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Introduction 

Current aircraft use three ma in 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 fIight contra I surfaces, landing-gear extension and retraction, 
brakes, nosewheel steering, etc., while eiectrical 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 
contra!. 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 !tydraulic loads 
cannot he 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 cycIe of the secondary power system could he 
optimized over the entire fIight duty cycIe. This would result in a smaller overall 
capacity power system and significant weight reduction. 

Because avionics, Iighting 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 electramechanical ones and 
enviranmental contra I and icing pratection must be powered electrically instead of 
pneumaticall y. 

In its basic form, a primary fIight contra I system (FCS) consists of movable contral 
surfaces connected by cab les and rads to cockpit contra Is 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 contralling the aircraft. In some aircraft the 
mechanical sections of these systems also incIude powered actuators. Since hydraulic 
actuators were feit 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 J. 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 fIight contral systems is 
now available. The past few years have seen the emergence of f1y-by-wire (FBW) and 



power-by-wire (PBW). The conception of fly-by-wire refers to the input signal path 
being electriCc'l1 rather than mechanica I and fly-by-power refers to the actuator using 
electriCc'l1 rather than hydraulic power. The incentives for this are definitely c1ear: 

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

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

• Weight of the aircraft is reduced. 

• Development and Iife 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 con trol 
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 -to be identified 
that would satisfy all of the requirements of the aircraft. Next an electricaJly powered 
flight con trol 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 th en 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 fumished 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 mechanica I cables and pulleys (in case of mechanica I 
control input signais) will be completely eliminated fiom 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 eIectric 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 tbis 
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. 
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The configuration of the Electromechanical Actuator (Figure 1.1) 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 materiais, operating 
principles, electromagnetic processes, etc. In order to design current, position, torque, 
and speed controllers for brushless motors, the genera I 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. 
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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 modem 
aircraft from passenger convenience and comfort to flight safety and mission completion 
[Ref. 7]. 
The evolution of aircraft eIectrical 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 

altemating current, (Fig.1.2) 
3. DC-Link Variabie Speed Constant Frequency (VSCF), 115/200 Volt, 400 Hz 

alternating current, (Fig. 1.3) 
4. High voltage cycloconverter VSCF alternating current (HV AC), 231/400 V 
5. High frequency alternating current, 20 kHz (HFAC) 
seeking to optimise generating and secondary systems reliability and weight. 

Although eIectrical 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), HV AC, VSCF, HF AC 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 (Tabie 1.2, 1.3) with HVDC and HV AC show that they wiJl 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 eIectronics 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. 
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The main types of aircraft power systems Table 1.1 

power system type ofaircraft power system parameters 
reacbed parameters expected parameters 

• * 
1. AC power system Civil and transport subsonic and M =0,6+0,8 kgikVA M =0,4+0,6 kglkVA 

(with lOG) f=const supersonic (M $ 3) aircraft, U=115/200 V U=200+400V 
military supersonic (M $ 6) aircraft of f=400 Hz f=400+1000 Hz 

special destination Sgen $ 120 kVA Sgen=200-300 kVA 

• * 
2. AC power system Subsonic and supersonic civil and M =0,7+1,2 kgikVA M =0,5+0,7 kglkVA 

with VSCF (converter or DC-Iink transport (M $ 3) aircraft, U=115/200 V U=200-400V 

types) f=const military supersonic (M $ 6) aircraft of f=400 Hz f=400-1000 Hz 

special destination Sgen $ 100 kVA Sgens 500 kVA 

• * 
3. AC power system Aircraft with turbofan engines M =0,5+0,7 kgikVA M =0,5+0,7 kglkVA 

f-various n....ln",",=l,2+1,3 U=115/200 V U=200+400V 
f=350tóOO Hz f .. 350tóOO Hz 

• * 
4. Combined (hybrid) AC and DC Civil and transport subsonic aircraft, M=O,6+1 kgikVA M =0,4+0,6 kglkV A 

power system military supersonic (M $ 10) aircraft of U=1151200 V U=200+400V 
special destination f=350+600 Hz U=28 V f=400+1000 Hz U=270 V 

L S =300+400 kVA :L S =500+600 kVA 

* 
5. High voltage DC power system civil and military aircraft (realisation of M =0,45+0,65 kglkVA 

(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+600V 
f=20kHz Sgen=500 kVA 

-on tbe base of an inductor --
generator with a rowing active zone U=200+600V 

f-20 kHz Sgen=500 kVA 



Table 1.2 

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

9000.00 ,-----1 .270 V DC, Sgen=215 kVA 

8000.00 m 270 V DC, Sgen=3oo kVA 

7000.00 • AC 231/400 V, f=const 

6000.00 El AC 231/400 V, f=const (wlth H--------+ 
5000.00 . double-board machine) 

4000.00 • AC 231/400 V, f-various 

3000.00 11 

2000.00 ~======+===========:!.1. 
1000.00 

0.00 
Total weight of 

power system, kg 
Weight of 

electromechanical 
actuators, kg 

Setting welght, kg Improvement of the 
flylng up welght, 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 (IOGs) 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 electron ic 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 electron ic 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-Iink various speed constant frequency (VSCF) power system 

Another approach to VSCF systems is the DC-Iink concept shown in Figure 1.3. With 
the availability of high voltage, high power transistors, DC-Iink Variabie 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 electron ic 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-Iink 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-Iink converter requires a 
minimum of six active switching devices and six commutating diodes. A higher 
temperature cooling oil can also be used in DC-Iink systems (120°C), since transistors 
are used instead of SCR. 
Either cycloconverter or DC-Iink approach has specific advantages over the constant 
speed drive now in genera I use. By replacing the mechanical/ hydraulic CSD with a 
solid-state power converter, the reliability of the generating system is improved. Also, 
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Table 1.3 

Welght of power systems nnd thelr equlpment for All Electrlc Alrcraft TU-204 (wlth turbofan englnes) 

Power Switcbing Power Auxiliary Protection Total Electro- General Improvement 
system equipment, distribution power unit, automatic weigbtof mecbanical setting and changing 

Power system witb kg network, kg kg equipment, power actuators, weigbt, of tbe Oying up weigbt, 
cooling, kg system, kg kg kg kg 

kg 

270 Vdc, 
Sgen=215 kVA 233 103,8 190 37,1 117,2 2146,5 1237,8 3489,1 6313,7 

Sgen=3oo kVA 325 135,8 249 97,1 123,2 2704 1381,5 4343,5 4166 

AC 231/400 V 
f=const (with AC-

AC converter) 175,5 70,5 213,5 15 72 1526,1 1714,4 33386 7552,8 

AC 231/400 V 
f=const (with 
double-board 118,8 70,5 213,5 15 72 1256,1 1714,4 3077,9 8101,4 

macbine) 

AC 231/400 V 109,5 80,5 213,5 15 72 . 1242,1 1714,4 3054,4 8150,4 
f=various 



o 
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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 lasses 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 sÏze 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 of20 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]. 
A1though there are many topological variations of the resonant converter, let us highlight 
their common features. 
First, the switches in aresonant 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 smalI, we can use 
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aresonant LC circuit tuned to approximately the switching frequency, rather than a 
simple low-pass filter, to remove harmonies from the fundamental. Hence is the name 
resonant converter. 
Second, bec.1use 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 ab Ie 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 J. 
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 weil 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 d iscuss ion, 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 ma in 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. A1so, it improves the operating 
efficiency, bec.1use 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 c.1n be opened as the 
current passes through zero. Zero-cross switching yields an advantage that cannat 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 J. Not only will silicon-controlled 

Fig. 1.5 
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t 

rectifier (SeR) 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 convers ion techniques. 
Lower frequency waveforrns 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 
perforrn 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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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 cycIe 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 variabie 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 11) 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 ma in 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 synthesi:ze 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-cycIe increments by 
the AC-AC converter. The pulses would genera te a sinusoidal energy pattem by using 
the proper switching se,quence. To maintain a constant voltage-to-frequency ratio into 
the motor, the pulse pattem can be varied by inserting blank spaces into the pattem. It 
can be done by leaving all AC-AC switches off for one half-cycIe. For variabIe 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 pattems. 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". 
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Chapter 2 

BRUSHLESS MOTORS 

The servomotor is an important component of the electromechanical actuator. 
Servomotor and motion-control techno logies are based on mechatronics engineering 
(which is the combination or fusion of electronics andmechanical 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 cIassified ( Figure 2.1 ) as alternating current (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 con trol 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), incIuding 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 incIuded 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 aIso 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 ~r Dimension 
• Small size TM I V [Nmldm3

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

• Light weight TM /M [Nm/kgJ • due to a high torque/ weight ratio, provides 
easier installation and may improve machine 
performance and load capacity 

• High dynamics TM IJ [s-Z J • due to the high torque/inertia ratio, higher 
acceleration provides faster response and 
reduced cyc1e time 

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

High load caQaci!ï • 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 temQerature monitoring · of the stator windings and use of a controller 
heatsink provide full protection of motor and 
controller against thermal overload (ntc-
thermistor) 

Low torgue riQQle • improves operating smoothness especially at a 
lowspeed 

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 eXQansion 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 electron ic drive or sensing system. This option is mostly supplied to 
manufactures of electronic contral 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 perfonnance of 
electramechanical actuator. In other words, the contral system has to be designed as a 
single unit of which the objective is the contra I of a high-perfonnance motor for the 
aircraft electra mechanica I actuation system application. In evaluating a servomotor 
driving system, the contral performance and speed ratio are stressed, along with the 
speed of the motor, the applicable torque range, and acceleration perfonnance. The 
deciding factors in contra I perfonnance and the speed ratio are the power rate and the 
accuracy of detectors bath in the motor's main frame and in the power inverter. 
Detectors need to be able to detect rotational position for position contra I and to detect 
speed for response rate and/or speed contro!. The speed signal is calculated from the 
position (encoder) signal in most applications of digital contro!. 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 J. The BJTs consists of a pnp or npn single-crystal 
silicon structure. It operates by the injection and col\ection 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 
MOSFETs depends on the voltage control of a depletion width and is a majority carrier 
device. It is therefore a unipolar transistor. Unlike the BJTs, 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 numeraus 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 pennit 
high current density. In spite of these advantages, with GTOs one must have longer gate 
trigger circuits and snubbers to perform protection co-ordinatioD. GTOs therefore 
applied in the region of 300-400 kVA or above, where transistors cannot he 
employed [Ref. 14, 46 ]. The main characteristics of modem 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 conftguration 

