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Abstract 
 
This study proposes a method to determine the effective angular velocity of each motor of a specific four-rows 

tracked vehicle (FRTV) in order to follow a given turning radius. The configuration of the four-rows tracked vehi-
cle is introduced, and its dynamics analysis model is built using the DAFUL commercial software. The soil has 
been assumed to be hard ground, and the friction force between the ground and the tracked links is calculated 
using the Coulomb friction model. This paper uses a simulation to show that the error in the position increased 
with respect to the angle of the curvatures, so a method is proposed to compensate for the error in the motion of 
the motors. Various simulations are then carried out to verify the proposed formulation. The effects of the soil 
characteristics and the driving velocity will be further investigated in future studies. 
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1. Introduction 

Computer simulations are rapidly gaining widespread use in a variety of engineering design problems. Com-

puters can rapidly perform dynamic analyses of mechanical systems due to recent growth in the availability of 

computing power. Multi-body dynamics analyses are used in a variety of research fields, and simulation-based 

design offer useful techniques for otherwise impossible cases, which can be verified by using an experiment. 

Simulation techniques are thus an excellent means to understand the optimum qualitative (or quantitative) char-

acteristics of a given design, and so the test model production process, which is costly and time-consuming, can 

be skipped. 

A number of researchers have presented studies on the steering performance of tracked vehicles, including 

Baladi (1978), Kim (2003;2004;2010), Kitano (1977), Murakami (1992), Tran (2002), Sharp (2000), Jia (2000), 

etc. Their results indicate that a control drive is needed to carry out accurate rotary driving. However the exact 

control for a deep-seabed vehicle (i.e. Fig. 1) is difficult to attain because the analysis of the position of the vehi- 
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(a) (b)

 

Fig. 1 (a) Deep-seabed vehicle (FRTV) developed by KRISO, and (b) Travelling mechanism of the FRTV (dotted area in (a)) 

 

cle can have a large error. Therefore, a method that can autonomously improve steering performance is needed 

in order to drive the vehicle. 

A skid steering method is used to steer the four-rows tracked vehicle (FRTV) as a deep-seabed vehicle. When 

the FRTV is moved via skid steering, the turning radius of the vehicle is larger than the theoretical turning radius 

due to the lateral slip effect. It is thus important to determine the velocity ratio for driving as the exact theoretical 

curved radius. We assume that the steering performance needs to be optimized by controlling the angular veloci-

ty of each motor. 

This paper proposes a method to determine the effective angular velocity of each motor of a specific FRTV in 

order to follow a given curve radius. This method is then verified using a multi-body dynamic simulation. This 

study uses the basic algorithm developed by Kim (2010) to determine the angular velocity of the FRTV, and a 

multi-body dynamics model of the FRTV is built using the DAFUL commercial software (2012). 

2. Vehicle Model 

2.1 Multi-Body Dynamics Model Of FRTV 

 Table 1 Components of the FRTV 

Item  

1 Device 

 

2 Frame 

 

3 
Buoyancy 

module 

 

4 Travelling mechanism 
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Fig. 2 Chained system for the travelling mechanism. 

 

 

Fig. 3 Multi-body dynamics model of the FRTV 

 

The FRTV consists of many components, but we have simplified the FRTV model to decrease the solving 

time. The components of the FRTV are shown in Table 1. The total weight is of 25 ton, and the underwater 

weight is of about 10 ton. The modeling methods of the FRTV are as follows. 

1) The device, the frame and the buoyancy module are connected as fixed constraints (Virtual Motion, 

2012) because they do not affect the steering performance. 

2) The travelling mechanism consists of four chained systems, as in Fig. 2. 

3) One chained system is made up of chained segments, a tracked system and a sprocket. The chained 

segments are then connected to the bushing force (Virtual Motion, 2012). 

The FRTV model that was developed for the numerical analysis is shown in Fig. 3. 

2.2 Contact Mechanism 

The contact entities define the contact normal and friction forces between the two bodies or the geometri-

cally constrained force between the two surfaces. The contacts are used to model the continuous or intermit-

tent contact between the bodies with the compliance properties. These contact forces are then calculated as 

follows. 

 

 ftnnC fufuf +=  (1) 

 

where nf  is the contact normal force, nu  is the normal vector, ff  is the friction force and tu  is the 

tangential vector. 

 

 ( )δ δckδf n
n

&+=  (2) 
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where k is the contact stiffness coefficient, c(δ) is the contact damping coefficient, δ&  is the relative veloci-

ty, δ is the normal penetration of the contact surface and n is the exponent of penetration. 

 The contact damping coefficient is calculated as in Fig. 4, and the contact friction force (Virtual Motion, 

2012) is calculated as follows. 

 nf fμ(v)f =  (3) 

 

where fn is the contact normal force and μ(v) is the friction coefficient. 

