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MODE SELECTION CONTROL SYSTEM FOR AN ELECTRICALLY

VARIABLE TRANSMISSION

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional

Application No. 61/513,080, filed July 29, 2011.
FIELD

[0002] The present disclosure relates to the control of an automotive
transmission, specifically to a mode selection control system and method for
controlling an electrically variable transmission.

BACKGROUND

[0003] - Some current hybrid electrically variable transmissions feature
two electric motors coupled to an internal combustion engine utilizing a plurality
of clutches and gear sets. At certain times it is desirable to operate the
transmissions in strictly an electric mode or in a hybrid mode where the internal
combustion enginé and one or both motors operate simultaneously. Managing
the many parameters such as clutch, engine and motor torqués, battery power
levels and usage, efficiency and smooth shifting between the various gears and
drive modes, fuel economy, operational-cost efficiency, efc. pose many
operational control challenges.

[0004] Thus, there remains a need for continuous improvement in

the operational control of hybrid electrically variable transmissions.



WO 2013/019477 PCT/US2012/047958

SUMMARY

[0005] In one form, the present disclosure provides a method of
selecting a mode of operation of a vehicle having an electrically variable
transmission. The method comprises using a processor to perform the steps of:
determining a battery discharge penalty; determining a cost associated with
operating an electrical portion of the transmission; determining a cost associated
with operating a mechanical portion of the transmission; calculating respective
costs for operating the vehicle in a plurality of operating modes based on the
battery discharge penalty and the costs associated with operating the electrical
and mechanical portions of the transmission; and selecting an operating rhode
having the lowest calculated cost.

[0006] The present disclosure also provides a contrdller for selecting a
mode of operation of a vehicle having an electrically variable transmission. The
_controller comprises a processor programmed to: determine a battery discharge
penalty; determine a cost associated with operating an electrical portion of the
transmission; determine a cost associated with operating a mechanical portion of
’the transmission; calculate respective costs for operating the vehicle in a plurality
of operating modes based on the battery discharge penalty and the costs
associated with operating the electrical and mechanical portions of the
transmission; and select an operating mode having the lowest calculated cost.

[0007] Further areas of applicability of the present disclosure will
become apparent from the detailed description, drawings and claims provided

hereinafter. It should be understood that the detailed description, including
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disclosed embodiments and drawings, are merely exemplary in nature intended
for purposes of illustration only and are not intended to limit the scope of the
invention, its application or use. Thus, variations that do not depart from the gist
of the invention are intended to be within the scope of the invention.

BRIEF bESCRIPTION OF THE DRAWINGS

[0008] Figure 1 is an illustration of a lever diagram of a drive system for
a vehicle with an electrically variable transmission;

[0009] Figure 2 is an illustration of an example drive cycle for a vehicle
in accordance with the present disclosure;

[0010] Figure 3 is a table describing the various drive cycle points
illustrated in Figure 2;

[0011] Figure 4 is a flowchart of a mode selection control process in
accordance with the present disclosure,

[0012] Figure 5 is a graph of power versus time for electric vehicle
operation in accordance with the present disclosure;

[0013] Figure 6 is a graph of output and engine speeds versus time for
under and over drive modes of operation in accordance with the present
disclosure;

[0014] Figure 7 is a graph of output, engine and main planetary torques
versus time for under and over drive modes of operation in accordance with the
present disclosure; and

[0015] Figure 8 is a block diagram of a portion of a vehicle’s powertrain

incorporating a controller for executing the methodology disclosed herein.
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DETAILED DESCRIPTION

[0016] U.S. Application no. 12/882,936, (the 936 Application) filed
September 15, 2010 and titled "Multi-Speed Drive Unit,” (Chrysler Attorney
docket no. 708496US1) discloses various compound-input electrically variable
transmissions (“EVT"), the disclosure incorporated herein by reference. U.S.
Application no. 13/188,799; filed July 22, 2011and titled “Clutch System for a
Transmission” (Chrysler Attorney docket no. 708578US1), the disclosure
incorporated herein by reference, discloses a clutch system that can be used
e.g., in the ‘936 Application’s multi-speed drive unit to create a two dry “clutch’
drive system, similar to a DDCT (dual dry clutch transmission), for the drive unit.
Figure 1 is an example lever diagram of such a drive system 10.

