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On the Design of Front-To-Total Anti-
roll Moment Distribution Controllers 
for Enhancing the Cornering Response

Marco Ricco, Matteo Dalboni, Patrick Gruber, Miguel Dhaens, 
and Aldo Sorniotti  

Abstract

In the last three decades a relatively wide literature has discussed the potential 
vehicle dynamics benefits of the control of the front-to-total anti-roll moment 
distribution generated by active suspension systems, either based on actuators 
located within the individual corners or controllable anti-roll bars. However, 
because of the nonlinearity of the involved phenomena, there is a lack of system-
atic model based design routines to achieve the reference cornering response in 
steady-state and transient conditions through active suspension controllers, and 
for the integration of suspension control with direct yaw moment control. This 
paper targets such knowledge gap, by introducing design tools for front-to-total 
anti-roll moment distribution control, based on: i) optimizations using a quasi-
static model for the computation of the non-linear feedforward contribution of 
the controller; ii) a novel linearized vehicle model formulation for linear control 
design in the frequency domain; and iii) a nonlinear vehicle model formulation 
to be used as prediction model for nonlinear model predictive control. A set of 
simulation and experimental results shows the benefits in terms of: a) understeer 
gradient tunability; b) increased maximum achievable lateral acceleration; c) 
increased yaw and sideslip damping; and d) energy consumption reduction.
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1	� Introduction

Among their many functions, active suspension systems, either based on inde-
pendent actuators at the vehicle corners or controllable anti-roll bars, are usually 
adopted to significantly reduce the roll motion caused by the lateral acceleration 
in cornering, through the generation of an appropriate anti-roll moment. More-
over, these systems can also regulate the distribution of the anti-roll moment 
between the front and rear axles, which is directly related to the lateral load trans-
fer distribution. The lateral load transfers deteriorate the lateral axle force capa-
bility, as the lateral force increment on the laden tire is smaller than the lateral 
force decrease on the unladen tire. Hence, when the load transfer is increased, a 
larger slip angle is required to generate the same lateral axle force. Therefore, a 
front-to-total anti-roll moment distribution controller can vary the slip angle dif-
ference between the axles, i.e., the level of vehicle understeer, see [1, 2].

The general trend toward model based control requires simplified vehicle 
models for control design, or internal models for model predictive control. Due 
to the important nonlinearity in the effect of the lateral load transfer on vehi-
cle dynamics, it is necessary to formulate mathematical models that, although 
approximated, are still able to catch the fundamental implications of load transfer. 
In [3]–[7] the authors use the commonly adopted parabolic relationship between 
the individual vertical tire load and its cornering stiffness, which brings a quad-
ratic reduction of the axle cornering stiffness with the lateral load transfer, under 
the simplifying hypothesis of linear lateral axle force as a function of slip angle, 
which is a major limitation. Lakehal-Ayat et al. [8] describe the lateral axle force 
through a nonlinear vehicle model including a combination of parabolic cornering 
stiffness and simplified Pacejka magic formula.

In [9], while discussing linear vehicle models, Genta notes that “it is impos-
sible to state the effect of anti-roll bars” on the yaw rate, sideslip angle and lat-
eral acceleration gains, “as they introduce a strong nonlinearity…and the very 
definition of the gains is based on a complete linearization.” Therefore, many 
authors use heuristics for the design of anti-roll moment distribution controllers. 
For example, on/off rules are proposed in [10]; in [11] the front-to-total anti-roll 
moment distribution ratio is proportional to the yaw rate error, with a gain 
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depending on the lateral acceleration, while a fuzzy proportional integral deriva-
tive (PID) controller is adopted in [12]. In [13] Abe states that “as the effect of the 
lateral load transfer on the lateral/directional dynamics in itself is strongly non-
linear, it is difficult to derive the control law by using the fully analytical method. 
Therefore, this paper concentrates on computer simulation of vehicle response” 
for control design. In [14], Cooper et al. explain that “the inverse model could not 
model the tyre nonlinearities sufficiently while still remaining simple enough…. 
Due to this, PID control was implemented for roll moment distribution.” Simi-
larly, Yan et al. [15] report that “due to the nonlinear properties of four tires and 
the complicated dynamic information of the whole vehicle system, the distri-
bution coefficient for yaw response characteristics is difficult to be accurately 
described, which means that the modern design method of control algorithm 
based on state equation is not applicable.” In the integrated chassis controller 
of [16], the front-to-total anti-roll moment distribution parameter is controlled 
through an empirical law, using a sideslip based stability index and the yaw rate 
error, without model based control.

