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Abstract:  

The paper presents a method of determining the dynamic parameters of multiple-rocket-

launcher system mounted on the wheeled vehicle based on Newton’s law of motion. The 

dynamic simulation was conducted and then the results were compared with the corresponding 

experimental data to verify the reliability of the model. The model was applied in calculation 

and tested out on multiple-rocket-launcher system BМ-21 (of Russia). The theoretical 

model calculation results are relatively consistent with the measured experimental data. 

The dependence of the launcher oscillation on the rate of fire was investigated, which 

determined the optimal rate of fire for each launcher. These results are used to evaluate 

the firing stability of the launcher when firing individual shots and firing bursts. This is an 

important theoretical basis which can be a reference for designers in the design process of 

improvement, manufacture, exploitation and use of a launcher mounted on the wheeled vehicle. 
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1 Introduction 

Since the 50’s of the last century, multiple-rocket-launcher systems have been re-

searched by many scientists from developed countries in the world. Advances in materials 

technology, control and automation have been used to innovate, upgrade, and manufac-

ture new generations of multiple rocket launchers to improve combat power, 

manoeuvrability and firing accuracy. Up to now, many generations of multiple rocket 

launchers have been created and they are more and more complete, promoting their 
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power and superiority. Reality of recent border conflicts between Israel and Lebanon, 

Russia and Georgia, etc. has proven it. 

Along with the change of fighting form, the role of the multiple rocket launcher 

system is increasingly enhanced in the artillery fire structure of countries. That has 

motivated the research, as well as the new design of the modern multiple rocket 

launcher systems, meeting the increasingly high requirements of combat and technology 

in military combat. 

From the older versions, Russia and Western countries have increasingly attached 

great importance to the application of modern scientific and technical advances to the research, 

improvement, and manufacture of a series of launchers mounted on the wheeled vehicle 

with many types, different calibres, thereby confirming that the launcher system 

mounted on wheeled vehicles is a universal and preeminent equipment to meet the 

operational requirements in modern warfare. 

For a complete and reliable theoretical basis to evaluate the quality of the launcher 

mounted on the wheeled vehicles after repairs, improvements, upgrades and new 

manufacturing, it is necessary to examine the basic factors affecting the launcher system 

when firing individual shots and when in burst mode. For that reason, a large number 

of documents, researches, modelling and simulation tools has been used as initial studies 

by previous researchers to investigate the underlying factors affecting the firing stability 

of launchers mounted on the wheeled vehicles. Some of the most noticeable documents 

are [1-4]. However, up to now the issue of assessing the firing stability of the multiple 

rocket launcher mounted on a wheeled vehicle when firing has not been studied rigorously 

and completely. Especially the influence of the vehicle and the road surface, the force 

acting on the tires and the moment characteristics have not been carefully considered. 

Researchers focused previously only on the stability of the launcher in the firing plane, 

while the factors affecting the launcher in lateral direction during firing has been neglected. 

Therefore, a detailed analysis on the firing stability of the launcher mounted on a wheeled 

vehicle during firing was thoroughly considered in this study. The multiple rocket launcher 

system BМ-21 (of Russia) was chosen for this study, see Fig.1. The result can then be 

applied to all types of artillery mounted on wheeled vehicle. 

 

Fig. 1 Multiple-rocket-launcher system BМ-21 

1. Vehicle body Ural-375, 2. Launcher, 3. Elevation parts, 4. Traverser parts 
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A mathematical model with 8 degrees of freedom (DOF) was used to investigate 

the firing stability of the multiple-rocket-launcher system in space using the Maple software. 

To determine the effect of the tires on the vehicle, the researchers used the Pacejka 

Magic Formula Tire model in [5] and [6]. This is one of the most important and widely 

used tire handling models. The use of this model will determine the lateral and longitudinal 

forces, as well as the self-aligning moment of the vehicle’s tires when firing.  

2 Proposed Dynamic Model 

The dynamic model of multiple-rocket-launcher system on a combat vehicle was developed 

in this study. The created model includes 8 DOF using a 6x6 configuration and the 

model is based on Newton’s law of motion. The model was developed using the 

integration of a few subsystems model to describe the vehicle’s oscillation when firing, 

including: a model of vehicle oscillation in vertical plane with 5 DOF; the Pacejka’s tires 

model; an oscillation model in the horizontal plane with 3 DOF; a lateral and longitudinal 

slip model and force of shot model. 