[0017] A seen in Figure 1, the drive system 10 includes a first planetary

gear set represented by a first lever L1 and a second planetary gear set
represented by a second lever Lp. A ring gear Rq of the first planetary gear set

is connected to an internal combustion engine ICE via an input shaft 12. A sun

gear Sq of the first planetary gear set is connected to two clutches CB4, C2. In
the illustrated example, the first clutch CB4 is a braking mechanism that, when
activated, grounds the sun gear S4 to the drive unit's transaxle case. When
activated, the second clutch Co connects the sun gear Sq to the engine. An
input brake is created when both clutches CB4, Co are activated at the same

time.
[0018] The carriers of the planetary gear sets are connected via a main

shaft 14. A sun gear S of the second planetary gear set is connected to a first
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electric motor EMA. A ring gear Ry of the second planetary gear set is

connected to a second electric motor EMB via a motor speed reducer (“MSR”")

16. The ring gear Ry of the second planetary gear set is also connected to an

output shaft 18. The motor speed reducer 16 controls the speed ratio between
the second electric motor EMB and the output shaft 18.
[0019] The ‘936 Application discloses three input ratios. A first ratio is

created by activating the first clutch CB{ while deactivating the second clutch Cy.
A second ratio is created by deactivating the ﬁrst clutch CB4 while activating the
second clutch Co. The third ratio is the input brake created by actiQating the first
and second clutches CB4, Co. There is a need to control the drive system 10 to

efficiently switch between drive modes and gear ratios to optimize the system’s
and vehicle’s performance and to improve fuel economy.

[0020] Figure 2 is an illustration of an example drive cycle for a vehicle
containing a Figure 1 drive system 10 and being controlled in accordance With
the present disclosure. In the example, the vehicle accelerates from a stop,
cruises at high speed and brakes fo a stop. The various points and switching
points of the drive cycle are listed in the table shown in Figure 3.

[0021] During the cycle, the system 10 enters different modes to
deliver the required output power from the electric motors and/or engine to the
output shaft. The modes are chosen for best fuel economy and drive quality.
The system 10 will operate in the following modes: input brake electric vehicle
(“IB-EV"), under drive electric vehicle (“UD-EV"), over drive electric vehicle (“OD-

EV”), under drive engine on (“UD-EQ"), over drive engine on (“OD-EQ"), and
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neutral (N). As shown in the table of Figure 3, there are points and modes when
the electric motors are propelling the vehicle without assistance from the engine
(e.g., point A), propelling the vehicle with the assistance from the engine (e.g.,
points D fo E) or providing regenerative braking (e.g., point G).

[0022] Both clutches CB4 and Co will be applied (i.e., engaged or
activated) to implement the IB-EV mode. The first clutch CB4 will be applied
while the second clutch Co is not applied (i.e., disengaged or deactivated) to
implement the UD-EV and UD-EO modes. The first clufch CB1 will not be applied
while the second clutch Co is applied to implement the OD-EV and OD-EO
modes. Both clutches CB4 and Co will be disengaged in the neutral mode. It
should be appreciéted that this disclosure refers to the first clutch CB4 as a

braking clutch, but the disclosure is not limited to a braking clutch; as shown in
the '936 application, many clutches or synchronizers could be used in the system
10.

[0023] The aspects of the present disclosure are designed to select the
optimum mode of operation (i.e., IB-EV, UD-EV, OD-EV, UD-EO, OD-EO, and N)
for the system. The control method described herein is implemented on a
controller or programmed processor in the drive system. In one preferred
implementation, the aspects described herein will be implemented as part of a
supervisory hybrid electric vehicle controller 802 (Figure 8) such as the one
described in U.S. application no. 61/513,061; filed July 29, 2011 and titled
“Engine Start Control System for an Electrically Variable Transmission” (Chrysler

Attorney docket no. 708620US1), the disclosure incorporated herein by
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reference. The aspects described herein will analyze the modes of operation
and determine, from an over-all system point of view, which mode would be the
most efficient to operate the transaxle in at any given point in time.

