either of the two phase interconnection schemes shown in
Figure 3.12.

A commutation strategy is simply a sequence of voltages applied to the nodes
to produce nearly constant torques of given polarities with minimum ripple. It is
possible to explore various control strategies by assuming different nodes poten-
tials. As there are three nodes with three node states, there are 33 possible states. At
low speeds (when the BEMF is insignificant), phase currents will result in torque-
angle curves. Taft and Gauthier listed all the 27 possible combinations of voltage
that might be applied to the motor nodes in Delta or Wye configurations. In each

a a

i3

i3

c b c b

i1
i1

i2

i2

Figure 3.12 Delta and Wye phase connections
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configuration, two groups of six commutation steps do emerge, where useful TACs
are achieved. Other groups do not induce useful currents to produce TACs. Here,
we will be concerned with the Delta configuration only.

Table 3.1 lists all the possible 27 combinations, with all the possible node
voltages and resulting stall phase currents within TACs. The phase currents
column clearly shows that there are only two sets of six commutation states
(States|4,2,6,5,7,3 and States|18,16,17,21,20,19) that produce phase currents with 60�

TACs. The other 15 states produce no currents in any of the phases. Figure 3.13
shows the positive torque developed, following the excitation Sates|4,2,6,5,7,3 at
electrical torque angles Aq� ¼ 30�, 90�, 150�, 210�, 270� and 330�. Clearly,
unidirectional torque development is possible, simply by sensing the rotor angle
and changing from one excitation to another, thus negative torques are devel-
oped following the commutation States|4,3,7,5,6,2 [18, 19].

Table 3.1 Delta commutation states, currents and torques

State Node voltages to ground Steady state currents Torque-angle curve

a b c I1 I2 I3 T(Aq) ¼ TffAq

1 Vs Vs Vs 0 0 0 0
2 Vs Vs g 0 Vs/R �Vs/R

ffiffiffi
3

p
KT VS=Rff90�

3 Vs g Vs Vs/R �Vs/R 0
ffiffiffi
3

p
KT VS=Rff330�

4 Vs g g Vs/R 0 �Vs/R
ffiffiffi
3

p
KT VS=Rff30�

5 g Vs Vs �Vs/R 0 Vs/R
ffiffiffi
3

p
KT VS=Rff210�

6 g Vs g �Vs/R Vs/R 0
ffiffiffi
3

p
KT VS=Rff150�

7 g g Vs 0 �Vs/R Vs/R
ffiffiffi
3

p
KT VS=Rff270�

8 g g g 0 0 0 0
9 Vs Vs 0 0 0 0 0

10 Vs 0 Vs 0 0 0 0
11 Vs 0 0 0 0 0 0
12 0 Vs Vs 0 0 0 0
13 0 Vs 0 0 0 0 0
14 0 0 Vs 0 0 0 0
15 0 0 0 0 0 0 0
16 Vs 0 g Vs/2R Vs/2R �Vs/R 3kT VS=2Rff60�
17 0 Vs g �Vs/2R Vs/R �Vs/2R 3kT VS=2Rff120�
18 Vs g 0 Vs/R �Vs/2R �Vs/2R 3kT VS=2Rff0�
19 0 g Vs Vs/2R �Vs/R Vs/2R 3kT VS=2Rff300�
20 g 0 Vs �Vs/2R �Vs/2R Vs/R 3kT VS=2Rff240�
21 g Vs 0 �Vs/R Vs/2R Vs/2R 3kT VS=2Rff180�
22 0 0 g 0 0 0 0
23 0 g 0 0 0 0 0
24 0 g g 0 0 0 0
25 g 0 0 0 0 0 0
26 g 0 g 0 0 0 0
27 g g 0 0 0 0 0
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3.2.4 The delta node closed model
In this section a closed node delta configured model will be developed, and its
transient characteristics will be examined. The electrical equation 3.8 may
be expanded so that the derivative of each phase current is expressed in terms
of the other two-phase currents:

I
�

1 ¼ 1
L

F1 � 2m
F4 � F5

2m þ L

� �
� m

F2 � F3

m � L

� �� �
ð3:10Þ

I
�

2 ¼ F4 � F5

2m þ L
ð3:11Þ

I
�

3 ¼ F2 � F3

m � L
þ F4 � F5

2m þ L
ð3:12Þ

where I1, I2, and I3 are the currents in phases 1, 2 and 3 respectively
V1, V2, and V3 are the voltage drops across 1, 2 and 3 respectively
F1 ¼ V1� I1R�BE1

F2 ¼ V2� I2R�BE2

F3 ¼ V3� I3R�BE3

F4 ¼ (mF1�LF2)/(m�L)
F5 ¼ m(F2�F3)/(m�L)

The ideal total torque developed by a lane equals the sum of the individual phase
torques (equation 3.9). As mentioned in the previous section, if the motor were to
be driven in closed node configuration, then the node voltages have to be switched
using the first set of states shown in Table 3.1, where positive torques are achieved
through States|4,2,6,5,7,3 and negative torques are achieved through States|3,7,5,6,2,4.

To clarify this positive and negative switching sequence, the voltages on the
nodes and the electrical angle ranges at which each state should be maintained are
listed in Table 3.2 below. The node voltages are set to Vnþve or Vn�ve which is a
terminology used only to determine whether the nodes are set at the same voltage

Table 3.2 Closed node and phase voltages in delta configuration

State
sequence

Node voltages Phase voltages Electrical angles

a b c V1 V2 V3

7 Vnþve Vn�ve Vnþve 0.0 �100.0 100.0 330� 
 Aq 
 30�
3 Vnþve Vn�ve Vn�ve 100.0 �100.0 0.0 30� 
 Aq 
 90�
4 Vnþve Vnþve Vn�ve 100.0 0.0 �100.0 90� 
 Aq 
 150�
2 Vn�ve Vnþve Vn�ve 0.0 100.0 �100.0 150� 
 Aq 
 210�
6 Vn�ve Vnþve Vnþve �100.0 100.0 0.0 210� 
 Aq 
 270�
5 Vn�ve Vn�ve Vnþve �100.0 0.0 100.0 270� 
 Aq 
 330�
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level or not. Both Vnþve or Vn�ve could take values of 100.0 or 0.0 V depending on
the desired output torque. Therefore, for positive torque Vnþve or Vn�ve will
always be set to 100.0 and 0.0 V respectively; and to achieve negative torque,
Vnþve or Vn�ve are set to 0.0 and 100.0 V respectively. From this it becomes clear
that the switching sequences for negative torque is exactly the same sequence as
that for positive torque with the node voltages are reversed.

From the above analysis, the voltage drops across each phase (V1, V2 and V3)
may be calculated and substituted in equations 3.10–3.12, where V1, V2 or V3 could
have values of 0.0, �100.0 and 100.0 V. For example, Table 3.2 lists the phase
voltages for a positive torque development switching sequence, thus to achieve
negative torque, the signs of the voltages are reversed. Once the currents and the
torques are evaluated, the motor dynamics can be simulated using the following
mechanical equation:

_w ¼ To

ðJm þ JLÞ ð3:13Þ

3.2.5 The electronic drives
There are several drive chips that are specially designed to commutate brushless
dc motors. The MC33035 is an example of such integrated circuits, where it pro-
vides all the required functions to operate a brushless dc motor [25]. Shown in
Figure 3.14, the IC is constructed with Bipolar Analogue technology and it offers a
high degree of performance and ruggedness in hostile environments, which is an
essential requirement for this particular application. It contains a rotor position
decoder for proper commutation sequencing, a temperature compensated reference
capable of supplying sensor power, a frequency programmable sawtooth oscillator,
a fully accessible error amplifier, a pulse width modulator comparator, three open
collector top drive outputs and three high current totem pole bottom driver outputs
ideally suited for driving power MOSFETs. Furthermore, it includes protective
features such as undervoltage lockout, cycle-by-cycle current limiting with a
selectable time delayed latched shutdown mode, internal thermal shutdown and a
unique fault output that can easily be interfaced to a microprocessor controller.
Typical motor control functions include open-loop speed control, forward or
reverse rotation, run enable and dynamic braking. In addition, the MC33035 has a
60�/120� select pin, which configures the rotor position decoder for either 60� or
120� electrical phasing inputs.

Some of the above operational functions performed by this integrated circuit
will be taken into account in the modelling and control derivation to examine the
actuator response to hardware failures. PWM will not be considered due to the
increase in the required simulation time. Thermal shutdown will not be considered,
however, variation in phase currents above a certain threshold will be considered.
The chip will be assumed to switch the phases at 60� electrical phasing inputs, and
closed loop control is achieved by assuming potentiometers and tachometers to
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provide rate and position feedback signals. The driving transistors connected to the
phases were assumed to act as perfect switches.

3.2.6 The transient response
The model of the brushless dc motor described by equations 3.10–3.13 was simu-
lated to investigate the transient behaviour of the motor. The mutual inductance
between the phases was assumed to be very low (close to zero). This assumption
introduced slight degradation in performance. In fact Taft and Gauthier recom-
mended high values of mutual inductance to improve the performance [18]. The
velocity transient responses with low and high mutual inductance (0 and 4 Henrys)
are shown in Figure 3.15, with clear improvement in performance. Figure 3.16
describes the phase currents transient waveforms with the motor driving its own
inertia. Figure 3.17 describes the voltages and the BEMF developed across the
phases over one electrical cycle at steady state. The figure clearly shows how the
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supply voltages across the phases are regulated between þ100.0 and �100.0 V,
approximately, depending on the rotor electrical angle as was discusses earlier.
It also shows that the generated BEMFs are varying sinusoidally, in phase with the
supply voltage between 100.0 and �100.0 V.

Figure 3.18 shows the steady state phase currents waveforms of a motor
driving a constant load torque of 13 Nm. Figure 3.19 shows the developed phase
torques due to such currents and the resultant torque which ripples around the
constant load torque value. The last two figures show that commutation was carried
out at the electrical angles: 30�, 90�, 150�, 210�, 270� and 330�. Figures 3.15–3.19
verify the validity of this model and clearly describe the motor in much greater
detail when compared to the earlier presented lumped models.
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Chapter 4

Control design

This chapter is dedicated to outline the control system design of the multi-lane
electromechanical actuator. The development process is repetitive and has to be
modified as new elements are included or more sophisticated models are con-
sidered at different stages of the design. This chapter presents an overview of how
this is achieved, by considering lumped and three-phase servo models driving
inertial and aerodynamic loads.

4.1 The lumped model

The closed loop block diagram of a single lane actuator with unity position feed-
back is shown in Figure 4.1. The brushless dc motor is represented by its lumped
model and is coupled to the moving surface via a gearbox to overcome the inertial
and aerodynamic loads. The inertial load is represented by a surface with a
0.128 Kg m2 moment of inertia. The aerodynamic load model consists of a steady
and a variable component. The steady component is constant during each flight
case and depends on the angle of incidence, which is assumed not to exceed a
maximum value of 15� and it is related to the aircraft speed and load factor. The
variable component varies according to the aileron deflection and is at its peak at
the maximum authority limit.

The drive voltage was applied through a power amplifier to the terminals of the
motor with maximum voltage supply of �100 V, which is shown as the nonlinear
signum element in the forward path. This will be included once the characteristic
equation poles are determined. Position and rate feedback will be included at a later
stage along with proportional and integral actions to minimise steady state errors.

Cogging, friction damping, inertia of gearbox and thermal effects on the motor
parameter variation were not taken into account, and zero backlash was assumed.

4.1.1 Unity feedback system
To explain the effect of the different components on the system behaviour, para-
meters such as gearbox ratio and forward gain were examined in a single lane with
unity position feedback. With reference to Figure 4.1 and assuming that the system
is operating in the linear region, the forward and closed loop transfer functions may
be derived from electrical and mechanical motor equations.



