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ABSTRACT−−−−Electric vehicles with individually controlled drivetrains allow torque-vectoring, which improves 

vehicle safety and drivability. This paper investigates a new approach to the concurrent control of yaw rate and 

sideslip angle. The proposed controller is a simple single input single output (SISO) yaw rate controller, in which the 

reference yaw rate depends on the vehicle handling requirements, and the actual sideslip angle. The sideslip 

contribution enhances safety, as it provides a corrective action in critical situations, e.g., in case of oversteer during 

extreme cornering on a low friction surface. The proposed controller is experimentally assessed on an electric vehicle 

demonstrator, along two maneuvers with quickly variable tire-road friction coefficient. Different longitudinal 

locations of the sideslip angle used as control variable are compared during the experiments. Results show that: i) the 

proposed SISO approach provides significant improvements with respect to the vehicle without torque-vectoring, and 

the controlled vehicle with a reference yaw rate solely based on the handling requirements for high-friction 

maneuvering; and ii) the control of the rear axle sideslip angle provides better performance than the control of the 

sideslip angle at the centre of gravity. 

 

 

KEY WORDS: Electric vehicle; Torque-vectoring; Variable tire-road friction; Sideslip angle; Experiments

1.  INTRODUCTION  

Electric vehicles with individually controlled drivetrains 

provide significant benefits in terms of vehicle safety 

and drivability. In fact, these vehicle topologies allow 

torque-vectoring (TV), e.g., a direct yaw moment can be 

generated through the controlled variation of the left-to-

right wheel torque distribution. TV has been widely 

investigated in the literature. In particular, TV 

controllers based on yaw rate are beneficial in shaping 

the vehicle understeer characteristic, and increasing yaw 

and sideslip damping during transients (De Novellis et 

al., 2015a; De Novellis et al., 2015b; De Novellis et al., 

2014a).  

Yaw rate controllers require tire-road friction 

coefficient estimation (Liu and Peng, 1996; Graber, 

1997; Manning and Crolla, 2007; Wang et al., 2015; 

Kim et al., 2015) for the generation of the correct 

reference yaw rate. However, as described in (Ray, 

1997; Baffet et al., 2006; Hsu et al., 2010; Hahn et al., 

2002), accurate friction coefficient estimation is 

difficult to achieve, especially for the case of 

continuously active controllers, while approximated 

friction estimation is sufficient for conventional stability 

control systems based on the intervention of the friction 

brakes in emergency conditions. Inaccurate friction 

estimation can lead to dangerous vehicle behavior in the 

case of TV controllers based on yaw rate.  

In general, sideslip angle estimation is easier than 

tire-road friction coefficient estimation. This justifies 

the adoption of sideslip angle as additional control 

variable, in order to cope with critical conditions 

through multi-variable control structures, aimed at 

constraining sideslip angle (Abe et al., 2001). Several 

controllers have been presented for the concurrent 

control of yaw rate and sideslip angle (Esmailzadeh et 

al.; Geng et al., 2009; Tchamna and Youn, 2009). In 

particular, sideslip control is used for vehicle 

stabilization purposes, either continuously or only in 

emergency conditions. For example, (Lu et al., 2016a) 
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adopts sideslip control within a continuously active yaw 

rate controller, to extend the limit of stable cornering 

and allow sustained high values of sideslip angle. 

The concurrent yaw rate and sideslip control 

structures from the literature usually have multiple input 

single output (MISO) formulations, in which the two 

main inputs are the yaw rate and sideslip angle errors, 

and the output is the reference yaw moment to be 

applied via torque-vectoring. Thus the system has 

uncontrollable directions (Skogestad and Postlethwaite, 

2005), which are identifiable through its singular value 

decomposition (Lu et al., 2016a). In practical terms, the 

yaw rate and sideslip control objectives cannot be 

simultaneously achieved, and are likely to be 

contradictory. In the opinion of the authors of this 

paper, but also according to (Kaiser, 2014), this 

situation significantly reduces the effectiveness of linear 

quadratic regulators or any other MISO control structure 

based on the continuous control of both yaw rate and 

sideslip angle. The conflict between yaw rate and 

sideslip tracking does not happen if two actuation 

systems are present on the vehicle, e.g., a rear-wheel-

steering system in addition to the multiple drivetrains. 

If only TV is possible, the potential conflicts among 

the two control objectives can be solved through MISO 

TV controllers, such that the sideslip contribution is 

zero (i.e., the sideslip error can be set to zero) in normal 

driving conditions, and has priority when the vehicle 

operates beyond defined sideslip thresholds. The correct 

prioritization can be achieved through careful design of 

the MISO controller parameters, as in (Lu et al., 2016a). 

Alternatively, the correct balance between yaw rate and 

sideslip control is obtainable through two SISO 

controllers working in parallel, the first one based on 

yaw rate and the second one on sideslip. The yaw 

moments of each SISO controller are summed together, 

with variable weighing factors depending on the driving 

conditions, i.e., by giving priority to the sideslip 

contribution in critical maneuvers (De Novellis et al., 

2014b). Both solutions, i.e., a carefully designed MISO 

controller or two SISO controllers in parallel, present 

significant limitations. These are related to the difficulty 

of formally designing the interaction of the yaw rate and 

sideslip control objectives of the underactuated system 

through the conventional linear control theory. This 

conflict can be solved through model predictive 

controllers, in which constraints are imposed, e.g., on 

tire slip angles and vehicle sideslip angle (Di Cairano et 

al., 2013). The drawback is a significant computational 

complexity, either on-line in case of implicit model 

predictive control, or off-line in case of explicit model 

predictive control. 

