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Abstract 

Integrated vehicle dynamics control with the coordination of several vehicle subsystems is considered. The 

proposed algorithms of subsystem coordination based on restriction weights into the optimal control allocation 

allow to achieve lower energy consumption without significant impairment of stability of motion and vehicle 

handling compared with standard control allocation. The proposed control system was investigated using HIL test 

rig with hardware components of friction brake system and dynamic tire pressure system. 

1. INTRODUCTION 

Integrated control of multi-actuated vehicle allows to control various operation characteristics such as stability of 

motion, vehicle handling, energy consumption, ride comfort and others. Due to over-actuated nature, one of the 

most studied and applied control technique is control allocation [1-3]. Research issues of control allocation cover 

the following topics as representation of actuator dynamics, approximation of nonlinear allocation, adaptation of 

control allocation to uncertainties and disturbances and others. In this paper, the emphasis is given to the 

achievement of several control objectives without complication of cost function. 

The aim of this paper is to coordinate/prioritize each vehicle subsystem in accordance with several 

performance criteria to achieve better vehicle operation characteristics. For this aim, the algorithms based on 

restriction weights are developed and investigated. The subsystem coordination covers (i) friction brake system, (ii) 

near-wheel drive electric motors, (iii) wheel steer actuators, (iv) camber angle actuators, (v) dynamic tire pressure 

system and (vi) actuators generating additional normal forces through external spring, damping and stabilizer 

forces. The investigated vehicle is a middle-size passenger car with a mass of 1534 kg, weight front/rear 

distribution 55/45 and tire size 205/60R15. 

2. OVERALL CONTROL SYSTEM 

The overall structure of control system (Figure 1) consists of a state observer; high-layer control of vehicle 

dynamics; middle-layer control allocation (CA) and low-layer individual actuator control. Steering angle from 

driver is the input parameter to the control system. The high layer controller minimizes the deviation between 

reference and actual vehicle behaviour to guarantee handling and stability of motion. The middle layer allocates 

control demand between vehicle subsystems. Then the low-layer actuator control guarantees a precise tracking to 

reference control signals obtained from the middle layer. Moreover, it is used to estimate boundary conditions for 

control allocation taking into account actuator physical limits and wheel slip control. 

 
Figure 1   Overall control structure 
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2.1 High-layer vehicle dynamics controller 

The high-layer vehicle dynamics controller consists of two parts: generator of reference signals and vehicle 

dynamics controller for generation of lateral force and yaw torque demands to minimize a difference between 

actual and reference vehicle behaviour. The reference signals are reference yaw rate for vehicle handling, and 

reference sideslip angle, when the vehicle is outside the boundaries of vehicle stability bound and 
bound . 

To estimate reference yaw rate, a classical bicycle vehicle model is applied. The reference yaw rate is 

constrained according to adhesion limits [4]. The controller maintains vehicle stability only during emergency 

manoeuvres, therefore sideslip angle control should be bounded using phase-plane approach [5]. When sideslip 

angle is inside the stability boundaries, no action is required. The reference sideslip angle βref is calculated from 

estimated βest, boundary bound  and 
bound  values as: 
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The control error of sideslip angle eβ and yaw rate edψ/dt can be found as: 
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The threshold   defines dead zones to eliminate demand generation when control error is insignificant. 

The second-order sliding mode control (SOSMC) is selected [6] as the control method to stabilize closed-loop 

system. Main advantages of SOSMC are chattering reduction and high accuracy under the same robustness in 

comparison with first-order sliding mode control. The proposed controller is formulated in discrete-time domain, 

taking into account its subsequent investigation using hardware-in-the-loop (HIL) test rig. To reduce the chattering 

effect, instead of the application of the sign function in [6], the saturation function is applied. 

The generalized lateral force νlat is calculated with sampling time Ts as: 
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The generalized yaw torque νyaw is defined: 
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Controller gain for generalized yaw torque is proportionally scheduled using values of yaw rate. This 

procedure reduces the generation of control demand under lower control errors. The controller parameters are 

related to full vehicle mass ma and total moment of inertia of vehicle about z-axis Izz. The values of controller gains 

are obtained from offline-simulation optimization and listed in Table 1. 