 The friction coefficient is calculated as in Fig. 5, and the contact force of Cf  can be generalized as fol-

lows. 

 

 C
T

C
T fδpQδqδw ==  (4) 

 

where p is the contact coordinate, q is the generalized coordinate and QC is the generalized force. 

 

 

 

Fig. 4 Relation between the penetration (δ) and contact damping coefficient (c(δ)) 

 

 

Fig. 5 Relation between the relative velocity (v) and friction coefficient (μ(v)) 
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2.3 Governing Equation for Numerical Analysis 

The governing equations of the dynamics model for the four-row tracked vehicles are expressed as follows 

(Yen, 1990). 

 

 0λΦQQqM T
qCf =+--&&  (5) 

 

where q is the general coordinate, Qf is the external force, QC is the generalized contact force, Φ  is the 

constraint equation, λ is the Lagrange multiplier vector and M is the mass matrix. 

The differential algebraic equations are constituted of a combining of the equations of equilibrium and the 

constraint equation with dimensions of n and m, respectively. The tangent space method (Lee et al., 2009) is 
applied to the equations of motion, constraints, vq =& , and av =&  to yield the following nonlinear system 

that must be solved at each time step: 
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where [ ]TT
nnnn

T
n

T
n

T
nn λ,α,α,α,a,v,qx &&&=  , 0β  , 1β   and 2β  are determined according to the 

coefficients of the implicit integrators, and U   is an m)(nn -´   matrix such that the augmented 

square matrix [ ]Tq
T ΦU   is nonsingular. 

3. Numerical Results and Error Compensation 

3.1 Error for the Turning Radius 

The turning radius that uses the basic algorithm is larger than the theoretical turning radius, and the error 

tendencies of the turning radius are shown in Figs. 6 and Fig. 7. The errors for each turning radius and rotat-

ing angle of the FRTV increase gradually. So a compensation algorithm is developed to drive the theoretical 

turning radius. The algorithm that was is as follows. 

①  Error formulation of the turning radius 

 baRε C +=  (7) 

②  Relational expression of theoretical and analytical value 

 εRR Ctarget +=  (8) 

③  Formulation of modified radius 

 
a1

bR
R

target
C

+

-
=  (9) 

where RC is the compensation turning radius that drives the FRTV, Rtarget is the theoretical turning radius, a 

and b are the error coefficients of the rotated angle. 
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The error of the turning radius is coupled with that of the rotated angle. The formulations of a and b (error 

coefficient) can be defined by the rotated angle as in Eqs. (10) and (11). These can be expressed using linear 

interpolation, as in Eqs. (12) and (13). Fig. 8 shows a comparison of the original error and the error coeffi-

cients obtained through the linear interpolation. 

 

 

Fig. 6 Errors of the theoretical turning radius 

 

 

Fig. 7 Errors of the turning radius by rotated angle (degree) 
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 θ0.000006θ0.0000561a 2 ×+×=  (12) 

 

 θ6.010733θ1.595357b 2 ×+×=  (13) 

 

where θ is the rotated angle of the FRTV. 

When the FRTV is driven, a cumulative error is generated due to the moment of inertia. In order to tackle 

this error, a novel error coefficient that is associated with the rotation angle is applied in the modified for-

mulation. The equation with the novel coefficient is expressed as in Eq. 14. 

 

 
α

R
R C=   (14) 

 

where α is the novel error coefficient that has nonlinearity by the mass of inertia. 

 The formulation for α is expressed as in Eq. 15, and Fig. 9 shows the value of α for the cumulative error. 
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Fig. 8 Comparison of the original data (blue) and the linear interpolation (red) of the a and b coefficient 
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Fig. 9 Comparison of the original data (blue) and the linear interpolation (red) of the alpha coefficient 

3.2 Motor Empirical Formulation to Compensate for the Error 

A compensated turning radius is applied in the translational velocity equation of the motor as in Eq. 16. 

The velocities calculated by the novel algorithm include the compensation values for the curve radius error, 

the rotated angle error and the cumulative error. Fig. 10 shows the dimensions that were used to define the 

motor equation. 

 

 
R

DR
VV i

ni

+
´=  (i = 1, 2, 3, 4)  (16) 

 

where Vn is the translational normal velocity of the FRTV, R is the compensated turning radius, and D is the 

distance from the center of the FRTV to the center of each caterpillar. 