In conclusion, there is a gap in model based design methodologies of front-to-
total anti-roll moment distribution controllers, to achieve a-priori defined steady-
state and transient cornering responses through linear and/or nonlinear control 
techniques. This paper discusses the following items on anti-roll moment distri-
bution control, from very recent studies by the authors [17]–[19]:

•	 A model based design routine of the nonlinear feedforward control contribu-
tion.

•	 A Model for Linear Control System Design
•	 A simplified model for nonlinear model predictive control design.
•	 Two examples of performance assessments of the resulting controllers.

2	� Effect of Lateral Load Transfer on Lateral Axle 
Force and Cornering Stiffness

Figure 1 shows an example of variation of the lateral tire force, Ft,y, as a function 
of slip angle, α, for different values of vertical tire load, Ft,z, by using the Pacejka 
magic formula (version 5.2) [20], for slip ratio and camber angle equal to zero. 
The lateral tire force gradient decreases with α, and eventually becomes negative 
for the specific tire. Very importantly, for a fixed value of α, Ft,y varies with Ft,z in 
a nonlinear fashion, i.e., the increment of Ft,y is less than linearly proportional to 
the increment of Ft,z.
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For the tires of Fig. 1, Fig. 2 shows the variation of the lateral axle force, Fy

, resulting from the sum of the individual lateral tire forces, under the assump-
tion of lateral load transfers �Fz, while Fig. 3 reports the variation of the axle 
cornering stiffness, C, defined as the local gradient of the Fy(α) characteristic. Fy 
decreases when �Fz increases, which is the main effect, while, depending on the 
slip angle, C can increase or decrease with increasing �Fz.

The consequence is that for a given lateral acceleration, an increment of the 
lateral load transfer on the front axle, with a corresponding decrement on the rear 
axle, increases understeer, which, vice versa, is reduced by an increase of the rear 
axle load transfer. Therefore, in quasi-steady-state cornering, active suspension 
control allows shaping the understeer characteristic and increasing the maximum 
achievable lateral acceleration, while during transients it can increase yaw and 
sideslip damping, and thus enhance active safety.

Fig. 1.   Lateral tire force as a function of slip angle for vertical tire loads from 2 to 12 kN
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Fig. 2.   Lateral axle force as a function of lateral load transfer for slip angles from 1 to 
7 deg, with a static axle load of 11.6 kN

Fig. 3.   Axle cornering stiffness as a function of lateral load transfer for slip angles from 1 
to 7 deg, with a static axle load of 11.6 kN
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3	� Model Based Design of the Steady-State 
Nonlinear Feedforward Contribution

This section discusses a routine for the offline model based design of the map 
of the nonlinear feedforward contribution of the anti-roll moment distribution, 
to achieve a reference cornering response in terms of understeer characteristic. 
The routine consists of the following steps, using a nonlinear quasi-static vehicle 
model formulation, see its details in [17]:

Step 1: minimization of the absolute value of the dynamic steering angle, ∣∣δDyn
∣∣, which is the cost function J of the optimization using the quasi-static 

model:

δDyn is the difference between the average steering angle of the front wheels, δ, 
and the kinematic steering angle, δKin. Hence, the optimization outputs the limit 
understeer characteristic (‘Limit’ in Fig. 4), i.e., the one that makes the vehicle as 
close as possible to the neutral steering behavior, together with the corresponding 
values of f , which is the front-to-total anti-roll moment distribution parameter for 
the active part of the anti-roll moment:

where MAR,Act,F and MAR,Act,R are the front and rear active anti-roll moments.
Step 2: selection of the reference understeer characteristic, δDyn,Ref

(
ay
)
, where 

ay is the lateral acceleration. Since the understeer characteristic from Step 1 is 
usually not suitable for a real-world application as the driver normally prefers 
some level of understeer to indicate when the cornering limit is approached, in 
the control design phase δDyn,Ref

