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Abstract 

 

In the article the description of the developed electronic control system of rotary axes of the long road train is presented. 

The electrohydraulic control system contains two control paths: the main, the signals fulfilling the operating influence 

set by the driver in the form of an angle of rotation of a steering wheel and correcting, using as the setting parameters 

from feedback sensors: road speed of the road train, side acceleration of the semi-trailer and its angular vertical axis 

speed. The description of mathematical model of the of long road train with the rotary axes including linearized single-

track is provided. The algorithm of management of an adaptive control system of rotary axes of the long road train with 

the correcting control path is developed. The use of a ECS of rotary axes with the correcting control path optimizing the 

offset value of  the cart of the semi-trailer guidepath to of a basic point of the tractor allows to reduce it  to 0.1 m. 
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1. Introduction 

 

 Nowadays long road trains are used to deliver long length and large-size cargos. In order to meet the regulated 

maneuverability indicators the semi-trailer of the road train has to be equipped with rotary axes and the corresponding 

control system [1,2]. 

 The analysis of control systems of semi-trailers of long road trains proved  hydro-volume steering units  to be 

most  generally used on the roads [3]. 

 Electronic control units help to secure required rotary truck control logic of a semi-trailer, as well as make it 

possible to use a jack-knifing angle and a steering angle of a tractor as a specifying parameter [4,5]. 

Besides, according to calculations made by TRIDEC company the use of a control system of rotary axes in a road train 

allows to reduce tires wear by 66% [6]. 

 The control system of ETS of VSE (Holland) can be an example of such system [7]. In the article the 

description of the developed electronic control system of rotary axes of the long road train is presented. The 

electrohydraulic control system contains two control paths: the main, the signals fulfilling the operating influence set by 

the driver in the form of an angle of rotation of a steering wheel and correcting, using as the setting parameters from 

feedback sensors: road speed of the road train, side acceleration of the semi-trailer and its angular vertical axis speed. 

The description of mathematical model of the of long road train with the rotary axes including linearized single-track is 

provided. 

 The algorithm of management of an adaptive control system of rotary axes of the long road train with the 

correcting control path is developed. Criterion of optimization is the offset value of a real cart pathway of a semi-trailer 

of the road train to nominal trajectory of the tractor set by the operating influence of the driver.  

The use of a ECS of rotary axes of the of long-based road train with the correcting control path optimizing the offset 

value  of  the cart of the semi-trailer guide path to a basic point of the tractor allows  reduction  to 0.1 m that 

significantly improves vehicle steerability on the road and increases traffic safety, especially in the conditions of 

intensive traffic flows. 

 

2. Subject of research 

 

 In previous  studies [8,9,10]  the authors used one-channel steering system in which  thejack-knifing angle was 

used as a master value and  steering values were set  for steady-state  in circular motion of the road train. Whereas the 

maximum offset value of the tractor and the cart is observed at transition paths i.e. at unsteady-state motion [11]. 

An electronic control system rotary axes long tractor-trailer being proposed, structural scheme of which is shown in 

fig. 1, contains two control channels: the main one, responding to driver’s control action in a form of steering angle 

рк , and the corrective one, using signals from feedback sensors as specifying parameters: driving speed of the train 

xv , side acceleration of a semitrailer уj , and its angular speed in relation to vertical axis z .Control impact in the 

main channel in a form of steering angle рк  using a mathematical model of nominal behavior of trains converts into a 

control signal of control system rotary axes of a semitrailer. This nominal mathematical model calculates movement 

parameters of the train corresponding to its movement in ideal conditions on a road with a high adhesion coefficient. 

The second control channel is a corrective one. The mathematical model uses signals from feedback sensors as 

specifying parameters xv , уj , z  and calculates parameters of actual behavior of the train. 

Calculation results of nominal and actual parameters are compared, and with the help of logic elements corrective 

actions are defined in a form of 3d - steering axis rotation angle of a semitrailer. 

An optimization criterion used in the control system is a guidepath motion value of a semi-trailer cart in 

relation to the guidepath of a trailer back axis. 

The control system of long based tractor-trailer contains a sensor of steering angle of the train and a sensor of jack-

knifing angle, mechanically connected with a tractor bolster, as specifying parameters. 

The control system of long based tractor-trailer changes functional relation between steering angle of the train and 

steering axis rotation angle of the semi-trailer depending on a semi-trailer wheel base, when using telescoping semi-

trailer frame. 
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Fig. 1. Structural scheme of a train control system. 

 

 The sensor of a semi-trailer wheel base registers actual value of a semi-trailer base and, depending on its 

meaning, ECU selects an optimum functional relation between steering angle of the train and steering axis rotation 

angle of a semi-trailer among the tabulated values, in order to secure optimum values of train maneuverability. 

 The performance part of the control system is implemented in a form of an electrohydraulic drive [12]. Fig. 2 

shows a scheme of an electronic control system. 

 

 
 

Fig. 2. The scheme of an electronic control system. 

 

The  functional scheme of which is given in fig.3.  

 

- 0812 -



26TH DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION 
 

 
 

 
 

Fig. 3. The functional scheme of an electrohydraulic drive.  

