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Introduction

Current aircraft use three main forms of onboard secondary power, that is, electrical
power, pneumatic and hydraulic power. In general, hydraulic power is generated,
distributed, and utilized for the majority of high power output functions such as
primary and secondary flight control surfaces, landing-gear extension and retraction,
brakes, nosewheel steering, etc., while electrical power is used for everything else. This
division of functions over these forms of power developed over the years, largely as a
result of the ever increasing demands of high performance aircraft for higher levels of
control. There are two problems with this arrangement. The first is that each power
source must be oversized to meet the system reliability requirements, which results in a
heavier power system. The second is that the power cannot in general be shared among
the systems. For example, if the hydraulic power source fails, the hydraulic loads
cannot be powered by pneumatic or electric power sources.

Using a single type of power for all aircraft secondary functions would allow load
sharing. With load sharing the duty cycle of the secondary power system could be
optimized over the entire flight duty cycle. This would result in a smaller overall
capacity power system and significant weight reduction.

Because avionics, lighting and the galley require electric power, it is the only type of
power that can supply all of the aircraft’s loads. If electric power is chosen as the only
source, these hydraulic actuators must be replaced by electromechanical ones and
environmental control and icing protection must be powered electrically instead of
pneumatically.

In its basic form, a primary flight control system (FCS) consists of movable control
surfaces connected by cables and rods to cockpit controls that are directly operated by
the pilot. If there are no powered actuators, the surfaces are aerodynamically balanced
to reduce the pilot’s physical effort in controlling the aircraft. In some aircraft the
mechanical sections of these systems also include powered actuators. Since hydraulic
actuators were felt to have many advantages over electromechanical actuators for high
torque, high power applications, hydraulic power became the choice for all high-power
demand applications. However, in the 25 years since hydraulics achieved its current
level of acceptance, many changes have occurred in the electrical power field that
indicated that the time had come for a critical re-evaluation of electrical power’s place
in the power arena [Ref. 36 ]. It has long been recognized that, if all secondary power
used on board an aircraft could be generated, distributed, and used by one type of
power system rather than two, there would be significant potential savings involved.
The technology to build electromechanically actuated primary flight control systems is
now available. The past few years have seen the emergence of fly-by-wire (FBW) and



power-by-wire (PBW). The conception of fly-by-wire refers to the input signal path
being electrical rather than mechanical and fly-by-power refers to the actuator using
electrical rather than hydraulic power. The incentives for this are definitely clear:

« Aircraft reliability is significantly increased by the elimination of distributed high
pressure hydraulic lines from the fuselage and wing box.

o System complexity is reduced in a major way by the elimination of a complex
hydraulic system.

»  Weight of the aircraft is reduced.
» Development and life cycle costs are reduced.
» Requirements to the logistic and maintenance support are reduced.

« Aircraft production costs are reduced.

The development of advanced power systems and primary flight control
Electromechanical Actuators (EMAs) are the main steps in the realisation of the
concept of the All Electric Aircraft.

To determine the effect of an advanced power system on aircraft, it is necessary to
select a baseline aircraft. Then an advanced power system concept has o be identified
that would satisfy all of the requirements of the aircraft. Next an electrically powered
flight control systems has to be integrated with the secondary power system. The
system weight reductions have to be calculated, and the baseline aircraft will be resized
to get full advantage of the weight reductions.

The next steps of this work are to define a baseline aircraft power system and engines.
This baseline design has then to be modified by replacing the baseline secondary power
system with an advanced electric power generation- and distribution system. The
advanced electric system has to be designed to support all the functions previously
supplied by the baseline secondary power system.

With all secondary power being furnished by an electric power system, other aircraft
systems have to be modified to accept electric power. The flight control system
requires the most substantial modifications. The hydraulic flight control actuators, their
associated servovalves, and the mechanical cables and pulleys (in case of mechanical
control input signals) will be completely eliminated from the baseline design. These
components have to be replaced with electromechanical actuators, their associated
power receivers, and a fly-by-wire control system. The actuators have to be replaced
on a one-for-one basis to keep the same level of redundancy as the original flight
control system.

An important criterion in specifying an electric actuation system is the duty cycle to
which it must be designed. The mission profile (altitude and velocity vs. time) of an
aircraft along with actuator force and rate requirements are the starting points for this
research work. From these data, a fundamental duty cycle, load, heat dessipation, and
power required are estimated as a function of mission time. This generally leads to a
discussion on electric actuation system and power generation system circuits design.

2
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The configuration of the Electromechanical Actuator (Figure I.1) will be dependent on
the FCS requirements, but generally consists as a minimum of electro-actuators and
mechanical drives. According to the numerous advantages of the brushless drive
systems (high torque, light weight, low torque ripple, etc. ), they are becoming an
attractive candidate for EMAs.

In the following sections several different power systems will be considered in order to
investigate the main advanced electrical systems for More Electric Aircraft. It will be
presented a theoretical investigation of EMAs based on the brushless motor and
invertor description: electromechanical architecture, magnet materials, operating
principles, electromagnetic processes, etc. In order to design current, position, torque,
and speed controllers for brushless motors, the general theory of electromechanical and
electromagnetic processes in electrical machines and power converters will be used.
Finally, this system look at EMAs investigation will be presented as a preliminary
design strategy.



Chapter 1

Aircraft power system analysis and comparison

1.1 Overview of generating systems

The role of electric energy in aircraft is one of ever increasing magnitude and
importance. Continuity and stability of electric power now affect every facet of modern
aircraft from passenger convenience and comfort to flight safety and mission completion
[Ref. 7 ].

The evolution of aircraft electrical power systems has been driven by the ever increasing
demand to make aircraft designs safer and more reliable while increasing the number of
functions performed electrically by new and improved subsystems at reduced weight.

The constant speed drives served their purpose and have been the back-bone of aircraft

electric power generating systems (Fig. 1.1). Technology, however limits the life of this

device to levels inconsistent with the reliability and maintainability demanded of new

generation of aircraft. ‘

Today, airframe developers are proposing new electrical power system architecture

based on the use

1. High voltage direct current, 270 V (HVDC)

2. Cycloconverter various speed constant frequency (VSCF), 115/200 Volt, 400 Hz
alternating current, (Fig.1.2)

3. DC-Link Variable Speed Constant Frequency (VSCF), 115/200 Volt, 400 Hz
alternating current, (Fig.1.3)

4. High voltage cycloconverter VSCF alternating current (HVAC), 231/400 V

5. High frequency alternating current, 20 kHz (HFAC)

seeking to optimise generating and secondary systems reliability and weight.

Although electrical system components and utilisation equipment comprise only a small
part of the overall aircraft weight, the weight issue has become the foremost argument in
development of a HVDC (270 volt DC), HVAC, VSCF, HFAC electrical systems.

The preliminary estimation of power system weight for different structures is presented
in Table 1.1. The simulation results of power system weight for All Electric Aircraft TU-
204 (Table 1.2, 1.3) with HVDC and HVAC show that they will be more attractive also
for EMAs implementation, and allow to decrease significantly the system mass. The new
design approach to power systems introduces the reliability of solid-state electronics to
the largely hydromechanical conventional systems, and EMAs. The cycloconverter
VSCF (AC, f =400 Hz) , DC-Link VSCF (AC, f=400 Hz), HVDC systems are
compatible with operational avionics systems but are complex also.

Let us briefly present the main power system architectures.



The main types of aircraft power systems

Table 1.1
power system type of aircraft power system parameters
reached parameters expecled parameters
* *
1. AC power system Civil and transport subsonic and M =0,6+0,8 kg/kVA M =0,4:0,6 kg/kVA
(with IDG) f=const supersonic (M s 3) aircraft, U=115200 Vv U=200+400 V
military supersonic (M = 6) aircraft of f=400 Hz f=400+1000 Hz
special destination Sgens 120 kVA Sgen=200-300 kVA
* *
2. AC power system Subsonic and supersonic civil and M=0,7+1,2 kg/kVA M =0,5:0,7 kg/kVA
with VSCF (converter or DC-link transport (M = 3) aircraft, U=115/200 V U=200-400 V
types) f=const military supersonic (M s 6) aircraft of f=400 Hz f=400-1000 Hz
special destination Sgen= 100 kVA Sgen =500 kVA
L *
3. AC power system Aircraft with turbofan engines M =0,5:0,7 kg/kVA M =0,5+0,7 kg/kVA
f-various Npae/Nep=1,241,3 U=115/200 V U=200+400 V
{=350+600 Hz f=350+600 Hz
* *
4. Combined (hybrid) AC and DC Civil and transport subsonic aircraft, M=0,6+1 kg/kVA M =0,4+0,6 kg/kVA
power system military supersonic (M = 10) aircraft of U=115/200 V U=200+400 V
special destination f=350:600 Hz U=28V f=400+1000 Hz U=270V
2, 5=300:400 kVA 2. 5 =500+600 kVA
*
5. High voltage DC power system civil and military aircraft (realisation of M =0,45+0,65 kg/kVA
(HVDC) all electric aircraft conception) u=270v
(except distribution system)
Sgen= 500 kVA
6. High-frequency (20 kHz) AC
power system: aircraft of special destination
-on the base of a resonance inverter; U=200+600 V
f=20kHz  Sgen=500 kVA
-on the base of an inductor
generator with a rowing active zone U=200+600 V

f=20kHz Sgen=500 kVA




Table 1.2

Weight of power systems and their equipment for All Electric Aircraft TU-204

9000.00 B 270 V DC, Sgen=215 kVA

8000.00 270 V DC, Sgen=300 kVA

7000.00 B AC 231/400 V, f=const

6000.00 [ AC 231/400 V, f=const (with

5000.00 double-board machine)

4000.00 B AC 231/400 V, f-various

2000.00 -

1000.00 +

0.00 - . -
Total weight of Weight of Setting weight, kg Improvement of the

power system, kg electromechanical flying up weight, kg

actuators, kg




1.1.1 Constant speed drive

Conventional systems used in aircraft to generate (AC, f =400 Hz ) electrical power have
used the design approach presented in Figure 1.1. The engine output is coupled through
a gearbox to a mechanical/hydraulic constant speed drive (CSD). Variations in engine
speed (typically a 2:1 range) are reduced at the constant speed drive output, thus the
generator input speed is maintained at a constant value. A synchronous generator is used
to maintain constant frequency output. Generator output voltage amplitude is controlled
by a generator control unit, which also controls the aircraft bus tie contactor.

More advanced CSD designs incorporate the generator and constant speed drive into
one package. These integrated drive generator (IDGs) systems have the advantage of a
lower weight as compared to discrete CSD systems.

1.1.2. Cycloconverter various speed constant frequency (VSCF) power system

One approach to VSCF systems is shown in Figure 1.2. A cycloconverter system
eliminates the constant speed mechanical/hydraulic drive and couples the engine gearbox
directly to the cycloconverter generator. With variations in engine speed, the frequency
of the generator output frequency of 400 Hz by means of an electronic converter. The
converter uses solid-state switches to select the proper input generator phase at each
instant in time to synthesise a constant 400 Hz output. To date, the electronic switches
used in cycloconverters have been silicon controlled rectifiers (SCR), which limit the
steady state operating oil temperature of the cycloconverter system to approximately
80°C [ Ref.18].

1.1.3. DC-link various speed constant frequency (VSCF) power system

Another approach to VSCF systems is the DC-link concept shown in Figure 1.3. With
the availability of high voltage, high power transistors, DC-link Variable Speed Constant
Frequency (VSCF) electrical systems have become practical for aircraft generating
systems. The basic difference between the DC-link approach and the cycloconverter is
the type of electronic switch used in the converter and the type of input to the converter.
In the case of the cycloconverter, the input is a multi phase, varying frequency
waveform. The DC-link system, as the name implies, uses a DC voltage as the converter
input. The electronic switch in the cycloconverter is a SCR, while transistors are used in
DC-link systems as the switching elements.

Since the DC-link system uses DC voltage as an input, the electronic switching array and
the switching control scheme can generally be simplified compared to a cycloconverter.
The number of switches in the converter can be reduced since most cycloconverters (in
VSCF cycloconverter system for the F-18 aircraft, use a six phase input which requires a
minimum of thirty-six switching elements [Ref. 35]). The DC-link converter requires a
minimum of six active switching devices and six commutating diodes. A higher
temperature cooling oil can also be used in DC-link systems (120°C), since transistors
are used instead of SCR.

Either cycloconverter or DC-link approach has specific advantages over the constant
speed drive now in general use. By replacing the mechanical/ hydraulic CSD with a
solid-state power converter, the reliability of the generating system is improved. Also,

8



Table 1.3

Weight of power systems and their equipment for All Electric Aircraft TU-204 (with turbofan engines)

Power | Switching Power Auxiliary Protection Total Electro- General Improvement
system | equipment, | distribution | powerunit, | automatic weight of | mechanical | setting and changing
Power system with kg network, kg kg equipment, power actuators, | weight, | of the flying up weight,
cooling, kg system, kg kg kg kg
kg
270 Vdc,
Sgen=215 kVA 233 103,8 190 371 117,2 2146,5 12378 3489,1 6313,7
Sgen=300 kVA 325 135,8 249 97,1 123,2 2704 1381,5 4343,5 4166
AC231/400V
f=const (with AC-
AC converter) 175,5 70,5 213,5 15 72 1526,1 1714,4 3338,6 75528
AC 231/400 V
f=const (with
double-board 118,8 70,5 213,5 15 72 1256,1 1714,4 30779 8101,4
machine)
AC231/400V 109,5 80,5 213,5 15 72 12421 1714,4 3054,4 8150,4

f=various
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since the DC-link VSCF system output frequency is crystal controlled, the output
frequency variations inherent with CSD drivers are eliminated.

1.1.4. High voltage direct current (270 V) power system

The choice of an electric power system for aircraft applications must be based on total
airframe impact. Rapid advance in semiconductor technology makes possible the direct
utilisation of the high speed engine mounted generator output directly as high voltage
(270 V) DC power (analog to the DC-link VSCF power system), especially for the
implementation of EMAs [Ref.37]. This approach greatly reduces the generator system
complexity and should result in the lowest cost and weight. Selection of a HVDC power
system offers the following advantages

1. High efficiency-- only generator-rectifier losses are effective in the conversion from
engine shaft power to electric bus distribution power. No constant speed driver
(CSD), AC filter components or other converter losses.

2. High reliability—only the generator shaft and bearings are subject to mechanical wear
and the elimination of the CSD or other complex power conditioner greatly enhances
reliability.

3. Light weight--high speed light weight machine designs can be used. For larger loads
and the main power distribution feeders, the wire weight savings will be about 25-
30% in comparison with AC, 115 V, 400 Hz, 3-phase [Ref. 44 ].

4. Power Continuity--proliferation of volatile memory in avionics systems requires
uninterruptable power. DC system concepts offer the greatest versatility in power
continuity.

5. Safety--presents a lesser shock hazard to personnel than AC, 115 V, 400 Hz, etc.

1.2 Advanced power system

When evaluating a power system for an all-electric aircraft, the effect on other systems
and the overall effect on the aircraft must also be considered. This includes such factors
as the types of controllers required for control surface actuators, the size and weight of
the circuit breakers, and the system failure modes.

The substantial gain is provided by a high-frequency AC distribution system based on a
bi-directional resonant power converter. Let us consider this type of power system as
candidate for advanced all electrical aircraft.

1.2.1 Basis of 20 kHz AC power system

The primary technology used in the high-frequency AC power distribution system is
resonant power conversion. Preliminary converters of this type have been built and
tested for space applications[Ref. 18].

Although there are many topological variations of the resonant converter, let us highlight
their common features.

First. the switches in a resonant converter create a square-wave AC waveform from the
DC source. Inductors and capacitors then remove the unwanted harmonic components
from this square wave. As the difference in frequency between the fundamental
component and the lowest third harmonic of the square wave is so small, we can use

11
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a resonant LC circuit tuned to approximately the switching frequency, rather than a
simple low-pass filter, to remove harmonics from the fundamental. Hence is the name
resonant converter.

