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(57) Abstract: Integrated electric gear and charger system for bat-
tery powered electric vehicles An integrated electric gear and charger
electronic system for battery powered vehicles is provided. The elec-
tric gear comprises a first plurality of switches that are used for con-
necting windings of an electric machine in either one of several dit-
ferent wiring configurations, thereby altering the machine character-
istics. A second plurality of switches is connected in pairs in a half-
bridge configuration for generating appropriate AC voltages for each
phase of the machine and for connecting an output of the charger to
the battery. The second plurality of switches can thus be shared as the
power electronics of the inverter for driving the machine and as the
power electronics of the charger for charging the battery with electric
power provided by an external power source.
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Integrated electric gear and charger system

for battery powered electric vehicles

Technical Field

The present invention relates to battery powered electric vehicles, and in particular to an
integrated electric gear and charger system for such vehicles, as well as to electric vehicles with

such an integrated electric gear and charger system.

Background Art

Internal combustion engine propelled vehicles are outperformed by electric vehicles in fields like
energy efficiency, lower emissions and in many other characteristics. Direct drive electric

vehicles, i.e. vehicles with no mechanical gears, are particularly interesting.

Several implementations of direct drive vehicle architectures are possible, e.g. electric motors
located directly inside the wheel rim (also referred to as “in-wheel motors”), or electric motors
located on the drive axle connected to the wheels, or a central motor connected to a single or
multiple drive axles via a mechanical distribution system without reduction, or other principals
that do not utilize mechanical gear mechanisms. Mechanical gear mechanisms introduce
additional energy loss of the system, take up some space, add to the weight, and increase the
overall price of the vehicle. In accordance with the goals of simplifying and improving drive

systems, implementation of direct drive topologies seems very reasonable.

The down side of direct drives is reflected in demands for increased performances of motors
and electronics, such as wide operating ranges of motor speed and torque, and electronics
performance under high current conditions at high voltages. The challenge of an efficient design
is managing cost, weight, and used volume inside a vehicle. At the power electronics field,
these main issues are dealt with at the power controllers (inverters) and battery charger
systems. Cost, size, weight and - in cases of high power capabilities — the need for additional

cooling, make battery charger design a special challenge within the whole system design.

Electric gears for switching between different phase winding configurations are generally known

in the art and were already described, for instance, in U.S. patent US 2,243,337.
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A variable-speed electric motor is also known from U.S. patent US 1,977,950, which describes
an application of an electric gear comprising an inner stator winding and an outer stator winding
achieving the electric gear by means of the relative physical position between the inner and the

outer stator.

An electric gear for electric vehicles with direct drive is disclosed in Slovenian patent number
23465 and aims at a reduction of cost, weight and size of associated power electronics within
electric vehicles. This solution describes the connection configurations between motor windings
and electronics, required for achieving the electric gear functionality. The conventional electric
gear, however, involves the use of a mechanical clutch between the driving electric motor and

the driven wheel.

The article “Integrated motor drive and non-isolated battery charger based on the split-phase
PM motors for plug-in vehicles” by Saeid Haghbin et al. (The Journal of Engineering, June
2014), discloses a technique for using the electric motor of a plug-in vehicle as an inductor for a
charger circuit. In order to avoid any torque being developed in the electric motor because of a
current flow in the stator windings during charging time, the windings of the split-phase motor
are controlled in such way that any torques generated by the individual windings cancel each

other.

The article “Novel Design of Electric Gearshift with Ultracapacitors in the Power Train of
Electrical Vehicle with Direct-Driven Wheel Motor” by Yee-Pien Yang et al. (IEEE Transactions
on Vehicular Technology, 2005) describes the switching between electric gear windings by

means of a large number of contactor-switches as the switching parts.

In view of the above solutions, there is a need for reducing cost, weight and size of the power

electronics.

Summary of the Invention

In order to reduce cost, weight and size of the conventional power electronics for battery
powered electric vehicles, it is the particular approach of the present invention to integrate the

electric gear with the battery charger.

