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Abstract

Electro-mechanical flight acruaror {EMFA) systems improve efficiency, relinbility,
safery, and maintainability in More Eleciric Aircraft (MEA) programs intended for next
generation commercial aircrafts, as compared to the traditional hydraulic systems. A power-
by-wire system actuation approach, based on incorporating high torque density brushless
maotors featuring superior characteristics, is increasingly used in the design of both primary
and auxiliary flight vontrol surfaces, improving the system performance while reducing its
weight. An EMFA system based on a permanent magnet three-phase synchronous machine
fed by a Variable Frequency Current Hysterisis Conrrolled Inverter and additionally
incorporating two outer loops, a position and «a velocity loop, is proposed in this work. A
MATLAB Simulink/SimPowerSystems software tool is used to model the system and analyze
its functionality, accuracy, stability, disturbance rejection and acceleration capabilities,
for specific cases of landing und takeoff.

Intoduction

More Electric Architectures have primarily involved the use of much larger
number of electromechanical actuators for primary flight and secondary controlled
surfaces. Power-by-wire technology payolffs include elimination of the central
hydraulic system, reduction of maintenance support, increased survivability significant
reliability improvement, more efficient use of secondary power, and improve ability
to turn off or reconfigure a damaged or inoperative flight control surface.
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Fly-by-wire or fly-by-light control of EMFAs is executed by Flight Control Systems
and is part of flight-critical vehicle components. Advanced simulation engineering
software tools are used for control design, development, testing and verifying of the
simulated results {1, 2]. The elimination of hydraulic and pneumatic secondary power
systems will improve maintainability, increase reliability, reduce life cycle costs,
increase energy cfficiency and improve flight readiness. This explains why, inrecent
years, there has been much interest in the “all-electric’ aircraft, and its supporters
have emphasized the serious consequences of hydraulic fluid loss and the weight
and space disadvantage of a centralized hydraulic power distribution system,
especially where there are large distances between the primary power source and
the actuators. Therefore, electric surface actuation systems will only show a significant
weight saving advantage, if the hydraulic system is removed completely from the
aircraft [3].

Electro-mechanical actuators involve conversion of rotary motion (from an
electrically powered source) into linear or rotary displacement. There are many
designs of modem linear actuators and every company that manufactures them tends
to have its own proprietary methods and designs. In one approach, arotor driver is
mechanically connected to along shaft so that the rotation of the electric motor will
make the shaft rotate. The shaft has a continuous helical thread machined on its
circumference running along the length. Threaded onto this shaft is a nut with
corresponding helical threads. The nut is kept from being able to rotate with the
shaft (this often involves aninterlocking of the nut with a stationary part of the actuator).
Therefore, when the shaft is rotated, the nut will be driven up or down the threads
depending on the direction of rotation. By fashioning linkages to the nut, this can be
converted into usable linear displacement. Most current actuators are built either for
fast speed, high torque capacity, or acompromise between the two.

Typical landing flaps drive system architectures of rotary motion conversion
into linear displacement for flaps mechanismis [4]:
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Fig.1. Landing Flap Drive System

123



Permanent Magnet Synchronous Machine SimPowerSystems Model
Description

This paper deals with the Permanent Magnet Synchronous Machine
{PMSM) model applied to drive the flap actuation system. The PMSM operates in
motonng mode where positive mechanical torque is required. The electrical and
mechanical parts of the machine are each represented by a second-order state-
space model. The sinusoidal model assumes that the flux established by the permanent
magnets in the stator is sinusoidal, which implies that the electromotive forces are
sinusoidal. For the trapezoidal machine, the model assumes that the flux established
hy the permanent magnets is purely trapezoidal, which implies a trapezoidal
electromotive forces waveform [5).

The sinusoidal model electrical system implements the following cquationsin  — ¢
transformed plane:
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where L. L, - axis inductance, g - stator windings resistance, u,,, v, - axis
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voitage, @ _-rotor velocity, A - amplitude of the flux induced by the permanent

magnets of the rofor in the stator phases, p - number of pole pairs, 7, -
electromagnetic torque.

Trapezoidal medel electrical system in «, b, ¢ frame:
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L -stator windings inductance, g - stator windings resistance, i, ¢,,{. - a,b,¢

phase currents, ¢, .4, , 4. - & b, ¢ phasc electromotive forces, #_,,4,, - a,b and

at?

b, ¢ phase to phase voltages.