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, J. 
Figure 2.6a is a cross-sectional view ofthree-phase brushless motor, with A+.A', B+, B', 
e, C- indicating the beginning or the end of the coil of each phase. When a motor is 
energised by th ree-ph ase alternating current, during time interval t) - h (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-c1ockwise 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 electron ic 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 1200 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-- nl3 T) T2 T3 

nI3--2nl3 T2 T3 T4 

2n/3--n T3 T4 Ts 

n--4nI3 T4 Ts T6 

4nI3--5nI3 Ts T6 T) 

5nI3--2n T6 T) T2 

2n--7n/3 T) T2 T3 
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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 

URN = 2/n Us [sin wt +l/5sin5wt +l/7sin7wt + l/llsinllwt + .... ] 

UON = 2ht Us [sin (WH 21t/3) +1/5sin5(wt +2n/3)+ 

l/7sin7(WH 2n/3) +l/llsinll(wH 2n/3)+ .... ] (2.1 ) 

UYN = 2/n Us [sin (wt- 2n/3) +1/5sin5(wt -2n/3)+ 

1/7sin7(wt- 2n/3) +1/llsinll(wt-21t13) + .... ] 

The line-to-line voltage (a =n/3) is defined 

URY = 2v3/n Us [sin wt -l/5sin5wt -l/7sin7wt -l/llsinllwt -.... ] 

UYB = 2Y3/n Us [sin (WH 2n/3) -1/5sin5(wt +2n/3)-

1/7sin7(WH 2n/3) -l/llsinll(wH 2n/3) -.... ] . (2.2 ) 

UOR = N3/n Us [sin (wt- 2n/3) -1/5sin5(wt -21t/3)-

1/7sin7(wt- 2n/3) -l/llsinl1(wt- 2n/3) -.... ] 

Figure 2.7b shows that URY is shifted n/6 with respect to URN, hence to obtain the three 
(jne voltages while maintaining a URN reference, wt should be substituted with wH n/6, 
wt- n/2, and wt- 5n/6, respectively. 
Since the interface voltages consist of two square waves displaced by 2n/3, no triplen 
harmonies (3,6,9 .... ) exist. The output comprise harmonies given by the series n = 6r ±l 
where r c: 0 and is an integer. The n-th harmonie has a magnitude of l/n relative to the 
fundamental. 
By examination of the interphase output volk1ges in Figure 2.7 it can be established that 
the mean half-cycIe voltage is 2Us /3 and an rms value ofv(2/3) Us, namely 0.8166 Us. 
From equation ( 2.2) the rms value of the fundamental is v6 Us /n, namely 0.78 Us> that 
is 3/n the total rms voltage value. 

120° conduction mod~ 

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 simulk1neous conduct ion of the two series devices across the De supply rail. This 
safety margin is obtained at the expense of a lower semiconductor device utilisation than 
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with 1800 device conduction. The device conduction pattern can be summarised as 
follows. 

Interval (electrical deg) Conducting switches 

0-- Jt/3 TI Tz 

Jt/3--21fJ3 Tz T3 

2Jt/3--Jt T3 T4 

Jt--4Jt/3 T4 Ts 

4Jt/3--5Jt/3 Ts T6 

5Jt/3--2Jt T6 Tl 

2Jt--7Jt/3 Tl Tz 

Figure 2.7b for 1800 conduction and 2.8b for 1200 conduction show that the line to 
neutral voltage of one conduction pattern is proportional to the line to fine voltage of the 
other. 

URN (120") =1/2 URY (1800 )=V3/Jt Us [sin wt-l/5sin5wt-

l/7sin7wt -1/11sinllwt - ... ] ( 2.3 ) 

URY (120") =3/2 URN (1800 )= 3/Jt Us [sin wt +l/5sin5wt + 

l/7sin7wt +l/llsinllwt + ... ] ( 2.4 ) 

Also URY =V3URN and the phase relationship between these fine and phase voltages, of 
Jt/6, has not been retained. That is, with respect to Figure 2.8b, substitute wt with 

w!+Jt/6 in equation ( 2.3 ) and w!+Jt/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 23 = 8 distinct switch states 
(Figure 2.9) [Ref. 4, 46 ] 

Ssw E [000,100,110,010,011,001,101,111] (2.5 ) 
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.".",. ... ----- ............. 110 

011 100 

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 

SswlactiveE [100,110,010,011,001,101] (2.6 ) 

Ssw I ze", E [ 000, 111 ] (2.7 ) 

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 af ter 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 difficuit 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 porti ons 
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) 
fJ;>~lse=5-20 kHz (field effect transistors (FET)) .. , 

11 
11 

I 11 
I I I I 
I 11 I 
I 11 I 

n ~ ~ 0 r1hhh 
Fig. 2.10 Principle ofsine 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. 
Furtherrnore, 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 applieation in 
continuous duty variabIe speed electromechanical actuators ealls for static inverters of 
adequate power, generating three-phase voltages of variabIe 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 earl ier, inverters 
of this type are available today employing thyristors incIuding gate tum-off thyristors 
(GTO) or switched power transistors (IGBT). The basic lay-out of a variabIe speed AC 
drive (brushless) motors is shown in Fig. 2.6b; it consists of an brushless motor, static 
converter, which generates a variabIe voltage, variabIe frequency AC system and the 
associated control equipment. The increased complexity ofthe converter is caused by the 
fact that thyristor inverters with forced commutation involve additional components and 
a more complieated 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 mechanica I construction represents a very complex 
non-linear multivariabIe con trol plant. In contrast to the DC motor which has a more 
complicated mechanica I design but a simple control structure, the brushless motor must 
be fed with altemating currents of variabie 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 applieations 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 con trol is shown in 
Figure 2.11 [ Ref. 23 ]. With the choice of suitable transistors having a switching time 
in the order of 1 !!Sec the mean switching frequency may he 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 UD 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 2 A which creates a lower limit 
for the time interval hetween two subsequent switching operations; at the same time the 
tolerance band is helpfuI in avoiding interference between the three current controlloops 
since, because of the isolated neutra I of the stator winding, one of the three controllers is 
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Fig. 2.11 Switched transistor inverter for brushless motor with on-off current 
control 
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Rt'ctifier 

L' 

Line- side convertt'r AT T 
ûl1Ref r:=:l ATl T' 

~ 
Pulst' widlh 
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Machil'll' - sidt' convt'rlt'r -...---

0' 

Fig. 2.12 Thyristor converter with constant intermediate direct voltage 
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redundant but is retained for reasons of symmetry. The line-to-line voltages have three­
level waveform, assuming the values -UD , 0 , +UD . In order to produce a preferred 
switching frequency, a triangular cIock 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 t = v To 
defined by a fixed dock frequency fo = 1 / To • If synchronised on-off controllers are 
employed, the hysteresis band II can be omitted because it will be a minimum interval To 
between subsequent switching operations. When a very low ripple content of the 
currents is specified, the use of a pulse-width modulator in conibination with alinear 
current controller is preferabie to on-off current control. The audible noise is of course 
more pronounced with PWM control but the current waveform is much more acceptabie. 
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 

This results in a rising con trol 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 
relativeIy 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 JLSec) , thus 
allowing higher switching frequencies ( > 25 kHz ) far beyond the audible range. The 
control circuit may be greatly simplified for example by using optica I devices as iso lating 
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 cIosely 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 norm al thyristors cannot be blocked by gate signa Is, additional components 
comprising auxiliary thyristors are required for the forced commutation of the machine­
side :nverter. 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 '. Brietly, 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 he 
blocked almost instantaneously so that the load current tlows 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 aIso 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 tlowing through D' . If the 
current pulse through the resonant circuit is of sufticient magnitude as compared to the 
load current, the commutation is almost independent of the load so that the voltage UIN 

can be approximated by a square wave ±UD / 2 with 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 lJSec ) are usually specified for pulse-width 
modulated inverters, which limits the power rating. A1so, 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 he 
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 signais. Because of the large superimposed 
harmonies, caused by the chosen switching strategy, closed loop control of fundamental 
voltages having variabie frequency is not practical. Therefore open loop voltage con trol 
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 LD which, in combination with a 
current control loop, serves to maintain a constant direct current ID as prescribed by the 
current reference. Thus the machine side converter is supplied from what amounts to a 
current souree [Ref.9, 27,43 J. 
The simplifications made possible with this circuit are twofold: 
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Fig. 2.13 Tbyristor converter circuit with DC link 
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The unidirectional link current lD aIIows the use of a two-quadrant line converter 
where the mean of the link voltage, UD , may be inverted by delayed firing for reverse 
power flow. 

• The link reactor permits the supply voltage UD 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 De 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 -
ID , 0, +ID •• The commuk'lting 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 Tl and Tz carry the direct 
current ID and the capacitor CH is positively charged as a result of the preceding 
commutation. If thyristor Tl is now fired, Tl is extinguished in a rapid Jransient and Tl 
assumes the direct current; th is is the sk'lrting condition of the commutating transient 
proper. While the current!sJ is now reduced towards zero, I S2 is rising towards I D ; 

during this interval phase 1 of the motor is fed through C l3 as weIl as through the series­
connected capacitors ClS, CSI • Eventually diode Dl is blocked and the commutation is 
completed with Tz and T3 conducting. Clearly the motor transient impedance between 
terminal 1 and 2 is part of the commuk'ltion circuit, as mentioned before. The diodes are 
required for decoupling in order to prevent the capacitors from losing their charge 
necessary for commuk'ltion The commutating interval can be reduced by choosing a 
motor with low leakage reaCk'lnce. 

2.5 Trigger control circuit 

Transistor PWM inverters (as mentioned before) are volk'lge contraIled 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 contral simplifies the main circuit, improves input power factor, efficiency 
and responsibility, and makes current control easier. 

