I*I Innovation, Sciences et Innovation, Science and CA 3065016 A1 2020/08/12
Développement économique Canada Economic Development Canada
en 3065 016

Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office

t2 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
(13 A1

(22) Date de dépotFiling Date: 2019/12/12 (51) CLINt/Int.Cl. HO2K 11/00(2016.01),
(41) Mise a la disp. pub./Open to Public Insp.: 2020/08/12 HO2K 1/12(2006.01), HO2K 3/28 (2006.01)

i (71) Demandeur/Applicant:
(30) Priorité/Priority: 2019/02/12 (EP19275019.8) GOODRICH ACTUATION SYSTEMS LIMITED, GB

(72) Inventeur/Inventor:
BENAROUS, MAAMAR, GB

(74) Agent: NORTON ROSE FULBRIGHT CANADA
LLP/S.EEN.CR.L, S.RL.

(54) Titre : MOTEUR AVEC RESISTANCE DE FREINAGE PAR RECUPERATION
(54) Title: MOTOR WITH REGENERATIVE BRAKING RESISTOR

(57) Abrégé/Abstract:
There is provided an electric motor comprising a rotor, a stator and a motor controller. The stator comprises a substantially
cylindrical body, a plurality of teeth extending from the substantially cylindrical body in a radial direction, one or more first sets of

50 rue Victoria ¢ Place du Portage 1 ® Gatineau, (Québec) KI1AOC9 e www.opic.ic.gc.ca i+l

50 Victoria Street e Place du Portage 1 e Gatineau, Quebec KIAO0C9 e www.cipo.ic.gc.ca ( Eal lada



CA 3065016 A1 2020/08/12

ey 3 065 016
(13 A1

(57) Abrégé(suite)/Abstract(continued):

electrical windings that are wound around said teeth and configured to drive the rotor, and one or more second sets of electrical
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electrically connected to the motor controller such that energy produced by the electric motor during a regenerative mode of
operation in use is diverted to the second set of electrical windings on the stator for dissipating the energy produced in the
regenerative mode.
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ABSTRACT

5 There is provided an electric motor comprising a rotor, a stator and a motor
controller. The stator comprises a substantially cylindrical body, a plurality of teeth
extending from the substantially cylindrical body in a radial direction, one or more first sets
of electrical windings that are wound around said teeth and configured to drive the rotor,
and one or more second sets of electrical windings electrically separate from the first set of

10  electrical windings. The second set of electrical windings on the stator are electrically
connected to the motor controller such that energy produced by the electric motor during a
regenerative mode of operation in use is diverted to the second set of electrical windings
on the stator for dissipating the energy produced in the regenerative mode.

15 [FIG. 4]
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MOTOR WITH REGENERATIVE BRAKING RESISTOR

The present disclosure relates generally to a motor for an electromechanical
actuator that incorporates a break resistor in the state of the motor.

BACKGROUND

Electromechanical actuators are known and are used in many fields to actuate one
or more components based on an electrical input provided to a motor. Examples of various
uses of electromechanical actuators are aerodynamic surfaces, as well as other moving
components of an aircraft. In these and other situations the electromechanical actuator is
typically required to dissipate the loads that are generated during deceleration or under
braking.

Fig. 1 shows an example architecture of a conventional motor controller 10 (or
“motor drive”) for an electromechanical actuator. The motor controller 10 may include one
or more of input supply terminals 12 and one or more filters 14 in series with a rectifier 16.

The motor controller 10 may further comprise a braking unit (or “braking chopper”)
comprising an inverter 20 and brake resistor 30. The inverter 20 may be an insulated-gate
bipolar transistor (“lGBT") or other type of electronic switch. A DC capacitor 18 may be
provided in the motor controller 10 and is described in more detail below.

The motor controller 10 may include a current feedback device 22 and further
comprise motor input terminals 24.

