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57 ABSTRACT
A method for controlling an electric motor (12) comprising
at least:
one first determination step (E1) in which an intermediate
value of a direct axis current (I ;) and an intermediate
value of a quadrature axis current (I, of the AC
supply current of the motor (12) are determined,
one second determination step (E2) in which a target
value of the direct axis current (I,.,;.) and a target
value of the quadrature axis current (I,,,,) are deter-
mined,
one driving step (EP) in which the at least one inverter is
driven by the microcontroller (20) based on the target
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HO2P 2122 (2006.01) value of the direct axis current (I,,,;) and the target

HO2P 27/06 (2006.01) value of the quadrature axis current (I,.,;z.)-
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METHOD FOR LIMITING THE ELECTRIC
POWER REGENERATED BY A
SYNCHRONOUS TYPE ELECTRIC MOTOR

[0001] The invention concerns the field of electric motors
and more particularly a method for limiting the electric
power regenerated by a synchronous type electric motor.
[0002] The invention applies to an electric motor and more
particularly to a synchronous type rotary electric motor,
having at least three phases. Said electric motor receives an
AC supply current driven by an inverter via the vector
control method, said inverter being supplied with a DC
supply current.

[0003] Vector control, also called field-oriented control, is
a known control method for electric motors in which the AC
supply current of the motor is transformed into two orthogo-
nal components, one along an axis ¢, hereafter called
quadrature axis current, denoted Iq, and the other along an
axis d, is called direct axis current, denoted Id. The quadra-
ture axis current Iq and the direct axis current Id are spatial
currents of so-called direct magnetization axis denoted d,
and of quadrature axis denoted q. The quadrature axis
current Iq and the direct axis current Id correspond to a
spatial projection of the three-phase current system on a
rotating reference frame related to a rotor of the electric
motor. The quadrature axis current Iq and the direct axis
current Id are therefore a function of the phase shift of the
three-phase current system with respect to the direct axis d
and the amplitude of the three-phase system. For low
reluctance motors, the direct axis current Id generally
enables a reduction in a perceived magnetic flux to optimize
a high-speed operation, while the quadrature axis current Iq
controls a torque exerted by the motor, hereafter called
motor torque. The direct axis current Id and the quadrature
axis current Iq are for example determined as a function of
an operating point of the motor which is characterized by at
least one parameter from among: a setpoint torque, a rota-
tional speed of the motor, a temperature of the motor, or a
supply voltage of the motor.

[0004] Based on the direct axis current Id and the quadra-
ture axis current Iq, the motor is supplied with the AC supply
current provided by the inverter.

[0005] By convention, it will be considered in the follow-
ing description that when the DC supply current of the
inverter is positive, the motor-inverter assembly consumes
energy, that is to say the current flows from the inverter to
the motor, while when the DC supply current of the inverter
is negative the motor-inverter assembly generates energy,
that is to say the inverter returns current to its DC supply.
[0006] In the same way, it is considered that when an
electric power is positive, the motor-inverter assembly con-
sumes energy, while when the electric power is negative the
motor-inverter assembly generates energy.

[0007] During operation of the motor, the DC supply
current of the inverter is generally positive but may become
negative in some situations. The DC supply current of the
inverter, when negative, is also called regenerative current.
For example, when the motor is a power steering motor of
a vehicle, regenerative current is produced during transi-
tional situations such as a sudden change in the direction of
rotation of a steering wheel.

[0008] Thereafter, by DC supply system, it should be
understood a system upstream of the inverter which is
responsible for providing or recovering the continuous
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energy from the inverter. For example, said upstream system
can be a battery or a DC-DC converter.

[0009] When the amount of regenerative current is sig-
nificant, the DC supply system may comprise recovery
elements allowing recovering this current.

[0010] However, when the amount of regenerative current
is small, it is not economically interesting to set up said
recovery elements. Thus, the regenerative current degrades
the DC supply system.

[0011] Thus, there is a need to limit the amount of regen-
erative current which is produced by the motor-inverter
assembly. In other words, there is a need to ensure that the
motor-inverter assembly remains an energy consumer
regardless of the situation.

[0012] There is a solution to reduce the regenerative
current using passive elements such as, for example, a
resistive element. However, the passive elements can be
bulky and expensive.

[0013] There are also solutions in which the DC supply
current of the inverter is limited with priority over the
setpoint torque requested from the motor. These solutions
are therefore intrusive because they modify the provided
motor torque which no longer corresponds to the requested
setpoint torque.

[0014] When the motor is a power steering motor, a
deviation between the motor torque and the setpoint torque
leads to a change in the driver’s driving experience.
[0015] The present invention aims at overcoming all or
part of the aforementioned drawbacks by proposing a
method for controlling a synchronous type motor allowing
limiting the regenerative current while maintaining the
motor torque substantially equal to the setpoint torque and
which does not require additional components.

[0016] The object of the invention is a method for con-
trolling a synchronous type electric motor, supplied with an
AC supply current from at least one inverter, the inverter
being driven by at least one microcontroller using a vector
control method, the method being executed by the micro-
controller and comprising at least:

[0017] one first determination step in which an inter-
mediate value of a direct axis current and an interme-
diate value of a quadrature axis current of the AC
supply current of the motor are determined as a func-
tion of at least:

[0018] one reference setpoint torque or one reference
value of the quadrature axis current,

[0019] one rotational speed of said motor,

[0020] one supply voltage of the inverter,

[0021] one static regeneration threshold and,

[0022] one reference value of the direct axis current,

[0023] one second determination step in which a target
value of the direct axis current and a target value of the
quadrature axis current are determined as a function of

at least:
[0024] the intermediate value of the direct axis cur-
rent,
[0025] the intermediate value of the quadrature axis
current,
[0026] one dynamic regeneration threshold,
[0027] one driving step in which the at least one inverter

is driven by the microcontroller based on the target
value of the direct axis current and the target value of
the quadrature axis current.
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[0028] In the present description, the terms the reference
value of XX, XX referring to the direct axis current or the
quadrature axis current, and the reference XX, or the inter-
mediate value of XX and the intermediate XX, or the target
value of XX and the target XX, refer to the same current.
[0029] The reference setpoint torque is the torque that the
motor must exert. The setpoint torque is generally received
in the form of software information, processed within the
microcontroller, and used as input data of a software func-
tion also executed within the microcontroller itself.

