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ABSTRACT

Hybrid and electric vehicles have become very important for vehicle manufacturers due to
stricter legislation, government incentives and customers’ growing awareness of the
environmental issues. For conventional vehicles, Dual clutch transmissions (DCT) have better
shift quality and efficiency than conventional automatic transmissions. The hybridization of a
DCT leads to several challenges to the shift quality. The most important aspects of shift quality
are smoothness, shift time as well as noise and wear during a shift.

This thesis presents control methods for improving shift quality in a hybridized DCT during
torque interrupt shifts. During these gear shifts, the traction source is disconnected from the
wheels, thus long shift times adversely affect drivability. Firstly, a method to minimize the shift
time during a torque interrupt shift is presented. A simulation method is also presented which
demonstrates the relationship between dog teeth contacts during a shift and noise and wear. To
reduce noise and wear, model-based open-loop and model-based feedback control methods are
designed that minimize the intensity of the dog teeth contact. A time-optimal control method,
which minimizes both the shift time and the intensity of the dog teeth contact, is developed.
Performance of the control methods is verified by simulations.

The second part of the thesis focus on a dedicated hybrid transmission (DHT). The DHT in
this research is shifted from series mode to parallel mode, by the engagement of a dog clutch.
To minimize noise during the mode switch, an LQI controller has been designed for the speed
synchronization of the dog clutch. An algebraic method of determining the feedback gains of
the LQI controller, based on the physical parameters and functional requirements of the system,
has been developed, greatly reducing the need for manual tuning.

The control methods defined in this thesis focus on implementation in the existing control
hardware and software, so the complex calculations are done offline and control algorithm that
must be embedded in real-time systems has been kept simple. Using this approach, optimum
performance from the mechanical synchronizer or dog clutch system can be achieved without
extending vehicles’ existing control systems.

Keywords: Hybrid Powertrain, Electric Powertrain, Dual Clutch Transmission, Dedicated
Hybrid Transmission, Gear shifting, Drivability, Mechanical Synchronizers, Dog Clutch, Noise
and wear minimization, Optimal control, Phase plane analysis, LQI control
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Part 1: Control of Hybrid Dual Clutch

Transmission
1. Rationale

When a conventional dual clutch transmission (DCT) is hybridized, CO, emissions from the
vehicle are reduced but the hybridization also leads to some disadvantages compared with
conventional DCT.

This thesis reports the results of the 7-speed hybrid DCT project (7DCTH), which aims to
reduce and eliminate some of the drawbacks of hybridization. The results of the project are:

e A control method to reduce synchronization time during gear shifting of 7DCTH in
electric vehicle mode (EV mode).

e A model-based open-loop and a feedback control method to avoid noise and wear of
mechanical synchronizer systems (applicable to synchronizers in both hybrid and
conventional DCTS5).

e A time-optimal control method to minimize synchronization time, noise and wear
during gear shifting in 7DCTH (also applicable to dog clutch systems).

The detailed analysis and results of the project are presented in Papers A to D. This part of
the thesis provides a background to the topic, showing how the papers’ results relate to each
other and how they should be combined to improve the overall gear shifting of a hybrid DCT.

The control methods defined in this thesis focus on implementing the control methods in
existing control hardware and software. Thus, all complex calculations are done offline and the
control algorithm that must be embedded in real-time systems is kept simple.

2. Dual Clutch Transmissions

A conventional 7-speed dual clutch transmission is shown in Figure 1. The internal combustion
engine (ICE) is connected to wheels via an odd clutch (C1) and even clutch (C2) and their
respective gear pairs.
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Figure 1 Conventional DCT



It can be seen in Chapter 5 of [1] that DCT has the lowest losses compared with both an
automatic transmission and a continuously variable transmission. The high efficiency of DCT
IS owing to its mechanical similarity to a manual transmission. A manual transmission is shown
in Figure 2.
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Figure 2 Manual Transmission

A conventional DCT, shown in Figure 1, can be seen as two manual transmissions
connected in parallel. Thus, a DCT has almost the same efficiency as a manual transmission
and offers operational convenience similar to conventional automatic transmissions [2].
Moreover, in a DCT, gear shifting is smooth and without torque interrupts, as compared with a
manual transmission, as shown by Figure 3.
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Figure 3 Vehicle speed with respect to time during an acceleration maneuver a) for a DCT b) for a
manual transmission

When a gear is to be changed in a manual transmission, the driver disengages the clutch,
changes gear and then engages the clutch to continue driving. So, during gear shift, the ICE is
disconnected from the wheels and consequently, the vehicle does not accelerate. This is shown
by blue circles in Figure 3b. This particular kind of shift is known as a “torque interrupt shift”
because propulsion torque is interrupted during the gear shift.