According to a first aspect of the present invention, a driving system for an electric machine is
provided. The driving system comprises an electric gear for switching a wiring configuration of
the electric machine. The electric gear comprises a first plurality of switches for connecting

windings of the electric machine in either one of at least a series configuration and a parallel
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configuration. The system further comprises an inverter for converting a battery voltage into an
AC voltage for driving the electric machine. The inverter comprises a second plurality of
switches in a half-bridge configuration for connecting each phase of the electric machine
selectively to either one of two poles of the battery voltage. The system further comprises a
charger for charging the battery with electric power provided by an external power source and a
controller for controlling the first plurality of switches and the second plurality of switches. The
second plurality of switches is further configured for connecting an output of the charger to the

battery.

According to this configuration, the power electronics can be shared among the inverter and the
charger, thus achieving significant savings in terms of hardware complexity, cost, weight and

size.

The first plurality of switches is preferably configured for interrupting a driving current through
the windings of the electric machine. In this manner, any flow of electric current through the
windings of the machine can be prevented during, e.g., an operation of charging the battery

from electric power delivered by an external power source, such as the mains grid.

In a preferred embodiment, the controller is further configured for controlling the first plurality of
switches and the second plurality of switches during a battery charging operation such that the
output of the charger is connected with the battery while any driving current through the

windings of the electric machine is interrupted by means of the first plurality of switches.

In another preferred embodiment, the controller is further configured for controlling the second
plurality of switches in accordance with a pulse-width modulation scheme so as to generate a
battery charging current having a desired amplitude during the battery charging operation.
Further, the controller may also be configured for controlling the second plurality of switches in
accordance with a pulse-width modulation scheme so as to generate, for each winding of the
electric machine, a driving current having a desired amplitude, frequency and phase during a
motor driving operation. By means of PWM control, power electronics of the inverter can be
employed both for generating the motor driving currents and for regulating a battery charging

current.

In a preferred embodiment, the controller is further configured for receiving a request for
switching the wiring configuration of the electric machine from a first configuration to a second
configuration, for interrupting PWM control of the second plurality of switches, changing
switching states of the first plurality of switches to the to second configuration, and restarting
PWM control of the second plurality of switches in accordance with the second configuration.

The request for switching the wiring configuration, i.e., for initiating a shift of the electric gear,
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can be transmitted via a digital control bus, such as a CAN bus, FlexRay, or any other suitable

control bus.

Preferably, the desired amplitude, frequency and phase of the driving currents after restarting
PWM control are adjusted such that a torque delivered by the electric machine is basically
identical to a torque delivered by the electric machine immediately before the wiring
configuration has been switched. In this manner, smooth operation of the vehicle can be
ensured. For the comfort of driving it is important to have low, or no torque disturbances during
operation of the vehicle. The disturbances are any sudden unwanted changes in torque that can
result in unwanted feeling of acceleration of the person(s) inside the vehicle. Of course, if the
vehicle is supposed to accelerate or decelerate by the driver, or any semi or fully automated
driving system, then the changes of torque are not unwanted. If the disturbances are only for a
very short period of time, e.g. between 0.05 and 0.1 seconds, then at any reasonable torque
change, this will not result in unwanted feeling of acceleration of the person(s) inside the

vehicle.

Preferably, the changing of the switching state of the first plurality of switches is completed
within a single PWM time period. Such a rapid change of the wiring configuration has the

advantage that there is basically no drop in the motor phase currents.

In a preferred implementation, each of the first plurality of switches and/or each of the second
plurality of switches is a semiconductor switch, such as a MOSFET, a BJT, or an IGBT.
Semiconductor switches have several advantages, including increased lifetime, prevention of

arcing, resilience to vibrations, and a wide range of switching frequencies.

In a preferred embodiment with two different electric wiring configurations, the first plurality of
switches may comprise three switches for each machine phase, said switches being configured
for connecting two partial windings of each of the machine phase windings into either one of a
parallel circuit configuration and a series circuit configuration. Generally, a winding for each
phase of the machine may be divided into N partial windings. In this case the first plurality of
switches may comprise 3x(N-1) switches for each phase of the machine for connecting the

respective partial windings in series or in parallel.