Moreover, the majority of the studies adopts vehicle 

body sideslip angle at the center of gravity, ��� , as 

control variable. ���  is the angle between the speed 

vector at the center of gravity and the longitudinal axis 

of the vehicle reference system. To the knowledge of 

the authors, the literature lacks detailed analyses on 

whether other locations of the control point would 

provide enhanced performance for the computation of 

the sideslip angle-related yaw moment contribution.  

In the context of concurrent yaw rate and sideslip 

control through TV, the points of novelty of this study 

are:  

• A SISO formulation, based on continuous control 

of the only yaw rate, and the variation of the 

reference yaw rate when sideslip angle exceeds pre-

defined thresholds. This set-up ensures very simple 

control system design, and can be associated with 

any SISO control structure, e.g., based on 

proportional integral control, sliding mode control, 

or H∞ control. 

• The analysis of the effect of different locations of 

the control point used for the computation of the 

sideslip contribution. 

• The experimental demonstration of the proposed 

controller along two maneuvers with quickly 

variable tire-road friction coefficient.  

• The analysis of the performance benefit achievable 

by continuous TV through the electric drivetrains, 

rather than direct yaw moment control exclusively 

actuated in emergency conditions through the 

friction brakes.  

The paper is organized as follows. Section 2 

discusses the TV control structure, with focus on the 

reference yaw rate generation for the SISO controller. 

The design of the controller gains is outlined in Section 

3. Section 4 presents the vehicle demonstrator and test 

procedures. Section 5 critically analyzes the 

experimental results. 

2. TV CONTROL STRUCTURE AND 

REFERENCE YAW RATE FORMULATION 

2.1. TV Control Structure 

 
The simplified schematic of the vehicle control system 

is reported in Figure 1. The control structure consists of:  

i) A reference yaw rate generator. It defines the so-
called handling yaw rate, ��, aimed at enhancing the 
cornering response in steady-state conditions. 
Moreover, the reference yaw rate generator corrects �� based on the actual sideslip angle, as detailed in 
Section 2.2. 

ii) A high-level controller, generating the overall 
traction/braking force and yaw moment demands, �� 
and �	 , to achieve the reference values of the 
vehicle states, starting from the outputs of the 
drivability map and the reference yaw rate generator. 
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�	  is the yaw moment contribution caused by the 
TV controller, i.e., by the difference among the 
wheel torques on the left- and right-hand sides of the 
vehicle. �	  excludes the yaw moment contribution 
associated with the lateral tire forces. In particular, 
in this study �	  is generated by a proportional 
integral (PI) controller (e.g., see De Novellis et al., 
2015a). This control structure was selected as it is 
commonly used for the stability control systems 
based on the actuation of the friction brakes. 
However, the formulations and analyses of this 
study have general validity and could be 
implemented with any other SISO controller 
formulation. 

 
Figure 1. Simplified control structure schematic. 
 

iii) A wheel torque control allocator, which outputs the 
reference torques, 
�, and brake pressures, �� , for the 
individual wheels, corresponding to the values of �� 
and �	  from the high-level controller. In the 
experimental tests of this study, the total drivetrain 
torques on the left- and right-hand sides of the 
vehicle, 

 and 
�, are calculated as: 



 = 0.5 ��� −�	� ��� 


� = 0.5 ��� +�	� ��� 

(1) 

where � is the half-track width and �� is the wheel 
radius. Each wheel torque demand is then allocated 
to be 50% of the torque demand on the respective 
side. More advanced control allocation strategies 
could be adopted (Dizqah et al., 2016; Pennycott et 
al., 2014). However, a simple and predictable 
control allocation algorithm is ideal for the analysis 

of this study, focused on the performance of the 
reference yaw rate generator and high-level 
controller. 
 

2.2. Reference Yaw Rate Formulation 

 
The key idea is to modify the reference yaw rate in 

critical conditions, i.e., when the sideslip angle is 

beyond predetermined thresholds. In this study �� is the 

output of a multi-dimensional look-up table (De 

Novellis et al., 2015a), based on: i) the driver inputs 

(i.e., steering wheel angle, � ; accelerator and brake 

pedal positions, ��  and �� ); ii) the measured or 

estimated vehicle states (e.g., vehicle speed, � ; 

longitudinal acceleration, ��). In particular, the design 

of �� modifies the cornering response of the vehicle: i) 

to reduce the understeer gradient with respect to the 

passive vehicle (i.e., the same vehicle plant without the 

TV controller); ii) to extend the region of linear 

cornering response; and iii) to extend the range of 

possible lateral accelerations for the available tire-road 

friction conditions. By means of a quasi-static model 

approach, the look-up table outputs different values of ��  depending on the driving mode selected by the 

driver, e.g., Normal Mode, Sport Mode, Enhanced Sport 

Mode, respectively characterized by increasing values 

of |��|  for the same operating conditions (i.e., less 

understeering cornering behavior than the passive 

vehicle). In this study ��  does not depend on the 

estimated tire-road friction coefficient, and is tuned for 

high tire-road friction conditions. 

The steady-state value of the reference yaw rate, � !",$%, is given by: � !",$% = �� − �&'�� − (�$)= '1 − �&)�� + �&(�$ 
 (2) 

�$ is the stability yaw rate, i.e., a yaw rate value that is 

compatible with the current cornering conditions of the 

vehicle, corresponding to the measured lateral 

acceleration, �+ . The weighting factor, � , is a linear 

function of the absolute value of the sideslip angle, |�|, 
and is saturated between 0 and 1: 

� =
,-
. 0 /0							|�| < ��3%|�| − ��3%�4�5 − ��3% 									/0							��3% ≤ |�| ≤ �4�51 /0								|�| > �4�5

   (3) 

