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wherein the inverter (13) comprises at least two MOSFETSs (14, 14', 14"), a high side MOSFET (14') and a low side MOSFET (14"),
and wherein the motor controller (10) controls the at least two MOSFETS (14, 14', 14") with gate driver signals with at least one or
more dead times (Td1,Td2), the dead time (Td1,Td2) representing a time of the MOSFETs (14, 14', 14") for switching over from one
MOSFET (14, 14', 14") to another MOSFET (14, 14', 14") connected in series, the method comprises the steps of: Measuring a cross
conduction between a high side MOSFET (14") and a low 1 side MOSFET (14") in a current measurement unit(15), If a cross conduction
occurs increasing the dead time (Td1,Td2); else decreasing the dead time (Td1,Td2).
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MOSFET dead time optimization for an electric motor of a steering

mechanism of a motor vehicle

The present invention relates to a method for optimizing dead time of
MOSFETs in an inverter of a motor controller of an electric motor in a steering
mechanism of a motor vehicle according to the preamble of claim 1 and to an
electromechanical motor vehicle power steering mechanism for assisting

steering of a motor vehicle according to the preamble of claim 13.

In an electric power steering apparatus the steering assist force is applied to a
steering mechanism by driving an electric motor in accordance with steering
torque that is applied to a steering wheel by a driver. An electronic control unit
(motor controller) with an inverter controls the motor. The inverter feeds the
motor with sinusoidal motor parameters (current, voltage, magnetic flux) for
torque generation. The inverter comprises in total six MOSFETs with a low side
and a high side MOSFET for each of the three phase windings respectively.
Each MOSFET switches the assigned phase winding U, V, W to the on-board
vehicle power-supply voltage or the earth potential. This occurs at a high
frequency so that the temporal average value acts as the effective voltage in
the phase windings U, V, W. The MOSFETs have an intrinsic delay time interval
from the receipt of an on or off gate drive signal to the starting up of their
switching action. If a delay time between the high side and low side MOSFETs
is not sufficiently long to take account of the delays and transients associated
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with the switching, the control signals to the MOSFETs overlap and cross
conduction occurs, which results in an effectively short circuit of the supply.
This is also known as a shoot-through condition. In this situation both devices
will conduct and hence there will be a low-resistance path between the applied
input voltage and ground resulting in noise in the output, lower efficiency and
heat generation. Another major problem of short circuit is that it causes
current spikes in the collectors of the transistors, which cause failure of the

transistors.

To prevent short circuit, a dead time between switching transitions, during

which neither MOSFET is turned on, is inserted in the inverter cycle.

It is known to implement a fixed dead time in the inverter. To ensure a safe
margin, the typical dead time will be several percent of the drive time, which
reduces the efficiency and the range of the inverter. Dead time causes an
error voltage between the command voltage and the actual output voltage,

thereby resulting in disadvantages such as current distortion and torque
ripple.

US 2005/0146311 A1l discloses a dead time compensation method, in which a
compensation voltage is applied relative to a current distortion. This adaptive
compensation voltage is added onto the command voltage by adjusting PWM

duty according to a current phase angle. As a result, the current distortion is

compensated in feedback.

It is an object of the present invention to provide a method for dead time
optimization which limits shoot-through condition and results in higher
efficiency of the inverter and therefore better operation during life time.

This object is achieved by a method for dead time optimization having the

features of claim 1 and a steering system according to claim 13.

Accordingly, a method for dead time optimization of MOSFETs in an inverter of
a motor controller of an electric motor in an electromechanical motor vehicle
power steering mechanism or a steer-by-wire system of a motor vehicle is

provided, wherein the inverter comprises at least two MOSFETs, namely a high
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side MOSFET and a low side MOSFET, and wherein the motor controller

controls the at least two MOSFETS with gate driver signals with one or more
dead times, the dead time representing a time of the MOSFETs for switching
over from one MOSFET to another MOSFET connected in series, the method

comprises the steps of:

e Measuring a cross conduction between a high side MOSFET and a low side

MOSFET in a current measurement unit,

e If a cross conduction occurs: increasing the dead time; otherwise

decreasing the dead time.

This adaptive method will set the optimal dead time. If the dead times are too
short, no cross conduction will be measured and the efficiency needs to be
optimized. Therefore, dead times are decreased. If the dead time is too less, it
will cause cross conduction. In this case cross conduction will be detected and
the dead time will be set to a higher value. The cross conduction can be
measured in form of current spike detection. In this example cross conduction

can be defined as the presence of a current above a predefined threshold.