[0030] The motor torque is the torque actually exerted by
the motor. The motor torque depends on the AC supply
current of the motor. A user of the motor seeks to ensure that
the motor torque is close to or equal to the reference setpoint
torque.

[0031] Thereafter, by motor system, it should be under-
stood all the elements allowing controlling the electric
motor. The motor system includes in particular the motor-
inverter assembly, and the microcontroller.

[0032] The electric motor according to the invention is
supplied with an AC supply current which is provided by the
inverter. The inverter itself is electrically supplied with a DC
supply current.

[0033] The AC supply current of the motor is determined
in two successive main steps so that the AC supply current
obtained when applying the target values of the direct axis
current and the quadrature axis current to the motor allows
on the one hand the motor to exert the reference setpoint
torque, and on the other hand the DC supply current of the
inverter to be greater than a global regeneration threshold.
[0034] The global regeneration threshold corresponds to a
maximum level of regenerative current that can be generated
by the motor-inverter assembly regardless of the operating
situations of the motor. In other words, the DC supply
current of the inverter will be greater than or equal to the
global regeneration threshold. The global regeneration
threshold is the minimum value that is imposed on the DC
supply current of the inverter. Thus, the method allows
limiting the level of regenerative current produced by the
motor-inverter assembly while maintaining a motor torque
substantially equal to the reference setpoint torque and
without requiring additional components.

[0035] According to one embodiment, a global regenera-
tion threshold corresponding to a sum of the static regen-
eration threshold and the dynamic regeneration threshold.
[0036] The global regeneration threshold is logically
selected to be less than or equal to 0 A so as to control the
amount of regenerative current produced without inducing a
forced consumption of the motor which would then corre-
spond to a positive value. However, this scenario is techni-
cally also feasible. Thus, a global regeneration threshold less
than or equal to 0 A corresponds to little or no regenerative
current.

[0037] The static regeneration threshold is selected by a
user of the method. It corresponds to a minimum acceptable
value of the DC supply current of the inverter when the
motor is in a virtual static situation, that is to say an
imaginary situation in which there is a balance of forces. In
other words, in the virtual static situation, the motor-inverter
assembly does not have any dynamics. The currents within
the motor are constant in terms of phase and amplitude.
[0038] In the virtual static situation, it is possible to write:

Pitar=ProsstPrmec=VpcpCsiar [Math 1]
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[0039] With P,,: the electric power in static mode of the
motor-inverter assembly, expressed in Watt. The electric
power is positive when the motor-inverter assembly con-
sumes energy, and negative when the motor-inverter assem-
bly generates energy.

[0040] P, the power dissipated by Joule effect in the
electrical conductors of the motor-inverter assembly, such as
for example a motor winding, a PCB trace, a MOSFET . . .
. The power dissipated by Joule effect is always positive, it
is expressed in Watt.

[0041] P, the mechanical power of the motor system,
expressed in Watt. The mechanical power is positive when
the reference motor torque and the rotational speed have the
same sign, that is to say positive or negative, and the
mechanical power is negative when the reference motor
torque and the rotational speed have opposite signs, that is
to say one positive and the other negative.

[0042] Thus, when the reference motor torque and the
rotational speed have opposite signs, it is possible that the
electric power of the motor system is negative.

[0043] V. the supply voltage of the inverter, expressed
in Volt. The supply voltage of the inverter is always positive.
[0044] 1,.., the DC supply current of the inverter in a
virtual static situation, expressed in Ampere. The DC supply
current is negative when the electric power is negative, and
positive when the electric power is positive.

[0045] The static regeneration threshold corresponds to
the minimum value which is allowed to the DC supply
current of the inverter in a virtual static situation.

[0046] According to one embodiment, the static regenera-
tion threshold is selected to be positive, zero, or negative
depending on the chosen margins.

[0047] Fora 12V DC supply system having an absorption
capacity of -8 A, this threshold can for example be set to -4
A, leaving a margin of 48 W. For a 48V DC supply system
having an absorption capacity of -2 A, this threshold can for
example be set to -1 A, also leaving a margin of 48 W.
[0048]
that:

The static regeneration threshold is determined so

ProsstPrmec®VpeIpcsiamin [Math 2]

[0049] With:
[0050] P, . the power dissipated by Joule effect in the

loss*

electrical conductors of the motor-inverter assembly.
[0051] P,,..: the mechanical power of the motor system,

expressed in Watt,

[0052] V. the supply voltage of the inverter,
expressed in Volt,

[0053]  I,csrmmie: the static regeneration threshold cor-
responding to the minimum value of the DC supply
current of the inverter, expressed in Ampere.

[0054] The dynamic regeneration threshold is selected by
the user of the method. It corresponds to a minimum
acceptable value of the DC supply current of the inverter
when the motor is in a virtual dynamic situation, that is to
say an imaginary situation in which only an evolution of the
AC supply current of the motor is taken into account. In the
virtual dynamic situation, it is possible to write:

Py =Vocipcam [Math 3]

[0055] With P,,: the magnetizing power of the motor
stator, expressed in Watt. The magnetizing power is positive
when the magnetic energy of the stator increases, that is to
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say during magnetization, and negative when the magnetic
energy of the stator decreases, that is to say during demag-
netization.

[0056] V. the supply voltage of the inverter, expressed
in Volt. The supply voltage is always positive.

[0057] 1,4, the DC supply current of the inverter,
expressed in Ampere. The DC supply current is negative
when the power is negative, and positive when the power is
positive.

[0058] The dynamic regeneration threshold corresponds to
the minimum value which is allowed for the demagnetiza-
tion of the stator in a virtual dynamic situation, that is to say:

P12V pelpcaymmin [Math 4]

[0059] With P, : the magnetizing power of the motor
stator, expressed in Watt,

[0060] V. the supply voltage of the inverter,
expressed in Volt,

[0061] I, the dynamic regeneration threshold
corresponding to the minimum value of the DC supply
current of the inverter, expressed in Ampere.

[0062] According to one embodiment, the dynamic regen-
eration threshold is selected to be negative.

[0063] According to one embodiment, the intermediate
value of the quadrature axis current becomes the target value
of the quadrature axis current.