This means that for large values of |�| it is � !",$% ='1 − &)�� + &(�$ , while for small values of |�|  it is � !",$% = �� . ��3%  is the activation threshold, i.e., the 

value of |�| below which no correction is applied to ��.  ��3%  is set to 1 deg for all controller configurations 

discussed in Sections 4 and 5. �4�5 is the limit threshold, 

i.e., the value of |�| above which � !",$% = '1 − &)�� +&(�$. This approach is simpler and easier to tune with 



International Journal of Automotive Technology, Vol. ?, No. ?, pp. ?−?(year)                                           Copyright  2000 KSAE 

Serial#Given by KSAE 

 

 

respect to the one presented in (Lu et al., 2016a), which 

also takes into account the sideslip angle rate, �8 . The 

parameters &  and (  allow additional tuning freedom, 

however they are set to 1 in this study, i.e., � !",$% = �$ 

for high values of sideslip angle. �$ is calculated from its saturation value, �$�% , which 

depends on �+ , according to the steady-state 

relationship between yaw rate and lateral acceleration 

(Teng et al., 2015):  

�$�% = �+ − 9/:;'�+)<�+�  (4) 

The parameter <�+  is used to provide some 

conservativeness on �$�% , i.e., to ensure that the vehicle 

with a yaw rate equal to �$�%  is actually operating within 

its cornering limit. <�+ is set to 1 m/s
2
 in this study. In 

the practical tuning of the controller, <�+ can be defined 

as a function of =�+=. �$ is given by: 

�$ = > �� 				/0			|��| < |�$�%||�$�%|9/:;'��) 				/0			|��| ≥ |�$�%|   (5) 

Hence, �$ is the result of the saturation of �� according 

to the available friction conditions, defined by the 

measured lateral acceleration. The reference yaw rate, � !" , which is input to the feedback yaw rate controller, 

is calculated by filtering � !",$% , i.e., � !"'9) =� !",$%'9)/'1 + 
9), where 
 is the time constant of the 

first order filter and	9 is the Laplace operator. 

The value of � in Equation (3) can be evaluated for 

any point along the A -axis of the vehicle reference 

system (see Figure 2, with the schematic of the vehicle 

cornering about its center of instantaneous rotation, 

CIR). The location at which � is evaluated affects the 

performance of the TV controller because of the 

different kind of information contained in the sideslip 

value, as discussed later in this section.  

Three cases are considered for � : i) the front axle 

(FA), with the corresponding angle � = �BC ; ii) the 

center of gravity (CG), with the corresponding angle � = ��� . This is the case normally discussed in the 

literature (for example, in (Teng et al., 2015)); and iii) 

the rear axle (RA), with the corresponding angle � = ��C. Note that the relationship between the sideslip 

angles calculated for two different points, DE  and DF , 

located along the	A-axis of the vehicle reference system, 

is given by: 

�GH = �GI + ��GIGH�GI cos �GI (6) 

where �GIGH is the distance between DE and DF (positive 

if DF  is in front of DE  according to the conventions of 

this study), and �GI is the velocity of DE.  

The sideslip angle at a generic point D along the A-

axis, �G , can be split into two contributions, i.e., a 

kinematic contribution, �M�N,G , and a dynamic 

contribution related to lateral tire slip, �O+N,G: �O+N,G = −�G + �M�N,G (7) 

 

 
Figure 2. Top view of a single-track vehicle model with 

indication of the main parameters and variables.  

 

During a cornering maneuver with zero tire slip angles 

on both axles (kinematic steering), e.g., in conditions of 

low speed maneuvering during parking, �O+N,G would be 

zero, and the vehicle would experience a sideslip angle 

equal to �M�N,G . For example, if D ≡ Q& , �M�N,��  in 

kinematic steering conditions can be calculated from the 

steering angle of the wheel, ��, i.e., through �M�N,�� ≈�F/� ≈ �F��/S, being �F the rear semi-wheelbase and � the trajectory radius at the centre of gravity (Genta, 

1997).  

This study adopts a different approach. In fact, �M�N,��  is calculated starting from the measured yaw 

rate, �: 

�M�N,�� ≈ �F� ≈ �F��  (8) 

In Equation (8) �M�N,�� represents the sideslip angle that 

the vehicle would experience in kinematic steering 

conditions while cornering with its actual yaw rate, �. 

As the actual steering response of a real vehicle is 

different from that of a neutral vehicle, the resulting 

value of �M�N,��  differs from the one that can be 

calculated from the actual value of ��.  

The definition of �M�N  in Equation (8) can be 

extended to any other point located on the A-axis of the 

vehicle reference system. By combining Equations (6)-

(8), it results that the value of �O+N,G  is independent 

from the choice of D, i.e., �O+N,G = �O+N. Interestingly, 
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by imposing DE ≡ Q&  and DF ≡ �T  in Equation (6), it 

results that ��C = �O+N , therefore ��C  coincides with 

the dynamic vehicle sideslip angle, �O+N , computed 

through Equations (7) and (8). 

The idea of considering �O+N = ��C  as control 

variable permits to constrain the net level of sideslip 

induced by the lateral slip of the rear tires, experiencing 

an average slip angle U�C = −��C . The rear axle is 

responsible for vehicle stability in cornering, i.e., the 

rear axle generates the stabilizing yaw moment that 

counteracts the destabilizing yaw moment caused by the 

steering action of the front tires. A large value of |��C| 
implies a rear axle that is operating at its limit, i.e., in 

critical conditions, potentially compromising the 

stability of the overall vehicle. As a consequence, a 

controller based on �O+N = ��C  intervenes when 

actually required in emergency conditions, and can be 

based on fixed thresholds, as significant values of �O+N 

represent a stability issue at any lateral acceleration, 

vehicle speed or tire-road friction condition. On the 

other hand, a controller based on ���  would require 

variable thresholds, to prevent undesired interventions, 

e.g., caused by the significant values of �M�N,��  during 

parking maneuvers with high values of ��, and hence 

low values of �. 