Transistor PWM inverters perform sinusoidal current drive con trol 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 

Digital 

ATUllogue 

Hybrid 

FEATURE 

• NO is necessary between the circuit and the analogue sensor 
• Manipulates current wavefonns easily: wavefonn manipulation, 

phase compensation, phase compensation, etc. 
• General-purpose IIF has not been established yet (parallel, 

serial, etc.) 
• Performs sequence processing easily and it can made 

multifunctional (fauit, overload curve, diagnostic) 
• Speed of comput.1tion 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 

• Response speed is high 
Operation time of devices is of order of microseconds 

• Temperature drift is large, of order of millivolts 
• DifficuIt to he regulated 
• IIF with the analogue sensor is easy 
• Cannot easily manipulate current wavefonns 

• The input I/F is general-purpose 
• Performs current contral easily (current amplification, pulse 

width modulation, etc.) 

• Gives both analogue and digital advantages 
Analogue: input speed command calculations, current contral, 

PWM circuit, base-drive circuit 
Digital: speed signal processing, current wave generator, 
pratections, sequence control, input-output sequence control 
• Input: general analogue interface 
• Computational time: less than 1 ms, fast speed and current 

controls 
• Multifunction: sequence contral and protections 



lt performs phase compensation even if the delayed current flow is generated. 

In spite of these advantages, the sensor and the controller necessary for that con trol are 
expensive. 
Ignition control circuits are cIassified into th ree 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 c.'ln 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 c.'llled a brushless resolver. Resolver consists of 
rotor and stator as weil, 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 c.'ln be split into stator and rotor as weil 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 
tuming. 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 (Ucos , Usin ) with mechanica I rotating frequency f are modulated within 
(Fig.2.15 ). 
Transformation of the resolver signal The signalof the resolver has to be transformed 
into an analogue signal that c.'ln be converted into a digital position signa!. Therefore it is 
converted in a sinusoidal and a cosinusoidal signais. 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 cos ) 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 (j=3-11 kHz, Uinpu, = 4 \1). At first, the input signal is converted into the 
digital output reference signal Ure! + 1 and -1 (Fig. 2.17), and multiplied with the 
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Fig. 2.16 Output signalof the resolver with sample and hold 
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two output signa Is. An example for the rectified output signal U eos is shown in Fig. 
2.17. In this case the noise signa Is 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 signa Is, 
therefore the output signal is getting lower. In digital controllers this resolver signal will 
be converted into a digital signa!. If the range of the NO 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 ofbrushless 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)nuu; is 
obviously the maximum product of flux density BT> , coercive force He , 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 smal! mechanic.11 time constant and excellent fast speed response for 
electromechanical drive system. applic.1tions should be equipped with permanent 
magnets of high performance. 
The magnetic characteristics of permanent magnets are uslU111y shown accurately by a 
demagnetisation curve. However, they can be roughly determined by residual magnetic 
flux density B, , holding power He , and maximum energy product (BH)max . 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=O, is cal!ed the residual 
magnetic flux density. The magnetic field intensity when the magnetic flux density B=O, 
af ter 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 He . 
The product of the magnetic flux density on the demagnetisation curve and the 
magnetising field intensity is called the energy product (BH)",,,,, , which is expressed in 
units of joule cubic metre(J m3

) or Gauss (G) [Ref. 28 ]. 
Let us consider and compare the ma in properties of the basic magnetic materials for 
brushless motors. 

Alnico magnets 

Alnico magnet is ferroal!oy consisting of aluminium, nickel, and cobalt as its ma in 
components, plus copper, titanium, and other elements. Called "Alnico" from the 
symbols of its main components, the magnet is widely used for genera I purposes. Alnico 
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Table 2.3 

Types of Alnico magnets and their magnetic characteristics 

Notes 

Recoil 
Residual magnetic Maximum energy permeability: 

HUK density, B, Coercive force, Ht product, (BH)mn 'I,ee Density, D 

Type (T) (kG) (kAlm) (Oe) (klim]) (MG ·Oe) (G ·Oe) (g/cm]l 

MCA 140 0.55 - 0.70 5.5 - 7.0 41.4 - 49.4 520 - 620 9.5 - 11.9 1.2 - 1.5 3-5 7.0 
MCA 160 0.60 - 0.73 6.0 - 7.3 49.4 - 57.3 620 - 720 11.9 - 13.5 1.5 - 1.7 3.5 - 5 7.3 
MCA230 0.56 - 0.66 5.6 - 6.6 79.6 - 87.6 1000 - 1100 15.9 - 19.9 2.0 - 2.5 3-4 7.3 
MCO 360 0.95 - 1.05 9.5 - 10.5 55.7 - 60.5 700 - 760 25.5 - 31.8 3.2 - 4.0 4-5 7.3 
MCB420 1.15 - 1.25 11.5 - 12.5 49.4 - 54.1 620 - 680 28.6 - 38.2 3.6 - 4.8 4-5 7.3 
MCB500 1.23 - 1.33 12.3 - 13.3 46.2 - 52.5 580 - 660 35.8 - 43.8 4.5 - 5.5 2.5 - 3.5 7.3 
MCB580 1.25 - 1.35 12.5 - 13.5 50.2 - 58.1 630 - 730 42.2 - 50.1 5.3 - 6.3 2.5 - 3.5 7.3 
MC0750 1.30 - 1.40 13.0 - 14.0 54.1 - 59.7 680 - 750 53.3 - 65.3 6.7 - 8.2 1.5 - 2.5 7.3 
MC0400U 0.80 - 0.90 8.0 - 9.0 95.5 - 111.5 1200 - 1400 27.9 - 35.8 3.5 - 4.5 2-3 7.3 
MC05()()U 0.85 - 0.95 8.5 - 9.5 107.5 - 119.4 1350 - 1500 35.8- - 43.8 4.5 - 5.5 2-3 7.3 

• Recoil permeabilily is Ihe ralio or Ihe varialion or Ihe magnelic Oux densily 10 Ihe magnelizhig rorce when Ihe magnelizing rorce is sublracled rrom Ihe 
value or Ihe maximum energy producl or Ihe neighbouring value on Ihe demagnelizalion curve. 



Types and magnelic characlerislics of ferrile magnels Table 2.4 

Noles 

Recoil 
Residual magnelic Maximum energy permeabilily, 
tlux densil y, IJ, Coercive force, 11, producl, (1JII)m .. 1

'
, .. Densily, D 

.. __ ._ ... .. - - -. ' " _ .. _-"._- - . . __ .. _- -- - _ .--,-_. -------
Type (T) (kG) (kA/m) (Oe) (kJ/m l

) (MG 'Oe) (G ' Oe) (g/cm l ) 

MPA 100 0.20 - 0.23 2.0 - 2.3 127.4 - 151.3 1600 - 1900 6.4 - 8.7 0.8 - 1.1 1.2 4.8 
MPB280 0.33 - 0.36 3.3 - 3.6 159.2 - 207.0 2000 - 2600 19.9 - 23.9 2.5 - 3.0 1.1 4.8 
MPB 320 0.36 - 0.40 3.6 - 4.0 13,5.4 - 159.2 1700 - 2000 22.3 - 27.9 2.8 - 3.5 1.1 4.9 
MPD330 0.36 - OAO 3.6 - 4.0 183.1 - 207.0 2300 - 2600 23.9 - 28.6 3.0 - 3.6 1.1 4.9 
MPD380 0.40 - 0.43 4.0 - 4.3 143.3 - 175.2 1800 - 2200 27.9-31.8 3.5 - 4.0 1.1 5.0 
MPD 27011 0.32 - 0.36 3.2 - 3.6 207.0 - 238.9 2600 - 3000 18.3 - 23.9 2.3 - 3.0 1.1 4.8 
MPB330H 0.36 - OAO 3.6 - 4.0 238.9 - 270.7 3000 - 3400 23.9 - 28.6 3.0 - 3.6 1.1 4.9 



Table 2.5 
VI . Types of rare·earlh cobalt magoeIs aod Iheir magoelic characlerislics 0 

Characlerislics 

Noles 

Recoil 
Residual mRgoelic Maximum eoergy pcrmeabilily, 

flux densily, 8, Coercive force, IIt producl, (8H)mll 'I ... Deosity, D 
Name of 

Series producl" (T) (kO) (kA/m) (kOe) (kJ/m') (MG ' Oe) (O'Oe) (slcm') 

REC· 18 0.83 - 0.87 8.3-8.7 598 - 677 7.5 .... 8.5 136 - 151 17 -19 1.05 - 1.10 8.2 
REC-20 0.88 - 0.92 8.8 - 9.2 677-717 8.5 .... 9.0 151 -167 19 - 21 1.05 - 1.10 8.2 

1-5 LM-IO 0.60 - 0.66 6.0 - 6.6 462 - 510 5.8 - 6.4 72 - 88 9 - 11 1.00 - 1.05 8.1 
series LM-16 0.78 - 0.84 7.8 - 8.4 605 - 653 7.6 - 8.2 120 - 140 15 .... 17.5 U)O - 1.05 8.2 

LM-19 0.84 .... 0.90 8.4 - 9.0 653 .... 700 8.2 - 8.8 140 - 160 17.5 - 20 1.00 .... 1.05 8.3 
LM-22 0.90 - 0.96 9.0 - 9.6 700 - 750 8.8 .... 9.4 160 - 184 20 - 23 1.00 - 1.05 8.3 
REC-18D 0.82 - 0.90 8.2 - 9.0 510-637 6.4 - 8.0 128 - 160 16 - 20 1.05 - 1.10 8.3 
REC-22 0.92 - 0.98 9.2 - 9.8 621 - 674 7.8 .... 9.4 160- 191 20- 24 1.05 - 1.10 8.4 
REC-22D 0.92 - 1.00 9.2 .... 10.0 558 .... 685 7.0 .... 8.6 160-191 20 .... 24 1.05 .... 1.10 8.3 
REC-24 0.98 - 1.02 9.8 - 10.2 478 - 542 6.0 - 6.8 175 - 191 22 - 24 1.00 .... 1.05 8.4 
REC-26 1.02 - 1.08 10.2 - 10.8 669 - 796 8.4 - 10.0 199 - 215 25 - 27 1.05-1 .10 8.4 
REC-30 1.08 - 1.12 10.8 - 11 .2 478 - 542 6.0 - 6.8 231 - 247 29 - 31 1.110 - 1.05 8.4 

