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(57) ABSTRACT

A system and method of controlling first and second electric
motors of a vehicle having an electrically variable transmis-
sion during an engine start/stop operation. The system and
method determine an input speed profile and an input accel-
eration profile based on an optimum engine speed, determine
arequested output torque based on a plurality of torque limits
and a desired output torque, determine first and second feed-
forward motor torques based on a requested output torque and
the input speed and input acceleration profiles, determine first
and second feedback motor torques based on a difference
between the input speed profile and an actual input speed, and
using the feedforward and feedback first and second motor
torques to control the operation of the first and second electric
motors when an engine is being turned on or off.
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ENGINE START CONTROL SYSTEM FOR AN
ELECTRICALLY VARIABLE TRANSMISSION

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/513,061, filed Jul. 29, 2011.

FIELD

[0002] The present disclosure relates to the control of an
automotive transmission, specifically to an engine start con-
trol system and method for a vehicle having an electrically
variable transmission.

BACKGROUND

[0003] Some current hybrid electrically variable transmis-
sions feature two electric motors coupled to an internal com-
bustion 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 inter-
nal combustion engine and one or both motors operate simul-
taneously. Managing the many parameters such as clutch,
engine and motor torques, battery power levels and usage,
efficiency and smooth shifting between the various gears and
drive modes, fuel economy, operational-cost efficiency, etc.
pose many operational control challenges.

[0004] Thus, there remains a need for continuous improve-
ment in the operational control of hybrid electrically variable
transmissions.

SUMMARY

[0005] In one form, the present disclosure provides an
engine start control system for a vehicle having an electrically
variable transmission. The control system comprises a super-
visory controller adapted to input vehicle operating condi-
tions and driver inputs, said supervisory controller adapted to
determine and output a plurality of torque limits, a desired
output torque, and an optimum engine speed; an input speed
profiler adapted to generate and output an input speed profile
and an input acceleration profile based on the optimum
engine speed; a constraints evaluator adapted to generate and
output a requested output torque based on the plurality of
torque limits and desired output torque; a feedforward con-
troller adapted to generate first and second feedforward motor
torques based on the requested output torque and the input
speed and input acceleration profiles; and a feedback control-
ler adapted to generate first and second feedback motor
torques based on a difference between the input speed profile
and an actual input speed. The feedforward and feedback first
and second motor torques are used to control the operation of
the first and second electric motors when the engine is being
turned on or off.

[0006] The present disclosure also provides a method of
controlling first and second electric motors of a vehicle hav-
ing an electrically variable transmission during an engine
start/stop operation. The disclosed method comprises using a
processor to perform the steps of determining an input speed
profile and an input acceleration profile based on an optimum
engine speed; determine a requested output torque based on a
plurality of torque limits and a desired output torque; deter-
mine first and second feedforward motor torques based on a
requested output torque and the input speed and input accel-
eration profiles; determine first and second feedback motor
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torques based on a difference between the input speed profile
and an actual input speed; and using the feedforward and
feedback first and second motor torques to control the opera-
tion of the first and second electric motors when the engine is
being turned on or off.

[0007] Further areas of applicability of the present disclo-
sure will become apparent from the detailed description,
drawings and claims provided hereinafter. It should be under-
stood that the detailed description, including 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 DESCRIPTION OF THE DRAWINGS

[0008] FIG.1 is anillustration of a lever diagram of a drive
system for a vehicle with an electrically variable transmis-
sion;

[0009] FIG. 2isanillustration of an example drive cycle for
a vehicle in accordance with the present disclosure;

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

[0011] FIG. 4 is a block diagram of a portion of a vehicle’s
powertrain incorporating a controller for executing the meth-
odology disclosed herein;

[0012] FIG. 5 is a graph of engine, motor and output speeds
versus time for electric vehicle operation in accordance with
the present disclosure; and

[0013] FIG. 6 is a graph of engine, motor and output torques
versus time for under and over drive modes of operation in
accordance with the present disclosure.