Second, because the network composed of the resonant filter and the external AC system
has a reactive impedance at all but its resonant frequency, the switches in a resonant
converter must be able to transfer energy in both directions. Thus we can also use a
resonant converter designed for average power flow from the DC system to the AC
system to transfer energy in the other direction should the application require it.

Third, the resonant converter’s semiconductor devices can have significantly lower
switching losses than those of the semiconductor devices in a high-frequency DC/DC or
DC/AC converter.

Finally, there are two approaches to design the resonant converter - one complementing
the other. In the first, the switches create a square wave of voltage that is applied to a
series resonant circuit. This is called a series resonant converter. In the second, the
switches create a square wave of current that is applied to a parallel resonant circuit,
resulting in the parallel resonant converter. In each of its topological states, a resonant
converter is generally a second-order system [ Ref. 22 ].

Additionally, in many topologies of resonant converters the switch currents oscillate and
would reverse direction if the switch could carry bidirectional current. These circuits are
especially well suited to the use of SCRs, as they can be turned off by the resonant action
of the circuit trying to force the current to become negative.

To simplify the discussion, we assume that the converter is designed to deliver AC
power to a resistive load. If the load is reactive, we can use its reactive elements as a
part of the resonant filter.

The series resonant (SR) inverter is a DC-to-AC conversion device. The main advantage
of the SR converter over other types is the natural commutation of the switching devices
when the resonant tank is driven below its natural resonant frequency. This greatly
simplifies the use of thyristors as switching devices. Also, it improves the operating
efficiency, because turn-off losses (which can be quite significant at high frequency) are
virtually zero. A typical bipolar switching transistor can turn on faster than it can turn
off, so the requirements of the SR converter match the capabilities of a bipolar transistor
more closely than do those of other converters. At high operating frequencies, the
leakage inductance of the converter transformer becomes significant to the operation of
most switching converters. Usually the energy stored in the leakage inductance at the
switch turn-off time must be dissipated in the switch protection network. In the SR
converter the leakage inductance appears in series with the desired tank inductance and is
therefore not a factor in the switching losses. Because of the importance of switching
losses at high frequency, SR converters can be built for higher frequency operation than
other types. The SR converter also offers lower electromagnetic interference (EMI) and
lower capacitive coupling between the input and output sides.

In the basic concept of the resonant power converter (Fig. 1.5 ) switches 1 and 2 are
alternately switched in such a way as to present the series inductor-capacitor (LC) circuit
with square-wave voltage. The LC circuitry, performing the function of a low-pass filter,
allows only the fundamental (sinusoidal) current to flow in the series circuit. The load is
placed across the capacitor and thus provides a low-impedance sinusoidal voltage
source. Since the current in the inductor is sinusoidal, the switch can be opened as the
current passes through zero. Zero-cross switching yields an advantage that cannot be
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overemphasized: the absence of energy loss during power switch turn off is a major
advantage of resonant power conversation [ Ref. 18 ]. Not only will silicon-controlled

input

power 'szurce (Us) /'\

A 4

Fig. 1.5 Basic topology of the resonant converter for 20 kHz AC power
system

rectifier (SCR) switches self-commutate, but also there is no frequency-proportional
converter power loss at turn off. As a result power devices may be safely and efficiently
operated at power and frequency levels unobtainable by other conversion techniques.
Lower frequency waveforms can be synthesized from this high-frequency carrier as
required to satisfy load requirements. A basic circuitry connection to allow this is shown
in Figure 1.6. In this circuit, switch pairs 1-1" and 2-2' operated in such a manner as to
perform synchronous rectification of the 20-kHz source and thus synthesize a lower
frequency output. In this respect the circuit operates as a conventional cycloconverter.
Proper sequencing of the switch pairs will also allow reverse power flow by chopping a
lower frequency (including DC) into 20 - kHz source.

The inherent symmetry of the high-frequency inversion system is presented by the bi-
directional implementation in Figure 1.7. In this configuration port A can act as a source,
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Fig. 1.7  Bi-directional high-frequency power interface in 20 kHz AC system
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and port B as a load, or vice versa. Also both ports can act as sources with other loads
connected across the high-frequency link. The circuitry illustrated in Fig.1.6 is for a DC
or single-phase AC sources, but it can be expanded for multiphase sources. This
configuration illustrates the interface between multiple power sources, power generation
and storage, and power sources and system loads [Ref. 20 ].

1.2.2 Rationality for system selection

The proposed electric distribution system is a single-phase, sinusoidal alternating-current,

440 V, 20 kHz power system. This particular configuration is selected for the following

reasons and numerous advantages of the high-frequency power distribution system:

* a high operating frequency minimizes the weight of magnetic devices such as
transformers

¢ the fundamental operating frequency, and in particular the power frequency, are
above the audio range, and this will provide a quiet power system

* the energy available per cycle is inversely proportional to the operating frequency,
and this minimizes the damage occurring during electrical faults

* the low energy content (a 400-Hz power system would have 50 times more available
energy per cycle than an equivalent 20-kHz system) improves personnel safety over
conventional power systems

* a high-frequency power system allows to synthesize lower frequency waveforms with
minimum of distortion

¢ lower distortion waveforms result in more efficient operation of electrical devices

+ waveform synthesis allows the load and power sources to be tailored with relatively
simple circuitry, which in turn easily implements such concepts as variable speed
control of brushless motors for actuation systems

1.2.3 System description

Using resonant power conversion as the core technology, an aircraft power system (for
CESSNA CITATION II) would be configurated in a following way: the outputs of the
starter-generators (two three-phase, 24 000 rpm, 1200 Hz induction machines mounted
on the accessory gearbox of each engine) are fed to three-phase bi-directional, resonant
converters. Each phase of these converters has configuration shown in Figure 1.7. The
outputs of the three phases are connected in series and tied to the distribution bus. The
loads are fed from the main distribution bus through isolators and controllers to protect
the bus from load faults. The amount of power conditioning varies considerably
depending on the load.

1.2.4 System operation

Under typical conditions the induction generators provide 1200-Hz, three phase power
to the resonant converters. The frequency of the converter is controlled by its resonant
circuit and is therefore independent of the input frequency. The result is a constant-
frequency 20 kHz, constant level of voltage, single-phase output to the distribution bus.
In most instances 20 kHz AC power cannot be used directly by the loads. Load receivers
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(AC-DC, AC-AC converters) are used to synthesize the output required by the load.
Even though the bus is a single phase, motors can be driven from power receiver by
using an AC-AC converter or AC-DC converter and inverter. Basically, in first case the
power flow from the main distribution bus can be managed in half-cycle increments by
the AC-AC converter. The pulses would generate a sinusoidal energy pattern by using
the proper switching sequence. To maintain a constant voltage-to-frequency ratio into
the motor, the pulse pattern can be varied by inserting blank spaces into the pattern. It
can be done by leaving all AC-AC switches off for one half-cycle. For variable brushless
motor loads the voltage and frequency can be varied to satisfy the load requirements all
the way from DC for holding actuator motors in a fixed position to approximately 1000
Hz for providing fast slew rates. Higher frequencies can be obtained by selecting other
pulse patterns. The overall management of the power system should be accomplished
through a digital data and control system. The second approach for driving scheme of a
brushless motor is presented in a Chapter “Brushless motors™.



Chapter 2

BRUSHLESS MOTORS

The servomotor is an important component of the electromechanical actuator.
Servomotor and motion-control technologies are based on mechatronics engineering
(which is the combination or fusion of electronics and mechanical engineering and is
interdisciplinary). The application of brushless motors became attractive due to several
factors: reduction of the price of powerful transistors, creation and establishment of the
technique of current control of PWM (pulse width modulator) inverters, development of
varieties of highly precise and accurate detectors, and the manufacture of these
components in a compact form. In this way, brushless motors combined the strong
structure of AC motors and delicacy of dc motors. Additionally, they are completely free
from the output power reduction due to commutator and from complex maintenance.
Thanks to recent remarkable progress in power electronics and microelectronics, more
advanced servomotor and motion control is now available. In particular, digital signal
processors (DSP), although developed for application in the field of communications,
will be used as controllers and sensor signal processors owing to their fast computational
capability and suitable architecture.

Brushless servomotors can be classified ( Figure 2.1 ) as alternating cument (AC)
machines: induction synchronous motor, induction reluctance motor, brushless motor

(synchronous motor), and vector-control motors.

The optimal capacity ranges for each motor type such as the mechanism of torque
generation, operational efficiency, cooling, control devices, control technique, ease of
manufacture, profitability are different. Brushless (synchronous) motors (Fig. 2.2) are
becoming more attractive (see Table 2.1 ) for powerful applications ( 5 - 100 kW). The
general technical parameters of the brushless (synchronous) motors are presented in
Appendix 1.

The components necessary for the control of the brushless motor are: a main frame,
sensors for angle, angular velocity, current, voltage, magnetic flux, and temperature, and
a semiconductor power converter (power amplifier), including various analog or digital
ICs for triggering control (Fig. 2.3). In addition to these, a small motor-driven gear
(resolver) having a position and speed sensor is also mounted on the motor shaft. A
digital controller (DSP) should be included too. The whole system and hardware are
shown in Figures 2.3, 2.4, 2.5. In the signal generation part, motor voltage, current, flux,
and frequency should be controlled so as to obtain accurate and fast torque response.
Motion control (position, speed, and force control) should be also obtained in the control
part (Figure 2.5 ).

Usually brushless motors are supplied in one of three ways by the manufacturer:

* A complete motor and electronics package
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Table 2.1

ADVANTAGES OF BRUSHLESS DRIVE SYSTEMS

Characteristics

Description

More Power per Dimension
* Smallsize Ty /V [Nm/dm’]

« Light weight Ty, /M [Nm/kg ]

 High dynamics Ty /J [s? ]

due to an extremely high torque/volume ratio,
provides better packaging and uses less valuable
space

due to a high torque/ weight ratio, provides
easier installation and may improve machine
performance and load capacity

due to the high torquefinertia ratio, higher
acceleration provides faster response and
reduced cycle time

High torque

over a wide speed range due to absence of
mechanical commutator, high acceleration is
available throughout the speed range

High load capacity

heat generation is confined to the stator, thus
ensuring direct heat dissipation to the outside
and larger thermal time constant, higher peak
torques are available for longer times, external
cooling to increase machine performance is very
effective

Direct temperature monitoring

of the stator windings and use of a controller
heatsink provide full protection of motor and
controller against thermal overload (ntc-
thermistor)

Low torque ripple

improves operating smoothness especially at a
low speed

No maintenance

no regular maintenance required. There are no
brushes to wear out or commutators to
maintain. Bearings and optional shaft seal can be
replaced, if it is necessary

Easy installation

due to modular principle of the controller
packaging and power supply with minimum
interconnections

System expansion and service

of control electronics easily achievable due to
multi-level modularity.
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* Brushless motor with sensing systems. This option is very frequently made available
for further designing drive system

* Motor without electronic drive or sensing system. This option is mostly supplied to
manufactures of electronic control systems

The driving system needs to be designed and applied as a single body to make the best
use of the features of the semiconductor power inverter, the detectors, and the main
frame of the motor. these components should be designed to support performance of
electromechanical actuator. In other words, the control system has to be designed as a
single unit of which the objective is the control of a high-performance motor for the
aircraft electromechanical actuation system application. In evaluating a servomotor
driving system, the control performance and speed ratio are stressed, along with the
speed of the motor, the applicable torque range, and acceleration performance. The
deciding factors in control performance and the speed ratio are the power rate and the
accuracy of detectors both in the motor’s main frame and in the power inverter.
Detectors need to be able to detect rotational position for position control and to detect
speed for response rate and/or speed control. The speed signal is calculated from the
position (encoder) signal in most applications of digital control. A resolver or an encoder
is used for the purpose. However, if the necessary resolution cannot be obtained by a
position sensor, then a brushless tachogenerator must be used.

The main circuit of a brushless motor is equipped with semiconductor devices
(transistors or thyristors) capable of self switching off and high-speed switching. Two
types of transistor are extensively used in power switching circuits, namely the bipolar
junction transistor (BJTs) and the power metal oxide semiconductor field effect
transistor (MOSFETs) [ Ref. 46 ]. The BJTs consists of a pnp or npn single-crystal
silicon structure. It operates by the injection and collection of minority carriers, both
electrons and holes, and is therefore termed a bipolar transistor. Bipolar transistors are
connected by means of Darlington connection and packed together with diodes. The
MOSFETSs depends on the voltage control of a depletion width and is a majority carrier
device. It is therefore a unipolar transistor. Unlike the BITs, MOSFETs do not exhibit
minority carrier storage delays, and their switching times are ultra fast. The high off-state
and low on-state voltage characteristics of the bipolar junction transistor are combined
with the high input impedance properties of the MOSFETs to form the insulated gate
bipolar transistor (IGBTs). The IGBT is suitable for numerous applications in power
electronics, especially in Pulse Width Modulated servo and three-phase drives requiring
high dynamic range control and low noise. IGBTs are equally suitable in resonant
converter circuits [Ref. 1 ]. Gate turn-off thyristors (GTOs) are more suitable for use
with high voltage and large current than are bipolar transistors. In addition, GTOs permit
high current density. In spite of these advantages, with GTOs one must have longer gate
trigger circuits and snubbers to perform protection co-ordination. GTOs therefore
applied in the region of 300-400 kVA or above, where transistors cannot be
employed [ Ref. 14, 46 ]. The main characteristics of modern semiconductor devices
are presented in Appendix 2.

Let us briefly present the main circuit and triger control circuit of the brushless motor.
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2.1 Main circuit configuration

As shown in Figure 2.6a, 2.6b, the main circuit of BM (3 phases, wye connection)
comprises converter transforming the alternating current into the direct current, inverter
(source of AC power for motor stator windings) having six power switches (transistors
or thyristors) with six associated reactive feedback diodes, and motor [Ref. 11,45, ].
Figure 2.6a is a cross-sectional view of three-phase brushless motor, with A", A’, B", B,
C', C indicating the beginning or the end of the coil of each phase. When a motor is
energised by three-phase alternating current, during time interval t, - t; (or 60 electrical
degrees), the magnetic flux is induced by the current in winding A as shown in Fig.2.6a.
If there is an exciting magnetic flux at right angles, torque is generated to rotate the rotor
counter-clockwise owing to the magneto-motive force, etc. It follows from the above
that a continuously rotating field can be obtained by making three-phase currents flow in
the stator coil. If the sine wave phase and the rotor position can be made to be always at
right angle, it becomes possible to obtain a highly efficient motor with smooth torque
using electronic switching devices (transistors or thyristors). The rotational direction may
be reversed by rearranging of switching ON-OFF sequence of the electronic switches in
inverter. Three-phase inverter bridge is operated in 180° or 120° conduction mode.

180° conduction mode Figure 2.7 shows voltage-fed inverter bridge quasi-square output
waveforms for a 180° switch conduction pattern. Each switch conducts for 180° such
that no two switches across the voltage rail conduct simultaneously. Six patterns exist
for one out put cycle and the rate of sequencing these patterns specifies the bridge output
frequency. The conducting switches during the six distinct intervals are shown and can
be summarised as follows

Interval (electrical deg) Conducting switches
0--n/3 Ty T: Ts
n/3--271/3 T, Tz T4
2n/3—n T; Ts Ts
n——4n/3 Ts Ts Ts
4m/3--511/3 Ts Ts T
Sm/3--2n Te T T:
2n—Tm/3 T, T, T
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The three output voltage waveforms can be derived by analysing a resistive star load and
considering each of the six connection patterns. The line-to-neutral voltage is defined by

Ugw = 2/n Us [sin wt +1/5sin5wt +1/7sin7wt + 1/11sinllot +....]
Usy = 2/ Us [sin (wt+ 2n/3) +1/5sin5(wt +27/3)+
1/7sin7(wt+ 27/3) +1/11sinl1(wt+ 27/3) +....] (21)
Uyy = 2/n Us [sin (wt- 2n/3) +1/5sin5(ot -27/3)+
1/7sin7(wt- 27t/3) +1/11sinl1(wt-27/3) +....]
The line-to-line voltage (a =mn/3) is defined
Ugry = 2V3/n Us [sin wt -1/5sinSwt -1/7sin7wt - 1/11sinl 1wt -....]
Uyg = 2V3/m Us [sin (wi+ 2n/3) -1/5sin5(wt +27n/3)-
1/7sin7(wt+ 2n/3) -1/11sinll(wt+ 27/3) -...] . (2.2)
Usg = 2V3/n Us [sin (wt- 2nt/3) -1/5sin5(wt -27/3)-
1/7sin7(wt- 2n/3) -1/11sinll1(wt- 2n/3) -....]