A gear shift in a DCT, for instance a shift from an odd gear to an even gear, only requires
clutch C1 to be disengaged while clutch C2 is engaged; hence ICE delivers a continuous torque
to the wheels. The driver, therefore, feels a continuous acceleration during gear shifts, as shown
by the smoothly increasing velocity profile in Figure 3a. A torque interrupt shift is not a part of
normal driving for DCT and is only used if some part of the transmission has a failure for
example one of the clutches or one of the shafts is unavailable.
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3. Hybrid Dual Clutch Transmissions

Increasingly stringent requirements to reduce CO> emissions are making vehicle electrification
a necessary measure for the future. Various hybrid concepts can be chosen based on
conventional DCTs, mainly by connecting an electric motor (EM) to the transmission in
different ways. Figure 4 shows the concept chosen by China Euro Vehicle Technology AB
(CEVT). The traction EM is integrated into the DCT and is connected to the shaft from clutch
2 to the even gear pairs. There is no way of disconnecting the traction EM from the DCT.
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Figure 4 Hybrid DCT

The 7-speed hybrid DCT shown in Figure 4 has the following advantages over other hybrid
DCT concepts:

e 7DCTH fits within conventional platform because it leads to least number of platform
changes. Thus, this concept is cheaper, because a lot of components can be carried over
from the conventional powertrain.

e It has only one electric motor and, hence costs less than many other PHEV transmission
concepts with multiple electric motors in the powertrain. One such transmission with
multiple electric motors is the dedicated hybrid transmission which is discussed in detail
in the later part of this thesis.

e Compared with another hybrid DCT concept shown in Figure 5, the 7DCTH concept
costs less. This is because the other concept requires another clutch to be added into the
system and major platform changes to the vehicle.

Figure 5 Hybrid DCT concept with electric motor connected between ICE and DCT



e Compared with a pure electric vehicle, it has a smaller battery and electric powertrain
because ICE will also provide traction power to the wheels. Hence, the cost of
powertrain electrification is low.

Since 7DCTH has two power sources, it can operate in many different modes, depending
on whether the ICE or EM is delivering the traction power, or both. The EM can also be used
as a generator to charge the battery, which adds even more modes.

If both the ICE and EM provide traction power simultaneously, the powertrain operates in
Hybrid driving mode. The power flow in 7DCTH in hybrid driving mode is indicated by yellow
lines in Figure 6.
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Figure 6 Hybrid Driving mode in 7DCTH when a) ICE uses odd gears and b) ICE uses even gears.

Figure 6a shows hybrid driving mode when the ICE is using odd gears. Figure 6b shows the
ICE is using even gears. In both these situations, the EM assists the driving by providing torque
via the even gears. It can be seen from Figure 6, that gear shifts will not be torque interrupt
shifts, because the ICE will always be connected to the wheels through either the even or odd
clutch.

Figure 7 shows the EV mode of 7DCTH. In EV mode, the ICE is off, both clutches are
disengaged and the vehicle is driven via the even gear pairs.
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Figure 7 EV mode of 7DCTH



4. Torque Interrupt of a Hybrid DCT in EV Mode

The EV mode of 7DCTH shown in Figure 7 can be simplified, as shown in Figure 8. It can be
seen that the simplified 7DCTH in EV mode is equivalent to a manual transmission.

Even Gear Pairs
and Synchronizers

: Cluteh
: iy o Hi—
H quivalent O
ICE Gear Pairs and
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Figure 8 7DCTH and Manual Transmission

The equivalence of 7DCTH in EV mode to a manual transmission means that, in EV mode,
7DCTH will have ““Torque Interrupt shifts’’.

In a manual transmission, the driver controls the gear stick and clutch and decides when a
gear shift should be carried. Thus, the torque interrupt will not come as a surprise and the shift
time will not bother the driver. However, in 7DCTH and in all computer controlled
transmissions generally, as the shift is controlled by transmission software, it may occur when
the driver is not expecting it. Thus, the torque interrupt may surprise the driver and, especially
if the shift takes a long time, the driver will perceive it as a nuisance.

5. Reducing the Shift Time

A detailed model of the parts in the 7DCTH which are involved in a gear shift, in EV mode, is
shown in Figure 9.

Shift Direction " B Electric Motor
i To Wheels
J =¥ i Input Shaft
i=1---Final Drive Offgoing Idler
Ratio
[ Oncoming Idler
2 B Target Gear
Initial Gear | | ! Ratio M Sleeve
Ratio [] synchronizer Hub
A
i Output Shaft
EM Ratio.--- D .
I Drive Shaft

Figure 9 Driveline of 7DCTH in EV mode

Before the shift is ordered, the sleeve (shown in blue in Figure 9), will be connected to the
offgoing idler (shown in pink). The torque from EM goes to the input shaft through the EM



ratio, then through the initial gear ratio to the sleeve and finally to the synchronizer hub, which
is connected to wheels. The following phases occur when a shift is ordered:
1. Torque Ramp down
The EM torque being applied on the oncoming idler is reduced. Once the torque is zero
the next phase starts.
2. Sleeve to Neutral
The sleeve is moved in shift direction towards the oncoming idler, as shown in Figure
9, and is stopped when it is no longer in contact with the off-going idler
3. Speed Synchronization between Sleeve and Gear
In the speed synchronization phase, the rotational velocity of the oncoming idler is
matched to that of the sleeve.
4. Sleeve to Gear engagement
Once the relative velocity between the oncoming idler and sleeve is zero, the sleeve is
engaged with oncoming idler. Any torque applied to the idler will now be transferred
via the sleeve to the output shaft.
5. Torque Ramp up
Once the sleeve has moved a certain distance into the oncoming idler, the EM resumes
its torque to drive the vehicle.
Thus, the total shift time is the time spent from the beginning of Phase 1 Torque ramp down to
the end of Phase 5 Torque Ramp up.