2- 17 LM-211J 0.9] - 1.01 9.3 - 10.1 358 - 477 4.5 - 6.0 151 - 184 19 - 23 1.(10 - 1.05 8.2 
series LM-248 1.04 - J.J 2 10.4 - 11.2 517 - 636 6.5 - 8.0 '175 - 207 22 - 26 1.00 - 1.05 8.2 

LM-25lJ 1.02 - 1.10 10.2 - 11.0 342 - 477 4.3 - 6.0 175-207 22 - 26 1.00 .... 1.05 8.2 
LM-30B 1.10-1.17 I \.0 - 11.7 477 - 636 6.0 - 8.0 215-247 27 - 31 \.00 .... 1.05 8.2 
TS-18 0.8] - 0 .88 8.3 - 8.8 480 - 640 6.0 - 8.0 136 - 151 17 - 19 \.01 8.3 
TS-20 0 .88 .... 0.94 8.8 - 9.4 480 - 640 6.0 - 8.0 151 - 167 19 - 21 \.01 11.3 
TS-22 0.90 - 0.96 9.0 - 9.6 440 - 640 5.5 .... 8.0 167 - 183 21 - 23 1.01 8.3 
TS-24 0.94 .... 1.00 9.4 .... 10.0 400 - 600 5.0 .... 7.5 183 - 199 23 .... 25 1.0 I 8.3 
TS-26 1.02 - 1.08 10.2 - 10.8 400 - 600 5.0 - 7.5 199 - 223 25 - 28 1.01 8.3 



Varieties and magnetic characteristics of Nd-Fc magncts 

Namc of 
product" 

NEOMAX·35 
NEOMAX-30 
NEOMAX-21 
NEOMAX-3011 
NEOMAX-21H 

Rcsidual magnctic 
Hux density, Br 

(T) (kG) 

1.18 - 1.25 11.8 - 12.5 
1.12-1.19 11.2 - 11.9 
1.05 - 1.12 10.5 - 11.2 
1.12-1.19 11.2 - 11.9 
1.05 - 1.12 10.5 - 11.2 

• NECMAX: Sumilomo Special Melals Co .. lid. 

Charactcristics 

Cocrcivc forcc, He 

(kAlm) (kOe) 

196 - 916 10.0 - 11.5 
611 - 836 8.5 - 10.5 
611-196 8.5 - 10.0 
141-860 9.3 - 10.8 
611-812 8.5 - 10.2 

Maximum cnergy 
product, (BH)m .. 

(kJ/m') (MG · Oc) 

263 - 281 33 - 36 
223 - 241 28 - 31 
199 - 223 25 - 28 
231 - 255 29 - 32 
199 - 223 25 - 28 

Table 2.6 

Notcs 

Rccoil 
pcrmcability, 

1',.. Dcnsity, D 

(G ·Oc) (g/cm') 

1.05 1.4 
1.05 1.4 
1.05 1.4 
1.05 1.4 
1.05 1.4 



magnets are manufactured by a casting method, and partly processed by grinding when 
high accuracy is required. They have excellent mechanica I strength, and can he 
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 
densityand 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 
stabIe against temperature change, having a temperature coefficient of - 0.002% per °C. 

Ceramic magnet'i 

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 kAlm (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 theoretica I value of saturated 
magnetism is 375 kAlm (4700 Oe; J Alm =J.256xJO-z Oersted) 
Ferrite magnet does not contain noble or heavy metals. lts 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-Jo 
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 th at of ferrite magnet. 
Some rare-earth cobalt magnets have maximum energy product reaching 240 kllmJ (30 
MGOe; J MGOe = 7.958 kllmJ 

). These features are greatly improving the high 
performance of brushless motors and making them of Iighter weight. 
Two kinds of rare-earth cobalt magnets are produced: 
• SmCos series (1-5 series) 
• SmCoJ7 series (2-17 series). 
The latter series have more attractive features for higher performance. Rare-earth cobalt 
magnets have a small temperature coeffident of -0.03 10 -0.05% per °C, which is close to 
that of Alnico magnet. However, it has high density of 8.0-8.5 g/cmJ

, 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 cast; and their strategic nature of cobalt. 
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Samarium is one of less plentiful rare-earth materiais, 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. AJso, its residual flux 
density is relatively high, comparable to the best of the AJnicos. Moreover, NeFeB 
magnets are much cheaper than samarium cobalt. The ma in 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 cont'lÏns a large percent'lge 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 
excit'ltion. Such machines are generally Iimited by the steady-state thermal capacity of 
the electrical insulation and/or by related efficiency considerations. However, note th at 
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 C<1n be said that, although there is a power limit imposed by the permanent 
magnets in a PM machine, this limit can be greatly va ried by the quality of machine 
design. 
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Chapter3 

rlRUSHLESS 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 c1assified into feedback control and feedforward contro!. 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 (Ioad 
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 con trol system. 
Brushless motor con trol involves a regulator problem (e.g. constant angular velocity 
contro\), aservo 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 
con trol 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 magnetic 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 variabie speed servo drives (brushless motors) is measured in terms of 
speed or position precision, speed range, and speed response to specifie 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 sueh drivers depends much on proper design. 
Therefore, in the following we wil! 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 al most 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 J. 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 rectMgular 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. Notabie insight into the phenomenon of torque product ion 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 

TEM = P'ljJF Iq ( 3.1 ) 

where 
p is the pole pairs 
'ljJF is a field flux linkage 
Iq is a quadrature 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. , Eb, and Ec 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 > O. However, over a 
60° - span of the rotor motion (stator windings with full-pitch coils arranged in 60°_ span 
beits, number of slots/pole/phase -- q=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 

where 

:n: 
80+-+a 

3 

E. (t) = KbWbooMT/:n: lp f B(8)d(8) 
80+a 

80 = OOM t varies from zero to 2:n: 13 
Wb is a number of turns per pole per phase 
Kb =1 is a winding factor (for full-pitch coil with q = 1) 

(3.2 ) 
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a is an advance angle for maximum torque per ampere position 
/ is an axial length of the machine 

The angle 60 accounts for the fact that during n 13 (or 60·) the stator conducting phases 
remain the same while the rotor is moving. The torque is given by 

60+::'+a 
3 

Tit) =3 Ide /pz WbL't/n Z f B(6)d(6) 
60+a 

(3.3 ) 

It may be expected that the torque pulsations can be reduced by modifying the span of 
the magnet [Ref. 9 J. 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 (6G ) 

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 J. 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 q-axis does not contain the PM and its magnetic 
reluctance is considerably smaller. It follows that the inductance along the d-axis, La, is 
smaller than that along the q-axis Lq . The expression for the torque resem bles that of a 
nonsalient pole synchronous machine, and may be written as 

(3.4 ) 

This torque corresponds only to the fundamental components of the field mmf 
distribution. Because rare-earth permanent magnets have a recoil permeability Ilrec ... ( 
1.02 to 1.05) Ilo, they may be considered as air zones for the armature reaction field. In 
general, a permanent magnet is mode lied by an equivalent current fed ( IJ ) winding 
which is close to reality for linear demagnetisation curves such as those of SmCos , 
strontium ferrite and NdFeB magnets with almost Ilo recoil permeability. Equation ( 3.4 ) 
with La < Lq suggests that the reluctance torque component is positive only if Ia is 
negative. With Ia = 0, no reluctance torque is developed. So the inset permanent magnet 
should in genera I be controlled with Ia .. 0 , and from zero speed -- unlike the surf ace­
magnet rotor type -- in order to make full use of the reluctance torque component. The 
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magnetic saturation along the q-axis ( Figure 3.5 )due to Iq 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, Ld, increases 
with the reaction current h But Lq decreases due to saturation. A cross coupling effect 
occurs [ Ref. 28 ]. The reluctance torque component tends to decrease due to saturation 
since Ld increases and Lq decreases. The direct axis inductance voltage drop WM L.Jd 
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 notabIe 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 

VariabIe speed drives are eharaeterised by high dynamie performance. For example , 
acceleration times on no-Ioad are typically incIuded in catalogue deseriptions of sueh 
drives. Ot her specifications incIude: de link voltage, Uo " and maximum torque, Td, up 
to base speed. Duty cycle ( Figure 3.6 ) is also important in designing th.e 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-Ioad for aireraft eleetromechanical 
applications. 
The base speed, Wb , is by definition the speed at which the maximum torque, T.k 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 Iimitations, and taking into 
account the PM remnant flux density. 
During the acceleration time, tb , to the base speed, Wbo the motor develops the peak 
torque, and the speed inereases linearly as determined from 

J ~W J Wb 
T.k = ---=--

P llt P tb 
(3.5 ) 

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

Td: 1 Wb 

J P tb 
(3.6 ) 

The approximate teehniques for brushless motor design (permanent magnet geometry 
and stator dimensions, power considerations, heat losses, etc) are widely deseribed 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 con trol 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 optica!) position sensors per double pole pitch of rotor 
periphery. They are shifted fiom 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) lH"e conducting at 
a time. For example the position sensors P-TI and P-T6 respectively provide positive and 
negative voltages (currents) in phase a; P-T3 , P-T4 in phase b; and P-Tj , P-Tz in phase 
c. Thus, the stator mmfvector ideally jumps af ter every 60· producing a "jumping" stator 
field. The mmfs of two phases in series are at standstilI (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 Tl , 90· behind the phase a axis (with respect to 
the direction of mot ion) the power angle varies fiom 120· to 60° --TITz conducting with 
an average power angle of 90°. Each phase conducts continuously for 120°. However, 
the voltage sOl;lrce 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, lde . Let us present the 
details of th is on-off controller, since it gives a better insight into the motor behaviour. 

3.1.5 On-offsquare-wave current controller 

The initial current in stator phases is do ne by the position sensors as explained earlier, we 
let the current rise up to a maximum value lmax and then turn it off for a while until a 
minimum value lmin is reached. The duration of on and off intervals, ton and tof[ is given 
by the pulse-width modulation circuit where input is the error between the reference 
current ( lde *) and the measured input current of the inverter. 
Negative reference current (-I de) implies torque reversal but regenerative braking is 
obtained only ifall the position sensors are rotated through 180·; that is, a+ becomes a-, 
b+ becomes b-, and c+ becomes CO. 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 af ter 120° when the position sensor of 
that phase goes off (Figure 3.4), that is, after 120°. 