Motor controllers 10 are known that include a brake resistor shown at 30 that is
configured to convert the mechanical energy of the motor during deceleration or braking to
heat energy, thus dissipating the load generated in this mode. The brake resistor 30 is
typically an off-the-shelf component and incorporated into a housing of the motor controller
10. ,

Fig. 2 shows a circuit diagram for a motor controller 10 according to the
conventional motor controller 10 of Fig. 1, in which the brake resistor system is shown in
more detail. The inverter or switch 20 may act as a “chopper” and may be configured to
control the electric motor current through the brake resistor 30. During a regenerative
mode (e.g., braking or deceleration) the inverter 20 may initially be disabled and the energy
from the motor will charge the DC capacitor 18 and increase the DC link voltage. Once the
DC link voltage exceeds a predetermined value (e.g., due to the load generated by the
motor during deceleration or braking) the inverter 20 will be enabled and the energy from
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the motor will be dissipated in the brake resistor 30 instead, and the DC link voltage will
decrease. Once the DC link voltage decreases below a (or the) predetermined value the
inverter 20 will be disabled again and the DC link voltage will start increasing. This process
will continue with the inverter 20 becoming enabled and disabled based on the DC link
voltage exceeding or falling below a (or the) predetermined value. Thus, the inverter 20
can be enabled to dissipate the energy from the motor into the resistor 30, which energy
will be converted to heat energy by the resistor 30. This action may be used to control the
DC link voltage.

Accordingly, during a regenerative mode of operation (e.g., deceleration or braking)
the energy produced by the electric motor is diverted to the brake resistor 30 (e.qg., using
the inverter 20), so that it is not sent back to the suppiy terminals 12.

Using an external resistor 30 as shown in Figs. 1 and 2 has been found to lead to
certain problems, for example the size of the resistor must be chosen so as to be capable
of absorbing the maximum energy from the motor under all defined conditions, and is
typically quite large. This has a big impact on the size of the motor controller 10. In
addition, the resistance chosen for the motor controller 10 may not be tailored to the motor,
but must be what is available off the shelf. This can lead to problems in the thermal
management of the motor.

Some conventional arrangements use loops of resistive wire or damping elements
in the stator to provide a damping effect. This is distinct from the use of an external
resistor in the motor controller electronics to dissipate energy from the motor in use, as
described above,

It is desired to provide a regenerative or braking mode of operation in an electric
motor for an electromechanical actuator in which the size of the motor controller can be
reduced and which can lead to improved thermal management.

SUMMARY

According to an aspect of the present disclosure, there is provided an electric motor
comprising a rotor, a stator and a motor controller. The stator comprises a substantially
cylindrical body, a plurality of teeth extending from the substantially cylindrical body in a
radial direction, one or more first sets of electrical windings that are wound around said
teeth and configured to drive the rotor, and one or more second sets of electrical windings
electrically separate from the first set of electrical windings. The second set of electrical
windings on the stator are electrically connected to the motor controller such that energy
produced by the electric motor during a regenerative mode of operation in use is diverted
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to the second set of electrical windings on the stator for dissipating the energy produced in
the regenerative mode.

The above features are intended to remove the need to incorporate a resistor in the
motor controller that is configured to dissipate the energy produced by the motor in the
regenerative mode, in particular by providing one or more second sets of electrical
windings on the stator that perform this function. This means that the size of the motor
controller can be reduced, that thermal management of the motor is improved and the
braking resistance can be tailored more specifically to the stator.

Aspects of the disclosure extend to a method of constructing the electric motor. For
example, one particular method comprises providing a stator comprising a substantially
cylindrical body and a plurality of teeth extending from the substantially cylindrical body in a
radial direction, winding one or more first sets of electrical conductors around said teeth,
wherein the first set(s) of electrical conductors are configured to drive a rotor of the electric
motor, winding one or more second sets of electrical conductors on the stator, wherein the
second set(s) of electrical conductors are electrically separate from the first set of electrical
conductors, and electrically connecting the second set of electrical conductors on the stator
to a motor controller of the electric motor such that energy produced by the electric motor
during a regenerative mode of operation in use is diverted to the second set of electrical
conductors on the stator for dissipating the energy produced in the regenerative mode.

In various embodiments, the stator may comprise one or more pairs of channels
extending in an axial direction through the substantially cylindrical body, and one or more
second sets of electrical windings that are wound around each pair of channels and
configured to resist motion of the motor during deceleration or under braking thereof.

The one or more pairs of channels may comprise at least two separate pairs of
channels, and the one or more second sets of electrical windings may comprise at least
two separate sets of electrical windings.

