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(57) Abstract: The invention relates to a method for estimation of lost temperature increment (T osiinerement) after system restart for
motor coil temperature estimation in an electric power steering apparatus (1) of a motor vehicle with a power pack (100) comprising
an ECU (10) with a temperature sensor (16) and an electric motor (7), said method comprises the steps of: a) Storing a given resistance
curve of the motor coils (14); b) Storing a measured resistance curve of the ECU (15); ¢) Measuring a demand voltage vector (Ug q)
and a demand current vector (144) based on a demand motor current and a battery voltage (Up,t) during a special measurement pulse;
d) Determining the power pack resistance (Rpowerpack) based on the parameters measured in step ¢); e) Measuring the temperature of
the ECU (Tgcy) with the temperature sensor (16); f) Determining the resistance of the ECU (Rgcy)
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on basis of the measured temperature in step e) and the stored resistance curve of the ECU (15); g) Subtracting the resistance of the
ECU (Rgcy) from the determined power pack resistance (Rpowerpack); h) Determining the temperature of the motor coils (Tmotorcoit)
based on the value obtained in step g) and the stored resistance curve of the motor coils (14); i) and Obtaining the lost temperature
increment (T ostincrement) DY subtracting the measured temperature of the ECU (Tgcy) from the determined temperature of the motor
coils (Tmotorcoil)~
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Coil temperature estimation

The present invention relates to an electric power assisted steering system of
a motor vehicle according to the preamble of claim 1.

Electric power assisted steering system of a motor vehicle are provided with
an electric motor that provides an assist power to a turning operation of a
steering handle. An electric power steering unit is used to prevent the motor
or an electronic control unit (ECU) carrying out a driving control of this motor
which overheats the motor and/or causes permanent damage by limiting a
current flowing through the motor.

Generally to prevent the motor from being overheated the motor coil
temperature is estimated. Generally, the estimated coil temperature is
calculated as follows: a base temperature is measured, which is the module or
board temperature of the ECU and which is detected by a thermal sensor in
the ECU, then a heat increment Tincement, Which is caused by the dissipated
power of motor, is added to the base temperature. In a system restart the
incremented heat Tincrement gets lost. In order to estimate the correct coil

temperature, the estimator has to start from the base temperature again,

System
Restart Probiem
TCo:lEst:mated Tlncrement + TECU TCo:lEst:mated O + TECU TECU TECU << TCo:lRe al

During the rebuild of the heat increment the motor is unprotected from
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overheating. The lost heat increment can be higher than 100°C. After some
time the estimator will reach the correct estimated coil temperature, but this

might take several minutes up to one hour.

Until the estimated temperature is close to the real temperature of the motor,
the motor is not protected from being overheated, which can cause permanent
damages and demagnetization of the motor. An inaccurate temperature signal

can further cause a failure in diagnostics.

US 2005/0269150 A1l discloses a method how to reduce the load on a battery
and improve the starting characteristic of a motor when the ignition switch is
changed into OFF state. If an ignition switch changes from OFF state to ON
state, an initial value of the current limit value needs to be set and an
overheat protection is guaranteed. Therefore, the last state of the controller
(before the ignition switch is changed from ON to OFF state) and a process
state during the OFF state are stored. However the measurement of the
temperature is not precise enough, because it takes into account the motor

temperature and not the temperature of the coils.

US 8,972,115 B1 discloses a method for an overheat protection of a power
pack entering a failsafe mode, wherein the motor current can be limited. A
motor temperature is estimated using thermal resistance and the motor
current. The thermal resistance is calculated using the vehicle speed and the
power pack temperature. This calculation is not precisely enough, because it
takes into account the complete power pack temperature and not the motor

coil temperature.

It is an object of the invention to provide an electric power assisted steering
system of a motor vehicle with improved estimation of motor temperature to
prevent the electric motor from overheating and to provide more accurate and

robust diagnostics.

This problem is solved by a method for estimation of lost temperature
increment after system restart for motor coil temperature estimation in an
electric power assisted steering system of a motor vehicle with the features

listed in claim 1. Further advantageous embodiments can be taken from the
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dependent claims.

Accordingly, a method for estimation of lost temperature increment in an

electric power steering apparatus of a motor vehicle with a power pack

comprising an ECU with a temperature sensor and an electric motor, is

provided, said method comprises the steps of:

a)
b)

)

d)

f)

9)

h)

Storing a given resistance curve of the motor coils ;
Storing a measured resistance curve of the ECU ;

Measuring a demand voltage vector, a current feedback value I« based
on a demand current vector and a battery voltage during a special

measurement pulse;

Determining a power pack resistance based on the parameters

measured in step ¢);
Measuring the temperature of the ECU with the temperature sensor;

Determining the resistance of the ECU on basis of the measured

temperature in step €) and the stored resistance curve of the ECU;

Subtracting the resistance of the ECU from the determined power pack

resistance;

Determining the temperature of the motor coils based on the value
obtained in step g) and the stored resistance curve of the motor coils;
and

Obtaining the lost temperature increment by subtracting the measured
temperature of the ECU from the determined temperature of the motor

coils.