DETAILED DESCRIPTION

[0014] U.S. application Ser. No. 12/882,936, (the 936
Application) filed Sep. 15, 2010 and titled “Multi-Speed
Drive Unit,” discloses various compound-input electrically
variable transmissions (“EVT”), the disclosure incorporated
herein by reference. U.S. application Ser. No. 13/188,799;
filed Jul. 22, 2011; 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.
FIG. 11is an example lever diagram of such a drive system 10.
[0015] A seeninFIG. 1, the drive system 10 includes a first
planetary gear set represented by a first lever L, and a second
planetary gear set represented by a second lever L,. A ring
gear R, of the first planetary gear set is connected to an
internal combustion engine ICE via an input shaft 12. A sun
gear S, of the first planetary gear set is connected to two
clutches CB,, C,. In the illustrated example, the first clutch
CB, is abraking mechanism that, when activated, grounds the
sun gear S, to the drive unit’s transaxle case. When activated,
the second clutch C, connects the sun gear S, to the engine.
An input brake is created when both clutches CB,, C, are
activated at the same time.

[0016] The carriers of the planetary gear sets are connected
via a main shaft 14. A sun gear S, ofthe second planetary gear
set is connected to a first electric motor EMA. A ring gear R,
of the second planetary gear set is connected to a second
electric motor EMB via a motor speed reducer (“MSR”) 16.
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The ring gear R, 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.

[0017] The >936 Application discloses three input ratios. A
first ratio is created by activating the first clutch CB, while
deactivating the second clutch C,. A second ratio is created by
deactivating the first clutch CB, while activating the second
clutch C,. The third ratio is the input brake created by acti-
vating the first and second clutches CB,, C,. 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.

[0018] FIG.2is anillustration of an example drive cycle for
a vehicle containing a FIG. 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 to a stop. The various points and switching
points of the drive cycle are listed in the table shown in FIG.
3.

[0019] 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-EO”), over drive engine on (“OD-EO”), and neutral
(N). As shown in the table of FIG. 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
to E) or providing regenerative braking (e.g., point G).
[0020] Both clutches CB, and C, will be applied (i.e.,
engaged or activated) to implement the IB-EV mode. The first
clutch CB, will be applied while the second clutch C, is not
applied (i.e., disengaged or deactivated) to implement the
UD-EV and UD-EO modes. The first clutch CB, will not be
applied while the second clutch C, is applied to implement
the OD-EV and OD-EO modes. Both clutches CB, and C,
will be disengaged in the neutral mode. It should be appreci-
ated that this disclosure refers to the first clutch CB, 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.

[0021] The aspects of the present disclosure are designed to
control the starting and shutdown of the engine ICE at certain
points (i.e., points C and F) during the drive cycle. The engine
start control method described herein is implemented on vari-
ous components illustrated in FIG. 4, which is a block dia-
gram of a portion of a vehicle’s powertrain 400 constructed in
accordance with the principles disclosed herein. The power-
train 400 incorporates a supervisory hybrid electric vehicle
controller 402, an input speed profiler 404, a constraints
evaluator 406, a feedforward controller 408, feedback con-
troller 410, the engine, first and second clutches CB,, C,, first
and second electric motor controllers 412, 414 for respec-
tively controlling the first and second electric motors EMA,
EMB, and a hybrid transmission plant 420.

[0022] The supervisory hybrid electric vehicle controller
402 inputs pedal position and various other vehicle operating
conditions and parameters discussed herein. Outputs from the
supervisory hybrid electric vehicle controller 402 are sent to
the engine, clutches CB,, C,, input speed profiler 404 and
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constraints evaluator 406. Outputs from the engine, clutches
CB,, C,, input speed profiler 404 and constraints evaluator
406 are used by the feedforward controller 408, and feedback
controller 410 to control the motor controllers 412, 414 and
the hybrid transmission plant 420 to perform, among other
things, the engine start control process described below.
Example inputs, outputs and functions of the supervisory
hybrid electric vehicle controller 402 are described in U.S.
application Ser. No. 61/513,080; filed Jul. 29, 2011; titled
“Mode Selection Control System for an Electrically Variable
Transmission” (Chrysler Attorney docket no. 708613US1),
U.S. application Ser. No. 61/513,112; filed Jul. 29, 2011;
titled “Motor Operation Control System for an Electrically
Variable Transmission” (Chrysler Attorney docket no.
708612US1), and U.S. application Ser. No. 61/513,150:filed
Jul. 29, 2011; titled “Shift Execution Control System for an
Electrically Variable Transmission” (Chrysler Attorney
docket no. 708611US1), the disclosures are each hereby
incorporated herein by reference.