[0064] The general principle of the method is to deter-
mine, in the first determination step, the AC supply current
of'the motor in a virtual static situation so that the DC supply
current of the inverter in a virtual static situation is in
particular greater than or equal to the static regeneration
threshold, then to modify, only and if necessary, the direct
axis current of the AC supply current of the motor in a virtual
static situation so that the DC supply current of the inverter
in a virtual dynamic situation is less than or equal to the
dynamic regeneration threshold. Indeed, the motor torque
being mainly controlled by the quadrature axis current, it is
not possible to modify the value of this current without
varying the motor torque. However, it is possible to at least
partially counterbalance the produced regenerative current
by a decrease in the quadrature axis current by a simulta-
neous increase in the direct axis current so as to contain the
sum of the two. Finally, it is thus possible to guarantee that
the DC supply current of the inverter in an actual situation
is greater than or equal to the global regeneration threshold,
that is to say:

Ipc2Ipcmin=Ipcstamin™ Daymmin [Math 5]

[0065] With:

[0066] I,.: the DC supply current of the inverter,
expressed in Ampere;

[0067] 15 gpmm: the dynamic regeneration threshold
corresponding to the minimum value of the DC supply
current of the inverter, expressed in Ampere.

[0068] I,cums: the static regeneration threshold cor-
responding to the minimum value of the DC supply
current of the inverter, expressed in Ampere.

[0069] I,.,.: the global regeneration threshold,
expressed in Ampere.

[0070] More specifically, in the method according to the
invention, the first determination step allows defining a first
value, called intermediate value, for each component of the
AC supply current of the motor, that is to say the direct axis
current and the quadrature axis current, when the motor-
inverter assembly is considered in the virtual static situation.
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In other words, the method determines the intermediate
value of the AC supply current of the motor in the virtual
static situation so as to guarantee that the motor exerts the
setpoint torque, and to solve the equation Math 1 with the
assumption that:

[Math 6]

IDCstaZEID Cstatmin

[0071] With: I, the DC supply current of the
inverter, expressed in Ampere, in a virtual static situ-
ation;

[0072] I,cerami: the static regeneration threshold,
expressed in Ampere.

[0073] Thus, the intermediate value of the AC supply
current of the motor determined in a static situation allows
the DC supply current of the inverter to be greater than the
static regeneration threshold. In other words, this interme-
diate value is determined as a function of parameters which
allow ensuring on the one hand that the motor exerts the
setpoint torque, and on the other hand that the DC supply
current of the inverter is greater than the static regeneration
threshold.

[0074] In the method according to the invention, the
second determination step allows defining a second value,
called target value, for each component of the AC supply
current of the motor as a function of at least the intermediate
value of the direct axis current, the intermediate value of the
quadrature axis current, and of the dynamic regeneration
threshold. In other words, the method determines the target
value of the AC supply current of the motor which will be
applied to the motor so that the motor exerts the setpoint
torque, and that the DC supply current of the inverter is
greater than or equal to the global regeneration threshold, by
ensuring in particular that:

[Math 7]

Ipcan=Ipcaymmin

[0075] With: I,c,,: the DC supply current of the
inverter, expressed in Ampere, in a virtual dynamic
situation;

[0076] 15 pmn: the dynamic regeneration threshold,
expressed i Ampere.

[0077] Finally, the method comprises a step of driving the
motor based on the target value of the direct axis current and
the target value the quadrature axis current.

[0078] The invention may also have one or several of the
following features taken alone or in combination.

[0079] According to one embodiment, the electric motor is
a power steering motor of a vehicle.

[0080] According to one embodiment, the method com-
prises a preliminary determination step in which the refer-
ence value of the direct axis current and the reference value
of the quadrature axis current are determined as a function
of at least:

[0081] the reference setpoint torque,
[0082] the rotational speed of said motor,
[0083] the supply voltage of the inverter
[0084] The object of the preliminary determination step is

to define for the downstream vector control, the reference
value of the direct axis current and the reference value of the
quadrature axis current among all the pairs of direct axis
current and quadrature axis current allowing ensuring the
reference setpoint torque.

[0085] According to one embodiment, the first determina-
tion step and/or the second determination step receives as
input at least one system parameter selected from:
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[0086] A total equivalent resistance on the AC side,
[0087] A direct axis and/or quadrature axis inductance
of the electric motor,

[0088] A magnetic flux of the electric motor,

[0089] A number of pole pairs of the electric motor,

[0090] A maximum allowable AC supply current of the

motor.

[0091] According to one embodiment, the microcon-
troller, to carry out the first determination step, implements
in real time a specific algorithm, and/or uses a solution table
of the intermediate values stored in a memory.
[0092] The solution table lists, for example as a function
of at least the rotational speed and the reference setpoint
torque, the intermediate values of each pair of direct axis
current and quadrature axis current so that the motor torque
is substantially equal to the reference setpoint torque and
that the DC supply current of the inverter in a virtual static
situation is greater than the static regeneration threshold.
[0093] Indeed, there are an infinity of pairs of direct axis
current and quadrature axis current allowing ensuring that
the motor torque is substantially equal to the reference
setpoint torque. Thus, it is possible to predict by an algo-
rithm, for example iterative, for each setpoint torque and
rotational speed value, a pair of direct axis current and
quadrature axis current allowing ensuring, in a virtual static
situation, a motor torque substantially equal to the setpoint
torque and a DC supply current of the inverter greater than
the static regeneration threshold.
[0094] For example, the solution table or the specific
real-time algorithm must solve the system of equations
below for which only the solution offering the negative
intermediate value of direct axis current is to be considered:

Cref = k-p-qurm-(‘l‘ + (La = Lq)-ldsrar) [Math 8]
k _[Rac-(lgsmr + Igsrar) + p-'Q'Iqsrar- ) =7 )
Ve ¥+ (L = Lg)-Listar) = pCuamin