[0024] Figure 4 is a flowchart of a mode selection control process 400
in accordance with the present d'isclosure. At step 402, the process 400 uses the
vehicle’s speed and driver pedal position (i.e., position of the vehicle’s throttle) to

calculate the actual output speed No and a desired output torque Ty. The
calculated actual output speed N and desired output torque T, are uéed, aiong
with an input battery state of charge (“SOC"), at step 404 to calculate a battery
discharge penalty Ppjsch. The process at step 404 also ensures that the
calculated battery discharge penalty Ppjsch is calibrated to maintain the battery
within a minimurh and maximum state of charge range.

[0025] Step 406 calculates the “cost” for operating the system in the IB-
EV mode, which is shown as a function fEv(PDisch: FEIectrical)- It should be
noted fhat the term “cost” is used herein to refer to the amount of mechanical and
electrical resources needed to implement the mode. Pgjectrical is the
penalty/cost for operating the electric motors. As mentioned above, in the I1B-EV
mode, the engine is held stationary by engaging both clutches CB4, C2. In this

mode, the vehicle is propelled only by the two electric motors EMA, EMB. Thus,
the output torque is the combination of the torques from the two electric motors
EMA, EMB. The example graph of Figure 5 illustrates engine, motor and output

power best suited for the IB-EV mode during the example drive cycle.
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[0026] The inventors have determined that the most optimum point of
operation in the IB-EV mode (at the requested level of output torque) will be the
point that minimizes battery power. To determine this point, an operating window
within which the torque sources can operate is initially determined at step 406.
This will be a function of motor torque Ikimits at their respective speeds, clutch
torque limits and battery power limits. Once the window is found, a motor
operation control process such as e.g., the one disclosed in U.S. Application no.
61/513,112; filed July 29, 2011; (Chrysler Attorney docket no. 708612US1) and
titled “Motor Operation Control System for an Electrically Variable Transmission,”
the disclosure incorporated herein by reference, will determine the necessary
torques needed to fulfill the output torque request with hinimum battery power
usage. This required battery power along with various other auxiliary loads such
as e.g., power consumption for the clutch actuation‘ mechanism, will be used to
determine the cost of operating the hybrid transaxie in the IB-EV mode. The cost
will also reflect other th'ings' that affect drivability such as whether there is
sufficient torque/power available in the system to start the engine.

[0027] Steps 408 and 412 calculate the costs for operating the system
in the two under drive modes. Step 408 calculates the cost for operating the
system in the UD-EV mode, shown as function fev(Ppisch. PElectrical). and
step 412 calculates the cost for operating the system in the UD-EO mode, shown
as function fEO(PDisch. PEngine, PElectrical)- PEngine I8 the penalty for

operating the engine.
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[0028] As mentioned above, under drive is achieved by engaging the
first clutch CB4 while disengaging the second clutch Co. Engaging the first
clutch CB1 while keeping the second clutch C2 disengaged/open allows a higher
gear ratio between the engine and the main planetary carrier. This significantly
increases the mechanical path (i.e., the engine torque contribution to the output
tdrque) of the hybrid transaxle. This mode is desirably used for accelerating the
vehicle or when the vehicle is run under lo}ad. The example graph of Figure 6
illustrates output and engine speeds best suited for the under drive modes during
the example drive cycle. The example graph of Figure 7 illustrates output,
engine and main planetary torques best suited for the over drive modes during
the example drive cycle.

[0029] Steps 408 and 412 will find the most optimum point of operation
of the hybrid system for the two under drive modes for a given output power

demand. The desired battery power Ppattjeg Will be determined based on the
driver requested output power Pgreq and the state of charge of the battery. The
desired engine power Pg can be determined as follows:
(1) Pe = Poreq * Pbattdes + PLosseselectrical * PLossesmechanical

[0036] PLosseselectrical a® the losses associated with running the
electrical path (i.e., the electric motors). Possesmechanical '€ the losses

associated with running the mechanical path (i.e., the internal combustion
engine).b PLosseSelectrical and PLossesmechanica! are .determined by an

optimizer typically found in a hybrid system. The optimizer periodically calculates
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the most efficient points for operating the hybrid electrical and mechanical

systems (at approximately every 100 milliseconds); P{ossesglectrical and
PLossesmechanical @€ Part of the optimizer’'s calculations.