[0023] As shown in FIG. 4, the supervisory hybrid electric
vehicle controller 402 outputs a torque engine T, ,,,, com-
mand to the engine and a torque clutch command Ty -, to
the clutches. The supervisory hybrid electric vehicle control-
ler 402 also outputs torque limits for both motors T, ;,,,
T, r:mandtheclutches T, ;,,,abattery powerlimit Py,
r:m and a desired output torque T, ;.. to the constraints evalu-
ator 406. An optimum engine speed n,_,, is output to the
input speed profiler 404. An actual engine torque T, ., is
output from the engine to the constraints evaluator 406, feed-
forward controller 408 and the hybrid transmission plant 420.
Actual first and second clutch torques Tep 407 Ten yerare
output from the clutches to the constraints evaluator 406,
feedforward controller 408 and the hybrid transmission plant
420.

[0024] The constraints evaluator 406 additionally inputs an
input (i.e., engine) speed profilen, ., -and an input accelera-
tion profile fi;_,,,,from the input speed profiler 404, and the
output speed n_, output acceleration 11, and input acceleration
n, from the hybrid transmission plant 420. The constraints
evaluator 406 outputs the maximum and minimum input
accelerations i, ... 0, .. to the input speed profiler 404,
and the requested output torque T, ., to the feedforward
controller 408. The output speed n_, output acceleration n,
and input acceleration 11, from the hybrid transmission plant
420 are also input by the feedforward controller 408. The
feedforward controller 408 additionally inputs the input
speed profile n,_,,,-and the input acceleration profile i, -
from the input speed profiler 404. The feedforward controller
408 outputs feedforward torques for the first and second
electric motors T ., T,z to respective summation blocks
S2, S3.

[0025] The input speed profile n,_,,, -from the input speed
profiler 404 is also output to a subtraction block S1, which
also receives the input speed n, from the hybrid transmission
plant 420. The difference between the input speed n, and the
input speed profile n, s input by the feedback controller
410. The feedback controller 410 outputs feedback torques
for the first and second electric motors T 5, T,z to the
summation blocks S2, S3, respectively. The first motor con-
troller 412 inputs the summation of the feedforward first
motor torque T, and the feedback first motor torque T ;5.
The second motor controller 414 inputs the summation of the
feedforward second motor torque T, - and the feedback sec-
ond motor torque T, z5.



US 2013/0080038 Al

[0026] The actual first motor torque T, -, and actual sec-
ond motor torque T, ,~, are input by the hybrid transmission
plant 420, which also inputs a load torque T, ;. The hybrid
transmission plant 420 also outputs the actual output torque
T, 4ee clutch torque T, battery power Pg,; and other
parameters used by the powertrain 400.

[0027] As noted above, a vehicle with the disclosed pow-
ertrain 400 can operate in many modes depending on the
states of the first and second clutches CB,, C,. In the IB-EV
mode, the engine is held stationary by the “brake” clutch CB,
and the second clutch C,. Only the high-voltage battery pro-
vides the motive power to propel the vehicle using the two
electric motors EMA and EMB (i.e., electric vehicle or EV
drive). The under drive modes enable a higher ratio between
the engine and the main planetary gear carrier and provide
more output torque for lower engine torque. The over drive
modes enable a lower ratio between the engine and the main
planetary gear carrier. This mode moves engine operation to
a higher torque lower RPM condition for the same engine
power.

[0028] During the EV modes illustrated in FIGS. 2 and 3,
when more motive power is needed to accelerate the vehicle
or initiate travel at higher speeds, the engine has to be fired to
generate additional power to meet the driver’s demand (i.e.,
initiating a hybrid drive). The transitional period from the EV
drive mode to the hybrid drive mode using the combustion
engine and the power from the battery/electric motors is
referred to as “engine starts.”

[0029] Engine starts can be performed when switching
from EV drive to either the UD or OD with engine on (EO)
modes. One of the clutches CB, (for IB to OD) or C, (for IB
to UD) needs to be disengaged prior to starting the engine. For
instance, for the IB to UD transition, when the engine start
control system receives the request to crank up the engine, it
first relays the request to disengage the second clutch C, in a
controlled manner. At the same time, the pressure on the first
clutch CB, is maintained so that the first clutch CB, remains
fully engaged.