6. Speed Synchronization between Sleeve and Gear

The greatest percentage of shift time is spent on Phase 3 Speed Synchronization between Sleeve
and Gear. Thus, to reduce shift time, the speed synchronization must be done as fast as possible.
Speed synchronization in a hybrid DCT can be done in the following ways:

1. By using mechanical synchronizer

2. By using EM

3. By using both EM and synchronizer sequentially

4. By using both EM and synchronizer simultaneously
Paper A analyses the first three-speed synchronization methods.

The complete mechanical synchronizer in Figure 9 is shown in Figure 10a.

Blocker

Friction
Surface

Shift Direction
a b C

Figure 10  Mechanical synchronizer a) Complete Mechanical synchronizer b) exploded view of
synchronizer c) Friction surface of Cone clutch



Figure 10b shows the exploded view of the mechanical components of the synchronizer.
The friction surface on the idler gear is shown in Figure 10c. The friction between the blocker
ring and the oncoming idler is used to synchronize the speed between the sleeve and the
oncoming idler before the engagement.

Since the mechanical synchronizer is designed for a conventional DCT, the added inertia of
the electric motor increases the shift time. If mechanical synchronizer is used for
synchronization and synchronization time is required to be the same as in a conventional DCT,
the life of the synchronizer will be reduced. By using the EM for synchronization, it is possible
to achieve the same synchronization time as a conventional DCT, without additional wear of
the synchronizers. However, at low temperatures the battery power drops. In those cases, the
speed synchronization time with the electric motor increases significantly.

A high-level control algorithm in Paper A calculates how to minimize the time required for
speed synchronization by considering the frictional work limits in the synchronizer, the
maximum EM torque and the limits on battery power due to low battery temperatures.

Using the calculation method in Paper A, speed synchronization trajectories for oncoming
idler for a typical upshift are shown Figure 11.
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Figure 11 Speed synchronization trajectory for a typical Upshift

The y-axis shows the relative velocity between sleeve and gear, while the x-axis represents
time. The time instance at which the relative velocity is zero is the synchronization time. w4
is the relative velocity between the sleeve and gear before speed synchronization. The blue
trajectory in Figure 11, is when the synchronizer is used for speed synchronization. Purple is
when the EM is used with high battery power and magenta is when the battery power is low.

Figure 12 shows the supervisory algorithm for minimization of speed synchronization time.

Shift can be done without
exceeding synchronizer limi

No

i Use electric motor and
e Y . S ) { synchronizer such that
i Use Electric Motor for | synchronizer limit is

. . 1
! Speed Synchronization ! not exceeded

Figure 12 Supervisory algorithm for minimization of speed synchronization time
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In Figure 12, t,, is the synchronization time using the electric motor at the present battery power
and t, is the synchronization time using the synchronizer.

Figure 13a depicts the situation in which a shift causes the synchronizer’s frictional work
limit to be exceeded while the battery power is low. Here, w4 L is the relative velocity limit
corresponding to the frictional work limit of the synchronizer. Figure 13b shows the solution
to minimize the synchronization time by sequential use of the EM and synchronizer developed
in Paper A.

3
dg) wng
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a

Figure 13 a) Speed synchronization when synchronizer limit is exceeded and low battery power b)
proposed solution

It can be seen from Figure 13b (blue curve), that the synchronization time tsyycp is less
compared to using only the EM for synchronization while synchronizer limits are not exceeded.

7. Sleeve to Gear Engagement

As explained in Paper B Sleeve to gear engagement phase is responsible for noise and wear
during gear shifts. The noise and wear come from contact between the sleeve and the idler gear
dog teeth before phase 5 Torque ramp-up starts. The contact can be described based on the
alignment between sleeve teeth and idler gear dog teeth y,, at a time tg,,., When speed
synchronization is finished. Figure 14 shows sleeve to gear engagement for two different values

of ysg (tsynch)-

o 1 — 1
S Ysg ﬂ)g‘ I S Vsg A 1
NG) €O
S o 4 QT
E S Y £ S
c ® c®
o O o 0
= = >
E 5 ——) 1 o O :
0o 2 0o 2 H
=W Z 0 1
8 s ' 55
o B ¢ ¢
©z
2 s o
> X
' : X : : S
Sleeve Axial Movement Slfff_éx'al I\/Iovem;ent
:--------: __________________ i t h t d
toynen tona { synch | b i lend |

Figure 14 Teeth Contact during sleeve to gear engagement a) Ideal engagement without noise and wear
and b) engagement with contact and noise/wear
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As can be seen in Figure 14a, if the magenta trajectory is followed there is no contact
between the sleeve and the idler gear dog teeth before time t,,4, which represents the start of
the Torque Ramp Up phase. However, if the sleeve follows the yellow trajectory in Figure 14b,
there would be contact between the teeth and such a sleeve to gear engagement would lead to
noise and wear. There are several different types of unwanted contacts between sleeve and gear
during engagement. All are described and analysed in Paper B.

The detailed formulation of the trajectories shown in Figure 14 are shown in Paper B.
Simulation results show that if, at time t,,,,cp, the relative teeth alignment is a particular value

I.6. ysg(tsyncn) the resulting sleeve to gear engagement is:

e [astest

e Does not produce clonk or rattle

e Torque ramp-up starts simultaneously with the sleeve coming into contact with gear.
Thus, contact between the sleeve and the gear is minimized and consequently wear in
the transmission is minimized

Paper B also contains a detailed explanation of a newly developed ‘‘Dog teeth position
sensor’” which can measure the relative alignment between sleeve and idler gear teeth. This is
a prerequisite for being able to start the engagement at the optimal relative teeth alignment. A
model-based open-loop controller is also developed in Paper B that makes sure that y;, (£syncn)

is always the desired ysy (tsyncn)-

The control algorithm is applied to the physical model of the system and simulations are
run to see whether the contact force during the engagement has reduced. This shows that the
noise/wear due to the engagement is minimized. Thus, it is important to model the contact
forces between sleeve and gear. For this, AMESim’s 2D contact model, using a spring damper
contact is used (as shown in Figure 15). The details of the method are given in [3].