[0095] With:
[0096] C, : the reference setpoint torque, expressed in
N-m;
[0097] I, the intermediate value of the quadrature
axis current;
[0098] 1, the intermediate value of direct axis cur-
rent;
[0099] W: the magnetic flux of the electric motor,
expressed in Wb;
[0100] L, L : the direct axis or quadrature axis induc-
tances of the electric motor (H);
[0101] V,.: the supply voltage of the inverter,
expressed in Volt;
[0102] R, the total equivalent resistance on the AC
side of the motor system (£2);
[0103] p: the number of pole pairs of the electric motor;
[0104] Q: the rotational speed of the motor, expressed
in rad-s™
[0105] k: the transformation factor uvmé¢>dq (3/2 or 1
for example depending on the chosen convention)
[0106] I, ... the static regeneration threshold
[0107] According to one embodiment, the solution table or
the specific real-time algorithm is a function of a parameter
selected from: a supply voltage of the inverter, and a
temperature of the electric motor.
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[0108] The intermediate values of the direct axis current
and the quadrature axis current are highly dependent on a
supply voltage of the inverter and/or a temperature of the
motor. Thus, the solution table or the specific real-time
algorithm can also take these parameters into account.
[0109] According to one embodiment, the solution table is
established by considering the minimum supply voltage of
the inverter and the minimum temperature of the electric
motor.

[0110] The minimum supply voltage of the inverter is the
lowest possible inverter supply voltage of the inverter.
[0111] The minimum temperature of the motor is the
lowest possible temperature of the considered motor system.
[0112] According to one embodiment, the intermediate
value of the direct axis current and the intermediate value of
the quadrature axis current are determined by interpolation
of the solution table or calculated by the specific real-time
algorithm.

[0113] In the case of a motor having a low or zero
reluctance (Ld=Lq), the system is solved very simply so that
a real-time implementation will be chosen rather than inter-
polation by solution table.

[0114] According to one embodiment, the second deter-
mination step receives as input an equivalent amplitude of
the current system of the motor, independently of its phase,
achieved during a previous and/or current evaluation.
[0115] The equivalent amplitude of the three-phase cur-
rent system, independently of its phase is for example
squared. The second step focuses on controlling the mag-
netizing/demagnetizing power of the stator winding, hence
its dynamic aspect as it assumes an evolution of the currents.
[0116] For example, the intermediate value of the direct
axis current is modified in the second determination step as
a function of a maximum dynamic direct axis current
comprising the target value of the AC supply current of the
motor achieved during the previous evaluation, the dynamic
regeneration threshold, a characteristic quantity of the mag-
netic behavior, such as for example the inductance of the
motor, and a time since the previous evaluation.

[0117] The maximum dynamic direct axis current corre-
sponds to the maximum value of direct axis current allowed
in order to control the decay of the AC supply current of the
motor without interfering with the quadrature axis target
current.

[0118] The maximum dynamic direct axis current is set to
less than or equal to O.

[0119] For example, the maximum dynamic direct axis
current can be expressed by the equation below:

[Math 9]

c -_|p . 2.V pc-Ipcaymmin-te
corr — ciblepre gstat kL

[0120] With:
[0121] C_,,,: the maximum dynamic direct axis current;
[0122] Tpcyymin: the dynamic regeneration threshold;
[0123] I?___.: the intermediate value of the quadrature

gstat*

axis current;

[0124] Izciblgprg: the target value of the AC supply
current of the motor achieved during a previous evalu-
ation;

[0125] V. the supply voltage of the inverter
expressed in Volt;

[0126] t.: a time since the previous evaluation;
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[0127] L: an inductance of the motor;

[0128] k: the transformation factor uvw<>dq (3/2 or 1
for example depending on the chosen convention)
[0129] It should be noted that a negative value under the

root means a zero maximum dynamic direct axis current.
[0130] According to one embodiment, the first determina-
tion step comprises an assessment phase in which a com-
parison of the theoretical regenerative current is performed
against the global regeneration threshold.

[0131] This comparison is carried out, for example by
means of the equation math 10 below, from the rotational
speed of the motor, the supply voltage of the inverter, the
reference value of the direct axis current, and optionally, the
reference setpoint torque or the reference value of the
quadrature axis current, one being directly derived from the
other once the reference value of the direct axis current is
set.

[0132] If the comparison of the assessment phase is met,
then the reference value of the direct axis current becomes
the intermediate value of the direct axis current and the
reference value of the quadrature axis current becomes the
intermediate value of the quadrature axis current.

[0133] If the assessment phase criterion is not met, then
the reference value of the direct axis current and the refer-
ence value of the quadrature axis current are modified
according to the continnation of step 1.

k 5 5 [Math 10]
7 (Rac (e + 1or) + P QL gar (B + Ly = Lg)Lgrep)) =

Ipcstatmin

[0134] With:
[0135] k: the transformation factor uvw<>dq (3/2 or 1
for example depending on the chosen convention);
[0136] V,.: the supply voltage of the inverter
expressed in Volt;
[0137] R, the total equivalent resistance on the AC
side of the motor system (£2);
[0138] p: the number of pole pairs of the electric motor;
[0139] €: the rotational speed of the motor, expressed
in rad-s™"
[0140] I, the intermediate value of the quadrature
axis current;
[0141] W: the magnetic flux of the electric motor,
expressed in Wb;
[0142] L, L : the direct axis or quadrature axis induc-
tances of the electric motor (H);
[0143] I, gummn: the static regeneration threshold
[0144] 1./ the reference value of the direct axis cur-
rent, expressed in Ampere;
[0145] T, the reference value of the quadrature axis
current, expressed in Ampere.
[0146] The invention also relates to a power steering
system comprising at least one motor controlled by the
method according to the invention.
[0147] The invention will be better understood, thanks to
the following description, which relates to several embodi-
ments according to the present invention, given as non-
limiting examples and explained with reference to the
appended schematic drawings, in which:
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[0148] FIG. 1 is a schematic representation of a power
steering system comprising a method according to the
invention,

[0149] FIG. 2 is a diagram of the method according to the
invention.

[0150] The object of a steering system 1 of a vehicle 2 is
to enable a driver to control the vehicle path by modifying
an angle of orientation of the vehicle’s wheels 10, 11 by
means of a steering wheel 3. The angle of orientation of the
wheels is in particular related to an angle 63 of the steering
wheel 3. The driver modifies the angle 63 of the steering
wheel 3 by exerting a force T3 on the steering wheel,
hereinafter called “steering wheel torque”. The force T3
exerted on the steering wheel can be measured by means of
a torque sensor 23.

