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Abstract 
An electric active stabilizer suspension system has been developed as a technology 
for controlling vehicle roll.  The system includes various sensors that detect the 
vehicle’s running state, and active stabilizer actuators that use electric motors and 
reduction gears to control roll.  The electric stabilizer suspension system was 
compared with hydraulic stabilizer systems, and an investigation demonstrated the 
superiority of the developed system, which offers outstanding vehicle behavior, 
improved responsiveness and reduced energy consumption (including energy 
regeneration). 
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1. Introduction 

The world’s first active suspension system for improving ride comfort and vehicle stability 
was developed in Japan in 1989 and subsequently adopted in various models (1)-(3).  
However, due to its large mass and energy consumption, use of this system ceased in the 
second half of the 1990s as more economical vehicles gained popularity.  However, an 
active stabilizer control system was developed in Europe in 2002 that applied control in the 
roll direction only (4).  Subsequently, in 2005, the authors developed an active stabilizer 
suspension system utilizing the reverse efficiency of reduction gears and electric motor 
control to reduce energy consumption to 1/20 of a conventional system (5)-(9).  Figure 1 
shows the structure of this active stabilizer suspension system.  
 
 
 
 
 
 
 
 
 
 

Fig.1 Arrangement of system components 
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 This paper describes the design of the active stabilizer suspension system, focusing on the 
required actuator performance that was set based on real-world use conditions and reduction 
gear reverse efficiency.  It also describes operational simulations of the system and the 
results of actual vehicle evaluations. 
 

2. Electric Actuator Design 

2.1 Required Actuator Performance 
2.1.1 Computational Formula for Actuator Torque 
Figure 2 shows the vehicle specifications that determine the longitudinal and lateral 

distribution of tire vertical reaction force due to the lateral acceleration generated when 
cornering, which acts on the center of gravity of the vehicle body (10). 
Figure 3 shows the front view model for calculating the amount of variation in tire vertical 

load at each wheel.  The model depicts the vertical load variation ΔWf as divided between 
the tire position coil spring reaction force fcf and the stabilizer actuator reaction force ftf.  
This diagram shows the case of the front suspension, and the suffix “f” should be changed 
to “r” to represent the rear suspension. 
 
 
 
 
 
 
 
 
 

Fig.2 Schematic drawing of vehicle lateral force and dimensions 

 
 
 
 
 
 
 
 
 
 
 

Fig.3 Vertical load variation of vehicle roll 

The active stabilizer suspension system supports roll moment caused by lateral 
acceleration when cornering using the roll reaction force obtained from the roll stiffness of 
the suspension and the roll reaction force of the electric actuators.  Equation (1) expresses 
the moment equilibrium around the sprung roll center.  The left side of the equation shows 
the sum of the roll reaction force of the suspension roll stiffness and the roll moment Maf 
and Mar generated by the electric actuators.  Equation (2) shows the case of the front 
wheels in detail. 
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Kcφf·φ on the right side of the equation shows the single wheel coil spring roll moment.  
Ktφf·φ is the single wheel passive roll moment generated by the torsion springs of the 
electric actuators, and Maf is the active roll moment generated by the electric actuators. 
The spring and the motor of the electric actuator are arranged in series.  Thus, Ktφf·φ + 

Maf in Eq. (2) shows that, within the range of the actuator reduction gear reverse efficiency, 
the torsion spring twists in reaction to the roll angle, which increases the return torque of the 
electric actuator even when the motor torque remains constant. Equation (3) shows the 
distribution of Maf and Mar in Eq. (1) by the roll stiffness ratio α.  The electric actuator 
active roll moment Maf can be calculated by Eq. (4) from Eqs. (1) and (2). 

 
( )

afar MM ⋅
−

=
α
α1  (3) 

 

⎥⎦
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Equation (5) expresses the moment equilibrium around the unsprung roll center. 
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The vertical load variation ΔWf at the tire can be obtained from Eq. (5) and is shown 
as Eq. (6).  In the same way, ΔWr can be shown as Eq. (7). 
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The vertical load variations obtained from these equations can be re-distributed as desired 

vertical load distributions β (0.5 to 0.7) based on the dynamic performance of the vehicle.  
This is shown in Eqs. (8) and (9). 