 

 

Fig. 10 Dimensional schematic for the motor formulation 
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 Table 2. 1 Result for the turning radius obtained with the basic algorithm 

Curve radius is 30000 mm 

x y Tan θ error Percentage of error 

0.0000 0.0000 0.0000 0 0.0000 0.0000 

49.7157 2621.4378 0.0875 5 64.7878 0.2160 

246.7976 5286.2727 0.1777 10 219.1616 0.7305 

584.9911 7882.9091 0.2680 15 452.9638 1.5099 

1081.2229 10528.3683 0.3641 20 775.6756 2.5856 

1737.2330 13179.4335 0.4663 25 1184.6351 3.9488 

2563.8050 15845.2352 0.5775 30 1683.0598 5.6102 

3565.7952 18506.9854 0.7001 35 2268.8037 7.5627 

4762.4841 21181.0340 0.8393 40 2947.9651 9.8266 

 

 Table 2.2 Results for the turning radius obtained with the compensation algorithm 

Curve radius is 30000 mm 

X y Tan θ error Percentage of error 

0.0000 0.0000 0.0000 0 0.0000 0.0000 

124.7093 2614.1107 0.0875 5 10.5590 0.0352 

513.4620 5202.9850 0.1765 10 57.9397 0.1935 

1097.2380 7748.6880 0.2681 15 76.5674 0.2559 

1867.0453 10244.4185 0.3641 20 59.8722 0.2000 

2822.8015 12674.9853 0.4664 25 12.4131 0.0414 

3967.4123 15029.9989 0.5774 30 59.8817 0.1992 

5304.9780 17296.0140 0.7004 35 149.5640 0.4961 

6832.9804 19446.1877 0.8394 40 246.7356 0.8157 

 

The compensated translational velocity is used to calculate the angular velocity of each caterpillar, and the 

angular velocity equation for the FRTV is expressed as in Eq. 17. 

 

 
SR

V
ω i

i =  (i = 1, 2, 3, 4) (17) 

 

where SR is the radius of the motor sprocket. 

 

 Table 3.1 Result for the turning radius obtained with the basic algorithm 

Curve radius is 40000 mm 

X y Tan θ error Percentage of error 

0.0000 0.0000 0.0000 0 0.0000 0.0000 

73.4572 3493.6029 0.0875 5 79.0978 0.1977 

338.2169 6995.9100 0.1764 10 274.0586 0.6851 

800.3801 10504.2726 0.2680 15 582.6311 1.4566 

1467.2358 14026.8682 0.3640 20 1006.4257 2.5161 

2345.8166 17556.4500 0.4663 25 1545.9561 3.8649 

3450.9079 21105.6602 0.5775 30 2205.2725 5.5132 

4789.5277 24651.5709 0.7001 35 2982.2906 7.4557 

6383.3303 28206.1991 0.8391 40 3882.4584 9.7061 
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 Table 3.2 Result for the turning radius obtained with the compensation algorithm 

Curve radius is 40000 mm 

x y Tan θ error Percentage of error 

0.0000 0.0000 0.0000 0 0.0000 0.0000 

182.1861 3486.4508 0.0876 5 29.8406 0.0747 

717.7250 6929.8360 0.1764 10 111.1575 0.2787 

1512.3594 10316.2423 0.2680 15 153.7538 0.3859 

2553.0156 13634.8999 0.3641 20 147.9344 0.3712 

3838.8822 16866.6471 0.4664 25 98.7441 0.2475 

5371.8141 19996.3085 0.5775 30 12.9569 0.0324 

7150.9947 23000.3316 0.7002 35 100.7781 0.2513 

9182.8651 25863.8296 0.8393 40 232.2443 0.5773 

 

 Table 4.1 Result for the turning radius obtained with the basic algorithm 

Curve radius is 50000 mm 

X y Tan θ error Percentage of error 

0.0000 0.0000 0.0000 0 0.0000 0.0000 

97.2709 4367.4024 0.0875 5 93.4784 0.1870 

433.3478 8739.7745 0.1763 10 331.2693 0.6625 

1017.5969 13126.0107 0.2680 15 710.6298 1.4213 

1857.5011 17523.8542 0.3640 20 1232.6621 2.4653 

2964.5015 21937.2544 0.4664 25 1899.7230 3.7994 

4351.3707 26361.2837 0.5775 30 2713.5147 5.4270 

6032.9483 30788.3014 0.7003 35 3675.1445 7.3503 

8031.5560 35220.2930 0.8392 40 4788.8614 9.5777 

 

3.3 Verification for Various Curved Radius 

The multi-body dynamic simulation is used to verify the turning performance of the FRTV, and the condi-

tions of the simulation are as follows. 

 

■ Translational normal velocity (Vn): 700 (mm/s) 

■ Radius of the motor sprocket (SR): 224.5 (mm) 

■ Curved radius (Rtarget): 30000, 40000, 50000, 60000 (mm) 

 

Table 2.1, 3.1, 4.1 and 5.1 show the results of the numerical simulation produced with the basic algorithm 

for curved radiuses of 30000, 40000, 50000 and 60000 mm. Tables 2.2, 3.2, 4.2 and 5.2 show the results of 

the compensation. Figs. 11–13 show the results for the turning radius, the delta x and the delta y with the 

curved radius and the rotation angle of the FRTV. In Figs. 11–13, “Theory” (blue line) indicates the theoret-

ical result, “Analysis 1” (red line) indicates the result of the numerical simulation with the basic algorithm, 

and “Analysis 2” (green line) indicates the result of the numerical simulation with the compensation algo-

rithm. The results for the basic algorithm diverge with an increase in the rotated angle. However, the results 

of the compensation algorithm did not diverged and approached the curved radius. 