The electrical equation of the motor is given by

İ ¼ 1
L
½V � IR � KEwn� ð4:1Þ

The mechanical equation that relates the motor to the load is given by

Tm ¼ KTI ð4:2Þ

€da ¼ N Tm � TL

JL þ N2Jm
ð4:3Þ

where

€da is the angular acceleration of the load
Tm is the developed torque by the motor
Jm is the moment of inertia of the motor
JL is the inertial load
TL is the load torque
wm is the motor speed
N is the gear ratio, N > 1

For optimum acceleration, N is given by

N ¼ TL

Tmp
1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ JLTmp

2

JmTL
2

s2
4

3
5 for optimum acceleration ð4:4Þ
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Figure 4.1 Single-lane closed-loop block diagram

36 Design and development of multi-lane smart electromechanical actuators



Taking Laplace transform of equations 4.1, 4.2 and 4.3 gives

IðsÞ ¼ VðsÞ � KEwmðsÞ
R þ sL

ð4:5Þ

s _daðsÞ ¼ N TmðsÞ � TLðsÞ
JL þ N2Jm

ð4:6Þ

Substituting for I(s) in (4.6) gives

Tm sð Þ ¼ KT
V sð Þ � KEwm sð Þ

R þ sL
ð4:7Þ

Substituting the expression of Tm(s) into equation 4.6 and rearranging gives

_daðsÞ sJeq þ C1

R þ sL

� �
¼ �TL þ C2

R þ sL
VðsÞ ð4:8Þ

where

Jeq ¼ ½JL þ N2Jm�
C1 ¼ N2KTKE

C2 ¼ NKT

4.1.2 Ground test
A ground test means that all external aerodynamic loads are zero (i.e. TL¼ 0)
and the actuator has to overcome the inertial load of the aileron. This condition
modifies the forward transfer function to

da

V
ðsÞ ¼ 1

NKE
� C3

s3 þ s2
R
L
þ sC3

ð4:9Þ

where

C3 ¼ N2KTKE=½ðJL þ N2JmÞL�
Thus, a unity feedback system has the following closed loop transfer function:

da

daref
ðsÞ ¼

C3

NKE

s3 þ s2
R
L
þ sC3 þ C3

NKE

ð4:10Þ

This is a third order system, which may be written in the following general form [26]:

da

daref
ðsÞ ¼

C3

NKE

ðs2 þ 2zwns þ wn
2Þðs þ pÞ ð4:11Þ

da

daref
ðsÞ ¼

C3

NKE

s3 þ s2ð2zwn þ pÞ þ sðwn
2 þ 2zwnpÞ þ wn

2p
ð4:12Þ
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The effect of the pole s¼�p is that of reducing the maximum overshoot and
increasing the settling time. Mathematical manipulation will lead to the ratio b.
Figure 4.2 shows a family of curves for z¼ 0.5.

b ¼ P
zwn

ð4:13Þ

If the real pole in the 3rd order system is located to the right of the complex-
conjugate poles, then there is a tendency for sluggish response, and the system will
behave as an over damped system [26].

4.2 Initial design

The open loop poles of the lumped model may be found from equation 4.9, with
N¼ 1, JL¼ 0, Jm¼ 4.5� 10�4 Kgm2, L¼ 1.7� 10�3 H, R¼ 7.2 W and C3¼
(N2KTKE)/[(JLþN2Jm)L]. Different loading scenarios may be considered.

4.2.1 Four motors driving own inertia (without gearbox)
The poles are s¼ 0 and s¼�204 � 290i.
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Figure 4.2 Unit step response of the third order system
da

daref
ðsÞ ¼ wn

2p
ðs2 þ 2zwns þ wn

2Þðs þ pÞ ; z ¼ 0:5

� �
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4.2.2 Motors driving inertial load via gearbox
The open loop poles may be found from equation 4.14 with N¼ 64,
JL¼ 0.126 Kgm2 and Jm¼ 4.5� 10�4. The poles are s¼ 0 and s¼�204� 286i.

4.2.3 Actuator driving inertial and aerodynamic loads
via gearbox

The Forward Loop Transfer Function (FLTF) of the actuator and the da dependent
aerodynamic component is given by

da

V
¼ lol

s3 þ s2lo2 þ slo3 þ lo4
ð4:14Þ

where

lo1 ¼ MAG * N * Kt=JopL
lo2 ¼ R=L
lo3 ¼ ½180 * L * CON þ p* MAG * N2 * Kt * Ke�=JopL
lo4 ¼ 180 * R * CON=JopL

CON ¼ 4:3574E-3 * Q
Jo ¼ JL þ N2Jm

Thus, Joj4 motors ¼ 7:5008 Kg m2; Joj3 motors ¼ 5:6576 Kg m2 and Joj2 motors ¼
3:8144 Kg m2.

At the maximum authority limits, the coefficients of the numerator and
denominator in equation 4.14 and the roots are as shown in Table 4.1, where very
small shift in the positions of the open loop poles can be seen. This is due to the
high gear ratio employed.

Table 4.1 Forward loop transfer function coefficients

FLTFC Low aircraft speed High aircraft speed

4 motors 3 motors 2 motors 4 motors 3 motors 2 motors

Parameters lo1 614 610 604 614 610 604
lo2 407 407 407 407 407 407
lo3 123500 122833 121520 126360 126624 127144
lo4 38056 50459 74859 1201299 1592712 2362316

Roots Real �0.03 �0.01 �0.01 �0.17 �0.22 �0.33
Complex �204

� 287i
�204
� 285i

�203
� 283i

�203
� 291i

�203
� 292i

�203
� 293i

Gain 614 610 604 614 610 604
z 0.58 0.58 0.58 0.57 0.57 0.57
wn 352 350 348 355 356 356
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4.2.4 Inclusion of velocity feedback
Although the actuator has sufficient damping, inclusion of velocity feedback is
essential to the design to provide damping adjustments when the non-linearities are
considered. To demonstrate this, let’s consider the low aircraft speed with the
maximum authority limit at da ¼ 18o, daj18o;m¼0:2.

The OLTF poles are positioned at s¼�0.03 and s¼�204 � 287i.
The locus for this particular flight case is shown in Figure 4.3. This loci is to be

modified to pass through a dominant pole, SDP, by introducing velocity feedback
(Figures 4.4 and 4.5). SDP is chosen so that the undamped natural frequency at this
pole is unchanged, wn¼ 352, with slight drop in value of z; 0:58 ! 0:5.

∴ SDP ¼ �176 � 305i

Following the introduction of velocity feedback, the OLTF is modified to
Kds þ Gð Þlo1=s3 þ s2lo2 þ slo3 þ lo4, where the Zero was found to be located

at s¼�352, which is the ratio of G=Kd ¼ 352, if G and Kd are approximately
50 and 0.14.
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4.2.5 The integral controller

EðsÞ ¼ lim
s!0

s
daref ðsÞ
1 þ Kp

� �
¼ lim

s!0
s

daref ðsÞ
1 þ GðsÞHðsÞ

� �

Ess ¼ daref
o

1 þ Glo1
lo4

¼ daref
olo4

lo4 þ Glo1

For Kp � 0:8; Ess � 10o daj18o;m¼0:2 and G ¼ 50
For Kp � 0:026; Ess � 1:95o daj2o;m¼1:0 and G ¼ 50

The value of Ess will be much higher when the steady component of the aero-
dynamic load is included. Hence, the integral action inclusion is considered
essential. To achieve this, a lag filter of the form s þ alag=s þ blag is added in the
forward path (where alag > blag). The pole was assumed to be at s¼�0.01 and
the desired value of Ess 	 1:95ojKp¼1800 for low aircraft speed. Thus the position of
the zero may be calculated as follows:

Kp ¼ 0:8 * lim
s!0

bs þ alag=s þ blagc

∴ alag ¼ �22:5

This filter has a very little effect on the general response. In fact it has a magnitude
and angle contribution of 1� and 3�. Since blaghhalag, the lag filter may be
approximated by the proportional and integral actions G þ alag=s.

These calculated parameters are initial estimates, and are likely to be modified
to achieve acceptable performance for all modes. In the aircraft application, it is
important to include the load torque model to examine a realistic performance,
especially under failure conditions.

z = –352
60°

s = –3

s = –204 – 287i

s = –204 + 287i

sD = –176 – 305i

sD = –176 + 305i

Figure 4.5 Root locus diagram
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4.3 Design modification

Figure 4.6 is the closed loop block diagram of the multi-lane actuator in its torque-
summed architecture, with proportional plus integral (PI) action (to minimise any
steady state errors) and velocity feedback to adjust the damping. The values of the
controller parameters and gear ratio were constantly modified from the baseline
root locus design to meet the performance requirements in both frequency and
time domains. The presence of the integral action makes it possible to reduce the
gearbox ratio (64:1 in this particular design), hence increasing the bandwidth.
Naturally, the gearbox ratio should be selected so that the actuator is capable of
driving external loads after two failures.

The values of the proportional (G), integral (Ki) and velocity feedback (Kd)
gains were adjusted so that adequate closed loop performance is achieved for all
flight cases with acceptable damping, following channel isolation after failures.
The CLTF of the block diagram of Figure 4.6 is given by

da

daref
ðsÞ ¼ l5ðs þ KiÞ

ðl1s4 þ l2s3 þ l3s2 þ ðl4 þ l5Þs þ l5sKiÞ
� �

where

l1 ¼ L: p: J0 l2 ¼ R: p: J0

l3 ¼ 180: N: MAG: G: Kd

þ 180: CON: L þ N2: p: Mag
l4 ¼ 180: CON: R

þ 180: N: MAG: G::Ki: Kd

l5 ¼ 180: N: MAG: G J0 ¼ MAG: Jm: N2 þ JL

CON ¼ Q: 4:3574E � 3 Jm ¼ motor inertia
G ¼ forward gain N ¼ gearbox ratio
R ¼ motor resistance L ¼ motor inductane
JL ¼ load inertia MAG ¼ number of lanes in operation
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Figure 4.6 Linearized closed loop block diagram of the multi-lane actuator
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The poles and zeros with nominal controller coefficients (before and after failures)
are listed in Table 4.2, where it is evident that reduction in driving force (following
failures) has little effect on the general system characteristics (wn & x); however,
the slight shift in dominant poles reduces the speed response.

In applications where there are variations in operating conditions and system
parameters, it is necessary to perform sensitivity analysis to examine the effect of
parameters variation on the system dynamics and response. In this particular
application, there is variation in flight conditions and the number of lanes in
operation; therefore, it is necessary to perform sensitivity analysis to examine the
effect of varying G, Ki and Kd on the system dynamics. Here, the system perfor-
mance with nominal design values was compared against the performance when
parameters were halved and doubled. Table 4.3 lists the closed loop poles, zeros,
wn and x for the different conditions. Figures 4.7–4.9 show the shift in the poles
position as the coefficients were varied. It follows that:

● Natural Frequency, wn: increases as the values of either G or Kd is doubled
and decreases as their values are halved. Variation in Ki has very little effect
on wn.

● Damping coefficient, x : increases as the values of either G or Kd is halved and
decreases as their values are doubled. Variation in Ki has very little effect
on wn.

● Dominant roots: slightly changed with changes in G and Ki, however,
the response is clearly affected when Kd is changed, as shown in
Figures 4.10–4.12.