[0151] In general, a steering system 1 comprises several
elements including said steering wheel 3, a rack 6, and two
wheels 10, 11 each connected to a tie rod 8, 9. The rack 6 is
the part allowing maneuvering the wheels 10, 11, that is to
say allowing modifying the angle of orientation of the
wheels 10, 11, via the tie rods 8, 9. The rack 6 transforms a
variation of the angle of the steering wheel 3 into a variation
of the angle of orientation of the vehicle’s wheels 10, 11.
[0152] An electric power steering system 1 comprises at
least one microcontroller 20 which in particular determines
a reference setpoint torque C, - to be applied by an electric
motor 12. The motor 12 exerts on the rack 6 a motor torque
T12 based on the reference setpoint torque C, . Said refer-
ence setpoint torque C, ., is determined as a function of
different parameters, in particular from the force T3 exerted
on the steering wheel 3, received by the microcontroller 20
in a manner known to those skilled in the art.

[0153] The electric motor 12 will preferably be an electric
motor, with two operating directions, and preferably a
synchronous type rotary electric motor, of the brush or
brushless type.

[0154] The invention applies for example to an electric
motor 12 of a mechanical type power steering, that is to say
in which there is a mechanical link generally made by a
steering column 4 which meshes, by means of a steering
pinion 5, on the rack 6, which is itself guided in translation
in a casing 7 fastened to the vehicle 2, or an electric power
steering system without a mechanical link, called “steer-by-
wire”, in which the steering wheel is mechanically detached
from the rack, not shown in the figures.

[0155] In the case of a mechanical type power steering, the
electric motor 12 can engage via a reducer of the gear
reducer type, either the steering column 4 itself, to form a
so-called “single pinion” mechanism, or directly the steering
rack 6, for example by means of a second pinion 13 separate
from the steering pinion 5 which enables the steering
column 4 to mesh with the rack 6, so as to form a so-called
“double pinion” mechanism, as shown in FIG. 1.

[0156] The invention relates more particularly to a method
for controlling a synchronous type electric motor 12 which
may be an electric motor 12 of the steering system as shown
in FIG. 1 or of another application.

[0157] The electric motor 12 is supplied with an AC
supply current from an inverter, the inverter being driven by
the microcontroller 20 using a vector control method.
[0158] The inverter is electrically supplied with a DC
supply current I, of the inverter which has a supply voltage
Ve The inverter supplies the electric motor 12 with an AC
supply current based on a target value of a direct axis current
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Lyeinie and a target value of a quadrature axis current I,
The motor torque T12 is the torque actually exerted by the
motor 12. The motor torque T12 depends on the AC supply
current of the motor 12. A user of the motor 12 seeks to
ensure that the motor torque T12 is close to or equal to the
reference setpoint torque C, .
[0159] Thereafter, by motor system, it should be under-
stood all the elements allowing controlling the electric motor
12. The motor system includes in particular the motor-
inverter assembly, and the microcontroller 20.
[0160] The method is shown in FIG. 2 and comprises a
preliminary determination step EQ in which a reference
value of the direct axis current I, and a reference value of
the quadrature axis current [, are determined as a function
of at least:

[0161] the reference setpoint torque C,,,

[0162] one rotational speed Q of said motor,

[0163] the supply voltage V- of the inverter.
[0164] The object of the preliminary determination step
EO0 is to define, without prejudice on the regenerative cur-
rent, the reference value of the direct axis current [, and
the reference value of the quadrature axis current [, to
obtain the reference setpoint torque C,, . For example, it can
be performed in accordance with a so-called ‘Maximum
Torque Per Ampere’ MTPA law offering the best efficiency
at low speed, and from a demagnetization strategy (“flux
weakening”) at high speed when the electromotive force
approaches the supply voltage the DC supply current of the
inverter.
[0165] The microcontroller 20 then carries out a first
determination step E1 in which an intermediate value of the
direct axis current I, and an intermediate value of the
quadrature axis current [, of the AC supply current of the
motor 12 are determined as a function of:

[0166] the reference setpoint torque C,,-or the reference

value of the quadrature axis current [,

[0167] the rotational speed Q of said motor 12,

[0168] the supply voltage V- of the inverter,

[0169] a static regeneration threshold I, ,.,..... and,

[0170] the reference value of the direct axis current L,
[0171] The first determination step E1 allows defining a
first value, called intermediate value, for each component of
the AC supply current of the motor, that is to say the direct
axis current L., and the quadrature axis current [ ., when
the motor-inverter assembly is considered in the virtual
static situation. In other words, the method determines the
intermediate value of the AC supply current of the motor in
the virtual static situation so as to guarantee that the motor
12 exerts the reference setpoint torque C,_, and to guarantee
that:

[Math 11]

IDCstatZIDCstatmin

[0172] With: I, the DC supply current of the
inverter, expressed in Ampere, in a virtual static situ-
ation;

[0173] I,cgumun: the static regeneration threshold,
expressed in Ampere.

[0174] Thus, the intermediate value of the AC supply
current of the motor 12 determined in a static situation
allows the DC supply current I, - of the inverter to be greater
than the static regeneration threshold I, - In other
words, this intermediate value is determined as a function of
parameters which allow ensuring on the one hand that the
motor 12 exerts the reference setpoint torque C,,, and on the
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other hand that the DC supply current of the inverter I,,,,
is greater than the static regeneration threshold [, ..min-
[0175] According to one embodiment, the microcontroller
20, to carry out the first determination step E1, implements
in real time a specific algorithm, and/or uses a solution table
of intermediate values stored in a memory.