Figure 2.7b shows that Ugy is shifted mt/6 with respect to Ugw , hence to obtain the three
line voltages while maintaining a Ugy reference, wt should be substituted with wi+ 7/6,
wt- /2, and wi- 57/6, respectively.

Since the interface voltages consist of two square waves displaced by 2x/3, no triplen
harmonics (3,6,9....) exist. The output comprise harmonics given by the series n = 6r =1
where r = 0 and is an integer. The n-th harmonic has a magnitude of 1/n relative to the
fundamental.

By examination of the interphase output voltages in Figure 2.7 it can be established that
the mean half-cycle voltage is 2U, /3 and an rms value of V(2/3) U, , namely 0.8166 U, .
From equation ( 2.2 ) the rms value of the fundamental is V6 Us /n, namely 0.78 U, that
is 3/m the total rms voltage value.

120° conduction mode

The basic three-phase inverter bridge in Figure 2.8 can be controlled with each switch
conducting for 120°. As a result, at any instant only two switches conduct and the
resultant quasi-square output voltage waveforms are shown in Figure 2.8. A 60° dead
time exists between two series switches conducting, thereby providing a safety margin
against simultaneous conduction of the two series devices across the DC supply rail. This
safety margin is obtained at the expense of a lower semiconductor device utilisation than
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with 180° device conduction. The device conduction pattern can be summarised as

follows.

Interval (electrical deg)

Conducting switches

0— m/3

T, Tz

nt/3—-2m/3

T; Ts

2n/3—mn

T3

n—4mn/3

Ts

4n/3--57/3

Ts Ts

Sm/3—-2n Te T

2a—-Tn/3 T, T,

Figure 2.7b for 180° conduction and 2.8b for 120° conduction show that the line to
neutral voltage of one conduction pattern is proportional to the line to line voltage of the
other.

Ugy (120°) =1/2 Ugy (180° )=V3/x Us [sin wt- 1/5sinSot -

1/7sin7wt - 1/11sinl 1wt -...] (23)

Ugry (120°) =3/2 Ugy (180° )= 3/n Us [sin wt +1/5sinSwt +
1/7sin7wt +1/11sinllwl +...] (24)

Also Ugy =V3Ugy and the phase relationship between these line and phase voltages, of
7/6, has not been retained. That is, with respect to Figure 2.8b, substitute wt with
wt+7/6 in equation ( 2.3 ) and wt+7/3 in equation ( 2.4 ).

2.2 The inverter

The voltage source inverter can be considered ideally as three 2-way switches that can
switch between two levels; the + (state 1) and — (state 0) DC-link terminals. The
switches drive the three terminals of a 3-phase brushless motor. The three 2-way
switches with each 2 possible states result in a total of 2* = 8 distinct switch states
(Figure 2.9) [Ref. 4, 46 ]

Ssw €[ 000, 100, 110, 010, 011, 001, 101, 111] (25)
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001 ~----" 101

Fig. 2.9 Inverter switching mode as a 2-D representation of switch states

The set of states in ( 2.5 ) is devided into two subsets, an active subset and a short-circuit
subset or zero-voltage subset

Ssw] acive € [ 100, 110, 010, 011, 001, 101] (2.6)
Ssw| 2 € [ 000, 111 ] (27)
2.3 Sine wave PWM circuit

The aim of brushless motor is to make sine wave currents flow in the motor, so it is ideal
for BM to have the output of the current amplifier of the sine waves applied directly to
the motor after amplifying the power. However, amplification of the sine waves is not
practical, because that means using a power transistor in the proportional region. This
makes it difficult to solve the problem of high temperature due to power loss.

Consequently, the power loss is reduced by switching the power transistor. This method
is called PWM (pulse width modulation). In this method, the current of a motor is
converted into a controlled pulse or width proportional to the amplitude of the sine wave
so that it may become a sine wave on the average. Figure 2.10, shows the principles of
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the method. A triangular carrier wave oscillating with constant frequency and amplitude,
and the sine wave output from the current amplifier are compared by a comparator. As
shown in the Figure 2.10, pulses of unequal widths are output by extracting the portions
where the values of the sine wave exceed those of the carrier wave. The duty ratio of
the pulse width is increased or decreased, centring around 50%, by the sine wave and
modulated to make a sine wave on the average, because the inverter output is 0 V when
the duty ratio is 50%.

fpulse= 1-3 kHz (bipolar transistors)
foulse=5-20 kHz (fleld effect transistors (FET))

- -

LA AN

ettt

- e =

Fig. 2.10  Principle of sine wave PWM

It is important to decide the method of selecting the oscillating frequency of the
chopping wave. As the carrier frequency equals the switching loss proportionally as it is
made higher, and it reduces the speed of response of the servomotor as it is made lower.
Furthermore, ripples appear more frequently, and the torque change and the core losses
are increased [ Ref.12, 14, 16, 18 ].

Generally speaking, a carrier frequency of 1-3 kHz, is selected when the inverter consists
of bipolar transistors; 5-20 kHz is selected when the inverter is consists of FETs. The
current ripples developed at these levels of frequency make the iron core of the motor
vibrate and this generates unpleasant noises when the frequency is within audio range. To
resolve this problem, the carrier frequency is made 16 kHz, or more by using FETs.
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2.4 Power supplies for brushless motors

An important aspect of the presentation brushless motors is that their application in
continuous duty variable speed electromechanical actuators calls for static inverters of
adequate power, generating three-phase voltages of variable amplitude and frequency.
This is necessary in order to maintain at all speeds a low rotor frequency, which is a
precondition for acceptable overall efficiency of the drive. As presented earlier, inverters
of this type are available today employing thyristors including gate turn-off thyristors
(GTO) or switched power transistors (IGBT). The basic lay-out of a variable speed AC
drive (brushless) motors is shown in Fig. 2.6b; it consists of an brushless motor, static
converter, which generates a variable voltage, variable frequency AC system and the
associated control equipment. The increased complexity of the converter is caused by the
fact that thyristor inverters with forced commutation involve additional components and
a more complicated mode of operation. Similar arguments apply to the control structure
which is also much more complex than for a DC motor. The reason for this is that the
AC (brushless) motor with its simple mechanical construction represents a very complex
non-linear multivariable control plant. In contrast to the DC motor which has a more
complicated mechanical design but a simple control structure, the brushless motor must
be fed with alternating currents of variable amplitude, frequency and phase.

It is for these reasons that no standard solution for the control of brushless motors has
emerged as in the case of the DC brush motor.

There is a large variety of solutions for the inverter- and control-problems, designed
personally for special applications and operating conditions.

Let us briefly present a few basic converter schemes for brushless motors.

2.4.1. Pulse-width modulated (PWM) transistor inverter operating at high switching
frequency

A switched transistor inverter for the power supply of three phase brushless motor in the
lower power range (< 40 kW ) for servo drives with on-off current control is shown in
Figure 2.11 [ Ref. 23 ]. With the choice of suitable transistors having a switching time
in the order of 1 usec the mean switching frequency may be above 15 kHz, i.e. beyond
the audible range in order to avoid objectionable interference by a audio noise [ Ref.14 ].
This has an additional advantage that the inverter then exhibits a large band width for
control. If the intermediate direct voltage Up is of sufficient magnitude ( 270 V for
aircraft with EMAs ), fast current control loops may be designed which keep the stator
currents in close agreement with the alternating reference values. This effectively results
in current sources for the stator windings of the motor, thus eliminating the influence of
the stator voltage equation of brushless motor on the dynamics of the drive [Ref. 27, 28];
as a consequence, considerable simplification of the control plant is achieved because the
stator voltage interactions are now dealt with by the current controllers. The controllers
could either employ a pulse width modulator or they could be of the simple on-off type
as shown in Figure 2.11, having a small hysteresis band 2A which creates a lower limit
for the time interval between two subsequent switching operations; at the same time the
tolerance band is helpful in avoiding interference between the three current control loops
since, because of the isolated neutral of the stator winding, one of the three controllers is
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redundant but is retained for reasons of symmetry. The line-to-line voltages have three-
level waveform, assuming the values -Up , 0, +Up . In order to produce a preferred
switching frequency, a triangular clock signal may be added at the summing points of the
controllers. Another possibility consists in synchronising the on-off controller, i.e.
allowing a switching operation to occur only at equidistant sampling instants ¢ = v T,
defined by a fixed clock frequency f, = I/ T, . If synchronised on-off controllers are
employed, the hysteresis band A can be omitted because it will be a minimum interval T,
between subsequent switching operations. When a very low ripple content of the
currents is specified, the use of a pulse-width modulator in combination with a linear
current controller is preferable to on-off current control. The audible noise is of course
more pronounced with PWM control but the current waveform is much more acceptable.
The assumption of virtual current sources for the stator windings is, of course, only valid
as long as the ceiling voltage of the inverter is not approached. In the case of using a
free-running on-off controller, the frequency of the current reference is gradually
increased. Due to the inductive load impedance the peak value of the fundamental
component of voltage rises with frequency according to

Ui =R +(wL)* I,

This results in a rising control error between the sinusoidal reference and the piecewise
exponential feedback signal and must be taken into account when designing the drive
control system [ Ref. 25, 43 ].

As an alternative to the bipolar transistors shown in Fig. 2.11, field effect transistors for
relatively high power rating (500 V, 20 A) are becoming available. They may be
regarded as a solid state equivalent of the vacuum tube, combining extremely low
steady state control current (< nA) with high switching speed ( < 1 psec ), thus
allowing higher switching frequencies ( > 25 kHz ) far beyond the audible range. The
control circuit may be greatly simplified for example by using optical devices as isolating
signal transmitters to the transistors operating at high potential. A disadvantage of field
effect transistors is the large voltage drop in on-state, causing higher conduction losses,
and the relatively large gate capacitance.

2.4.2 Pulse-width modulated thyristor converter with constant direct voltage supply
(voltage source inverter)

The use of transistors is presently restricted to relatively lower power applications
(EMAs) even though experimental drivers at higher power have been developed. With
thyristors the power of semiconductors converters extends into the MW-region. The
circuit that resembles the transistor inverter in Fig. 2.12 ( AC power system source --
115/208 V, 3 phase, 400 Hz) supply most closely is the thyristor converter with
constant direct voltage supply as shown in Fig. 2.11. Because of the low AC impedance
of the DC link it is also called a voltage-source inverter. Instead of the line-side
converter. DC power system source ( 270 V) could be used for feeding the inverter.

Since normal thyristors cannot be blocked by gate signals, additional components
comprising auxiliary thyristors are required for the forced commutation of the machine-
side inverter. Hence, natural commutation of the machine-side converter is not possible
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[ Ref. 26, 27 ]. The machine-side converter depicted in Fig. 2.12 is an example of a large
variety of different circuits; it is considerably simplified, showing only the main
components. Instead of a pair of transistors as in Fig. 2.11, each contains a force-
commutated thyristor switch, comprising two main thyristors T, T', with antiparallel
diodes D, D', two auxiliary thyristors AT, AT', a commutation capacitor C and two air
cored inductors L, L'. Briefly, a commutating process takes place as follows: the main
thyristor T initially carries the load current is; and the commutating capacitor C is
positively charged, Uc > 0; then firing of the auxiliary thyristor AT causes T to be
blocked almost instantaneously so that the load current flows temporarily through AT
and C thus recharging the capacitor. At the same time a resonant circuit is created
consisting of L, AT, C and the diode D; when about a half period of the oscillation is
concluded and the current through AT tends to reverse its sign, AT is also blocked, which
leaves the capacitor with opposite voltage, ready for the next commutating transient
when T' has to be extinguished. The load current is now flowing through D' . If the
current pulse through the resonant circuit is of sufficient magnitude as compared to the
load current, the commutation is almost independent of the load so that the voltage U,y
can be approximated by a square wave =Ubp/2with short but continuous commutating
transients. A detailed analysis of converter circuits, taking all these effects into account,
should be best performed by digital simulation. Hence the accurate analysis of the
commutating transients is of major concern to the circuit designer. Special types of
thyristors with short recovery time ( < 20 psec ) are usually specified for pulse-width
modulated inverters, which limits the power rating. Also, the occurrence of unacceptable
load currents must be prevented by fast control action.

The firing instants for the main- and auxiliary thyristors are determined by voltage and/or
current controllers. In view of the limited switching frequency, which is usually below 1
kHz for thyristor inverters of higher power rating, the load currents can no longer be
considered to be sinusoidal as was possible with the transistor inverter operating at a
higher switching frequency. Hence PWM-thyristor inverters of the type shown in
Fig.2.12 are naturally suited to act as low impedance voltage sources, presenting to the
load pulse-width modulated rectangular voltages, the fundamental components of which
are prescribed by voltage command signals. Because of the large superimposed
harmonics, caused by the chosen switching strategy, closed loop control of fundamental
voltages having variable frequency is not practical. Therefore open loop voltage control
through a pulse-width modulator is the standard solution while the current loops are
normally closed on the next higher level of drive control.

2.4.3 Thyristor converter with impressed direct current supply (current source
inverter)

The converter circuit shown in Fig. 2.13, comprises once again a line-side and a machine
side converter connected through a dc link; the two converters operating at different
frequencies are decoupled by a smoothing reactor Lp which, in combination with a
current control loop, serves to maintain a constant direct current I, as prescribed by the
current reference, Thus the machine side converter is supplied from what amounts to a
current source [Ref.9, 27, 43 ].

The simplifications made possible with this circuit are twofold:
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* The unidirectional link current I,  allows the use of a two-quadrant line converter
where the mean of the link voltage, Up , may be inverted by delayed firing for reverse
power flow.

¢ The link reactor permits the supply voltage Up to be temporarily raised or lowered
during a commutation of the machine-side converter. Thus the auxiliary thyristors
may be eliminated while commutating capacitors and decoupling diodes are still
required.

Altogether there is a total of 12 thyristors. It is noted that, instead of the line side

converter, the DC link could also be supplied from another force commutated converter

such as a chopper with current control. The mode of operation of the machine-side
converter in Fig. 2.13 differs considerably from that of the voltage source converter in

Fig.2.12. While the load current supplied from a PWM voltage source inverter was at

least crudely sinusoidal, it has now a three step square waveform, assuming the values -

Ip , 0, +Ip.. The commutating transients are more involved now because the motor

impedance is a part of the commutation circuit which means that the commutating time

depends on the loading of the motor and increases at light load [ Ref. 25 ]

The commutating transient may be briefly described as follows:

with no commutation in progress, two thyristors, for example T; and T> carry the direct

current [p and the capacitor C;; is positively charged as a result of the preceding

commutation. If thyristor T3 is now fired, T; is extinguished in a rapid transient and T;

assumes the direct current; this is the starting condition of the commutating transient

proper. While the current I5; is now reduced towards zero, Is; is rising towards /p ;
during this interval phase 1 of the motor is fed through C,; as well as through the series-
connected capacitors C;s, Cs; . Eventually diode D, is blocked and the commutation is
completed with 7> and 7; conducting. Clearly the motor transient impedance between
terminal 1 and 2 is part of the commutation circuit, as mentioned before. The diodes are
required for decoupling in order to prevent the capacitors from losing their charge

necessary for commutation The commutating interval can be reduced by choosing a

motor with low leakage reactance.

2.5 Trigger control circuit

Transistor PWM inverters (as mentioned before) are voltage controlled They have the

following features.

¢ The transistors are highly efficient, having little forward loss and a small number of
switching devices.

¢ As they are capable of performing high-speed switching, they can be used as PWM
control inverters. In particular, those utilising MOSFETs are able to perform
switching of more than several kilohertz without increasing the loss. The application
of PWM control simplifies the main circuit, improves input power factor, efficiency
and responsibility, and makes current control easier.