61 



,-----------j 
I voltage soun:e transistor inverte!' I 

+ I 11-----' 
I 11 I 

v 
I I I~~ 

I 
I 

~--11 
a==-.. I 

I 
14-------t I 

I 
position feedback I 

I control system I L ______________________ ~ 

Fig. 3.8 Basic rectangular current control system for a brushless motor drive 



Let us consider the inverter-motor equations during the on-off-time intervals. During 
on-time (Figure3.4a ), TI and T4 are conducting. Thus, the current fIows through phases 
a'b· in series. The equivalent circuit is shown in Figure 3.4b which shows the phase 
induced voltage ea ,eb, the phase resistors R, and the inductor L. The corresponding 
equation is 

u = 2 RI + 2 L dl/dl + (ea - eb) 

ea - eb = 2 Ea = Eo = a constant 

( 3.7) 

(3.8 ) 

During the conducting period (120) the )jne induced voltage varies only during 60° 
because ea - eb is replaced by ea - ec af ter the first 60°. As already demonstrated , Eo 
is constant during the commutation interval, and Ia and hare ideally square waves. The 
solution of ( 3.7) can be written as 

( 3.9) 

in the interval [ 0, ton [. 

For current rise it is imperative to have U>Eo ; it means that the motor (electrical 
machine) is under excited. For the off-time interval both TI and T4 are tumed off 
(Figure 3.4c) and the diodes DI and D4 provide the path for the current which charges 
the filter capacitor Cf. The switch S (open th is time) signifies the fact that the dc power 
source which supplies the inverter does not accept power retrieval. The circuit equation 
is now 

1 
U = 2R I + 2L dl/dl - (ea - eb) + -JIdl 

Cf 
(3.10 ) 

Considering that the off-time process is initiated at Ij =10. or Ij = I - 10. , the solution to 
(3.10) is 

. [~J,GicJ)(~U(t))a;+ _Cl R V~icJ) 
l(t) = R 

( 3.11 ) 
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in the interval ] ton, tOf! ]. 

The PM circuit should adjust the ton and tof! so as to meet the desired average current 
lik * and torque. The expression for the torque Te (t) is 

Te (t) = (e4-eb)I(t) 
wip 

with I(t) obtained from (3.11) and (3.10). 

( 3.12 ) 

The torque pulsates due to the on-off process. The frequency of pulsations is 6WM 

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 ofbrushless 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 he used to advantage for a number of problems assotiated with practical 
EMA driving systems. Taking as aspecific 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 

( 3.13 ) 

where 
[U] voltage matrix 
[I] current matrix 
N] 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 simpIer 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 goveming equations in the rotor reference frame (d,q-axes) variables can be 
represented as a set of differential equations as Iisted below. 

where 

R 
Ld,Lq 
fÎ'd> fÎ'q 

{J)M 

Ud, Uq 

Id, Iq 

P 

is the motor resistance 
are the motor d,q -axes inductances 
are the d,q - axes flux Iinkages 
is the angular velocity of the brushless motor 
are the d, q- axes voltages 
are the d, q- axes currents 
is the number of pole pairs 

( 3.14 ) 

For further analysis, the permanent magnet should be changed by a single coil of an 
exciting winding along which a current If ( is equal to the "fictitious" magnetomotive 
force F mf) flows (Fig 3.9 ). 
The flux linkages in d,q-axes presentation can be written as 

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

In view of fact that 

( 3.15 ) 

where fÎ'm is a flux Iinkage coefficient, the set of the differential equations can be 
rewritten as 

( 3.16 ) 

The electromechanical torque of the brushless motor is 
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and the equation of motion is 

where 
J 
! 
TML 

is the motor inertia 
is the motor dam ping coefficient 
is the motor-Ioad torque 

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

( 3.17) 

( 3.18 ) 

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 1800 or 1200 mode. Hence, 3-phase balanced voltages, determined by 
the motor angular position, are applied to the motor ph ase 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,q-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 laad 
torque may be constant, step changing or as a random variabIe 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 GD : 1 and then the 
system velocity and position are obtained. These final controlled variables are fed to the 
controller which acts as a feedback variabie. 
The dynamic system of a brushless motor is represented by a set of differential equations 
in d,q --axes coordinates 
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The differential equations ( 3.19) for mathematica I model are constructed in the d,q -
axes frame ( see Fig. 3.9 ). Therefore, the inverter bloek, af ter transforming, will produce 
the d,q-axes voltages from the modulated supply voltage (according to the actuation 
command) and the rotor position. For the simulation, a 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 cao 
be achieved by varying the angular interval in the pre-computation. The phase 
voltages, UAp ,UBp, UCp , being physicall measured parameters (variables), can be used 
for determination the d,q -axes voltages as 

[ ~::l = 1I3[~1 ~1 =~l[~::l 
UCs -1 -1 2 UCp 

(3.20 ) 

and the d,q -axes voltages are given by 

[
Ud] [Si n(eM) si neeM - 2 / 3rc) si neeM + 2/ 3:n;)] [~:l 
Uq = COS(eM) COS(eM - 2 / 3n) COS(eM + 2 / 3rc) 

UCs 

( 3.21 ) 

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 dq-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 ca1culated or measured. The voltages, ea • eb, and ee, induced in the stator 
phases due to the field of the PM depend on the rotor (motor) speed, WM (ideally 
rectangular, actually trapezoidal). Thus, in terms of phase coordinates, the motor 
voltage equation may be written as 

~ ~ ~lp[~:l + [::~::~l 
M MLle ec(eM) 

(3.22 ) 
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For wye-connected phases, we have 

(3.23 ) 

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

1 
0 0 --

p[~l= 
L-M 

([~}[~ 
0 °fl [~~··)ll 0 

1 
0 R o Ib - WMIjlb(8M) ( 3.24) 

L-M 
1 0 R Ic WMIjlc(8M) 

0 0 
L-M 

where SM denotes the rotor (motor) position (in el ectri cal degrees). The 
mechanical dynamics are given by 

(3.25 ) 

where electromagnetic torque TM = Te may be expressed as 

(3.26 ) 

Hysteresis (on-oft), ramp comparison, or other current controllers may be used to 
control the 1200 square waveforms of the stator currents. For a wye-connected 
stator, Table 3.1 shows tbe pbase voltages for rectangular current control. Only 

Table 3.1 

Ph ase voltages for wye-connected stator 

De link current power transistor voltage 

Ia* Ia TI T4 Ua 

"i? 0 S (I. -ll.l) on off +Uo /2 

"i? 0 "i? (I. -ll.l) off off -Uo /2,D4 on 

0 "i? (I. -ll.I) off on -Uo /2 

0 s (I. -ll.I) off off +Uo / 2, DI 
on 
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the De link current is measured and controlled, and th en distributed to the other 
two phases. The switching frequency depends on the hysteresis window (26/), 
the machine parameters, and the voltage ceiling (Uo -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 mayalso 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 
• 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 aIso neglected. 

The latter couplings are immediately observabie 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 contral methods which bring a total linearization of the speed 
behaviour, with a current in aquadratic axis (an important torque component) for any 
speed variation [Ref. 17 ], the rapid DSP should be used. So, we present a decoupling 
controIler which is based on a linear model using the general e1ectrical equations: We 
obtain a total decoupling of the two phases d and q, and compensation of the 
magnetomotive forces in the aim to get asymptotic tracIcing of the torque reference, 
which can be implemented with a braadly diffused microprocessors. 

Equations 
Using as states 

and as input variables 

XI 

X= X2 , X} =ld, X2 =lq , , X3 =WM 

X3 

u = [:~], u} = Ud , Uz = Uq 

We can rewrite the equations ( 3.16,3.17) in the state form 

(3.27 ) 

(3.28 ) 
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(3.29 ) 

with 

( 3.30) 

where 

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 M, 

considering that this is varying slowly. We c.'ln then rewrite the state equations, with only 
two state variables Id and Iq, as follows 

x = Ax+Bu ( 3.31 ) 

with 

A = J 
[ -R / L 
-pwMLJ / Lq 

pwMLq / LJ ] 

R/Lq 
(3.32 ) 

and 

B = [l/OLJ 

1 /OLq] ( 3.33 ) 

with 
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(3.34) 

The aim of every classica! machine contro! is to contro! at first the torque of the motor. 
As we can see from equation of the torque ( 3.17 ), if we can maintain Id to zero we get 

(3.35) 

Thus, controlling the torque means controlling the current Iq . That is why we chose as 
output variab!es the currents Id and Iq as follows 

c=Dx (3.36) 

with 

( 3.37 ) 

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

( 3.38 ) 

whereIdrcf , Iqrcf constant references. 
The matrix Bare being always non-singu!ar, we get the necessary input vector 

( 3.39) 

and so 

(3.40) 

This strategy allows us to impose the steady states Id rol, Iq rcf' with the dynamics for the 
errors described by the equations 

( 3.41 ) 
de2 Idl = K2 (Iqrcf - Iq ) 
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It is now very easy to place the poles of the system by adjusting the coefficients KJ and 
K2• With stabie poles, the errors converge to zero and the currents IJ and Iq converge to 
their references IJ,.[ and Iq,.[ respectively. 
The Figure 3.11 gives the general structure of decoupling control of the currents IJ and 
Iq . The obtained re.sulting 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. 
Tbis means that each varia bie which intervenes in the calculations, should be measured 
and immediately converted by an NO converter Iinked to a microprocessor board 
[Ref. 2 J. 