. Contact Force on Gear

Contact Stiffness

i Contact Damping

Contact Force on Sleeve o/ .. .
---------- Penetration

Figure 15 Contact force model between sleeve and idler gear teeth
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8. Minimizing Speed Synchronization Time as well as Noise
and Wear

To minimize speed synchronization time as well as noise/wear during shifts, speed
synchronization and relative alignment between sleeve and gear must be controlled. The
following sections describe the algorithms which can control these two states.

8.1 Model-based, open-loop control for minimization of noise and
wear

The phase plane trajectory for speed synchronization is shown in Figure 16.

Minimum Synchronization
time without Noise/Wear

Minimization
Time= ;¢ &<—"—> ‘/Timez to ./Time:tsymh

u:) o
s Dsgojec, (Vsg1, Wsgo)
k) S '0. ...........................................
o 3 .

3 *
> L *
= E .,
8 <2 ‘e
_ D *
[} .
> T °

c .
L © .
> .
-; g »
33 Y

*

xr % YSgo ysg (tsynch) ysg (tsynch)

Relative alignment between sleeve and gear, ys,

ysg(tsynch) == Yig(tsyncn) = Minimum Noise/Wear

Figure 16 Speed synchronization and Open loop control

Note that Figure 16 and the proceeding figures covering speed synchronization do not show
the different parts of the sequence in their correct proportions. The relative velocity between
the sleeve and gear is shown on the y-axis in Figure 16 and goes to 0 from w,g4,. The relative
alignment between the sleeve and gear y, is shown on the x-axis. The synchronization done
according to Paper A is shown as a dotted blue curve. At time t;,;;, when sleeve is at neutral,
the speed synchronization is started. Since relative alignment is not considered in the control
method in Paper A, in most gear shifts y;, at time ¢y, Will not be equal to ysg, (tsyncn), as
indicated by the red text in Figure 16. Thus, by following the dotted blue curve the
synchronization time is minimized while noise and wear are not.

In Paper B, a relative alignment y,,, is calculated. If the speed synchronization is started
at this point at time t, when y is yg44 then ysg at time tsypcn, Will become ygg (tsyncn), Which
will lead to noise-free engagement and minimum wear on the dog teeth,. This is indicated by
the green text in Figure 16. The control algorithm is shown in Figure 17.
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Dog teeth position sensor

Figure 17 Control algorithm to Minimize Noise and wear

The speed synchronization trajectory resulting from the application of the algorithm in Figure
17 will be, as shown in Figure 18.

wng

o

N
7

Relative velocity between

sleeve and gear, ws,

tinit to tsynch
Time

Figure 18 Speed synchronization trajectory for minimization of Noise/wear
As can be seen in Figure 18, the time interval between ty,q, t0 to Will be the same as the

““Minimum Synchronization time without Noise/Wear Minimization’” in Figure 16. Thus, the
synchronization is delayed by a time interval ty — t;y;;-

It should be noted that tgy,cp — to = 300ms for a nominal DCT and ty — t;;; = 3ms for

the teeth geometry considered in this research, so the time added to avoid noise and wear is
very small.

8.2 Feedback control for minimization of noise and wear

The control system developed in Paper B is a model-based, open-loop control system. Since
the control action is taken at the start of speed synchronization, the control method in Paper B
cannot avoid noise/wear if the system deviates from ideal trajectories during the process. Paper
D proposes a feedback control method which aims to avoid noise/wear by continuously
monitoring the sensor signals.

Figure 16 shows that if the speed synchronization does not start at the time when yg, is
equal to ysg1 then ygq (tsyncrn) Will not be equal to ysy (tsyncn). Paper D also discusses the fact
that if the start of speed synchronization is delayed, it will still be possible to minimize

13



noise/wear in the shift by increasing the speed synchronization time. The control algorithm that
minimizes the synchronization time and noise/wear is described in section 8.3.

For the gear shifts which are part of the standard computer-controlled gear shifting
algorithm, w4, i.e. the relative velocity between gear and sleeve when the speed
synchronization is started, is fixed. So, the model-based open-loop controller described in
Paper B can be used to minimize noise/wear for such gear shifts. For gear shifts requested by
the driver, known as Tiptronic shifts, wsgq is not fixed. To minimize noise/wear in Tiptronic
shifts, model-based open-loop controller can be used but implementation will be simpler if a
feedback control method is used.

In general, a feedback controller varies the control effort continuously to keep the system
from deviating from the ideal trajectory. The controller input in Paper D is the synchronization
torque request from either the electric motor or the mechanical synchronizer. It is better to keep
the torque request at well-defined levels and vary the time intervals in which different torques
are applied. This approach is easier to implement in the vehicle, so a switch mode controller is
designed in Paper D.