At least one of the second set of windings may comprise one or more conductors,
each conductor being wound at least 2, 5, 10 or 20 times around the pair of channels.

The one or more conductors may be wound around the pair of channels so that
conducting elements are arranged side-by-side in axial portions of each of the second set
of windings.

The potarity of conductor elements in the side-by-side arrangement may alternate
so that each conductor is arranged next to a conductor having an opposite polarity to its
own.

The one or more conductors may include a first conductor element that is wound
around a respective pair of channels a specified number of times in a first direction, and a
second conductor element that is wound around the same pair of channels the specified
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number of times in a second direction, wherein the first conductor element has a polarity
that is opposite to the second conductor element.

Alternatively, the one or more conductors may include a single conductor element
that is wound around a respective pair of channels a specified number of times in a first
direction, and then the same conductor element is wound around the same pair of
channels a specified number of times in a second, opposite direction.

In various other embodiments, the stator may comprise a slot extending around an
outer circumference of the stator, and the one or more second sets of electrical windings
are wound around the slot.

The slot may have a width that extends axially between a first circumferential rim of
the stator and a second circumferential rim of the stator, wherein the first rim may be
located at a first axial end of the stator and the second rim may be located at the second,
opposite axial end of the stator.

The second set of electrical windings may comprise one or more conductors that
are wound around the slot in substantially a circumferential direction, so that conducting
elements are arranged side-by-side around the outer circumference of the stator body.

The polarity of conductor elements in the side-by-side arrangement may alternate
so that each conductor is arranged next to a conductor having an opposite polarity to its
own.

The one or more conductors may include a first conductor element that is wound
around the slot a specified number of times in a first direction, and a second conductor
element that is wound around the slot the specified number of times in a second direction,
wherein the first conductor element has a polarity that is opposite to the second conductor
element.

Alternatively, the one or more conductors may include a single conductor element
that is wound around the slot a specified number of times in a first direction, and then the
same conductor element may be wound around the slot a (e.g., the) specified number of
times in a second, opposite direction.

In any of the embodiments discussed above, the rotor may be a rotary body
comprising permanent magnets positioned between the stator and the rotary body. The
rotary body may be coaxially rotatable relative to the stator about a central axis.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows an example architecture of a conventional motor controller;
Fig. 2 shows a circuit diagram for the motor controller of Fig. 1;
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Fig. 3A shows a conventional stator that could be used in conjunction with the
motor controller of Figs. 1 and 2;

Fig. 3B shows a stator in accordance with the present disclosure that could be used
with a slightly modified version of the motor controller of Figs. 1 and 2;

Fig. 4 shows the stator of Fig. 3B in combination with schematic electrical windings
(or conductors);

Fig. 5 shows an alternative stator in accordance with the present disclosure; and

Figs. 6A and 6B show schematically how one or more conductors could be wound
to form the brake resistor windings on the stator.

DETAILED DESCRIPTION

Herewith will be described various embodiments of an electrical motor, for example
for an electromechanical actuator, in which a stator of the motor incorporates brake resistor
coils, in addition to the motor coils, wherein the brake resistor coils are configured to
dissipate braking energy from the motor (and, e.g., the actuator) in a regenerative mode of
operation, for example during deceleration or braking of the motor. Aspects of the
disclosure extend to the stator used in the motor, which is inventive in its own right and
may be claimed independently.

For comparison, Fig. 3A shows a conventional stator 50 that comprises a cylindrical
body 52, which may be referred to as the back iron, wherein a plurality of teeth 54 extend
radially inwards therefrom such that a plurality of circumferentially spaced cavities 56 are
formed between the teeth 54. When positioned in use, a plurality of windings will be
provided within the cavities 56 and around the teeth 54 as is generally known in the art.

Fig. 3B shows a stator 150 in accordance with the present disclosure that is
substantially similar to the conventional stator 50 shown in Fig. 3A, comprising a
substantially cylindrical body 152 (or “back iron”}, with teeth 154 extending radially inwards
therefrom so as to define a plurality of circumferentially spaced cavities 156 through which
a plurality of windings may be provided as is generally known in the art.

