wo 2013/076161 A2 |11 I N0F V000000 OO O 0O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/076161 A2

30 May 2013 (30.05.2013) WIPOIPCT
(51) International Patent Classification: FENSE SECURITE, Le Ponant de Paris - 27 rue Leblanc,
HO2P 3/04 (2006.01) F-75015 Paris (FR).
(21) International Application Number: (74) Agents: LAVIALLE, Bruno et al.; Cabinet Boettcher, 16
PCT/EP2012/073267 rue Médéric, F-75017 Paris (FR).
(22) International Filing Date: (81) Designated States (unless otherwise indicated, for every
21 November 2012 (21.11.2012) kind of national protection available): AE, AG, AL, AM,
25) Filine L ) Enalish AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(25) Filing Language: nglis BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(26) Publication Language: English DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
L. HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
(30) Priority Data: KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
61/562,841 22 November 2011 (22.11.2011) Us ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(71) Applicant: SAGEM DEFENSE SECURITE [FR/FR]; Le NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
Ponant de Paris, 27 rue Leblanc, F-75015 Paris (FR). RW, SC, SD, SE, 8G, 8K, SL, SM, ST, SV, SY, TH, TJ,
TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
(72) Inventors: MARQUES, Frédéric, SAGEM DEFENSE M, ZW.

SECURITE, Le Ponant de Paris - 27 rue Leblanc, F-75015
Paris (FR). AUBRON, Matthieu; SAGEM DEFENSE SE-
CURITE, Le Ponant de Paris - 27 rue Leblanc, F-75015
Paris (FR). PIATON, Jérome, SAGEM DEFENSE SE-
CURITE, Le Ponant de Paris - 27 rue Leblanc, F-75015
Paris (FR). MERCIER, Guillaume; SAGEM DEFENSE
SECURITE, Le Ponant de Paris - 27 rue Leblanc, F-75015
Paris (FR). PERCHERON, Guillaume; SAGEM DE-
FENSE SECURITE, Le Ponant de Paris - 27 rue Leblanc,
F-75015 Paris (FR). PRINCAY, Gaétan, SAGEM DE-

(84)

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: AN ACTUATOR HAVING A MULTIPHASE MOTOR, AND A METHOD OF CONTROLLING SUCH AN ACTUAT-

OR

4
() !
e &/
il
-9.1- -8.1- -8.2- -9.2-
Positi nler q /F 4\ /r P Ioc d
Brake Information cyrent CurrentOderL Curent Information  graye Brake
Order Order CIIJrrentOder( Order Order Order
Brak
orter | 7-1- 72
-10.1- PositicﬁFxOrder\ Position Order ( -10.2-
SJ 6.2
6.1
Fig.1
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AN ACTUATOR HAVING A MULTIPHASE MOTOR, AND A METHOD OF
CONTROLLING SUCH AN ACTUATOR

The present invention relates to an actuator having
multi-phase motors and usable in particular for moving a
movable element. In an application of the invention to
an aircraft, such a movable element may be constituted
for example by a movable flight control surface of the
aircraft, such as an aileron, which control surface is
moved to enable the aircraft to be piloted.

Actuators are known that have a single-phase motor,
or a DC motor with brushes, in which a rotor is connected
to the movable element by a movement transmission
assembly. When such actuators are used on aircraft for
flight control purposes, provision is made to associate
each movable flight control surface with at least two
actuators, each of which is arranged to be capable of
moving said flight control surface on its own. Thus, in
the event of one of the actuators failing, the other
actuator is used for moving the movable flight control
surface without that impeding piloting of the aircraft.
Such redundancy nevertheless gives rise to significant
constraints in terms of integrating actuators in the
structure of the aircraft (weight, cabling, ...) and
provides only moderate additional safety.

It is also frequent to have recourse to actuators
including two or even three motors (to ensure redundancy
of their coils) with a corresponding number of control
units (to ensure redundancy of the electronics) and with
one power bridge per motor.