-------, 

brushless 
____________ ~o~r _ I 

A 

Fig.3.11 Decoupling controller for the brushless motor 

Tbe microprocessor provides successively 
• the d,q-axes transformations IJ and Iq of the three phases currents of the motor 
• the result of the control algorithm (required voltages UJ and Uq ) 

• the reference three phase voltages, calculated from UJ and Uq by reverse d,q­
axes transformations. 
The first remark is that such a control can only be implemented in d,q- frame (the 
referential Iinked 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 KJ = Kl = 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 algoritlun with Ld = Lq in 
equations ( 3.32 ). 
In order to impose to the motor the calculated voltages Ud and Uq , we should use a 
PWM inverter, Iinking the motor d,q-axes to the conduct ion rate CRA, CRB, CRe by the 
following relation [Ref. 9 ] 

(3.42 ) 

where UDS is the DC voltage of the inverter and T32 is transformation matrix fiom phase 
axes A,B,C to d,q- axes 

T, _ [Sin(9M) sin(9M-2/3:7t) sin(9M+ 2/3:7t)] 

32 - COS(9M) COS(9M - 2 / 3:7t) COS(9M + 2 / 3:7t ) 

So the conduction rates CR",B,c can be given as 

with 

1t 
cos(p9 M +-) 

2 
1~ 1t 21t +- - cos(p9 M +---) (KL1'l"'1 + p'p",w M ) 

Um 3 2 3 
1t 21t 

cos(p9 + - + -) 
M 2 3 

J3 
Kz =- 1/2(R - KL) - -pLw M 

2 

J3 
KJ =- 1/2(R - KL) + -pLw M 

2 

(3.43 ) 

(3.44) 

( 3.45) 

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. 
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Chapter 4 

PRELIMINARY SYSTEM APPROACH TO DESIGN OF 
ELECTROMECHANICAL ACTUATORS FOR 
AIRCRAFTCONTROLSURFACES 

, The system approach to design of electromechanical actuators for control surfaces is a 
complex engineering problem due to the numerous parameters, constraints, and 
perfonnance 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: 

• 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 genera I 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 surf aces. This first research level comprises the numerous 
essential design stages, and, particularly, incJudes 

• , 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 cycJe to which it should be designed and tested. Criteria used in the design of 
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controllers, inverters, and brushless motors wiU 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 f1ight. 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 tlight phases 
(ground operation, take-off, c1imb, 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 
f1ight phases, loads are derived using altitude, dynamic pressure, amplitude of 
excursion from f1ight surface activity, and hinge moment coefficient considerations as 
shown below 

( 4.1) 

where 
p is the air density (the function of temperature and altitude) 
V is the true air speed (TAS) 
eh" is a hinge moment coefficient (a function of surface and tab position) 

S is the surface reference area 

c 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 lood 
(conversely, a hydraulic actuator exhibits a peak demand at high surface rate, no-Ioad 
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 f1ight control surfaces (FCS). Evaluating FCS peak power 
requirements during each f1ight 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 

where 
T ML 

WL 

Hp = T ML Oh 2n / 60 

is the actuator (motor) load torque (flight control surface moment), 
is the load (surface) speed in revolutions per minute 

( 4.2) 
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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 cycIes per second of surface 
activity. Rates in cycIes/sec of surf ace 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, andaerodynamic 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 J. 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 cycIe to analyse components for power and heat dissipation is 
a valuable tooI that helps to predict weight requirements and in some cases reduce 
them. 

The further strategy of EMAs design is incIuding: 
• the estima~ion of variables that must be considered in the design phase of an 

electromechanical systems, 

• the ma in 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 Iinear 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 intemal design constraints. The proplem is complex 
according to: 

• M ultidisciplinary design (electrical, mechanical, controls ), 
• Numerous design parameters (linear and non-Iinear), 

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

• Freguency 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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Trajeetory 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 CycJe -- 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 

(incJuding 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 reIatively 
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 mechanica I (rotor) and electrical (winding) 
dynamics. 

Eguations From the design models and references in the Iiterature [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 

( 4.3) 

( 4.4) 

The motor torque TM 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 Mand ÇM" respectively and those on the load shaft be hand ti . 
Additionally, spring coefficient KL, and viscous friction coefficient TF are on the load 
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Electromechanical Actuation System Model Parameters 
Table 41 

Parameter Description Units 

BA Electromechanical actuator position rad 
reflec1ed to tbe load 

Be Commanded position rad 

BL Load position rad 

BM Brushless motorposition rad 

dBM/dt Brushless motor speed rad/sec 

XA Actuator position rad 

qA Actuator efficiency 

fL Laad damping N /sec 

GD Drive ratio, motor-to-load 

IM Brushless motor current A 

Is Power source current A 

h Laad inertia Nm 

JM Brushless motor inertia Nm 

TF Load friction Nm 

KL Laad spring rate N m/rad 

TL Total load torque Nm 

TLL Applied load torque Nm 

TM Brushless motor torque Nm 

UE Brushless motor back EMF V 

Us Power source voltage V 

80 



Table 4.2 
Motor Model Parameters 

Parameter Description Units 

OM Motor position rad 

dOM/dt Motor speed rad /sec 

IM Motor current A 

!M Motor damping N /sec 

JM Motor inertia kgm" 

KE Motor voltage constant V / (rad/sec) 

KT Motor torque constant Nm/A 

LM Motor inductance henry 

RM Motor resistance ohm 

TML Motor-Ioad torque Nm 

TM Motor torque Nm 

UM Motor voltage V 
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shaft. The torque TM generated by the motor must drive JM, ,overcome fM and 
generate a torque TML at gear 1 to drive the second gear. Torque TML at gear 1 
generates a torque TL at gear 2, which in turn drives JL , and overcomes fL ,KL, 
TF • 

,------------camoIer U. I • , . , , 
+ 

8. 

,-------r:--- .... __ t~ __ _ 
l:IuIta ndr 'acIucD I, Joad , , ,'I 

",I I 
, , "" "c;...1\. I' 

~--.illl I' ,I , 

Fig. 4.1 Electromechanical actuation system Model 

Thus we have 

( 4.5 

( 4.6 

( 4.7 ) 

Load equations can be written 

For a preliminary design let us assume 
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The substitution of thè equations ( 4.8, 4.10) into ( 4.9) converts the load, friction, 
spring, and dam ping on the load shaft into the motor shaft. Transforming equations ( 
4.3, 4.4,4.5,4.6,4.9), we obtain governing equations 

( 4.12 ) 

( 4.13) 

( 4 .14) 

The equivalent model contains two input signa Is UM and Tu. 

position sensor 

Fig. 4.2 Actuation cIosed-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 Tu 
= o. 
Using Laplace transformation, we obtain the set of governing equations 

( 4.15 ) 
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Rearranging equations (4.15), we have 

( 4.16 ) 

~A GZDKrUM (S)= [(TF + tL +tM~A GZD)S(}M(S)+ 

(JL + JM ~A GZD)S (}M (S)J( RM +LM S) + KrKE~A G
Z
D S(}M (S) ( 4.17 ) 

RepresentingJ} and ti as follows 

equation ( 4.17) becomes 

Using equation ( 4.18 ), we obtain the transfer function G1 ( S) (with Tu ( S)= 0 ) 

( 4.19 ) 

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

Using Laplace transformation, we obtain the set of governing equations 

Rearranging equations ( 4.20 ), we obtain 
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( 4.21 ) 

(4.22 ) 

As before 

equation ( 4.22) becomes 

( 4 .23) 

Using equation ( 4.23 ), we obtain the transfer function G2 (SJ( with UM ( S )=0) 

= 
(RM + LMS)GD / Lul J 

(4.24 ) 

Consequently, the transfer function G3 (S) for no-load motor can be obtain from the 
equations ( 4.3, 4.4, 4.5 ) 

KT 
G3(S) =8M (S)/UM (S)= -S-(L-ul-M-S""'2""-+-R-ul-MS-+-K-EK-T-) 

where 

"'[1 ,"'[2 are the roots (poles ) of the equation 

KT/ LulM 
(4.25 ) 

Set IS + l)("1:2S + 1) 

4.26 ) 
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Table 4.3 
Motor Design Constraints 

Parameter Description Reasons for Units 
constraint 

je Winding current Thennal Alm" 
density 

JM Rotor inertia Acceleration Nm 

LM Winding Commutation, henry 
inductance current control, 

current response 
LR /DR Rotox: Manafacturing, 

lengthIdiameter installing magnets, 
maximum speed 

RM Winding resistance Thennal, ohm 
current response, 
stator dimensions 

TE Electrical time eurrent control, sec 
constant current response 

TM Mechanical time Speed response sec 
constant 

dXR / 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 incJude 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 (Tabie 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 GD and 1'\A by using a desired no-Ioad d8M /dt 

2. Calculation ofa maximum allowableJM 

3. Selection of a rotor length-to-diameter ratio ( LRIDR) 

4. Calculation of a DR and LR 

5. Selecting of the permanent magnet rotor and stator winding configurations 

6. Calculation of the stator's length is and diameter Ds 

7. Check of design constraints (if design is feasible-- proceed; if design is 

infeasible--iteration of steps 3 or 5 above) 
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Table 4.4 
Design Constraint Nomenclature 

Parameter Description Units 

dIJ max /dt Maximum actuator rate, rad /sec 
loaded 

~IJmax/df Maximum actuator rad / sec2 

acceleration, loaded 

dIJno-load / dt Actuator required no-load rad /sec 
rate 

epeak Maximum motor °C 
temperature (peak) 

8 con1 Maximum motor °C 
temperature (continious) 

fl)s System bandwidth rad / sec 

A Frequency response rad 
amplitude 

Smin Minimum actuator speed- (rad/sec) / N m 
torque slope 

t Time sec 

tT Trajectory duration sec 

Tmax Maximum actuator torque Nm 

dT max I dt Maximum actuator N m /sec 
torque-rate 

Ts1all Actuator required stall Nm 
torque 

Wmax Actuator output power watt 

dW/dt Actuator output power watt / sec 
rate 
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Table 4.5 

DESIGN EQUATION NOMENCLATURE 

Parameter Description Units 

1:], 1:z System time constants sec 

KM Transfer function gain (rad/sec)/ V 

S Laplace transform variabie sec·l 

SL Actuator speed-torque (rad/sec)/ N m 
slope 

SM Motor speed-torque slope (rad/s~c)/ N m 
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GENERAL CONSTRAINTS FOR DESIGN OF AN ELECfROMECHANICAL 
ACTUATOR 

Constraints Description 

de......, /dt ~ de _/004 /dt 

Speed-torque T WIIJ% ~ Ts1a/1 

o ~Smin ~S L 

Wc s min [Mag (l/'tl ), Mag ( 1/ 't2) J 

d8"",.Jdt ~A Wc 

cfem4Z/dt ~A2 Wc 

Frequency Response TtrI/U ~ max I TL (t) J 

dT """"/ dt ~ max [dTL /dt] 

dW""", /dt ~ max [deL /dt TL (t) ] 

cf w......, /dC ~ max[cfeL /dC Tdt) +deL /dt dTL /dt] 

detrl/U/dt ~ max [deL /dt] 

Trajectory Response cfe""",/dt ~ maxI cfeL /dr ] 

Os t s tr 

9t-k ~ max[9M (deL /dt), TL, t)]peGk 

Duty Cycle Scont ~ max[SM (deL /dt), TL, t)]C01ll 



These genera I 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 horse power ratings 
are given in ANSI e50. -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 lip (where p = 

number of poles, I = frequency in Hz) 
• continuous power rating (shaft power - Wor horse power) 
• duty cycle of load 
• short time peak power of load 
• terminal voltage varia ti ons 
• power factor of motor 
• permissible temperature rise and ambient temperature 
• type of housing - drip-proof, hermetic, etc. 
• other potentially ad verse environmental factors 
• stability considerations, paralleling, etc. 
• motor response time and other dynamic considerations 
• mass, size or shape Iimitations 
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Appendix 2 

Standard Power MOSFETs and MegaMOSTMFETs 

N-Channel Enhancement-Mode 
Type v_ I.,. ADS(onJ c,.. c_ t" Q. R...., Po Paclcage styIe 

maL typ. typ. typ. maL maL maL ci 
01J1Jin .. on gag .. w.l4 I 

T .... =150·C Tc = 25"C Tc = 25"C 25"C 
z 
Ól S = Soun:e. 0 = Otaltl. 