[0031] As with step 4086, an operating window within which the torque
sources can operate will be determined at steps 408 and 412. These windows
will be a function df motor torque limits at their respective speeds, clutch torque
limits, engine torque limits and battery power limits. Once the windows of
possible operation are found, the steps will determine what engine speed and
torque will minimize the cost of operating the system at the above specified
power level.

[0032] Steps 410 and 414 calculate the costs for operating the system
in the two over drive modes. Step 410 calculates the cost for operating the.

system in the OD-EV mode, shown as function fE\/(PDisch, PElectrical). and
step 414 calculates the cost for operating the system in the OD-EO mode, shown
as function fEQ(PDisch: PEngine, PElectrical)- As set forth above, to implement
over drive, the second clutch Co is engaged and the first clutch CBq is
disengaged. Engaging clutch Co while keeping clutch CB4 open enables a lower

gear ratio between the engine and the main planetary carrier. This allows the
hybrid transaxle to run at a lower input-to-output ratios, allowing the engine to
stay in its optimum operating region for highway and low power demand
opérating conditions. Figure 6 also illustrates output and engine speeds best

suited for the over drive modes during the example drive cycle. Figure 7 also

10
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illustrates output, engine and main planetary torques best suited for the under
drive modes during the example drive cycle.

[0033] Steps 410 and 414 will find the most optimum point of operation
of the hybrid system for the two over drive modes for a given output power

deménd. Similar to steps 408 and 412, the desired battery power Pbattges Will be

determined based on the driver requested output power Pgreq @nd the state of
charge of the battery. Thus, the desired engine power Pg will be determined

using equation (1) shown above.

[0034] As with steps 406, 408 and 412, an operating window within
which the torque sources can operate will be determined at steps 410 and 414.
These windows will be a function of motor torque limits at their respective
speeds, clutch torque limits, engine torque limits and battery power limits. Once
the windows of possible operation are found, the steps will determine what
engine speed and torque will minimize the cost of operating the system at the
above specified power level.

[0035] At step 416, the process selects the mode with the lowest cost
of the five calculated costs from steps 406-414. At this point, pedal position,
engine speed and the present mode and certain other drivability constraints are
accounted for at step 418 before sending the appropriate mode to the control
system (at step 420). The constraints could include shift busyness, constant
changes in engine speeds down to optimization sensitivity, undesirable engine

 speed fluctuations, etc. At step 420 the final determination selecting the

appropriate mode is made and sent to the control system.

11
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[0036] At this point, the process 400 has placed the drive system in its
most optimum operating condition for the current point in the drive cycle. The
process efficiently switches between drive modes and gear ratios to optimize the
system’s and vehicle’s driving performance. Smoother shifts between gear ratios
will increase the driver's experience. The process 400 will also improve the
vehicle's fuel economy by maximizing the use of the electric motors.

[0037] Figure 8 is a block diagram of a portion of a vehicle’s powertrain
800 incorporating a supervisory hybrid electric vehicle controller 802 for
executing the process 400 disclosed herein. The powertrain 800 also includes
an input speed profiler 804, a constraints evaluator 806, a feedforward controller

808, feedback controller 810, the engine, first and second clutches CB4, Cp, first

and second electric motor controllers 812, 814 for respectively controlling the first
and second electric motors EMA, EMB, and a hybrid transmission plant 820.
The supervisory hybrid electric vehicle controller 802 executes process 400 and
inputs pedal position and the various other vehicle operating conditions and
parameters discussed above with reference to process 400. Outputs from the
supervisory hybrid electric vehicle controller 802 are used to control the engine,

clutches CB{, C2 and the motors EMA, EMB (via the input speed profiler 804,

constraints evaluator 806, feedforward controlier 808, motor controllers 812, 814,
and the feedback controller 810) in accordance with the process 400 described
herein. The other operations of the powertrain 800, including the input speed
profiler 804, constraints evaluator 806, feedforward controller 808, the feedback

controller 810, as well as the various parameters used by these components, are

12
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discussed in more detail in U.S. Application no. 61/513,061 (Chrysier Attorney

docket no. 708620US1).

