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Abstract

This paper describes a motor control method
that is designed to reduce vibration in hybrid
vehicles (HV).

Vibration that can degrade ride comfort occurs
in the following situations.

1) At engine start/stop

In an HV, engine start/stop occurs frequently in
the interests of reducing fuel consumption and
emissions. This vibration occurs independently
of the driver's actions.

2) During rapid acceleration/deceleration

The vibration increases considerably because
the electric motor torque can be increased/
decreased more rapidly than that of the internal

combustion engine.

To address these problems, we have designed
two types of controllers. The first controller
addresses the problem of engine torque ripple that
is caused by the compression reaction force and
the pumping pressure in the cylinders. The
second controller has been designed to suppress
torsional vibration in the drivetrain, which is
caused by traction torque ripples or rapid
increases/decreases in the traction torque.

Both controllers are realized in software.
Practical experiments have shown that the
proposed motor controllers reduce vibration and
improve ride comfort.
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1. Introduction

The internal combustion engine (ICE) of a hybrid
vehicle (HV) is started and stopped frequently in
order to improve fuel consumption and reduce
emissions. Unfortunately, the vibration associated
with this starting/stopping degrades the ride comfort.
A characteristic of this vibration is that it is not
related to the driver's actions. An HV can adjust the
traction torque of its electric motor more quickly
than is possible in conventional ICE vehicles. As a
result, an excellent torque response is also one of the
features of an HV. This rapid torque change causes
vibration, however, which also leads to a poorer ride
comfort.

To date, several methods of reducing these types
of vibration have been investigated.l'7) The goal of
this study was to develop a motor control method
that would reduce the vibration that occurs in the
above situations and therefore improve the ride
comfort.

2. Powertrain of an HV

Figure 1 shows the construction of an HV
powertrain.”” The HV has a gasoline engine, a motor
and a generator. The engine is connected to the
planetary carrier of the planetary gear set via a
flywheel and a damper, while the generator and the
motor are connected to the sun gear and the ring
gear. The traction torque, which is the sum of the
engine torque 7, and motor torque Ty, is transmitted
from the ring gear to the drive shaft via a reduction
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Fig.1 HV powertrain.
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gear and differential gear.

A characteristic of this construction, from the
viewpoint of vibration, is that there are no separation
devices like a clutch, such that the engine and motor
are always connected to the driving wheels. So, the
traction torque generated by the engine and the
motor is always transmitted to the driving wheels.

3. Vibration arising in the HV Powertrain

Vibration that is characteristic of an HV occurs
when the engine starts/stops and upon rapid
acceleration/deceleration. In this chapter, the cause
and effect of the vibration are described using engine
start as an example.

The generator acts as a starter to start the engine.
The ignition is activated once the engine reaches the
prescribed speed. Figure 2 shows the floor
acceleration, which indicates the vibration, generator
torque, and engine speed.

The vibration at engine start can be divided into

two modes."

Before the ignition is activated, the
compression reaction force and pumping pressure in

the cylinders cause vibration. Once the ignition is
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Fig.2 Response at engine start.



activated, vibration occurs as a result of the rapid

engine torque increment caused by the combustion.
At engine stop and upon rapid acceleration/

deceleration, vibration occurs for similar reasons.

4. Vibration-reducting control

This chapter describes the design of a motor
control method that reduces vibration in the
powertrain. This vibration-reducting control method
consists of two controllers. The first aims to control
the engine torque ripple that is caused by the
compression reaction force and the pumping
pressure in the cylinders. The second aims to
control torsional vibration in the drivetrain that is
caused by traction torque ripple or a rapid
increase/decrease in the traction torque.

4.1 Engine torque ripple control

4.1.1 Design concept

The design objective of the first controller was to
prevent engine torque ripple from being transmitted
to the drive shaft.

First, a model of the drivetrain, as shown in Fig. 1,
was created to aid in the design of the controller.
The damper, drive shaft, and tires, which have low
rigidity relative to the other elements, are
approximated as spring elements. Thus, the HV
drivetrain can be approximated by the spring mass
model shown in Fig. 3.