The charger may advantageously be configured for synchronizing charge current control to a
phase of the external power supply by detecting zero-crossings of a voltage of the external
power supply. In this manner, switching noise can be reduced and the efficiency of the power

conversion can be improved.
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In a preferred implementation, the charger is configured for returning electric power from the
battery back to the external power supply. This allows for a stabilization of grid voltage and for

novel and decentralized power distribution grids.

The charger may also comprise a charger switch for disconnecting the charger from the
inverter. Thus, the charger may be connected to the inverter during charging operation and
disconnected from the inverter during motor driving operation, thereby avoiding any interference

of the charger electronics with the motor operation.

According to a second aspect of the present invention, an electric vehicle with the driving

system according to the first aspect is provided.

Brief Description of the Drawings

The above and other objects and features of the present invention will become more apparent
from the following description and preferred embodiments given in conjunction with the

accompanying drawings, in which:

Figure 1 shows the interconnection schematic of the integrated electric gear and charger
system for battery powered electric vehicles with a two-stage electric gear and a single phase

electric battery charger, according to an embodiment of the present invention,

Figure 2 shows the architecture of the integrated electric gear and charger system, according to

an embodiment of the present invention,

Figure 3 shows a simplified connection schematic of a two-stage electric gear for a star

connected motor,
Figure 4 shows the electrical connection schematic of a two-stage electric gear,

Figure 5 shows the electrical connection schematic of one of the phases of a four-stage electric

gear,

Figure 6 shows the sequence of the electric gear switching procedure during motor operation,

according to an embodiment of the present invention, and

Figure 7 shows the simplified schematic of the integrated charger parts.
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Detailed Description

The integrated electric gear and charger (IEGC) system for battery powered electric vehicles is
described as implemented in an electric car (automobile). However, the present invention is not
limited to electric cars and can be applied to other electric vehicles utilizing electric propulsion,
such as hybrid vehicles, E-bikes, electric forklifts, and others. Moreover, although the present
description is focused on a 2-stage (i.e. 2 gears) electric gear configuration, the present
invention is also applicable to systems with any other stage/gear count. Further, although the
embodiments described here below show only a single motor and a single inverter/controller,
the present invention can also be applied to systems comprising any number of electric motors
and inverters. The terms “electrical motor” and “electrical machine” as used herein encompass

both the functionality of a motor and the functionality of a generator, if appropriate.

Figure 1 shows a schematic diagram of an integrated electric gear and charger system for
battery powered electric vehicles with a two-stage electric gear and a single phase electric
battery charger, according to an embodiment of the present invention. An architectural overview

of the drive system is depicted in Fig. 2.

The electronic system of an integrated electric gear and charger comprises an electric gear (1)
for switching a wiring configuration of the electric motor (3), a charger (2) for charging the
battery (5) with power provided from an external power source, a power inverter (4) for driving
the electric motor (3), and a battery management system (22). The electric gear comprises a
plurality (at least six switches in certain embodiments) of switches (11) for changing between
the electric motor (3) wiring configurations, resulting in different motor characteristics. These
characteristics result from the physical connections of partial motor wirings (6) in combinations
of parallel and/or series interconnections. The switches (11) of the electric gear allow for a direct
connection of the charger (2) and the inverter (4). Specifically, at least two conductors from the
charger may be connected directly to a corresponding number of half-bridges of the inverter. In
this manner, the half-bridges of the inverter (4) unit are utilized both as the power electronics of
the charger and as the power electronics of the inverter. Specifically, said half-bridges enable
the system both to charge the battery (5) from the electrical grid (14) and to drive the phases of
the electric motor (3). The system may further comprise a position sensor (23) communicatively

coupled to the inverter (4) if accurate rotor position is required for controlling the motor.

Figure 3 shows a simplified connection scheme of a two-stage electric gear for a star connected
motor with three phases. Figure 4 shows the circuit diagram for of a two-stage electric gear

together with half-bridges (9) of the inverter.