(
ay
)
 is selected to be intermediate between that 

of the passive vehicle and the limit one, through a graphical user interface over-
lapping the different characteristics. δDyn,Ref

(
ay
)
 (‘Ref.’ in Fig. 4) is approximated 

with a linear function up to the lateral acceleration a∗y, and a logarithmic function 
for higher lateral accelerations:

(1)minargf (J) = minargf
∣∣δDyn

∣∣ = minargf |δ − δKin|

(2)f =
MAR,Act,F

MAR,Act,F +MAR,Act,R

(3)δDyn,Ref =

{
kUSay; ay < a∗y

kUSa
∗
y +

[
a∗y − ay,Max

]
kUSlog

(
ay−ay,Max

a∗y−ay,Max

)
; ay ≥ a∗y
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where kUS is the understeer gradient in the linear part of the characteristic; and 
ay,Max is the maximum reference lateral acceleration. kUS, a∗y, and ay,Max are user-
defined parameters (examples of values are reported in Fig. 4).

Step 3: recalculation of the reference understeer characteristic from Step 2 in 
terms of actual steering angle and vehicle speed V , to obtain δRef

(
ay,V

)
:

Step 4: calculation of the reference yaw rate characteristic. δRef
(
ay,V

)
 from Step 

3 is manipulated and interpolated to obtain the reference lateral acceleration char-
acteristic, ay,Ref (δ,V). The map of the steady-state reference yaw rate is derived as 
rRef (δ,V) = a

y,Ref
(δ,V)/V . rRef  is the yaw rate that makes the vehicle follow the 

reference understeer characteristic.
Step 5: design of the steady-state feedforward front-to-total anti-roll moment 

distribution ratio, fFFW ,SS (Fig. 5). rRef (δ,V) from Step 4 is imposed as a further 
equality constraint in the optimization, which is run without a cost function, as 
the number of equality constraints is equal to the number of variables. Step 5 can 
include a cost function in case of presence of further active chassis control sys-
tems, e.g., based on direct yaw moment control or rear-wheel-steering.

fFFW ,SS(δ,V), together with rRef (δ,V), is stored in look-up tables in the 
vehicle control unit. Additional variables, such as the longitudinal accelera-
tion or total torque demand, could be used as optimization parameters and map 
inputs, depending on the specific requirements. In the online implementation, 
fFFW ,SS(δ,V) is typically filtered through an appropriate transfer function, which 
outputs fFFW. To prevent undesired system response, a progressive deactivation 
algorithm of the feedforward contribution is recommended, which imposes fNom, 
i.e., the nominal front-to-total distribution of the passive vehicle, in case of signif-
icant absolute values of the yaw rate error, or estimated rear axle sideslip angle, ∣∣∣β̂RA

∣∣∣.

(4)δRef
(
ay,V

)
= δDyn,Ref

(
ay
)
+

lay

V 2



248 M. Ricco et al.

Fig. 4.   Examples of understeer characteristic of the passive vehicle (‘Passive’), limit 
understeer characteristic (‘Limit’), and reference understeer characteristic of the active 
vehicle (‘Ref.’)

Fig. 5.   Example of steady-state feedforward front-to-total anti-roll moment distribution 
map
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4	� Model for Linear Control Design

The proposed lateral axle force model expresses the relationship between Fy,i, 
αi and �Fz,i, around a linearization point defined by Fy,i,0, αi,0 and �Fz,i,0, corre-
sponding to an axle cornering stiffness Ci,0 for a given operating condition of the 
vehicle, where the subscript i = F,R indicates the front or rear axles. For a given 
�Fz,i, Fy,i is represented as a linear function of αi:

In accordance to Figs. 2 and 3, Fy,i,lin and Ci vary with �Fz,i, which can be 
expressed through a first order Taylor series expansion around �Fz,i,0:

where F
′

y,i,0 and C
′

i,0 are the gradients of the lateral axle force and axle cornering 
stiffness with respect to the lateral load transfer, which can be derived from Figs. 
2 and 3. By combining (Eq. 5) and (Eq. 6), the complete formulation becomes:

The resulting vehicle model has three degrees of freedom, i.e., it is based on the 
lateral force, roll moment and yaw moment balance equations:

where m is the vehicle mass; r is the yaw rate; β̇ is the sideslip rate;Iz is the yaw mass 
moment of inertia; Mz,Ext is an external yaw moment, e.g., caused by direct yaw 
moment control through the friction brakes or multiple electric motors; Ix is the roll 
mass moment of inertia; ϕ is the roll angle; hroll is the distance between the center of 
gravity and roll axis; g is the gravitational acceleration; and MAR,Pass,F and MAR,Pass,R 
are the front and rear passive anti-roll moment contributions, described by:

where KF and KR are the front and rear axle roll stiffness values, and DF and DR 
are the respective roll damping coefficients.

(5)Fy,i ≈ Fy,i,lin + Ci

[
αi − αi,0

]

(6)
Fy,i,lin ≈ Fy,i,0 + F

′

y,i,0

[
�Fz,i −�Fz,i,0

]

Ci ≈ Ci,0 + C′
i,0

[
�Fz,i −�Fz,i,0

]

(7)Fy,i ≈ Fy,i,0 + F
′

y,i,0

[
�Fz,i −�Fz,i,0

]
+

{
Ci,0 + C

′

i,0

[
�Fz,i −�Fz,i,0

]}[
αi − αi,0

]

(8)

mV
[
β̇ + r

]
= Fy,F + Fy,R

Izṙ = Fy,FaF − Fy,RaR +Mz,Ext

Ixϕ̈ = mV
[
β̇ + r

]
hroll + mghrollϕ −MAR,Pass,F −MAR,Pass,R

−MAR,Act,F −MAR,Act,R

(9)MAR,Pass,F = KFϕ + DF ϕ̇

MAR,Pass,R = KRϕ + DRϕ̇
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The active anti-roll moments can be expressed as functions of ay:

where mayhroll is the total roll moment caused by the vehicle’s lateral accelera-
tion; and the gain k indicates the level of roll moment compensation of the active 
suspension system, i.e., k = 0 indicates no compensation and k = 1 indicates full 
compensation.

Under the small angle approximation, the front and rear slip angles, αF and αR, are:

The lateral load transfer is calculated from the total anti-roll moment of the axle, 
MAR,tot,i = MAR,Pass,i +MAR,Act,i, see [18].

By combining and re-arranging the previous equations, the model formulation 
is obtained:

where q and h are nonlinear functions; and the state, input, disturbance and output 
vectors, respectively x, u, w and y, are:

In (Eq. 13), δ and Mz,Ext are considered disturbances if they are not calculated by 
the controller; however, the input vector can be augmented with additional control 
inputs, such as the front and rear steering angles and direct yaw moment.

Differently from the conventional single track model formulation, (Eq. 12) is 
nonlinear, because of the terms related to: a) the suspension control action, f ; b) the 
variation of the lateral axle force with the lateral load transfer, F

′

y,i,0; and c) the vari-
ation of the cornering stiffness with the lateral load transfer, C

′

y,i,0. To obtain a linear 
model, the system variables are expressed with respect to the linearization point:

(10)
MAR,Act,F = kmayhrollf = kmV

[
β̇ + r

]
hrollf

MAR,Act,R = kmayhroll
[
1− f

]
= kmV

[
β̇ + r

]
hroll

[
1− f

]

(11)
αF ≈ β +

aF

V
r − δ

αR ≈ β +
aR

V
r

(12)

{
ẋ = q(x, u,w)

y = h(x, u,w)

(13)x =





β

r

ϕ

ϕ̇



, u =
�
f
�
,w =

�
δ

Mz,Ext

�
, y =





β

r

ϕ

ay
�Fz,F

�Fz,R





(14)x = x0 +� xu = u0 +� uw = w0 +�wy = y0 +�y
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where x0, u0, w0 and y0 are the vector values at the linearization point; and the 
symbol � indicates a deviation. As ẋ0 = q(x0, u0,w0) and y0 = h(x0, u0,w0), the 
linearization of (Eq. 12), which can be derived through appropriate symbolic cal-
culation software, has the following form:

where A, B and E are the state, input and disturbance matrices; and C, D and 
F are the respective output equation matrices. The formulation in (Eq. 15) can 
be used for state space control design techniques, or for obtaining the transfer 
function �r/�f , which is the basis for control system design in the frequency 
domain, see the theory in [21] and the suspension control example in [18].