As is evident from Fig. 3B, the stator 150 is modified to include a plurality of
channels 160 that extend axially and along an outer surface of the body 152 of the stator
150. In the embodiment of Fig. 3B, the channels 160 extend along the entire axial length
of the cylindrical body 152 and form a substantially cuboid -shaped void through which
various turns of an electrical winding may be provided. As described in more detail below,
providing windings through the channels 160 in the body 152 of the stator 150 can provide
a regenerative or braking function in the same manner as a conventional brake resistor

system.
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Fig. 4 shows schematically the stator 150 including the various windings that may
be provided within the cavities 156, as well as the channels 160. A first set of windings 170
(“motor windings”) are provided around the teeth 154 and through the cavities 156, which
windings 170 form magnetic poles when energised with current, and are configured to drive
a rotor of the motor in use, as is known in the art. In accordance with the disclosure, one
or more second sets of windings 180 (“brake resistor windings”) are provided within each of
the channels 160.

The second sets of windings 180 may each be embedded within the outer
cylindrical surface of the body 152 of the stator 150, and may be wrapped around
respective protrusions 162 that extend axially from a first axial end 151 of the stator 152 a
second, opposite axial end 153 of the stator 150.

The second sets of windings 180 are shown in Fig. 4 is being circumferentially
spaced about the circumference of the body 152, and are approximately the same distance
radially from a central axis A of the stator 150. Other positional variations are possible,
although the sets of windings 180 must each generally extend from the first axial end 151
to the second axial end 153.

During operation of a motor incorporating the stator 150, a variable magnetic flux
will be generated inside the body 152 of the stator 150 and the interaction between the
magnetic fields within the motor, including the magnetic field of the stator 150 will act to
generate force within the motor. In accordance with the disclosure, each of the second
sets of windings 180 are connected to a motor controller 10 (or “motor drive”), for example
as shown and described in respect of Figs. 1 and 2. In this manner, the second sets of
windings 180 may perform the same function as the brake resistor 30 described above.
This has been found to provide a more effective and tailored resistance than the use of a
resistor as a separate component within the motor controller electronics.

This is also distinct from various conventional arrangements that may use loops of
electrical resistive wire in the back iron, since in these arrangements the resistive wire is
shorted so as to create a drag torque and provide a damping mechanism, rather than
providing an electrical resistance connected to the motor controller electronics.

Each of the second sets of windings 180 may be connected in series or parallel to
achieve the required resistance. The second set(s) of windings 180 may be connected to a
DC intermediate circuit of a motor controller, e.g., the DC link including the inverter 20 and
brake resistor 30 of the motor controller 10 as shown and described above in respect of
Figs. 1 and 2. In various embodiments, the second sets of windings 180 may be

connected to the same terminals as the brake resistor 30 shown in Figs. 1 and 2.
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As will be appreciated from the context of the present disclosure, references to
“connected” herein are intended to mean electrically connected, for example via one or
more conductors or conducting elements (e.g., electrical wire).

Aspects and embodiments of the present disclosure are aimed at using the
regenerative power of a motor, for example when a motor is being rotated during
deceleration or under braking load. In these situations the motor may function effectively
as a generator, for example feeding power to a DC voltage intermediate circuit within the
motor controller. When the voltage within the intermediate circuit reaches a predetermined
value, as determined for example by an inverter or other electronic switch, a voltage from
the motor may be connected across the second sets of windings 180. This will dissipate
the braking energy from the motor.

The broadest aspects of the present disclosure should not be seen as being limited
to the arrangement of brake resistor windings 180 as shown in Fig. 4. For example,
although the brake resistor windings should be located on the stator itself, alternative
arrangements may include the windings provided in a different number or orientation whilst
providing the resistive function described herein.

Fig. 5 shows one example of an alternative embodiment, in which like reference
numerals indicate like elements to those shown in Fig. 4, and which shows a stator 150’ in
which a slot 190 may be formed around the circumference of the stator 150". The slot 190
may extend axially between a first rim 157 and a second rim 159, wherein the first rim 157
is located at the first axial end 151’ of the stator 150" and the second rim is located at the
second, opposite axial end 153’ of the stator 150’. Both the first and second rims 157, 159
extend substantially completely around the circumference of the body 152". One of the
rims (in the illustrated example the first rim 157’) may be provided with an axially extending
slot 158 to permit one or more conductors 181 to pass through.