WO 2018/095868 PCT/EP2017/079793

The electric gear system comprises three switches (11) for each motor phase. By setting the
switching state of the various switches, the partial windings (6) of each motor phase can be
connected either in a series configuration or in a parallel configuration. The switching elements
(11) used can be either solid-state (transistors) or mechanical switches. Advantages of using
solid-state elements are increased lifetime, no arcing, resilience to vibration and wide frequency
range capability. Since typical power transistors are inherently unidirectional switches, each
switch is comprised of two transistors connected in series at their source terminals (source
applies to MOS-FETs, emitter to BJTs, IGBTS, etc.). Thus, bidirectional switching functionality is
achieved using a single “gate driver” per switch. Paralleling of multiple transistors is also
possible in the same way and under same conditions as paralleling of switching transistors in
any typical application utilizing the transistor as a switching element. The electrical layout of the
switches at different nodes across the motor wirings requires the use of isolated gate drivers.
Compared to a typical power inverter, the switching times of the electric gear switches can be
considerably longer. Acceptable switching time can exceed 1us, which means smaller gate
drive currents and therefore simpler and less expensive gate drivers. On the other hand,
additional gate driver functionality of a feedback signal for confirmation of the transistor on/off

state is desired.

Figure 5 shows the electrical connection schematic of one of the phases of a four-stage electric
gear. The electric gear of Figure 5 is similar to that of Fig. 4, except that each motor phase
comprises four partial windings, which can be connected in several configurations by means of
a total of six switches per phase. Possible wiring configurations include all parallel, all in series,

and a parallel configuration of two pairs of series connected partial windings.

The integrated electric gear and charger system for battery powered electric vehicles according
to embodiments of the present invention also includes a controller (not shown) for controlling
the electric gear, the inverter, and the charger in accordance with a current mode of operation.
Control tasks may also be distributed among several controllers for controlling operation of each
of the electric gear, the inverter, and the charger. Modes of operation include a motor drive
operation for driving the motor with power provided by the battery, a battery charging operation
for charging the battery with power provided by an external source, a recuperation mode for

charging the battery with electric power generated by the motor, and other modes.

During motor drive operation, the controller applies appropriate control signals to the switches
(8) of the inverter in order to generate appropriate AC voltages for driving each phase of the
motor. Any conventional technique, including pulse-width modulation, can be employed for
generating driving currents with the appropriate amplitude, frequency, and phase for each motor

phase. The inverter shall be able to communicate with the position sensor (23) if accurate rotor
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position is required for controlling the motor. During motor drive operation, a switching state of
the electric gear remains generally unaltered. However, a process for electric gear shift will be

described below.

During a battery charging operation, any uncontrolled current through motor windings has to be
prevented. This can be ensured by keeping all switches (11) of the electric gear in the OFF
state. At the same time, inverter switches (8) can be employed either for (pulse-width)
modulating the amplitude of the charging current and/or for rectifying the output voltage of the

charger (2). A battery management system (22) performs control of the charging process.

During recuperation, electric power generated by the motor can be buffered and/or used for
recharging the battery. The controller generates appropriate control signals for the inverter

switches (8) in order to rectify and route the generated current accordingly.

Figure 6 shows a sequence of the electric gear switching procedure during motor operation.
The commands for switching between the gear configurations are received over digital lines,
typically from the power inverter control (4). This kind of control makes for the fastest and most
efficient transitions, however other control configurations with different central control units (e.g.

PCU, ECU, BMS, etc.) utilizing different communication protocols, are also possible.

In the following, a process for switching the electric gear during motor operation is described.
First the inverter/controller disables the pulse-width modulation (PWM) (17) after a fully
concluded PWM cycle. The PWM is disabled for one PWM period, during which all the inverter
transistors (8) are turned OFF (i.e. not conducting). After disabling the PWM, the inverter control
sends the command “Gcemd” (18) for electric gear to shift (switch/transition between

configurations). Any form or number of digital communication protocols can be used.

After the received command, the electric gear executes the gear shift procedure (19). The gear
transistors that were currently ON are switched OFF. The free-wheeling diodes (7) enable the
continuation of the current flowing through the motor wirings, which at this point are
disconnected from the power inverter, directing the energy to the DC bus (capacitors and
battery), thus preventing breakdown of the transistors. A few micro seconds (us) after turning
OFF the first set of transistors, the second set of transistors is turned ON, achieving the
demanded electric gear state. A successful transition is followed by a response signal “Gresp”
(20) from the electric gear to the inverter control, confirming the concluded gear shift procedure.
Any form or number of digital communication protocols can be used. The inverter then
reactivates the PWM accounting for the different set of motor parameters (inductance,
resistance, torque coefficient and induced voltage coefficient) corresponding to the current gear

configuration. If necessary, the inverter has to adapt the current regulation loop settings as well.
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Since the transition as described above occurs within a single PWM period, the current drop in
the windings is negligible. Because of the change in the motor torque coefficient after the shift,
the inverter needs to change the current reference so as to maintain a constant torque. Of
course, as determined by the needs the application, the functionality of maintaining a constant

torque after shifting, can also be disabled.