Table 4.2 Low speed closed loop roots with nominal controller coefficients

Four lanes Three lanes Two lanes

Poles Zero Poles Zero Poles Zero

�191 � 744i,
�17 & �7

�20 �191 � 743i,
�18 & �6

�20 �190 � 739i,
�20 & �6

�20

Table 4.3 High speed closed loop roots with four lanes operational

Poles Zero wn x

Nominal �191 � 744i, �17 and �7 �20 769 0.25
2 Kd �192 � 1014i, �19 and �3 �40 1032 0.19
0.5 Kd �190 � 563i, �13 and �4 �10 594 & 14 0.3 & 0.95
2 Ki �183 � 743i, �33 and �7 �20 765 0.24
0.5 Ki �196 � 745i, �10 and �6 �20 771 0.25
2 G �191 � 1014i, �18 and �7 �20 10131 0.185
0.5 G �193 � 564i, �15 and �6 �20 596 0.32
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Figures 4.13 and 4.14 show the step response to the maximum authority limits
for low and high aircraft speeds. The actuator was assumed to drive the full inertial
and aerodynamic loads. Clearly, the current design is rugged and position control is
achieved in all cases with approximately zero steady state error.

4.4 Advanced design stage

In the advanced design stages more accurate three-phase motor models should be
considered. Step and frequency response tests should be repeated for various
operating conditions. The actuator response to three-phase and lumped models for

Nominal root–190.8 + 1013.5i

–190.8 – 1013.5i

–191.59 + 744.3i

–191.59 – 744.3i

–192.74 + 563.6i

–192.74 – 563.6i

Halving the gain
Doubling the gain

–6.18–6.8–15–18.3

–6.6–17–20

Figure 4.7 Poles shift due to forward gain variation

Nominal root–183.41 + 742.51i

–183.41 – 742.51i

–191.59 + 744.3i

–191.59 – 744.3i

–195.62 + 745.28i

–195.62 – 745.28i

Halving the gain
Doubling the gain

–5.63–6.85–9.91–33.11

–6.6–17–20

Figure 4.8 Poles shift due to integral coefficient variation
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different flight cases are shown in Figures 4.15–4.18. The actuator was assumed
to have four lanes driving inertial and aerodynamic loads.

In addition to time domain tests, it is important to conduct frequency
domain tests that cover all flight envelopes. The importance of such tests
becomes more evident as the inertial loads become more dominant at higher
frequencies. In fact, the loads can be as high as four or five times that of the
aerodynamic load.

Nominal root
Halving the gain
Doubling the gain

–192.4 + 1013.8i

–192.4 – 1013.8i

–191.59 + 744.3i

–191.59 – 744.3i
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–190.39 – 562.85i

–6.6 –3.3–18.7

–17

–13 – 4.33i

–13 + 4.33i

–10–20–40

Figure 4.9 Poles shift due to velocity feedback coefficient variation
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Figure 4.16 Low speed, small aileron deflection, step response
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4.5 The loads model

The actuator has to move a control surface similar to that of Figure 4.19.
The control surface is assumed to have a mass ma centred at distant La from the
hinge. In this section comparison between inertial and aerodynamic loading will
be conducted.

4.5.1 Inertial load contribution
The torque generated by the actuator to overcome the surface inertial torque is
given by

Tr ¼ Ja
€da ð4:15Þ

Thus, if the surface were to move sinusoidally, the anticipated torque required is
given by

Inertial Torque ¼ �Jadaoŵ2 sin ŵt ð4:16Þ
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Figure 4.17 High speed, large aileron deflection, step response
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where

da is the surface angular deflection, degrees
€da is the surface angular acceleration, deg/s2

dao is the maximum authority limit, 18� at low aircraft speed and 2� at high
aircraft speed

ŵ is the maximum operating frequency|with 8 Hz initial bandwidth

Here, the control surface was assumed to have a mass ma¼ 5 Kg centred at a distant
La¼ 0.16 m from the hinge. Thus, the surface inertia Ja ¼ maL2

a ¼ 0:128 Kgm2.
The anticipated peak inertial loads may be calculated using equation 4.16.
To demonstrate the design, here, the actuator was assumed to drive the load at
maximum frequencies of 8 Hz.

4.5.2 The aerodynamic loading
The aerodynamic torque load at the hinge is expressed as

H ¼ 1
2
rn2

� �
* Cf

	 
2

* Sfð Þ*ðCHÞ ð4:17Þ

where

r is the air density
u is the aircraft speed
Cf is the aileron chord
Sf is the aileron span
CH is the hinge moment coefficient

The terms Cf and Sf are constants obtained from the control surface geometry. Thus
the dynamic pressure model for different aircraft speeds may be calculated using the
curve fit polynomial shown in Figure 4.20 and is expressed in equation 4.18.

QðMÞ ¼ 1
2
rv2 ¼ AM5 þ BM4 þ CM3 þ DM2 þ EM þ F ð4:18Þ

Figure 4.19 Aircraft control surface
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where

A ¼ 0:6952 � 104

B ¼ 0:6796 � 104

C ¼ 0:8069 � 104

D ¼ 6:6305 � 104

E ¼ 0:0655 � 104

F ¼ �0:0051 � 104

Mach Number 0:2 	 M 	 1:0

The hinge moment has a contribution from the steady wing lift (due to wing inci-
dence) and from the control surface deflection. The hinge moment coefficient CH is
expressed as

CH ¼ b1aþ b2da ð4:19Þ
where

a is the angle of incidence of the wing
da is the aileron deflection
bl & b2 are constants to be evaluated

Therefore, for a given angle of incidence, CH is expressed in terms of two com-
ponents, a steady component that depends on the aircraft speed and a variable
component, which is a function of da. The Hinge Moment H is given

H ¼ QðMÞ ½0:151791 aG þ 4:3574 � 10�3da� ð4:20Þ
Here, the following assumptions were made:

● cf ¼ 0.27c, Aspect Ratio ¼ 3.42, CL ¼ 5094:6336=QðMÞ; a ¼ 1286:524=
QðMÞ, b1¼ 0.55, b2¼ 0.9/57, Cf ¼ 0:56; and Sf¼ 0.88,

● damax and M have the linear relationship in Figure 4.21 that assumes 18� full
aileron deflection at low speeds and a limited 2� at high aircraft speed. Thus,
an aileron authority limit may be expressed mathematically as

damax ¼ �20M þ 22 ð4:21Þ
● a was assumed to vary with speed, depending on the steady g-force the aircraft

is experiencing, however, the incremental g-force was assumed to have the
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Figure 4.20 Pressure versus Mach number
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trend shown in Figure 4.22, with a maximum incremental load factor range
0.48 to 4, thus the incremental factor ng is given by

ng ¼ 4:4M � 0:4 ð4:22Þ
aG ¼ að1 þ ngÞ ½radians� ð4:23Þ

where a is the angle of incidence at 1g, and aG	 15�.

4.5.3 Mathematical model equations
From the discussion above the mathematical equations that describe the load model
at maximum aircraft manoeuvre conditions may be summarised below as follows:

Inertial Torque ¼ Ja
€da

H ¼ QðMÞ½0:151791 aG þ 4:3574 � 10�3da�
damax ¼ �20M þ 22

ng ¼ 4:4M � 0:4

aG ¼ að1 þ ngÞ
QðMÞ ¼ A M5 þ B M4 þ C M3 þ D M2 þ E M þ F ð4:24Þ
a ¼ 1286:524=QðMÞ ð4:25Þ
CH ¼ 0:55aG þ 0:9da=57 ð4:26Þ

The actuator must be designed to drive the load adequately after two failures.
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4.5.4 Simulated load torques
Table 4.4 lists the assumed relationship between M, 1=2rn2, da, g-force and
(static and variable components) aerodynamic load. The variable component is a
function of aileron deflection, the steady component is a function of the wing angle
of incidence, and both components depend on the aircraft speed only and are
independent of aileron movement frequency. In this study, the maximum variable
component was found to occur at M¼ 0.8, but this does not mean that it is the
highest loading case.

Tables 4.5 and 4.6 list the peak inertial and resultant loads respectively.
The inertial loads were found to vary between 10 and 5821 Nm, depending on the
aircraft speed and aileron sinusoidal frequency. The variable component acts with
or against the inertial load depending on the aileron direction of motion. The steady
component is constant over the two aileron surfaces. Therefore, in one direction
it will be assisting the inertial load (opposing the variable component) and in
the other direction it will be opposing the inertial load (assisting the variable
component). Clearly, the resultant load depends on the inertial and variable

Table 4.4 Relations between M, QðMÞ, da and g-force and
aerodynamic loads

Mach number Q(M) da G-force Aerodynamic components

Variable Steady

0.20 2811 18.0 0.48 219 112
0.30 6402 16.0 0.92 444 254
0.40 11582 14.0 1.36 703 460
0.50 18503 12.0 1.80 963 547
0.60 27375 10.0 2.24 1187 633
0.70 38465 8.00 2.68 1334 719
0.80 52102 6.00 3.12 1355 805
0.90 68692 4.00 3.56 1191 890
1.00 88727 2.00 4.00 769 976

Table 4.5 Inertial loading

Frequency Mach number

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1 91 81 71 61 51 40 30 20 10
2 364 323 283 243 202 162 121 81 40
3 819 728 637 546 455 364 273 182 91
4 1455 1294 1132 970 808 647 485 323 162
5 2274 2021 1769 1516 1263 1011 758 505 253
6 3274 2911 2547 2183 1819 1455 1091 728 364
7 4457 3962 3467 2971 2476 1981 1486 990 495
8 5821 5174 4527 3881 3234 2587 1940 1294 647
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component values, and it acts in the direction of the one that has greater value.
Table 4.6 tabulates these torques and shows that a maximum loading condition
occurs when the aileron is driven at 8 Hz with amplitudes of da¼�18� during low
aircraft speeds. The resultant torque at this point is 5713 Nm, thus the actuator
should be designed so that each lane drives a load of 2856 Nm.

4.6 Gearbox ratio selection

A gearbox may be thought of as a torque transformer, therefore, a reduction gear-
box type with its input shaft driven at high speed and low torque produces low
speed and high torque at its output shaft, and vice versa. The choice of gear ratio
depends on output load, and if the load is constant, then choosing the gear ratio is
simply achieved by matching the load torque TL to the rated continuous motor
torque Tmc, i.e. N ¼ TL=Tmc. If, however, the load is dynamically changing with
specific profile of speed or position as a function of time, the gear ratio choice is
more complicated and will fall in one of several categories [26]. Here, the load
nature is that of an accelerated inertia with fixed load torque.

Table 4.6 Resultant loading

Frequency Mach number

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1 240 618 1092 1449 1769 2012 2129 2061 1735
2 256 375 880 1267 1617 1891 2038 2001 1705
3 711 538 526 964 1365 1689 1887 1900 1655
4 1348 1104 889 554 1011 1406 1674 1758 1584
5 2166 1832 1526 1100 709 1042 1402 1576 1493
6 3167 2721 2304 1767 1265 840 1068 1354 1382
7 4349 3772 3224 2556 1922 1366 935 1091 1250
8 5713 4984 4285 3465 2680 1972 1390 993 1099

Load

JL, TL θL

Motor
Jm, Tm θm

N2

N1

Figure 4.23 Motor-load coupling via a gearbox
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With reference to Figure 4.23, and assuming that a motor (with inertia Jm)
is rotated by angle qm producing a torque Tm, so that it rotates a load (inertia JL)
by angle qL via a gearbox (ratio N¼N1/N2), the load acceleration is given by

€qL ¼ NTm � N2TL

Jm þ N2JL
ð4:27Þ

where

€qL is the load acceleration, TL 6¼ 0
JL and Jm are the load and motor inertia
Tm and TL are the motor and load torques
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Chapter 5

Architecture consolidation

Fly-by-wire systems pose difficult problems as they have to be designed to survive
failures. This includes aircraft control surface actuators, which are commonly
found to have up to four lanes of parallel first stage hydraulic actuation system that
drives a duplicated or triplicated hydraulic second power stage. For electro-
mechanical actuators to be accepted alternatives, they should be designed so that
they meet the current safety requirements and performance of current hydraulic
actuators.