Preferably, at initialization and/or after restart, the at least one dead time is
set to a maximum value. The optimization starts from this maximum value
and approaches the optimum during operation. Even more preferably, the at
least one dead time is varied in a range of a maximum and minimum value
obtained in a simulation. Beforehand a worst case simulation can be carried
out to obtain the maximum and minimum value, setting the range for the

optimization.
In a preferred embodiment, the method comprises further the steps:
e Providing a pulse width modulation (PWM) reference signal;

e Detecting a cross conduction with the current measurement unit triggered

by the PWM reference signal.

In this case synchronization is not needed. The reference signal is used to
trigger the method. The reference signal is the PWM gate driver signal of the
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MOSFETs without dead time.

Preferably, the detection takes place after a predefined time interval following

a change in the PWM reference signal.

Since each MOSFET can have a different behaviour, the dead times can be
optimized for each pair of high side and low side MOSFETSs individually. In
particular, each MOSFET can have its own dead time, which is optimized.

However, in particular systems it can be preferred, if the dead times are
optimized for all MOSFETSs in one process.

For simplicity, it can be advantageous to set the same dead times for the high
side MOSFET and the low side MOSFET.

During optimization it is preferred that the dead time is increased and
decreased in a predefined time interval or in a predefined time unit. The time
interval is preferably in the range between 1 (one) nanosecond (ns) and 1,000
(one thousand) nanoseconds and more prefererred between 5 and 50

nanoseconds with an optimum value, in a preferred embodiment, being 10 ns.

In a preferred embodiment the current measurement unit comprises at least
one or more shunts, preferably three shunts. The shunt signal is preferably

amplified.

For the motor controller it is advantageous, if the inverter consists of in total
six MOSFETs with a low side and a high side MOSFET for each of the three

phase windings of the electric motor respectively.

Further an electromechanical motor vehicle power steering mechanism for
assisting steering of a motor vehicle by conferring torque generated by an
electric motor to a steering mechanism is provided, the mechanism

comprising:

— a motor controller unit with an inverter comprising at least two MOSFETS, a
high side MOSFET and a low side MOSFET, wherein the motor controller
unit controls the at least two MOSFETS with gate driver signals with at

least one or more dead times, the dead time representing a time of the
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MOSFETs for switching over from one MOSFET to another MOSFET

connected in series,

- a current measurement unit for detecting a current flowing between a high
side MOSFET and a low side MOSFET, which is connected to the motor
controller unit, wherein the motor controller unit is designed for adapting a
dead time for the MOSFETs as a function of the presence of a current
detected by the current measurement unit, thereby ensuring that no cross
conduction between the high side MOSFET and the low side MOSFET takes

place and no excessively long switching pause occurs at the same time.

Preferably, the current measurement unit comprises at least one or more
shunts, preferably three shunts. In a preferred embodiment the inverter
consists of in total six MOSFETs with a low side and a high side MOSFET for

each of the three phase windings of the electric motor respectively.

Exemplary embodiments of the present invention are described below with aid
of the drawings. In all figures the same reference signs denote the same

components or functionally similar components.

Figure 1 shows an electromechanical power steering mechanism in a

schematic illustration;
Figure 2 shows a schematic illustration of an inverter with a single shunt;
Figure 3 shows another schematic illustration of an inverter with three shunts;

Figure 4 shows a schematic illustration of a part X of an inverter assigned to a

U phase winding of an electric motor and the corresponding signals, and

Figure 5 shows a flowchart of a method to optimize dead time.

In figure 1 an electromechanical power steering mechanism 1 is schematically
illustrated with a steering shaft 2 connected to a steering wheel 3 for
operation by the driver. The steering shaft 2 is coupled to a steering rack 5 via
a gear pinion 6. Steering rack rods 4 are connected to the steering rack 5 and
to steered wheels 30 of the motor vehicle. A rotation of the steering shaft 2
causes an axial displacement of the steering rack 5 by means of the gear
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pinion 6 which is connected to the steering shaft 2 in a torque-proof manner.
Electric power assist is provided through a steering controller 7 and a power
assist actuator 8 comprising the electric motor 9 and a motor controller 10.
The steering controller 7 in the example receives signals 11 representative of
the vehicle velocity v and the torque Tts applied to the steering wheel by the
vehicle operator. In response to the vehicle velocity v, the operator torque Trs
and the rotor position signal, the controller 7 determines the target motor
torque Ta and provides the signal 12 through to the motor controller 10, where
the motor currents are calculated via PWM (pulse-width modulation). In
addition, as the rotor of the electric motor 9 turns, rotor position signals are
generated within the electric motor 9 and provided to the steering controller 7.
The electric motor 9 in the example is a permanent magnet-excited motor.

The present invention relates to electric motors in electromechanical motor
vehicle power steering mechanisms or steer-by-wire systems of motor vehicles

in general.

In the following possible electric motor applications are described which are
not limiting. To provide steering assistance, the electric motor 9 can be
mounted to the side of the rack housing e.g. driving a ball-screw mechanism
via a toothed rubber belt and/or the rack-and-pinion gear system. Further an
electric motor can be arranged supporting the rotation of the steering shaft. In
steer-by-wire-systems, the electric motor can be part of the feedback

actuator.