[0176] The solution table lists, for example as a function
of at least the rotational speed  and the reference setpoint
torque C, , the intermediate values of each pair of direct
axis current I, and quadrature axis current [, so that the
motor torque T12 is substantially equal to the reference
setpoint torque C,,, and that the DC supply current of the
inverter [, in a virtual static situation is greater than the
static regeneration threshold I, .mmin-

[0177] Indeed, there are an infinity of pairs of direct axis
current and quadrature axis current allowing ensuring that
the motor torque T12 is substantially equal to the reference
setpoint torque C, . Thus, it is possible to predict by an
algorithm, for example iterative, for each setpoint torque
C,.rand rotational speed Q2 value, a pair of direct axis current
and quadrature axis current allowing ensuring, in a virtual
static situation, a motor torque T12 substantially equal to the
reference setpoint torque C,,-and a DC supply current [, -,
of the inverter greater than the static regeneration threshold
IDCStatmin'

[0178] For example, the solution table or the specific
real-time algorithm must solve the system of equations
below for which only the solution offering the negative
intermediate value of direct axis current is to be considered

Cror = k.pLystar- (¥ + (La = Lg)-Lastar) [Math 12]
k i [Rac-(lgsmr + qusrat) + p-'Q'Iqsrar- ) S IDC )
Ve (¥ + (Lg = Lo)-Listar) e

[0179] With
[0180] C, . the reference setpoint torque, expressed in

N-m;

[0181] 1, the intermediate value of the quadrature
axis current;

[0182] I, the intermediate value of direct axis cur-
rent;

[0183] Y¥: the magnetic flux of the electric motor,
expressed in Wb;
[0184] L, L : the direct axis or quadrature axis induc-
tances of the electric motor (H);
[0185] V. the supply voltage of the inverter,
expressed in Volt;
[0186] R,.: the total equivalent resistance on the AC
side of the motor system (£2);
[0187] p: the number of pole pairs of the electric motor;
[0188] «: the rotational speed of the motor, expressed
in rad-s™
[0189] [, o ummin: the static regeneration threshold
[0190] k: the transformation factor uvm¢>dq (3/2 or 1
for example depending on the chosen convention)
[0191] According to one embodiment, the solution table or
the specific real-time algorithm is a function of a parameter
selected from: the supply voltage V- of the inverter, and a
temperature of the electric motor 12.
[0192] The intermediate values of the direct axis current
L;5sa, and the quadrature axis current [, are highly depen-
dent on the supply voltage V. of the inverter and/or a
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temperature of the motor. Thus, the solution table or the
specific real-time algorithm can also take these parameters
into account.

[0193] According to one embodiment, the solution table is
established by considering the minimum supply voltage of
the inverter and the minimum temperature of the electric
motor.

[0194] The minimum supply voltage of the inverter is the
lowest possible inverter supply voltage V- of the inverter.
[0195] The minimum motor temperature is the lowest
possible temperature of the considered motor system 12.
[0196] According to one embodiment, the intermediate
value of the direct axis current I, and the intermediate
value of the quadrature axis current 1, are determined by
interpolation of the solution table or by the specific real-time
algorithm.

[0197] According to one embodiment, the first determina-
tion step E1 comprises an assessment phase in which a
comparison of the theoretical regenerative current is per-
formed against a global regeneration threshold I,,,;,,-
[0198] This comparison is carried out, for example by
means of the equation math 13 below, from the rotational
speed Q of the motor 12, the supply voltage of the inverter
V pe- the reference value of the direct axis current I, and
optionally, the reference setpoint torque C, _.or the reference
value of the quadrature axis current [, one being directly
derived from the other once the reference value of the direct
axis current L, is set.

[0199] If the comparison of the assessment phase is met,
then the reference value of the direct axis current L, .
becomes the intermediate value of the direct axis current
I;sse and the reference value of the quadrature axis current
L., becomes the intermediate value of the quadrature axis
current I,,,.

[0200] If the assessment phase criterion is not met, then
the reference value of the direct axis current I, and the
reference value of the quadrature axis current I, . are
modified according to the continuation of step 1.

k 5 5 [Math 13]
7 (Rac (e + 1or) + P QL gar (B + Ly = Lg)Lgrep)) =

IpCstatmin

[0201] With:
[0202] k: the transformation factor uvw<>dq (3/2 or 1
for example depending on the chosen convention);
[0203] V,.: the supply voltage of the inverter expressed
in Volt;
[0204] R, the total equivalent resistance on the AC
side of the motor system (£2);
[0205] p: the number of pole pairs of the electric motor;
[0206] £: the rotational speed of the motor, expressed
in rad-s™
[0207] I, the intermediate value of the quadrature
axis current;
[0208] W: the magnetic flux of the electric motor,
expressed in Wb;
[0209] L, L : the direct axis or quadrature axis induc-
tances of the electric motor (H);
[0210] I, .m0 the static regeneration threshold
[0211] L, the reference value of the direct axis cur-
rent, expressed in Ampere;
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[0212] T,,.: the reference value of the quadrature axis
current, expressed in Ampere.
[0213] The microcontroller 20 then carries out a second
determination step E2 in which the target value of the direct
axis current [ ,_;,,. and the target value of the quadrature axis
current I, are determined as a function of:
[0214] the intermediate value of the direct axis current
Idxtat’
[0215] the intermediate value of the quadrature axis
current L,

[0216] one dynamic regeneration threshold 1,y
[0217] The second determination step E2 allows defining
a second value, called target value, for each component of
the AC supply current of the motor as a function of at least
the intermediate value of the direct axis current I, the
intermediate value of the quadrature axis current I, and
the dynamic regeneration threshold I, In other
words, the method determines the target value of the AC
supply current of the motor which will be applied to the
motor 12 so that the motor 12 exerts the reference setpoint
torque C,, and that the DC supply current I, of the
inverter is greater than or equal to the global regeneration
threshold I,,;,» by ensuring in particular that:

[Math 14]

Ipcayn2Ipcaynmin

[0218] With: I,.,,: the DC supply current of the
inverter, expressed in Ampere, in a virtual dynamic
situation;

[0219] Tpcuymin: the dynamic regeneration threshold,
expressed in Ampere.

[0220] According to one embodiment, the second deter-
mination step E2 receives as input an equivalent amplitude
of the current system of the motor, independently of its
phase, achieved during a previous and/or current evaluation.
[0221] The equivalent amplitude of the three-phase cur-
rent system, independently of its phase is for example
squared. The second step focuses on controlling the mag-
netizing/demagnetizing power of the stator winding, hence
its dynamic aspect as it assumes an evolution of the currents.
For example, the intermediate value of the direct axis current
L,.,,. is modified in the second determination step E2 as a
function of a maximum dynamic direct axis current C_,_ .,
comprising the target value of the AC supply current of the
motor 12 achieved during the previous evaluation, the
dynamic regeneration threshold ¢, @ characteristic
quantity of the magnetic behavior, such as for example the
inductance of the motor, and a time since the previous
evaluation.