This chapter introduces methods in achieving high integrity in the design of
electric actuators, such as:

● Output consolidation in multi-lane actuators.
● Fault Detection and Fault Isolation (FDI) system with embedded monitoring

devices that conduct fault monitoring, voting, detection and isolation.
● Two consolidation architectures and their associated FDI systems, namely,

torque and velocity summing.
● A Simulation Graphical Monte Carlo (SGMC) method as a threshold setting

technique.
● Lumped and three-phase lane models.

5.1 Architecture consolidation

The reliability and redundancy study in [4] states that the likely acceptable archi-
tecture configuration of a multi-lane electromechanical actuator would be quad-
ruplex (four motor) design. The actuator is to retain performance following the
first failure and has a degraded performance (get home capability) following
the second failure (i.e. with two motors operating).

Possible outputs consolidation methods can be either in uniform or combined
summing architectures. Uniform summing utilises one summing type throughout
the multiple stages of summing, however, combined summing utilises more than
one type of summing throughout the multiple summing stages. Here, uniform
summing will be considered only. Figure 5.1 shows the basic types of velocity and
torque summing in mechanical and electromechanical systems. Each type of
architecture has its advantages and disadvantages and hence the utilisation of one
technique or another depends on the application and the system response to failures.



5.1.1 Velocity summing
In this architecture, the output position is the average of the individual lanes dis-
placements contributions. The basic concept of this configuration is illustrated
using the two-lane hydraulic actuator shown in Figure 5.1. Here, the output position
at any time, P(t), is the average of the two lanes displacements P1(t) and P2(t). In the
multi-lane actuator, this could be achieved by summing the lanes to a common
output shaft via a differential gearbox.

This architecture has the advantage of eliminating any force fight between the
contributing lanes. When one lane fails (it stops completely or it speeds up or
down), the remaining lanes will compensate for the failure accordingly (accel-
erating or decelerating) to maintain a constant speed at the output. Position or speed
compensation by the other lanes will continue until the failure is detected and the
faulty lane is identified. Once the faulty lane is identified, it is isolated by switching
off the drive currents and brakes are activated to lock the faulty lane. The dis-
advantage of this architecture is the possibility of gradual speed run away, where a
lane fails at a slow rate.

5.1.2 Torque summing (torque-torque summing)
The output torque is the algebraic sum of the individual-lane torques. This con-
figuration is similar to that of the two-lane hydraulic actuator shown in Figure 5.1,
where the output shaft torque T(t) is the sum of the two torques T1(t) and T2(t).

In the multi-lane electromechanical actuator, the lanes are locked together via
a gearbox to a common output shaft. Although this technique has the advantage of
eliminating the problem of gradual speed run away, it has the disadvantage of the
possibility of force fighting between mismatched lanes. This effect could be
minimised to a large extent by providing a common input driving signal to the
lanes. This signal is usually the average value of the individual motors signals.

Velocity summing

Torque summing

P1(t)
P1(t)P(t)

P(t)

P2(t)

P2(t)

T1(t) T1(t) T2(t)

T(t )

T(t)

(a) Hydraulic (b) Mechanical

T2(t)

Figure 5.1 Basic types of architecture consolidation

56 Design and development of multi-lane smart electromechanical actuators



In this architecture, it is essential to include clutches to mechanically disconnect
faulty lanes, once a failure is detected and the faulty lane is isolated, otherwise the
faulty lane will appear as an inertial load to the other lanes.

5.1.3 Combined summing
Other possible architectures are to use different architecture at different stages,
where the system has the advantages and the disadvantages of both velocity and
torque summing. Therefore, combined architectures should include both brakes and
clutches to ensure complete isolation of faulty lanes.

5.2 Fault detection and fault isolation (FDI) system

The FDI system plays an important part in safety critical applications such as
electromechanical actuation system in military aircraft, where failures result in
failure transients affecting the aircraft motion. In the multi-lane actuator, the FDI
system has the basic function of registering and identifying abnormal condition,
thus it is the inclusion of this system that will make the actuator smart. The
effectiveness of a FDI system could be assessed by examining its detection
promptness, sensitivity to incipient faults and the rate of false alarms, missed fault
detection and incorrect fault identification [27].

A binary response is normally desired, where the detection system declares
whether a component has failed or not. An intermediate declaration of perhaps is
not useful to correct or eliminate a fault. Imposed faults that induce no response
from the detection system are termed as missed detections, which may be
acceptable for inconsequential faults. An example of such a fault could well be a
very small bias on the signal from a relatively unimportant sensor. It would, on the
other hand, be quite unacceptable if the fault had a serious impact on the operation
of the monitored system. Not all faults occur suddenly or persist; when they do
occur, therefore, slow developing or small faults (incipient faults) due to drift in
instrumentation or intermittent faults can be assessed in a different way. Assum-
ing that a fault is detected successfully, the issue of promptness may be of vital
importance in some systems, where it is desirable to detect small or slowly
developing (incipient) faults. This is important in fault detection schemes inten-
ded to enhance maintenance operations in plants for early detection of worn
equipment. Here, promptness in detection is secondary in importance to sensi-
tivity. In other systems, sensitivity and promptness may both be required. Thus,
this clearly leads to more complex detection schemes, possibly requiring both
hardware and analytical redundancy.

False alarms are generally indicative of poor performance in a fault detection
scheme, and even a small false alarm rate is unacceptable because it quickly leads
to a lack of confidence in the detection system. However, a detection system that
has an acceptable false alarm rate during normal operation might register a false
alarm when the monitored plant undergoes an unusual excursion, and this might
be acceptable in some applications. In other applications small faults may be so
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serious that it is preferable to react to false alarms (replacing unfailed components)
than to suffer deteriorated performance from an undetected (though small) fault.
Compromises in detection system design among false alarm rate, sensitivity to
incipient faults and promptness in detection are difficult to make because they
require extensive knowledge of the working environment and an explicit under-
standing of the vital performance criteria of the monitored system.

Another malfunction that is closely related to both false alarms and missed
detections is the incorrect identification of a failed component. In this case, the
detection system correctly registers that a fault has occurred but incorrectly
identifies the failed component. The reconfiguration system that proceeds to
compensate for the wrong fault could produce consequences as serious as a missed
detection.

5.2.1 FDI system requirements in the multi-lane actuator
In the multi-lane actuator, failures will introduce failure transients that will result in
an aircraft roll rate response and hence a change in the bank angle. To minimise the
roll disturbance, the dedicated FDI system should have the capability of promptly
detecting and isolating failed components or lane. Also, the FDI system should be
designed so that false alarm rates are minimal. Failure detection promptness, failure
isolation and the rate of false alarms are functions of the thresholds on the Mon-
itoring Voting Averaging Devices (MVADs). As will be explained later on, in this
particular application the thresholds depend on lanes disparities and flight condi-
tion, where the first are due to the inherent random variations in parameters and
random fluctuation in transducer readings.

5.2.2 The monitoring voting averaging device (MVADs)
There are many different approaches to monitoring in multi-lane systems to detect
failures, and many ways in which signals or values are outputted to the next stage
of the system. The simplest approach to monitoring is cross monitoring, where
paired lanes are compared and logic is used to decide on the failed lane. Output
consolidation can be implemented by simple averaging, master–slave equalisation,
median selection or other related schemes. Here, an initial simple design will
implement cross monitoring and lane averaging.

The monitoring, voting and averaging tasks can be separated: monitoring is a
combination of mathematical and logical functions, voting is purely logical and
averaging is purely mathematical. In both architectures, these devices monitor
position and velocity feedback sensors, motor currents, as well as, inputs to drive
chips. These devices provide output average feedback and control signals.

Figure 5.2 is a block diagram of the proposed MVAD, with four inputs.
Regardless of the source of the input signals, each MVAD will perform the same
tasks. If the input signals are S1, S2, S3 and S4, then the MVAD first calculates the
difference between all the signals, producing D12, D13, D14, D23, D24 and D34,
where, D12¼S1� S2, D13¼ S1� S3, D14¼ S1�S4, D23¼S2� S3, D24¼ S2� S4

and D34¼S3� S4.
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These differences are compared against predefined thresholds. If their values
were to exceed the threshold then the common input signal will be identified as a
failed signal. For example, if the signal S1 were to be declared as a failing signal,
then D12, D13 and D14 have to exceed the predefined threshold value. Similarly, if
S3 were to be declared as failing signal, then D13, D23 and D34 have to exceed the
predefined threshold value.

In some designs the differences may be smoothed to reduce the effects of noise
while in others a delay (of a few computing cycles) is allowed before the failure is
permanently identified. This was not implemented in the current design, and fail-
ures were intentionally introduced and allowed to grow in a ramp fashion to explore
the worst failure effects, except for motor failures, which were introduced suddenly
to the system.

Once the channels have been scanned for failures, two actions take place. The
first isolates the source of the failed signal. If the source is a potentiometer or a
tachometer, then the failed component is isolated, however, if the failure is due to a
motor failure, then the entire channel is isolated and the clutches or brakes are
activated. The second action evaluates position and rate feedback signal, by taking
the average of the active signals. For example, if S1 suddenly develops an error and
differed from the other signals by DS1 , other signals decreases by DS accordingly, so
that a constant average signal SAvg is maintained to keep a closed loop situation
constant. Thus

SAvg ¼ ½ðS1 � DS1Þ þ ðS2 � DSÞ þ ðS3 � DSÞ þ ðS4 � DSÞ�=4 ð5:1Þ
Since SAvg remains constant; therefore; DS1 ¼ DS=3 ð5:2Þ

Equation 5.2 reveals that the other signals reduce their values by one-third the
magnitude of the failure. In general if DSpq is an error signal (where p and q are lane
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Figure 5.2 Block diagram of the MVAD scheme implemented in the FDI system
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numbers between 1 and 4, and p 6¼ q), and STD is the threshold value, then there will
be an alarm if DSpq>STD. The MVAD modelling should also take into account
changes in inertial load distributions following channels isolation.

5.3 Architecture consolidation

In the previous sections the different possible configurations of lane consolidation
along with the FDI system were described. This section will describe the two
architecture configurations of velocity summing and torque summing, along the
associated FDI system.

5.3.1 Velocity summing architecture
Figure 5.3 shows the velocity summed architecture, where the outputs of the indi-
vidual lanes are summed via a differential gearbox. The figure illustrates the
location of the MVADs used in this architecture. With reference to Figures 5.2 and
5.3, the following practical observations are made:

– Here, it is assumed that all potentiometers are mounted on the common out-
put shaft, therefore, they measure the actuator output angular displacement.
Unlike the torque summing, in this architecture, the position of these devices
is crucial, as placement before the summing differential gearbox would
results in individual lanes angular displacement measurements. Position
feedback to the control system is the average value of active potentiometers
readings.

– Similarly, tachometers are also mounted on the individual-lane shafts, thus
their measurements represent the angular speeds of individual lanes. On one
hand, the motors built in tachometers can be used and there will be no need to
implement extra tachometers. However, on the other hand, there will be an
immediate reduction in speed feedback signals redundancy once a lane is
isolated.

– The average values of the measured angular positions and speeds provide
position and velocity feedback to the control system, and represent the position
and speed of the common output shaft.

– Failures in any of the potentiometer or tachometer feedback sensors will result
in isolation of that particular measuring device, and feedback signals will be
the average of the remaining active sensors.