3. CONTROL SYSTEM DESIGN 

Starting from the formulation of the single-track vehicle 

model (Genta, 1997; Milliken and Milliken, 1995) 

under the hypotheses of small steering angles, linear tire 

response and constant vehicle speed, the actual yaw 

rate, �, can be expressed in the Laplace domain as: �'9) = & VW'9)�	'9) + & XY'9)��'9) (9) 

with: 

& VW'9) = Z VW'9)['9)  (10) 

= \�9 − ]̂_`\�9F − a_`]̂ + Z \�b9 − Ẑ ] + Ẑ \� + Z ]̂ 	
	

& XY = Z XY'9)['9)  
          

(11) 
	

 

= ZXY\�9 + Ẑ ]XY − ZXY]̂_`\�9F − a_`]̂ + Z \�b9 − Ẑ ] + Ẑ \� + Z ]̂ 	
	  

where the stability derivatives are: ]̂ = QE + QF, ] = ��Ic��Hd , ]XY = −QE (12) 

Ẑ = �QE − eQF, 	Z = �H�If�H�Hd ,  ZXY = −�QE 
(13) 

Similarly, �'9)  can be obtained in the frequency 

domain as: 

�'9) = &^VW'9)�	'9) + &^XY'9)��'9)  (14) 

with: 

&^VW = Ẑ VW'9)['9) = ] −\�['9) 	
&^XY = Ẑ XY'9)['9)
= ZXY] − Z ]XY −\�ZXY + _`]XY9['9) 	

 (15) 

The front and rear cornering stiffness values for control 

system design, QE and QF, respectively of 37180 N/rad 

and 82690 N/rad, are those obtained from the detailed 

analysis in (Lu et al., 2016b), referred to the same 

vehicle demonstrator. They correspond to the vehicle 

operating at �+ = 8.3 m/s
2
 in high friction conditions. 

The TV yaw moment is formulated as the output of a 

PI controller on the yaw rate error: �	'g) = (h i� !"'g) − �'g)j + 

(� ki� !"'g) − �'g)j dg + 

(�� ki�`,$�%'gc) − �`'gc)j dg 
 (16) 

(h , (�  and (��  are the proportional, integral and anti-

windup gains. gc  is the time value at the previous 

discretization step, and �`,$�%  is the saturated value of 

the reference yaw moment, set to 1600 Nm for all the 

experimental tests of the paper. Appropriate reset 

integrator conditions are included in the implemented 

controller formulation, see (De Novellis et al., 2015a; 

Lu et al., 2016b). In a first approximation, when 

neglecting the anti-windup, the control system design 

can be carried out by substituting the following transfer 

function into Equations (9) and (14):  �	'9) = QGm'9) i� !"'9) − �'9)j 

= �(h + (�9 � i� !"'9) − �'9)j 
 (17) 

 

Table 1. Control system parameters for (� =  31623 

Nm/rad. 

 
A gain scheduling scheme is introduced for the 

proportional gain, (h , with the aim of guaranteeing 

similar tracking bandwidth of the closed-loop system, 

regardless of vehicle speed. In this respect, for different 

speed values Table 1 shows: i) the natural frequency, nN , and the damping ratio, o , of & VW'9)  (note that ['9)  can be expressed as ['9) = 9F + 2	onN9 + nNF ); 

Speed 

(km/h) 

(h  

(Nms/rad) 
& V'9) & VW'9)QGm'9)  

Open-loop 

& VW'9)QGm'9)
Closed-loop 

 
nN 

(HZ) 
o 

&� 

(dB) 

D� 

(deg) 
qr (Hz) 

39 23806 0.99 0.67 Inf 144.9 1.434 

56 18268 0.95 0.48 Inf 134.9 1.433 

68 16058 0.94 0.40 Inf 127.4 1.433 

79 14668 0.93 0.35 Inf 121.4 1.434 

96 13152 0.93 0.29 Inf 114.0 1.432 
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ii) the selected values of (h ; iii) the values of gain 

margin (&�) and phase margin (D�) of the open-loop 

transfer function, & VW'9)QGm'9); and iv) the tracking 

bandwidth (qr ) of the closed-loop transfer function, 

i.e., & VW'9)QGm'9)/'1 + & VW'9)QGm'9)).  
It is interesting to analyze the effects of the sideslip-

based correction of the reference yaw rate, in particular 

when |�| > �4�5 and � !",$% = �$ = �+/�  (<�+ = 0  and & = ( = 1 for simplicity). From the single-track model 

it is: �+ = �'� + �8)	  (18) 

When substituting Equation (18) into Equation (16) 

(without considering the anti-windup term) and 

simplifying,  �	'g) becomes: �	'g) = (h�8'g) + (��'g)	  (19) 

which is the formulation of a proportional derivative 

(PD) regulator on �'g), i.e., QGs'9), or, equivalently, a 

PI regulator on �8'g). This result is in agreement with 

the purpose of controlling �'g) . Moreover, by 

substituting Equation (19) into Equation (14) and re-

arranging, �'9) becomes: 

�'9) = &^XY,t'9)��'9) = Ẑ XY,t'9)[t'9) ��'9)	  (20) 

where: Ẑ XY,t'9) = −_`]XY9 + Z ]XY +ZXY'\�− ] )	    (21) 

[t'9) = −\�_`9F + 9a]̂ _` +\�Z − (hub+ '−]̂ Z − aẐ + (�bu)	    (22) 

The static gain of &^XY,t is: &^XY,t'9 = 0)
= Z ]XY +ZXY'\� − ] )'−]̂ Z − aẐ + (�b'\� − ] ))	 (23) 