Preferably, the motor coil resistance curve is given by

T

notorcoil

[ Rmotorooil j _ 1
LR

o

+1,, wherein Thotorcoil 1S the motor coil temperature,
Cu



10

15

20

25

WO 2017/207066 PCT/EP2016/062709

Rmotorcoil the resistance of the coil, Tothe room temperature, ocCuthe heat

coefficient of the coils’ copper and Rq the resistance of the coil at room

temperature.

In one embodiment, the motor coil resistance increases with about
39%/100°C.

It is advantageous that the special measurement pulse is so short, that the
rotor of the motor does not move. Preferably, the special measurement pulse
is less than 25 ms. The motion of the rotor and therefore the motor torque
generation is further prevented by using the direction of a demand current

vector Iy 4 and direction of a demand voltage vector Ug 4.

In a preferred embodiment, the motor coil resistance curve and the measured
ECU resistance curve are stored by polynomial equations in the ECU software.
The resistance curves can be further stored in look-up tables. In a preferred
embodiment the proper polynomial equation can be selected. Favourably, the
motor coil resistance curve and the ECU resistance curve are stored each by
two polynomial equations, one for a first and one for a second part, wherein
the first and second part are separated by the minimum of resistance of ECU

resistance curve.

A preferred embodiment of the present invention will be described with
reference to the drawings. In all figures the same reference signs denote the

same components or functionally similar components.

Figure 1 shows a schematic illustration of an electric power steering

apparatus;

Figure 2 is a block diagram showing an electrical structure of the electric

power steering apparatus; and
Figure 3 shows the calculated resistances plotted against temperature.

Figure 1 is a schematic diagram of an electric power steering apparatus 1. A
steering wheel 2 is fixed to a steering shaft 3, and the steering shaft 3 is

coupled to a rack 4 via a rack-and-pinion mechanism 5. Rotation of the
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steering shaft 3 accompanying a steering operation is converted into a
reciprocating linear motion of the toothed rack 4 by the rack-and-pinion
mechanism 5. The linear motion of the rack 4 changes the steering angle of
the steered wheels 6. To provide steering assistance, an electric motor 7
mounted to the side of the rack housing drives a ball-screw mechanism 8 via a
toothed rubber belt 9.

Electric power assist is provided through a steering controller (ECU) 10 and a
power assist actuator 11 comprising the electric motor 7 and a motor
controller 12. The steering controller 10 receives signals representative of the
vehicle velocity v and the torque Trs applied to the steering wheel 2 by the
vehicle operator. In response to the vehicle velocity v and the operator torque
Trs, the controller 10 determines the target motor torque T4 and provides the
signal through to the motor controller 12, where the duty cycles are calculated
to produce the phase currents via PWM (pulse-width modulation). The
steering controller 10 including a temperature sensor 16 and the electric
motor 7 forms a unit referred to as power pack 100. The power pack 100 can
comprise further elements like the motor controller 12 or sensing circuits for
sensing currents and/or voltages. The power pack 100 is fed with battery
voltage Upat.

Figure 2 shows a block diagram of the electrical structure of the electric power
steering apparatus 1. The steering controller 10 receives signals
representative of the vehicle velocity v, the torque Trs applied to the steering
wheel 2 by the vehicle operator and a base temperature Ty and derives the
target motor torque T4. This torque is fed to the motor controller 12 which
determines the voltage input for the PWM and a motor driver 17 generates via
the PWM the motor currents I.is= iy,iv,iw. Hence, the motor 7 generates a

torque T which compensates the operator torque Trs.

An estimator estimates the temperature of the motor coils to adjust if
necessary the current flowing through the motor 7 in order to prevent damage
of the motor 7. A temperature sensor 16 measures the temperature Teqy Of the
ECU 10. The estimator adds to the measured temperature of the ECU T a

heat increment Tircrement-
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+T

TCoilEstimated = Tlncrement EcU*

The heat increment is derived as follows

T
7—']ncremem = 7—}ncrememPrev + {[ C - ] ) (P o (T}ncrememPrev ) GThermal ))} 14

Thermal

wherein Tihcement 1S the value of temperature increment to thermal ground in
the actual control cycle, Tincrementrrev 1S the value of temperature increment
calculated in the previous running cycle, Ts=1/fs with fs the running frequency
of the estimator, P is the value of calculated dissipated power of motor in the
actual control cycle, Grrermar IS the thermal conductance and Crhermar iS the
thermal capacity.