Transistor PWM inverters perform sinusoidal current drive control with the following

features [ Ref. 12 ]

* It enables to obtain smooth torque independently of the angle of rotation.

« It makes it easy to execute phase compensation.
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Table 2.2

COMPARISON OF BRUSHLESS MOTORS CONTROL HARDWARE

METHOD

FEATURE

Digital

A/D is necessary between the circuit and the analogue sensor
Manipulates current waveforms easily: waveform manipulation,
phase compensation, phase compensation, etc.

General-purpose I/F has not been established yet (parallel,
serial, etc.)

Performs sequence processing easily and it can made
multifunctional (fault, overload curve, diagnostic)

Speed of computation and processing is slow

Speed sampling time < 1 ms is necessary

Little temperature drift

Can be regulated easily. Having repeatability and small amount
of dispersion )

Analogue

Response speed is high

Operation time of devices is of order of microseconds
Temperature drift is large, of order of millivolts

Difficult to be regulated

I/F with the analogue sensor is easy

Cannot easily manipulate current waveforms

The input I/F is general-purpose

Performs current control easily (current amplification, pulse
width modulation, etc.)

Hybrid

Gives both analogue and digital advantages

Analogue: input speed command calculations, current control,

PWM circuit, base-drive circuit
Digital:  speed signal processing, current wave generator,
protections, sequence control, input-output sequence control

Input: general analogue interface

Computational time: less than 1 ms, fast speed and current
controls

Multifunction: sequence control and protections
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It performs phase compensation even if the delayed current flow is generated.

In spite of these advantages, the sensor and the controller necessary for that control are
expensive.

Ignition control circuits are classified into three types according to the method of
connection: analog, the digital, or hybrid. The features of the control hardware of the
three methods are compared in Table 2.2. .

Vector control (current is orthogonal to flux) requires a pole sensor. Resolver or optical
encoder are the devices which can be used for these purposes.

2.6 Construction and function of the resolver

A resolver is a detector of the position and the angle of rotation. It is used as a sensor for
the motor controller. The encoder converts the amount of displacement into the digital
form, while the resolver converts it into an analogue form. In general, a resolver
equipped with a rotary transformer is called a brushless resolver. Resolver consists of
rotor and stator as well, and the energy is transformed by magnetic fields. The stator
winding, which is the excitation winding, is of two-phase structure, with an electrical
phase difference of 90°. The rotor winding is the output winding. The-resolver can be
mounted in the brushless motor housing (a hollow shaft of the resolver with stator and
rotor is fixed on the motor shaft). As it is presented in the cross section view

(Fig.2.14a), the resolver can be split into stator and rotor as well as into its functional

groups. The equivalent circuit diagram of the resolver (Fig.2.14b ) shows the position of

the windings in the resolver.

The transformer section is transforming a high frequency (typical values 3-11 kHz) signal

to the resolver rotor. The axis of the coils on the rotor and stator is the same as the

symmetry axis. Therefore the position of the coils does not change when the motor is
turning. The transformer works by similar way as an ordinary non-rotating transformer.

The resolver section is detecting the motor position and rotating direction. It can be

compared with a transformer again. In this case, the axes of the coils do not align with

the symmetry-axes. Additionally, there are two secondary windings with axis turned on

90 degrees. According to the rotor position (angle a ) the flux linkage changes between

these two secondary windings. During the operating cycle of the motor two high

frequency signals (U.ss, Usin ) With mechanical rotating frequency f are modulated within

(Fig.2.15).

Transformation of the resolver signal The signal of the resolver has to be transformed

into an analogue signal that can be converted into a digital position signal. Therefore it is

converted in a sinusoidal and a cosinusoidal signals. Two different methods of
transforming the resolver signal are presented here.

+ sample and hold at the maximum of the input signal - to sample and hold both output
signals during the operating time, when the input signal is at its maximum. The
output voltage signal (U co ) is shown in Fig. 2.16. This method is used with the
VECON-chip.

¢ demodulation by a synchronous demodulator - to rectify the high-frequency input
signal (f=3-11 kHz, Uppu = 4 V). At first, the input signal is converted into the
digital output reference signal U, +1 and -1 (Fig. 2.17), and multiplied with the
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Fig. 2.17 Resolver output signal after the synchronous demodulation




two output signals. An example for the rectified output signal U ., is shown in Fig.

2.17. In this case the noise signals have less effect. The frequency of the input signal

is dependent on the frequencies used in the controller with a trend to higher values.
The transformation ratio of the resolver varies with the frequency. Usually, the resolver
is specified for one single frequency.
In both transforming methods there is a phase shift between input and output signals,
therefore the output signal is getting lower. In digital controllers this resolver signal will
be converted into a digital signal. If the range of the A/D converter is not totally used,
the quantization error is increases. For reducing the error, the adjustable delay element
could be added in the demodulator.

2.7 Energy product of brushless motor

The maximum energy product is a key parameter in evaluating brushless motors with
permanent magnets for any type of application. The maximum energy product (BH),... is
obviously the maximum product of flux density B,, , coercive force H. , and several
typical values are listed below in Tables 2.4, 2.5, 2.6, 2.7, for different groups of
magnets.

2.7.1 Magnetic materials

Brushless motors of small mechanical time constant and excellent fast speed response for
electromechanical drive system. applications should be equipped with permanent
magnets of high performance.

The magnetic characteristics of permanent magnets are usually shown accurately by a
demagnetisation curve. However, they can be roughly determined by residual magnetic
flux density B, , holding power H. , and maximum energy product (BH) ... . The energy
stored in the gap of a magnetic circuit including permanent magnets is proportional to
the product of the magnetic flux density and holding power. Therefore, the better
magnetic a material is, the more magnetic energy it possesses. The different magnetic
characteristics of various kinds of magnets are presented in Tables 2.3,2.4,2.5,2.6.

The magnetic flux density when the magnetising force is completely taken away from a
saturated magnetic flux density, or magnetic flux density when H=0, is called the residual
magnetic flux density. The magnetic field intensity when the magnetic flux density B=0,
after the magnetising force is taken away from the saturated magnetic flux density and
when the magnet is magnetised in the opposite direction, is called the coercive force H, .
The product of the magnetic flux density on the demagnetisation curve and the
magnetising field intensity is called the energy product (BH)me: , which is expressed in
units of joule cubic metre(J m’) or Gauss (G) [Ref. 28 ].

Let us consider and compare the main properties of the basic magnetic materials for
brushless motors.

Alnico magnets
Alnico magnet is ferroalloy consisting of aluminium, nickel, and cobalt as its main

components, plus copper, titanium, and other elements. Called “Alnico” from the
symbols of its main components, the magnet is widely used for general purposes. Alnico
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Types of Alnico magnets and their magnetic characteristics

Table 2.3

Residual magnetic
flux density, B,

Coercive force, H,

Maximum energy
product, (BH),,,,

Notes

Recoil
permeability,”
Prec Density, D

Type (T) (kG) (kA/m) (Oe) (kJ/m?) (MG-Qe) (G- Oe) (g/cm?)
MCA 140 0.55 ~ 0.70 55~170 414~ 494 520 ~ 620 95~ 119 12~1.5 3~5 70
MCA 160 0.60 ~ 0.73 60~173 494 ~ 57.3 620 ~ 720 11.9 ~ 13.5 1.5~ 1.7 35~5 73
MCA 230 0.56 ~ 0.66 56 ~ 6.6 79.6 ~ 87.6 1000 ~ 1100 159 ~ 199 20~ 25 j~4 73
MCB 360 095 ~ 1.05 9.5~ 10.5 55.7 ~ 60.5 700 ~ 760 255~318 32~40 4~5 7.3
MCB420 1.15 ~ 1.25 1.5~ 125 494 ~ 54.1 620 ~ 680 28.6 ~ 38.2 36~ 48 4~5 13
MCB 500 1.23 ~ 1.33 123~ 133 46.2 ~ 52.5 580 ~ 660 358~438 45~55 25~135 713
MCB 580 1.25 ~ 135 125~ 135 50.2 ~ 58.1 630 ~ 730 42.2 ~ 50.1 53~63 25~135 713
MCB 750 1.30 ~ 1.40 13.0 ~ 14.0 54.1 ~ 59.7 680 ~ 750 533~ 653 6.7~82 1.5~25 73
MCB 400H 0.80 ~ 0.90 8.0~90 955~ 111.5 1200~ 1400 279~ 358 35~45 2~3 73
MCB 500H 0.85 ~ 095 8.5~95 107.5 ~ 1194 1350 ~ 1500 358-~438 45~55 2~3 13

* Recoil permeability is the ratio of the varialion of the magnetic flux density to the magnetizing force when the magnetizing force is subtracted from the
value of the maximum energy product or the neighbouring value on the demagnetization curve.
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Types and magnetic characteristics of ferrite magnets

Table 2.4

Notes
Recoil

Residual magnetic Maximum energy permeability,

flux density, B, Coercive force, H, product, (BH),,,, i Density, D
Type (T) (kG) (kA/m) (Oe) (kJ/m*)  (MG:Oe)  (G-Oe) (g/cm?)
MPA 100 0.20 ~ 0.23 20~23 1274 ~ 151.3 1600 ~ 1900 6.4 ~ 8.7 08~ 1.1 1.2 48
MPB 280 0.33 ~ 0.36 33~36 159.2 ~ 2070 2000 ~2600 199~239 25~130 1.1 4.8
MPB 320 0.36 ~ 0.40 J6~40 1354 ~ 159.2 1700 ~ 2000 223~279 28~135 11 49
MPB 330 0.36 ~ 0.40 36~40 1831 ~2070 2300~2600 239~286 30~36 11 49
MPB 380 0.40 ~ 043 40~ 43 1433 ~ 1752 1800~ 2200 279~318 35~40 1.1 5.0
MPB 270H 032~ 036 32~36  207.0~2389 2600 ~3000 183~239 23~30 1.1 48
MPB 330H 0.36 ~ 0.40 36~40 2389 ~12707 3000~3400 239~286 3.0~36 1.1 49
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Table 2.5

. Types of rare-earth cobalt magnets and their magnetic characteristics

Characteristics
Notes
Recoil
Residual magnetic Maximum energy permeability,
flux density, B, Coercive force, H, product, (BH),,,, Prec Density, D
Name of
Series  product” (T) (kQ) (kA/m) (kOe) (kJ/m?3) (MG - Oe) (G:O¢) (g/cm?)
REC-18 083 ~087 83~87 598~677 75~85 136~ 151 17~19 1.05 ~ 1.10 8.2
REC-20 088~092 88~92 677~717 85~90 151~ 167 19 ~ 21 1.05 ~ 1.10 8.2
1-5 LM-10 060 ~066 60~66 462~510 58~64 72 ~ 88 9~ 11 1.00 ~ 1.05 8.1
series LM-16 078 ~084 78 ~84 605 ~ 653 7.6 ~ 8.2 120 ~ 140 15~ 175 1.00~ 1.05 8.2
LLM-19 084 ~090 84~90 653 ~ 700 82~88 140~ 160 17.5~20 1.00 ~ 1.05 8.3
LM-22 090~09 90~96 700~750 88~94 160~ 184 20~23 1.00 ~ 1.05 8.3
REC-18B 082~090 82~90 510~637 64~80 128~ 160 16~20 105~ 1.10 8.3
REC-22 092~098 92~98 621~674 78~94 160 ~ 191 20~ 24 1.05 ~ 1.10 8.4
REC-22B 092~100 92~100 558 ~ 685 70~ 86 160 ~ 191 20~ 24 1.05 ~ 1.10 83
REC-24 098 ~102 98~102 478~542 60~68 175~ 191 22~24 1.00 ~ 1.05 8.4
REC-26 1.02~ 108 102~ 108 669~79% 84~100 199 ~215 25~ 27 1.05 ~ 1.10 8.4
REC-30 1.08 ~ 112 108~ 11.2 478 ~ 542 60~ 6.8 231 ~ 247 29 ~ 31 1.00 ~ 1.05 8.4
2-17 LM-21B 093 ~101 93~101 358~477 45~60 151~ 184 19~23 1.00 ~ 1.05 8.2
series LM-24B 1.04 ~ 112 104~112 517~636 65~80 175~ 207 22~ 26 100 ~ 1.05 8.2
.M-258B 1.02~ 110 102~ 110 342~477 43~60 175~207 22~ 26 1.00 ~ 1.05 8.2
LM-30B LI0~ 117 110~ 117 477 ~ 636 60~ 80 215 ~ 247 27 ~ 31 1.00 ~ 1.05 8.2
TS-18 083 ~088 B83~838 480 ~ 640 6.0 ~ 8.0 136 ~ 151 17~19 1.01 8.3
TS-20 088 ~094 88~94 480~640 60~80 151 ~ 167 19 ~ 21 1.01 8.3
TS-22 090 ~096 90~96 440 ~ 640 55~80 167 ~ 183 21 ~23 1.01 8.3
TS-24 094~ 100 94~100 400~600 50~75 183~ 199 23 ~ 25 1.01 8.3
TS-26 102~ 1.08 102~ 108 400 ~ 600 50~175 199 ~ 223 25~ 28 1.01 8.3
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Table 2.6

Varieties and magnetic characteristics of Nd-Fe magnets

Characteristics
Notes
Recoil
Residual magnetic Maximum energy permeability,
flux density, B, Coercive lorce, H, product, (BH),,.. Hyee Density, D

Name of

product® (M (kG) (kA/m) (kOe) (kJ/m?) (MG - Oe) (G- Oe) (g/cm?)
NEOMAX-35 1.18 ~ 1.25 118~ 125 796~916 100~ 115 263 ~ 287 33~36 1.05 74
NEOMAX-30 112~ 119 112~119 677~836 85~ 105 223~ 247 28 ~ 31 1.05 74
NEOMAX-27 105~ 112 105~112 677~796 85~ 100 199 ~223 25~ 28 1.05 14
NEOMAX-30H 112~ 0119 11.2~119 741 ~860 93~ 108 231 ~255 29 ~ 32 1.05 14
NEOMAX-2TH 105~ 112 105~ 112 677 ~8I12 B85~ 102 199 ~ 223 25~ 28 1.05 14

* NECMAX: Sumitomo Special Metals Co., Ltd.




magnets are manufactured by a casting method, and partly processed by grinding when
high accuracy is required. They have excellent mechanical strength, and can be
manufactured up to a large size comparatively easily.

Table 2.3 lists the varieties and magnetic characteristics of Alnico magnets. MCA is a
magnet [Ref. 11 ] whose magnetism is isotropic. MCB is an anisotropic magnet whose
magnetism is greater in a particular direction. MCB has high residual magnetic flux
density and low coercive force. It therefore needs to be magnetised after it is mounted on
the motor. It is demagnetised when it is demounted from the motor. It is magnetically
stable against temperature change, having a temperature coefficient of - 0.002% per °C.

Ceramic magnets

Ceramic magnets are properly defined as ferrite oxides of barium or strontium and
exhibit the property known as ferromagnetism. Ferrite magnet has inferior residual
magnetic flux density to that of Alnico magnet but it has very high coercive force. Some
anisotropic ferrite magnets have coercive force of over 240 kA/m (3000 Oe). These
features are understandable from the facts that in ferrite magnet the density of metallic
atoms exhibiting magnetism is essentially low and that the theoretical value of saturated
magnetism is 375 kA/m (4700 Oe; 1 A/m =1.256x107 Oersted)

Ferrite magnet does not contain noble or heavy metals. Its main component is iron oxide
and therefore ferrite magnet is comparatively inexpensive. In addition , it can be made
homogeneous by compression using ceramic techniques, which makes it most
appropriate to mass production. Also, it has low density of 4.8-5.0 g cm’”,

However, ferrite magnet is fragile with a low degree of impact tolerance. Moreover, it
has a large temperature coefficient, -0.8 to -0.2% per °C, which is a hundred times larger
than the temperature coefficient of Alnico magnet. The main varieties and magnetic
characteristics of ferrite magnets are presented in Table 2.4, where MPA is an
isotropic magnet, MPB is an anisotropic magnet.