~N_ V A Q pF pF lIS nC KIW W ij; G = Gat • . KS = l(eMn Souree I 
lX1li 67Nl0 100 I 67 0.025 4500 550 300 260 0.42 300 4 
IXTlf 75Nl0 75 0.02 F'!I. 4 TO·247 AD 
IRFP 250 200 30 0.085 2600 I ISO 360 140 0.65 190 Weight =6g 
lX1li 42N2D 42 0.06 4600 285 ~ 220 0.42 I 300 
lX1li SON20 SO 0.045 ._. -. 
IRFP 254 250 I 23 0.14 I 2990 I 150 37D 140 0.65 I 190 
lX1li 35N3O 300 35 0.1 4600 240 400 220 0.42 300 • 0 
lXTlt 4ON30 40 0.085 G 

0 
lX1li 12N50A 500 12 0.4 2800 70 600 120 0.7 ISO S 
IRFP 450 14 0.4 2800 150 500 150 0.65 190 
lX1li 21N50 21 0.25 4200 135 600 190 0.42 300 
IRFP 470 24 0.23 Fig. Sa TO-204 AE 
lXTlt 24N50 24 0.23 Fig. Sb TO-204 AA 

~ IXTlf 30NSO 30 0.17 4900 3DD 850 250- 0.35 360 Weight = 129 
lXTlt 15N6D 600 15 0.5 4500 140 600 170 0.42 30D 
IXTH 2DN6O 20 0.35 0 _ • • 

~ 
~ IXTlf 15N7D 700 I 15 0.45 4500 140 600 170 I 0.42 I 3DD 
~IXTU 01NID 800 0.1 SO SO 1.8 280 10 3 I 42 8 
~ IXTU 01N1DO I 1000 "-

lX1li 6N8O 800 6 1.8 2800 100 900 130 0.7 180 4 ; UG 
lXTlt 6NBOA 6 1.4 ..•. 

0 
lXTlt llN80 11 0.95 4500 65 8DO 170 0.42 300 
lXTlt 13N80 13 0.8 ~, 

lXTlt 6N9O 900 6 1.8 2600 45 900 130 0.7 ISO Fig. 5 TO·264 AA 
lXTlt 6N9DA 6 1.4 .. '~ ... -".' lXTlt 10N9D 10 1.1 4500 SS 900 170 0.42 300 
lXTlt lZN9D 12 0.9 ".--
lXTlt 5N1DO 1000 5 2.4 260D 45 ·., 900 130 0.7 ISO ~ra'~o lXTlt 5N1ODA 5 2.0 ;::~ 

lXT1t lONIDO 10 1.2 I 4000 70 "000. 170 0.42 300 Gos lXTlt 12N1DO 12 1.05 . . ~"·F· 

IXTH 14N1DO 14 0.82 5650 ISO 650 195- 0.35 I 360 
~ IXTK 21N1DO 21 0.55 I 8400 110 1000 250 0.25 500 16 

lXTlt 13N11 0 1100 13 0.92 5650 ISO 650 19s> 0.35 I 360 4 
IXTN 79N2O al 200 65 I 0.025 9ODO 600 400 450 0.31 400 7 

Fig. 7 

IXTN 36N50 al 500 I 36 0.12 6500 3DD 600 350 0.31 I 400 
50T·2278 miniBLOC 

IXTN 16N1DO al 1000 15 0.6 8000 150 1000 350 0.31 400 ;"004 ~IXTN 21N1DO ~ J 21 0.55 8400 110 ·1000 250 0.24 520 
lXT1I 67H10 100 I 67 0.025 4500 550 ~ .3DQ. 260 0.42 300 Sa 
lXT1I 7!lNl0 75 0.02 7-~' 

IXTM 42N2D 200 I 42 0.06 4600 285 400 220 0.42 300 S 5 
lXT1I 5ON2O 50 0.045 " ._- ' G.~ lXT1I 35N3O 3DD 35 0.1 4600 240 400 220 0.42 300 
lXT1I 4ON3O 40 0.088 ! ' ",:: . 

• IXTM lZN50A 500 12 0.4 2SOO I 70 eoo 120 0.7 ISO 15b 
lXT1I 21N50 21 0.25 4200 I 135 eoo 190 0.42 300 Sa 
IXTM 24NSO 24 0.23 
IXTM 15N60 600 15 0.5 4500 140 600 170 0.42 300 
llCTM 2ON60 20 0.35 -
IXTM 6NID BOD 6 1.8 2800 100 900 130 0.7 180 Sb 
IXTM 6N8DA 6 1.4 Fig. 8 TO-251AA 
IXTU llN80 11 0.95 4500 SS BOD 170 0.42 300 I Weighl= I 9 
llCTM 13N80 13 0.8 . 

lXT1I 6N9D 900 6 1.8 260D 45 900 130 0.7 180 
llCTM 6N9DA 6 1.4 

" 
lXT1I lON9D 10 1.1 4500 I SS 900 170 0.42 I 300 
IXTM 12N9D 12 0.9 
IXTM 5Nl00 1000 5 2.4 2600 I 45 900 130 0.7 I 180 
IXTM 5Nl00A 5 2.0 5 
IXTM 10Nl0a 10 I 1.2 4000 I 

70 1000 170 I 0.42 
I 300 

IXTM lZN1DO 12 1.05 
:~ Not tor new destgn. .~ Eitner termmal can be u5eO as KeMn or Maln. Data at 2S' C uruess otnerwtSe soeafiea • TypJCaI valU8 
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Thyristor Modules, Single and Double tI:--;J:i-t: d-Jï±;tth 1 _______ ..:. 
I I \. __________ 4 

I
TAV 

= 130-500 A Mce Mce 

Type v_ '.AY 0 Tc l,- J,. V,. 'T T_ R..c "- Pacllage styIe 

v_ 45"C perCIlIp perc:lllp ,; 
Z 

10ma a. SeeouUines 
N_ V A oe A A V ma oe KIW KIW ii: on page 34 

MCC132~8101 800 130 85 300 5500 0.8 1.5 125 023 0.1 28 
1ICC132-121a1 1200 
1ICC132-141a1 1400 Frg.28 

1ICC132-1&1a1 1600 Weight = 125 9 
1ICC13Z-181a1 1800 

MCC161-2OIOl =1 175 851 300 6000 1 0.8 1.3 125 0.155 0.07 
IICC161-22101 

lICC16Zo08Iol 800 181 85 300 6000 0.8 1.15 125 0.155 0.1 
1ICC16Z-12Jol 1200 
1ICC16Z-14lal 1400 
1ICC112-1&101 1600 
1ICC112-18101 1800 
1ICC17D-12Jol 1200 203 85

1 

350 5400 0.8 1.0 130 0.164 0.04 31 
MCC17D-l4lal 1400 
1ICC17D-l&101 1600 
MCC17D-18101 1800 

UCC22lJ.08101 800

1

250 85 400 SSOO 0.9 1.0 140 0.139 0.04 . 29 Fig.29 
IIC:C:ZZO-12101 1200 Weighl ~ 320 g 
IIc:c:zzD-l4lal 1400 
IIC:C:ZZO-18101 1600 
IICC2Z4-UIoI :1 240 ss 400 1 SOOO 0.8 0.76 130 0.139 0.04 31 
MCC224-22101 

MCC225-12Jol 
1200 1221 

85

1 

400 SOOO 0.8 0.76 130 0.16 0.04 
1ICC225-14lal 1400 
1ICC225-18101 1600 
1ICC225-18101 1800 
IICC25IJ.08IoI 800 287 ss 450 9000 0.85 0.82 140 0.129 0.04 29 
1ICCZ5D-12Jo1 1200 
ucc:zso..141a1 1400 
ucc:zso..l&101 1600 
MCC25II-18101 1800 
MCC:Z55-12Jol 1200 2SO ss 450 

9000 r.8 
0.68 130 0.14 0.04 31 

MCC:Z55-141a1 1400 Frg.31 
MCC:Z55-18101 1600 Weighl = 750 9 
MCC:Z55-18101 1800 
IICC31Do08101 800 320 ss 500 9200 0.8 0.82 140 0.112 0.04 

1
29 

1ICC31D-12101 1200 
lICC31D-l4lal 1400 

I ucc:nD-18101 1600 
1ICC31D-18101 1800 
1ICC312-12Jol 

1200 I 320 ss 520 
9200 10.8 

0.68 140 0.12 0.04 

r' 1ICC312-14lal 1400 
1ICC312-1&101 1600 
1ICC312-18101 1800 
MC0500-12101 1200 500 

SSI 7S5 r 5000 1 0.8 
0.6 140 0.06 0.02 132 

IlC0500-141a1 1400 
MC05Do-1 &101 1600 

Fig.32 
Weighl = 730 9 

Data accorCmg to DIN I lEe 747 ana l'8ter 10 • smtjte tnvnstor untess OtnefWlS8 stat." 
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I 1 1 I' 

Thyristor Modules rf-jtf-;lth ,1 ..2. 1. 
I I .1 J . 
I I I 

~----------~ 
'TAV = 18-116 A MCC .•. iolS MCC, jaSI 

Type V ..... I,. .. v • 
Tc ....... t,., V'fTj rT Tv .. ' Paclcage style 

V_ .wc lperdlip perdlill ei 

'0::, Z 
See outiines .é 

~_N_ V A oe A V ma oe Km Km IA. on~35 

MCC19-08Io18 800 18 85 40 400 0.85 18 125 1.3 Cl.2 24 
MCC19-121018 1200 
MCC19-14Io18 1400 .- 1600 .................. u ... 