After restart of the system the lost heat increment Tiostincrement N€EAS to be
recovered. This is done with the following method. Figure 3 shows
schematically the resistance curves of the motor coils 14, the ECU 15 and the

power pack 13 and the calculation of the motor coil temperature Tmotorcoil -

Before operation of the estimator the resistance of the power pack Rpowerpack 13
at different temperatures over the relevant range is measured. The power
pack resistance curve 13 has a turning-point, separating the curve into a cold
and warm part, wherein the turning point can be in a range between 0°C and
15°C. This turning point is the minimum of the resistance curve of the
capacitor. The shape of the resistance curve is representing the different
temperature dependencies of the materials and electrical parts of the ECU 10.
A polynomial formula for each part of the power pack resistance curve 13 is
determined based on the demand voltage vector Uy 4 and the demand current
vector Iy 4 expressed in a coordinate system fixed to the electrical angular
frequency ¢ of the rotating rotor. The electrical angular frequency ¢ of the
rotating rotor has the same or the opposite direction as the rotor, so the
generation of motor torque can be prevented. By using the demand current

vector Iy 4 and the demand voltage vector Uy 4 self-steering can be prevented.

Further the connection between the motor coil resistance and the temperature
of the motor coils, given by
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is stored,

[Rmotorooilj_l
R g,

Cu

notoreoil =

wherein Ty is the temperature of the motor coils at the room temperature.

The resistance of the coil Rmotorcoil 1S temperature dependent. The formula

depends on the heat coefficient of the coils’ copper o, . Its value is 39 %

/100°C. Next the difference between the two curves 13, 14 is calculated
resulting in the ECU resistance curve 15. This curve is stored in the parameter
file by the help of two polynomial equations, one for the warm part and one

for the cold part, wherein the proper polynomial equation can be selected.

During operation of the estimator and after restart of the system the lost

increment Tiostncrement 1S €Stimated with the following method;

At first the resistance of the power pack Rpowerpack iS Mmeasured. For that a
special measurement pulse is used. The duration of this special measurement
pulse is less than 25 ms. During this short time the rotor does not move, no
steering assist is provided and the driver will not detect any unusual
phenomena, like self-steering of the system. When the power pack 100 is
started, the power pack resistance Rpowerpack iS Calculated by measurement of
the demand voltage value Uqq4 and a current feedback value T4 = Ipowerpack IS
determined which flows into the powerpack based on the the demand current
value 144 and the battery voltage Upa: and calculation of the voltage drop

U powerpack bY

and by

R _ U powerpack
powerpack '
powerpack
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A thermal sensor 16, wherein the thermal sensor and the temperature sensor
describe the same element, integrated in the ECU 10 measures the
temperature of the ECU Tgcy. The proper resistance value of the ECU Rgqy can
then be determined by the measured temperature Tecy and the respective part
(cold or warm) of the pre-stored ECU resistance curve. In the next step, the
motor coil resistance Rmotorcoil IS determined by subtracting the ECU resistance
value Recy from the resistance of the power pack Rpowerpack- With the use of the
stored motor coil resistance curve 14 and the calculated motor coil resistance
Rmotorcoil, th€ motor coil temperature Thotoreoit CAN be calculated. After that the
lost heat increment Tiostncrement 1S determined, which is the difference between
the calculated motor coil temperature Tmotorcoi @and the ECU measured

temperature Tgcy,

Lostincrement = motorcoil ' ECU "

This way the estimator can be restarted not from the base temperature (Tecy)

but with an estimated incremented value T\ ostincrement-

The estimated motor coil temperature Teoilestimated 1S then calculated during
system initialization by

T

CoilEstimated = 7;_astlncrement

+T

ECU *

After that the estimator proceeds with Tincement, Whereas in the first calculation

CYC|e TLostIncrement iS Used as TIncrementPrev,

Sdem
Re sfart
7;JOIIEst/mateol Tlncrement + 7;:'CU Tlncrement Tl_ostlncrement TCoNEst/mated Tl_ostlncrement + 7;:'CU 7;3

Finally right from the start, the electric motor 7 is operated with the correctly

estimated motor coil temperature.