– Motors (and their drives) are also monitored by the MVAD, where a failure
will result in the isolation of the entire affected lane and the activation of the
brake to avoid speed compensation by the other lanes. This could be explained
by considering the case where a lane failure was not possible to be isolated.
One possibility is that the failed lane will be driven at full speed in a direction
similar to that of the remaining lanes. This will result in speed reduction of the
remaining lanes and may be even direction reversal to maintain control.
However, if the failure resulted in driving the motor full speed and in an
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opposite direction to the remaining lanes, then these lanes will have to run
faster to maintain control. As mentioned above, lane isolation will result in an
accompanying loss of built in feedback sensors.

– Lanes equalisation may be implemented by providing a common driving signal
to the motors.

5.3.2 Torque summing architecture
Figure 5.4 shows the torque summed architecture, where the outputs of the indivi-
dual lanes are locked together via a torque summing gearbox. The figure illustrates
the location of the MVADs used in this architecture. With reference to Figures 5.2
and 5.4, the following practical observations are made:

● It is assumed that all potentiometers and tachometers are to be mounted on the
common output shaft, thus, their readings represent measurements of the actua-
tor angular displacement and velocity. In this design the readings provide the
feedback signals in the control system, which is the average value of the active
measurements.

● Since individual and output shafts are locked together, it is irrelevant where the
feedback sensors are placed. Although, built-in motors encoders provide better
signals, there will be a measurement loss following lane isolation. In this
particular design this limitation is eliminated as external encoders were placed
on the common output shaft.

● Failure logic ensures that failures in any of the feedback sensors would result
in isolation of that particular sensor. The utilised feedback signals are the
averages of measurements provided by the remaining active sensors.

● The motors are also monitored by the MVAD, and once excessive currents are
detected, the entire affected lane is isolated and a clutch (in the active path)
will be activated, otherwise the isolated motor will appear as an external
inertial load to the other active lanes. Also, a back-driven failed motor will act
as a generator and would result in heat generation when a load is connected
across it.

● To minimise force fight between mismatched lanes, lanes equalisation is
essential in this architecture, thus a common signal feeds the motor drives, as
shown in Figure 5.4.

5.3.3 Initial simulation results
When considering feedback transducers failures, step or hard-over failures will be
detected quickly and will not result in any significant transients. However, slow
ramp failures allow the presence of output disturbance for some time before the
thresholds are crossed.

Here, in both architectures, failures in feedback transducers were introduced at
time t¼ 2 s (after the actuator has responded to a step input command equivalent to
the maximum authority limit of 18� at low aircraft speed). The failures were
allowed to grow in a ramp fashion and the readings of failed component, the

62 Design and development of multi-lane smart electromechanical actuators



d ar
ef

1
d a

re
f

d ar
ef

2
d ar

ef
3

d a
re

f4

R
ef

er
en

ce
 in

pu
t

M
V

A
D

P. 
I.

P. 
I.

P. 
I.

–1
0

0

+1
00

–1
0

0

+1
00

+ –

+ –

+

– +

–

–1
0

0

+1
00

–1
0

0

+1
00

T
ac

ho
m

et
er

s

M
V

A
D

D
-A

D
-A

D
-A

 

D
-A

 

L
an

e
1

Po
te

nt
io

m
et

er
s

M
V

A
D

M
V

A
D

C
ur

re
nt

s

+

++

++ +

1 J s
s1

T 1

A
-D

A
-D

A
-D

A
-D

A
-D

A
-D

A
-D

A
-D

T 2
P 2

P 1

P 4
P 3

T 3
T 4

D
 - 

A
M

V
A

D

P. 
I.

L
an

e
2

L
an

e
3

L
an

e
4

C
ha

nn
el

 fa
ilu

re

d a
d a

F
ig

ur
e

5.
4

T
or

qu
e

su
m

m
in

g
ar

ch
it

ec
tu

re



average signal from the MVAD and the true reading on the actuator shaft (or other
lanes) were observed, as shown in Figures 5.5 and 5.6.

Figures 5.5 shows the response to a potentiometer failure that was introduced
at 2 s and it is marked as ‘Failed Pot’. Since the signals from the potentiometers
are always averaged, the control system will interpret this failure as a constant
over travelling, therefore, the lanes will react by decelerating sharply to a con-
stant speed to maintain control. The figure also shows the way in which ‘Other
Lanes’ compensate for this failure to keep the averaged value maintained at 18�

all the time.
Similarly, Figure 5.6 shows the response when a tachometer fails at time t¼ 2 s,

marked as Failed tachometer. In this test, the averaged velocity feedback signal
(marked as Average Reading) is fed back in the control system and the MVAD will
interpret this failure as constant over speeding. Therefore, the result will be a
decrease in individual lanes and actuator speeds, and a resultant decrease in the
output angular displacement.

Chip failures are introduced in a step fashion and will be considered in a later
stage.
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5.4 Mismatch between lanes

Another important concept in electromechanical actuation design is the fact that
there will always be mismatch between the individual driving lanes. The con-
sequence of this effect is worst in torque summing architecture, where it will lead to
the possibility of force fight between mismatched lanes. By adopting good design
techniques (such as the inclusion of MVADs), the effect could be reduced so that
the most pessimistic case will possibly result in small dead-zone regions at low
output impedance.

In some applications, the effect of force fight between mismatched lanes
could be even highlighted more at regions where the lanes have to provide
maximum torques. In the multi-lane actuator case, these regions are where the
aerodynamic load is zero. This is because the steady component of the aero-
dynamic load cancels the variable component at a specific angle of aileron
deflection, as shown in Figure 5.7. Thus, the load will be purely inertial and
when high frequency fluttering takes place the loads will be maximum. One
example is that during low aircraft speed, the angle at which this cancellation
take place da|M¼0.2 ¼�9�. Thus, designs should be assessed at these regions,
with maximum mismatch between lanes. The mismatch is naturally due to
variation in lanes parameters and tolerances in feedback sensors.

5.5 A simulation-graphical Monte Carlo thresholds
setting method

It is practically impossible to use identical components or feedback transducers,
however, depending on the effects of deviations on the overall system behaviour, it
is possible to match components with some degree of certainty at the expense of the
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overall system cost. A system with closely matched components will be more
expensive, but it will possess a FDI with lower thresholds. Similarly, a system with
poorly matched components will be less expensive with higher thresholds, and thus
has a possible poorer overall performance. Therefore, distributions, confidence
levels and randomness in components values variations affect the lanes disparities
and make the task of threshold setting more complicated. This puts more demand
on the FDI design and on the threshold setting technique. Aircraft applications
demand a FDI system with a maximum false alarm rate of 1.0E-4. In this book, a
SGMC threshold setting technique will be used to calculate the thresholds on the
FDI system.

5.5.1 Advantages over other methods
Historical development of Monte Carlo methods along with mathematical back-
ground of some relevant Monte Carlo methods can be found in the literature [28–36].
The suitability of this technique compared to Hypothesis Testing (Decision Theory)
and Analysis of Variance can be summarised as follows:

Hypothesis Testing: This technique requires knowledge of:

● Distribution of observations in presence or absence of failures.
● Prior probabilities, in presence and absence of failures.
● Cost functions for correct and incorrect decisions.

Analysis of Variance, ANOVA: Problems treated with this method could be set up
in different forms depending on the number of control parameters. In quality con-
trol, the ANOVA is used to improve cost or efficiency of a particular system by
considering different tolerances on randomly varying control parameters. In the
multi-lane actuator system, the control parameters could be reduced to the aileron
deflection at a specific aircraft speed (for a given set of servos and feedback
transducers). Thus, the simplest form of this method is the no-way ANOVA, which
does not consider any control parameters. Other higher forms may be conducted
depending on the number of control parameters. Regardless of the form used, the
method has the following limitations:

● ANOVA methods are linked with the analysis of purely experimental obser-
vations, thus the confidence level depends on the confidence level in which the
data was obtained. This could be improved by increasing the sample size.

● The complexity of this method is directly related to the number of control
parameters associated with the problem.

The proposed Monte Carlo does not suffer from any of the above disadvantages and
has the following advantages:

● It can be used with the same ease of application to any distribution and any
finite region. The effect of the combination of multi-dimensional variously
shaped distributions could easily be handled by the Monte Carlo method,
where the domain of the independent variables is represented by stratified unit
d-dimensional square distributions.
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● A simulation-graphical approach is more efficient and utilises small sample
simulation tests to calculate peak lane disparities before evaluating the threshold
values graphically. To achieve similar degree of accuracy in the ANOVA, much
larger samples are required.

5.5.2 Description of the simulation graphical Monte Carlo (SGMC)
method

Multi-lane electromechanical systems usually exhibit inherent disparities even in
the absence of failures. Generally speaking, most are not linear and include key
components with tolerance distributions that are not necessarily Gaussian. Correct
setting of the thresholds is critical; if they were to be set too small, then the false
alarms or nuisance disconnects will increase; whereas if they were to be set too
large, then failures can cause large amplitude disturbances that could affect the
systems stability and might even result in structural damages or failures.

In the electromechanical actuation system, although motor parameters and
feedback sensors were assumed to randomly vary in a Gaussian distribution, the
distribution of the resulting Lane-Disparities ‘D’ is difficult to predict. To con-
tinuously observe these Lane-Disparities, W simulations tests per flight case were
randomly generated. The Peak Lane Disparities (DPeak) were measured as the
actuator responded to step input commands equivalent to maximum authority limits
in different flight cases.

Thus there are three data-banks (W in size per flight case) of DPeak in potenti-
ometer, tachometer and current readings. If scheduled threshold setting is adapted,
then sets of data-banks that include these maxima (as the aircraft speed and the
aileron deflection are varied) are considered. If the thresholds were to be
unscheduled, then only the data-bank that includes the maxima for all flight cases
should be selected for calculating the thresholds.

To explain this further, let’s assume that we are testing for low and high air-
craft speeds only, i.e. M¼ 0.2 and M¼ 1. Let’s also assume that we will be testing
for maximum, mid range and small deflections only, in each flight case. Therefore,
in total, there will be six tests: three for low aircraft speed (da|M¼0.2¼ 0.2�, 9� and
18�); and three for high aircraft speeds (i.e. da|M¼1¼ 0.2�, 1� and 2�), where 18�

and 2� are the maximum authority limits for the electromechanical actuator at low
and high aircraft speeds, respectively. Therefore, in total there will be six data-
banks, one per flight case and may be written as Wda;M . In each sample, Lane Dis-
parities in potentiometer, tachometers and motor currents will be monitored and the
peak three values will be selected. Therefore, there will be a total of nine peaks
disparities: three in pots (DPeakPot|da,M); three in tachometers (DPeakTacho|da,M) and
three in currents (DPeakCurrent|da,M). To calculate the threshold value, samples (nine
in total) containing these peaks are identified, and the SGMC method is utilised to
calculate the scheduled thresholds.

If unscheduled threshold setting is adopted, then the maximum three should
be considered, i.e. one for Potentiometer, one for tachometer and one for current
monitoring. Of course here, only a nine flight case scenario is assumed, however,
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in reality global or unscheduled threshold setting will cater for uncountable flight
cases.

Having identified the sets that include peak lane disparities, the SGMC method
may be applied by following these steps:

● The range over which the data-bank spreads over is divided into intervals.
● Count of the number of events that fall within an interval is observed.
● The cumulative sum over the whole range is then obtained.
● The percentage probability (%Pro) of occurrence is then calculated

%Pro ¼ 100
Cummulative Sum

Sample Size
PP1 � %Pro � PPi

where PP1 is the probability of occurance within the 1st interval � 0, and PPi is
the probability of occurrence in the last interval ffi 100

● These probabilities are then plotted on probability graph paper (Figure 5.8)
with the x-axis representing the percentage probability and the y-axis being the
upper interval limit axis.