Rare-earth cobalt magnets

Rare-earth cobalt magnet has nearly the same residual magnetic flux density as that of
Alnico magnet and two to three times higher coercive force than that of ferrite magnet.
Some rare-earth cobalt magnets have maximum energy product reaching 240 kIm’ (30
MGOe; 1 MGOe = 7.958 kJ/m’ ). These features are greatly improving the high
performance of brushless motors and making them of lighter weight.

Two kinds of rare-earth cobalt magnets are produced:

¢ SmCos series (1-5 series)

* SmCo,; series (2-17 series).

The latter series have more attractive features for higher performance. Rare-earth cobalt
magnets have a small temperature coefficient of -0.03 to -0.05% per °C, which is close to
that of Alnico magnet. However, it has high density of 8.0-8.5 g/cm’, so that it is heavy.
The main varieties and magnetic characteristics of rare-earth cobalt magnets are
presented in Table 2.5. From a technical standpoint, SmCo magnets are ideal for rotating
electric machine applications. However, there are major disadvantages for commercial
use: very high material and manufacturing cost; and their strategic nature of cobalt.
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Samarium is one of less plentiful rare-earth materials, and its processing costs are also
high.

Neodymium-iron- boron _magnets

NeFeB has the highest coercive force available in magnets [ Ref. 6, 28, 30 ]. NeFeB
magnets have a marvellous performance, with its maximum energy product close to 40
MGOe and consequently it has been applied to industrial use. Also, its residual flux
density is relatively high, comparable to the best of the Alnicos. Moreover, NeFeB
magnets are much cheaper than samarium cobalt. The main magnetic characteristics and
varieties of neodymium-iron-boron magnets are presented in Table 2.6. The low
operating temperature requires the use of a larger size for applications required to
operate at elevated temperatures and, therefore, many of the reduced size and weight
advantages of NeFeB are lost. The addition of cobalt or some other rare-earth materials
to NeFeB is claimed to improve the thermal characteristics of this magnet [ Ref. 28 ].
This material, which contains a large percentage of iron, is also subject to severe
corrosion problems in many environments [ Ref. 30 ], and may require additional weight
and size in corrosion protection materials in some machine applications.

According to the proper electromagnetic design of electric machine, the permanent
magnet material is seldom operated along the normal curve but, rather in regions of
lesser energy products. In many motors, the most severe operating condition is that due
to a blocked-rotor condition, which may occur during a motor start-up or a machine stall
situation. Thus. the peak energy product of a PM machine, which is proportional to the
product of the machine’s airgap flux density and armature current, does indeed limit the
power capability of the machine [Ref. 28 ]. Note that this limitation is different in many
respects from the power limitation characteristics of machines with electrical field
excitation. Such machines are generally limited by the steady-state thermal capacity of
the electrical insulation and/or by related efficiency considerations. However, note that
the energy product is actually an energy density. Therefore, power output of a PM
machine can be increased the volume of the PMs. Also note that there are many
geometrical and winding design factors such as: type of winding and winding layout, the
airgap length, number of poles, etc. which variation provide a variety of power
capabilities from a given volume or a given weight of the machine. Therefore, in
conclusion, it can be said that, although there is a power limit imposed by the permanent
magnets in a PM machine, this limit can be greatly varied by the quality of machine
design.
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Chapter 3

BRUSHLESS MOTOR CONTROL

Automatic control of brushless motors is of two kinds. The first one is sequential control
(sequential starting and overload protection of motors). This utilises a sequential circuit
that comprises a memory circuit and a logic circuit. The second one controls the dynamic
system, including energy storage elements (inertia, inductor, capacitor, etc.). Let us deal
with the second type of automatic control.

Control is classified into feedback control and feedforward control. Feedback control
detects the controlled variables and then compares them with the control reference to
determine the control variables. Feedback control is insensitive to disturbances (load
torque fluctuations, source voltage oscillations, etc.) that disturb the behaviour of the
system and to parameter variation (changes in inertia, resistance, and so on). Feedback
control changes the structure of the control system.

Brushless motor control involves a regulator problem (e.g. comstant angular velocity
control), a servo problem (e.g. point-to-point control), and a tracking problem (e.g.
continious path control). The regulator problem is the stability of the system when the
control instructions is zero. The servo problem is the control of the system when the
control reference varies with passage of time. The tracking problem is the utilisation of
future information for control when the control reference varies with passage of time and
the future control reference (command) is known beforehand.

Control of a brushless motor requires the main frame of the motor, angle and angular
velocity detectors, current, voltage, and magpetic flux detectors, a transistor PWM
(pulse width modulation) invertor, and a semiconductor power converter including
analogue and digital ICs for controlling those equipments. In addition, a brushless motor
driver requires position, velocity, and force controllers (motion control) for controlling
the whole system (see Fig.2.4, 2.5 ). The semiconductor power converter performs
sinusoidal output current control, orthogonal control of magnetic flux and current,
equivalent field-weakening control, and so on.

Performance of variable speed servo drives (brushless motors) is measured in terms of
speed or position precision, speed range, and speed response to specific commands. The
precision of speed or position response is directly related to torque position aspects
mainly to torque ripples. The speed range is dependent on the machine’s capability of
flux weakening in the high speed area and this is related to rotor configuration (interior
magnet, or pole-magnet). The availability of position, speed or torque control, speed and
torque range, and dynamic performance of such drivers depends much on proper design.
Therefore, in the following we will address in some detail the basic aspects of the
permanent-magnet self-synchronous motor torque production.
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3.1 Torque production

Investigations during the last decade have resulted in high performance brushless motor
drivers. It is almost unanimously accepted that such drives should be current controlled
(except in the high-speed portion of the speed range), through 120° or 180° voltage
source transistor inverters [Ref. 23, 29, 39 ]. There are two fundamental current control
waveforms envisaged: (a) rectangular current and (b) sinusoidal current. The first one
requires only incremental position information every 60° (electrical). Sinusoidal current
control requires more refined rotor position information, is more expensive but results in
very small torque ripples, and is suitable for low speed operation.

3.1.1 Field and torque production with rectangular current

The ideal rectangular current consists of two 120° wide rectangular waveforms per
period per phase. The torque is produced by the interaction between the airgap flux and
stator currents. Notable insight into the phenomenon of torque production may be
obtained via a linear model. A transverse view of the permanent magnet rotor is
presented in Figure 2.6a. In a conventional cylindrical rotor synchronous motor, the
torque is given by

Tew = pYr 1g (3.1)

where

P is the pole pairs

Y isa field flux linkage

I,  isaquadrature component of the armature current

Equation ( 3.1 ) suggests that only the stator magnetomotive force component which is
90° out of phase with respect to the magnet axis produces a torque. In other words,
when the magnet induced voltages (E. , E» , and E. in Figure 3.1) are in phase with the
stator currents, maximum torque per ampere is obtained (a = 0 ). In general, the
rectangular current may be commanded in advance by an angle a > 0. However, over a
60° - span of the rotor motion ( stator windings with full-pitch coils arranged in 60°- span
belts, number of slots/pole/phase -- g=1 ), the stator currents remain ideally constant in
the conducting phases (a and b). According to the model in Figure 3.2 the induced
voltage in phase (a) at the moment is

Bo +£+a
3
E.(t) = KkWyout/nlp J'B(B)d(ﬂ) (32)
Bo+a
where
8, = wy ¢ varies from zero to 2x /3
W, is a number of turns per pole per phase

K, =1 isawinding factor (for full-pitch coil with ¢ = 1)
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Figure 3.3 On-off rectangular current waveform
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Figure 3.4  Inverter current flow in phase a'b’

Figure 3.5 Flux path for (a) d-axis, (b) q-axis of an interior magnet rotor;
(c) current phasors
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a is an advance angle for maximum torque per ampere position
! is an axial length of the machine

The angle 8, accounts for the fact that during x /3 (or 60° ) the stator conducting phases
remain the same while the rotor is moving. The torque is given by

Bo+£+a
3

T.(t)=3 L. 1 p* WoLt/n? fB(a)d(e) (3.3)
Bota

It may be expected that the torque pulsations can be reduced by modifying the span of
the magnet [Ref. 9 ]. Unfortunately, the average torque modifies also. A compromise
between the average torque and the torque pulsation values should be made since the
average torque decreases in a monotone fashion when the permanent magnet space (8, )
is reduced. To calculate the torque-speed characteristic for constant voltage running, the
motor equations should be formulated.

3.1.2 Field and torque with sinusoidal current

Sinusoidal current control through advanced PWM techniques produces very low
ripples, if the winding distribution and the permanent magnet airgap field distribution are
adequately matched. Low torque ripple levels are required at very low speeds providing
enough precision in speed. Sinusoidal current control is applicable to both surface-
magnet and inset-magnet rotor motors. Inset permanent magnet rotors are characterised
by higher flux leakage [Ref.28 ]. Consequently, more PM material is required for useful
(airgap) flux. The inset PM rotor machine exhibits significant saliency on the rotor. The
magnetic path along the d-axis contains the permanent magnets and thus exhibits a high
magnetic reluctance. The path along the g-axis does not contain the PM and its magnetic
reluctance is considerably smaller. It follows that the inductance along the d-axis, Ly, is
smaller than that along the g-axis L, . The expression for the torque resembles that of a
nonsalient pole synchronous machine, and may be written as

T. =3/2p [Ld I, + (La-LJLd,] (3.4)

This torque corresponds only to the fundamental components of the field mmf
distribution. Because rare-earth permanent magnets have a recoil permeability w,.. = (
1.02 to 1.05) w,, they may be considered as air zones for the armature reaction field. In
general, a permanent magnet is modelled by an equivalent current fed ( Iy ) winding
which is close to reality for linear demagnetisation curves such as those of SmCos ,
strontium ferrite and NdFeB magnets with almost p, recoil permeability. Equation ( 3.4 )
with Ly < L, suggests that the reluctance torque component is positive only if Iy is
negative. With [; = 0, no reluctance torque is developed. So the inset permanent magnet
should in general be controlled with I; = 0 , and from zero speed -- unlike the surface-
magnet rotor type -- in order to make full use of the reluctance torque component. The
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magnetic saturation along the g-axis ( Figure 3.5 )due to I, uses more of the direct axis
armature reaction field produced by it to return to the stator through the permanent
magnets. The path along iron, though saturated, is more permeable with respect to the
PM zone. Thus apparently the longitudinal inductance along the d-axis, L, increases
with the reaction current I;. But L, decreases due to saturation. A cross coupling effect
occurs [ Ref. 28 ]. The reluctance torque component tends to decrease due to saturation
since L, increases and L, decreases. The direct axis inductance voltage drop wy Lala
increases. An additional apparent field weakening effect occurs, which allows high
speeds for given stator voltage. Thus in a wide-speed range application the interior PM
rotor self-synchronous machines are superior to those having pole-magnet rotors. The
presence of a notable reluctance torque may be exploited to reduce the PM weight and
cost per unit torque, and extend the speed range through flux weakening with smaller
currents than in the case of surface-magnet rotor.

3.1.3 Design of sinusoidal-fed PM motor

Variable speed drives are characterised by high dynamic performance. For example ,
acceleration times on no-load are typically included in catalogue descriptions of such
drives. Other specifications include: dc link voltage, U, ; and maximum torque, T , up
to base speed. Duty cycle ( Figure 3.6 ) is also important in designing the motor. These
requirements, lead to torque, power and voltage requirements, such as those shown in
Figure 3.7. Often a ratio of the three between the peak and rated torques has been found
adequate to provide the desired acceleration on no-load for aircraft electromechanical
applications.

The base speed, w, , is by definition the speed at which the maximum torque, T is
achievable at full voltage. The peak current is limited by the motor overheating, ratings
of the inverter power transistors, and protection against demagnetisation of the
permanent magnets [Ref. 23 ]. Given the specifications, the design may be initiated
keeping in mind the airgap flux density, the stator mmf limitations, and taking into
account the PM remnant flux density.

During the acceleration time, #, , to the base speed, ws, the motor develops the peak
torque, and the speed increases linearly as determined from

oy S0 i (35)
pA pb

And the ratio of the peak torque to the motor inertia is simply given

L. (36)

The approximate techniques for brushless motor design (permanent magnet geometry
and stator dimensions, power considerations, heat losses, etc) are widely described in
literature [Ref. 6, 16, 21, 43 ]. The basic simulation results for brushless motors are
presented in Appendix 3. Hovewer, for a more refined design, for designed
optimization, and for an exact comparison among several motor designs, more
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sophisticated methods of electromagnrtic field analysis will be required Three-
dimensional analysis (such as three-dimensional finite element analysis of electromagnetic
field distribution) is required for brushless machines in which two-dimensional symmetry
is inadequate to describe the complete machine configuration.

3.1.4 Square-wave current control system

Rectangular current control has emerged as a practical solution providing fast response
and rapid speed reversal. A sample of the rectangular current control system is shown in
Figure 3.8. A basic control scheme for the brushless motor consists of

¢ the PM synchronous motor

¢ control system

+ the position transducer

The control system itself should include: a position controller, a speed controller, and a
current (torque) controller. Providing an inphase voltage/current requires a position
transducer (as mentioned earlier). A typical position transducer for square wave current
control has six inductive (or optical) position sensors per double pole pitch of rotor
periphery. They are shifted from each other by 60° (electrical). Each of the position
sensors triggers on one power transistor in the inverter during 120° electrical per period.
It follows from Figure 3.4 (a) that ideally only two transistors (phases) are conducting at
a time. For example the position sensors P-T; and P-T§ respectively provide positive and
negative voltages (currents) in phase a; P-Ts, P-T; in phase b; and P-Ts, P-T in phase
c. Thus, the stator mmf vector ideally jumps after every 60° producing a “jumping” stator
field. The mmfs of two phases in series are at standstill (over 60° rotor rotation) and 30°
lagging the phase connected in the positive sense (Figure 3.8 ). If we now locate the
position sensor that fires the transistor T; , 90° behind the phase a axis (with respect to
the direction of motion) the power angle varies from 120° to 60° --T;T; conducting with
an average power angle of 90°. Each phase conducts continuously for 120°. However,
the voltage source inverter simply distributes the constant voltage between two phases at
a time, in the sequence shown in Figure 3.4b. Square-wave current control may be
achieved through a pulse-width modulation circuit (Figure 3.8 ) which turns on and off
the transistor as needed to maintain the required current level, I.. . Let us present the
details of this on-off controller, since it gives a better insight into the motor behaviour.

3.1.5 On-off square-wave current controller

The initial current in stator phases is done by the position sensors as explained earlier, we
let the current rise up to a maximum value /... and then turn it off for a while until a
minimum value I,;, is reached. The duration of on and off intervals, #,, and t,; is given
by the pulse-width modulation circuit where input is the error between the reference
current ( I..*) and the measured input current of the inverter.

Negative reference current (-Io) implies torque reversal but regenerative braking is
obtained only if all the position sensors are rotated through 180°; that is, a* becomes a”,
b* becomes b’, and c* becomes c. At the average power angle 90°, regenerative braking
and speed reversal are easy to obtain and the machine behaves identically in both
directions of motion. The on-off mode terminates after 120° when the position sensor of
that phase goes off (Figure 3.4), that is, after 120°.
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Let us consider the inverter-motor equations during the on-off-time intervals. During
on-time (Figure3.4a ), T; and T, are conducting. Thus, the current flows through phases
a'b’ in series. The equivalent circuit is shown in Figure 3.4b which shows the phase
induced voltage e, ,e; , the phase resistors R, and the inductor L. The corresponding
equation is

U=2RI+2Ldlldt+ (e, - ep) ( 3.7)
e, -e =2E, =E, = aconstant (3.8)

During the conducting period (120°) the line induced voltage varies only during 60°
because e, - €, is replaced by e, - e. after the first 60°. As already demonstrated , Eo
is constant during the commutation interval, and I, and I, are ideally square waves. The
solution of ( 3.7 ) can be written as

1 -e(%)U(z)+e(%)Eadz+_CIL e(-%)

"2
i(¢) = =

(39)

in the interval [0, t,, [.