Paper D defines a zone in the phase plane, as shown in grey in Figure 19. If the controller
keeps the system within the grey zone, the noise/wear during the shift is guaranteed to be
minimized.
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Relative alignment between sleeve and gear, ys4

Figure 19 Zone in phase plane for feedback control

During the speed synchronization the trajectory of the synchronization is determined based
on the speed and dog teeth position sensors. As shown in Figure 19 since the zone converges
N Y5y (Esyncn), it can be guaranteed that ys, (¢syncn) Will always be equal to ys, (¢synen)- The
zone can be implemented by describing its borders in two one-dimensional look-up tables in
the control algorithm.

The top-level implementation of the feedback control law is shown in Figure 20. The inputs
to the feedback control law are: relative speed from speed sensors; relative angular alignment
from position sensors in the transmission; and the zone definition from Figure 19.
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Figure 20 Implementation of feedback control

Phase plane trajectory for speed synchronization for two different values of y;, (tin;.) after
the application of feedback control law in Figure 20 is shown in Figure 21, indicated by the
purple and dotted red curve.
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Figure 21 Speed synchronization and Feedback control

As shown by the purple trajectory in Figure 21, the speed synchronization is started at time
tinic Instead of waiting until time t, as shown by the yellow trajectory. When the feedback
control system detects that the trajectory has hit the zone’s lower boundary, the synchronization
torque is switched such that a particular relative speed w,g is maintained while the relative

angular alignment between sleeve and gear y, changes. Once the control system detects that

the trajectory has hit the upper boundary of the zone, the control system changes the
synchronization torque back to the maximum value and speed synchronization starts again.

8.3 Minimization of speed synchronization time, noise and wear

Paper C discusses how the time interval t, — t;,,;; in Figure 18 can be minimized. This
problem is formulated as Time-optimal control. The goal of time-optimal control is to adjust
the relative alignment from y, o t0 y,44 in the minimum time. If wgg is plotted with respect to
time, as shown in Figure 22, then the area under the curve between time t;,,;; and t, will be
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equal to the corresponding required change in relative angle. This is (Ysg1 — ¥sg0) + R, Where
R is the effective radius of dog teeth in synchronizer, as shown in Figure 10.

ysgl - ysgo

Relative velocity
between sleeve and

Figure 22 Velocity profile at start of speed synchronization in open loop control

The time it takes to adjust the relative angle, that is, the interval between time t;,;; and tg,
can be decreased by changing the velocity profile, as shown in Figure 23.

Relative velocity
between sleeve and

Time

Figure 23 Velocity profile at start of speed synchronization in time-optimal control

As shown in Figure 23, the velocity profile is changed by first increasing the velocity from
wsgo t0 a certain level (as shown by the blue curve) and then decreasing it back to wgg, (as
shown by the red curve). If the area of the red dotted rectangle in Figure 23 is equal to the area
of the hatched triangle then the required change in relative angle, such as (ysg1 — ¥sg0) ~ R, IS
achieved in a smaller time interval t; — tinit-

Then at t;, if speed synchronization is started, ys, at time tgy,,c, Will become gy (tsyncn),
leading to noise-free engagement and minimum wear of dog teeth, as mentioned before.

The minimum value of the time interval t; — t;,;;, corresponds to the maximum value of
the area of dotted red rectangle. As mentioned before, this is equal to the area of the hatched
triangle. So, t; — tinir Will be minimum if the area of the hatched triangle is maximum. The
area of the hatched triangle will be maximum if the slope of the increasing red curve and slope
of the decreasing blue curve are maximum.

Physical meaning of maximizing relative velocity slopes means applying maximum torque
to the idler gear. From Figure 23 it can be seen that first a maximum torque must be applied,
and that will increase the relative velocity for a short time, and then maximum negative torque
must be applied, and that will decrease the relative velocity.

Applying maximum input in either direction is the essence of Bang-Bang control, which is
generally a solution to time-optimal control problems. The general proof and implementation
of the complete feedback control are given in Paper C. Figure 24 shows the top-level
implementation of the feedback control law.
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Figure 25 shows the speed synchronization trajectory after applying the time-optimal

control from Figure 24.
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Figure 25 Speed synchronization trajectory for minimization of synchronization time and Noise/wear
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9. Summary of Control Methods for Speed synchronization
with minimization of Noise and Wear

Figure 26 shows a summary of all four control methods presented. Starting from a certain w4,
there are four paths that can be taken.
1. Starting with speed synchronization immediately by following the dotted blue curve
a. Speed synchronization time is minimized
b. Noise/Wear is not minimized
2. Maintaining wgg, until a time t, when relative teeth alignment is y; 44, hence following
yellow curve, then starting speed synchronization, hence following blue curve.
a. Speed synchronization time is not minimized
b. Noise/Wear is minimized
3. Starting the feedback control decrease w;,, following the purple curve, if the trajectory
hits the lower boundary of the zone, maintain ws, until the trajectory hits the upper
boundary of the zone, then start speed synchronization again, hence following the purple
curve.
a. Speed synchronization time is not minimized
b. Feedback control implies that deviations from ideal trajectories will be handled
c. Noise/Wear is minimized
4. Starting feedback control, wg, will first increase, following the red curve, and then
decrease, following the blue curve.
a. Speed synchronization time is minimized
b. Noise/Wear is minimized

Minimum Synchronization Minimum Synchronization

time without Noise/Wear time with Noise/Wear

Minimization Minimization
. < .