Consistently with Equation (19), &^XY,t'9 = 0)  does 

not depend on (h, while it decreases with (�, and tends 

to zero for (� → ∞. Similarly to Table 1, the stability of 

the response of the system in the sideslip tracking mode 

was verified through the analysis of the transfer function &^VW'9)QGs'9). 
4. EXPERIMENTAL SET-UP 

4.1. The Vehicle Demonstrator 

 
The experimental study was conducted on an electric 

Range Rover Evoque prototype (Figure 3), with four 

identical on-board drivetrains, each of them consisting 

of a switched reluctance electric motor (M1, M2, M3 

and M4), a double-stage single-speed transmission 

system, constant velocity joints and a half-shaft. The 

vehicle prototype features a battery pack and a Vehicle 

Control Unit (VCU), which manages and coordinates all 

the components, including the four inverters (I1, I2, I3 

and I4). The pressure levels of the friction brakes are 

individually controlled by an electro-hydraulic braking 

system, set up during the European project 

E-VECTOORC (E-VECTOORC, 2016; Savitski et al., 

2016). The TV controller detailed in Sections 2-3 was 

implemented on a dSPACE AutoBox system. The main 

vehicle parameters are reported in Table 2. 

During the tests, the sideslip angle was measured 

through a Corrsys Datron S-350 sensor, installed on the 

front end of the car (see Figure 3). The values of 

sideslip angle for different points along the A-axis of the 

vehicle reference system were obtained through 

Equation (6), starting from the Datron measurement 

data, combined with the information from the 6-degree-

of-freedom inertial measurement unit installed on the 

vehicle. Despite the availability of sideslip state 

estimators (e.g., see the one implemented in (De 

Novellis et al., 2015b)), the outputs from the Datron 

were used to calculate the sideslip control variable 

during the tests. This makes the controller comparison 

independent from the specificities of the sideslip angle 

estimation method, conferring reliability to this 

experimental proof of concept. 

 
Figure 3. The vehicle demonstrator with the Corrsys 

Datron sideslip sensor installed on the front bumper 

(top); schematic of the electric drivetrain architecture 

(bottom). 

 

Table 2. Main vehicle parameters. 
Symbol Name and unit Value \ Mass (kg) 2290 �E Front semi-wheelbase (m) 1.399 S Wheelbase (m) 2.665 
x� Gearbox ratio (-) 10.56 �� Wheel radius (m) 0.364 

2� Track width (m) 1.616 − No. of motors per axle (-) 2 �O3 High-voltage dc bus level (V) 600 

 

The following configurations of the vehicle 

demonstrator were considered during the tests: 

M 1
M 2

I1

I2
δ

Battery Pack

Datron

Sensor
M 3

M 4

I3 VCU

I4
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• The baseline vehicle, PV, i.e., the passive vehicle 

with constant wheel torque distribution (25% of 

the total torque demand is assigned to each wheel). 

• The TV-controlled vehicle without the sideslip-

related variation of the reference yaw rate. This 

configuration is called AV, i.e., active vehicle, in 

Section 5. 

• The TV-controlled vehicle with the sideslip-related 

variation of the reference yaw rate, based on �BC, ���  or ��C, respectively corresponding to the test 

cases indicated as AVC-FA, AVC-CG and AVC-

RA in the remainder. The values of �4�5 	used for 

the AVC-FA, AVC-CG and AVC-RA are, 

respectively, 3 deg, 2 deg and 4 deg. They were 

selected through simulations and experiments in 

order to achieve good performance in the specific 

tests of this study. Interestingly, during the control 

system tuning, it was observed that an increase of �4�5  on the AVC-FA and AVC-CG cases brings 

vehicle stability issues in the two extreme 

maneuvers of this analysis.  

• The controlled vehicle with constant electric 

drivetrain torque distribution (i.e., without TV 

control), but including direct yaw moment control 

through a stability control system based on the 

individual actuation of braking torques in 

emergency conditions. This is referred to as 

Electronic Stability Control (ESC) configuration in 

the remainder, and has similar functionality to that 

of conventional stability control systems of 

production passenger cars (van Zanten, 2000; Her 

et al., 2016). The emergency conditions are 

identified when =� !" − �= > ∆�%� $ . � !"  includes 

the sideslip-related variation, implemented as a 

function of ��C. The value of the threshold, ∆�%� $, 
is of ≈6 deg/s for the vehicle speed values of the 

relevant tests. The same PI controller gain design 

as for the TV-controlled cases is adopted for 

generating the reference yaw moment. The ESC 

yaw rate error for the PI controller is calculated by 

using a deadband of ±∆�%� $, which is consistent 

with the activation condition of the stability 

control system. Moreover, the ESC mode reduces 

the traction torque demand – thus overruling the 

driver’s input – when this is considered necessary 

(i.e., based on =� !" − �=) to improve the cornering 

safety by reducing vehicle speed. 

 

4.2. Test Maneuvers 

 
The proving ground located in Weert (Netherlands) was 

used for the experimental tests of this study. The test 

area consists of a surface that is 150 m long and 41 m 

wide (Figure 4). The central part (50 m x 25 m) of such 

surface is characterized by a low friction area, made of 

epoxy and kept constantly wet by means of sprinklers. 

The remaining part of the proving ground is covered 

with common asphalt. The friction coefficient in the low 

friction area is ≈15% of the friction coefficient in the 

high friction area. 

Two very demanding test maneuvers, called 

‘Maneuver 1’ and ‘Maneuver 2’ in the remainder, were 

executed in the study. For both of them: 

• The car is accelerated on a straight line until the 

reference speed value, �5  (defined below), is 

steadily achieved. 

• Once the vehicle is stabilized on �5 , a constant 

wheel torque demand (100 Nm) is applied through 

the dSPACE system, thus bypassing driver’s input 

on the accelerator pedal. 

