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Fig.4 

Torque Command Value/Vehicle Speed Map According to 
Accelerator opening AOP 
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Fig.5 

Torque Restrictions on ‘Second Motor MGZ 
During Normal Operation 
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Fig.6 

Enhancement and Relaxation of Torque Restrictions 
According to Variations in Angular Motor Acceleration 
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Fig. 13 (A) 
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Fig. 14 
Engine Transfer to Idling Operation 
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Fig. 15 
Maximum Displacement 5max and Accelerator opening During 
Enhancement of Torque Restrictions 
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VEHICLE SLIP CONTROL 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a technique for control 
ling the driving force of a vehicle with consideration for 
vehicle slip. 

2. Description of the Related Art 
Hybrid vehicles have been developed in which internal 

combustion engines and motors are provided as prime 
movers. A technique for controlling the slip of a hybrid 
vehicle is disclosed, for example, in JPA 10-304514. 
According to this technique, drive wheels become more 
likely to slip, prompting a reduction in motor torque, when 
the rate of change of the rotational angular speed (also 
referred to as “angular acceleration”) of a drive shaft 
exceeds a threshold value. It is thus possible to prevent slip 
from occurring during an increase in the driving force of a 
motor. 

The above-described slip control technique entails reduc 
ing the motor torque once the drive wheels have slipped, but 
the subsequent reduction in rotational angular speed allows 
the motor torque to be increased, occasionally leading to 
another slippage event. Slippage recurs in such cases. In 
particular, hybrid vehicles tend to be susceptible to this 
phenomenon because of the fast motor response to a varying 
torque. This shortcoming is not limited to hybrid vehicles 
and extends to other types of vehicles. 

SUMMARY OF THE INVENTION 

Accordingly, an object of the present invention is to 
reduce the likelihood that the torque control of a drive shaft 
will result in repeated slippage. 

In order to attain at least part of the above and related 
objects of the present invention, there is provided a slip 
control device for use in a vehicle, which includes at least 
one prime mover for driving a drive shaft of the vehicle. The 
drive shaft transmits a driving force of the prime mover to 
the wheels of the vehicle. The slip control device comprises 
an angular acceleration meter con?gured to measure an 
angular acceleration of the drive shaft, and a torque con 
troller. The torque controller enhances torque restrictions of 
the drive shaft when the angular acceleration exceeds a 
speci?c ?rst threshold value, and relaxes the enhanced 
torque restrictions once the angular acceleration falls below 
the ?rst threshold value and further satis?es a speci?c 
restriction relaxation condition 

According to the above structure, the likelihood of 
repeated slippage is reduced because the torque restrictions 
are relaxed only when the speci?c restriction relaxation 
condition is satis?ed, but not merely when the angular 
acceleration of the drive shaft falls below the ?rst threshold 
value. 

In a preferred embodiment, the torque restrictions are 
expressed as a graph representing a relation between the 
angular acceleration and an upper torque limit of the drive 
shaft in a two dimensional space de?ned by an angular 
acceleration axis and a torque axis where the upper torque 
limit of the drive shaft decreases with increased angular 
acceleration. In this case, the torque restrictions are 
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2 
enhanced by moving a position of the torque axis relative to 
the graph along the angular acceleration axis while preserv 
ing a shape of the graph. 

In another embodiment, the torque restrictions are 
enhanced and relaxed by varying a minimum value available 
for the angular acceleration in the graph. In still another 
embodiment, the torque restrictions are enhanced and 
relaxed by varying a maximum value available for the upper 
torque limit in the graph. 
The present invention can be embodied in a variety of 

forms. Examples include vehicle slip control devices and 
methods, vehicles having such control devices, computer 
programs for executing the functions of such control devices 
and methods, recording media for storing such computer 
programs, and data signals embodied on a carrier wave 
including such computer programs. 