13
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CLAIMS

What is claimed is:

1. A method of selecting a mode of operation of a vehicle having an
electrically variable transmission, said method comprising using a processor to
perform the steps of:

determining a battery discharge penalty;

determining a cost associated with operating an electrical portion of
the transmission; |

determining a cost associated with operating a mechanical portion
of the transmission;

calculating respective costs for operating the vehicle in a plurality of
operating modes_ based on the battery discharge penalty and the costs
associated with operating the electrical and mechanical portions of the
transmission; and

selecting an operating mode having the lowest calculated cost.

2. The method of claim 1, further comprising:

determining an output speed of the vehicle;

determining a desired output torque of the transmission; and

determining a state of charge of the battery.

3. The method of claim 2, wherein the battery discharge penalty is
determined based on the output speed, output torque and state of charge of the

battery'.

14



WO 2013/019477 PCT/US2012/047958

4, The method of claim 2, further comprising inputting a speed of the
vehicle and a pedal position of the vehicle's throttle, wherein the output speed
and desired output torque are determined based on the input speed and pedal
position.

5. The method of claim 1, wherein the electrically variable
transmission comprises at least one braking clutch and the modes of operation
comprise an input brake electric vehicle mode, a plurality of over drive modes
and a plurality of under drive modes.

6. The method of claim 5, wherein the plurality of over drive modes
comprises an over drive electric vehicle mode and an over drive engine on mode.

7. The method of claim 5, wherein the plurality of under drive modes
comprises an under drive electric vehicle mode and an under drive engine on
mode.

8.  The method of claim 1, further comprising commanding a control
system of the vehicle to change the operating mode to the selected operating
mode having the lowest calculated cost.

| 9. The method of claim 8, further comprising determining a drivability
impact of a mode change before commanding the control system to change the

operating mode.

15
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10. A controller for selecting a mode of operation of a vehicle having an
electrically variable transmission, said controller comprising:
a processor programmed to:
determine a battery discharge penalty;
determine a cost associated with operating an electrical
portion of the transmission;
determine a cost associated with operating a mechanical
portion of the transmission;
calculate respective costs for operating fhe_ vehicle in a
plurality of operating modes based on the battery discharge penalty and the
costs associated with operating the electrical and mechanical portions of the
transmission; and
select an operating mode having the lowest calculated cost.
11.  The controller of claim 10, wherein the processor is further
programmed to:
determine an output speed of the vehicle;
determine a desired output torque of the transmission; and
determine a state of charge of the battery.
12.  The controller of claim 11, wherein the battery discharge penalty is
determined based on the output speed, output torque and state of charge of the

battery.

16
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13. The controller of claim 11, wherein the processor is further
programmed to input a speed of the vehicle and a pedal position of the vehicle's
throttle, and wherein the output speed and desired output torque are determined
based on the input speed and pedal position.

14. The controller of claim 10, wherein the electrically variable
transmission comprises at least one braking clutch and the modes of operation
comprise an input brake electric vehicle mode, a plurality of over drive modes
and a plurality of under drive modes.

15.  The controller of claim 14, wherein the plurality of over drive modes
comprises an over drive electric vehicle mode and an over drive engfne on mode.

16. The controller of claim 15, wherein the plurality of under drive
modes comprises an under drive electric vehicle mode and an under drive
éngine on mode.

17. The controlier of claim 10, wherein the processor is further
programmed to command a control system of the vehicle to change the operating
mode to the selected operating mode having the lowest éalculated cost.

18. The controller of claim 15, wherein the processor is further
programmed to determine a drivability impact of a mode change before

commanding the control system to change the operating mode.