Sd - defining sensor; ECU - ; HB -  hydraulic booster; Sf - feedback sensor; Ah - hydraulic actuator; OC - control 

object; Th - hydraulic throttle; HA -  hydraulic accumulator; BP - block maintain the desired fluid pressure; P – pump; 

Me - electric motor; F – filter. 

 

 Moreover, the electronic control system has a manual control option and contains a manual control unit 

connected with ECU via a radio channel. Transfer to manual control is realized from driver’s cab only when it is 

necessary to rotate steering semitrailer axes regardless of steering angle of the train, for example, when maneuvering in 

a limited space. 

 Whereby, rotation direction of steering axes of the semitrailer and a truck can be one-way, which enables 

plane-parallel motion of the train sideward. 

When switching to automatic control, steering axes of the semitrailer are automatically installed in accordance with a 

steering angle of the train. Availability of a centering device on steering axes makes it possible for a system to return 

steering axes to their neutral position with subsequent blocking in case of a failure. 

 An electronic control unit controls the work of electronic subsystems. All sensors of the control system are 

connected with the electronic control unit via CAN bus. CAN bus enables usage in the control system of signals from 

other systems’ sensors. For example, a steering angle sensor from ESP system and steering wheel speed sensor from 

ABS system are used. In ECU self-testing of control system is implemented. 

 

3. Mathematical model of the train. 

 

Dynamics of nonlinear motion of the train has been analyzedin order to improve a control algorithm and assess 

influence of various design factors on maneuverability values. 

A mathematical model consists of two joints – a tractor and a semitrailer with steering axes. 

Every joint has three degrees of freedom: linear longitudinal and cross movements on a road, and rotation of the joints 

in relation to their vertical axes [13]. 

 

There is a series of admissions used to simplify a mathematical model: 

 if the train moves on a horizontal absolutely smooth surface, vertical motions of its joints are not taken into 

account;  

 the train moves at a constant speed; 

 all centers of gravity of train joints, as well as pre-spring masses, are located in a vertical plane of their 

symmetry; 

 there is a backlash-free mesh between the trailing joint and the tractor; 

 joints of the train and their structures are taken as rigid. 
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Fig.4. shows a calculation scheme of mathematical model used for a four-axis train. 

 

 
 

Fig. 4. The sScheme of mathematical model for a four-axis train. 

 

In order to simplify a mathematical model being developed, we consider a single-track model. Fig.5 shows the scheme 

of a single-track train model. 

 

 
 

Fig.5. the scheme of a single-track train model. 

 

We form differential equations of nonlinear train motion. 

 tractor 

 

𝑉𝑥1 = 𝑐𝑜𝑛𝑠𝑡;    Σ𝑃𝑖𝑥1 = 0  (1) 

 

𝑚1𝑗𝑦1 = 𝐹𝑦1𝑐𝑜𝑠𝛼1 + 𝐹𝑦2 − 𝑃𝑓1𝑠𝑖𝑛𝛼1 − 𝑃2𝑦1  

𝐽𝑧1
° 𝜔1 = 𝑎1𝐹𝑦1𝑐𝑜𝑠𝛼1 − (𝑏1 − Δ𝑙𝑇2)𝐹𝑦2 − 𝑀𝑇Σ +  

(2) 

 

+(𝑏1 − 𝑒1)𝑃2𝑦1 − 𝑎1𝑃𝑓1𝑠𝑖𝑛𝛼1 + 𝑀𝑐1 + 𝑀𝑐2 − 𝑀𝑀𝜏2
  (3) 

 

 semitrailer 

 

𝑚2𝑗𝑥2 = 𝑃1𝑥2 − 𝐹𝑦3𝑐𝑜𝑠𝛼3 − 𝐹𝑦4𝑐𝑜𝑠𝛼4 − 𝐹𝑦5𝑐𝑜𝑠𝛼5  (4) 

 

𝑚2𝑗𝑦2 = 𝑃1𝑦2 − 𝐹𝑦3𝑠𝑖𝑛𝛼3 − 𝐹𝑦4𝑠𝑖𝑛𝛼4 − 𝐹𝑦5𝑠𝑖𝑛𝛼5  (5) 
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𝐽𝑧2
° 𝜔2 = 𝑎2𝑃1𝑦2 + (𝑏2−1,5𝛥)𝑃𝑓3 + (𝑏2 − 𝛥/2)𝑃𝑓4 + (𝑏2 + 𝛥/2)𝑃𝑓5 + (𝑏2 +

1,5𝛥)𝑃𝑓6 + 𝑀𝑧1 − 𝑀с3 − 𝑀с4 − 𝑀с5 − 𝑀𝑐6 − 𝑀𝑇Σ  
(6) 

 

𝑚𝑖 – pre-spring mass of joint i, kg; 

𝐽𝑧𝑖
° - joint inertia in relation to a vertical axis running across its center of gravity, kg.m /𝑠; 

𝜔, 𝜔𝑖  – angle speed and acceleration of joint i, 1/s; 

𝛼1 – tractor steering angle, radian; 

𝛼2 –jack-knifing angle, radian; 