5	� Internal Model for Nonlinear Model Predictive 
Control

Some of the state-of-the-art chassis control implementations adopt nonlinear 
model predictive control (NMPC) techniques, which are based on predictions 
using a nonlinear model of the system. For example, the recent front-to-total anti-
roll moment distribution controller in [19] uses a double track model, including 
the longitudinal, lateral roll and yaw degrees of freedom, as well as wheel rota-
tions. The model considers the effect of the longitudinal and lateral load transfers.

The key aspect of the prediction model is the tire force formulation, based on 
a simplified version of the Pacejka magic formula, which allows the computation 
of the longitudinal and lateral tire forces, Ft,x,ij and Ft,y,ij, while considering the 
effect of the load transfers induced by the active suspension system:

where the subscript j = L,R indicates the left or right corner. µx0,ij and µy0,ij are 
given by:

(15)

{
�ẋ = A�x + B�u+ E�w

�y = C�x + D�u+ F�w

(16)Ft,x,ij =
sx,ij

sij
µx0,ijFt,z,ij

(17)Ft,y,ij =
sy,ij

sij
µy0,ijFt,z,j

(18)µx0,ij = Dxsin
(
Cxarctan

(
Bxsij

))

(19)µy0,ij = Dy,ijsin
(
Cyarctan

(
Bysij

))
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where sij is the combined theoretical slip:

with:

where σij and αij are the slip ratio and slip angle. In (Eqs. 18)–(19), Cx and Cy are 
constant, while Dy,ij linearly varies with Ft,z,ij:

where d1 and d2 are constant coefficients, for a given tire-road friction condition. 
The feature in (Eq. 23) allows modeling the nonlinear relationship between lateral 
tire force and vertical load, which is of the essence for anti-roll moment distribu-
tion control. The complete nonlinear optimal control problem formulation is in 
[19].

6	� Examples of Results

6.1	� Case Study 1: Anti-roll Moment Distribution 
Control Using Nonlinear Feedforward and Linear 
Feedback Contributions

A front-to-total anti-roll moment distribution controller based on the sum of non-
linear feedforward and linear feedback control contributions, designed through 
the model based methods in Sects. 3 and 4, was preliminarily assessed on a 
sport utility vehicle (SUV) demonstrator (Fig. 6). The vehicle is equipped with a 
hydraulic active suspension system, i.e., the Tenneco Monroe intelligent suspen-
sion, ACOCAR. At each vehicle corner, a pump pressurizes the hydraulic circuit 
of the respective actuator and inputs energy into the system. The pressure level in 
the hydraulic chambers is modulated through the currents of the base and piston 
valves of the actuator, which is installed in parallel to an air spring.

(20)sij =

√
s2x,ij + s2y,ij

(21)sx,ij =
σij

1+ σij

(22)sy,ij = −
tan

(
αij

)

1+ σij

(23)Dy,ij = d1Ft,z,ij + d2
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Fig. 6.   Case study demonstrator vehicle

A centralized skyhook algorithm and roll angle compensation controller, 
already installed and tested on the SUV, were integrated with the front-to-total 
anti-roll moment distribution controller, characterized by a Sport mode and a 
Normal mode, selectable by the user. For ease of implementation, a proportional 
integral (PI) controller was used for the feedback anti-roll moment distribution 
contribution controlling the yaw rate error, and tuned in the frequency domain 
with the model in Sect. 4.

During the experiments, the stability controller based on the actuation of the 
friction brakes was deactivated, to prevent interferences. In this case the so-called 
passive mode, used as term of comparison, is the same vehicle demonstrator, 
including the pre-existing skyhook and roll angle compensation algorithms, but 
excluding the anti-roll moment distribution controller.