The method according to the present invention allows to easily recover the lost
heat increment value after restart of the system. Consequently, the estimation
of the temperature of the motor coils will start from the correct temperature
value. Damage of the motor due to overheat can be prevented. Further a

oilRe al



WO 2017/207066 PCT/EP2016/062709

more robust system diagnostics and a more accurate torque signal estimation

can be provided.
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Claims

Method for estimation of lost temperature increment (Tiostincrement) after
system restart for motor coil temperature estimation in an electric power
steering apparatus (1) of a motor vehicle with a power pack (100)
comprising an ECU (10) with a temperature sensor (16) and an electric
motor (7), characterized in that said method comprises the steps of:

a) Storing a given resistance curve of the motor coils (14);

b) Storing a measured resistance curve of the ECU (15),;

)

Measuring a demand voltage vector (Ugq), @ current feedback value Ig g
based on a demand current vector (I44) and a battery voltage (Upat)

during a special measurement pulse;

d) Determining the power pack resistance (Rpowerpack) Dased on the

f)

parameters measured in step c¢);

Measuring the temperature of the ECU (Tecy) with the temperature
sensor (16);

Determining the resistance of the ECU (Recy) on basis of the measured
temperature in step €) and the stored resistance curve of the ECU (15);

g) Subtracting the resistance of the ECU (Recy) from the determined power

pack resistance (Rpowerpack);

h) Determining the temperature of the motor coils (Tmotorcoit) based on the

value obtained in step g) and the stored resistance curve of the motor
coils (14); and

Obtaining the lost temperature increment (T ostncrement) DY Subtracting
the measured temperature of the ECU (Tecy) from the determined

temperature of the motor coils (Tmotorcoil)-
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Method according to claim 1, characterized in that the motor coil

resistance curve (14) is given by

[Rmotorooil j _ 1
. _\R

notorcoil
[0

+1, wherein Thotorcoil 1S the motor coil temperature,
Cu

Rmotorcoil the resistance of the coil, Tothe room temperature, o the heat

coefficient of the coils’ copper and Rg the resistance of the coil at room

temperature.

Method according to claim 1 or 2, characterized in that the motor coil

resistance (Rmotorcoil) iNCreases with a gradient of about 39%/100°C.

Method according to one of the preceding claims, characterized in that
the special measurement pulse is so short, that the rotor of the motor (7)

does not move.

Method according to one of the preceding claims, characterized in that
the special measurement pulse is less than 25 ms.

Method according to one of the preceding claims, characterized in that
the motor coils resistance curve (14) and the ECU resistance curve (15)

are stored by polynomial equations.

Method according to one of the preceding claims, characterized in that
the motor coils resistance curve (14) and the ECU resistance curve (15)
are stored each by two polynomial equations, one for a first and one for a
second part, wherein the first and second part are separated by the

minimum of resistance of the ECU resistance curve (15).



PCT/EP2016/062709

WO 2017/207066

1/2

-
[%3
[
a2
:
o
=
>
AN
"
[5]
[1+]
&
]
2™
o3
-

=]

i 2 =
a 2
S =T M .
"o e '
SR m
i :
.,",/ \
. =K '
= 3
-
|||||||| r .. m/lluullululn
: a
d -
* L83
o = ' =
4..!-z/ 1]
s B\W_
N < 2
) nd ._|U
T
— 12k |9
|~ :

Tincrement

Fig.2

Ubat



WO 2017/207066 PCT/EP2016/062709
2/2

13

R

Rpowerpack

\%(

Rmotorcail

.
E

RECU

Fig.3

TECU Tmotorcoil



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2016/062709

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1K7/42 B62D5/04
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1K B62D

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

27 November 2001 (2001-11-27)
abstract
paragraphs [0005] - [0011]

4 March 2014 (2014-03-04)

abstract
paragraphs [0037] - [0039]
A JP 2008 062916 A (NSK LTD)
21 March 2008 (2008-03-21)
abstract
paragraphs [0003] - [0007]

A US 8 666 602 B2 (OH SEWOOK [KR])

column 3, Tine 19 - column 5, Tline 31

A JP 2001 328551 A (TOYOTA MOTOR CORP) 1-7

1-7

A US 2013/033210 Al (SUZUKI TAKASHI [JP] ET 1-7
AL) 7 February 2013 (2013-02-07)

1-7

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

18 January 2017

Date of mailing of the international search report

26/01/2017

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

de Bakker, Michiel

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2016/062709
Patent document Publication Patent family Publication
cited in search report date member(s) date

JP 2001328551 A 27-11-2001 JP 3578048 B2 20-10-2004
JP 2001328551 A 27-11-2001
US 8666602 B2 04-03-2014 CN 102114781 A 06-07-2011
KR 20110078315 A 07-07-2011
US 2011160965 Al 30-06-2011
US 2013033210 Al 07-02-2013 CN 102916643 A 06-02-2013
JP 5397785 B2 22-01-2014
JP 2013034280 A 14-02-2013
US 2013033210 Al 07-02-2013
JP 2008062916 A 21-03-2008 JP 5092553 B2 05-12-2012
JP 2008062916 A 21-03-2008

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - claims
	Page 13 - claims
	Page 14 - drawings
	Page 15 - drawings
	Page 16 - wo-search-report
	Page 17 - wo-search-report