Table 1 Controller parameters 

Sideslip angle control ,smK   = 10ma;   = 2.5e-2; bound =3 deg; 
bound = 25 deg/s 

Yaw rate control  , 3 deg/ssmK     = 5Izz;  , 10 deg/ssmK     = 25Izz;   = 5e-2;  = 0.25 deg/s 

2.2 Middle-layer control allocation 

The aim of middle-layer control allocation is a distribution of generalized control demands between vehicle 

subsystems. The relationship between generalized forces and yaw torque (control demands from high-layer 

controller) and control input vector (outputs from control allocation) is nonlinear. According to [1, 3] a nonlinear 

relationship can be linearized about an operating point by first-order Taylor series expansion: 
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Tire forces can be separated between forces components related to vehicle motion and subsystem actuation. 

Neglecting transient processes in actuators and considering their simplified dynamics, the tire force components 

related to vehicle motion Fwi
sys

 and generated by actuators Fwi
actuators

 are equal to [7]: 
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The nonlinear component of vehicle motion g(ξ,uk-1) can be calculated as: 
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Since the six vehicle subsystems are considered, and electric motors can develop positive (traction) ,

,

CA pos

em iT  

and negative (brake) ,

,

CA neg

em iT  torques, the control input vector is given as: 
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The control effectiveness matrix Bu is equal to: 
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The parameters of control effectiveness matrix Bδ for wheel steer actuators δi
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 can be formulated as: 
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The kinematic ratios χyi are: 
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Control effectiveness matrix Bbr for friction brake torques Tbr,i
CA

 can be written using wheel radius rw: 
1 1 1 1

1 1 1 1
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The kinematic ratios χxi are: 
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Control effectiveness matrix Bpw for dynamic tire pressures pwi
CA

 is defined as: 
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Control effectiveness matrices for electric motors Bem
pos

 and Bem
neg

 are equal to Bbr. Control effectiveness 

matrix Bγ for camber angle actuators γi
CA

 is the same as control effectiveness matrix Bδ for wheel steer actuators 

δi
CA

. Instead of lateral stiffness Cywi the camber stiffness Cγi is used. Control effectiveness matrix BRz for the 

actuators generating additional normal forces Rzi
CA

 is found in the same way as control effectiveness matrix system 

Bpw, when, instead of coefficients Cpwx and Cpwy, the coefficients CRzwx and CRzwy are used. 

Tire cornering stiffness Cywi, camber stiffness Cγi, coefficients Cpwx and Cpwy, related to changing of longitudinal 

and lateral force depends on tire pressure, and coefficients CRzwx and CRzwy, regarding to longitudinal and lateral 

force depends on normal forces, are numerically computed as partial derivatives of longitudinal and lateral tire 

forces from tire model by Taylor series explanation with sampling time of 1ms. The tire model is described by 

Pacejka tire model including tire inflation/deflation pressures [8]. 

The control allocation problem is formulated as a minimization of allocation error and control actuations, 

taking into account actuator constraints [9]: 
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The parameter ξ defines a significance of minimization of control actuations and equal to 0.1. Matrix Wv is used 

to set up a priority among generalized lateral force and yaw torque according to vehicle manoeuvre. A description 
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of weighting matrix Wu to restrict actuators is described is Section 3. The fixed-point method is selected as 

optimization solver and it is terminated when the allocation error is lower than predefined tolerance. 

Considering only limitation constraints related to longitudinal tire forces for electric motor and frictional brake 

system since they can generate significantly higher demand compared with dynamic tire pressure system and 

additional normal force actuators, the limit of longitudinal force Fxw
lim

 is calculated from friction circle [4] based 

on normal and lateral force, and friction coefficient: 
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The actuator position and rates limits are used as optimization constraints to represent static actuator dynamics 

(Table 2). Since the powertrain architecture has near-wheel motors, the rate limit of torque generated by electric 

motor is less compared to friction brake system due to low natural frequency of the half-shafts. 