[0222] The maximum dynamic direct axis current corre-
sponds to the maximum value of direct axis current allowed
in order to control the decay of the AC supply current of the
motor without interfering with the quadrature axis target
current.

[0223] The maximum dynamic direct axis current is set to
less than or equal to O.

[0224] For example, the maximum dynamic direct axis

current C__,, can be, for example, expressed by the equation
below:
2 2 2.V pc-Ipcaymmin-te [Math 15]
Coorr = = Laiviepre ~Lgsin + ——
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[0225] With:
[0226] C__:the maximum dynamic direct axis current;

corr®

[0227]  Ipcmmem: the dynamic regeneration threshold;

[0228] I* 4ot the intermediate value of the quadrature
axis current;

[0229] Izcl.blep,e: the target value of the AC supply
current of the motor achieved during a previous evalu-
ation;

[0230] V. the supply voltage of the inverter

expressed in Volt;
[0231] t,: a time since the previous evaluation;
[0232] k: the transformation factor uvw<=dq (3/2 or 1
for example depending on the chosen convention)
[0233] L: an inductance of the motor.
[0234] It should be noted that a negative value under the
root means a zero maximum dynamic direct axis current.
[0235] According to one embodiment, the first determina-
tion step E1 and/or the second determination step E2
receives as input at least one system parameter selected
from:
[0236] A total equivalent resistance R, on the AC side,
[0237] A direct axis inductance L, and/or quadrature
axis inductance L, of the electric motor 12,

[0238] A magnetic flux W of the electric motor 12,
[0239] A number of pole pairs p of the electric motor
12,
[0240] A maximum allowable AC supply current of the
motor.
[0241] Finally, the microcontroller 20 carries out a driving

step EP in which the inverter is driven by the vector control
method based on the target value of the direct axis current
14einz. and the target value of the quadrature axis current
chible'

[0242] According to the method of the invention, the AC
supply current of the motor is determined in two successive
main steps so that the AC supply current obtained when
applying the target values of the direct axis current [ ,_,,,, and
the quadrature axis current I, to the motor 12 allows on
the one hand the motor 12 to exert the reference setpoint
torque C,,; and on the other hand the DC supply current I,
of the inverter to be greater than the global regeneration
threshold I,

[0243] The global regeneration threshold I.,,, corre-
sponds to a maximum level of regenerative current that can
be generated by the motor-inverter assembly regardless of
the operating situations of the motor. In other words, the DC
supply current I, of the inverter will be greater than or
equal to the global regeneration threshold I, .,,,,,. The global
regeneration threshold I,,.,,,, is the minimum value that is
allowed to the DC supply current I, of the inverter. Thus,
the method allows limiting the level of regenerative current
produced by the motor-inverter assembly while maintaining
a motor torque T12 substantially equal to the reference
setpoint torque C,,-and without requiring additional com-
ponents.

[0244] The global regeneration threshold I, corre-
sponding to a sum of the static regeneration threshold
Lpcstammn @nd the dynamic regeneration threshold Ic .
is logically selected to be less than or equal to 0 A so as to
control the amount of regenerative current produced without
inducing a forced consumption of the motor which would
then correspond to a positive value. However, this scenario
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is technically also feasible. Thus, a global regeneration
threshold less than or equal to 0 A corresponds to little or no
regenerative current.

[0245] The static regeneration threshold I, ., ., is selected
by a user of the method. It corresponds to a minimum
acceptable value of the DC supply current I, of the
inverter when the motor is in a virtual static situation, that
is to say an imaginary situation in which there is a balance
of forces. In other words, in the virtual static situation, the
motor-inverter assembly does not have any dynamics. The
currents within the motor are constant in terms of phase and
amplitude.

[0246] In the virtual static situation, it is possible to write:
PotaiProsstP e =V pcIpCstar [Math 16]
[0247] With P,,,: the electric power in static mode of the
motor-inverter assembly, expressed in Watt. The electric
power P, . is positive when the motor-inverter assembly
consumes energy, and negative when the motor-inverter
assembly generates energy.

[0248] P, the power dissipated by Joule effect in the
electrical conductors of the motor-inverter assembly, such as
for example a motor winding, a PCB trace, a MOSFET . . .
. The power dissipated by Joule effect P is always
positive, it is expressed in Watt.

[0249] P,,..: the mechanical power of the motor system,
expressed in Watt. The mechanical power P, is positive
when the reference motor torque and the rotational speed €2
have the same sign, that is to say positive or negative, and
the mechanical power P, is negative when the reference
motor torque and the rotational speed Q have opposite signs,
that is to say one positive and the other negative.

[0250] Thus, when the reference motor torque and the
rotational speed €2 have opposite signs, it is possible that the
electric power P,,,, of the motor system is negative.

[0251] V. the supply voltage of the inverter, expressed
in Volt. The supply voltage V. of the inverter is always
positive.

[0252] 1,0y~ the DC supply current of the inverter,
expressed in Ampere, in a static situation. The DC supply
current I, is negative when the electric power is nega-
tive, and positive when the electric power is positive.
[0253] The static regeneration threshold I, corre-
sponds to the minimum value that is allowed to the DC
supply current 1., of the inverter in a virtual static
situation.

[0254] The static regeneration threshold I .. mim 1S
selected to be positive, zero, or negative depending on the
chosen margins.

[0255] Fora 12V DC supply system having an absorption
capacity of -8 A, this threshold can for example be set to -4
A, leaving a margin of 48 W. For a 48V DC supply system
having an absorption capacity of -2 A, this threshold can for
example be set to -1 A, also leaving a margin of 48 W.
[0256] It is negative for situations where little or no
regenerated current is desired.

[0257] The static regeneration threshold I,z 15 deter-
mined so that:

loss

ProsstPrmec®VpeIpcsiamin [Math 17]

[0258] With:
[0259] P, the power dissipated by Joule effect in the
electrical conductors of the motor-inverter assembly.
[0260] P,,..: the mechanical power of the motor system,

expressed in Watt,
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[0261] V. the supply voltage of the inverter,
expressed in Volt,

[0262] Ipcgumi: the static regeneration threshold,
expressed in Ampere.