2.1 Model of Vehicle Oscillation in Vertical Plane with 5 DOF 

The oscillation model of the vehicle in vertical plane has been developed based on vertical 

elements of the forces acting on the mechanical system, shown in Fig. 2. In this model, the 

coordinate system OXYZ has the origin in the centre of sprung mass, assuming that the 

launcher is fixed to the vehicle floor to form vehicle body with the mass mb, the moment 

of inertia around the axis OX is Jx, the moment of inertia around the axis OY is Jy. 

When firing, the rear axle of the vehicle is locked to the vehicle’s body. The front axle 

has the mass m1, the moment of inertia around the axis O1X1 is Jx1. The ground is considered 

absolutely rigid, suspension system and tires are represented as linear effect in the vertical 

direction. When firing, the force of the shot Ft acts on the vehicle body in the direction 

along the launching tube axis with the traverser angle β and the elevation angle φ. The 

suspension system at front right and front left has been modelled as a viscos-elastic system 

with stiffness and viscous resistance coefficients k1, c1; k2, c2, respectively. The tires at 

front right and front left has a corresponding stiffness and viscous resistance coefficients 

k01, c01; k02, c02 and the tires at rear right and rear left have a corresponding stiffness and 

viscous resistance coefficients k03, c03; k04, c04. 

The dynamic state of the mechanical system is determined with 5 DOF, including: 

z – the longitudinal displacement of vehicle body along OZ-axis; θ – the angular displace-

ment of vehicle body about OY-axis; ψ – the angular displacement of vehicle body 

about OX-axis; z1 – the longitudinal displacement of the whole front axle along O1Z1-

axis and ψ1 – the angular displacement of the whole front axle about O1X1-axis. 

From the mechanical model shown in Fig. 2, Newton’s law of motion is used to 

establish a system of differential equations of motion. The equation of the 5 DOF 

model is represented as follows. 
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Fig. 2 Model of vehicle oscillation in vertical plane with 5 DOF 
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2.2 The Pacejka Tire Model 

The tire model is one of the main components to determine lateral and longitudinal 

forces, as well as self-aligning moment of tires when firing. The tire model mentioned 

in this study is the Pacejka Tire Model. The Magic Formula Tire model of Pacejka was 

introduced in 1987, developed as in [5-7], where an asphalt type of roadway was used. 

The model is depicted in Fig. 3. 

 

Fig. 3 Overview of the ISO axis system [7] 

A general overview of the inputs and outputs of the analytical tire models is depicted 

in Fig. 4. The input variables of a tire model are defined on the left side, where λ is the 

longitudinal slip, α is the lateral slip angle, γ is the chamber angle and Fz is the vertical 

load on the tire. Outputs of a tire model are the longitudinal force Fx, the lateral force 

Fy and the self-aligning moment Mz, see [7]. 

 

Fig. 4 Overview of the structure of the analytical tire model [7] 

The general form equation of the tire forces and moment is determined by the 

formula, see [8]:  

 ( )( ) h vY X y x S S= + +  (6) 

where the value of Sℎ and Sv can be determined by the following formula: 

 ( )2
9 10 11;h v z zS a S a F a Fγ γ= = + ⋅  (7) 
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The expression y(x + Sℎ) representing the Pacejka Tire Model is determined by 

the formula:  

 ( ) ( ) ( ) ( ){ }( )sin arctan arctanh h h hy x S D C B x S E B x S B x S + = + − + − +   (8) 

The value Y(X) is the output variable, representing the value of longitudinal 

force Fx, lateral force Fy and self-aligning moment Mz. Meanwhile, the subscript X is 

the input parameter such as lateral slip angle α, or longitudinal slip ratio λ of each tire 

of the vehicle and γ tire chamber angle. Sℎ and Sv refer to horizontal and vertical shift 

of the tire response, respectively. α1 to α11 are constant parameters which are obtained from 

experimental analysis for type of roadway and tire, respectively [5]. The parameters B, C, 