An object of the invention is to provide means for
improving the availability of such actuators.

To this end, the invention provides an actuator
comprising at least one multiphase motor having phases
facing a rotor secured to an outlet shaft associated with
a braking member and provided with means for connecting
it to a movable element that is to be moved, the motors

and the braking member being connected to at least one
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motor control unit for controlling the motors by powering
their phases. The motor has at least four phases wound
in such a manner as to avoid a neutral point, and the
control unit has one single-phase inverter per phase and
is arranged to implement a nominal mode of control over
all of the phases, and a degraded mode of control that
enables the rotor to be driven in rotation by powering
two non-collinear phases thereof.

Thus, the actuator has a normal mode in which the
actuator operates on at least three phases and a degraded
mode in which the actuator operates on two phases. The
degraded mode is implemented when the other phases can no
longer be powered, e.g. as a result of an open circuit or
of a short circuit on the phases or the circuits powering
them. Increasing the number of phases around a common
rotor and using one power bridge per phase increases the
options for having a sufficient number of phases
available for continuing to drive the rotor but without
that excessively increasing the number of motors. The
operating capacities of the actuator are thus extended,
while maintaining size and weight that are reasonable,

The control unit preferably has a plurality of
control modules connected to the various phases.

The degraded mode can then be implemented also when
the phases cannot be powered as a result of a failure of
a control module for powering them.

Other characteristics and advantages of the
invention appear on reading the following description of
particular, non-limiting embodiments of the invention.

Reference is made to the accompanying drawings, in
which:

Figure 1 is a diagrammatic view showing the
general principle of an actuator in accordance with the
invention;

Figure 2 is a diagrammatic cross-section view of a
motor of an actuator in a first embodiment of the

invention;
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Figure 3 is an electric circuit diagram for the
Figure 2 actuator;

Figure 4 is a diagrammatic cross-section view of a
motor of an actuator in a second embodiment of the
invention;

Figure 5 is an electric circuit diagram of the
Figure 4 actuator; and

Figure 6 is a diagrammatic cross-section view of a
motor in a variant embodiment.

With reference to Figure 1, the actuator in
accordance with the invention comprises a multiphase
motor 100 having phases facing a rotor secured to an
outlet shaft 1. 1In this example, the motor 100 is of the
brushless type with its phases wound so as to avoid a
neutral or "star" point. The outlet shaft 1 is
associated with a braking member or brake 2 that is
itself known, and it is also provided with means 3 for
connecting it to a movable element 4 that is to be moved.
By way of example, the connection means comprise a motion
transmission system such as a screw and nut system or a
crank and connecting rod system, and, by way of example,
the movable element for moving may, be a movable flight
control surface in an application to an aircraft.

The motor 100 and the braking member 2 are connected
to at least one control unit, given overall reference 5,
that is arranged to power them as a function of commands
received from the central piloting control unit of the
aircraft. The control unit 5 controls the motor by
powering its phases.

The control unit 5 comprises two identical subunits
6.1 and 6.2, each incorporating a control module 7.1 or
7.2, a motor power module 8.1 or 8.2 respectively
connected to two groups of phases of the motor 100, a
power module 9.1 or 9.2 for powering the brake 2, which
module is connected to a solenoid of the brake 2, and a

power converter 10.1 or 10.2 serving to power the control
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modules 7.1 or 7.2. A power supply line is connected to
power the power modules 8.1, 9.1, 8.2, and 9.2 directly.

Each control module 7.1 or 7.2 is arranged:

to collect information coming from the motor
(speed, position, current, ...) and from the central
piloting control unit (position orders for the movable
element, braking instructions, ...); and

to use said information to operate servo-control
loops A, B, and C respectively for controlling speed,
position, and current, thereby enabling it to control the
power module 8.1 or 8.2 of the motor and the power module
9.1 or 9.2 of the brake.