𝛼𝑖 – axis i rotation angle of the semitrailer, radian; 

𝐹𝑦𝑖 - total cornering force influencing both wheels of axis j, kN; 

𝑃𝑓1– wheel rolling resistant force of axis j, kN; 

𝑃𝑘𝑥(𝑘±1)- projection of exchange forces of the train on the corresponding axis; 

𝑀𝑐𝑖 – total tire stabilizing moment influencing wheels of axis j; 

𝑀𝑇Σ – total resistance to wheel rotation moment of the semitrailer; 

𝑎𝑖; 𝑏𝑖- coordinates of the joint center of gravity; 

𝑀𝑧1 – moment of friction in the truck-tractor; 

𝑒 – displacement of the truck-tractor; 

𝐿1 and 𝐿2– joint (tractor, semitrailer) base;  

Δ – center-to-center distance between semitrailer wheels. 

In case of stochastic external impacts and side accelerations of maximum 0.4g, as well in case of wheel sliding and 

other less significant admission corresponding to normal operational conditions, lateral reactions and their moments can 

be expressed in a simple linear dependence. 

 

𝐹𝑦𝑖 = −𝐾𝛿𝛿𝑖  (7) 

 

𝑀𝑐𝑖 = −𝐶𝛿𝑖𝛿𝑖  (8) 

 

w where 𝛿𝑖 - slip angle of axis i; 

𝐾𝛿  – cornering power; 

𝐶𝛿𝑖 – angle tire roll rate. 

Linearized equations describe nonlinear motion of the train in a road plane (ХОУ) and can be shown as a matrix 
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(9) 

 

With the help of Cramer’s rule this matrix provides transfer functions of parameters characterizing plane nonlinear 

motion of the train 

 

𝑉𝑌1 =  
𝐷𝑉𝑌1

𝐷0
 ;       𝜔1 =  

𝐷𝜔1

𝐷0
 ;      𝜔2 =  

𝐷𝜔2

𝐷0
 ;  (𝛼2 +  𝛼3) =  

𝐷 (𝛼2+ 𝛼3)

𝐷0
 

 

where:  

𝐷0 – main determinant of a system of linearized equations, if their right parts equals to zero; 

𝐷𝑖– determinant, resulting from 𝐷0 substitution of the corresponding column I by the right part of the equations. 

 

5. Selection of laws controlling rotation of semitrailer axes 

 

 In order to achieve required maneuverability properties of the train, there are determined control laws securing 

compliance with technical requirements concerning train flexibility within limited overall dimensions. The control laws 

were been selected based on analysis of simplified equations of train motionavailable. 

 

ω_(1 )= K_ω1 α_1 ; 

 

ω_(2 )= K_ω2  (α_2+α_3) ; 
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α_2=ω_1-ω_2 . 

 

These equations help to determine rotation angle of steering axes of the semitrailer 

 

𝛼3 =  𝐾𝛼2𝛼1 −  (𝑇𝛼2 +  1)𝛼2  (10) 

 

where:  

 

𝐾𝛼2 =  
𝐿2

П

𝐿𝑥1
П

 

 

𝑇𝛼2 =  
𝐿2

П

𝑉𝑥1
П

 

 

As a result we will obtaint a law controlling rotation of the semi-trailer cart from jack-knifing angleα2. This law is as 

follows: 

 

𝛼3 =  
1

𝑇𝛼2   𝑝+ 1
𝛼2  (11) 

 

For automatic control systems of electrohydraulic type this law workswith transfer coefficientKП= 1 and time constant 

 

𝑇П =  𝑇𝛼 = 𝐿2/𝑉𝑋1𝐾П  

 

Whereby, it shall be taken into account that choice of a time constant TПsecures movement of the semi-trailer cart on 

the transfer track, whileKП is used for movement in a sector of stable circular movement. 

 In order to analyze maneuverability properties of the long based train, turnings around 900, 1800and “resetting” 

mode with parameters 24 m x 2.5 m were chosen as the main motion regimes. An example of modeling results is shown 

in fig. 6 

 

 
 

Fig. 6. The track of characteristic points of the train in case of  completion maneuver 24 х 3.5 m. 1 – КП = 0; 2 - КП = 1; 

3 - КП = 1, ТП = 2. 

 

6. Conclusion 

 

 Modern hydro-volume steering unit-based long  based road trains as a rule  lack maneuverability due to the  

offset value of  the cart of the semi-displacement guide path  
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 The study of mathematical model of long based road trains with rotary axes provided a controlling mechanism 

of adaptive road train system with adjustable steering channel. The offset value  of the cart axes to nominal guidepath  

of the train is considered a criteria of optimization in the steering system 

 The ESC with rotation axes in long based tractor-trailer with adjustable steering system which optimize the 

offset value of the rotary axes to basic point of the tractor allows to reduce it  to 0.1 m  

In future ESC can be integrated into a system of longitudinal and lateral dynamic stability on the road and contribute to 

vehicle steerability on the road by increasing traffic safety, especially in the conditions of intensive traffic flows. In the 

perspective electronic control system rotary axes of long based tractor-trailer can be integrated into systems of a higher 

level. 
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