D and E are defined as stiffness control, shape, peak, and curvature factor, respectively, 

and they can be obtained as follows, see [8]:  

 ( )/tfB S CD=  (9) 

 2
1 2z zD a F a F= +  (10) 

 2
6 7 8z zE a F a F a= + +  (11) 

where Stf is defined as the stiffness at zero slip, used to describe the lateral force:  

 ( )3 4 5sin arctantf zS a a a F =    (12) 

and, both longitudinal force as well as self-aligning moment as follows:  

 ( ) 52
3 4 / e za F

tf z zS a F a F= +  (13) 

The parameter C is 1.30 for the lateral force, while for longitudinal force and self-

aligning moment the parameters are 1.65 and 2.40. The model parameters are dependent 

on the normal force Fz at the tires of the vehicle. 

2.3 The Oscillating Model 3 DOF in the Horizontal Plane 

The 3 DOF model in the horizontal plane mainly describes the vehicle’s oscillation 

along the longitudinal OX-axis, the lateral OY-axis, and the rotational motion (yaw) 

about the vertical OZ-axis. The displacements are defined as ax, ay and rɺɺ , respectively. 

Additionally, external forces such as longitudinal force, lateral force, Ft, and self-

aligning moment acting on each tire as well as the force of the shot were also included 

in this model, as shown in Fig. 5.  

The sum of the total forces acting on both longitudinal and lateral motion is mainly 

considered to formulate the longitudinal and lateral acceleration of the combat vehicle. By 

projecting all forces on the x-direction, we obtain: 

 cos cosx x xfr xfl xrr xrl tF ma F F F F F ϕ β= = + + + −∑  (14) 

By projecting all forces on the y-direction, we obtain: 

 cos siny y t yfr yfl yrr yrlF ma F F F F Fϕ β= = + + + +∑  (15) 

Based on the longitudinal and lateral forces, as well as the self-aligning moment 

acting on all tires when firing, the yaw acceleration rɺɺ  can be determined using the 

method of calculating the torque around the centre of gravity of the entire combat 

vehicle:  
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where Fxfr, Fxfl, Fxrr, Fxrl, Fyfr, Fyfl, Fyrr, Fyrl, Mzfr, Mzfl, Mzrr and Mzrl are the longitudinal 

force and lateral force, as well as the self-aligning moment of each tire at front right, 

front left, rear right, and rear left, respectively. 

 

Fig. 5 Model of 3 DOF in the horizontal plane 

2.4 Lateral and Longitudinal Slip Model  

To obtain the lateral forces and longitudinal forces, as well as self-aligning moment of 

the tire, we need to define the input parameters in the tire model which is the lateral 

slip angle and longitudinal slip. The detailed explanation can be obtained from [9]. 

The lateral slip angle α is the angle between the tire direction of motion and the wheel 

plane, see Fig [3]. The tire lateral slip angles at the front and rear tires can be determined 

as follows, see [8]:  
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where �fi,j and �ri,j are the lateral slip angles of tires at the front and rear of the vehicle. 

The longitudinal slip λ of the tire is defined as the difference between the tire tangential 

velocity and the velocity of the axle relative to the road direction. It can be determined 

by the following formula:  

 x

x

v R

v

ωλ − ⋅
=  (19) 

where vx – the longitudinal velocity of the vehicle, R – the radius of each wheel, � – the 

angular velocity of the wheel.  
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2.5 Firing Force Model 

The firing force is the force by which the fired rocket acts on the launcher. The firing 

force is the main component causing vibration of the launcher. The value of the firing 

force is a function of time. It only depends on rocket function and does not depend on 

the vibrating state of the system. The firing force can be divided into three phases: the 

braking phase, the orientation phase, and the exhaust phase, see Fig. 6 [10]. 

 

Fig. 6 Diagram of phases of firing force [10] 

(a) The braking stage; (b) The orientation stage; (c) The exhaust stage 

The firing force is determined as follows: 

• The braking phase: when the braking force reaches the limit value Fk (about 6 kN to 

8 kN), the rocket will be released. This phase is very fast in the range from 0 to 

tk = 0.025 s. Therefore, we assume that the braking force increases linearly from 

0 to Fk: 

 ( )sin ; 0t k k

k

t
F F Q t t

t
ϕ= − ≤ ≤  (20) 

where Q – is the weight of the rocket, Fk – is the limit value of the braking 

force. 