For these purposes, the control module 7.1 or 7.2 is
connected to means for determining the speed and the
position of the movable element that is to be moved, and
also to means for measuring the current flowing in the
phases of the actuator, the position sensors thus
comprising in particular two position sensors on
respective sides of the motor, two sets of Hall effect
sensors in this example. The control modules are each
connected to one of these sets and they are arranged to
communicate with each other in order to detect a faulty
sensor so as to avoid processing the signals coming
therefrom.

Each of the control modules 7.1 and 7.2 is connected
to both of the power modules 8.1 and 8.2 in order to be
able to control both of them. Thus, each of the control
modules 7.1 and 7.2 can control both groups of phases in
the event of the other control module failing. In normal
operation, a so-called "master" one of the control
modules 7.1 and 7.2 has priority over the other module
referred to as a "slave".

The control unit 5 is arranged to implement a
degraded mode of control that serves to drive the rotor
in rotation by powering at least two non-collinear phases

from among the phases.
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With reference to Figures 2 and 3, and in a first
embodiment, the motor 100 has six phases that are split
into two groups 101.1 and 101.2 of three phases each, and
a common rotor 102 having permanent magnets 103.

Each phase 101 of the group 101.1 or 101.2 is
connected to an inverter 11 of a respective one of the
power modules 8.1 or 8.2. The inverters 11 are single-
phase H-connected bridges. There are thus as many
inverters 11 as there are phases 101, with each power
module 8.1 or 8.2 having three inverters 11.

The control unit 5 is arranged to implement a
nominal mode of control in which the control unit 5
controls at least three and preferably six of the phases
101 of the motor 100 in conventional manner, and a
degraded mode of control in which the control unit 5
controls two non-collinear phases 101 of the motor 100.

It can be understood that the nominal mode may be
maintained even in the event of three phases failing
since there remain three phases that can be controlled
conventionally in three-phase manner.

In the degraded mode, the control unit 5 determines
the currents I,(t) and I,(t) to be fed to the two
remaining phases while delivering torque that is constant
and independent of the position of the rotor 102.

Consideration is given to the geometrical frame of
reference of the motor {P;, P,, P;} that is representative
of the distribution of the i phases in three dimensions,
and also to the rectangular frame of reference {P,, P}
that is the frame of reference for the two phases that
are to be controlled and that is aligned on P; in such a
manner that:

Py = P,sin®g,
and
Py, = P; + Py,cos®,

In order to obtain constant torque in the reference

frame {P,, Pz}, it is necessary to send currents I, =

I,cos® and I, = I;sin®, where I, is the amplitude of the
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control current and ® is the angle between the phases.

This gives:

I, = ———— sin(® + 0)
! Sin® g, gee
I)sin®
I, = —
Sind,,,

The control unit 5 injects the corresponding
currents into the remaining phases 101 of the motor 100.
The changeover from nominal mode to degraded mode is
performed automatically and, in this example, under the
control of the control unit 5 that, after performing
self-checks, detects when it is not possible to power
four of the phases. The self-checks may for example be
performed on the basis of measurements taken by the means
for determining the speed and the position of the movable
element that is to be moved, and by the means for
measuring the current flowing in the phases. It is also
possible to provide other detector means for performing
these failure tests, and for example means for detecting
other electrical parameters of the actuator and/or means
for detecting proper operation of portions of the control
circuits, such as the servo-control loops.
By way of example:
in the event of a serious breakdown such as the
loss of one of the electrical power supply networks, the
control unit reconfigures the actuator to function with
power being delivered to three out of the six phases;
in the event of a simple breakdown such as a short
circuit on one motor phase, the control unit ensures
operation using five out of the six phases; and
in the event of two breakdowns (the above serious
breakdown and simple breakdown), the control unit
reconfigures the actuator to operate using two out of six
of the phases.
Thus, in the event of failures the actuator is

reconfigured in real time.
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It should be observed that this actuator structure

also provides:

drive redundancy (the two groups of phases with
their own control modules and detectors);

power supply redundancy (for control and drive
purposes) ;

braking means redundancy (the two solenoids of the
brake 2); and

electricity network redundancy.