[0030] The objective of engine starts from IB to UD can be
described as follows: use electric motor torques to generate
input acceleration n, and speed up the engine, at the same
time, the electric motor torques are coordinated to meet the
driver’s torque request T, ... During the process, engine
torque T, and slipping clutch torque T, are treated as known
disturbances. The feedforward motor torques Tz and T,z
for the engine start control can be determined by the feedfor-
ward controller 408 as follows:

i pror | (D
Torr * ® ok EREE I
Teacr Ao
Torr | = T g+ | = | T o oo |-
C2_ACT 1
Tep1 * ® ok A EREE I Lprof
nO
[0031] 5, . andn, ., .arethe desired engine acceleration

and speed during starts. The shape of the desired engine speed
can be tailored for different engine starting types, such as
smooth starts or aggressive starts (in the input speed profiler
404 using e.g., n,_,,,). Furthermore, the peak acceleration
during engine start events has to be restricted within motor/
clutch torque limits and battery power limits as shown below:
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TarF * R 1, * ok % A, (2)
Torr | = | * |-y pm+ | = * = || Teacr |+|% = =|-|n, |
T * # x x| | Tep acr o ow] |y
{fli,max
i_min
[0032] T_z, isthereactiontorque ofthe engaged grounding

clutch CB,. Unlike the feedforward torques T . and T, .,
T g, 1s not actively adjusted during the starting process, but
the torque limit of CB, (determined by the clamping pressure,
disc dimension and friction material) will impose constraints
on the magnitude of peak input acceleration and admissible
motor torques. On the right hand side of the above equation,
all terms can be measured or estimated except T, ... How-
ever, given torque limits T, , T, T, ,Teg ,Tog ,as
well as battery power limits Im’; AT “an f;z AT s the constraints
onT, ., canbedetermined. Moreover, durirﬁxg short-duration
events such as engine start, the second electric motor’s torque
limit T, can be raised using a boost of a higher current/
voltage. Th the end, the feedforward motor torques for engine-
start control T . and T,z can be obtained since all the right
hand terms are available.

[0033] Due to model inaccuracy and uncertainties, how-
ever, the feedforward control alone cannot guarantee robust
tracking of desired engine speed. The feedback controller 410
implemented as proportional-integral (“PI”) generates
complementary motor torque commands T 5, T, -5 based on
the deviation of actual engine speed from the desired one:

Tars €)
= PI(n;_pror — 1)
Torp

[0034] The final motor torque commands are combined and
sent to the two electric motor controllers 412, 414. The actual
motor torques, along with the actual engine torque and the
off-going clutch torque, are the inputs to the physical tran-
saxle system. The input torques overcome the load torque and
generate accelerations to the input and output shafts. FIGS. 5
and 6 illustrate an example of vehicle responses and major
variable traces during a drive cycle.

[0035] The above-described engine start control system
and method achieve a coordinated and robust control of the
electric motor torques and clutch torques, which enable the
transition from electric vehicle drive to hybrid drive while
also meeting output torque request and actuator constraints.
The system and method disclosed herein enable the transition
of the engine speed from 0 RPM (in the IB-EV mode) to a
desired level in under drive or over drive modes using the
coordinated control of the electric motor torques and clutch
torques. The system and method described herein ensures
smooth and customizable engine starting quality and favor-
able drivability during the transition.

What is claimed is:

1. An engine start control system for a vehicle having an
electrically variable transmission, said control system com-
prising:

a supervisory controller adapted to input vehicle operating

conditions and driver inputs, said supervisory controller
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adapted to determine and output a plurality of torque
limits, a desired output torque, and an optimum engine
speed;

an input speed profiler adapted to generate and output an
input speed profile and an input acceleration profile
based on the optimum engine speed;

a constraints evaluator adapted to generate and output a
requested output torque based on the plurality of torque
limits and desired output torque;

a feed forward controller adapted to generate first and
second feedforward motor torques based on the
requested output torque and the input speed and input
acceleration profiles; and

a feedback controller adapted to generate first and second
feedback motor torques based on a difference between
the input speed profile and an actual input speed,

wherein the feed forward and feedback first and second
motor torques are used to control the operation of the
first and second electric motors when the engine is being
turned on or off.