Mechanical system:
do, 1 d©
3 —=— ?;'_Fa)r -_7::: - “=a);'
) dtJ ( ) dt ’

J-inertia of rotor and load, p - fiction of rotor and load, @ - rotor angle posi-
tion, T - load torque.
The sinusoidal machine is simulated in the ¢ — ¢ rotor reference frame and the

trapenzoidal machine inthe ¢ b ¢ frame. Stator windings are comiected in wye to an
internal neutral point.

Variable Frequency Current Hysterisis (VFCH) Controlled Inverter
SimPowerSystems Model

ADC/AC inverter is represented by current comparison blocks and full-
bridge inverter. It uses ideal switches and antiparallel diodes and also demonstraies
the VFCH Control provided by current comparison between reference and actual
values. Six pulses are generated for a three-arm bridge.

Variable Frequency Current Hysterisis Controffed lnverter
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Fig.2. Variable Frequency Currvent Hysterisis Conirolled
Inverter - Layer 1
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Comparion blocks include atso low pass filters to eliminate high frequency noise.
The hysteresis modulation is a feedback current control method where the motor
current tracks the reference current within a hysteresis band. The following figure
shows the operation principle of the hysteresis modulation. The controller generates
the sinusoidal reference current of desired magnitude and frequency that is compared
with the actual motor line current. If the current exceeds the upper limit of the hysteresis
band, the upper switch of the inverter arm is turned off and the lower switch is
turned on. As aresult, the current starts to decay. If the current crosses the lower
limit of the hysteresis band, the lower switch of the inverter arm is turned off and the
upper switch is turned on. As a result, the current gets back into the hysteresis band.

Hence, the actual current is forced to track the reference current within the hysteresis
band.

Hysleresis Upp:aband
vand ‘z/ Lower baod

2HB HE
i:h . ,
B b re!g:::ce

Actaal

cureent
wave

Curont i
relancag

Al aampnia \
Valtage wave
Fig. 3. Variable Frequency Fig. 4. Voltage Wave
Current Hysterisis Control Control Input Signal
Scheme Generation

The inverter is designed to accomodate Dead Zone T, _s to eliminate simultaneously

turning on the switches in a, b or ¢ phase (if both switches in one phase arc on, it
produces short current in that phase, Fig.5). Each ideal switch consists of a diode to
keep the current flow in the desired direction and also anti parallel diode (free wheeling
diode) to ensure current flow for inductive loads.
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Variahte Frequency Curvent Mysterisis Controlied Inverter
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Fig. 5. Variable Frequency Current Hysterisis Controlled Inverter - Layer 2

Electro-Mechanical Flap Actuation SimPowerSystems Model

Flaps generally increase the camber of the wing and therefore increase the
wing’s lift. This allows a slower speed without stalling. Effects of the flap also permit
steeper glide angle in the landing approach. The flap is a hinged surface attached to

the trailing edge of the wing.
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Fig.6 Trailing Edge Flaps Extracting
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Flaps on both wings move in unison in response to the flight deck control input.
When the flaps are not is use, they are stored as part of the trailing edge of the wing.
The slotted flap is equipped with fracks, rollers, or hinges of a special design. During
operation. the {lap moves downward and rearward away from the position of the
wing. The opened slot allows a flow of air over the upper surface of the flap to
streamline the airflow and to improve the efficiency of the flap {6].

This paper deals with a high-lift device as an intggrated model which simulates an
Electro-Mechanical Flight Actuator System as a Landing Flap Drive System (Fig. 7).
A Synchronous Motor is fed by the VFVHC Inverter. Input parameter is Reference
Flaps Position f grade which starts executing the retracting or extending flap -
mechanism. Position and Speed Pl Controllers are used and final error signals enter

the dg2abe transformation block. Measured Rotor Angle @ rad, Actual Flaps
Position F grade and Rotor Speed _w,, are the control loop feedbacks to Position

and Speed Controller and dy 2abe calculation block:
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Calculated i, +,, :( are compared with measured Stator Currents 7, .4, .7, and

the resultis processed by Variable Frequency Current Hysterisis Control (Fig.2,
3).