For current rise it is imperative to have U>E, ; it means that the motor (electrical
machine) is under excited. For the off-time interval both 7; and 7, are turned off
(Figure 3.4c) and the diodes D; and D, provide the path for the current which charges
the filter capacitor C;. The switch S (open this time) signifies the fact that the dc power
source which supplies the inverter does not accept power retrieval. The circuit equation
is now

U=2Rf+2Ldﬂdz-(ea-e,,)+—1-ffd: (3.10)
Cr

Considering that the off-time process is initiated at 4 =f,, or % - t - 1,, , the solution to
(3.10)is

e(% Rsz)(%U(L))d:-&-_CJR e(- :QJ—?)

B —
Do) —

K= R (3.11)
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in the interval ]i,,, oy ].

The PM circuit should adjust the #,, and f, so as to meet the desired average current
I..* and torque. The expression for the torque 7, (7) is

_ (ea—en)I(2)
T.(1) = S (3.12)

with (1) obtained from ( 3.11 )and ( 3.10).

The torque pulsates due to the on-off process. The frequency of pulsations is 6oy
whereas the on-off current pulsations have significantly higher frequency. The speed
control ( a proportional integral PI type) should eliminate their consequences through
adequate design. A precisional position control should be used for both current wave
forming and position feedback.

3.2 Mathematical models of brushless motor drive system
3.2.1 Mathematical model of brushless motor in d,q-axes presentation

The majority of research assotiated with the formulation of models for the simulation of
synchronous machines is directed towards the synchronous generator. The aim of this
chapter is to present single detailed machine formulations for synchronous motor
(brushless) which, in addition to providing the basis for a more advanced study of the
subject, may be used to advantage for a number of problems assotiated with practical
EMA driving systems. Taking as a specific example the brushless machine shown
schematically in Figure 2.6a, where motor is presented as 2p-poles 3-phase permanent
magnet synchronous machine with the phase windings in a wyn-connection. All mutuals
between stator and rotor circuits are periodic functions of rotor angle position, and in
addition, due to finite saliency, mutial inductances between stator phases are also
periodic functions of rotor angle position. To simplify the mathematical description of
the synchronous machine (brushless motor) and to facilitate a simulation a two-axes
transformation of the stator and rotor quantities may be performed such that the basic
equations possess constant coefficients. In accordance with Figure 3.9 the derived matrix
equations can be presented in d,q - axes frame [Park R.H., 1929], and invariably stated in
the per unit form

W1-(RI+ e ]+ o (313)

where
[uj voltage matrix
] current matrix

1Y) flux linkage matrix is given by [L][I]
[R] resistance matrix
L] inductance matrix
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Fig. 3.9 Equivalent d,q - axes model of brushless motor




This is particularly advantageous in the study of machines because it provides a
procedure of non-dimensionalising the variables and parameter values thereby
introducing a simpler means of comparison of differing sizes of machines. Figure 2.6b
depicts the electric circuit of this system which includes an inverter and a motor. The
motor governing equations in the rotor reference frame (d,g-axes) variables can be
represented as a set of differential equations as listed below.

U;=RI; +dyuldt —aomy, p

U,=RI, +dy,/dt + ou¥s p (314)
where
R is the motor resistance
Li, L, are the motor d,q -axes inductances
Yo ¥ are the d,q - axes flux linkages
W is the angular velocity of the brushless motor
U, U, are the d, g- axes voltages
I, I, are the d, g- axes currents
P is the number of pole pairs

For further analysis, the permanent magnet should be changed by a single coil of an
exciting winding along which a current I; ( is equal to the “fictitious” magnetomotive
force F,p) flows (Fig 3.9).
The flux linkages in d,g-axes presentation can be written as
Ya = Lals+ MdF,..f
Ya=Loly (3.15)

where
M, is the mutual inductance in d,q -axes representation

In view of fact that
Fog=ly, Mailp = Yn

where #. is a flux linkage coefficient, the set of the differential equations can be
rewritten as

Uy =RI;+ L;dl,/dt —QJMPLQIQ
U,=RI, +Ldl,jdt + oupLala + @upYnm (3.16)

The electromechanical torque of the brushless motor is

66



Tem=32p(uly —¢la) =32p(Lalalg+ MaFply —LoI1s) =

32p[(La—Lg) Ialy + ¢nly] (3.17)
and the equation of motion is
Tw = Tew =J day/dt + bow + Ton (3.18)
where
J is the motor inertia
£ is the motor damping coefficient
T is the motor-load torque

3.2.2 Position control system of brushless motor using d,g-axes presentation

Figure 3.10 shows the basic diagram of the system (brushless motor) for further
investigation. An input is setting by the user and is feeding to the controller. The
controller can be configured either as a position or a velocity control system. In the case
of the controller designing with generating a control law with state feedback, the sensing
of the states and the control law will be discrete. The controller output changes the
amplitude of the supply voltage to the motor phase windings via a PWM (pulse width
modulation) scheme, which is achieved by means of the inverter. The inverter can be
operated either in a 180° or 120° mode. Hence, 3-phase balanced voltages, determined by
the motor angular position, are applied to the motor phase windings sequentially. A
transformation from the phase voltages (A B C- variables) to the rotor reference frame
(d,q- axes variables) can be conducted in a fictitious transformation block. Since the
rotor of a brushless motor rotates in continious time, the transformation is also
conducted in the continious domain. The brushless motor “takes” the d,q - axes voltages
and then generates the electromechanical torque with d,q - axes as the intermediate state
variables. The d,g-axes currents are used as state feedback signals for the controller.
Since the d,q -axes currents do not exist physically, the only available measurable
variables are the ABC -axes currents. These will be converted to the d,q -axes currents in
a vitual transformation. In the simalation, this can be done by lookup table and the real
implementation time delay should be lumped into the computational delays. The load
torque may be constant, step changing or as a random variable with normal or uniform
distributions. The difference between the electromechanical and load torque is applied to
the motor to produce the motor velocity via the equations of motion ( 3.15, 3.17, 3.18).
The motor velocity is scaled down by a reduction gear of ratio Gp - I and then the
system velocity and position are obtained. These final controlled variables are fed to the
controller which acts as a feedback variable.

The dynamic system of a brushless motor is represented by a set of differential equations
in d,q --axes coordinates

dly/dt= =R /Lyly + ampLy [La I, + UslLs
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dl,Jdt==R[Lyl, —wupLa [Lgls —0up¥n!Le+Uy/Ly ( 3.19)
Tew =312p [ (La—Lg) Ialy + ptmly]

The differential equations ( 3.19 ) for mathematical model are constructed in the d,q -
axes frame ( see Fig. 3.9 ). Therefore, the inverter block, after transforming, will produce
the d,g-axes voltages from the modulated supply voltage (according to the actuation
command) and the rotor position. For the simulation, a2 unity normalized actuation
command can be taken as the input and the d,q -axes voltages be pre-computed and
stored in a look-up table (MATLAB, SIMULINK) [ Ref.32 ]. The resolution of position
sensor will affect inverter performance and it should be selected in the simulation. It can
be achieved by varying the angular interval in the pre-computation. The phase
voltages, Uy ,Us,, Uc, , being physicall measured parameters (variables), can be used
for determination the d,q -axes voltages as

Uas 2 -1 -1 UAp
Uss|=1/3|-1 2 =1||Us (3.20)
Ucs -1 -1 2 ||Uc

and the d,q -axes voltages are given by

Uns

[Ud] o [sin(ﬁa«) sin(Om—2/3m) sin@m +2/3m) ( 321)

Us| ™ |cos@w) cos@m—2/3m) cos(Bm+2/3m) U"
Cs

3.2.3 Mathematical model of brushless motor in phase coordinates

In brushless motor with concentrated full-pitch windings the stator-to-rotor
mutual inductances do not vary sinusoidally, and instead of the dg-axes or space
phasor presentation, the mathematical model in terms of phase cordinates is valid
for modelling and simulation.

The stator phase main (L) and mutual (M) inductances are constant, and may be
either calculated or measured. The voltages, e, , e, and e, induced in the stator
phases due to the field of the PM depend on the rotor (motor) speed, wy, (ideally
rectangular, actually trapezoidal). Thus, in terms of phase coordinates, the motor
voltage equation may be written as

U. R 0 07[lL L M M [L ea(Bm)
Us|=|0 R Of|l|+|M L M|p|l|+|es(Bn) (3.22)
U. 0 0 R M M L I ec(&ur)
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For wye-connected phases, we have
L+l,+I.=0 (3.23)

The inductance matrix in ( 3.22 ) may be diagonalized and ( 3.23 ) may be
rewritten as

1

L] |L-M {1) Us) [R 0 O)[L] [@ya(®n)
p[b = 0 -I-,—-“,? 0 Us|-|0 R Of|ls)|- Mb(ﬂu) (324)
L 9 ; 1 U [0 0 R|[L]| |cwp®u)

where 6, denotes the rotor (motor) position (in electrical degrees). The
mechanical dynamics are given by

Ju &by dl =Ty - Tyy - Eydbyldt (3.25)
where electromagnetic torque Tyy = 7. may be expressed as
T.=ploy (eal, +eply + el )=a Oy )Mo +Pp Ou )y +P: (64 ).  (3.26)
Hysteresis (on-off), ramp comparison, or other current controllers may be used to

control the 120° square waveforms of the stator currents. For a wye-connected
stator, Table 3.1 shows the phase voltages for rectangular current control. Only

Table 3.1
Phase voltages for wye-connected stator
DC link current power transistor voltage

L {3 T, T, U,
=0 =(L.-Al on off +Uy /2
20 = (I, -Al) off off -U,/2,D, on

0 z(L.-Al) off on -U,/2

0 s(l,-AI) off off +Upy / 2, D,

on
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the DC link current is measured and controlled, and then distributed to the other
two phases. The switching frequency depends on the hysteresis window (2A7),
the machine parameters, and the voltage ceiling (Up =Eo ). In the ramp comparison
controller the current error is measured and compared with a saw-tooth triangular
waveform. The switching frequency, although constant, should be less than one-tenth the
motor electrical time constant, in order to avoid delays affecting the control response.
Proportional integral (PI) pseudo-derivative feedback (POF) or sliding mode speed
controller may also be used to control a brushless motor.

3.3 Synthesis of controllers

An important direction of research for using brushless motors is the synthesis of

controllers. The most usual strategy consists of selfcontrolling the motor, considering the

currents as control variables [ Ref.42, 47 ]. Some usual approximations are the following

e the speed dynamics are slow in comparison to those of the currents, so one
traditionally controls separately these dynamics. Thus, the effects of the motor
acceleration are not taken into account.

* in many applications, the effect of the induced electromotive forces created by the
rotation of the motor is neglected in the control algorithms. Moreover, the coupling
between the phases of the motor is also neglected.

The latter couplings are immediately observable in equations (3.16, 3.17). The presence
of two non-linearities in the electrical and mechanical equations can be seen. For
applying recent non linear control methods which bring a total linearization of the speed
behaviour, with a current in a quadratic axis (an important torque component) for any
speed variation [Ref. 17 ], the rapid DSP should be used. So, we present a decoupling
controller which is based on a linear model using the general electrical equations. We
obtain a total decoupling of the two phases d and g, and compensation of the
magnetomotive forces in the aim to get asymptotic tracking of the torque reference,
which can be implemented with a broadly diffused microprocessors.

Equations
Using as states

X1
xX=|Xxz2(, X =[d) X2 =Iq y s X3 =Wy (3.27)
X3
and as input variables
wu
u= [ > u; =Ud} u = Uq (3.28 )
u2

We can rewrite the equations ( 3.16, 3.17 ) in the state form
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x=Ax+ Bu (3.29)

with
Ax B 0
A=|Ax|, B=|(0 B, (3.30)
Ax 0 0
where

A;x = —Id fT.{ +p lq -ILT?-U.)M

'd

Axx = —Iqhq-pld%.mu +p1_|’_:-_m,,

9 4

Asx = pli(La-L)J +p ¥m "’ LY A S W

w=J /8, %=LalR, v;=Ly/R

3.3.1 Decoupling current control of a brushless motor

In this strategy we neglect the dynamic non-linear effects of the mechanical speed w y,
considering that this is varying slowly. We can then rewrite the state equations, with only
two state variables /,; and [, as follows

x=Ax+Bu (3.31)
with
-R/L w,L /L
= T e (3.32)
-pwy,L, /L, R/L,
and
B 1/L, 0 —-—
‘[ 0 1/,{,4] (3.33)
with
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gl L e 0

The aim of every classical machine control is to control at first the torque of the motor.
As we can see from equation of the torque ( 3.17 ), if we can maintain /; tozero we get

Tat = Tom = pUm I, (3.35)

Thus, controlling the torque means controlling the current [, . That is why we chose as
output variables the currents /; and /; as follows

c=Dx (3.36)

with
D= L0 3.37
-5 % (3:37)

We consider an input vector u, in order to obtain the following first order decoupled
response for outputs

dly |dt =K (lares—1a)

(3.38)
dly, [dt =K, (Iges=13)
where I4 e, 15, constant references.
The matrix B are being always non-singular, we get the necessary input vector
U KW, -1
] gt [[Killes - ) ~ Ax ( 3.39)
U, Ky(Tpy =1
and so
Us=KiLi(Iiveg-1a) +R I3 - pLowy I
(3.40)

Uq = KZ Lq (!q ref = Iq) +R'id 2 quUJM ‘r‘]' * qunl Wy

This strategy allows us to impose the steady states lu ,er, Iqrer » With the dynamics for the
errors described by the equations

de; ldt =K; (Iaver-1a )

(3.41)
dez /dt = K; (Iqref = "q )
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It is now very easy to place the poles of the system by adjusting the coefficients K; and
K. With stable poles, the errors converge to zero and the currents I; and I, converge to
their references /s, and [, s respectively.

The Figure 3.11 gives the general structure of decoupling control of the currents /; and
I, . The obtained resulting structure can be interpreted as an extension of the classical
proportional regulations.

For implementation of this controller we should used a direct digital control strategy.
This means that each variable which intervenes in the calculations, should be measured
and immediately converted by an A/D converter linked to a microprocessor board
[Ref. 2]

_____________________________ =

2 [ A, I, !

+ — I

I

I‘l 1

A [€ h, 15 1

1

[

brushless |

_____________________ | motor _ |
L 2
A

2 'S i |

[ K, JeO—=

-

Fig.3.11 Decoupling controller for the brushless motor

The microprocessor provides successively

e the d,g-axes transformations /; and I, of the three phases currents of the motor

» the result of the control algorithm (required voltages Us and U, )

» the reference three phase voltages, calculated from U; and U, by reverse d,q-
axes transformations.

The first remark is that such a control can only be implemented in d,g- frame (the
referential linked with the rotor with direct and quadrature axes). Moreover, such a
regulation asks much more calculations to the microprocessor than a simple proportional
regulation. We can chose K; = K> = K so that the reaction of the system will be as fast
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in the direct axis than in the quadrature one. Moreover, in the purpose to accelerate the
calculation time, we can chose for implementation this algorithm with L; = L, in
equations ( 3.32).

In order to impose to the motor the calculated voltages Uy and U, , we should use a
PWM inverter, linking the motor d,g-axes to the conduction rate CR,, CRp, CRc by the
following relation [Ref. 9 ]

CR,
Ud
[U ] = UpT,,|CR, (3.42)
s CRc

where Ups is the DC voltage of the inverter and T3, is transformation matrix from phase
axes A,B,C to d,g- axes

sin(Bv) sin(@w-2/3m) sin(@u +2/3m)

= 3.43
2 lcos(@w) cos(@w—-2/3mn) cos®u+2/3m) ( )
So the conduction rates CR,5,c can be given as
CR, 0.5 i K, K, K[,
CR,| =105+ K, K K||I|+
U
CR.| |0os5| |k, K, K ||l
cos(pB, + %)
1 /2 n 2n
+a‘l; oos(_pe,,+5-?) (KLI ., + pg .0 ,) (3.44)
cos(p@ +£+E)
2 03
with
K} =R-KL
3
K; =-1/2(R-KL) - %meM (3.45)

Ks =- 1/2(R - KL)+ -%g-prn

The dynamics of the currents and the speed are different enough to consider that we
should calculate with two scales of time. The slow scale should be used for calculations
relative to the speed, and the fast one is for the currents and also for position control.