Fig. 14 shows the relative errors for the turning radius between the results of the basic algorithm and the 

results of the compensation algorithm. The relative error is defined as in Eq. 18. 
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 Table 4.2 Results of the turning radius obtained with the compensation algorithm 

Curve radius is 50000 mm 

X y tan θ error Percentage of error 

0.0000 0.0000 0.0000 0 0.0000 0.0000 

238.0943 4358.3404 0.0876 5 47.5988 0.0953 

918.0616 8655.6481 0.1764 10 160.6890 0.3224 

1921.2819 12882.9591 0.2680 15 225.1693 0.4524 

3231.0382 17025.8107 0.3640 20 228.3814 0.4589 

4845.4408 21059.6261 0.4664 25 175.8887 0.3530 

6765.1174 24964.3715 0.5774 30 75.3075 0.1508 

8991.8493 28717.9205 0.7003 35 63.8331 0.1275 

11523.5541 32288.8692 0.8392 40 229.5527 0.4570 

 

 Table 5.1 Result for the turning radius obtained with the basic algorithm 

Curve radius is 60000 mm 

X y Tan θ error Percentage of error 

0.0000 0.0000 0.0000 0 0.0000 0.0000 

122.7261 5233.3896 0.0874 5 105.5430 0.1756 

533.5922 10489.1355 0.1764 10 384.3988 0.6366 

1240.6071 15746.6268 0.2680 15 832.7421 1.3689 

2254.2080 21020.2933 0.3640 20 1452.6584 2.3639 

3587.7530 26311.8606 0.4664 25 2246.7318 3.6094 

5254.8876 31610.8871 0.5774 30 3216.1017 5.0875 

7277.2545 36920.4840 0.7003 35 4364.6645 6.7812 

9677.1612 42230.4732 0.8392 40 5694.7560 8.6685 

 

 Table 5.2 Result for the turning radius obtained with the compensation algorithm 

Curve radius is 60000 mm 

X y Tan θ error Percentage of error 

0.0000 0.0000 0.0000 0 0.0000 0.0000 

292.9098 5222.7382 0.0875 5 64.9217 0.1083 

1117.6514 10381.1084 0.1763 10 209.5460 0.3505 

2331.1101 15456.0396 0.2680 15 295.8124 0.4955 

3907.8106 20415.7843 0.3640 20 307.9741 0.5159 

5850.9020 25251.5641 0.4663 25 252.4787 0.4226 

8157.8824 29931.5929 0.5774 30 137.6127 0.2299 

10829.1781 34428.7829 0.7002 35 25.9179 0.0432 

13865.2779 38712.5194 0.8391 40 225.1753 0.3739 

 

 
÷
÷

ø
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Sim

SimTheory
 (18) 

 

where RTheory and RSim indicate the turning radius obtained by the theoretical value and by the numerical val-

ue, respectively. 

The results using the compensation algorithm are better than the results using the basic algorithm. 
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Fig. 11 Comparison of the turning radius results according to the curve radius 

: (a) curve radius is 30 m, (b) curve radius is 40 m , (c) curve radius is 50 m , (d) curve radius is 60 m 

4. Conclusions 

The dynamic analysis of the FRTV is possible through the use of the DAFUL commercial software [3]. A 

compensation algorithm for the good steering performance of the FRTV was developed in this study, and 

the process to develop the algorithm is introduced and is verified for four different cases. Fig. 15 shows the 

flow chart of the algorithm, and the results of the turning radius using the compensated formulation are 

similar to the theoretical results. The relative error was reduced from 10% to 0.8% when the rotation angle 

of the FRTV was of 40 degrees. In the future, a multi-route driving analysis will be studied by using this 

algorithm and formulation. 

 

 

Fig. 12 Comparison of the delta x results according to the curve radius 

: (a) curve radius is 30 m, (b) curve radius is 40 m , (c) curve radius is 50 m , (d) curve radius is 60 m 
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Fig. 13 Comparison of the delta y results according to the curve radius 

: (a) curve radius is 30 m, (b) curve radius is 40 m , (c) curve radius is 50 m , (d) curve radius is 60 m 

 

 

Fig. 14 Comparison of the turning radius errors according to the curve radius 

: (a) curve radius is 30 m, (b) curve radius is 40 m , (c) curve radius is 50 m , (d) curve radius is 60 m 
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