The nomenclature used in this figure is explained

below.
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Fig.3 Model of an HV drivetrain.
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J : Inertia moment, K : Spring constant,
C : Viscous coefficient, 7: Torque,

7n : Final deceleration ratio

Subscript
e : Engine, dp : Damper,

is : Input shaft, g : Generator,

M : Motor, ds : Drive shaft,

ti : Tire, bd : Body

The motor speed ), is expressed by Eq. (1).

Oy = G ()T, + Go($)Ty + Gofs)Tyy  veeeeves (1
where G(s), G,(s), Gy(s) are transfer functions.
Engine torque 7, is expressed separately for steady
term 7, ., and ripple term A7, . And, the generator
torque is expressed separately for reference torque
T, .y and compensation torque Ty as follows:

0= T o+ A,

Ty = Ty s T Trr

Then, Eq. (1) can be rewritten using Eq. (2), as
follows:

Ou= G Ty con+ G Ty Go) Ty

T {G()AT, + G() Tpr} -+ -+ (3)

Trr 1s determined such that the inside of the

parentheses of the last term on the right-hand side of

Eq. (3) are equal to zero.

___Gds)
Tpp = - Gg( S)

AT, = ceeeieteeecons 4)

y, 1s not influenced by A7, if 7 satisfies Eq. (4).
In this case, the engine torque ripple is not
transmitted to the drive shaft.

4. 1.2 Engine torque ripple

The main component of the vibration prior to
ignition is the engine torque ripple. Therefore, the
engine torque ripple before ignition, Az, ; , is used
for this controller. Az, ; can be calculated using the
compression/expansion of air and the inertia force of
the piston.s)
crank angle.g)

Figure 4 shows the calculated A7, ;. Figure 4
shows that A7, ; changes sharply at a crank angle
near the top dead center (TDC) of the stroke.
Therefore, a highly precise crank angle is needed to

At, ; is expressed as a function of the

perform the calculation. A highly precise crank
angle can be determined using the angle sensors of
the motor and generator, as follows:

1 p
0. = EGM + Weg + Geiini ............ %)
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Where p is the planetary gear ratio of the sun gear
and ring gear, and 6, ,,, is the initial crank angle.

4.1.3 Compensation torque

In Fig. 2, the vibration prior to ignition is partic-
ularly large when the 2nd-order element of the
engine speed is close to the resonance frequency of
the damper (20 Hz). The variable gain Kpx(®,) is
introduced to compensate for the torque in the
vicinity of this engine speed, which is similar to the
resonance frequency of the damper. Using Kz @,),
the compensation torque of Eq. (4) is changed as
follows:

=Ko (@) Go(s) AT, ;| e (6)
G(s)

4.2 Torsional vibration control

The design objective of the second controller was
to change the dynamic characteristics of the
drivetrain such that it does not vibrate at all.

The two-mass model shown in Fig. 5 was used to
design the controller.

Where,

Jy, : Synthetic inertia moment of body and tire

Jp =Jpat J)
K, : Synthetic spring constant of drive shaft and tire

1
T =7 tT
K TRy
Cy: Synthetlc viscosity coefficients of drive shaft

and tire
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Fig.4 Engine torque ripple at cranking.
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0,, : Motor angle
6, : Driving wheel angle (converted into the motor
axis)
Here, the model shown in Flg 5is expressed by
state Eq. (7) by taking w,, = GM, W, = 9b, ©=06,-6,
as the state variables.

X=Ax+ BT, +B,T, = ceeceiciiinnn (7)
y=[1 0 0]x
x=[ay o, ®]T
- Cb Cb Kb 1
Jan JMn2 JM772
A= G G K,
JpN Jyn Jul
i 1 -1 0 |
_r 1 T _ T
B[JMOO],Be [1 0 0]

Engine torque 7, is treated as a disturbance and the
state equation, less the 3rd term on the right-hand
side of Eq. (7), is used as the controller design
model.