Functionality of the electric gear is closely tied to the charger functionality. The electronics of the
inverter with the appropriate software is capable of multiple functionalities like motor drive,
recuperative braking, AC to DC rectification, DC to DC transformation, etc., assuming
appropriate additional hardware is provided. Integration of a charger is much easier if the
electric gear is also a part of the system. To utilize the power inverter (4) as the active part of
the charger to charge from the electrical grid (14), the motor has to be disconnected from the
power inverter (4), otherwise the active half-bridges would cause unwanted and uncontrolled
current through the motor windings. The disconnection of the motor can in this case be done by

the electric gear by disconnecting all of the electric gear switches.

Figure 7 shows a simplified circuit diagram of the integrated charger. The charger comprises a
mains line filter (13), a voltage sensing device (24), a transformer (15), an inductor (16), and a

charger switch (21) for selectively connecting the charger to the inverter.

Transformation of the grid voltage (14) to appropriate voltages via a transformer (15) is
required, since the grid voltages are usually not suitable for charging at typical battery voltages.
Further, the transformer (15) provides galvanic insulation of the driving system. Another switch
(21) is needed to disconnect the transformer (15) from the inverter when the system is
disconnected from the grid or when the inverter drives the motor. This switch can be either a
solid-state or a mechanical switch and can be controlled by either the inverter control unit or by

any other devices.

An operational algorithm example of integrated electric gear and charger incorporates the
functionality described above and involves additional functionality of the power inverter for
charging the battery. When the system is plugged in to the grid the power inverter control is
activated, requesting the electric gear to disable all the switches/transistors. This is followed by
connecting the charger to the power inverter via the charger switch (21). The inverter starts to
drive the charging current that needs to be synchronized with the phase of the grid AC voltage.
The inverter is therefore connected to AC voltage sensor (24). The grid phase timing can be
monitored by monitoring the “OV pass” of the voltage, however other methods of phase
synchronization are also applicable. The charging current needs to be controlled according to

specification of the battery (5). The charger is therefore connected to the battery management
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system (BMS) unit (22) in order to obtain the information of the maximum battery voltage,
battery temperature and state of charge. It is also possible to reverse the energy flow in order to

return the energy from the battery to the grid.

The PWM frequency can be lower than that required for motor drive, since the grid frequency is
lower than typical electrical frequencies of electric motors. The combination of the PWM
frequency and the inductor (16) can be selected so as to optimize efficiency and keep the
electromagnetic emissions at a minimum. The grid line filter (13) filters out the noise and
interference caused primarily by the PWM carried to the primary side of the transformer through

parasitic capacitive coupling of the transformer.

The present invention provides an integrated electric gear and charger electronic system for
battery powered vehicles. The electric gear comprises a first plurality of switches that are used
for connecting windings of the electric motor in either one of several different wiring
configurations, thereby altering the motor characteristics. A second plurality of switches is
connected in pairs in a half-bridge configuration for generating appropriate AC voltages for each
phase of the motor and for connecting an output of the charger to the battery. The second
plurality of switches can thus be shared as the power electronics of the inverter for driving the
motor and as the power electronics of the charger for charging the battery with electric power

provided by an external power source.