• The vehicle executes a slalom maneuver with 

cones located at 20 m from each other on a straight 

line. 

In particular: 

• For Maneuver 1, the cones are located along line 1 

in Figure 4, i.e., the vehicle starts the test on the 

high friction area, then enters the low friction area, 

and, at the end of the maneuver, goes back into the 

high friction area. 

• For Maneuver 2, the cones are located along line 2 

in Figure 4, i.e., on the border between the high 

friction surface and the low friction surface. As a 

consequence, the car experiences a continuous 

variation of tire-road friction conditions, which are 

different among the left and right tires of the 

vehicle during most of the test.  

• �5  is defined as the maximum initial speed at 

which the PV (i.e., the vehicle without TV 

controller) can complete the maneuver without 

hitting any cone. The value of �5  is different for 

each test driver, and was determined through 

multiple tests. 

Maneuver 1 and Maneuver 2 are particularly critical for 

stability control systems, because of the very swift 

variation of the tire-road friction coefficient, which 

requires prompt adaptation of the controller. Hence, 

these test conditions are even more demanding than 

those typically achievable in a uniformly low-friction 

proving ground, e.g., covered with snow/ice.  

Given the potentially significant influence of the 

subjective driver behavior on the test results, three 

different professional test drivers (indicated as driver A, 

driver B and driver C) and a driver without any specific 

training (driver D) were employed for the execution of 

the tests, in order to verify the consistency of the effect 
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of the different TV controller set-ups. Each test was 

repeated several times with each driver. It was observed 

that the drivers generated quite variable steering wheel 

input profiles among each other for the same maneuver. 

However, no substantial variation of the vehicle 

performance trends was observed between the results 

associated to different drivers. In particular, the relative 

performance rating of the AV, AVC-FA, AVC-CG, 

AVC-RA and ESC cases did not change with the driver. 

 

 
Figure 4. A drone view of the Weert proving ground, 

with indication of: i) the friction condition of the 

different surfaces; and ii) the two lines where cones 

were located for the execution of Maneuver 1 and 

Maneuver 2. 

 

4.3. Performance Indicators 
 

Six objective performance indicators are adopted for the 

assessment of each controller along the tests: 

• The root mean square value of the yaw rate error, ��{u , which assesses the tracking performance of 

the feedback controller on yaw rate:  

��{u = | 1g" − g� k '� !"'g) − �'g))F�g%}
%~  (24) 

where g�  and g"  represent the initial time and final 

time of the relevant part of the test, respectively. g" − g�  is 10 s for Maneuver 1, and 5.5 s for 

Maneuver 2. 

• The root mean square value of the difference 

between � !",$%  and �� , i.e., ��{û , which assesses 

the significance of the intervention of the sideslip 

contribution of the controller, making � !",$%  differ 

from ��:  

��{û = | 1g" − g� k '� !",$%'g) − ��'g))F�g%}
%~  (25) 

• The maximum absolute value of sideslip angle at the 

rear axle, i.e., =��C,5��= = =�O+N,5��=. 
• The normalized integral of the absolute value of the 

control action, �TQT, which evaluates the amount of 

direct yaw moment control effort: 

�TQT = 1g" − g� 	k |�`'g)|%}
%~ �g (26) 

• ∆�%, which provides the magnitude of the vehicle 

speed reduction during the test, expressed as a 

percentage of the initial speed, �5:  

∆�% = 100�5 − �ag"b�5 	 (27) 

• The normalized integral of the absolute value of the 

steering wheel control action applied by the driver, �T{QT. This indicator represents the steering wheel 

effort required for the successful completion of the 

test, i.e., for not hitting any cone: 

�T{QT = 1g" − g� 	k |�'g)|%}
%~ �g (28) 

5. TEST RESULTS 

This section presents a selection of the experimental test 

results on the Range Rover Evoque demonstrator along 

Maneuver 1 and Maneuver 2, including comparisons 

and analyses of the performance of the PV, the response 

of the same vehicle with the different TV controllers, 

and the behavior of the same vehicle with the ESC. 

 

5.1. Maneuver 1 
 

Figure 5 shows a visual comparison for the AV and 

AVC-FA cases along Maneuver 1, in the same spot of 

the low friction part of the test area. The frame was 

captured at a time g ≈ 7.5 s in the following Figures 6-

10, reporting the time histories of the main variables. 

The oversteering problem of the AV, which requires the 

countersteering action of the driver, is evident in Figure 

5. This is caused by the excessively high value of the 

reference yaw rate, designed for high friction 

conditions. The response of the AV is typical of a TV-

controlled vehicle without a working friction estimator 

capable of modifying the reference value of yaw rate. 

In particular, in Figures 6-10 the vehicle enters the 

low friction area at ≈4 s and leaves it at ≈9 s, with 

some variability caused by the difference in the velocity 

profiles corresponding to the multiple controller 

configurations along the maneuver. As expected, the 

AV is more aggressive than the PV, especially after 6 s, 

when the driver manages to complete the test with the 
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PV, while the AV spins. The instability of the AV is 

evident in Figures 6 and 7, where, after ≈8.5 s, the 

sideslip angle has opposite sign with respect to the yaw 

rate. Figures 9 and 10 report the average slip angles of 

the front and rear axles. In particular, the front slip 

angle, UBC , is calculated from the front sideslip angle 

and average steering angle, i.e., UBC = �� − �BC. From 

0 s to 4 s, the slip angle at the front axle tends to be 

larger in magnitude than the slip angle at the rear axle 

for all cases, i.e., the vehicle tends to understeer. After 4 

s, the PV and AV present a rear slip angle significantly 

larger (in magnitude) than the front slip angle, i.e., they 

show an oversteering behavior, differently from the 

AVC cases. 