 
( )rWWW ff ΔΔβΔ +⋅=′  (8) 

 
( ) ( )rWWrW f ΔΔβΔ +⋅−=′ 1  (9) 

 
The electric actuator active torque M’af and M’ar can be calculated using Eqs. (10) and (11) 

based on the re-distributed vertical load distributions. 
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The active torque maf and mar for the actuator positions in the active stabilizer suspension 

system can be obtained by conversion using Eqs. (12) and (13).  γf and γr show the arm 
displacement ratio for positioning the suspension. 

 
affaf Mm ′⋅= γ  (12) 

 
arrar Mm ′⋅= γ  (13) 
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The equations after converting the torque of the coil springs, electric actuator torsion 
springs, and electrical portions into actuator positions with respect to the overall roll 
moment are shown below in the case of the front wheels. 
The total roll moment mtf including the coil portions is shown in Eq. (14).  

Torque Taf, which is the sum of the passive torque of the electric actuator torsion springs 
and the active torque of the electrical portions is shown in Eq. (15).  

 
( )afftfc Mkkm ftf ′+⋅⋅+⋅⋅⋅= φφγ φφ 22  (14) 

 
( )afft MkT faf ′+⋅⋅⋅= φγ φ2  (15) 

The proportional distribution of electric actuator active torque maf can be clarified from 
Eqs. (14) and (15). Table 1 lists the definitions of the symbols and typical values of the 
calculation formulae. 
 

Table 1 List of symbols and actual values 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.1.2 Target Roll Characteristics for Lateral Acceleration 
a. Target Roll Angle 
The roll angle was used as an evaluation index in the development of a vehicle equipped 

with the active suspension.  Based on the results of roll attitude angle and a subjective 
evaluation, a target roll angle of 1 degree for a lateral acceleration of 5 m/s2 was set (2).  
Figure 4 shows the lateral acceleration and target roll angle posture. 
 
 
 
 
 
 
 
 
 

Fig.4 Target roll angle 

Explanation Actual value (Unit)
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l Wheel base ｌ=2.85 (m)

ｌｆ Front share of wheel base ｌ f=1.304 (m)
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ｄｆ Front tread ｄｆ=1.536 (m)

ｄｒ Rear tread  ｄr=1.546 (m)
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Wsf Front sprung mass Wsf=956 (Kg)
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Maf, (Mar) Front active roll moment (rear) (Nm)

γ ｆ Front transmission ratio   0.301
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α Front roll stiffness ratio   0.52

kcφf , (kcφr) Front coil spring rate (rear) kcφf=10440 (Nm/rad)

ktφf , (ktφr) Front torsion spring rate (rear) ktφf=14760 (Nm/rad)

Suffix f  and r  mean front and rear respectively
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b. Control Range 
Using results from a 167 km driving course including ordinary roads, mountain roads in 

Hakone, highways, and urban streets, lateral acceleration frequency data equivalent to 
200,000 km of real-world driving was accumulated (Fig. 5).  Since the maximum lateral 
acceleration was 5.5 m/s2, the control range of the electric active stabilizers was set to 5.5 
m/s2 or less (with a gradual change between 5.0 and 5.5 m/s2).  As shown in Fig. 4, the 
target roll angle for lateral acceleration above this value was set in accordance with the 
changes in roll angle of normal stabilizers. 
 
 
 
 
 
 
 
 
 

Fig.5 Operation frequency of lateral acceleration 

2.1.3 Standard and Reverse Efficiency of Reduction Gear 
Compact strain wave gearing to allow a high gear value was adopted.  Figure 6 shows the 

standard efficiency ηp and reverse efficiency ηn of the gear value 1/n (1/200).  
This graph shows the standard efficiency (during deceleration) below the line of 100% 

efficiency and the reverse efficiency (during acceleration) above the line.  When the motor 
input torque is 5 Nm, 100% efficiency is defined as an actuator output torque of 1,000 Nm 
as a result of the magnification by the gear value.  These standard and reverse efficiency 
characteristics were utilized to reduce both the size and energy consumption of the motor. 
 
 
 
 
 
 
 
 
 
 
 

Fig.6 Gear efficiency 

a. Increase in Holding Torque 
By maintaining the input torque τmf1 (i.e., a constant current), the holding torque can be 

maximized on the actuator return side (maf1 to maf2).  Equation (16) shows the relationship 
between the motor input torque τmf1 and actuator active torque maf1.  Equation (17) shows 
the return side holding torque maf2. 