The present invention can achieve at least the following advantages. First of all, the motor is
completely excluded (electrically separated) from the circuit in the charging mode, so that no
torque will be generated. This is important in view of possible failure modes. Further, electric
losses are reduced since no current is passing through the motor. Second, the system is
galvanically insulated (with the transformer) which is very important from a safety perspective.
Third, the second plurality of switches enables additional functionalities of modification of the
motor torque constant, and consequentially motor induced voltage constant which results in the
potential of using a less powerful power stage to achieve the same peak torque, the same top
speed, and only losing the high torque and high-speed segment of the motor working points,
which is a crucial element for cost optimization in direct drive system. Fourth, the second
plurality of switches also enables a fast transition between both electric gears without losing
torque, which is a major advantage compared to, for example, slow relay circuits. Finally, in a
situation where individual solutions of either one of the charger and the electric gear do not

make sense with regard to costs, the integrated solution can be more attractive.
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CLAIMS

1. A driving system for an electric machine, said system comprising:

an electric gear (1) for switching a wiring configuration of the electric machine (3), the
electric gear comprising a first plurality of switches (11) for connecting windings (6) of
the electric machine in either one of at least a series configuration and a parallel

configuration;

an inverter (4) for converting a battery voltage into an AC voltage for driving the electric
machine, the inverter comprising a second plurality of switches (8) in a half-bridge
configuration for connecting each phase of the electric machine selectively to either

one of two poles of the battery voltage;

a charger (2) for charging the battery (5) with electric power provided by an external

power source; and

a controller for controlling the first plurality of switches (11) and the second plurality of

switches (8),

wherein the second plurality of switches (8) is further configured for connecting an

output of the charger (2) to the battery (5).

2. The driving system according to claim 1, wherein the first plurality of switches (11) is
further configured for interrupting a driving current through the windings (6) of the

electric machine (3).

3. The driving system according to claim 1, wherein the controller is further configured for
controlling the first plurality of switches (11) and the second plurality of switches (8)
during a battery charging operation such that the output of the charger (2) is connected
with the battery (5) while any driving current through the windings (6) of the electric

machine (3) is interrupted by means of the first plurality of switches (11).
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The driving system according to claim 3, wherein the controller is further configured for
controlling the second plurality of switches (8) in accordance with a pulse-width
modulation scheme so as to generate a battery charging current having a desired

amplitude during the battery charging operation.

The driving system according to claim 1, wherein the controller is further configured for
controlling the second plurality of switches (8) in accordance with a pulse-width
modulation scheme so as to generate, for each winding (6) of the electric machine (3),
a driving current having a desired amplitude, frequency and phase during a motor

driving operation.

The driving system according to claim 5, wherein the controller is further configured for
receiving a request for switching the wiring configuration of the electric machine from a
first configuration to a second configuration, for interrupting PWM control of the second
plurality of switches, changing switching states of the first plurality of switches (11) to
the second configuration, and restarting PWM control of the second plurality of

switches in accordance with the second configuration.

The driving system according to claim 6, wherein the desired amplitude, frequency and
phase of the driving currents after restarting PWM control are adjusted such that a
torque delivered by the electric machine is basically identical to a torque delivered by

the electric machine immediately before the wiring configuration has been switched.

The driving system according to claim 6, wherein the changing of the switching state of

the first plurality of switches (11) is completed within a single PWM time period.

The driving system according to any of the preceding claims, wherein each of the first
plurality of switches (11) and/or each of the second plurality of switches (8) is a

semiconductor switch.



10.

11.

12.

13.

14.

15.

WO 2018/095868 PCT/EP2017/079793

13

The driving system according to any of the preceding claims, wherein the first plurality
of switches (11) comprises three switches for each machine phase, said switches
being configured for connecting two partial windings (6) of each of the machine phase
windings into either one of a parallel circuit configuration and a series circuit

configuration.

The driving system according to any of the preceding claims, wherein a winding (6) for
each phase of the machine (3) is divided into N partial windings, and wherein the first
plurality of switches (11) comprises 3x(N-1) switches for each phase of the machine for

connecting the respective partial windings in series or in paraliel.

The driving system according to any of the preceding claims, wherein the charger (2) is
configured for synchronizing charge current control to a phase of the external power

supply by detecting zero-crossings of a voltage of the external power supply.

The driving system according to any of the preceding claims, wherein the charger (2) is

configured for returning electric power from the battery (5) back to the external power

supply.

The driving system according to any of the preceding claims, wherein the charger (2)

further comprises a charger switch for disconnecting the charger from the inverter.

An electric vehicle with a driving system for an electric machine (3) according to any of

the preceding claims.
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