Based on this qualitative analysis, the first important 

conclusion is that in variable friction conditions it is 

much more important to have appropriate and swiftly 

adaptable generation of the reference yaw rate signal, 

rather than an advanced controller providing excellent 

tracking performance. Moreover, a TV-controlled 

vehicle that is not properly tuned for low or variable 

friction conditions is potentially more dangerous than a 

passive vehicle. 

 

 
Figure 5. Visual comparison for Maneuver 1, when the 

vehicle is slaloming in the low friction surface: AV 

(left), AVC-FA (right) – frame captured at g ≈7.5 s in 

Figures 6-10. 

 
Figure 6. Maneuver 1, driver A: �'g)  for different 

vehicle controller configurations.  

 
Figure 7. Maneuver 1, driver A: �BC'g)  for different 

vehicle controller configurations. 

 

 
Figure 8. Maneuver 1, driver A: ���'g)  for different 

vehicle controller configurations. 

 

More specifically, Figures 6-10, together with Table 

3, allow objective comparisons of the performance of 

the different control system configurations. Among the 

AVCs, the AVC-RA case provides: i) smoother and 

slightly lower profile of |�'g)|  (Figure 6); ii) smaller 

values of |�| (see Figures 5, 7, 8 and 10), not only at the 

rear axle, but at the front axle and center of gravity as 

well, despite �4�5  being smaller for the AVC-FA and 

AVC-CG cases; iii) the best yaw rate tracking 

performance, with a ��{u  of 3.4 deg/s, against the 5.2 

deg/s and 4.0 deg/s of the AVC-FA and AVC-CG 

(Table 3); iv) the lowest intervention of the sideslip-

based correction, which is evident from a ��{û  of 

only 0.83 deg/s, against the 4.7 deg/s and 1.0 deg/s of 

the AVC-FA and AVC-CG cases. On the other hand, 

this is associated with a slightly increased control effort 

(see the �TQT values in Table 3); and v) the smallest 

vehicle speed reduction, ∆�%, which is 5.2% for the 

AVC-RA, against the 6.5% of the other two AVC cases 

(Table 3).  

As a consequence, for Maneuver 1 the AVC-RA 

appears to be the best AVC option, and these 
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experiments validate the AVC-RA idea described in 

Section 2.2. In fact, the sideslip-based correction of the 

AVC-RA intervenes less, and only when it is really 

needed, i.e., when there is a significant dynamic sideslip 

angle. In the AVC-FA and AVC-CG the correction 

intervenes also when there is a large value of steering 

input from the driver and a large trajectory curvature 

(i.e., a significant kinematic sideslip angle), which does 

not necessarily result into safety-critical vehicle 

operation.  

 
Figure 9. Maneuver 1, driver A: UBC'g)  for different 

vehicle controller configurations.  

 
Figure 10. Maneuver 1, driver A: U�C'g) = −��C'g) for 

different vehicle controller configurations. 

 

Table 3. Performance indicators for Maneuver 1, driver 

A, �5 = 37 km/h. 

Case 
��{u  

(deg/s) 

��{û  

(deg/s) 

=��C,5��= 
(deg) 

�TQT 

(Nm) 
∆V% 

�T{QT 

(deg) 

PV 17.9 NA 13.0 0 21.3 54.4 

AV 47.1 NA 85.6 1224 56.1 87.8 

AVC-FA 5.2 4.7 6.8 822 6.5 35.1 

AVC-CG 4.0 1.0 4.7 953 6.5 28.1 

AVC-RA 3.4 0.83 3.1 1013 5.2 29.0 

 

 

5.2. Maneuver 2 

 
Similar results to those discussed in detail for Maneuver 

1 were obtained for Maneuver 2 (see Figures 11-15 and 

Table 4), with the controller based on ��C consistently 

outperforming the other options. Actually, the AVC-RA 

case is the only one capable of maintaining the rear axle 

sideslip angle (i.e., the dynamic sideslip angle) within 

limits that are typical of normal driving conditions. In 

fact, the AVC-RA case achieves a =��C,5��= value of 

3.3 deg (Table 4), while the other AVC cases are 

characterized by =��C,5��= >10 deg. 

 

Table 4. Performance indicators for Maneuver 2, driver 

B, �5 = 43 km/h. 

Case 
��{u  

(deg/s) 

��{û  

(deg/s) 

=��C,5��= 
(deg) 

�TQT 

(Nm) 
∆V% 

�T{QT 

(deg) 

PV 35.3 0 16.0 0 26.7 83.0 

AV 58.1 0 79.8 1401 59.6 116.2 

AVC-FA 13.3 22.6 11.7 1363 3.5 53.3 

AVC-CG 20.8 30.1 14.7 1474 6.0 79.5 

AVC-RA 4.2 7.5 3.3 1275 3.5 46.3 

 

 
Figure 11. Maneuver 2, driver B: �'g)  for different 

vehicle controller configurations. 

 
Figure 12. Maneuver 2, driver B: U�C = −��C'g)  for 

different vehicle controller configurations.   

 

In order to analyze the effect of the sideslip-based 

correction in detail, Figures 14 and 15 show the four 

relevant yaw rates, i.e., ��'g) , �$'g) , � !"'g)  and �'g) , 

and the corresponding yaw moment, for the AVC-RA 

case. At the beginning of the maneuver (between 0 and 
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≈ 1.8 s), when the outer wheels are on the high friction 

area, |��C| is small and � !"  is greater than the actual 

yaw rate, resulting in a positive (destabilizing) yaw 

moment. Just before entering the low friction area 

(between ≈1.8 s and ≈2 s), the reference yaw rate 

becomes lower than the actual one, resulting in a 

negative yaw moment, which is firstly stabilizing (when 

the vehicle is still turning left) and then destabilizing 

(when vehicle starts turning right). Immediately after 

entering the low friction area with the outer wheels (at ≈  2 s), |��C|  increases significantly and the sideslip-

based correction intervenes, i.e., the reference yaw rate 

gets closer to the stability yaw rate, thus becoming 

greater (i.e., less negative) than the actual yaw rate, 

implying a positive (stabilizing) yaw moment. After 3.5 

s the cornering action is carried out with the outer 

wheels operating in high friction conditions. As 

discussed for the initial part of the maneuver (before 2 

s), this is associated with small values of |��C| , and 

therefore no correction of the handling yaw rate is 

needed. 