● The plotted data are then fitted with a graph.
● The graph is then extrapolated to intersect with the y-axis, where the point of

intersection marks the maximum lane disparity, which has an occurrence
probability of 1.0E-4. The graph fitted to the points will be very close to a
straight line if the percentage probabilities are normally distributed. Even with
non-linear systems having non-Gaussian probability distributions, a smooth
curve is expected, which is then extrapolated to intersect the required false
alarm rate probability ordinate.

This technique requires a relatively small sample of simulation tests, in comparison
to a simulation-based ANOVA or a purely simulation-based Monte Carlo.
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5.5.3 Sample size and confidence
It is difficult to estimate the sample size or the number of simulation tests that
covers all probable events that might occur in a real system. It is also difficult to be
confident about the shape of the distribution. Naturally, the larger the sample is, the
more accurate the representation, however, there will always be an error and events
can only be predicted within certain confidence levels.

To achieve a confidence level of 99 per cent, say, then 99 per cent of the time
the events will occur in the range m� zcs, where m is the mean and s is the standard
deviation. For a known standard deviation and error confidence e, an estimate of
the sample size is given by j¼ [{m � zcs}/e]2 [37].

Alternatively, a graphical approach could be utilised to determine the sample
size by plotting the mean and the standard deviation versus the sample size.
Acceptable sample size is identified at points where fluctuations in m or s are
considered minimal. This approach is inefficient and time consuming, but once the
sample size is identified, unnecessary simulation time will be saved.

Figure 5.9 is an example of means disparities in potentiometer, tachometer and
current readings for the W18�,0.2 flight case in the torque summed architectures,
where it clearly reveals the initial fluctuation in small samples before converging
to a steady value as the sample size is increased. Thus, in the multi-lane actuator,
a sample of 1500 tests was considered sufficient for an accurate representation.

In the next chapters this approach will be implemented in hardware and digital
cross monitoring.
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Chapter 6

Hardware cross monitoring

Fault tolerance is achieved through hardware redundancy in repeated hardware
elements to provide protection against localised damage in safety-critical systems.
Examples of such systems include aircraft, space vehicles, nuclear power plants
and plants handling dangerous chemicals. One method in achieving fault detection
and fault isolation is through hardware cross monitoring, where the performance of
the repeated components is continuously assessed and compared. This technique is
simple to apply and is widely used. The drawbacks include the extra hardware cost
and the additional space required to accommodate the duplicated equipment.

In this chapter, this technique will be presented to calculate the threshold
values on a multi-lane actuator in torque and velocity summed architectures. The
brushless dc motors in both architectures will be represented by their lumped
models. The FDI system (discussed in Chapter 5) will be implemented to monitor
the actuator for failures in feedback transducers as well as the currents in each lane.

6.1 Peak lane disparities

In redundant systems, it is inevitable to have inherent parameters variations in
repeated hardware and inherent fluctuation in duplicated feedback transducers,
which will result in peak disparities over various operating points. Therefore,
thresholds have to cater for such inherent disparities.

In the multi-lane electromechanical system, it is natural to observe such dis-
parities over the flight envelope. Therefore, to set the thresholds and to cater for
these disparities, peak lanes disparities in discrete flight cases were observed by
monitoring over sets of 1500 discrete simulations for a particular flight case. Here,
a flight case refers to a set of aircraft speeds (0.2 � m � 1.0) and aileron reference
inputs (0 � da � maximum authority limit) as shown in Table 6.1. The table lists
observed peak lane disparities in velocity and torque summed architectures (for the
two extreme cases da¼ 18�, m¼ 0.2; and da¼ 2�, m¼ 1.0). The results are based
on data supplied by Inland Motors [23], where parameters such as the resistance,
inductance, torque constant and voltage constants in the brushless dc motors varied
by �12, �30, �10 and �10 per cent, respectively. Position and velocity feedback
transducers were assumed to vary by �10 per cent.
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6.2 Scheduled threshold setting, STS – failure transients
and aircraft response

The above example assumed a 3s confidence level, which does not meet the full
FDI system criteria, however, the designer may consider threshold scheduling for
different flight cases to develop an idea about the feasibility of the design. In
this particular example, the multi-lane actuator was examined for potentiometer,
tachometer and current failures, for both architecture configurations. The results of
the simulations are listed in Appendix 1 as Figures 6.1–6.32, where:

● Figures 6.1–6.5 and 6.6–6.11 are velocity summing tests at low and high
aircraft speeds, respectively.

● Figures 6.12–6.17 and 6.18–6.23 are torque summing tests at low and high
aircraft speeds, respectively.

● Figures 6.24–6.29 are repeated torque summing tests.

In these tests:

● Various step input commands at low and high aircraft speeds were considered.
● Potentiometer and tachometer failures were introduced artificially and were

assumed to grow in a ramp fashion, however, chip failures were assumed to be
sudden failures.

● All failures were introduced at time t¼ 2 s.
● Thresholds on the MVADs were scheduled as calculated in Table 6.1.

Careful examination reveals that:

● Larger failure transients occurred at high aircraft speeds due to the presence of
high aerodynamic loads.

● Both architectures were equal in robustness to both motor and potentiometer
failures, however, as might be predicted, torque summing showed more
robustness than velocity summing to tachometer failures.

Further tests were carried out to examine the effect of repeated failures on the
torque summed architecture, at high speed. The system response was examined for
two consecutive potentiometer, tachometer and motor drive chip failures, where
failures were introduced in sequence at t¼ 2.0 and 3.5 s. The results of these tests
are shown in Figures 6.24–6.29, Appendix 1. Although current failures are likely to
induce the largest failure transient, the reader should also check and verify the
effect of combined failures on the response.

In some applications, dormant failures are also possible; therefore, it is
important to test for their possibility of occurrence and their effect. A good example
of this is a chip failure to 0.0 or 100 V, Figure 6.30. These failures go unnoticed
until there is a change in manoeuvre. For example, a failure at t¼ 2 s remains
dormant until the forced change do

18!0j2:1;2:11 in the input command takes place
(where, do

a!bjt1;t2 defines a pulse with a rising edge that changes from do
a to do

b at
t¼ t1 s, and a falling edge that changes from do

b to do
a at t¼ t2 s). The lanes respond
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to this change in manoeuvre and current disparities between the failed lane and the
other active lanes keeps on increasing until the threshold is exceeded and the faulty
lane is isolated. Similarly, when a second failure is introduced at time t¼ 3.5 s, it
remains undetected until a similar manoeuvre (do

18!0j3:6;3:61) takes place. Dormant
failures can also be eliminated with smaller manoeuvres (e.g. do

18!10j2:1;2:11 and
do

18!10j3:6;3:61), thus the size of the earlier resulting failure transients is fairly
pessimistic.

The dormant failure itself does not affect the performance of the actuator,
however, its detection and isolation is important to avoid a second repeated failure.
To explain this, let I12, I13, I14, I23, I24 and I34 be the disparities in current mea-
surements between Lanes1,2, Lanes1,3, Lanes1,4, Lanes2,3, Lanes2,4 and Lanes3,4,
respectively. If Lane1 (say) fails and this failure went unnoticed, then current dis-
parities I12, I13, and I14 will be less than the set threshold. If another lane (say
Lane2) fails before change in input, then this second failure will also remain
unnoticed, since the current disparities I23 and I24 are also less than the set
threshold. If a change in input follows, both failures will not be detected by the FDI
system, because immediately after an input is changed I13, I14, I23 and I24 start to
increase and exceed the threshold, however, I12 remains below the threshold. Thus,
the present FDI law will fail to trigger an alarm and isolation will not be possible.
This is, however, only true for the proposed MVAD structure.

The occurrence of an unnoticed dormant failure is a highly unlikely event and
it could be overcome by using simple in-time monitoring based upon reason-
ableness testing. For example, if any of the phase currents is constant for more than
10 micro-processor cycles, then an amber warning is declared.

Failure transients will act as disturbances to the aircraft, and may be approxi-
mated by pulses with amplitude that last over a certain period of time. In this
application the largest transients were due to repeated current failures at low and
high aircraft speeds with 18� and 2� aileron deflections, as shown in Figures 6.30
and 6.31.

The aircraft response in roll due to an aileron pulse disturbance (simulating a
failure transient envelope) was tested on a small combat aircraft fighter model [38].
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Figure 6.30 Repeated current failures [M ¼ 0.2 in the torque summing
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According to military standards, the allowable roll rate r � 5� s�e and the max-
imum bank angle Ø � 3� [39, 40]. The aircraft model is given by

r
da

ðsÞ ¼ ðs2 þ 2xrwrs þ w2
rÞsAr

ðs þ TsrÞðs þ TrrÞðs2 þ 2xDwDs þ wDÞ
r
da

ðsÞ ¼ ðs2 þ 2xrwrs þ w2
rÞsAr

s4 þ k1s3 þ k2s2 þ k3s þ k4

f
da

ðsÞ ¼ 1
s
r
da

ðsÞ

where da, is the aileron deflection,

k1 ¼ 2xDwD þ %1; k2 ¼ 2xDwD%1 þ w2
D þ %2

k3 ¼ 2xDwD%2 þ w2
D þ %1; k4 ¼ w2

D%2

%1 ¼ Trr � rsr; and %2 ¼ �TrrTsr

At Mach Number 0.9:

Tsr ¼ �8:7 � 10�3; Trr ¼ 2:13; xD ¼ 0:184; wD ¼ 3:29;

xp ¼ 0:0635; Ap ¼ 10:71; wp ¼ 2:87

At Mach Number 0.2:

Tsr ¼ 6:76 � 10�4; Trr ¼ 1:38; xD ¼ 0:055; wD ¼ 2:13;

xp ¼ 0:1; Ap ¼ 3:72; wp ¼ 1:674

The aircraft was subjected to a disturbance pulse of magnitude 1� and a period of 1 s
approximately. This is the largest failure transients (do

18!0j2:1;2:11 or do
18!0j3:6;3:61) in

Figure 6.30. The aircraft response in roll to this pulse was a peak roll rate of 1.5�s�e

and a bank angle of 2� approximately, as shown in Figure 6.32. Then the aircraft was
subjected to a pulse of magnitude 0.55� lasting over a period of 1.4 s. This is the
second failure transient (do

18!0j3:6;3:61) in Figure 6.31. This resulted in an aircraft
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Figure 6.31 Repeated chip failures at high speed utilising torque summing
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peak roll rate of 2�s�e and a bank angle of 3�, as shown Figure 6.33. Therefore,
higher disturbances were caused by the second failure transient, thus it is important
to check for aircraft disturbances across different flight envelopes. Still, in this
particular case, the current design meets the aircraft response in roll specification
with two channels isolated.

6.3 Unscheduled threshold setting (UTS) – a simulation
graphical Monte Carlo (SGMC) approach

In the previous section, scheduled threshold setting was considered and the largest
failure transient was simulated as a pulse input to an aircraft model. It was shown
that the current design meets the aircraft response in roll with two channels
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isolated. By considering a FDI system with this configuration the following should
be noted:

● It is difficult to predict the false alarm rate with sufficient confidence, how-
ever, for a large sample of normally distributed observations (of peak lane
disparities) an approximate estimation of the false alarm rate could be made:

* The peak lane disparities were obtained with a 3s confidence levels in
parameters variation. Therefore, the probability of producing an obser-
vation within this range is� 99.73 per cent.

* If the thresholds are scheduled to the values of the maximum peak lane
disparity, as flight cases change, then the probability of inducing an
inherent peak lane disparity which is greater than the maximum peak lane
disparity is 0.27 per cent.