In the following description of the second
embodiments given with reference to Figures 4 and 5,
elements that are identical or analogous to those
described above are given the same numerical references.

The actuator in the second embodiment is generally
identical in structure and in operation to the actuator
of the first embodiment.

Nevertheless, in the second embodiment, the main
motor 100 has a stator with six poles, each having three
coils 104.1, 104.2, and 104.3 arranged thereabout, and a
common rotor 102 having magnets 103. In this embodiment,
the phases are distributed as three groups of two phases
each.

The control unit 5 has three control modules 7.1,
7.2, and 7.3, and three power modules 8.1, 8.2, and 8.3.
Each coil 104.1, 104.2, and 104.3 is connected to a
respective inverter 11 of the power module 8.1, 8.2, or
8.3. Each inverter 11 is a single-phase H-connected
bridge. There are therefore as many inverters 11 as
there are phases 101, with each power module 8.1, 8.2,
8.3 having two inverters 11. In this embodiment it
should be observed that only the subunits 6.1 and 6.2
include a respective module 9.1, 9.2 for powering the
brake.

As above, the control unit 5 is arranged to
implement a nominal mode of control in which the control
unit 5 controls at least three phases of the motor 100 in

conventional manner, and a degraded mode of control in
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which the control unit 5 controls two non-collinear
phases of the motor 100.

In the variant of Figure 6, the rotor 102 is
arranged to present reluctance that varies
circumferentially. This variable reluctance is obtained
by the shape of the cross-section of the rotor that is
substantially in the form of a cross in this example.

The variable reluctance rotor makes it possible to
avoid an opposing force appearing such as that which acts
on the permanent magnet rotor when a phase of the motor
is short circuited.

Naturally, the invention is not limited to the
embodiments described but covers any variant coming
within the ambit of the invention as defined by the
claims.

In particular, the invention is applicable both to
synchronous motors and to asynchronous motors.

The two groups of phases may be axially offset along
the shaft of the motor, or they may even be mounted on
two distinct stators.

At least some of the phases may be wound using wires
having differing electrical conduction properties. This
makes it possible to avoid having a neutral point.

The above-described embodiments may optionally be

combined.
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CLATIMS

1. An actuator comprising at least one multiphase motor
(100) having phases (101) facing a rotor (102) secured to
an outlet shaft (1) associated with a braking member (2)
and provided with means for connecting it to a movable
element that is to be moved, the motors and the braking
member being connected to at least one motor control unit
(5) for controlling the motors by powering their phases,
the actuator being characterized in that the motor has at
least four phases wound in such a manner as to avoid a
neutral point, and in that the control unit has one
single-phase inverter per phase and is arranged to
implement a nominal mode of control over all of the
phases, and a degraded mode of control that enables the
rotor to be driven in rotation by powering two non-

collinear phases thereof.

2. An actuator according to claim 1, wherein the motor
(100) has six phases (101) subdivided into two groups of

three phases.

3. An actuator according to claim 1, wherein the rotor

(102) has permanent magnets (103).

4. An actuator according to claim 1, wherein the rotor
(102) is arranged to present reluctance that varies

circumferentially.

5. An actuator according to claim 1, wherein at least
some of the phases (101) are wound with wires having

differing electric conduction properties.

6. An actuator according to claim 1, wherein at least two
position sensors are arranged on either side of the motor
and the control unit is arranged to isolate a faulty

sSensor.
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7. An actuator according to claim 1, wherein the control
unit (5) has a plurality of control units (7) connected

to the set of phases.

8. An actuator according to claim 7, wherein the phases
(101) are six in number and the control unit (5) has
three control modules (7.1, 7.2, 7.3) and three power
modules (8.1, 8.2, 8.3), each connected to two phases and

to each of the control modules.

9. An actuator according to claim 7, wherein the phases
(101) are six in number and the control unit (5) has two
control modules (7.1, 7.2, 7.3) and three power modules
(8.1, 8.2, 8.3) each connected to three phases and to

each control module.
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