 
Figure 13. Maneuver 2, driver B: 	�'g)  for different 

vehicle controller configurations.   

 
Figure 14. Maneuver 2, driver B: overlap of the 

different yaw rates (handling, stability, reference and 

actual) for the AVC-RA case. 

 
Figure 15. Maneuver 2, driver B: yaw moment for the 

AVC-RA case. 

 

5.3. Comparison of AVC-RA and ESC 

 
This section compares the PV, AVC-RA and ESC 

configurations along Maneuver 1 and Maneuver 2. The 

objective is to assess the vehicle safety benefit that is 

achievable through continuously active TV control, with 

respect to an ESC system operating only in emergency 

conditions. 

Figures 16 and 17 report the time histories of vehicle 

yaw rate and sideslip angle along Maneuver 2. Tables 5 

and 6 include the performance indicators for Maneuver 

1 and Maneuver 2, with the vehicle operated 

respectively by driver C and driver D. In Table 5 the �T{QT values are larger than in Table 3, since driver C 

managed to execute the test at larger values of initial 

vehicle speed than driver A. On the other hand, in Table 

6 the �T{QT values are larger than in Table 4, despite �5 is the same, because of the lack of specific training 

of driver D, who executed the tests in Table 6. In both 

cases the ESC provides a performance level that is 

intermediate between that of the PV and AVC-RA 

cases. The continuous operation of the TV controller of 

the AVC-RA allows prompt limitation of the peaks and 

overshoots of vehicle yaw rate and rear slip angle, 

which follow each steering wheel input. The specific 

ESC tuning struggles recovering the vehicle yaw 

dynamics, as it intervenes when the vehicle is already 

quite far from its reference cornering behavior.  

Future analyses will include sensitivity studies on the 

ESC gains and yaw moment saturation value. In any 

case, given the very low friction value of the section of 

the proving ground covered with Epoxy, it is not 

recommended to significantly increase the ESC control 

gains or the yaw moment saturation level, as these 

modifications could trigger wheel slip control issues and 

aggressive interventions of the anti-lock braking system.    
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Figure 16. Maneuver 2, driver D: �'g)  for different 

vehicle controller configurations.   

 
Figure 17. Maneuver 2, driver D: ��C'g) for different 

vehicle controller configurations.   

 

Table 5. Performance indicators for Maneuver 1, driver 

C, �5 = 42 km/h. 

Case 
��{u  

(deg/s) 

��{û  

(deg/s) 

=��C,5��= 
(deg) 

�TQT 

(Nm) 
∆V% 

�T{QT 

(deg) 

PV 13.4 0 9.1 0 26.5 52.2 

AVC-RA 4.6 4.5 3.5 1081 6.0 41.1 

AVC-ESC 11.0 6.8 8.3 583 26.2 51.8 

 

Table 6. Performance indicators for Maneuver 2, driver 

D, �5 = 43 km/h. 

Case 
��{u  

(deg/s) 

��{û  

(deg/s) 

=��C,5��= 
(deg) 

�TQT 

(Nm) 
∆V% 

�T{QT 

(deg) 

PV 29.3 0 14.2 0 16.7 82.1 

AVC-RA 5.3 12.7 4.6 1337 3.5 63.3 

  AVC-ESC 11.5 15.1 8.0 623 13.3 69.8 

6. CONCLUSIONS 

The analysis presented in this paper leads to the 

following conclusions:  

• In specific maneuvers tested at the Weert proving 

ground, continuously active torque-vectoring control 

based on yaw rate feedback, without proper 

adaptability to swiftly variable tire-road friction 

conditions, can bring more safety-critical vehicle 

response than that of a passive vehicle without any 

form of direct yaw moment control. 

• Effective continuous control of yaw rate with 

sideslip angle limitation is achievable with a single 

input single output yaw-rate-based control structure, 

where the reference yaw rate is modified according 

to the measured (or estimated) sideslip angle. 

• The proposed controller formulation works as a PI 

yaw rate controller when the reference yaw rate 

coincides with the handling yaw rate, and as a PD 

controller on sideslip angle when the reference yaw 

rate coincides with the saturation value of the 

stability yaw rate. 

• The sideslip-based weighting function between the 

handling yaw rate and the stability yaw rate allows 

controller adaptability to very quick and non-

uniform variations of the tire-road friction 

coefficient on the individual tires. Its tuning is 

essential to define vehicle response on variable 

friction surfaces. 

• Based on the experimental results it is recommended 

to control the dynamic sideslip angle, which (in 

absolute value) is coincident with the sideslip angle 

at the rear axle, i.e., the average slip angle of the rear 

tires. In fact, the control system performance based 

on sideslip angle limitation at the front axle or at the 

vehicle center of gravity (which is the common 

option in the literature) is shown to be significantly 

weaker in the specific tests, and can also lead to 

undesired control system interventions if it is not 

carefully tuned for large steering angle values. 

• The continuous actuation of direct yaw moment 

control through torque-vectoring brings significant 

benefits in limiting yaw rate overshoots in very low 

or quickly variable friction conditions, thus 

providing safer performance than that of the case 

study stability control system based on braking 

torque actuation only in emergency conditions. 
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