 
11 fpaf mnm τη ⋅⋅=  (16) 
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The actually adopted efficiency values for the front electric actuators are ηp: 0.73 and ηn: 
0.51.  The magnification of return side holding torque is maf2/maf1=2.69, and the maximum 
torque of the actuators can be obtained up to 2.69 times the torque generated by the motors 
and the gears. 

b. Current Reduction Logic 
The motor input torque (current) is reduced by lowering the input torque (τmf1 to τmf2) 

while holding the output torque.  Equation (18) shows the relational expression.  It is 
possible to reduce the motor input torque (current) by 1/2.69. 

 
12 fnpf mm τηητ ⋅⋅=  (18) 

2.1.4 Electric Actuator Requirement Torque 
a. Required Active Torque 
The following points have already been detailed above. 

1) Determination of the computational formulae for torque from the vehicle specifications. 
2) Determination of the target roll angle in accordance with lateral acceleration. 
3) Determination of the actuator active torque distribution proportions from the reverse 
efficiency. 
Based on these points, the motor requirement torque is calculated using Eqs. (14), (15), 

and (12).  The notation in these equations is as follows. 
mtf: total roll moment 
Taf: passive torque + active torque (electric) 
maf: active torque (electric) 

Figure 7 shows a calculation graph for a case where the front wheel β=0.52 (equivalent to 
roll stiffness distribution). 
Since the required active torque peaks at a lateral acceleration of 5 m/s2, smooth gradual 

changing characteristics were adopted for beyond that point.  Figure 8 shows the 
characteristics set for each vertical load distribution β. 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 Calculated torque in front rotary actuator (β=0.52) 

Considering a vehicle limit lateral acceleration up to 10 m/s2, the actuator requirement 
torque is Taf=720 Nm. 
Equation (19) shows the minimum limit active torque (maf) to obtain this torque (Taf). 

 
afnpaf Tm ⋅⋅≥ ηη  (19) 

The maximum active torque maf shown in Fig. 7 is 390 Nm and the value in the right side 
of Eq. (19) is 720/2.69=268 Nm.  Therefore, by establishing Eq. (19), it is possible to set 
the target roll angle up to an acceleration of 10 m/s2 within the range of reverse efficiency.  
Thus, each torque distribution can be determined the same way. 
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With respect to the required active torque, β=0.7 is used for the maximum vertical load 
distribution β that contributes to vehicle stability.  Accordingly, 585 Nm is set as the 
required active torque when the lateral acceleration is 5 m/s2 (shown in Fig. 8). 
 
 
 
 
 
 
 
 
 

Fig.8 Active torque in front rotary actuator 

b. Required Active Torque Rate 
After setting the steady state actuator active torque, its response characteristics were 

determined based on real-world frequency data and vehicle driving conditions.  The torque 
rate is the differential value of the lateral acceleration (i.e., the jerk).  Since it has a 
correlation with the steering angular velocity, the steering angular velocity frequency was 
investigated on the driving course used to examine the lateral acceleration frequency.  
Figure 9 shows the results. 
The standard steering angular velocity for determining the specifications was set to 150 

deg/s, which is a level in excess of twice sigma (σ). 
 
 
 
 
 
 
 
 
 

Fig.9 Operation frequency of steering angular velocity 

The relationship between the steering angular velocity and lateral acceleration generated in 
vehicle driving tests was investigated.  Figure 10 shows the results.   
 
 
 
 
 
 
 
 
 

Fig.10 Jerk of lateral acceleration 

The driving conditions assumed an object-avoidance situation that requires good vehicle 
response performance.  The vehicle was driven under slalom and lane changing conditions 
at speeds from 40 km/h to 100 km/h.  A steering angular velocity up 150 deg/s was found 
to represent the majority of real-world driving conditions.  Figure 10 shows that 150 deg/s 
equals a jerk value of 1.4 g/s.  Since active torque in normal use (β=0.7) is 501 Nm (at 0.5 
g), the required torque rate was set to 1,400 Nm/s. 
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2.2 Electric Actuator Specifications and Evaluation 
2.2.1 Actuator Target Specifications 
Table 2 summaries the actuator requirement specifications.  Figure 11 shows a sectional 

view of the main electric actuator body.  The electric actuator consists of a motor that 
supplies the driving force, a reduction gear that amplifies the motor torque, a housing, and a 
pair of stabilizers. 