Time= tinit\. é S Time=tsyncn

= / \ ©-Time=t;
3 ) :
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g a ...........................................
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Relative alignment between sleeve and gear, ys,
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Figure 26 Minimization of synchronization time and noise/wear
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Part 2: Control of Dedicated Hybrid
Transmission

A dedicated hybrid transmission (DHT) contains an internal combustion engine (ICE) and one
or more traction electric motors. DHTSs are a cost-effective way of introducing hybridization
because, with ICEs, the battery size required for the same range is smaller than that of a fully
electric vehicle.

Figure 27 shows a DHT concept chosen at China Euro Vehicle Technology AB (CEVT).
ICE is connected to a dual mass flywheel (DMF) which, in turn, is connected to the P1 electric
motor. The P1 electric motor is connected to the primary side of the dog clutch (shown in red
in Figure 27). The secondary side of the dog clutch (shown in green) is connected to the P3
electric motor. This is then connected to wheels via a gear ratio.

While driving the vehicle can be in the following modes

1. Pure Electric

2. Series Hybrid

3. Parallel Hybrid

In pure electric mode (EV), the engine is off, the dog clutch disengaged and P3 is providing
driving torque to the wheels. Figure 27a shows the power flow from the battery to the P3 motor
using blue arrows. When the state of charge in the battery is low the vehicle is shifted to series
hybrid mode. If the engine is off, the P1 motor can take power from the battery and act as a
starter motor. Once the engine is running, it is used as a range extender and the battery is
charged by P1 motor. This is shown in Figure 27a by the yellow arrows.

[Rattory}

Battery 1 Battery
\L pnml—l /
prlm 96’!} - ()§ C ?EC
O Ol B
S o3 S
ICE ICE| pumE
Dog « | Gear Dog L. |Gear |
Clutch  “ | Ratio Clutch NRratio
a: DHT in Series Hybrid Mode ‘ b: DHT in Parallel Hybrid Mode
Series Hybrid Speed Dog clutch engagement and
mode Synchronization Parallel Hybrid Mode
'E' Wyrim
g O‘)SGC
©
Q) -
S o Time
n Synchronization time

c: Speed synchronization in DHT

Figure 27 Mode switch in DHT a) Series Hybrid Mode b) Parallel Hybrid Mode ¢) Speed
synchronization
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When the vehicle speed is larger than a particular value v, the vehicle should be in parallel
hybrid mode for the sake of efficiency. In parallel mode the dog clutch is engaged, thus
connecting the ICE to the wheels as shown in Figure 27b. Since the vehicle is shifted to parallel
mode for efficiency reason rather than due to low battery power, sufficient battery power will
be available for the P3 motor to provide some of the driving torque as shown in Figure 27b by
the dotted blue arrow.

In series mode, the primary and secondary sides of the dog clutch (shown in Figure 27a in
red and green respectively) will be moving at different velocities. Before the dog clutch is
engaged and the vehicle shifted from series hybrid mode to parallel hybrid mode, the speed
across the dog clutch needs to be synchronized. In other words, the primary side velocity w,yim
and secondary side velocity ws,. in Figure 27a need to be matched. The speed synchronization
in DHT (shown in Figure 27c) is the control problem discussed in this thesis.

10. Speed Synchronization in Dedicated Hybrid Transmission

The speed synchronization shown in Figure 27¢ is important for noise/wear reduction in the
dog clutch during a mode switch.

Figure 28 shows the traction effort curve of the vehicle, with vehicle speed on the x-axis
and traction torque at the wheels on the y-axis. Figure 28a shows the series hybrid mode, in
which the limits are defined by P3 electric motor power.

Brure EV [ Series Hybrid

B series Hybrid

Torque Demand for
constant speed driving

Maximum torque
available in parallel
driving mode

Traction Torque [Nm]
Traction Torque [Nm]

Vehicle speed [kph]

Y1 Vehicle speed [kph] V2

a: DHT in Series Hybrid Mode b: DHT in Series Hybrid and EV mode

Figure 28 Traction Torque curve in a) Series Hybrid and b) Series hybrid and EV mode with torque
demands

In EV mode the limits are defined by the maximum battery power, as shown by the dark
blue area in Figure 28b. Figure 28b shows that the maximum battery power is lower than the
P3 electric motor power. In series hybrid mode, the power is supplied to the P3 motor from the
ICE via P1 which acts as a generator. This is a special case for the DHT being studied, with the
battery size kept small to keep the cost low.
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The yellow dashed line in Figure 28b represents the maximum torque available to the
wheels in parallel driving mode. It is the sum of the maximum engine torque and torque from
the P3 motor provided by the limited battery power.

The torque delivered to wheels in parallel driving mode (shown in Figure 27b) can be
calculated by drawing ICE torque map, after multiplying by the gear ratio (on the traction effort
map in Figure 28), as shown in Figure 29.

lrure EV [ Series Hybrid ICE Torque Map

Torque Demand for
constant speed driving

Traction Torque [Nm]

|
Y1 Vehicle speed [kph] V2

Figure 29 Traction effort curve with engine operating point in series mode

The red dot in Figure 29, represents the engine speed and torque used when vehicle is in
series hybrid mode. Before the vehicle velocity reaches v, the engine would be running at this
point of optimum efficiency and the P1 motor would be in generator mode.

Figure 27a shows that in series mode the secondary side velocity follows the vehicle speed and
the primary side velocity will be equal to the engine speed. Thus, for speed synchronization
engine speed, denoted by the red dot in Figure 29 needs to be reduced.