These and other objects, features, aspects, and advantages 
of the present invention will become more apparent from the 
following detailed description of the preferred embodiments 
with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram depicting the overall structure of a 
hybrid vehicle as a ?rst embodiment of the present inven 
tion; 

FIG. 2 is a block diagram depicting a more detailed 
structure of the control system 200; 

FIG. 3 is a block diagram depicting a circuit structure 
related to slip control; 

FIG. 4 is a diagram illustrating a a torque command 
value/vehicle speed map in accordance with an accelerator 
opening AOP; 

FIG. 5 is a graph depicting the torque restriction map of 
the second motor MG2 during normal operation; 

FIG. 6 is a diagram illustrating an example in which 
torque restrictions are enhanced or relaxed in accordance 
with variations in the angular acceleration of the motor; 

FIGS. 7(A)*7(E) show the manner in which torque 
restriction are enhanced during period P1 in FIG. 6; 

FIGS. 8(a)i8(c) are graphs depicting parameter variations 
observed in the absence of enhanced torque restrictions; 

FIGS. 9(a)i9(c) are graphs depicting parameter variations 
observed when torque restrictions are enhanced in accor 
dance with the ?rst embodiment; 

FIGS. 10(A)*10(E) show a ?rst modi?cation of the pro 
cedure for enhancing torque restrictions in accordance with 
the ?rst embodiment; 

FIGS. 11(A)*11(E) show a second modi?cation of the 
procedure for enhancing torque restrictions in accordance 
with the ?rst embodiment; 

FIGS. 12(A) and 12(B) are graphs depicting variations in 
the angular acceleration AX and rpm N of the second motor 
MG2; 

FIGS. 13(A) and 13(B) show the upper limit of the motor 
rpm setting adopted in the second embodiment, and the 
torque restrictions associated therewith; 

FIG. 14 is a diagram illustrating the siZe of the idling 
operation shifting area adopted in the third embodiment; 

FIG. 15 is a graph depicting the relation between the 
accelerator opening and the maximum displacement omax 
of a torque axis adopted in the fourth embodiment; and 

FIGS. 16(a)*16(e) show the manner in which parameters 
vary when the slip control procedures described with refer 
ence to ?rst to fourth embodiments are performed. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Embodiments of the present invention Will noW be 
described through embodiments according to the following 5 
sequence. 

A. Overall Structure of Hybrid Vehicle 
B. Basic Operation of Hybrid Vehicle 
C. Structure of Control System 
D. First Embodiment of Slip Control 
E. Second Embodiment of Slip Control 
F. Third Embodiment of Slip Control 
G. Fourth Embodiment of Slip Control 
H. Modi?cations 

A. Overall Structure of Hybrid Vehicle 
FIG. 1 is a diagram depicting the overall structure of a 

hybrid vehicle as a embodiment of the present invention. 
The hybrid vehicle comprises three prime movers: an engine 
150 and tWo motor/generators MG1 and MG2. As used 
herein, the term “motor/ generator” refers to a prime mover 
capable of functioning as a motor or a generator. For the sake 
of convenience, this Will hereinafter be referred to merely as 
“a motor.” The vehicle is controlled by a control system 200. 

The control system 200 comprises a main ECU 210, a 
brake ECU 220, a battery ECU 230, and an engine ECU 240. 
Each ECU is con?gured as a unit in Which a microcomputer, 
an input interface, an output interface, and a plurality of 
other circuit elements are mounted on a single circuit 
substrate. The main ECU 210 comprises a motor controller 
260 and a master controller 270. The function of the master 
controller 270 is to set controlled variables such as the 
distribution of the outputs to be produced by the three prime 
movers 150, MG1, and MG2. 

The engine 150 is a common gasoline engine that rotates 
a crankshaft 156. The operation of the engine 150 is con 
trolled by the engine ECU 240. The engine ECU 240 
controls the fuel injection of the engine 150 and other 
parameters in accordance With the commands from the 
master controller 270. 