In figure 2 an inverter 13 of the motor controller 10 is shown. The inverter 13
transforms voltages into the three-dimensional coordinate system of the
electric motor 9 and sensors transform the voltages into motor currents
Iu,Iv,Iw. The servomotor 9 is actuated by the control unit 7 via a set of
MOSFETs 14, wherein with three phase windings six MOSFETs 14 are provided
in total. Each MOSFET 4 switches the assigned phase winding U, V, W to the
on-board vehicle power-supply voltage or the earth potential by the three lines
170, 180, 190. This occurs at a high frequency so that the temporal average
value acts as the effective voltage in the phase windings U, V, W. The phase

windings U, V, and W are connected to one another at a neutral point 90 in a
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star point of the motor 9. A single shunt 15 on one thread is used to measure
the motor currents Iy,lIv,Iw and possible cross conductions between the
MOSFETs arranged in series. The shunt resistor 15 has four wire connections;
two for current flow and two for the actual measurement. The output signal 16
is transmitted to a unit 17. An amplifier 18 forms part of the unit 17, which
amplifies the output signal 16. The unit 17 is connected to an Analogue-to-
Digital Converter (ADC) pin 19 for converting an analogue voltage on a pin to
a digital number. The output 20 of the ADC pin 19 is used in a control circuit

for the inverter and as current feedback control of the motor currents.

It is also possible, as shown in figure 3, to implement three shunts 15, one on
each thread to calculate the motor currents and to measure a possible cross
conduction between the MOSFETs 14 arranged in series.

Figure 4 shows the U-phase part X of the inverter 13 on the left side with a
high side MOSFET 14’ and a low side MOSFET 14". A reference U-phase PWM
signal 21 without dead time is shown at the top of the left side. Below this
signal, the actual gate driver signals of the U-phase switching elements 14/,
14" with dead times are shown. At the bottom the resulting shunt measured

cross conduction current signal Isis shown.

To prevent short circuit between the two gate driver signals 14, 14" dead
times Td1 and Td2 are provided, which assure that the ON-state of the
transistors do not overlap. The dead times can be generated by gate drivers or
by an configurable and manipulated PWM driver, a so called Fast Pulse Width
Modulation (FPWM), wherein the driver can read out a parameter table about
the dead time. The time to turn off a MOSFET is dependent on the
temperature, drive circuit and current. To ensure a safe margin, the typical
dead time will be several percent of the drive time, which reduces the
efficiency and the range of the inverter. If the dead time is too short the cross
conduction causes current spikes 22 in the shunt signal Is for a short time. The
spike is generated in a systematic way, which means that the spike will appear
after a certain time following a change in the PWM reference signal. Therefore,
the amplifier 18 output is measured after a predefined delay time T1 following

a change in the PWM reference signal. These measurement points are fixed. In
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case that the same motor controller generates the PWM and measures the
current spikes, only the delay time T1 is important for timing. Synchronization
is then not needed.

If the dead times Td1 and Td2 are too long, no cross conduction will be
measured and the efficiency needs to be optimized. Therefore, Td1 and/or Td2
are decreased periodically in small steps. If the dead time is too short, it will
cause cross conduction. In this case current spike will be detected and the
dead time will be set to a higher value. This adaptive method will set the
optimal dead time during the ECU lifetime independent of temperature
changes and aging. The result is better efficiency, lower operation

temperature and more reliable system with better results.
The flowchart of figure 5 shows an optimization method.

In a first initial step 100 the dead time is set to a maximum value obtained in
a worst case calculation after cold start. After that the dead time is decreased
by a predefined time unit (101). In a third step 102 the signal of the amplifier
18 is measured synchronized to the corresponding PWM reference signal,
preferably with a delay of T1 following a PWM signal edge. If a current spike Is
is not detected (103), the dead time will be further reduced in step 101. If a
spike is detected (103), the dead time will be increased by one time unit
(104). After that the output of the amplifier 18 is measured again (105). If a
spike is detected (106), the dead time will be increased by one time unit
(101). If a spike is not detected, the dead time will be decreased by one time
unit (104). The time unit is preferably in the range of nanoseconds (ns), even
more preferably around 10 ns. Thermal parameters will define the scan period.

The calculation of the maximum and minimum dead time value is carried out
for a single datasheet. The calculation is based on a simulation with exact
values, which depend on the selected components and the design. The motor
control unit 10 will vary the dead time in a range set by the worst case

simulation calculated maximum and the minimum value.