75



ALl

Chapter 4

PRELIMINARY SYSTEM APPROACH TO DESIGN OF
ELECTROMECHANICAL ACTUATORS FOR
AIRCRAFT CONTROL SURFACES

The system approach to design of electromechanical actuators for control surfaces is a
complex engineering problem due to the numerous parameters, constraints, and
performance requirements which must be satisfied. When this task is coupled with
optimisation, the design becomes more difficult.

Generally, the solution of this scientific problem should include three interactive basic
research levels:

e preliminary system analysis and evaluation design of the electromechanical
actuators for aircraft flight control surfaces (ailerons, rudders, elevators, spoilers,
etc.)

« the analysis, synthesis and design of the general electrical and secondary power
systems for the aircraft according to the new abundant group of the electrical loads
(electromechanical actuators)

 the integration of the electromechanical actuators into the power, control, digital
avionics, and mechanical systems environment of the aircraft, in corresponding
with the requirements for reliability, redundancy, electromagnetic compatibility,
etc.

Let us consider the basic stages of the strategy for design of the electromechanical
actuators for aircraft control surfaces. This first research level comprises the numerous
essential design stages, and, particularly, includes

« the power considerations for electromechanical actuators

« the selection of the basic structure and hardware for electromechanical actuators
(brushless motor, inverter, resolver, encoder, PWM, etc.)

« the creation of the software for the synthesis and analysis of the dynamic, steady-
state behaviour and control operation (stability, observability) of the
electromechanical actuators

» the design of the controllers for electromechanical actuators

* the estimation of the software and hardware compatibility

An important criteria in specifying an electromechanical actuation system (EMAs) is
the duty cycle to which it should be designed and tested. Criteria used in the design of
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controllers, inverters, and brushless motors will be power demand and efficiency.
Power demand is determined by using actuator loads to find peak and average
horsepower requirements during various phases of the flight. Efficiency is determined
by measuring heat generated during each flight phase and expressing it as dissipated
energy. As power requirements and heat generation values will be determined, weight,
envelope, and system complexity can also be defined.

Surface loads The mission profile of an aircraft is separated into general flight phases
(ground operation, take-off, climb, turbulence, descent, cruise, terrain following,
approach, landing), and consequently each of them consists of the additional internal
phases, and characterised by inherent elapsed time, velocity, altitude, etc. From the
flight phases, loads are derived using altitude, dynamic pressure, amplitude of
excursion from flight surface activity, and hinge moment coefficient considerations as
shown below

Hy=12pV?C, S c (41)

where

p is the air density (the function of temperature and altitude)

|4 is the true air speed (TAS) .

C,. isahinge moment coefficient (a function of surface and tab position)

is the surface reference area

ar b

is the mean aerodynamic chord

Hinge moment (4.1 ) is then transferred to the actuator to determine actuator load. Let
us take into account the fact that the EMA system load demands are proportional to
the torque demands of its actuators (hydraulic system load demands are proportional
to the rate of its actuators) [Ref. 31 ]. The electric actuator requires peak power at
stall and requires a continuous supply of power while holding against a constant load
(conversely, a hydraulic actuator exhibits a peak demand at high surface rate, no-load
conditions and no demand when required to hold against a constant load [Ref.19,31].

Power The required power at the bus and system inefficiencies, expressed as a
function of time should be the final result of the duty cycle calculations. The calculated
values of the peak power for the rudder, elevators, ailerons, etc. should be used for the
design of EMA flight control surfaces (FCS). Evaluating FCS peak power
requirements during each flight phase requires a further power and heat analysis. The
required power at the distribution bus should be expressed in Watts (kilowatts). The
horsepower equation is

Hp =T oo 2n/ 60 (42)
where
T is the actuator (motor) load torque (flight control surface moment),
Wy is the load (surface) speed in revolutions per minute
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From every flight phase a hinge moment should be used as the surface moment. An
average surface rate can be obtained using number of cycles per second of surface
activity. Rates in cycles/sec of surface activity can be derived from flight test traces of
existing aircraft or from aerodynamic models based on the response of the aircraft
given weight, inertia, and aerodynamic characteristics. Calculated horsepower is then
changed to peak power in Watts at the surface and adjusted for motor, controller,
actuator, and other inefficiencies. Efficiency values of the system components may
range from 65% to 98% [Ref. 3 ]. An overall efficiency value of 85% can be used to
determine the power required at the bus.

System inefficiencies or power dissipated as heat should be then calculated by
subtracting the power required at the bus from the power required at the surface. All
these calculations are required for the rudders, elevators and ailerons to complete the
analysis of the system.

Using the aircraft’s duty cycle to analyse components for power and heat dissipation is
a valuable tool that helps to predict weight requirements and in some cases reduce
them.

The further strategy of EMAs design is including:

¢ the estimation of variables that must be considered in the design phase of an
electromechanical systems, ’

¢ the main constraints that must be addressed and analysed during preliminary
design,

¢ the design methods and optimisation strategy for elements of electromechanical
actuation system.

The principal issue of preliminary design in electromechanical actuation systems with
rotary or linear outputs concerns brushless motor sizing and selection. The motor
capabilities are determine the system performance, while motor design is dependent on
external system parameters and internal design constraints. The problem is complex
according to:

+ Multidisciplinary design (electrical, mechanical, controls),

¢ Numerous design parameters (linear and non-linear),

¢ Numerous design constraints (imposed and inherent)

* Optimisation of numerous parameters in many cases.

The design problem for electromechanical actuation systems may be viewed as
attempting to create a system which simultaneously satisfies requirements in the areas
of performance, installation, and function.

Performance comprises the following specific requirements:

» Speed-Torque parameters --The required minimum speed attainable by
electromechanical actuator at steady-state as a function of load torque.

* Frequency response --The effective bandwidth of the system. This is usually taken
as the cross-over frequency of the open-loop system at a specified input amplitude;
open-loop phase lag at the cross-over will typically be 120 deg or less for stability
considerations.
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e Trajectory Response -- System responses (usually position) as a function of time.
These are specific response trajectories which must be capable of being reproduced
for successful operation of the system.

* Duty Cycle -- Rate and torque as a function of time. The system must be capable of
operating at the specified rates and torques without loss of performance in the
preceding areas or failure.

Installation usually comprises of the following requirements:

* Envelope dimensions and weight for electromechanical actuator components
(including invertors, brushless motors, gear boxes , etc.).

* Envelope dimensions and weight for the controllers.

Functional requirements are highly dependent on the application, but should address
the following as a minimum:

» Electrical power source characteristics.

* Redundancy requirements.

* Operating requirements after failures

* Rotary or linear actuator configuration.

» System stiffness requirements (temperature, electromagnetic compatibility, etc.).

While the above is not by any means an exhaustive set of requirements, it is relatively
complete for the purpose of sizing brushless motors, controllers, and actuators.

Models For analysing requirements and size system components, a previous model of
an electromechanical actuation system is required. A simplified model is represented in
Figure 4.1. The required parameters for further analysis are treated in the figure and
summarised in Table 4.1. The model presented in Figure 4.1 includes mechanical
dynamics, but not electrical dynamics; a detailed model of the brushless motor is
required for this purpose ( See Chapter 3 ). A simplified motor model is shown in
Figure 4.2. The motor model includes both mechanical (rotor) and electrical (winding)
dynamics.

Equations From the design models and references in the literature [Ref. 6, 11, 21, 38,
46 ], set of design governing equations can be developed for the motor and load (see
Table 4.1,4.2  for equation nomenclature)

Motor equations can be written as
Uy = Ue + Ry Iy + Lydly [ dt (4.3)
Ug = Kedb)y | dt ( 4.4)

The motor torque T, is equal to the torque delivered to the load. Let the total
moment of inertia (including rotor, motor shaft and gear 1) and damping coefficient on
the motor shaft be J and &, respectively and those on the load shaft be J, and & .
Additionally, spring coefficient K, , and viscous friction coefficient Tz are on the load
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Electromechanical Actuation System Model Parameters

Table 4.1

Parameter Description Units

Oa Electromechanical actuator position rad

reflected to the load

6c Commanded position rad

6L Load position rad

O Brushless motor position rad

dfyy/dt Brushless motor speed rad/sec

X4 Actuator position rad

/) Actuator efficiency

& Load damping N /sec

Gp Drive ratio, motor-to-load

Iy Brushless motor current A

Is Power source current

JL Load inertia Nm

Ju Brushless motor inertia N m

Tr Load friction Nm

K Load spring rate N m/rad

T Total load torque Nm

Ty Applied load torque Nm

TM Brushless motor torque Nm

Ug Brushless motor back EMF v

Us Power source voltage \
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Table 4.2

Motor Model Parameters

Parameter Description Units

O Motor position rad
d6)/dt Motor speed rad /sec

Iy Motor current A
éu Motor damping N /sec
Iy Motor inertia kg m*
Kg Motor voltage constant V / (rad/sec)
Kr Motor torque constant Nm/A
Ly Motor inductance henry
Ry Motor resistance ohm
Tz Motor-load torque Nm
Ty Motor torque Nm
Uy Motor voltage v

81



shaft. The torque Ty, generated by the motor must drive Jy, , overcome &, and
generate a torque Ty, at gear 1 to drive the second gear. Torque T,y at gear 1
generates a torque T, at gear 2, which in turn drives J. , and overcomes & , K,

6.

Fig. 4.1 Electromechanical actuation systerm Model

Thus we have
Tu=Ta + &udbyldt + Judbyld’
Ty =Krly
Sw = —Ru/(KeKr)
Load equations can be written

ﬂ. - ﬁu!’GD

T, = Tu + Trsign (d@./dt) + K. 8, + £(d6. | d1) + T, (8, /dF)

T. = mGoTw
S. = Sul(mGo)
For a preliminary design let us assume
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Trsign (d4, | dt)= Tr(déL / dt)
The substitution of the equations ( 4.8, 4.10) into ( 4.9 ) converts the load, friction,
spring, and damping on the load shaft into the motor shaft. Transforming equations (
4.3, 4.4,4.5, 4.6, 4.9), we obtain governing equations
Uy = Kedby/dt + Ryly + Ly dly / dt (412)

Kelw = T/ o Gp + &udbuldt + Iy &6y / dr ( 4.13)
Tr K Je
TL=Tu+adﬁ(de+ agm +"'G§":d9|\.|fdl+ adzﬁufdfz (414)

The equivalent model contains two input signals Uy, and T 1 .

Fig. 4.2  Actuation closed-loop block diagram

Let us represent a transfer function of a such system (see Fig. 4.2 ). At first we
consider the set of differential equations (4.12, 4.13, 4.14) on condition that 7},
;sci};:g Laplace transformation, we obtain the set of governing equations
Uw (S) = K& S8 (S) + Ruly (S) + L Sy (S)
Krly (S)= T, (S) | 7aGp + &u Sl (S)+Iu 56u (S) (4.15)

T, (S) = Te/ Gp Sl (S) + K. IGp Ou (S)+ & | Go S6u(S) +J. /GpS® b4 (S)
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Rearranging equations ( 4.15), we have
L (S)(Ru +Lu S ) = Un (S) — Ke S (S)
I ()= (Un (S) — Kz SOu(S))/ (Ru +Lu S ) (4.16)
7a Gp Kz Uy (S)= [(Te + & +&u 74 G'p )Sbu (S)+

(UL + Ty 7 G*p)S® 64 (S)]( Ry +Ly S) + Kr Kegis G°p Sy (S)  (4.17)

Representing J; and &; as follows
Ji=Ji+Jum G
& =Tr+ & +&umGp

equation ( 4.17 ) becomes
74 G0 KrUy (S)=S[(Ru +LuS)(J; S+ &) + KeKe 7a G'p ] 64 (S) - (4.18)
Using equation ( 4.18 ), we obtain the transfer function G, ( S) (with T.(S)=0)

KmuG*p

G1 (S)= 6 (S)/Un (S) = S[(Rw + LuS)(J1S +E1) + KeKenuG0]

_ KmuG’o / L
S(S? + S(RJ 1+ Lu€1) | LuJ 1 + (K1KenuG’o + RuEr) | L))

(4.19)

For the next step we consider the set of differential equations ( 4.12, 4.13, 4.14 ) on
condition that Uy = 0.

Using Laplace transformation, we obtain the set of governing equations
0 = Kg Sy (S) + Rurlys (S) + L SIu (S)
Krly (S)=T, (S) | 74Gp + ém Sbu (S)+Iu S6e(S) (4.20)
T, (S)=Tw(S) + Tr/Gp Sbu (S) + KL /Gp Eu (S)+
& 1Gp S8u(S) +J. | GpS® b (S)

Rearranging equations ( 4.20 ), we obtain
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In (S)( Ry +Lu S ) = — Ke S6u(S)
Iy (S)= — Ke Sy (S)/ (Ru +Lu S ) (4.21)
T (S)(Ru + LuS) Go =~ [(Tr + &L +&u 74 G0 )SHu (S)+
Ui +Ju 7 G )S’ G ()] ( Ru +Lus S) + Kr Kegn G'p Sy ()} (4.22)
As before
Ji=Di+Ium G
&i=Te+ & +bummGo
equation ( 4.22 ) becomes
Ti (S)(Ry + Lu S) Gp ==S{[(Ru +Lu S)(J1 S+ &) +
KiKe gy G'n ] 6k (S)} (4.23)
Using equation ( 4.23 ), we obtain the transfer function G ( S)( with Uy (S )=0)

(Ru + LuS)Gop _
S[(Rw + LuS)(J1S +E1) + KiKenuG 0]

Gz (S)= & (ST (S) = —

) (Ru + LuS)Go | L (4.24)

" S(S? + S(RwJ 1 + LuE1) | LuJ 1 + (KtKewGo + RE1) | LT 1)

Consequently, the transfer function G; (S) for no-load motor can be obtain from the
equations ( 4.3, 4.4,4.5)

Kr Kr [ Lsdu
G3(S) =8y (S)/Uy (S)= - 4.25
o) =0 U e 1) S(LsIuS? + RuJuS + KeKr)  S(TiS+1)(x2S +1) ( )
where
71, Tz are the roots (poles) of the equation
S° + Ry /Ly + KeKr [Ludu ( 4.26)
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Motor Design Constraints

Table 4.3

Units

Parameter Description Reasons for
constraint
Je Winding current | Thermal A/m*
density
Ju Rotor inertia Acceleration N m
Ly Winding Commutation, henry
inductance current control,
current response
Lg [ Dg Rotor Manafacturing,
length/diameter installing magnets,
maximum speed
Ry Winding resistance | Thermal, ohm
current response,
stator dimensions
ZE Electrical time Current control, sec
constant current response
Ty Mechanical time | Speed response sec
constant
dXg / dt Rotor surface Stress m / sec
velocity
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Constraints In addition to the design equations, there is a set of design constraints
which must be applied to the general equations in order to ensure that the specified
performance of an electromechanical actuator will be achieved. These constraints could
be obtained from the performance requirements discussed above as speed-torque,
frequency response, trajectory response, and duty cycle ( Table 4.4, 4.5, 4.6 )

Additionally we must include the constraints on brushless motor design geometry and
electromagnetic characteristics observed so that the motor be practical to fabricate,
and will accommodate the preceding requirements (Table 4.3 ).

Options Future size design and/or selecting a suitable brushless motor (servomotor)
strategy must accommodate as many of the preceding design goals and constraints as
possible. Two basic approaches are commonly used:

* select a motor design from the catalogues and evaluate it until a successful design
is found

* design an optimal brushless motor for the application, compare with available
designees and 1) use an existing design, or 2) build the new one.

Both approaches have advantages and are workable design strategies. However, the
second strategy will determine an optimum design for an application. For these
reasons, the latter strategy is pursued.