• The phase of rocket motion in launcher tube: This phase lasts about 0.095 s, 

i.e., from 0.026 s until tc = 0.121 s. The actual Ft value is not large compared to 

that of other phases, it is derived linearly from the value Fc1 to Fc2. The value of 

the force Ft is determined by the formula, see [10, 11]: 
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where P' – the thrust of the engine that includes friction losses, md – the mass 

of rocket, M0 – the initial drag torque, dc – the diameter of the rocket, Idx – the moment 

of inertia of rocket around the longitudinal axis, f – the friction coefficient, γ – the 

slope of the rifle. 

• The phase of exhaust gas acting on the launcher: when the rocket engine works, the 

exhaust gas flow is formed and acts on the front of the launcher. This phase 
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lasts from the time the rocket comes out of the muzzle of launching tube until 

the exhaust gas flow stops acting on the launcher (Fig. 7). The exhaust force is 

determined by the following formula, see [10]: 

 ( )
( )

, dt

S

F p sξ ρ τ= − ∫  (22) 

where S – the surface area of the launcher; ds – the differential of area; p(ρ, τ) – 

the gas pressure at the review point and ξ – the coefficient of surface coverage. 

 

Fig. 7 Diagram of phase of gas exhaustion acting on the launcher and firing sequence 

The diagram of the firing force acting on the launcher surface with respect to 

time is shown in Fig. 8. 

3 Validation of Model 

3.1 Applying Model to Survey Oscillation for the Multiple Rocket Launcher System 

BМ-21 

The mathematical model of rocket launcher on a wheeled vehicle was applied for the 

multiple rocket launcher system BМ-21 (of Russia). The numerical values of the input 

parameters of the system were determined as follows: dimension parameters and mass 

parameters were measured directly or were obtained from technical specifications; inertia 

moment parameters, force point, the gravity centres coordinates were determined by 

Solidworks software. After each shot, mass, inertia moment and the gravity centres 

coordinates of vehicle body were recalculated using a subroutine. This is one of the 

input parameters for the next shot, see more [10]. Due to the very large numbers of 

inputs, only the most important are mentioned hereto, as shown in Tab 1. The main 

steps to solve the problem are presented in the block diagram below, see Fig. 9: 

The system of differential equations was solved using the 4th order Runge–Kutta 

integration method and the MAPLE programming environment. The algorithm was 

programmed to investigate firing options: single or series of fires. Selected results of 

solution are presented in Fig. 10. 

The process of examining the vibration of the mechanical system shows that the 

semi-linkage stage directly affects the accuracy of the firing. The vibration along the 

Z-axial directly affects the elevating angle deviation, the vibration along the Y-axial 
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directly affects the traversing angle deviation. However, the amplitude of vibration in 

the Z direction is much larger than that in the X and Y directions, so the vibrating in the 

Z direction is the main reason for the vibration of the launcher, see Fig. 10. Stemming from 

that reason, in this study the Z direction vibration at the top of the launcher is used to com-

pare and evaluate the rationality of the model with experimental results. 

 

Fig. 8 Time course of firing force  

Tab. 1 Parameter of multiple rocket launcher system BМ-21 

Description Symbol Value 

Stiffness of suspension system k1, k2 165 000 N/m 

Viscous resistance coefficient of suspension system c1, c2 1 000 N·s/m 

Tire spring stiffness  k01, k02,  

k03, k04 

500 000 N/m 

Viscous resistance coefficient of tire c01, c02,  
c03, c04 

205 000 N·s/m 

Front axle mass m1 1 163 kg 

Vehicle body mass mb 11 570 kg 

Moment of inertia of front axle around the axis X1 Jx1 759 kg·m2 

Moment of inertia of vehicle body around the axis X Jx 7 639.8 kg·m2 

Moment of inertia of vehicle body around the axis Y Jy 39 497.9 kg·m2 

Distances in Figs 2 and 5 

a 3.2 m 

b 0.7 m 

c 2.18 m 

d 1.255 m 

e 0.715 m 

A 0.825 m 

B 1.15 m 
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Fig. 9 General block diagram for solving the problem 