17
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POINT (3) » DESCRIPTION
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International Application No. PCT/ US2012/ 047958

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 2()3

The application lacks clarity to such an extent that no meaningful search
is possible (Article 6 PCT).

1. Claim 1 refers to various parameters, in particular a battery
discharge penalty. Claim 1 further refers to costs associated with
operating an electrical or mechanical portion of the transmission. The
transmission can be placed in several operating modes. To take a decision
between these modes, the respective operating costs are calculated, based
on dischargepenalty and the costs associated with operating the
electrical and mechanical portions of the transmission. The mode with the
lowest calculated costs is selected.

2. There are several issues which require clarification.

2.1 The "battery discharge penalty" is not defined. Paragraph 24 simply
states that this penalty is calculated and calibrated, to maintain the
battery within a minimum and maximum state of charge range. There is no
definition at all as to what a "battery discharge penalty" might be.
Further, it is not clear what a "a minimum and maximum state of
chargerange " might be. It does not appear to be intended to keep the
battery between a minimum and maximum state of charge (if that were the
case, the "range" would not be there).

2.2 The "most optimum point of operation" minimizes battery power
(paragraph 26). First, there is no "most optimum", second, "battery
power" is also not defined.

Assuming battery input/output power is meant, the "most optimum point"
would be not to use the battery at all. The "IB-EV mode", however, does
not appear to use the engine and accordingly has to rely on the battery,
leading to the conclusion that either this mode is not optimal or that
there is some misunderstanding.

2.3 The electrical costs are the penalty/cost for operating the electric
motors. It is not clear whether this is the electric power delivered to
the electric motors. Assuming this is the case, this is not a penalty.
2.4 The mechanical cost is not understood. The description continuously
refers to PEngine (see e.g. paragraph 27). The engine, however, is not a
mechanical portion of the transmission. Input shaft (12) of the
transmission is connected to an output shaft of the engine (ICE), see
paragraph 17 and Figure 1. Again in paragraph 27, PEngine is the penalty
for operating the engine. It is not clear what the "penalty" means, as
soon as the engine is running, it will consume fuel. This is not a
penalty.

2.5 In addition to PEngine and PElectrical, there are power losses, see
paragraph 29 and equation 1. It is not clear how these losses are related
to the penalties.

3. As best understood, the application considers constraints (torque of
the engine/motors, battery charge state) when deciding how to operate the
vehicle in order to meet driver demand. The aim is to arrive at a mode of
operation which has the lowest calculated cost, presumable the lowest
energy consumption.

This approach is known, see US 2011/0130901 A (D1), abstract and claim 1.
D1, Figure 2, discloses a vehicle having one internal combustion engine
(ICE) and two electric motors (EM1, EM2). D1, claim 1, considers driver
demand, torque constraints and operating efficiency, battery charge state
is discussed in paragraph 57.

The transmission underlying the application is known, see e.g. US
2009/0115349 A (D2).

4, Claim 10 is drafted in line with claim 1. The same objections apply.
The dependent claim suffer from the same defects as the independent
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claims, due to their dependency.

5. To summarize, claim 1 relies on features which lack clarity (Article 6
PCT). The whole application lacks clarity, due to apparent failure to
describe the calculations and by lack of distinction between the
transmission and the engine (Article 6 PCT). There is probably also an
issue with enabling disclosure (Article 5 PCT).

On top, it seems that the approach of at least claims 1 and 10 is known
in the prior art.

The applicant's attention is drawn to the fact that claims relating to
inventions in respect of which no international search report has been
established need not be the subject of an international preliminary
examination (Rule 66.1(e) PCT). The applicant is advised that the EPO
policy when acting as an International Preliminary Examining Authority is
normally not to carry out a preliminary examination on matter which has
not been searched. This is the case irrespective of whether or not the
claims are amended following receipt of the search report or during any
Chapter II procedure. If the application proceeds into the regional phase
before the EPO, the applicant is reminded that a search may be carried
out during examination before the EPO (see EPO Guideline C-VI, 8.2),
should the problems which led to the Article 17(2) declaration be
overcome.
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