The experimental results of skidpad and step steer tests are reported in Figs. 7 
and 8. During the skidpad in Sport mode, the SUV is substantially neutral steer-
ing up to ay ≈ 7 m/s2, after which it understeers, to make the driver perceive that 
the cornering limit is approached. The maximum lateral acceleration of the active 
vehicle is 9.50 m/s2, which is a > 10% improvement with respect to the 8.55 m/s2 
of the passive mode. Figure 7 also reports the f  contributions (total and feedfor-
ward); as expected, the feedforward contribution is responsible for the majority 
of the control effort during the skidpad. The step steer of Fig. 8, from an initial 
speed of 110 km/h and with a steering wheel angle amplitude of 90 deg, high-
lights the yaw rate damping and sideslip limitation capability of the feedback 
contribution, i.e., the sideslip angle peak is reduced by the controller, while its 
steady-state value is approximately the same as for the passive mode.
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Fig. 7.   Experimental skidpad test results in Sport mode: steering wheel angle (δSWA, top) 
and front-to-total anti-roll moment distribution parameter ( f , bottom) as functions of lateral 
acceleration (ay)
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6.2	� Case Study 2: Nonlinear Model Predictive Control 
for Integrated Torque-Vectoring and Front-To-
Total Anti-roll Moment Distribution

The second case study (from [19]) is a nonlinear model predictive control imple-
mentation – designed through the model in Sect. 5 – for concurrent front-to-total 
anti-roll moment distribution control and torque-vectoring (TV) control, i.e., 
continuously active direct yaw moment control through individual wheel torque 
distribution. The considered vehicle is the electric SUV of the European project 

Fig. 8.   Experimental step steer results in Normal mode: yaw rate (r, top) and rear axle 
sideslip angle (βRA, bottom) as functions of time (t)



256 M. Ricco et al.

EVC1000, which is simulated with a high-fidelity and experimentally validated 
model, and is equipped with in-wheel motors, a brake-by-wire system with inde-
pendent control of the clamping force of each brake caliper, and active suspension 
actuators. On top of controlling vehicle dynamics, the NMPC formulation targets 
the minimization of the relevant power loss contributions, namely those related to 
the electric powertrains, friction brakes, and longitudinal and lateral tire slip.

The following vehicle control configurations are compared:

a)	 fpass + fT ,pass, with active roll angle compensation through active suspension 
control with fixed front-to-total anti-roll moment distribution ratio fpass = 
0.67, which was selected to be aligned with the one of the vehicle configu-
ration without active suspension actuators; zero direct yaw moment, i.e., the 
total wheel torque is the same on the left and right wheels; and front-to-total 
wheel torque distribution within each vehicle side according to the fixed ratio 
fT ,pass = 0.5, which is the natural baseline choice for a four-wheel-drive vehi-
cle.

b)	 fpass + fT ,act, with active roll angle compensation with fixed fpass = 0.67; 
zero direct yaw moment; and variable front-to-total wheel torque distribution 
according to a ratio, fT ,act, defined in a look-up table function of the torque on 
the vehicle side and speed, to minimize the electric powertrain power loss.

c)	 fpass + TV (NMPC) and fpass + TV (PI), including active roll angle com-
pensation with fixed fpass = 0.67, and TV control contributions based on the 
proposed NMPC or a benchmarking PI. In fpass + TV (PI), the front-to-total 
wheel torque distribution within each vehicle side uses the fixed ratio fT ,pass = 
0.5.

d)	 fact + TV (NMPC) and fact + TV (PI), including active roll angle compensa-
tion with active anti-roll moment distribution and TV, based on NMPC or PI 
control (the latter designed through the model in Sect. 4).

In summary, all considered arrangements use the active suspension actuators 
for roll moment compensation; c) includes direct yaw moment control through 
TV, while d) includes both direct yaw moment control through TV and anti-roll 
moment distribution control.

A selection of results along a multiple step steer test at constant accelerator 
pedal position is reported in Fig. 9 and Table 1, which includes the following per-
formance indicators:

•	 �rRMS, i.e., the root mean square (RMS) value of the yaw rate error, which 
evaluates the tracking performance of the controller and overall vehicle agility.
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•	 |βMax|, i.e., the maximum absolute value of the vehicle body sideslip angle, 
which is a vehicle stability indicator.