A control rule is proposed in Eq. (8), which uses
torsional speed @, - w,

T = Tot ey =S (O - @)
where 7, . 1s the reference motor torque, and f'is
the feedback gain. The gain f is determined such
that both closed-loop poles become real roots so as
to attain a non-vibrating characteristic, and the
domination pole is set furthest from the origin in
order to attain the best response characteristic.

The root locus shown in Fig. 6 is used to
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Fig. 5 Model of controller design .



determine the gain f. There are three poles in this
system. One pole is always at the origin. The two
other poles are a pair of complex numbers (area a in
Fig. 5) which exist near an imaginary axis in an open
loop (f= 0). When the gain fis increased, it
gradually approaches a real axis, to become multiple
roots on a real axis (area b in Fig. 5). Subsequently,
they move on the real axis towards the origin and
infinity.

From this result, the gain that realizes multiple
roots satisfies the above-mentioned requirements.
This gain can be uniquely calculated, as follows.

The characteristic equation of a closed loop is
obtained using Egs. (7) and (8), as follows:

detsI - (A-Bf)] = s [s*+ (a1+ﬁ ) tay] -ee-(9)

Where

1 1
[ +7
Sl Iy )

_ Ky 11
az_n (JMT’ +Jb)

C
alzﬁb(

s = Laplace operator
The gain fthat sets the poles of Eq. (9) to multiple
roots is calculated as follows:
S=Jy (-a, +2\az)
Next, we analyzed the closed loop characteristic
using the gain determined using the low-dimension
model and high-dimension plant model shown in
Fig. 3.
Figure 7 is a Bode diagram of the transfer
function from motor torque to motor speed. We
found that the resonance peak of both the drive shaft
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Fig. 6 Root locus.
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and damper can be reduced using this controller, so
that we could expect a reduction in the amount of
vibration. The driving wheel speed @), is used in this
controller. There is no appropriate sensor, so ), is
estimated using a state observer.

4.3 Application of the vibration-reducting

control

Figure 8 illustrates the application of the

vibration-reducting control described in this paper.

Gain (dB)

Phase (dB)

Frequency (Hz)

Fig. 7 Bode diagram.
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The vibration-reducting control is added to the

. 10
conventional controller.'”

5. Results of experiments

We evaluated the vehicle vibration using the
vibration-reducting control.

5.1 Vibration at engine start

Figure 9 shows the floor acceleration, the
generator torque, and the motor torque, normalized
by the maximum torque at engine start. The
proposed control method reduces the vibration in the
vehicle. The peak floor acceleration with our
proposed control method is only 20% of that with
the conventional controller.

As a result, the passengers in the vehicle can
barely detect the startup of the engine. The
controller changes the generator torque and motor
torque around the reference torque to reduce the
engine torque ripple and the torsional vibration of
the drive shaft.

5.2 Vibration at engine stop

Figure 10 shows floor acceleration and engine
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Fig. 9 Experimental results: engine start.
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speed when the engine stops. With the conventional
controller, vibration occurs when the engine speed
drops. With the proposed control method, however,
very little vibration occurs, such that the ride
comfort is greatly improved.

5.3 Vibration at take-off with full-throttle

acceleration

Vibration occurs when the driver take offs with
full-throttle acceleration. This is because, in an HV,
the motor traction torque can be increased more
quickly than that of the ICE and engine torque is
generated by the engine start.

Figure 11 shows the floor acceleration, motor
torque, and motor speed at this time. The vibration
that occurs immediately after take-off is reduced by
the proposed control method, such that the ride
comfort becomes much better. Using the proposed
control method, the motor torque increases to its
maximum value quickly and the motor speed does
not become slow. Thus, the proposed control
method successfully reduces vibration without
adversely affecting the responsiveness of the motor
torque.

6. Conclusion

To reduce vibration in an HV, we have devised
control method for the motor and the generator. The
vibration-reducting control method consists of two
controllers; one to prevent the engine torque ripple
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Fig. 10 Experimental results: engine stop



from being transmitted to the driving wheels, and the

second to reduce the torsional vibration of the drive
shaft.

Experiments showed that the control method

reduces vibration and greatly improves ride comfort.

This control method is achieved entirely in software.
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