The Permanent Magnet Synchronous Machine has load torque input represented
by air drag doing the extending or retracting process. Circular motion is transformed
to linear by:

(Umr . . . .
{5} Fo= ,[ p T - radius of single transmission.
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Fig. 7. Variable Frequency Current Hysterisis Controlled Inverter -
Layer 2

Electro-Mechanical Flap Actuator Simulation Results

In this paper, forward and backward movement of the flap control lever is
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Fig. 8 Landing Flaps Extending (0 - 40 degrees)

transferred directly by fly-by-wire signals as Reference Flaps Position. Landing flap
functionality in extracting mode is displayed in Fig. 8. Reference Flap Position has
been increased by step-step position function to reach the final extended position of
40 degrees. Stator currents, rotor speed and actual flaps position involving the load
torque to the synchronous machine is shown. Full flaps extension is finished in 3,2 s.
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Fig. 9 shows detail of landing flap extension from 20to 30 degrees and the permanent
magnet synchronous machine accelerating process: VFCHC Inverter stator currents
and speed control. When 30 degrees position is reached, the synchronous maching
is producing torque to oppose oaly the input load torque and remain in same position
at zero rotational speed.

Backward movement of flaps - retracting is demonstrated in Fig. 10., the synchronous
machine moves in opposite direction, with the same input torque profile and currents
corresponding to acceleration profile.

Fig, 10, Landing Flaps Retracting (40 - 30 degrees)
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Conclusion

The advantages of using Electro-Mechanical Actuating Systems have been
claimed for control surface applications. Electrical machines can execute accurately
and quickly either multiple functions or single tasks. This paper has demonstrated
the application of SimPowerSystems toolbox of MATLAB/Simulink for actuating
systems, including control, analysis, integration, and verification. Extending and
retracting operation mades of landing flap actuating system are demonstrated within
a power optimized concept.
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MOJAEJIUPAHE H AHAJIN3 HA EJAEKTPOMEXAHHYHA
CUCTEMA 3A AKTHBALMS HA ITOJIETA

M. Xuuap

Peziome
EnexTpoMexanuuHuTe cucTeM# 3a axTupauus Ha noneta {EMFA)
n000psBaT ePUKACHOCTTA, HANEHTHOCTTA, HR30MACHOCTTA M BBIMOXROCTHTE
3a NOMAPBXKKA Ha Nporpamute MEA, NpelHa3HaYe€HH 3a ThProBCKH
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BEIAYXONNABATCIUYK CPEACTBA OT CNCABAUIO TTOKGICHHME, B CPABHCHHUC C
TPaNMUMOHNHUTE XUAPABIHYHHY CHCTEMH. METOABT 32 aKTHBALIUA 4pe3 CHCTEMA
C NPOBGIHUKOBO 3axpaHBaHe, (QCHOBABAI C€ Ha H3IQN3IBAHETO HA 6e3qETKOBH
JBUTATENH ¢ BHCOKA CTEHCH HA YCYKBaHE, KOWTO IPUTEXABAT Mo-A00pU
XapaKTePUCTHKHU, C€ H3M0J38a BCE MO-YECTO B pa3padoTkaTa KaKTO Ha
OCHOBHH, TAKa W HA CIIOMAraTe/lHd NMOBLPXHOCTH 3a KOHTPOJ Ha Mo.CTa,
nogobpsapaliky K.0.1. Ha CUCTEMaTa H HamaaBakiiku Ternoto it. B pabotara ce
npemvtara EMFEA cucTema, ocHOBaBaula ¢e Ha TpH(paseH CHHXPOHEH ABUTATE
¢ NIOCTOAHEH MArHHT, 3axpaHBaH OT TIPOMCHIHMBO-4CCTOTCH HWHBEPTOP C
TOKOBO-XMCTEPE3ACHO YNPaBAcHHUE, BKMOYBAL, ¥ ABA BbHLIHH KOHTYpA —
MOIMUUOHEH B CKOPOCTEL. 38 MONeIMpaHe Ha CUCTEMATA ¥ aHAJTM? Ha Helinara
GOYHKIUOHAMTHOCT. TOYHOCT, YCTOUYHBOCT, 38ILHUTA OT CMYUCHUSA U
BB3MO)KHOCTH 33 YCKOPABAHE B KOHKPETHY CiIyUau Ha KalaHe M OTIuTaHe ¢
13M03BaHo porpaMuroTo cpeactBo MATLAB Simulink/ SimPowerSystems.
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