Table 2   Position and rate limits of actuators 

Subsystem Position limit Rate limit 

front wheel steer actuators -30…30 deg 50 deg/sec 

rear wheel steer actuators -15…15 deg 30 deg/sec 

camber angle actuators -10…10 deg 10 deg/sec 

electric motor from torque-speed map 5000 Nm/sec 

friction brake system depends on slip controller 
release / build-up 

8000 / 12000 Nm/sec 

dynamic tire pressure system 1.5 bar 
release / build-up 

0.6 / 1 bar /sec 

additional normal force actuators 1000 N 3000 N/sec 

The final constraints for optimization can be written as: 
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2.3 Low-layer actuator control 

Low-layer control is used to generate control actuator signals and calculate constraints for middle-layer control 

allocation. Since the several vehicle subsystems are represented as transfer functions, the reference signals from 

wheel steer actuators, camber angle actuators and actuators generating additional normal forces are directly 

assigned to actuator models. 

Electric motor controller 

The reference signals are e-motor torques obtained from control allocation layer. The detailed description of 

controller of the electric motor and the position torque limits can be found in [7]. 
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Friction brake system controller 

The configuration of the brake system incorporates the hydraulic control unit that operates the relay valves. Its 

control law combines PI gain-scheduling control to demand calculation and rule-based algorithm for demand 

realization. The brake pressures p
mes

br,i are controlled according to brake torques T
CA

br,i recalculated to reference 

brake pressures from control allocation layer. The constructive parameters of brakes and the level of wheel slip 

define the limitation of friction brake torque. Therefore, the position limits for friction brake torque Tbr,i
lim

 are 

calculated taking into account the constructive limits Ti
constructive

 and wheel slip. The reactive torque Treact is 

similarly calculated as in [10]: 
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Controller of dynamic tire pressure system 

As compared with other actuation systems, the performance of investigated dynamic tire pressure system is slow 

up to 1 bar/s. The present configuration of the system includes the rule-based controller. The holding time thold is 

used to generate step changing of tire pressure, when the error is smaller than 0.5 bar. Valve control signals to the 

inlet valve u
pw

i,inlet and outlet valve u
pw

i,outlet are defined as: 
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3. SUBSYSTEM COORDINATION 

3.1 Concept of vehicle subsystem prioritization 

The multi-actuator configuration allows to use various subsystems to generate control demand for the 

compensation of control errors. Several authors noted [2,5], the combination of various vehicle subsystems helps 

to achieve better operation characteristics in the comparison with stand-alone operation. 

The research idea of this paper is to coordinate / prioritize each vehicle subsystem, when control demand is 

developed, in accordance with some performance criteria, which is related to vehicle operation characteristics. On 

the left-hand graph of Figure 2 illustrative example of the demand distribution is shown, when all vehicle 

subsystems have the same priority. As a result, the ratios between demands v1, v2 and v3 are constant. The 

right-hand graph of Figure 2 demonstrates a situation when priority of each subsystem changes according to the 

performance criterion. In this case, the ratios between demands v1, v2 and v3 are different. Their values depend on 

which subsystem has higher priority for the current range of performance criterion. For explanation, three 

subsystems are considered, which form a certain control demand like generalized yaw torque. If the performance 

criterion, for example, control error of yaw rate, is small, the control demand will be mainly generated only by 

steering and drive system. It allows to reduce the usage of the friction brake system to decrease non-recuperative 

energy losses. When the level of control error is increased, the participation of the friction brake system rises, 

because steering and drive subsystems cannot develop control demand precisely due to the position and rate limits. 

 
Figure 2   Illustrative example of actuator coordination/prioritization 

3.2 Proposed algorithms of subsystem coordination 

The aim of proposed algorithms is to define restriction weights wui into the matrix Wu (15) for subsystem 

prioritization. The restriction weights should be changed according to performance criteria, which can characterize 

energy consumption and energy losses. The advantage of this approach is the solution of multi-objective problem 

without the supplying of auxiliary cost terms into the cost function. Thereby, the computational budget does not 

increase; however, the drawback relates to pre-designed definition of restriction weights and their influence on 

performance criteria based on offline-simulations. 