* Since the probability of inducing an inherent peak lane disparity that is
greater than the maximum peak lane disparity will trigger a false alarm.
Therefore, the probability of a false alarm is 0.27 per cent or 2.7E-4,
which does not satisfy the 1.0E-4 false alarm rate.

● With scheduled thresholds setting, the FDI will require information about the
aircraft speed and atmospheric pressure to schedule the thresholds. This could
raise the question of the reliability of such information and could increase the
complexity of the FDI system.

To overcome such problems, unscheduled threshold setting is proposed for the
electromechanical actuator in its torque summed architecture. Table 6.1 shows

Table 6.2 Peak failure probability rate

Potentiometer [deg] Tachometer [deg/s] Current [A]

Int. Cnt. C.S. Prob. Int. Cnt. C.S. Prob. Int. Cnt. C.S. Prob.

0 7 7 0.47 �0.0625 1 1 0.067 0 1 1 0.07
0.025 85 92 6.13 0.0625 43 44 2.93 0.5 88 89 5.93
0.05 186 278 18.53 0.1875 132 176 11.73 1 244 333 22.2
0.075 262 540 36 0.3125 215 391 26.07 1.5 340 673 44.9
0.1 280 820 54.67 0.4375 237 628 41.87 2 275 948 63.2
0.125 248 1068 71.2 0.5625 298 926 61.73 2.5 234 1182 78.8
0.15 175 1243 82.87 0.6875 217 1143 76.2 3 134 1316 87.7
0.175 145 1388 92.53 0.8125 167 1310 87.33 3.5 89 1405 93.7
0.2 54 1442 96.13 0.9375 114 1424 94.93 4 49 1454 96.9
0.225 30 1472 98.13 1.0625 38 1462 97.47 4.5 29 1483 98.9
0.25 18 1490 99.33 1.1875 23 1485 99 5 6 1489 99.3
0.275 8 1498 99.87 1.3125 9 1494 99.6 5.5 5 1494 99.6
0.3 2 1500 100 1.4375 3 1497 99.8 6 4 1498 99.87
0.325 0 1500 100 1.5625 1 1498 99.87 6.5 1 1499 99.93

1.6875 1 1500 100

Int is Interval, Cnt is counts per interval, CS is Cumulative Sum and Prob is percentage probability.
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that the maximum peak lane disparities in potentiometer, tachometer and current
readings occurred in da|18o,0.2, da|18o,0.2 and da|6o,0.2 flight cases, respectively.
Therefore, if unscheduled thresholds are to be considered only data-banks from the
above flight cases should be considered.

To implement the SGMC approach:

● First the data-bank has to be divided into intervals.
● The number of counts per each interval is observed.
● A cumulative sum of the counts is then obtained.
● Finally the percentage probability of occurrence is calculated, as listed in

Table 6.2.

The percentage probabilities in each interval are then plotted on the probability
graphs as shown in Figures 6.34–6.36, where the x-axis represents the percentage
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probability rate and the y-axis represents the cumulative sum in peak lane disparities.
The plotted graph is then extrapolated to intersect the y-axis at a value that repre-
sents a threshold value with a 1.0E-4 likelihood of occurrence. In this particular
example, the potentiometer, tachometer and current thresholds were found to be
0.375�, 1.5�s�1 and 4.25 A.

When the thresholds values on the MVADs were set, and failure transients due
to potentiometer, tachometer and current failures were observed, it was found that:

● Failure transients due to potentiometer and tachometer failures are larger than
those produced earlier (in scheduled threshold setting), due to the fact that:
larger threshold values are implemented; and failures were allowed to progress
in a ramp fashion.

● Failure transients due to chip failures remain to be the largest.
● There was no change in the size of the failure transients due to chip failures,

thus in this particular application a similar aircraft response will be achieved,
however, with the current threshold setting, the false alarm rate is reduced to a
maximum of 1.0E-4.
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Chapter 7

Digital cross monitoring

The previous chapter presented hardware cross monitoring in both architectures,
and showed that the largest failure transients were motor failures related. Although
the design met the aircraft response in roll, repeated hardware components in
hardware cross monitoring necessitates for larger installation compartments.
Therefore, this chapter proposes and compares digital cross monitoring (with a
minimum of two lanes of repeated hardware) to hardware cross monitoring. Here,
the hardware will be represented by three-phase equivalents and the digital math-
ematical model will be represented by the lumped model equivalent. The three-
phase hardware representation allows for detailed response examination in the
presence of torque ripples contributed by the individual lanes. The Simulation
Graphical Monte Carlo (SGMC) method will be implemented in this chapter too as
a threshold setting technique.

7.1 Hardware cross monitoring

This approach has already been presented in the previous chapter, with lumped
motors representation. Here, three-phase model equivalents will be used. The
MVADs will perform the same operations described in the previous chapter, with
the MVAD input signals modified to cater for motor and switching drive failures.
To achieve this, the signals are represented by the sum of the absolute values of the
filtered measurements of the individual phase currents, as shown in equation 7.1.
This modification eliminates the need for motor alignment, which is practically
undesirable. The time constant (T) should be chosen so that an acceptable smooth
response is obtained (Figure 7.1).

IFp ¼
X3

q¼1

jIFpqj ð7:1Þ

where

IFpq

Ipq
sð Þ ¼ 1

1 þ Ts
ð7:2Þ

Ipq is the computed phase currents and IFpq is the filtered lane current, with p and q
refer to channel and phase numbers.



In this chapter too, transducer failures were introduced in a ramp fashion and
motor failures were introduced as sudden failures. In some cases, current failures
were not detected and isolated immediately and remained dormant until there was
a change in manoeuvre. To illustrate this, assume that the system is stable with
all lanes driven at the Commutation-State1, i.e. VA1�4 ¼VSP, VB1�4 ¼ 0 and
VC1�4 ¼VSP, where, VSP is the Supply Voltage.

Assuming that a failure will develop in Lane1, it follows that a short circuit
between VA1 and VC1 (i.e. both nodes are sitting at the VSP level) will not be
detected as a failure, unless a change in input command takes place. Dormant
failures are highly unlikely events and (as was mentioned earlier on) could be
eliminated by simple in-time monitoring based upon reasonableness testing.

7.1.1 Unscheduled threshold settings (UTS)
UTS was proposed in the earlier chapter to overcome problems associated with
STS that required the FDI system to continuously update information about the
aircraft speed and atmospheric pressure. To achieve UTS, the SGMC approach
utilises data of flight cases that gave maximum peak lane disparities in potenti-
ometer, tachometer and current readings.

In this chapter, three-phase models were considered to calculate inherent peak
lane disparities (due to random variation in parameters and random fluctuation in
feedback transducers) in 1500 tests for different flight cases. Just as in the previous
chapter, the results are categorised in data-banks and maximum peak lane dis-
parities were observed over a range of flight cases. Table 7.1 lists the two extreme
flight cases only, which have similar characteristics to those of the lumped model
with the exception that the currents are represented by the sum of the absolute
values of the filtered phase currents.

If the FDI system is to have MVADs with unscheduled thresholds, then only
flight cases yielding maximum peak lane disparities should be considered.
Table 7.1 shows that the maximum peak lane disparities in potentiometer, tach-
ometer and current readings occur at the da¼ 18�-low aircraft speed flight case.
Therefore, data-banks from this particular flight case were considered, and peak
disparities obtained from the 1500 simulations were interpreted in terms of per-
centage probability of occurrence within certain intervals. Table 7.2 lists the
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inherent percentage probability in peak lane disparities, with the 1st, 5th and 9th
columns being the intervals at which the probabilities of these rates were calcu-
lated. The 2nd, 6th and 10th columns list the counts per interval. The 3rd, 7th and
11th columns list the cumulative sums of counts, while the 4th, 8th and 12th
columns show the percentage probabilities of the cumulative sums.

The percentage probabilities of the cumulative sums were plotted on probability
graph paper (Figures 7.2–7.4) and were then extrapolated to cross the y-axis at points
that represent maximum peak lane disparities with 1.0E-4 probabilities of occurrence.
Therefore, the thresholds on the MVADs in the FDI system are 0.4�, 1.875�s�1

and 8.0 A. The figures show and compare the threshold values due to the lumped and
three-phase models. Clearly there is a close correlation between potentiometer and

Table 7.1 The three phase peak hardware disparities

Low aircraft speed High aircraft speed

Aileron
deflection
[deg]

Peak lane disparities in Aileron
deflection
[deg]

Peak lane disparities in

Pot
reading
[deg]

Tacho
reading
[deg/s]

Current
reading
[A]

Pot
reading
[deg]

Tacho
reading
[deg/s]

Current
reading
[A]

0.2 0.003 0.027 0.257 0.2 0.003 0.183 1.871
2 0.033 0.289 1.385 1 0.016 0.161 2.111
9 0.149 1.189 3.862 2 0.032 0.271 2.373

14 0.223 1.258 3.862
18 0.296 1.258 3.862

Table 7.2 Peak failure rate probability in hardware cross monitoring

Potentiometer [deg] Tachometer [deg/s�1] Current [A]

Int Cnt CS Prob Int Cnt CS Prob Int Cnt CS Prob

�0.0125 3 3 0.2 �0.05 2 2 0.13 0.25 3 3 0.2
0.0125 114 117 7.8 0.05 72 74 4.93 0.5 30 33 2.2
0.0375 259 376 25.07 0.15 155 229 15.27 0.75 134 167 11.13
0.0625 346 722 48.13 0.25 259 488 32.53 1 236 403 26.87
0.0875 293 1015 67.67 0.35 299 787 52.47 1.25 306 709 47.27
0.1125 218 1233 82.2 0.45 256 1043 69.53 1.5 237 946 63.07
0.1375 130 1363 90.87 0.55 194 1237 82.47 1.75 211 1157 77.13
0.1625 92 1455 97 0.65 114 1351 90.07 2 159 1316 87.73
0.1875 25 1480 98.67 0.75 83 1434 95.6 2.25 76 1392 92.8
0.2125 13 1493 99.53 0.85 38 1472 98.13 2.5 47 1439 95.93
0.2375 2 1495 99.67 0.95 17 1489 99.27 2.75 35 1474 98.27
0.2625 4 1499 99.93 1.05 5 1494 99.6 3 15 1489 99.27
0.2875 1 1500 100 1.15 4 1498 99.87 3.25 6 1495 99.67

1.25 2 1500 100 3.5 4 1499 99.93
3.75 1 1500 100

Note: Cnt is counts per interval; CS is cumulative sum; and Prob is percentage probability.
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tachometer threshold values. However, the current threshold is considerably different
(nearly doubled), which is due to the peak lane disparities in current representation.

7.1.2 Failure transients and aircraft response
Unscheduled threshold monitoring was implemented with the above calculated
thresholds. In the event of a feedback transducer failure, the failed transducer will be
isolated, however, if a lane is failed, then the entire lane will be energised and isolated.
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Failures were introduced at a sequence of 1.0 and 2.0 s and the resulting failure
transients were examined for various flight cases, as shown in Appendix 2
(Figures 7.5–7.13). It was found that the maximum failure transients were due to motor
failures, with the largest failure transient envelope (occur at da¼ 18�|low aircraft speed case)
has an amplitude of 1� and lasts over a period of 0.8 s. In the da¼ 2�|high aircraft speed case,
the largest failure transient has an amplitude of 0.3� decaying over a period of 0.7 s.
When simulated as aileron pulse disturbances to the aircraft model, the aircraft
response revealed that the current design meets the aircraft response in roll with two
channels isolated, as shown in Figures 7.14 and 7.15.