M~~~;;;: 
800 18 85 40 400 0.85 18 125 1.3 Cl.2 ZT 

1200 
MCC19-141088 1400 
MCC19-16IoSB 1600 

IB , 800 ZT 85 50 520 0.85 11 
1 '25 0.88 Cl.2 24 

MCC26-t2lotB 1200 
MCC26-t4lotB 1400 
MCC26-16101B ~ ,:: ZT 85 50 520 0.85 11 125 0.88 Cl.2 ZT 
MCC2&-12108B 
~:C2&-l41oSB 1400 

1600 .... 800 48 85 80 1150 0.85 5.3 125 0.53 Q.2 24 
MCC44-121otB 1200 
MCC44-t4lotB 1400 
MCC44-t6lo1B 1600 

, MCC44-tllotB 1800 
MCC44-08Io8B 800 48 85 80 1150 0.85 5.3 125 0.53 0.2 ZT 
MCC44-t2lo8B 1200 
MCC44-14108B 1400 Fig.241'Z1 
MCC44-11108B 1600 TQ.240AA 
MCC44-111101B 1800 Weight .. 90g 

800 60 85 100 1500 0.85 3.7 125 0.45 Q.2 24 
1ICCS6-12101B 1200 
M~141otB 1400 
MCCS6-1I1otB 1600 
MCCS6-11101B 1800 

800 60 85 100 1500 0.85 3.7 125 0.45 0.2 IZT 
MCCS6-12108B 1200 
MCCS6-14108B 1400 
1ICCS6-11108B 1600 
MCC5&-18101B 1800 
- ____ ... _.)1B ,= 85 85 180 1700 0.85 3.2 125 0.3 0.2 

1
24 

MCC72·12101B 
MCC72~141otB 1400 
MCC72·1I1otB 1600 
MCC72·11101B 1800 

Mcc7i~ 
800 85 85 180 1700 

1200 
0.85 3.2 125 0.3 0.2 IZT 

MCC72·14108B 1400 
MCC72·115108B 1600 

1800 
~ .. - 2000 104 85 180 1700 0.85 3.2 125 0.22 0.2 24 
~ .... 2200 

MCcss.121o~: 
800 116 85 180 22S0 0.8 Z.4 12.:> 0.22 0.2 

1200 
M~14101B 1400 
MCcss.ll1otB 1600 
.... _- B 1800 

800 116 85 180 2250 0.8 Z.4 125 0.22 0.2 27 
MCC95-12108B 1200 
MCC95-14108B 1400 
MCCH-l6108B 1600 
MCC95-181oSB 1 soa 
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IGBT Modules ,~. ,~. 'W' I I I I I I 
I I . I I I I 
I I I I I I 
I I I I I I 

High Short Circuit SOA Capability 
.. -------=t -. "--=j -----_ . "--=J --=t -. 

VlD VOl VII 

Type CD VCES Ic Ic VCE''''I Eon CD Eon A ..... c Pc Package style 
Tc = typ. typ. typ. max. max. 

~M= 150
0
e Tc = 25°e BOoe 125°e 125°e Seeoullines 

~ ew V A A V mJ mJ KIW W on 35 
~ VIISO-12G3 1200 50 49 2.6 10 18 0.35 360 Fig. 33 Weight = 130 9 
~ V1I7S-12G3 75 56 2.9 12 22 0.31 400 

Vlll00-12G3 100 75 2.9 20 29 0.23 540 

VIISIJ-12S3 1200 50 45 3.4 8 8 0.31 400 
V1I7S-12S3 75 64 3.4 12 12 0.22 570 
Vlll01J-12S3 100 68 3.7 20 14 0.21 600 

VIDSO-12S3 1200 50 45 3.4 8 8 0.31 400 
VID7S-12S3 75 64 3.4 12 12 0.22 570 
VID10IJ-12S3 100 68 3.7 20 14 0.21 600 

~ VD150-12S3 1200 50 45 3.4 S S·. 0.31 400 
~ VD175-12S3 75 64 3.4 12 12 0.22 570 
~ VD110IJ-12S3 100 68 3.7 20 . 14 0.21 600 

Vlll00-12G4 1200 100 B4 2.6 16 29 0.20 625 Fig. 34 Weight = 250 9 
VII 125-12G4 125 110 2.9 16 37 0.15 830 
VII 150-12G4 150 129 2.8 20 46 0.13 960 
V1I200-12G4 200 153 2.9 29 68 0.11 1130 

V11100-12S4 1200 100 90 3.4 14 14 . 0.20 625 
VII 125-12S4 125 119 3.7 16 18 ' 0.15 . 850 
VII 150-12S4 150 138 3.7 20 '23 ·· 0.13 950 
V1I200-12S4 200 168 3.7 29 29 0.11 1130 

VlD 125-12S4 1200 125 119 3.7 16 18 0.15 850 
VlD 15IJ-12S4 150 138 3.7 20 ' 23 : 0.13 950 
VID20IJ-12S4 200 168 3.7 29 29 0.11 1130 

VD1125-12S4 1200 125 119 3.7 16 18 0.15 850 
\0 VDllSIJ-12S4 150 138 3.7 20 23 0.13 950 \0 

VDl201J-12S4 200 168 3.7 29 29 0.11 1130 

E," including lurn·an energy caused by cammulalian ol Iree-wheeling diode 



Appendix 3 

sunmery 01 no.loac.:l outpIl torque-speed chS'ecteri~ics 
40r--------;---.--;---------~------_;------~---------~------~ 

-----1- --\- ~ -----1- ----J ----_1_ ----l- ----35 

~ 30 
~ 

.§- 25 
E 

~ 20 
:ë: 
In 

2 

• I I' I 

• I I' I 
• , I •• I 

- - - - -:- - - - ~17- - - - - -!- - - - - -! - - - - - - - - - -:- - - --· ~ .. . · I' • • • L=17 9L293 cm • • 
----~-----+\---~~~---~----- ----~-----

: : \: • U=31OV, p=3 
1- ____ ~ __ ~ __ ! _____ -.: _____ T _____ : ____ _ 

: ,,: : : : 
e 15 -----:--
c • 

, 'i . . . 
I I. I 

--~----- ----~-----~----~-----: :,\ . : : 
G) L .. 16.0-2~2 cm 
t:i- 10 - - - - -- - - -

I I •• . 
" . - . · · · 5 

. . 
:- - - - -:- L..;13~1t22o-cm:- - - --

L s 1b.7-19.6 om 

Hno 2000 3000 ~o 5000 6000 
noninal speed, w(rlmin) 

7000 8000 

sunmary oftorqt.e-rotor inertia charEderistics 
40r-------~------~-----------------~------~,------~ 

35 

5 

, , 
I I I I • ------: ------· ------;------: 2: 

-----~- -- --- -- -- --1-- -4---~ -~:;1~~.-;;--
, , . 

-----~------ -----~-- ---t------~-----
I ; / I I 

. V I • 

- - - - - - T - - - ~- - - - - - ~ - - - - - -:- - - - - -
I I 7--: I I 

I './' • • 

: '/ L=17.9~29.3 cm : : 
-~-----~-----~------~------~-----/: , , 

-----~------.------------.------------, 

40 60 80 100 12::1 
rotorinaiia, J [kg:m2] 

Figure A3-1Brushless motor characterisrics (power invert er with IGBT, m=3) 
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Appendix 4 
Servosystem 

Frequency Transfer Function of Electromechanical 

The equivalent model (see Fig. 4.2 ) eontains two input signals 

UM - Uo M sin tut and Tu - Tou sin (0Jt + Po) , 

and one output signal 

dfJM / dt = 8 M = A sin (0Jt + p) = AM sin (0Jt + PM) + Au sin( 0Jt + Pu), 

eonfonned to the sine wave of frequency funetions witb different amplitudes, and 
pbases, wbere 

Pu = arg (Ku) + po, Ku = llfUlg {8 M. / UM} = j(/}fJOM U OM 

Let us represent a frequeney transfer function of a sueb system (see Fig. 4.2 ). At 
first we consider the set of differential equations ( 4 .10, 4 .11, 4.12) on 
condition tbat Tu = O. 
In view of tbe fact that 

U -u. jtlJt. I I jtlJt. T T. jtlJt LJ LJ jtlJt K jw8011 M - OMe ,M = OMe , L= OLe ; UM=UOMe ; U ='--, 

we obtain 

lOM = ToL/KrIJAGD +fJOM (fM j(/) + JM (-al))/ Kr 

TOL =fJOM (j(/) TF + KL + j(/}!L - ol JU / GD 

Allow tbe symbols 

UOII 

( A4.1) 

( A4.2) 
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y = 1/ (KT !JA GD), Ó =(jfIJÇM - ol Jd/ KT, 

e = (jflJTF + KL + jOJ!L - ol JL )/ GD 

the set of equations ( A4.2) become 

UOM = az90M + ,dloM 

TOL = eflOM 

UOM = t2190M + ft/OM 

lOM =flOM (ye +ó) 

Ku = jOl 
a +~(yE +ö) 

( A4.3) 

( A4.4) 

Reasoning by the same way for the condition UM = 0, we obtain the frequency 
transfer function ( A4.5) 

Ku jOl~y =-_..:-:...:....- (A4.5 ) 
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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 mag net 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 variabie 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 th is book is to present a theoretical 
investigation of EMAs based on the BM description: 
electromechanical architecture, magnet materiais, 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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