Performance criteria and manoeuvre for weight definition 

The criteria allowing real-time assessment of energy consumption and energy losses should be primarily 

formulated. To evaluate tire energy dissipation from longitudinal forces, the dimensionless criterion ηlon, called 

longitudinal efficiency, is introduced. It demonstrates the net longitudinal power, which can be potentially realized 

into tire-road contact without longitudinal slip losses: 
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To evaluate tire energy dissipation from lateral forces, the dimensionless criterion ηlat, called lateral efficiency, 

is used. It represents the net lateral power, which is limited by maximal lateral forces of linear vehicle model. The 

lateral slip angle αw
net

,, corresponding to maximum pure cornering force of linear vehicle mode, is pre-defined and 

equal to 8
0
 in accordance with analysis of reference data [4]: 
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Energy consumed by electric motor is much higher as total energy demand of actuators of the remaining 

subsystems. Since the manoeuvres of short duration are further considered, energy consumption of other actuators 

is neglected. The criterion ηcon related to power consumption and criterion ηrec related to potential power 

recuperation of electric motor are introduced: 

 
4

,

1

max

max 0,

1
4

em i

i
con

e

P

P
  


   

 
4

,

1

max

min 0,

1
4

em i

i
rec

e

P

P
  


   (23) 

To analyze how selected criteria depend on restriction weight and to develop algorithms of the subsystem 

coordination, the modified ‘Step Steer’ manoeuvre with initial velocity of 100 km/h and steer amplitude of 70 deg 

is used. The modified open-loop manoeuvre is implemented without the control of vehicle velocity in comparison 

with standard one. Simulation procedures are sequentially carried out for several vehicle configurations. Each 

vehicle configuration has only one specified vehicle subsystem activated during the manoeuvre. The control of 

other available subsystems is disabled. The upper part of Figure 3 shows corresponding results of stand-alone 

operation of vehicle subsystems with the restriction weights wui equal to one. The bottom part of Figure 3 

represents relationships between mean values of performance criteria and restriction weight for each subsystem. 

 
Figure 3   Longitudinal and lateral efficiency, consumption and recuperation efficiency versus restriction weight 

IFS – individual front wheel steering; IRS – individual rear wheel steering; EP – traction torques generated by 

electric motors; EBS – brake torques generated by electric motors; FBS – friction brake system; ACS – active 

camber system; APS – dynamic tire pressure system; ARzS – additional normal forces generated by external 

spring, damping and stabilizer forces. 

Using the relationships between mean values of performance criteria and restriction weight from simulation 

results of the series of modified ‘Step Steer’ manoeuvres, the algorithms of dynamic change of restriction weights 

can be proposed. 

Approach 1: Fuzzy-based subsystem coordination, called ‘fuzzy’ 

The first approach is based on soft-computing technique, which allows to define control laws without exact 

mathematical formulation. The membership functions for input parameters – longitudinal and lateral efficiency, 

consumption and recuperation efficiency – are formulated (Figure 4, a-d). The membership functions of restriction 

weight for each vehicle subsystem are the identical and shown in Figure 4e. The fuzzy rules from Table 3 cover the 

most significant relationships between input and output parameters. They are defined using heuristic analysis of 

performance criteria behaviour under different restriction weights. Criteria ηcon and ηrec and corresponding fuzzy 

rules are relevant only to the electric motor. 