•	 �F
y
t,z,RMS, i.e., the RMS value of Ft,z,FR + Ft,z,RR − Ft,z,FL − Ft,z,RL, which 

assesses the magnitude of the total lateral load transfer, and thus vehicle rollo-
ver propensity.

•	 Vend, i.e., the vehicle speed at the end of the test, which assesses the total 
power loss at the vehicle level, as the maneuver is executed at constant accel-
erator pedal position.

•	 Ploss+bk, i.e., the average value of the sum of the powertrain, friction brakes 
and tire slip power losses.

The NMPC configurations ensure stable yaw rate tracking, with very small over-
shoots following each steering angle variation, and effectively constrain sideslip 
angle, with |βmax| values lower than 2.5 deg. On the contrary, fpass + fT ,pass and 
fpass + fT ,act reach |βmax| values in excess of 14 deg, and experience significant 
delays with respect to the steering angle profile in returning to the condition of 
zero yaw rate and sideslip angle at the end of the test. Although the PI control-
lers provide desirable vehicle response, the NMPC configurations achieve better 
yaw rate tracking performance than the corresponding PI counterparts, as demon-
strated by the �rRMS values in Table 1, and the yaw rate profiles in Fig. 9.

Fig. 9.   Simulation results for the multiple step steer test: reference and actual yaw rate 
profiles for fact + TV (PI) and fact + TV (NMPC)



258 M. Ricco et al.

The NMPC and PI configurations bring a reduction of the lateral load transfers 
during the steering transients, highlighted by the lower values of �F

y
t,z,RMS. With 

respect to fact + TV, the increase of �F
y
t,z,RMS is negligible for fpass + TV, but it 

exceeds 20% for fpass + fT ,pass and fpass + fT ,act. After the second steering wheel 
stroke and the sign inversion of the steering angle, both the front and rear internal 
wheels lift from the ground in fpass + fT ,pass and fpass + fT ,act, posing a rollover 
risk, whilst in the NMPC and PI configurations wheel lift only occurs on the front 
inner corners for more limited time. The NMPC set-ups show very major power 
loss reductions in transient conditions, with Ploss+bk values below 53 kW, with 
respect to the ~ 96 kW of fpass + fT ,pass and fpass + fT ,act. This difference is mainly 
caused by the reduction of the lateral tire slip power losses, and is confirmed by 
the values of Vend, ranging from 92.1 km/h for fpass + fT ,act, to ~ 115 km/h for the 
controlled configurations. In terms of power losses, the NMPC solution with 
active front-to-total anti-roll moment distribution outperforms the one based on 
TV only, with > 12% Ploss+bk  reduction. Significant advantages in terms of energy 
efficiency are provided by the NMPC set-ups with respect to the correspond-
ing PI alternatives, with 16% and 6% Ploss+bk reductions for the fpass + TV and 
fact + TV configurations.

7	� Conclusion

The paper outlined three model based design tools for front-to-total anti-roll 
moment distribution controllers, namely: i) a routine for generating steady-
state nonlinear feedforward contribution maps to achieve a reference understeer 
characteristic; ii) a linearized model for control system design in the frequency 

Table 1.   Performance indicators for the considered vehicle configurations during the mul-
tiple step steer test

�rRMS

[deg/s]
|βMax|

[deg]
�F

y
t,z,RMS

[kN]
Vend

[km/h]
Ploss+bk

[kW]

fpass + fT ,pass – 14.66 21.83 92.2 96.13

fpass + fT ,act – 14.74 21.84 92.1 96.59

fpass + TV(NMPC) 2.68 2.49 16.52 115.6 52.87

fact + TV(NMPC) 2.66 2.37 16.54 115.1 46.31

fpass + TV(PI) 3.62 2.58 16.38 115.4 62.60

fact + TV(PI) 3.39 2.43 16.87 114.7 49.11



259On the Design of Front-To-Total …

domain; and iii) a simplified nonlinear vehicle model, suitable as prediction 
model for nonlinear model predictive control implementations. i)-iii) can be used 
also for the design of integrated controllers, including additional actuators with 
respect to the active suspension system. Two case study applications highlighted 
the effectiveness of the methods in i)-iii), through a set of simulation and experi-
mental results in steady-state and transient cornering conditions.
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