7.2 Digital cross monitoring (DCM)

An alternative strategy for monitoring is to cross monitor a reduced number of
repeated hardware components against an incorporated lumped digital math model.
Figure 7.16 shows a possible architecture that implements such DCM scheme. Here,
a four-lane assembly was assumed with each lane having its own embedded digital
model. The individual and overall responses of the actuator were evaluated in each
processor. The generated outputs of the microcomputers are then voted to calculate
the currents in each lane and to provide a unified speed and position feedback.
These calculated values are then compared with those obtained from the sensor
readings, the microcomputers will then return the averaged sensor readings as
feedback signals. In the event of a failure, the faulty sensor or channel will be
isolated and the feedback signals will be the average value of the active signals only.

To implement this technique, four additional comparators must be introduced
to the MVADs to compute the difference between the math model parameters and
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the hardware measured readings. If the calculated parameters from the math model
are denoted by Sm, then the difference signals between a lane (from Lanes1�4) and
the math model are denoted by Dsmp

, where p being the lane number (p¼ 1, 2, 3 or 4).
Also, denoting Dspq

as the disparity signal between lanes p and q. Thus, Dsm1
describes

the difference between the math model and lane1; and Ds13
is the signal that describes

the disparity between lanes 1 and 3. In this architecture, to check for failures, both
Dsmp

and Dspq
must simultaneously be used to calculate the thresholds, where: the

thresholds due to lane disparities (i.e. Dspq
) are the same as those calculated earlier on;

and thresholds due to disparities between the math model and the lanes (i.e. Dsmp
) are

to be calculated next.

7.2.1 Unscheduled threshold setting
Table 7.3 lists the maximum peak hardware-digital model disparities in position,
speed and current readings. These values are higher than those of Dspq , which could
be explained by examining the nominal responses of the hardware and the digital
model, Figures 7.17–7.19. The figures show that the nominal peak differences in
position and speed measurements were 0.9� and 38.7�s�e, for the da¼ 18� at low
aircraft speed, and the nominal peak difference in current measurement was 6.3 A,
for the da¼ 9� at low aircraft speed. The parameters in the controllers of the lumped
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and three-phase models were adjusted to minimise the differences between the two
responses, however, the wide range of flight cases (in this particular application)
and load nonlinearity distribution limited these efforts.

Table 7.4 lists the intervals, the counts per interval, the cumulative sums and
the percentage probabilities of the cumulative sums. The cumulative sums were
plotted and the graphs were extrapolated to calculate the maximum peak lane dis-
parities, with 1.0E-4 probability rate of occurrence, as shown in Figures 7.20–7.22.
Therefore, the MVAD threshold values are 2.0�, 47�s�e and 10.75 A.

18 Actuator speed

Model speed

Difference

16
14
12
10

A
ile

ro
n 

de
fle

ct
io

n
[d

eg
re

es
]

8
6
4
2
0

0 0.1 0.2 0.3 0.4 0.5
Time [seconds]

0.6 0.7 0.8 0.9 1

Figure 7.17 Actuator and math model position response

A
ile

ro
n 

de
fle

ct
io

n
[d

eg
re

es
/s

ec
on

ds
]

100 Model speed

Actuator speed

Difference

90
80
70
60
50
40
30
20
10
0

0 0.1 0.2 0.3 0.4 0.5
Time [seconds]

0.6 0.7 0.8 0.9 1

Figure 7.18 Actuator and math model speed response

Table 7.3 The three-phase peak lane disparities, utilising a math model

Low aircraft speed High aircraft speed

Aileron
deflection
[deg]

Peak lane disparities in Aileron
deflection
[deg]

Peak lane disparities in

Potentio-
meter
reading
[deg]

Tachometer
reading
[deg/s]

Current
reading
[A]

Potentio-
meter
reading
[deg]

Tachometer
reading
[deg/s]

Current
reading
[A]

2 0.02 4.71 3.67 1 0.015 3.46 3.26
9 0.10 33.63 10.35 2 0.03 5.37 4.38

14 0.65 34.55 9.00
18 2.0 46.76 9.44
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7.2.2 Failure transients
The thresholds on the MVADs were set to the above calculated values, and simu-
lations were carried out to examine the actuator response to a sequence of failures
at t¼ 1 and 2 s.

Repeated potentiometer failures
The failed potentiometer measurements were assumed to increment in a ramp
fashion at a similar rate of 20 deg/s slope. Figures 7.23 and 7.24 show the low and
high aircraft speeds failure transients. The transients had magnitudes of 0.15� and
0.23�, decaying over a period of 0.8 s. These are much higher than those induced by
hardware cross monitoring, indicating the effect of the higher threshold.
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Figure 7.19 Actuator and math model currents

Table 7.4 Peak failure rate probability in cross monitoring against a math model

Potentiometer [deg] Tachometer [deg/s�1] Current [A]

Int Cnt CS Prob Int Cnt CS Prob Int Cnt CS Prob

0.7 1 1 0.067 33.5 3 3 0.2 6.0 2 2 0.133
0.8 627 628 41.87 34.5 12 15 1 6.25 2 4 0.27
0.9 527 1155 77 35.5 18 33 2.2 6.5 7 11 0.73
1 12 1167 77.8 36.5 6 39 2.6 6.75 48 59 3.93
1.1 13 1180 78.67 37.5 18 57 3.8 7.0 132 191 12.73
1.2 21 1201 80.07 38.5 147 204 13.6 7.25 178 369 24.6
1.3 18 1219 81.27 39.5 811 1015 67.67 7.5 256 625 41.67
1.4 30 1249 83.27 40.5 182 1197 79.8 7.75 232 857 57.13
1.5 100 1349 89.93 41.5 59 1256 83.73 8.0 197 1054 70.27
1.6 79 1428 95.2 42.5 44 1300 86.67 8.25 164 1218 81.2
1.7 67 1495 99.67 43.5 53 1353 90.2 8.5 137 1355 90.33
1.8 4 1499 99.93 44.5 50 1403 93.53 8.75 76 1431 95.4
1.9 1 1500 100 45.5 87 1490 99.33 9.0 35 1466 97.73
2 0 1500 100 46.5 10 1500 100 9.25 18 1484 98.93

9.5 9 1493 99.53
9.75 4 1497 99.8

10.0 2 1499 99.93
10.25 1 1500 100

Note: Int is Interval, Cnt is counts per interval, CS is cumulative sum and Prob is percentage probability.
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Repeated tachometer failures
The failed tachometer measurements were also assumed to increment in a ramp
fashion of 100 deg/s2 slope. The maximum failure transient was due to the second
failures in Figures 7.25 and 7.26, and had amplitude of 1.6� decaying over a period
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Figure 7.20 Peak disparity percentage probability rate in potentiometer readings

48

D
eg

re
es

\S
ec

on
ds

0.
01

0.
05 0.
1

0.
2

0.
5 1 2 5 10 20 30 40 50

Percentage probability

60 70 80 90 95 98 99

99
.8

99
.9

99
.9

9

47
46
45
44
43
42
41
40
39
38
37
36
35
34
33
32

Figure 7.21 Peak disparity percentage probability rate in tachometer readings

90 Design and development of multi-lane smart electromechanical actuators



12.0

A
m

pe
re

s

0.
01

0.
05 0.
1

0.
2

0.
5 1 2 5 10 20 30 40 50

Percentage probability

60 70 80 90 95 98 99

99
.8

99
.9

99
.9

9

11.5
11.0
10.5
10.0
9.5
9.0
8.5
8.0
7.5
7.0
6.5
6.0
5.5
5.0
4.5
4.0

Figure 7.22 Peak disparity percentage probability rate in current readings

0.9

18

17.95

17.9

17.85

A
ile

ro
n 

de
fle

ct
io

n 
[d

eg
re

es
]

17.8

17.75
1.1 1.3 1.5 1.7

Digital model

Actuator

1.9
Time [seconds]

2.1 2.3 2.5 2.7 2.9

Figure 7.23 Repeated potentiometer failures in digital cross monitoring [torque
summing architecture at low aircraft speed]

0.9

2

1.95

1.9

1.85

A
ile

ro
n 

de
fle

ct
io

n 
[d

eg
re

es
]

1.8

1.75
1.1 1.3 1.5 1.7

Digital model

Actuator

1.9
Time [seconds]

2.1 2.3 2.5 2.7 2.9

Figure 7.24 Repeated potentiometer failures in digital cross monitoring [torque
summing architecture at high aircraft speed]

Digital cross monitoring 91



0.9

18

17.8

17.6

17.4

17.2

17

16.8

16.6A
ile

ro
n 

de
fle

ct
io

n 
[d

eg
re

es
]

16.4
1.1 1.3 1.5 1.7 1.9 2.32.1

Time [seconds]
2.5 2.7 2.9 3.1 3.3 3.5

Figure 7.25 Repeated tachometer failures in digital cross monitoring [torque
summing architecture at low aircraft speed]

0.9

2
1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2A

ile
ro

n 
de

fle
ct

io
n 

[d
eg

re
es

]

0
1.1 1.3 1.5 1.7 1.9 2.32.1

Time [seconds]

[Torque Summing Architecture at Low Aircraft Speed]

2.5 2.7 2.9 3.1 3.3

Figure 7.26 Repeated tachometer failures in digital cross monitoring [torque
summing architecture at high aircraft speed]

0.9

18

17.8

17.6

17.4

A
ile

ro
n 

de
fle

ct
io

n 
[d

eg
re

es
]

17.2

17

16.8
1.1 1.3 1.5 1.7 1.9

Time [seconds]
2.1 2.3 2.5 2.7 2.9

Actuator
and

digital model
are overlapped

Figure 7.27 Repeated motor failures in digital cross monitoring [torque summing
architecture at low aircraft speed]

92 Design and development of multi-lane smart electromechanical actuators



of 1.2 s. The first failure transient had amplitude of 1.2� decaying over a period of
1.0 s.

Repeated current failures
Just as in hardware cross monitoring dormant failures might be possible, Figure 7.27
and 7.28. The size of the maximum failure transients were found to be 1.0� lasting
over a period of 0.8 s at low aircraft speed, and 0.25� lasting over periods of 0.8 s at
high aircraft speed transients.

7.2.3 Hardware versus digital cross monitoring
Clearly that when compared, digital cross monitoring has no special advantages
over hardware cross monitoring apart from reducing the number of lanes of hard-
ware. Some of the limitations include accurate modeling of the hardware, which
might increase the disparities, thus increasing the thresholds.
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Appendix 1

Hardware cross monitoring
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Figure 6.2 Potentiometer failure at low speed [velocity summing]



20
18
16
14
12
10
8
6
4
2
0

0 0.5 1 1.5 2 2.5 3 3.5

D
ef

le
ct

io
n 

in
 d

eg
re

es

Time in seconds

Figure 6.3 Tachometer failure at low speed [velocity summing]
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Figure 6.27 Repeated potentiometer failures [torque summing]
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Figure 6.28 Repeated tachometer failures [torque summing]
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Figure 6.29 Repeated motor failures [torque summing]
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Appendix 2

Digital cross monitoring
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Figure 7.5 Repeated potentiometer failures [low-aircraft speed hardware cross
monitoring]
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Figure 7.6 Repeated potentiometer failures [high-aircraft speed hardware cross
monitoring]
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Figure 7.7 Repeated tachometer failures [low-aircraft speed hardware cross
monitoring]
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Figure 7.8 Repeated tachometer failures [high-aircraft speed hardware cross
monitoring]
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Figure 7.9 Repeated motor failures [low-aircraft speed hardware cross
monitoring]
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Figure 7.10 Repeated open-circuit phase motor failures [high-aircraft speed
hardware cross monitoring]
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Figure 7.11 Repeated phase motor (a node is short circuited to zero or supply)
failures [high-aircraft speed hardware cross monitoring]
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