 
Figure 4   Membership functions for: a) longitudinal efficiency, b) lateral efficiency, 

c) consumption efficiency, d) recuperation efficiency, e) restriction weight 
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Table 3   Fuzzy rules 

ηlon ηlat ηcon ηrec wifs wirs wep webs wfbs wacs waps waRzs 

LW 

LW 

- - 

HI HI HI LW LW HI LW LW 

ME ME ME HI LW LW ME ME ME 

HI LW LW HI LW LW LW HI HI 

ME 

LW HI HI ME ME ME HI LW LW 

ME ME ME ME ME ME ME ME ME 

HI LW LW ME ME ME LW HI HI 

HI 

LW HI HI LW HI HI HI LW LW 

ME ME ME LW HI HI ME ME ME 

HI LW LW LW HI HI LW HI HI 

- - 

LW 

- 

- - 

HI 

- 

- - - - 

ME ME 

HI LW 

- 

LW 

- 

LW 

ME ME 

HI HI 

Approach 2: Single iteration subsystem coordination, called ‘iterative’ 

The second approach is based on an iterative procedure of subsystem coordination. The number of considered 

vehicle subsystems is higher than the number of performance criteria, therefore, the system is underdetermined. 

Moreover, an exact formulation of the relationships between performance criteria and restriction weights during 

vehicle motion is the complex task to be mathematically described. Therefore, mean values of performance criteria 

can be used as qualitative indicators of these relationships. It has been proved with simulation results of modified 

‘Step Steer’ manoeuvre (Figure 3). Next paragraphs introduce how to detect links between performance criteria 

and restriction weights by the example of lateral efficiency. It is further assumed that: (i) current value of 

performance criterion is linked to mean value and restriction weight; (ii) current value of performance criterion can 

be represented as a linear product between ratio  i   and restriction weight wi. 

As an example, the relationship between lateral efficiency and restriction weight is: 

   ,lat lat i lat i wui if w w B w          (24) 

The control effectiveness matrix Bwui combining the ratios  lon  ,  lat  ,  con   and  rec   is 

represented as rescaled polynomials obtained from Figure 5. The shift of each characteristic depends on current 

value of performance criteria. The variation of longitudinal efficiency ratio  lon   is scaled taking into account 

the range of criterion changing from 0.9 to 1 for the manoeuvre like ‘Step Steer’. 

 
Figure 5  Ratio χi versus restriction weight for each vehicle subsystem 

To find restriction weight for each actuator, the similar approach as control allocation problem (Eq. 15) is used. 

Only allocation error between current performance criteria and restriction weights should be minimized. The input 

vector vw includes performance criteria taking into account a number of vehicle subsystems Nsubs: 

 
T

w subs lon subs lat con recN N            (25) 

Then the vector wu representing subsystems’ restriction weights can be calculated as: 
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The range of weight variation is saturated in the interval from 0.5 to 2. To eliminate an effect of noisy 

behaviour or sharp change of the subsystem priority, the rate of weight changing is added into the algorithm. The 

matrix Wv
w
 can be used to define a priority of each performance criterion. 

4. HARDWARE-IN-THE-LOOP (HIL) TESTING 

4.1 Hardware components of the test rig 

Friction brake system of the HIL test rig is conventional brake system, which consists of the master cylinder, four 

brake assemblies and hydraulic control unit and pressure sensors, which allow measurement of brake pressure in each 

circuit as well as in each brake caliper. Dynamic tire pressure system allows to control each individual tire pressure, 

taking into account static load on each wheel and constructive features of the system like pneumatic line lengths [11]. 

       
Figure 6   Hardware components of the test rig [11] 

4.2 Computational models of vehicle subsystems 

The vehicle subsystems and components like electric powertrain, wheel steer actuators, camber angle actuators 

and actuators generating additional normal forces have software realization in MATLAB/Simulink and can 

interface with the described hardware subsystems. The HIL test rig has the interface with the IPG CarMaker 

software environment allowing the embedding of a full vehicle and subsystem simulators. 