[0263] The dynamic regeneration threshold Iy pm 18
selected by the user of the method. It corresponds to a
minimum acceptable value of the DC supply current 1,5,
of the inverter when the motor 12 is in a virtual dynamic
situation, that is to say an imaginary situation in which only
an evolution of the AC supply current of the motor is taken
into account.

[0264]
write:

In the virtual dynamic situation, it is possible to

[Math 18]

P dyn:VDC'IDCdyn
[0265] With P,,: the magnetizing power of the motor
stator, expressed in Watt. The magnetizing power P, is
positive when the magnetic energy of the stator increases,
that is to say during magnetization, and negative when the
magnetic energy of the stator decreases that is to say during

demagnetization.

[0266] V. the supply voltage of the inverter, expressed
in Volt.
[0267] 1,c4,: the DC supply current of the inverter,

expressed in Ampere, in a dynamic situation. The DC supply
current I, is negative when the magnetizing power P,
is negative, and positive when the magnetizing power P,
is positive.

[0268] The dynamic regeneration threshold corresponds to
the minimum value which is allowed for the demagnetiza-
tion of the stator in a virtual dynamic situation, that is to say:

P12V peIpcaymmin [Math 19]

[0269] With P,,: the magnetizing power of the motor
stator, expressed in Watt,

[0270] V- the supply voltage of the inverter,
expressed in Volt,

[0271]  I5cummin: the dynamic regeneration threshold,
expressed in Ampere.

[0272] The dynamic regeneration threshold I,
selected to be negative.

[0273] The general principle of the method is to deter-
mine, in the first determination step E1, the AC supply
current of the motor in a virtual static situation so that the
DC supply current 1,,,,,, of the inverter is in particular
greater than or equal to the static regeneration threshold
Tpcssaemins then to modify, only and if necessary, the inter-
mediate value of the direct axis current 1, of the AC
supply current of the motor 12 in a virtual static situation so
that the DC supply current 15, of the inverter in a virtual
dynamic situation is less than or equal to the dynamic
regeneration threshold Ipcy,m- Thus, the intermediate
value of the quadrature axis current I . becomes the target
value of the quadrature axis current ..., Indeed, the motor
torque T12 being mainly controlled by the quadrature axis
current, it is not possible to modify the value of this current
without varying the motor torque T12. However, it is
possible to at least partially counterbalance the produced
regenerative current by a decrease in the quadrature axis
current by a simultaneous increase in the direct axis current
s0 as to contain the sum of the two. Finally, it is thus possible
to guarantee that the DC supply current I, of the inverter

Cdynmin 18

gstat
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in an actual situation is greater than or equal to the global
regeneration threshold 1,,,,,, that is to say:

[Math 20]

Ipc2Ipemin=IpcsiamintDCaynmin
[0274] With:
[0275] I, the DC supply current of the inverter,
expressed in Ampere;
[0276] I,cuiummi: the dynamic regeneration threshold,
expressed in Ampere.

[0277]  Ipcsrarmin: the regeneration threshold, expressed
in Ampere.
[0278] I, the global regeneration threshold,

expressed in Ampere.
[0279] Of course, the invention is not limited to the
embodiments described and represented in the appended
figures. Modifications are still possible, in particular with
regards to the constitution of the various elements or by
substitution with technical equivalents, yet without depart-
ing from the scope of protection of the invention.

1. A method for controlling a synchronous type electric
motor, supplied with an AC supply current from at least one
inverter, the inverter being driven by at least one microcon-
troller using a vector control method, the method being
executed by the microcontroller and comprising at least:

one first determination step in which an intermediate

value of a direct axis current (I,,,) and an intermediate
value of a quadrature axis current () of the AC
supply current of the motor are determined as a func-
tion of at least:
one reference setpoint torque (C,.) or one reference
value of the quadrature axis current (I, ),
one rotational speed (Q2) of said motor,
one supply voltage (V) of the inverter,
one static regeneration threshold (I,c,ummsm) and,
one reference value of the direct axis current (I,
one second determination step in which a target value of
the direct axis current (I,,,,.) and a target value of the
quadrature axis current (I, ) are determined as a
function of at least:
the intermediate value of the direct axis current (I;,,,),
the intermediate value of the quadrature axis current
(Iqstat)s
one dynamic regeneration threshold (Icy,,mi)s
one driving step in which the at least one inverter is driven
by the microcontroller based on the target value of the
direct axis current (I,,,,,) and the target value of the
quadrature axis current (I, ,;,,)-

2. The method according to claim 1, wherein the static
regeneration threshold (I, ) is selected to be positive,
7ero, or negative.

3. The method according to claim 1, wherein the dynamic
regeneration threshold (I5¢zy,:,,) 15 selected to be negative.

4. The method according to claim 1, wherein a global
regeneration threshold (I,.,,,,) corresponds to a sum of the
static regeneration threshold (I,cgums) and the dynamic
regeneration threshold (Ipeyymen)-

5. The method according to claim 1, wherein the inter-
mediate value of the quadrature axis current (I,,,,) becomes
the target value of the quadrature axis current (I,,.;.)-

6. The method according to claim 1, comprising a pre-
liminary determination step in which the reference value of
the direct axis current (I, and the reference value of the
quadrature axis current (I, 0 are determined as a function of
at least:

the reference setpoint torque (C,,),

the rotational speed (Q2) of said motor,

the supply voltage (V) of the inverter.

Cstatmin
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7. The method according to claim 1, wherein the first
determination step and/or the second determination step
receives as input at least one system parameter selected
from:

A total equivalent resistance (R,.) on the AC side,

A direct axis inductance (L) and/or quadrature axis

inductance (L,) of the electric motor,

A magnetic flux (W) of the electric motor,

A number of pole pairs of the electric motor,

A maximum allowable AC supply current of the motor.

8. The method according to claim 1, wherein the micro-
controller, to carry out the first determination step, imple-
ments in real time a specific algorithm, and/or uses a
solution table of the intermediate values stored in a memory.

9. The method according to claim 1, wherein the second
determination step receives as input an equivalent amplitude
of the current system of the motor, independently of its
phase, achieved during a previous and/or current evaluation.

10. A power steering system comprising at least one motor
controlled by the method according to claim 1.

#* #* #* #* #*