Approach  Brushless motor acceleration is usually the critical dynamic performance
constraint [Ref.14]. Knowing that acceleration is often critical, this information should
be used for formulation a design algorithm for brushless motors. The basic principal
steps can be presented in the following way

1. Selection of Gp and 1, by using a desired no-load d6,,/dt

2. Calculation of a maximum allowable Jy

3. Selection of a rotor length-to-diameter ratio ( [z/Dg)

4. Calculation of a Dg and I

5. Selecting of the permanent magnet rotor and stator winding configurations
6. Calculation of the stator’s length /s and diameter Ds

7. Check of design constraints (if design is feasible-- proceed; if design is
infeasible--iteration of steps 3 or 5 above)

87



Design Constraint Nomenclature

Table 4.4

Parameter Description Units
A8 o /dt Maximum actuator rate, rad /sec
loaded
&8 e 1dE Maximum actuator rad / sec”
acceleration, loaded

ABho-toaa [ dt Actuator required no-load rad /sec
rate
& ik Maximum motor °C
temperature (peak)
Ceon Maximum motor i @
temperature (continious)
@ System bandwidth rad / sec
A Frequency response rad
amplitude
Smin Minimum actuator speed- (rad/sec) / N m
torque slope
t Time sec
tr Trajectory duration sec
T nax Maximum actuator torque Nm
dT jpax; dt Maximum actuator N m /sec
torque-rate
Tsant Actuator required stall Nm
torque
W e Actuator output power watt
dW / dt Actuator output power watt / sec

rate




Table 4.5

DESIGN EQUATION NOMENCLATURE

Parameter Description Units
T, T2 System time constants sec
Ky Transfer function gain (rad/sec)/ V
5 Laplace transform variable sec™
St Actuator speed-torque (rad/sec)/ N m
slope
Su Motor speed-torque slope (rad/sec)/ N m

89



GENERAL CONSTRAINTS FOR DESIGN OF AN ELECTROMECHANICAL
ACTUATOR

Constraints Description

B /dt 2 dO npioaa /dt

Speed-torque Tax 2 Taian

OZS,,,,', ESL

we smin [Mag(l/v; ), Mag(1/%:)]

dB . /dt = A we

&8, /dt = A* wc

Frequency Response Tpaxzmax [T, (1) ]

dT pex/ dt = max [dT, [dt |

AW e /dt = max [dB, /dt T, (1) |

& Wex /dC = max{d®8, [df T,(t) +d8, /dt 4T, /dt | i

B pax/dt = max [dB, /dt |

Trajectory Response &0 pax/dt = max{d0, /df |

05‘5:;-

Gmga max[eH (del. J’Jdt)) TL ] U]mk i

Duty Cycle Ocone = max[Op (d, /dt), Ty, )] coms
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These general steps should be used as a framework or startpoint for a larger, more
detailed electromagnetic and electromechanical design algorithm for brushless motors.
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Appendix 1

Brushless motor specifications

Due the great diversity in size, shape, and applications of brushless motors, there is still
no single standard nor group of standards that covers this class of machine. General
requirements for all types of synchronous machines above fractional horsepower ratings
are given in ANSI C50. 10-1977 [Ref. 14 ].

However, when purchasing a new machine or requesting the development of a machine,
the principal items must be specified:

terminal voltage rating of the machine, V

frequency of the terminal voltage, f, Hz

approximate waveform of the terminal voltage-sinusoidal, square, etc.
synchronous speed, related to frequency by RPM (synch)= 120 flp (where p =
number of poles, f = frequency in Hz)

continuous power rating (shaft power - W or horse power)

duty cycle of load

short time peak power of load

terminal voltage variations

power factor of motor

permissible temperature rise and ambient temperature

type of housing - drip-proof, hermetic, etc.

other potentially adverse environmental factors

stability considerations, paralleling, etc.

motor response time and other dynamic considerations

mass, size or shape limitations
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Standard Power MOSFETs and MegaMlOS™FETs

N-Channel Enhancement-Mode

Appendix 2

Fig. 5a TO-204 AE
Fig. 5b TO-204 AA

Fig. 4 TO-247 AD
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Thyristor Modules, Single and Double --—1i-1, {'.ﬁ:
I

| [ . -

I = 130-500 A MCO mcc
Type \"_l.m,.Tcl,_l,.\‘ﬂ fr | Tom| Poc n-ndpmm
Vo 45°C per chip | per chip| £
10 ms & | See outlines
e New v A *c A A v md | °C Kw W WL | onpage 34
MCC132-08i01 800 | 130 85| 300 | S500 |08 |15 | 125 | 023 0.1 28
MCC132-12l01 1200
MCC132-14i01 1400
MCC132-16l01 1600
MCC132-18lo1 1800 _
b MCC161-20l01 2000 | 175 85| 300 | 6000 |08 |13 | 125 | 0.155 0.07
b MCC161-22i01
MCC162-08lo1 800 | 181 85| 300 | 6000 |08 | 1.15] 125 | 0.155 0.1
MCC162-12i01 1200
MCCi162-14l01 1400
MCC182-16l01 1600
MCC162-18l01 1800
> MCC170-12l01 1200 | 203 85| 350 | 5400 |08 | 10 | 130 0.164 0.04 |31
b MCC170-14l01 1400
> MCC170-16l01 1600
b= MCC170-18l01 1800
MCC220-08i01 800 | 250 B5| 400 | 8500 |09 | 1.0 | 140 | 0.139 0.04 - | 29
MCC220-12101 1200
MCC220-14l01 1400
MCC220-16l01 1600 =
b= MCC224-20l01 2000 | 240 85| 400 | 8000 (0.8 |0.76| 130 | 0.139 0.04 |31
b MCC224-22101 2200
- MCC225-12l01 1200 | 221 85| 400 | 8000 |08 | 0.76| 130 | 0.16 0.04
= MCC225-14l01 1400
= MCC225-16l01 1600
b= MCC225-18l01 1800
MCC250-08l01 800 | 287 85| 450 | 9000 | 0.85| 0.B2| 140 | 0.129 004 |29
MCC250-12101 1200
MCC250-14l01 1400
MCC250-18l01 1600
b MCC250-18l01 1800
b= MCC255-12l01 1200 | 250 85| 450 | 9000 |08 | 068| 130 | 0.14 004 |3
b MCC255-14l01 1400 Fig. 31
> MCC255-18l01 1600 Weight=750¢g
b MCC255-18l01 1800 1
MCC310-08l01 800 | 320 85| 500 | S200 | 0.8 | 0B2| 140 | 0.712 0.04
MCC310-12l01 1200
MCC310-14l01 1400
MCC310-16l01 1600
= MCC310-18l01 1800
MCC312-12001 1200 | 320 85| S20 | 9200 |08 | 068 140 | 0.2 0.04
MCCI12-14i01 1400
b= MCC312-16l01 1600
= MCC312-18l01 1800
= MCOS500-12l01 1200 | 500 85| 785 |15000 |08 |06 | 140 | 0.06 0.02
= MCOS500-14l01 1400
p= MCO500-16i01 1600

Data accordma to OIN / IEC 747 and refer 1o 8 Smgie thynstor unisss otherwse stated.
— — =
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Thyristor Modules

- {{;J Q
i v

o

%

=i

}1 I L ¢
'EL)OJ—*

= 18- MCC...i018 MCC...io8E

oy = 18-116 A

Type Vo [ bav @ To| boms | b | Yo | Tr [Tvam| R Ryex .| Package style I
Voem 45°C per chip | per chip s

10ms o See outlines

= New v A *c A A V | mQ|°C| KW KW i | onpage35

MCC19-08i01B 800 | 18 85| 40 | 400 0.85] 18 [125| 1.3 02 |24

MCC15-12i01B 1200

MCC18-14i01B 1400

MCC18-16i01B 1600

MCC19-08i088 800 | 18 85| 40 | 400| 0.85] 18 |125| 1.3 02 |27

MCC19-12i088 1200

MCC19-14i088 1400

MCC15-16i08B 1600

MCC26-08i01B 800 | 27 85| 50 | s20|085| 11 |125| 088 02 |24

MCC26-12I01B 1200

MCC26-14i01B 1400

MCC26-16l01B 1600

MCC26-08i08B 800 | 27 85| 50 | 520 0.85[ 11 |[125| 088 02 |27

MCC256-12I088 1200

MCC26-14i088 1400

MCC25-161088 1600

MCC44-08i018 800 | 48 85| 80 | 1150| 0.85| 53 |125| 053 02 |24

MCC44-12l01B 1200

MCC44-14i01B 1400

MCC44-16i01B 1600

MCC44-18I01B 1800

MCCA34-08i08B 800 | 48 85| 80 |1150)|0.85|53 [125| 053 02 |27

MCC44-12I08B 1200

MCC44-14l088 1400

MCC234-16l088 1600

MCC44-18i088 1800

MCC56-08l018 800 | 60 85| 100 | 1500 | 0.85] 3.7 [125 | 0.45 02 |24

MCC55-121018 1200

MCC56-14i01B 1400

MCCS56-16i01B 1600

MCCS6-18l018 1800

MCC56-08i08B 800 | 60 85| 100 | 1500 | 0.85| 3.7 |125| 0.45 02 |27

MCCS56-121088 1200

MCCS56-14i088 1400

MCCSE-16i088 1600

MCC55-181088 1800

MCC72-08l01B 800 | 85 85| 180 | 1700 | 0.85| 32 |125| 03 02 |24

MCC72-12101B 1200

MCC72-14l01B 1400

MCC72-16l01B 1600

MCC72-18l01B 1800

MCC72-08l08B 800 | 85 85| 180 | 1700 | 0.85| 3.2 |125 | 03 02 |27

MCC72-12l088 1200

MCCT2-14l08B 1400

MCC72-16i088 1600

MCCT2-18l08B 1800

b MCCB4-20i018 2000 | 104 85] 180 | 1700 0.85| 32 [125| Q=22 02 |24

b MCC84-221018 2200

MCC35-08i018 800 | 116 85| 180 | 2250 | 0.8 | 24 |125| 022 02

MCC95-12l018 1200

MCC25-14l018 1400

MCC35-16i018 1600

MCCS5-18l01B 1800

MCC35-08i08B 800 | 116 B5| 180 | 2250 | 0.B | 24 |125| 022 02 |27

MCCS5-121088 1200

MCCS5-14i08B 1400

MCC35-16l088 1600

MCC35-18l088 1800
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IGBT Modules

High Short Circuit SOA Capability

Type @ Vies le I Veewsy | Eon® | Eow | Binsc P, Packagestyle
T.= typ. typ. typ. max. max.
T,,=150°C T.=25°C ao0°c 100“(4 125°C | 125°C Seeoullines
> New v A A A v md mJ Kw w on page 35

1> VII50-12G3 1200 50 - 49 26 10 18 0.35 360 Fig. 33 Weight = 130 g
> VII75-12G3 75 » 56 29 12 22 0.31 400
> VIl 100-12G3 100 - 75 29 20 29 0.23 540
» VII50-1253 1200 50 - 45 34 8 8 [ 031 400
e > VII75-12S83 75 " 64 34 12 12 0.22 570
Rl > VII100-1253 100 : 68 a7 20 14 0.21 600
> VID50-1253 1200 50 - 45 [ 34 8 8 | 031 | 400
74> VID75-12S3 75 - 64 34 12 12. 022 570
j » VID100-1253 100 - 68 3.7 20 14 0.21 600
> VDI50-1253 1200 50 - 45 34 8 g 0.31 400
> VDI75-1253 75 - 64 34 12 12 0.22 570
> VDI100-1283 100 . 68 a7 20 .14 0.21 600

» VII100-12G4 1200 100 84 - 26 16 29 0.20 625 Fig. 34 Weight=250¢g
> Vil 125-12G4 125 110 - 29 16 37 0.15 830
= L VIl 150-12G4 150 129 28 20 46 0.13 960
=Ml > VIl200-12G4 200 153 - 29 29 68 0.1 1130
> VIi100-1254 1200 100 80 - 34 14 14 | 020 625
> Vil125-1254 125 19 - 37 16 18 | 015 |- 850
> VII150-1254 150 138 - 3.7 20 ‘23 |- 013 850
> VII200-1254 200 168 - a7 29 29 011 | 1130
% > ViD125-1254 1200 125 119 - a7 16 18 | 0.5 850
=1> ViD150-1254 150 138 - 7 20 ‘23 |F 013 850
> VID200-1254 200 168 - a7 29 29 0.11 1130
> VDI125-1254 1200 125 119 - a7 16 18 0.15 850
> VDI150-1254 150 138 - a7 20 23 0.13 850
> VDI200-1254 200 168 - a7 29 29 0.11 1130

i E,, including turn-on energy caused by commulation of free-wheeling diode




summary of no-load output torque-speed charecteristics

Appendix 3
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sunmary oftorque-mass charadetistics
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Appendix 4 Frequency Transfer Function of Electromechanical
Servosystem

The equivalent model (see Fig. 4.2 ) contains two input signals
Uy ~Uowy sinant and Ty ~Toy sin (a1t + gp) ,
and one output signal
dby/dt =8y =Asin(at+ @) =Aysin(at + gy ) + Ay sin(at + g ),

conformed to the sine wave of frequency functions with different amplitudes, and
phases, where

Ay =Uoy |Ku |, A= Tou |Ku |, ou=arg(Ku),

vu=arg(Ky)+ go, Ky =l {Ou | Uy} = j@boy U oy

Let us represent a frequency transfer function of a such system (see Fig. 4.2). At
first we consider the set of differential equations ( 4 .10, 4 .11, 4.12) on
condition that T;; = 0.

In view of the fact that
Uy =Uoye’® ; Iy =Ilone’®' ; T =Tore’®"; by = boye’® ; Ky = %“1
we obtain
Uou =K jwboy + Ryloy + Ly jwloy
Krloy = ToL! 7aGp + & j@boy + Iy (&) boy ( A4.1)

Tor = j@bomTr| Gp + borKy IGp + jwbor & | Gp — & oy I, | Gp

Uom = Kg jwboy + Iom (Ru + jaLy)
Iou = ToL[Kr 9aGp +bou (&u jw + Iy (&) Ky (A42)
ToL =§OM (jﬂTpi‘ KL +Ja)ﬁ_ — 0)2.)'])[ GD

Allow the symbols
103



a=jwKg, f =Ry +Ly,
y=1/(KrmGp), d=(jwbu —a I.)lKr,
£=(olr +K, +joéL —a 1)/ Gp
the set of equations ( A4.2 ) become
Uom = @ou + flom
Iow = yToL + Fbom

ToL = &bom

Uom = @bou + Blom

Iou =bou (y+9)

Uou =bom (@+B(y&+9))

- Jo
a+p(ye +0)

(A4.3)

(A4.4)

Reasoning by the same way for the condition Uy = 0, we obtain the frequency

transfer function ( A4.5)

R, A
= a +B(ye +9)

(A4S5)
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An overview is presented of the emergence of the ALL Electric flight
control system (FCS) or power-by-wire (PBW) concept. The concept
of fly-by-power refers to the actuator using electrical rather than
hydraulic power. The development of the primary flight control
- Electromechanical Actuators (EMAs) is one of the essential steps in
the implementation of the ALL Electric Aircraft. There is a great deal
of interest in the application of brushless motors (BM) with rare-
earth magnet rotors using external commutation as EMAs flight
control systems. The increased complexity of the converter is
caused by the fact that thyristor inverters with forced commutation
involve additional components and a more complicated mechanical
design but a simple control structure, the BM machine must be fed
with alternating currents of variable amplitude, frequency and
phase. It is for these reasons that no standard solution for the
control of brushless motors has emerged as in the case of the DC
motor. The purpose of this book is to present a theoretical
investigation of EMAs based on the BM description:
electromechanical architecture, magnet materials, operating
principles, electromagnetic processes, etc. In order to design
current, position, torque, and speed controllers for BM, the general
theory of electromechanical and electromagnetic processes in
electrical machines in electrical and power converters is used. This
book describes a basic approach to the creation of mathematical
models for BM with rectangular and sinusoidal current waves. It
presents the hardware for position, torque, and current control
systems for EMAs. This work also treats the analysis and synthesis
of different aircraft power systems with EMAs. Finally, the basic
approach for the preliminary design of EMAs is presented.
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