Figure 30 is a magnified view of Figure 29, for a slow acceleration driving case. The torque
demand for slow acceleration is shown by the dashed black line. When the vehicle speed is
greater than a particular speed v;,;;, speed synchronization is started.

(=]

Traction Torque [Nm]

Torque Demand for
constant speed driving

Torque Demand for slow
acceleration mm mm = -

Figure 30 Mode switch for slow acceleration

As shown in Figure 30, the speed synchronization (a reduction in engine speed in this case)
may be done either by cutting the fuel to the engine as shown by the dotted red arrow, or by
applying a braking torque to the engine via the P1 electric motor, as shown by the solid red
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arrow. Since speed synchronization between the primary and secondary sides of the dog clutch
is the aim, it is much more controllable if braking torque from the P1 motor is used, rather than
letting the primary side speed reduce under friction by cutting the fuel to the engine.

In Figure 30, when the vehicle velocity is less than v;,;;. The P1 motor is running in
generator mode and applying a constant braking torque to the engine. When the vehicle speed
is greater than v;,,;;, a braking torque from the P1 motor is applied (as denoted by sequence 1a
in Figure 30). This braking torque is calculated by the feedback controller explained in Paper
E. It reduces the primary side velocity and, hence, the engine speed as denoted by sequence 1b
in Figure 30. It should be noted that sequences 1a and 1b are simultaneous.

After the dog clutch engagement, the torque at the wheels will be the sum of the torque from
ICE and the P1 and P3 motors. To maintain smooth acceleration of the vehicle during the mode
shift, the torque from all sources needs to be managed such that the torque demand for slow
acceleration is met during the entire mode shift.

By the end of speed synchronization and during dog clutch engagement, the torque request
from the P1 motor will be approximately equal to T;cg, as shown in Figure 30. In Figure 30,
torque ramp-up is denoted by sequence 2. The smooth acceleration profile may be achieved for
instance by keeping the torque from the P3 electric motor, Tp5 constant and smoothly reducing
the braking torque T3,; from the P1 electric motor, as shown by the white dotted curve 2a in
Figure 30. Consequently, the torque applied at the wheels will follow the solid white curve 2b
and the torque demand for slow acceleration driving will be met.

Figure 31, shows a magnified view of Figure 29 for a particular acceleration maneuver, with
high acceleration. It should be noted that, in general, a mode switch from series to parallel will
normally not be done during acceleration maneuvers unless the acceleration is very low, as in
Figure 30. The purpose of the following discussion is to demonstrate that, if the situation
requires, a mode switch under high acceleration is possible by using the speed synchronization
method described in Paper E.
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Figure 31 Mode switch for a particular acceleration maneuvre
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When the vehicle speed is greater than the calibratable speed v;,;;, the speed
synchronization is started by applying the braking torque Tp; on the engine using the P1 electric
motor as shown by sequence 1a in Figure 31. Until the vehicle shifts to parallel driving mode,
the torque demand at the wheels is met by the P3 electric motor by supplying the torque Tp5 as
shown in Figure 31. Once the speed is synchronized across the dog clutch at vehicle speed v,
(as shown by sequence 1b), the dog clutch can be engaged with minimum noise and wear.

After engaging the dog clutch, the braking torque supplied by the P1 electric motor is
reduced (as shown by the dotted white curve 2a in Figure 31). Consequently, the torque from
the primary side of the dog clutch will increase, as shown by the solid white line 2b in Figure
31. Since extra torque from the engine and P1 motor is now delivered to the wheels, the torque
from the P3 motor can then be reduced, as shown by the dot-dash white line 2c in Figure 31.

From the above section, it can be concluded that the first phase in the mode switch (speed
synchronization) is not time-critical. Depending on the power available to the P1 electric motor
for applying braking torque, the calibratable speed when the speed synchronization starts v;,;;
in Figure 30 and Figure 31 can be changed. From Figure 31, it can also be seen that, even for
an acceleration maneuver, the torque from the P3 electric motor is sufficient to meet the torque
demand and that the mode switch to parallel driving is only made because of efficiency
requirements. Unlike transmissions in conventional powertrains, in which speed
synchronization during mode switch is a time-critical problem (in terms of meeting the torque
request), the controller design in Paper E will focus on speed synchronization and dog clutch
engagement without noise and wear.

11. Engagement Test Results for Dedicated Hybrid
Transmission

In normal vehicle operation, the dog clutch is engaged after speed synchronization. However,
in a lab, the tests are run by measuring the instantaneous peak acceleration produced in a dog
clutch by engaging it at different relative velocities. Figure 32 shows the test results reported in
Paper E.
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Figure 32 Lab Tests for dog clutch engagement at different relative velocities
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Figure 32 shows that if the relative velocity is between 5 and approximately -20 rpm, the
instantaneous peak acceleration would be so low that there would be no clonk sound. The dark
blue lines in Figure 32 show the trend.

Theoretically, the test results must be centred around zero since the peak acceleration
produced by an impact is directly proportional to the relative velocity at the moment of impact
(shown by the red trendline Figure 33). However, the test results are off-centre, as shown by
the blue trendline. This is because the relative velocity in the tests was measured before the
actual impact.