 

Fig. 10 Vibrating in the X, Y, Z directions of the top of the launcher tube number 1 

with α = 25°, φ = 30°, Sd = {all 40 rockets}, Sb = {1}, Ts = 0.5 s 

3.2  Experiments Determining Oscillation of the Multiple Rocket Launcher System 

BМ-21 

The purpose of the experiment is to verify the mathematical model mentioned above. 

The measured oscillation parameters are the vibration of the launcher in the X direction, 

Y direction and Z direction. The detailed experimental model of measuring oscillation 

of the multiple rocket launcher system BМ-21 is presented in the document [12]. 

A diagram depicting the experimental equipment system is shown in Fig. 11. From the 

experience, the estimated maximum frequency of the mechanical system was set at 

300 Hz, and so a 20 000 Hz sampling frequency was sufficient for the purpose of signal 

digitalization. Before digitalization, the signals were filtered by low-frequency filters 

with low-pass filter at 120 Hz. 

Some pictures from the experiment of BM-21 combat vehicle at the shooting 

range are shown in Figs 12 and 13. The experiment was conducted under the temperature 

of 25 ÷ 31°C and the humidity of 65 %. 
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Fig. 11 The launcher and sensor gauge 

1. 3D acceleration measurement sensor gauge BR4321V; 2. Vibration measurement 

module UV-05A; 3. Display module UV-12A; 4. Computers and specialized software, 

5. AC power source 220 V, 50 Hz. 

After the measurements have been made, the sensor gauge outputs the data file as 

a pair of columns of time and displacement data. Measured data are analysed and processed 

by DASYLab software. 

 

Fig. 12 Deployment of experiment 

 

Fig. 13 Arrangement of vibration sensor 

3.3 Results and Discussion 

In order to compare the compatibility of the established model and the experimental results 

of the vibration measurement of BM-21 combat vehicles when firing, the firing option and 

experimental plan are selected as follows: a load of 10 rockets in the order 

Sd = {1, …, 10}, single firing in order of 1 to 8 Sb = {i, i = 1, …, 8}, firing a series of 2 

rockets Sb = {i, i = 9, 10} from the remaining rockets with the time between 2 shots equal 

to 5 s. The elevation angle is φ = 25° and traverser angle is β = 30°. The deviation be-

tween calculation results and experimental results corresponding to the single firing and 

a series of firing are shown in Figs 14 and 15. 

The comparisons show a very good agreement between the results of calculation 

and experimental results. In the first cycle, the amplitude of vibration calculated according 

to the model and the experimental results are relatively similar. The deviations of the amplitude 

of vibration are within the permitted limits (< 7 %) and the average deviation for the 

first 1 000 measurement points is relatively small (< 8 %).  
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Fig. 14 The graph of vibration in the Z0-direction when the first rocket is fired 

 

Fig. 15 The graph of vibration in the Z0-direction when firing a series of 2 rockets 

number 9-10  

In the period from 1 to 2 seconds, the amplitude of vibration calculated according 

to the model and the experimental results differ greatly. The reason for this difference is 

the natural disturbances acting on the launcher when fired. When the main oscillation of 

the launcher fades, the vibration caused by the disturbances is significant. 

The analysis results show that the established model of the mechanical system 

mounted on the wheeled vehicles is completely consistent with reality. This model can 

be used for survey and evaluating the structural parameters of the launchers to improve 

firing accuracy, as well as to evaluate the quality of the launchers after repairs and 

improvements. 
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4 Optimization of Firing Rate of Rocket Launchers on a Wheeled Vehicles 