The method of the present invention helps to increase the efficiency and to

lower heat generation in a motor controller. The heat generation has direct
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impact on the failure rate of the inverter. During the dead time there are
voltage spikes on the MOSFET power module phases. Optimal dead time will
also reduce the voltage spikes energy. The efficiency is improved because the

dead time is always close to an optimum.
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Claims

1. A method for dead time optimization of MOSFETs (14, 14’, 14”) in an

inverter (13) of a motor controller (10) of an electric motor (9) in an
electromechanical motor vehicle power steering mechanism or a steer-
by-wire system of a motor vehicle, wherein the inverter (13) comprises
at least two MOSFETs (14, 147, 14"), a high side MOSFET (14') and a low
side MOSFET (14'"), and wherein the motor controller (10) controls the at
least two MOSFETS (14, 14’, 14") with gate driver signals with at least
one or more dead times (Td1,Td2), the dead time (Td1,Td2) representing
a time of the MOSFETs (14, 14', 14") for switching over from one
MOSFET (14, 14', 14") to another MOSFET (14, 14’, 14") connected in

series, characterized in that the method comprises the steps of:

o Measuring a cross conduction between a high side MOSFET (14') and

a low side MOSFET (14”) in a current measurement unit (15),

o If a cross conduction (Is) occurs, increasing the dead time
(Td1,Td2); otherwise decreasing the dead time (Td1,Td2).

2. Method according to claim 1, characterized in that the method

comprises further the step:

At initialization and/or after restart, setting the at least one dead time
(Td1,Td2) to a maximum value.

3. Method according to claim 1 or claim 2, characterized in that the at

least one dead time (Td1,Td2) is varied in between a range of a

maximum and minimum value obtained in a simulation.

4. Method according to any one of the preceding claims, characterized in

that the method comprises further the step:

o Providing a pulse width modulation (PWM) reference signal (21);



10

15

20

25

WO 2018/036637 PCT/EP2016/070189

10.

11.

12.

13.

- 11 -

o Detecting a cross conduction (Is) with the current measurement unit
(15) triggered by the PWM reference signal (21).

Method according to claim 4, characterized in that the detection takes
place after a predefined time interval (T1) following a change in the PWM

reference signal (21).

Method according to any one of the preceding claims, characterized in
that the dead time (Td1,Td2) is optimized for each pair of high side
MOSFET (14') and a low side MOSFET (14") individually.

Method according to any one of the preceding claims 1 to 5,
characterized in that the dead times (Td1,Td2) are optimized for all
MOSFETs (14, 14', 14”) at a time.

Method according to any one of the preceding claims, characterized in
that the dead times (Td1,Td2) for the high side MOSFET (14') and the
low side MOSFET (14") are identical.

Method according to any one of the preceding claims, characterized in
that the at least one dead time (Td1,Td2) is increased and decreased in
a predefined time interval.

Method according to claim 9, characterized in that the time interval is
in the range between 1 and 1,000 nanoseconds.

Method according to any one of the preceding claims, characterized in
that the current measurement unit (15) comprises at least one or more

shunts,.

Method according to any one of the preceding claims, characterized in
that the inverter (13) consists of in total six MOSFETs (14, 14/, 14") with
a low side MOSFET (14") and a high side MOSFET (14’) for each of the
three phase windings of the electric motor (9) respectively.

An electromechanical motor vehicle power steering mechanism for
assisting steering of a motor vehicle by conferring torque generated by

an electric motor (9) to a steering mechanism, the mechanism
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comprising:

a motor controller (10) with an inverter (13) comprising at least two
MOSFETs (14, 14', 14"), a high side MOSFET (14’) and a low side
MOSFET (14"), wherein the motor controller (10) controls the at least
two MOSFETS (14, 14', 14") with gate driver signals with at least one or
more dead times (Td1,Td2), the dead time (Td1,Td2) representing a
time of the MOSFETs (14, 14, 14") for switching over from one MOSFET
(14, 14', 14") to another MOSFET (14, 14’, 14”) connected in series,

characterized in that the motor controller (10) further comprises:

a current measurement unit (15) for detecting a current flowing
between a high side MOSFET (14") and a low side (14'") MOSFET,
wherein the motor controller (10) is designed for adapting a dead time
(Td1,Td2) for the MOSFETs (14, 14', 14") as a function of the presence
of a current detected by the current measurement unit (15), thereby
ensuring that no cross conduction between the high side MOSFET (14')
and the low side MOSFET (14") takes place and no excessively long

switching pause occurs at the same time.

Electromechanical motor vehicle power steering mechanism according to
claim 13, characterized in that the current measurement unit (15)

comprises at least one or more shunts.

Electromechanical motor vehicle power steering mechanism according to
claim 13 or 14, characterized in that the inverter (13) consists of in
total six MOSFETs (14, 14', 14”) with a low side MOSFET (14"”) and a
high side MOSFET (14') for each of the three phase windings of the

electric motor (9) respectively.
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