—— Recorded

\ — Theoretical

-60 —-40 -20 0 20 40 60
Relative velocity [rpm]

Peak acceleration [rpm/s]

Figure 33 Theoretical and recorded peak acceleration trend wrt relative velocities

As shown in Figure 33 the relative velocity measured before impact is -20 rpm as shown by the
blue circle. This generates the lowest peak instantaneous acceleration value in the transmission
at impact. Theoretically, the lowest peak instantaneous acceleration value must be generated by
the O rpm relative velocity, as shown by the red circle in Figure 33. It may be concluded that
between the time the relative velocity is recorded as -20 rpm and the time when the actual
impact happens (and the instantaneous peak acceleration is recorded), the drag torque in the
transmission changes the relative velocity to O rpm.

12.  Modeling Dual-Mass Flywheels in Hybrid Transmissions

To develop the control algorithm explained in Paper E requires a simulation model of the DHT.
Calculating the damping of the DMF in automotive transmissions is always a challenge, as this
is not usually provided by DMF suppliers. To find a suitable realistic value to be used in the
simulation models, a complete powertrain simulation model of the DHT as shown in Figure 34
is used in this thesis.

The power train model can then be used to simulate various operating points of the vehicle
such as, idle, launch, start, tip in/back out etc. as shown in [4]. The simulation results can then
be compared to the test data for particular operating points, and then a suitable damping value
for the DMF can be estimated.
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Figure 34 Powertrain model for DMF modeling

Figure 35 shows the fluctuations on the secondary side of the DMF for two different values
of damping when the vehicle is idling.

[rev/min] — Primary Flywheel speed at Idling [rev/min]
x10°3 — Secondary Flywheel speed [rev/min] with Damping 0.1 Nm/(rev/min)
1.15 7 | — Secondary Flywheel speed [rev/min] with Damping 0.2 Nm/{rev/min)

1.00

0.95 |

X: Time [s]

Figure 35 Speed fluctuations with two different damping values for the DMF

By running batch simulations with different damping values and collecting the amplitude of
speed fluctuations on the secondary side, a plot similar to [5] may be drawn (as shown in Figure
36). By comparing the amplitude of fluctuation with the vehicle test data, an appropriate
damping value may be chosen for use in simulation modeling and control method development.
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Figure 36 Influence of DMF damping on speed fluctuations of secondary side
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Conclusions

This thesis has made a detailed examination of shift time, noise and wear during gear shifting,
as these are important to gear shift quality. Control algorithms for their minimizations are
designed and implemented.

Using the control methods in this thesis, a 7DCTH will have the minimum time for torque-
interrupt shifts, thus improving the shift quality of the vehicle. The noise/wear in the
synchronizers during the shift will also be minimized, thus increasing the life of the
transmission and the passenger comfort. Since 7DCTH has carry-over components from the
7DCT already in production, the production costs of the hybridization will be low.

Paper A shows how speed synchronization time in 7DCTH can be improved by using both
synchronizer and EM.

Paper B shows how transmission noise and wear can be minimized by using the dog teeth
position sensor. The paper demonstrates that speed synchronization time will not increase
significantly if noise and wear are minimized. The algorithm can be extended to conventional
DCTs with very small modifications.

Paper C calculates the absolute minimum time if both speed synchronization time and
noise/wear is to be minimized. The implemented feedback controller is suitable for dog clutch
systems in general. Thus, the application area can be extended to systems other than hybridized
transmissions.

Paper D presents a feedback control approach, where the controller is designed in the phase
plane, hence making its implementation quite simple. Not only can the feedback control
algorithm minimize noise/wear in computer-controlled shifts but also in Tiptronic shifts ordered
by the driver. The application of the algorithm can be extended to synchronizer and dog clutch
systems in general.

Dog clutch systems generally have lower manufacturing costs than mechanical
synchronizers. Using the control methods in this thesis the mechanical synchronizers in 7DCTH
can be replaced by dog clutches, if there is sufficient battery power available for speed
synchronization.

A DHT provides hybridization and cost-effectively meets the required emission criteria by
using a relatively small battery size and an ICE running at an optimal operating point for most
of the driving time. The DHT concept presented in this thesis shifts from series hybrid to parallel
hybrid mode at high vehicle speeds. Paper E presents an LQI controller formulation for speed
synchronization of dog clutches in a DHT. The LQI controller is capable of minimizing
noise/wear in the DHT during mode switch by minimizing the speed difference between the
two sides of the dog clutch affected by the disturbance from the combustion torque of the
engine. Paper E also provides an algebraic method for tuning LQI controllers based on physical
parameters of the system and performance requirements. Thus, the controller tuning method
can be used also for systems other than the dog clutch being investigated.

26



The control methods in this thesis were developed by keeping the existing control hardware
and software in mind. This meant that all complex calculations were done offline and the control
algorithms to be implemented in the embedded system were kept simple. Using this approach,
optimum performance from the mechanical synchronizer or dog clutch system can be achieved,
without extending the vehicles’ existing control system.

Beyond transmissions, dog clutches are used as connect/disconnect mechanisms in other
parts of the vehicle. The control methods described in this thesis are developed by keeping that
in mind, so the control methods, although developed for transmissions, can be extended to
noise/wear minimization for dog clutch systems in other applications as well.

Future work

1. This thesis did not examine the use of an EM and synchronizer simultaneously for speed
synchronization, something which could potentially lead to even better results.

2. The dog teeth position sensor presented in Paper B needs a very high sampling rate to
work. Using alternate methods of sensing dog teeth position, such as the one presented
in [6] will be a topic of future research.

3. The algebraic weight selection for LQI controllers presented in Paper E may be further
improved by using non-diagonal forms of the Q¢ matrix.
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