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Abstract

This paper presents a method to define the optimum sensor performance to meet customer requirements
on asynchronous motor performance parameters such as efficiency or output torque ripple. The method
uses simulation: a speed sensor-bearing simulation tool is coupled with an asynchronous motor model
of the electromechanical parts as well as the motor control to perform a reduced Design of Experiments
study using the extreme outcomes for the sensor as inputs to the motor system model. Subsequently, a
mapping of the efficiency or another output parameter of the motor can be realized with respect to the
torque and speed range selected. This mapping is checked against the desired minimum performance
required by the customer, to finalize the assessment of the sensor-bearing performance with a robustness
verification. The method has been applied to a case where two different variants of sensor populations
have been tested in a certain given motor and control configuration. The results show that it is possible
to predict the necessary sensor-bearing performance in terms of motor performance.
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1 Introduction eration (when constant speed is reached), an up-
date rate of the speed information of once per
revolution would ge sufficient. Current control
strategies include therefore tyﬁlcally two differ-
ent algorithms for low and high speed[1][2].

For the control signals designating speed and di-
rection, more than one different signal definition
is used on the market today. In Table 1, they are

Efficiency is one of the drivers of todays motor
design choices, along with the fluctuating price
of rare earth. Considering the recent trends in
asynchronous motor development for automotive
applications, this type of motor can be an an-
swer to both of these challenges. The motor,

typically consisting of a squirrel-cage rotor and summarized.

a wounded stator, 1s already widely used in in- o TSt — — —
dustry and its control and inverter need to be ofsignals | definit information | information | informa
adapted to allow torque and speed control, just P 1| e Frompulses | From duty eycle | No directy
as for permanent magnet synchronous motors. A AB 2 [Tncremental | From pulses | From phase shit | Not direcily
challenge in this adaptation is the design of the Gsion | 2|l | Frompulses | From logicstate | Notdiscly
feedback loop; since automotive applications re- DA 1 ncremental | Frompulses | Notdirealy | R
quire a well-performing control, the information ABZ s |l | s pulcs | From phae st | Not directly

necessary to control the motor needs to be accu-
rate and with an high enough resolution. This
information consists typically of the mechanical
speed of the rotor and its rotation direction. A
dual requirement on the speed information makes

Table 1: Sensor signals for asynchronous motor
control

it difficult to dimension the control signals; dur-
ing acceleration phases from standstill the speed
of the motor shaft needs to be known quite pre-
cisely from stand-still on. During continuous op-

SKF developments for the motor encoder sensor-
bearing unit, a sensor for asynchronous motor
control that is integrated into a bearing, focus on
giving speed and direction information. Since the
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Top-Dead-Center sensor is the only sensor not
having direct direction information, this output
type is not considered in for the motor encoder
sensor-bearing unit. This sensor is therefore a
pure speed and direction sensor. The sensor out-
put type regarded in this study is the AB type,
thus a speed sensor having two incremental out-
puts with a certain number of pulses per turn, and
_ha\ﬁng a phase shift of 90 electrical degrees typ-
ically.

In th}i]s paper, a method is proposed for the dimen-
sioning of the control signals (the A and B in-
cremental signals) as a function of the algorithm
used for speed and direction detection and a se-
lected motor. The method involves a simulation
model of the speed and direction detection algo-
rithms and an asynchronous motor model where
the following sensor performance parameters are
included: number of pulses on the two incremen-
tal sensor output signals and duty cycle, phase
shift and period accuracy of these signals.

2 Method

To be able to assess the motor performance
through sensor-bearing performance, modeling
on two levels is required. The modeled system
is described in paragraph 2.1. In paragraph 2.2,
the procedure for the assessment of required sen-
sor performance is explained.

2.1 System description

At component level, a model is created that links
the sensor-bearing input parameters to its perfor-
mance. This model is called the Speed Sensor-
Bearing Simulation Tool. This tool contains
models of all components of sensor-bearings,
such as the magnetic target and the Hall-effect or
AMR/GMR cells. The variations of the param-
eters linked to these components are also imple-
mented, such as magnetic field amplitude varia-
tions, cell commutation level variations, etc.. In
fact, the Speed Sensor-Bearing Simulation Tool
combines all SKF knowledge on speed and di-
rection sensor-bearings into one tool.

Speed reference, torque
reference

Incremental signals

Motor output
(sensor output) param

arameters

Figure 1: Models

The output of the tool is a measurement of the
performance of the sensor-bearings. This mea-
surement can be done using several simulated
output parameters such as the duty cycle and
period length of the incremental signals, or the
phase shift between the two incremental signals.
Taking into account these variations of the input
parameters, the simulation model is thus able to
generate at its output the signals of a full batch
of a certain population of sensor-bearings having
the same nominal design.

Secondly, a model that links the sensor-bearing
performance to the e-motor performance (the
Asynchronous Motor Model) is created. The
interlaction between the two models is shown in
Fig.1.