The motors MG1 and MG2, constructed as synchronous 
motors, comprise rotors 132 and 142 provided With a 
plurality of permanent magnets on the external peripheral 
surface, and stators 133 and 143 provided With three-phase 
coils 131 and 141 for generating rotating magnetic ?elds. 
The stators 133 and 143 are ?xed in a casing 119. The 
three-phase coils 131 and 141 Wound on the stators 133 and 
143 of the motors MG1 and MG2 are connected to a 
secondary battery 194 via drive circuits 191 and 192, 
respectively. The drive circuits 191 and 192 are transistor 
inverters provided With a pair of transistors as the sWitching 
elements for each phase. The drive circuits 191 and 192 are 
controlled by a motor controller 260. Electric current ?oWs 
betWeen the battery 194 and the motors MG1 and MG2 
When the transistors of the drive circuits 191 and 192 are 
sWitched on by a control signal from the motor controller 
260. The motors MG1 and MG2 can receive poWer from the 
battery 194 to generate a driving force (this operating state 
Will hereinafter be referred to as “poWer mode”), or they can 
function as poWer generators that generate an electromotive 
force across the three-phase coils 131 and 141 and charge 
the battery 194 When the rotors 132 and 142 are rotated by 
an outside force (this operating state Will hereinafter be 
referred to as “regeneration mode”). 

The shafts of the engine 150 and motors MG1 and MG2 
are mechanically connected via a planetary gear 120. The 
planetary gear 120 comprises a sun gear 121, a ring gear 
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122, and a planetary carrier 124 having a planetary pinion 
gear 123. In the hybrid vehicle of the present embodiment, 
the crankshaft 156 of the engine 150 is linked to a planetary 
carrier shaft 127 by a damper 130. The damper 130 is 
provided for the purpose of absorbing the torsional vibra 
tions generated by the crankshaft 156. The rotor 132 of the 
motor MG1 is linked to a sun gear shaft 125. The rotor 142 
of the motor MG2 is linked to a ring gear shaft 126. Rotation 
of the ring gear 122 is transmitted to an axle 112 and Wheels 
116R and 116L via a chain belt 129 and a differential gear 
114. 
The control system 200 contains various sensors for 

controlling the entire system, such as an acceleration sensor 
165 for sensing the distance traveled by the acceleration 
pedal depressed by the driver, a shift position sensor 167 for 
sensing the position of the shift lever, a brake sensor 163 for 
sensing the pressure With Which the brake pedal is 
depressed, a battery sensor 196 for sensing the charge state 
of the battery 194, and an rpm sensor 144 for measuring the 
rpm of the motor MG2. Because the ring gear shaft 126 and 
the axle 112 are mechanically linked by the chain belt 129, 
the ring gear shaft 126 and axle 112 have a constant rpm 
ratio. Consequently, the rpm sensor 144 provided to the ring 
gear shaft 126 senses not only the rpm of the motor MG2 but 
also the rpm of the axle 112. 
B. Basic Operation of Hybrid Vehicle 
The operation of the planetary gear 120 Will ?rst be 

described as part of a description concerning the basic 
operation of a hybrid vehicle. The planetary gear 120 has a 
property Whereby setting the rpm values of tWo out of the 
three shafts described above Will determine the rpm of the 
remaining shaft. The relation betWeen the rpm values of 
these shafts is de?ned by Eq. (1) beloW. 

Where Nc is the rpm of the planetary carrier shaft 127, Ns the 
rpm of the sun gear shaft 125, and Nr the rpm of the ring gear 
shaft 126. In addition, p is the gear ratio of the sun gear 121 
and ring gear 122, as expressed by the folloWing equation. 

p=(Number of teeth of sun gear 121)/(Nurnber of teeth of ring 
gear 122) 

In addition, the torques of the three shafts are independent 
of the rpm and conform to the constant relations given by 
Eqs. (2) and (3) beloW. 