2. The control system of claim 1, wherein the driver inputs

comprise at least a throttle position.

3. The control system of claim 1, wherein the constraints
evaluator is further adapted to output a minimum input accel-
eration threshold and a maximum input acceleration thresh-
old and said input profiler uses the minimum and maximum
input acceleration thresholds when generating the input speed
profile and the input acceleration profile.

4. The control system of claim 1, wherein the supervisory
controller is further adapted to output an engine torque com-
mand to the vehicle engine.

5. The control system of claim 4, wherein the engine is
adapted to output an actual engine torque to the constraints
evaluator and the feedforward controller, the constraints
evaluator uses the actual engine torque when generating the
requested output torque, and the feedforward controller uses
the actual engine torque when generating the first and second
feedforward motor torques.

6. The control system of claim 1, wherein the supervisory
controller is further adapted to output a clutch torque com-
mand to first and second clutches of the transmission.

7. The control system of claim 6, wherein the first and
second clutches are respectively adapted to output first and
second actual clutch torques to the constraints evaluator and
the feedforward controller, the constraints evaluator uses the
first and second actual clutch torques when generating the
requested output torque, and the feedforward controller uses
the first and second actual clutch torques when generating the
first and second feedforward motor torques.

8. The control system of claim 1, wherein the plurality of
torque limits comprises a first electric motor torque limit, a
second electric motor torque limit, a clutch torque limit, and
a battery power limit.

9. The control system of claim 1, further comprising:

a first electric motor controller for inputting a summation
of the first feedforward and feedback torques and gen-
erating an actual first motor torque used to control the
first electric motor; and

a second electric motor controller for inputting a summa-
tion of the second feedforward and feedback torques and
generating an actual second motor torque used to control
the second electric motor.
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10. The control system of claim 9, further comprising a
hybrid transmission plant adapted to input the actual first and
second motor torques, a load torque, actual engine torque and
actual first and second clutch torques, said hybrid transmis-
sion plant being adapted to output an actual output speed and
acceleration and an actual input speed and acceleration.

11. The control system of claim 10, wherein the constraints
evaluator uses the actual output speed and acceleration and
the actual input acceleration when generating the requested
output torque, and the feedforward controller uses the actual
output speed and acceleration and the actual input accelera-
tion when generating the first and second feedforward motor
torques.

12. A method of controlling first and second electric motors
of a vehicle having an electrically variable transmission dur-
ing an engine start/stop operation, said method comprising
using a processor to perform the steps of:

determining an input speed profile and an input accelera-

tion profile based on an optimum engine speed;
determine a requested output torque based on a plurality of
torque limits and a desired output torque;

determine first and second feedforward motor torques

based on a requested output torque and the input speed
and input acceleration profiles;

determine first and second feedback motor torques based

on a difference between the input speed profile and an
actual input speed; and

using the feed forward and feedback first and second motor

torques to control the operation of the first and second
electric motors when the engine is being turned on or off.

13. The method of claim 12, wherein the optimum engine
speed, torque limits and desired output torque are determined
using vehicle operating conditions and a vehicle throttle posi-
tion.

14. The method of claim 12, further comprising:

generating a minimum input acceleration threshold;

generating a maximum input acceleration threshold; and

ensuring that the input acceleration profile is constrained
with the minimum and maximum input acceleration
thresholds.

15. The method of claim 12, further comprising determin-
ing an actual engine torque and using the actual engine torque
when determining the requested output torque and the first
and second feedforward motor torques.

16. The method of claim 12, further comprising:

determining a clutch torque command; and

outputting the determined clutch torque command to first

and second clutches of the transmission.

17. The method of claim 12, wherein the plurality of torque
limits comprises a first electric motor torque limit, a second
electric motor torque limit, a clutch torque limit, and a battery
power limit.

18. The method of claim 12, further comprising:

generating an actual first motor torque used to control the

first electric motor; and

generating an actual second motor torque used to control

the second electric motor.

19. The method of claim 18, further comprising determin-
ing an actual output speed and acceleration and an actual
input speed and acceleration based on the actual first and
second motor torques, a load torque, actual engine torque and
actual first and second clutch torques.
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