The model of an electric motor includes steady-state behaviour by a look-up table of motor characteristics and 

transient behaviour. The transient behaviour of the electric motor is represented by the first-order transfer function 

with time delay as [12]: 

, 0.002

,
0.0022 1

ss

em i s

em i

T
T e

s




         (27) 

The driveline layout consists of near-wheel electric motors with single-stage transmission and half-shafts to 

transmit output torque from electric motor to the wheel. The transmission dynamics can be described as [12]: 

2

1 2 , , ,

0.5tr hs tr
em tr tr em i em i hs iinner

tr joint tr

u J u
J J J T T

  

  
        

  

      (28) 

The half-shaft torques Ths,i and transmitted torque Twi to the wheel by the half-shaft are calculated as [12]: 

   , , ,hs i hs tr em i wi hs tr em i wiT K u C u         
, ,0.5 wi

hs w i hs i outer

joint

T
J T


     (29) 

The external front and rear angles generated by wheel steer actuators are recalculated in accordance with [13]: 

, ,0.002 0.003

4 2

, ,

1 1
, 1,2;              , 3,4

0.01 1 2.53 10 0.011 1

ext ext

f i r is s

ref ref
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   
  (30) 

Since only the prototypes of camber angle actuators are known, the information regarding actuation frequency 

and delays is varied in the wide range. The prototype of active camber system [14] allows to realize a camber 

actuation time of 0.3 s. The transfer function of camber angle actuator is selected as: 

0.0201

0.15 1

ext
si

ref

i

e
s








         (31) 

To change distribution of normal forces, the variable stiffness suspension, electrorheological dampers and 

electromechanical anti-roll bars can be applied. The dynamics of variable stiffness suspension is described as [15]: 

, 0.008

,

1

0.03 1

ext

spring i s

ref

spring i

F
e

F s




         (32) 

Since electrorheological dampers are considered instead of semi-active hydraulic dampers, the dynamics of 

active damping system will be faster [16]: 
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, 0.005
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         (33) 

The dynamics of active anti-roll bar depends on type of actuator. For electromechanical actuator of active 

anti-roll bar time constant is experimentally around 50 ms [17]. The several publications propose to use time 

constant from 20-60 ms [13]. The system dynamics is represented by: 

, 0.010

,

1

0.05 1

ext

arb i s

ref

arb i

F
e

F s




         (34) 

5. HIL TEST RIG EXPERIMENTAL RESULTS 

The manoeuvre is ‘Sine with Dwell’ at initial velocity of 80 km/h and steering amplitude of 120 deg on dry asphalt. 

The motion characteristics are shown in Figure 7 and subsystem actuations for ‘iterative’ algorithm are in Figure 8. 

    

    
Figure 7   HIL test rig results during ‘Sine with Dwell’ manoeuvre 

 

 
Figure 8   Subsystem actuations during ‘Sine with Dwell’ manoeuvre for ‘iterative’ algorithm 

The experimental results of yaw rate and sideslip angle demonstrate that all variants guarantee stability of 

vehicle motion. Comparing to the motion without subsystem coordination, the mean error of yaw rate is 6.5% 

higher for ‘fuzzy’ variant and 1.2% higher for ‘iterative’. The maximum of sideslip angle is 1.3% higher for 

‘fuzzy’, and 0.9% lower for ‘iterative’ compared with ‘standard’ without the changing of restriction weights. The 

longitudinal velocity at the end of manoeuvre for all considered variants is relative same. The maximal 
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longitudinal velocity of 68.3 km/h is reached for ‘iterative’, which is 1.1% higher than ‘standard’. However, for all 

variants with subsystem coordination the value of potential recuperated energy is roughly 2.5 times higher, 

compared to ‘standard’. Negative value means potential energy, which can be potentially recuperated. The growth 

of the value of potential recuperated energy is caused by the redistribution effect: participation of electric motors 

and wheel steer actuators is increased at the sacrifice of friction brake application. 

6. CONCLUSIONS 

The paper describes the development and evaluation of a control system with subsystem coordination for a 

multi-actuated vehicle. The algorithms of subsystem coordination based on restriction weights into the control 

allocation are proposed. The restriction weights are changed according to performance criteria characterizing 

energy consumption and energy losses. For ‘Sine with Dwell’ manoeuvre, the investigations of proposed 

algorithms were carried out by means of hardware-in-the-loop test rig with hardware components of conventional 

brake system and dynamic tire pressure system in real-time domain. Both algorithms demonstrate a relative rise in 

potential recuperated energy while keeping other vehicle operation characteristics close to ordinary control 

allocation, when subsystem coordination is missing. 
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