A resistor winding 180’ made up of the one or more conductors 181 may be wound
around the body 152’ of the stator 150’so that the winding 180’ completely fills the slots
190. In this manner, the winding 180’ will form a resistance in the same manner as the
windings 180 shown in Fig. 4. This embodiment will be slightly less complex than that of
Fig. 4 and will achieve similar effects whilst being relatively inexpensive.

The above arrangements achieve a method of dissipating the energy from the
electrical motor in a regenerative or braking mode of operation. This is achieved by
connecting the resistor windings 180, 180’ to the motor controller in a similar manner as a
brake resistor, such as brake resistor 30 in the motor controller 10 discussed above and
referred to in respect of Figs. 1 and 2. These arrangements can be applied to direct drive
applications, but also higher speed (e.g., geared) applications in which the actuator
connected to the motor is geared, for example to reduce the size of the motor.
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Generally, the embodiments disclosed herein can reduce the weight of the motor
controller. For example, the arrangements disclosed herein remove the requirement to
have a conventional brake resistor system 30 as shown in Figs. 1 and 2, as well as the
need to choose a suitable resistor for such system 30 within the motor controller. In
contrast, by using the sets of windings 180, 180Q’, the resistance can be designed and
optimised for specific stators, rather than being limited to off-the-shelf resistors.

The described arrangements also lead to improved thermal management of the
motor controller 10, since the energy from the motor does not need to be dissipated within
the controller itself. Instead, the energy will be dissipated in the resistor windings in the
electric motor, which by its own nature has a bigger thermal mass, and, e.g., surface area
to help improve thermal dissipation.

Further refinements can be made to the arrangements described that optimise the
magnetic flux throughout the stator 150, 150, and in particular induced within the
winding(s) 180, 180’. For example, it has been found that the winding(s) 180, 180’ located
on the body 152, 152’ of the stator 150, 150’ could have an inductive contribution, which
may be undesirable. To significantly reduce this the conductors within the windings 180,
180" may be wound such that the polarity of adjacent (e.g., side-by-side) conductors is
opposite, so that the flux induced by each conductor will be reduced by its adjacent
counterpart.

Fig. 6A shows an example of this in a parallel arrangement, and which
schematically indicates the conductors within a winding 180 (Fig. 4) that is wrapped around
one of the protrusions 162 extending axially from one end 151 of the stator 150 to the other
153. As can be seen from Fig. 6A, a first conductor 182 is wound around the protrusion
162, and a second conductor of opposite polarity is wound in the opposite direction around
the protrusion 162 in such a manner that along an axial length L of the protrusion 162 the
first and second conductors 182, 184 are substantially parallel, and are positioned adjacent
(e.g., side-by-side) to each other in an alternating relationship such that adjacent (e.g.,
side-by-side) conductors have opposite polarity to reduce the flux induced by each
conductor as discussed above.

Fig. 6B shows an alternative example of this concept in a series arrangement, in
which a single conductor 186 is shown schematically as being wound around the
protrusion 162 a number of times, and then reversed in direction so that it is wound in the
opposite direction around the protrusion 162 an equal number of times such that the single
conductor 186 comprises substantially parallel portions along an axial length L of the
protrusion 162, which are positioned adjacent (e.g., side-by-side) to each other in an
alternating relationship such that adjacent (e.g., side-by-side) conductor portions have
opposite polarity to reduce the flux induced by each conductor as discussed above.

CA 3065016 2019-12-12
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These principles can be applied to the embodiment of Fig. 5, such that as the
conductor(s) 181 forming the windings 180’ may be wound such that the polarity of
adjacent (e.g., side-by-side) conductors is opposite, so that the flux induced by each
conductor will be significantly reduced by its adjacent counterpart.

5 Although the present disclosure has been described with reference to various
embodiments, it will be understood by those skilled in the art that various changes in form
and detail may be made without departing from the scope of the invention as set forth in
the accompanying claims.
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Claims

1. An electric motor comprising a rotor, a stator and a motor controller, the stator
comprising:

a substantially cylindrical body;

a plurality of teeth extending from the substantially cylindrical body in a radial
direction;

one or more first sets of electrical windings that are wound around said teeth and
configured to drive the rotor; and

one or more second sets of electrical windings electrically separate from the first set
of electrical windings,

wherein the second set of electrical windings on the stator are electrically
connected to the motor controller such that energy produced by the electric motor during a
regenerative mode of operation in use is diverted to the second set of electrical windings
on the stator for dissipating the energy produced in the regenerative mode.