Table 2 Target specifications (front actuator) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.11 Electric actuator (front) 

Motor torque is amplified and transmitted as output torque through the output shaft of the 
motor, which is connected to the reduction gear, and the output shaft of the reduction gear, 
which is connected to the No. 1 stabilizer bar.  The No. 2 stabilizer bar is fastened to the 
housing and output torque is transmitted in the opposite direction to the No. 1 stabilizer bar.  
The electric actuator is also provided with the necessary rotation sensors for controlling the 
motor.  A brushless DC motor is used as the motor to supply the driving force as it enables 
a hollow structure and has excellent reliability and efficiency. 

2.2.2 Basic Structure of Motor 
a. Magnet Pole Number and Number of Slots of Motor 
The winding specifications of the motor are generally fixed in accordance with the 

relationship Ns=1.5×p (p: magnet pole number of rotor and Ns: number of slots).  The 
number of slots was studied to reduce the external diameter of the core (stator) as much as 
possible.  As a result, 12 slots and 8 poles were set.  Figure 12 shows the relationship 
between the number of slots and the external diameter of the core. 
 
 
 
 
 
 
 
 
 

Fig.12 Motor core diameter and number of slots 
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and also reduces the necessary thickness of the hollow shaft.  As a result, the moment of 
inertia was reduced by 23%. 

b. Magnet Width 
To reduce the vibration of the motor, the angle θ of the magnet width was modified to 

32.25 degrees, at which the minimum cogging torque is achieved.  Figure 13 shows the 
relationship between the magnet angle and cogging torque. 
 
 
 
 
 
 
 
 
 
 

Fig.13 Magnet width and cogging torque 

2.2.3 Study of Motor Specifications 
Each phase voltage (Vuv, Vvw, and Vwu) and current (Iuv, Ivw, and Iwu) in the motor model is 

applied in accordance with the following equations to ensure synchronicity with the rotor 
rotation angle θ. 

 

1)( EI
dt
dLRIV uvuvuv ++=  (20) 

 

2)( EI
dt
dLRIV vwvwvw ++=  (21) 

 

3)( EI
dt
dLRIV wuwuwu ++=  (22) 

 
Where, the counter electromotive force E1, E2, and E3 are obtained as follows. 
 

)cos(1 θω pKE e=  (23) 

 

)
3
2cos(2 πθω −= pKE e

 (24) 

 

)
3
2cos(3 πθω += pKE e

 (25) 

 
In contrast, the relationship between the motor angular velocity ω and torque τm is shown in 
Eq. (26), and the motor torque is shown in Eq. (27). 
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3
2cos()cos((

πθ

πθθτ
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−+=
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pIpIK

wu

vwuvtm  (27) 

 
Where, τ0 is the load torque, Ke is the counter electromotive force constant, Kt is the torque 

constant, J is the motor moment of inertia, D is the coefficient of viscosity, R is the 
resistance, L is the self-inductance, and p is the number of motor pole pairs (11)(12).  The 
actuator specifications are shown in Table 3. 

 
Table 3 Front actuator specifications 

 
 
 
 
 
 
 
 
 
 

2.2.4 Bench Evaluation of Electric Actuator 
Figure 14 shows the bench test device.  The ends of both stabilizer bars were fixed and 

voltage applied to the motor to test its performance in the standard and reverse rotational 
directions. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.14 Bench test device 

Table 4 shows a typical example of the performance results obtained from the bench 
evaluation.  It was conformed that the actuator achieved the target performance described 
in Table 2.  Figure 15 shows the torque rate in accordance with stepped input of different 
voltages.  The rate at the predetermined voltage of 17 V meets the target value. 
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Fig.15 Torque rate at each voltage 

 
Figure 16 shows the frequency response characteristics with sine wave input of torque 

±130 Nm.  It indicates that the response frequency at a phase lag of 45 degrees is 
maintained at 2.1 Hz. 
 