Where Tc is the torque of the planetary carrier shaft 127, Ts 
the torque of the sun gear shaft 125, and Tr the torque of the 
ring gear shaft 126. 

Because the planetary gear 120 has such functions, the 
hybrid vehicle of the present embodiment can travel in a 
variety of modes. When, for example, the hybrid vehicle is 
in a comparatively loW-speed mode after starting to move, 
driving force is transmitted to the axle 112 and the vehicle 
is propelled by the supply of poWer to the motor MG2 While 
the engine 150 is stopped. Similarly, the vehicle may some 
times be propelled While the engine 150 is idling. 
When the hybrid vehicle has reached a prescribed speed 

folloWing startup, the control system 200 poWers the motor 
MG1, and the engine 150 is started by the outputted torque. 
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In the process, the reaction torque of the motor MG1 is also 
outputted to the ring gear 122 via the planetary gear 120. 
When the engine 150 is operated and the planetary carrier 

shaft 127 rotated, the sun gear shaft 125 and ring gear shaft 
126 are rotated under conditions that satisfy Eqs. (1) to (3) 
above. The driving force resulting from the rotation of the 
ring gear shaft 126 is directly transmitted to the wheels 116R 
and 116L. The driving force resulting from the rotation of 
the sun gear shaft 125 can be regenerated as electric power 
by the ?rst motor MG1. Powering the second motor MG2 
allows the driving force to be outputted to the wheels 116R 
and 116L via the ring gear shaft 126. 

During steady-state operation, the output of the engine 
150 is set to a value substantially equal to the required 
driving force of the axle 112 (namely, Torque><Rpm of axle 
112). In the process, part of the output of the engine 150 is 
transmitted directly to the axle 112 via the ring gear shaft 
126, and the remainder of the output is regenerated as 
electric power by the ?rst motor MG1. The electric power 
thus regenerated is used to allow the second motor MG2 to 
generate a torque for rotating the ring gear shaft 126. As a 
result, the axle 112 can be driven by the desired torque at the 
desired rpm. 

If the torque transmitted to the axle 112 is insu?icient, this 
torque is assisted by the second motor MG2. The electric 
power regenerated by the ?rst motor MG1 and the electric 
power stored in the battery 194 are used as the assisting 
electric power. Thus, the control system 200 controls the 
operation of the two motors MG1 and MG2 in accordance 
with the required driving force to be outputted to the axle 
112. 
The hybrid vehicle of the present embodiment can also 

move backward while the engine 150 is operated. When the 
engine 150 is operated, the planetary carrier shaft 127 rotates 
in the same direction as during the forward movement. At 
this time, the ring gear shaft 126 reverses to the backward 
direction if the ?rst motor MG1 is controlled such that the 
sun gear shaft 125 is rotated at a higher rpm than the rpm of 
the planetary carrier shaft 127, as can be seen from Eq. (1) 
above. The control system 200 can propel the hybrid vehicle 
backward by controlling the torque output of the second 
motor MG2 while rotating it backward. 

The planetary gear 120 can rotate the planetary carrier 
124 and sun gear 121 while the ring gear 122 remains 
stationary. Consequently, the engine 150 can be operated 
even when the vehicle does not move. When, for example, 
the remaining capacity of the battery 194 is low, the battery 
194 can be charged by operating the engine 150 and letting 
the ?rst motor MG1 to operate in a regenerating mode. 
When the vehicle is stationary, the engine 150 can be started 
by the torque of the ?rst motor MG1 by allowing the motor 
to operate in the power mode. 
C. Structure of Control System 

FIG. 2 is a block diagram depicting a more detailed 
structure of the control system 200. The master controller 
270 comprises a master control CPU 272 and a power supply 
control circuit 274. The motor controller 260 comprises a 
main motor control CPU 262 and two motor control CPUs 
264 and 266 for controlling the motors MG1 and MG2, 
respectively. Each CPU is a single-chip microcomputer 
including a CPU (not shown), a ROM, a RAM, an input port, 
and an output port. 