The Asynchronous Motor Model involves,
besides a model of the electromechanical part
of a squirrel-cage induction motor, a control
library in which several algorithms to control
the motor are included. In this paper, the focus
will be on Direct Field Oriented Control[4]. In
this type of control strategy, the torque current
component (/;) and flux current component

(Ig) are controlled independently. The DFOC
method involves estimation of the rotor flux
angle for which information on the rotor speed
and stator currents are necessary. As mentioned
before, there are several calculation strategies
for calculating the speed from the sensor-bearing
signals; these algorithms generally include two
variations: one for low and one for high speed.
The Asynchronous Motor Model has been
validated for one type of asynchronous motor,
a 600 Watt squirrel-cage induction motor that
has been mounted on a test bench. This motor
test bench uses a powder brake to provide the
load torque. There is an encoder on the motor
output shaft which provides a reference speed
and position for control. A control model is
loaded on the micro controller in a dSpace box
to provide the Sevcon motor inverter with the
correct PWM inputs.

The interface between the Speed Sensor-Bearing
Simulation Tool and the Asynchronous Motor
Model is created as follows: the two incremen-
tal output signals A and B (evaluated by the tool
as a function of rotor angle) are used to calcu-
late the speed error with respect to the base speed
using the corresponding speed calculation algo-
rithm (both high and low speed):

Vverror - Nbase - f(A7 B7 Nbase) (1)

where Ny, is the base speed in rpm. This speed
error per angular position is entered into a look-
up table which is placed inside the motor loop:
the shaft speed feedback information is altered
by this look-up table using the rotor position. The
schematics can be seen in Fig.2.

LUT:

|Measured rotor position

|
! Measured rotor speed

Figure 2: Speed error due to sensor included in feed-
back loop

2.2 Procedure

To determine the best suitable sensor-bearing
configuration for which the motor performance
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is optimized a Design of Experiment (DoE) ap-
proach is followed using the simulation tools
presented in paragraph 2.1. First, populations
of sensors are generated using the Speed Sen-
sor Simulation Tool. These populations repre-
sent different sensor designs: for instance, mag-
netic rings with different numbers of pole pairs,
different cell references, different electronics,
etc.. These different configurations of the sensor-
bearings will result in sensor-bearings with the
same kind of output signals (two incremental sig-
nals) but with different performances. A specific
design configuration might for instance be able to
generate more pulses, but with a period accuracy
that is less than another design variant having
less pulses per revolution. These different sensor
populations will be analysed to include only spe-
cific cases: worst cases but also nominal cases.
Using only some of the generated sensors will
speed up the simulation process when still a lot
of different populations exist. With these specific
cases defined for each population, the sensor li-
brary of the Asynchronous Motor Model can be
filled (see Fig.2). In simulation mode, a specific
(and variable) torque/speed profile is foﬁowed
for each of the identified cases to obtain the mo-
tor performance mapping on the entire range of
operation. These motor mappings are tested for
the desired performance. For instance, the effi-
ciency vs. torque and speed is mapped for the
worst case sensor performance of a certain pop-
ulation of a certain sensor design configuration.
This mapping shows a minimum value of 85%
of efficiency. The customer has expressed the
need of having in this certain speed/torque range
a minimum efficiency of 87%. The values be-
ing fairly close, this sensor configuration will be
the subject of a detailed investigation to include
the entire population. This will allow for esti-
mation of the amount of sensors in a population
that will be exceeding the minimum requirement.
If the population limits yield sufficient perfor-
mance, the sensor design configuration is accept-
able for reaching the efficiency on the selected
customer motor and control algorithm.

3 Simulation results

The simulation results are obtained following the
method described above. First, simulations of the
sensor-bearing are performed. Their results can
be found in paragraph 3.1. Then, these simula-
tions are added to the electric motor system; the
results of these simulations can be found in para-
graph 3.2.

3.1 Sensor simulation

The first step for simulation is to model the sen-
sor populations for each considered design. The
requirements for this speed sensor are:

e Minimum 64 pulses per signal per revolu-
tion

e Number of pulses must be a power of 2

e Performance such that the motor efficiency
does not drop below 87%

In this example, the choice is made to create only
two populations using the same design configura-
tion for simplicity. Simulation results are shown
for sensor-bearings having two different numbers
of pulses (64 and 128 pulses per signal per turn)
using the results of 1,000 simulated sensors per
population in Fig.3 and 4.

Duty cycles of 1,000 sinmlated sensor-bearings
64 pulses

Dauty cycles of 1,000 simulated sensor-bearings
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Number of values [
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Figure 3: Duty cycle simulation results

Phase shift statistical results

Rising phase shift Falling phase shift

Figure 4: Phase shift simulation results

It can be observed that the performances for the
sensor-bearing having 128 pulses are less accu-
rate than for 64 pulses, since the phase shift and
duty cycle have larger standard deviation. This is
inherent to the specified design. Typically, these
results reflect a design trade-off: more pulses
with less accuracy or less pulses with better ac-
curacy. It all depends on the motor and control
strategy now to define which sensor configura-
tion suits better.

The cases that are chosen for simulation inside
the e-motor model for both populations are the 6
Sigma upper and lower limits for the duty cycle
as indicated in Fig.3.