Fig.16 Torque frequency response 

 

3. Simulation 

3.1 Simulation Environment 
Figure 17 shows the simulation model environment of the active stabilizer suspension 

system.  It consists of a Dymola electric actuator model, a MATLAB/Simulink controller 
model, and a CarSim vehicle model. 
Dymola and CarSim can be simulated on MATLAB/Simulink through a pre-prepared 

interface (S-Function). 
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3.2 Electric Actuator Model 
 
Figure 18 shows the electric actuator model created using Dymola.  Its main components 

are the stabilizer bars, reduction gear, motor, and drive circuit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.18 Electric actuator model 

3.3 Strain Wave Gearing Model 
 
The reduction gear consists of three elements: a wave generator, flexible splines, and 

circular splines.  The characteristics of the model are as follows. 
1) The standard and reverse efficiency properties of the motor are introduced as gear losses. 
2) Judgment for standard or reverse input in the model is determined based on whether the 
product of the torque and rotation speed is positive or negative. 
Below, n is the reciprocal of the gear value (200), ω is the rotation speed, τ is the torque, Δτ 

is the torque loss, and τb is the loss constant.  The suffixes w, f, and c represent the wave 
generator, flexible splines, and circular splines, respectively.  Equations (28) and (29) 
show the torque transmission. 

 
)( τττ Δ−= wf n  (28) 

τττ Δ++−= nn wc )1(  (29) 

 
Table 5 shows the conditions for determining whether the gear torque transmission has 

standard or reverse efficiency characteristics.  It also shows the torque loss Δτ. 
Equations (30) and (31) depict the product of ω and τ. 
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Figure 19 shows the standard and reverse efficiency loss using coordinate axes. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.19 Gear efficiency model 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.20 Control logic overview 

3.4 Control Specifications 
 
The target actuator rotation angle is controlled based on steering angle signals and a lateral 

acceleration sensor that are faster than changes in the vehicle roll attitude.  Figure 20 
shows a block diagram of the control. 
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the reduction gears.  Figure 21 shows the results of the simulations. 
It was confirmed that the power consumption of the system was lowered by actively 

reducing the applied current when the actual rotation angle of the electric actuator reaches 
the target rotation angle. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.21 Simulation result of current reduction with the improved control logic 

 

4. Actual Vehicle Evaluation 

4.1 Effect of Roll Control  
 
Figure 22 shows the Lissajous curve for the roll angle with respect to lateral acceleration 

when changing lanes at a speed of 60 km/h.  The following results were obtained. 
1) The target roll angle of 1 degree at a lateral acceleration of 5 m/s2 was achieved. 
2) The vehicle equipped with the electric stabilizers had a smaller hysteresis width and 
improved linearity and response than a vehicle equipped with normal stabilizers. 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.22 Vehicle roll angles 
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Fig.23 Energy-saving effect of holding current reduction control 

 
The negative portion of the current is regenerated as energy when the actual rotation angle 

returns due to the stabilizer reaction force. Figure 24 shows the energy consumption of a 
vehicle equipped with the active stabilizer suspension system on various types of roads.  
The average value for all roads is 8.8 W. 
 
 
 
 
 
 
 
 
 
 

Fig.24 Energy consumption of electric stabilizers 

 
The energy consumption of hydraulic stabilizers with pressure control values that have an 

equivalent performance as the active stabilizer suspension system (equivalent to the energy 
consumption of the oil circulation pressure loss when driving in a straight line) is 
approximately 190 W, which is roughly 22 times that of the active stabilizer suspension 
system.  Therefore, creating an electric system substantially reduces energy consumption. 
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for steering angular velocity. 
2) Study of effectiveness of gear reverse efficiency characteristics 
The electric actuator active requirement torque is a value of at least the sum of the required 

active and passive torque multiplied by the product of the standard and reverse efficiency.  
The development identified the usable range of the active requirement torque. 
Additionally, the rate capable of holding the return side torque and reducing the input 

torque was identified using the product of the standard and reverse efficiency.  This led to 
the development of current-reduction logic. 
Subsequently, a reduction gear simulation model was used for standard/reverse efficiency 

judgment, and equations capable of expressing the changes in efficiency as loss were 
calculated. 
As a typical index of vehicle performance, after incorporating the new knowledge obtained 

in the development into the system, the target roll angle of 1 degree at a lateral acceleration 
of 5 m/s2 was achieved.  Moreover, average energy consumption was reduced to 8.8 W, 
which is approximately 1/20 that of a hydraulic system. 
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