2. An electric motor as claimed in claim 1, wherein the stator comprises one or more
pairs of channels extending in an axial direction through the substantially cylindrical body,
and one or more second sets of electrical windings that are wound around each pair of
channels and configured to resist motion of the motor during deceleration or under braking

thereof.

3. An electric motor as claimed in claim 2, wherein the one or more pairs of channels
comprises at least two separate pairs of channels, and the one or more second sets of

electrical windings comprise at least two separate sets of electrical windings.

4, An electric motor as claimed in claim 2 or 3, wherein at least one of the second set
of windings comprises one or more conductors, each conductor being wound at least 2, 5,
10 or 20 times around the pair of channels.

5. An electric motor as claimed in claim 4, wherein the one or more conductors are
wound around the pair of channels so that conducting elements are arranged side-by-side
in axial portions of each of the second set of windings.

CA 3065016 2019-12-12
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6. An electric motor as claimed in claim 5, wherein the polarity of conductor elements
in the side-by-side arrangement alternates so that each conductor is arranged next to a
conductor having an opposite polarity to its own.

7. An electric motor as claimed in claim 5 or 6, wherein the one or more conductors
include a first conductor element that is wound around a respective pair of channels a
specified number of times in a first direction, and a second conductor element that is
wound around the same pair of channels the specified number of times in a second
direction, wherein the first conductor element has a polarity that is opposite to the second
conductor element.

8. An electric motor as claimed in claim 5 or 6, wherein the one or more conductors
include a single conductor element that is wound around a respective pair of channels a
specified number of times in a first direction, and then the same conductor element is
wound around the same pair of channels a specified number of times in a second, opposite
direction.

9. An electric motor as claimed in claim 1, wherein the stator comprises a slot
extending around an outer circumference of the stator, and the one or more second sets of
electrical windings are wound around the slot.

10. A stator as claimed in claim 9, wherein the slot has a width that extends axially
between a first circumferential rim of the stator and a second circumferential rim of the
stator, wherein the first rim is located at a first axial end of the stator and the second rim is
located at the second, opposite axial end of the stator.

11. A stator as claimed in claim 9 or 10, wherein the second set of electrical windings
comprises one or more conductors that are wound around the slot in substantially a
circumferential direction, so that conducting elements are arranged side-by-side around the
outer circumference of the stator body.

12. A stator as claimed in claim 11, wherein the polarity of conductor elements in the
side-by-side arrangement alternates so that each conductor is arranged next to a

conductor having an opposite polarity to its own.

13. A stator as claimed in claim 11 or 12, wherein:
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the one or more conductors include a first conductor element that is wound around
the slot a specified number of times in a first direction, and a second conductor element
that is wound around the slot the specified number of times in a second direction, wherein
the first conductor element has a polarity that is opposite to the second conductor element;
or

the one or more conductors include a single conductor element that is wound
around the slot a specified number of times in a first direction, and then the same
conductor element is wound around the slot a specified number of times in a second,
opposite direction.

14. An electric motor as claimed in any preceding claim, wherein the rotor is a rotary
body comprising permanent magnets positioned between the stator and the rotary body,
and the rotary body is coaxially rotatable relative to the stator about a central axis.

15. A method of constructing an electric motor, comprising:

providing a stator comprising a substantially cylindrical body and a plurality of teeth
extending from the substantially cylindrical body in a radial direction;

winding one or more first sets of electrical conductors around said teeth, wherein
the first set(s) of electrical conductors are configured to drive a rotor of the electric motor;

winding one or more second sets of electrical conductors on the stator, wherein the
second set(s) of electrical conductors are electrically separate from the first set of electrical
conductors; and

electrically connecting the second set of electrical conductors on the stator to a
motor controller of the electric motor such that energy produced by the electric motor
during a regenerative mode of operation in use is diverted to the second set of electrical
conductors on the stator for dissipating the energy produced in the regenerative mode.
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Fig. 1
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Fig. 5
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