The function of the master control CPU 272 is to deter 
mine the rpm values, torque distribution, and other con 
trolled variables of the three prime movers 150, MG1, and 
MG2; to feed the required values to other CPUs or ECUs; 
and to control the drive of each prime mover. To be allowed 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
to perform such control, the master control CPU 272 is 
furnished with accelerator position signals AP1 and AP2 for 
indicating the accelerator opening, shift position signals SP2 
and SP2 for indicating shift position. The term “accelerator 
opening” means a level of the accelerator position signal, or 
“accelerator position level”, in this speci?cation. The accel 
erator opening ranges from 0% (full closure) to 100% (full 
opening). The acceleration sensor 165 and shift position 
sensor 167 each have a redundant con?guration and each 
provide the master control CPU 272 with two accelerator 
position signals AP1 and AP2 and two shift position signals 
SP2 and SP2. 
The power supply control circuit 274 converts a high DC 

voltage of the battery 194 to a low DC voltage for the 
circuits inside the main ECU 210. The power supply control 
circuit 274 functions as a monitoring circuit that monitors 
the master control CPU 272 for faults. 
The engine ECU 240 controls the engine 150 in accor 

dance with the required engine output value PEreq, which is 
received from the master control CPU 272. The rpm REVen 
of the engine 150 is fed back to the master control CPU 272 
from the engine ECU 240. 
The main motor control CPU 262 feeds required current 

values l1req and l2req to the two respective motor control 
CPUs 264 and 266 in accordance with the required torque 
values T1req and T2req pertaining to the motors MG1 and 
MG2 and arriving from the master control CPU 272. The 
motor control CPUs 264 and 266 control their respective 
drive circuits 191 and 192 in accordance with the required 
current values l1req and l2req to drive the motors MG1 and 
MG2. The rpm values REV1 and REV2 of the motors MG1 
and MG2 are fed back to the main motor control CPU 262 
from the rpm sensors of the motors MG1 and MG2. The rpm 
values REV1 and REV2 of the motors MG1 and MG2, the 
electric current value TB of the battery 194 for the drive 
circuits 191 and 192 are fed back to the master control CPU 
272 from the main motor control CPU 262. 
The battery ECU 230 monitors the charging conditions 

SOC (State Of Cell) of the battery 194 and sends the 
required charging value CHreq of the battery 194 to the 
master control CPU 272 as needed. The master control CPU 
272 takes this required value CHreq into account and 
determines the output of each prime mover. When charging 
is required, a driving force greater than the output needed for 
propulsion is outputted by the engine 150, and a portion 
thereof is distributed to allow the ?rst motor MG1 to 
perform a charging operation. 
The brake ECU 220 performs a control routine aimed at 

achieving a balance between a hydraulic brake (not shown) 
and a regeneration brake based on the second motor MG2. 
This is because this hybrid vehicle is constructed such that 
the second motor MG2 performs a regeneration operation 
during braking to charge the battery 194. Speci?cally, the 
brake ECU 220 inputs a regeneration request value REGreq 
to the master control CPU 272 on the basis of the brake 
pressure BP from the brake sensor 163. The master control 
CPU 272 determines the type of operation for the motors 
MG1 and MG2 on the basis of the request value REGreq and 
feeds back a practical regeneration value REGprac to the 
brake ECU 220. The brake ECU 220 sets the braking exerted 
by the hydraulic brake to an appropriate level on the basis of 
the brake pressure BP and the difference between the prac 
tical regeneration value REGprac and the regeneration 
request value REGreq. 

Thus, the master control CPU 272 determines the outputs 
of the prime movers 150, MG1, and MG2 and sends the 
required values to the ECU 240 or the CPU 264 or 266 for 


