3.2 E-motor system simulation

The chosen control algorithm is a control al-
gorithm using two strategies, depending on the
speed of the shaft[3].

e Low speed: measures time in [s] between
rising edges on encoder signals

e High speed: measures number of edges (ris-
ing and falling) in fixed time window (Zp;4n
in [s]) on encoder signals
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The high speed algorithm is always active to de-
tect the speed. When the speed 1s lower than a
certain switching speed, wgyitch, the low speed
algorithm output is used for control. The equa-
tion for the switching speed is:

60P

——|rpm 2)
thighNbpulses [ P ]

Wswitch =

where P is the minimum number of pulses in
the fixed time window to use the speed informa-
tion calculated by the high speed algorithm and
Nbpyises the number of pulses per revolution.
The speed errors are thus dependant on the speed
itself. In Fig.5 examples of speed errors at
high and low speed are shown for the sensor-
bearing with minimum value for the duty cycle
(64 pulses).

Speed errors at a base speed of 1000 rpm
T T .

Low speed
-+ High spesd

Speed error [rpm]

Rotor angle [rad]

Figure 5: Speed errors of minimum duty cycle sensor-
bearing simulation

For different speed and torques, the motor model
is run. Inside the speed feedback loop, the speed
error caused by the two sensors (with 64 and 128
pulses per turn) is added. The simulation re-
sults have been plotted for the following output
parameters: the efficiency and the torque ripple
standard deviation (a measure of the torque qual-
ity). Those two parameters are quite important
for motor manufacturers: the efficiency must be
high to minimize the energy that has to be put in
the motor to make it run. The torque ripple stan-
dard deviation is measured over time and gives
thus an indication of the variation of the torque
over time. This value needs to be as close to zero
as possible, since this means less ripple is present
and as a consequence, there are as less as possi-
ble unwanted vibrations in the car.

In Fig.6 the efficiency results are shown for both
sensor configurations (64 and 128 pulses) having
minimum duty cycle measured over the sensor
population. The results for sensors having min-
mmum duty cycle is shown here, since at first,
worst cases are regarded as explained in para-
graph 2.2. It can be seen that the efficiency dia-
grams are similar in shape, but that the 128 pulses
solution always gives higher efficiency, between
0 and 15% more (especially at high torque). Sim-
ilar diagrams have been obtained during the sim-
ulations, again with minimum duty cycle, show-
ing the standard deviation of the torque. The re-
sults can be seen in Fig.7.

Efficiency diagramn for 64 pulses / min duty cycle
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Efficiency diagram for 128 pulses / min duty cycle
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Figure 6: Efficiency diagrams

The torque standard deviation at low speeds and
high torque is worse for the 128-pulses sensor,
but this sensor gives lower torque standard devi-
ation at high speeds and low torque except be-
tween 6000 and 7000 rpm and 0-2 Nm of torque.
With the results presented in Fig.6 and 7, it can
be concluded that for the minimum duty cycle,
the significant differences in the efficiency and
torque standard deviation mappings between the
two sensor configurations are mainly present at
low speeds and high torque.

Torgue standard deviation diagram for 64 pulses / min duty cycle
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Figure 7: Torque standard deviation diagrams

With the example of a minimum efficiency of
87% both sensors behave similarly, but the 128-
pulses sensor has slightly less torque ripple in the
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concerned efficiency region and light be thus the
better choice in this case. Linking these system
simulation results to the sensor simulation re-
sults presented in paragraph 3.1, means that even
though the measured accuracy of the 128 pulses
sensor is worse than that of the 64 pulses sensor
(its phase shift and duty cycle have larger devi-
ations) its performance in the motor is slightly
better. This can be explained by the higher num-
ber of pulses, which gives information at a higher
rate about the actual speed and thus the speed is
determined more often. So for the example pre-
sented in this paper, only looking at the sensor
performance would have concluded that the sen-
sor having 64 pulses is more accurate. But in-
cluding the speed calculation algorithms and the
motor, it can be seen that the benefit of having
128 pulses is higher than the loss of accuracy on
the signals, since the efficiency is higher.

Since in this example the analysis has been done
with one sensor simulation only (minimum duty
cycle), for a complete assessment, other extreme
polints should be considered to confirm the re-
sults.

4 Conclusions

From the simulations, it can be concluded that it
is possible to quantify the influence of several de-
sign parameters of a sensor-bearing population in
order to reach the required asynchronous motor
performance. A limited Design of Experiment
approach is used to identify the sensor popula-
tions responding favourably to the application’s
required motor performances, and a full inves-
tigation of a selected sensor configuration can
be done to optimize the sensor-bearing perfor-
mances in order to obtain robust performance of
the complete motor system.

5 Recommendations

Simulations can be checked by performing
hardware-in-the-loop analysis using the test
bench presented in section 2. In the same way
as in simulation, the simulated sensor signals de-
noting different performances can be integrated
in a sensor library, and the calculated speed from
the reference encoder on the motor output shaft
can be altered to represent specific sensor cases.
The e-motor efficiency maps can now be created
using the real customer motor instead of a model,
and will determine whether the sensor-bearing
performance is indeed sufficient as found in sim-
ulation.
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