To research the time delay Ts (the time from a shot to the next) between two consequent 

unguided rocket launches, we are only interested in the case of series of shots. The time 

delay is the basis used to determine the interaction between the rockets when launched 

through the vibration of the launcher. In combat, to ensure firepower focus, the firing 

rate of the launcher needs to be increased. However, the motion of unguided rocket is 

also influenced by the stirred-up gas exhaust from the previous rocket. These are factors 

that significantly affect the unguided rocket firing accuracy. Therefore, the task of the 

optimal time delay determination (rate of fire) for the launcher is essential and must be 

considered. Obviously, the first launch has a bounce angle of the launcher unchanged 

with every time delay. So, to evaluate the quality of the series of shots, we use statistical 

methods for 4 rockets from 2-nd rocket to 5-th rocket, including sample mean (x̅) and 

sample standard deviation (σx). They are determined by the following formulas, see [13]: 

 1 2
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... 1 n
n
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x x x
x x
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where: xi – the sample data set; n – the sample size. 

According to the article [14-16], the firing stability evaluation criterion is the jumping 

angle of the weapon in the vertical plane. So, in this study, we selected the bounce 

angle of the launcher in the vertical plane as optimal conditions to evaluate the effect of the 

time delay on firing stability of the multiple rocket launcher system when firing burst. 

To examine the effects of the time delay Ts on the firing stability of launcher 

mounted on the wheeled combat vehicle, the authors only evaluated the case of firing 

a series of 5 rockets with time delay Ts changing from 0.4 s to 0.6 s (step equals 

0.02 s). The elevation angle is φ = 25° and the traverser angle is β = 30°. The results – 

the bounce angle values at the time the rocket leaves the launcher tube muzzle (at t = 0.121 s) 

are presented in Fig. 16 and Tab. 2. 

The obtained results can be interpreted as follows:  

From Fig. 16 and Tab. 2, we can see that the value of the bounce angle is of random 

quantity. Minimum average deviation in time delay is Ts = 0.44 s (θ = 0.211 × 10–3 

rad), but minimum mean square deviation in time delay is Ts = 0.5 s (σθ = 0.482 × 10–3 

rad) and Ts = 0.6 s (σθ = 0.581 × 10–3 rad). 

Bounce angle is stable at the time delay Ts = 0.50 s and converges accordingly 

with the period t = 0.1 s, which means that they will stabilize at the time delay 

Ts = 0.60 s, Ts = 0.70 s, etc. But to ensure firepower focus, we need to increase the 

firing rate of the launcher, so Ts = 0.5 s is the best time delay. This explains why the 

multiple rocket launcher system BМ-21 has the time delay Ts = 0.5 s (rate of file = 

2 rounds/s), which is considered the optimal time delay. 

Depending on the firing mode (reload mode, shot order, angle shot, etc.), an acceptable 

time delay can take Ts = 0.5 ± 0.01 s, 0.6 ± 0.01 s, 0.7 ± 0.01 s, with the standard devia-

tion of the angle of bounce after 4 shots not exceeding [σθ] = 0.6 × 10–3 rad. 
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Fig. 16 The bounce angle values θ in the vertical plane corresponding to different time 

delays of the first 5 launches 

Tab. 2 The bounce angle values θ × 10–3 [rad] of the first 5 launches 

Ts 

[s] 

Shot 1 

(θ1) 

Shot 2 

(θ2) 

Shot 3 

(θ3) 

Shot 4 

(θ4) 

Shot 5 

(θ5) 
(

(4)θ ) (σθ(4)) 

0.40 0.206 –0.553 1.943 0.997 0.582 0.742 1.034 

0.42 0.206 –0.956 1.367 1.253 0.519 0.546 1.069 

0.44 0.206 –1.374 0.616 1.189 0.414 0.211 1.107 

0.46 0.206 –1.736 –0.707 0.637 0.296 –0.378 1.071 

0.48 0.206 –2.017 –1.67 –0.606 –0.198 –1.123 0.861 

0.50 0.206 –2.201 –2.574 –1.971 –1.426 –2.043 0.482 

0.52 0.206 –2.284 –3.253 –3.536 –2.996 –3.017 0.536 

0.54 0.206 –2.249 –3.591 –4.285 –4.492 –3.654 1.013 

0.56 0.206 –2.114 –3.533 –4.524 –5.101 –3.818 1.308 

0.58 0.206 –1.876 –3.096 –3.972 –4.473 –3.354 1.138 

0.60 0.206 –1.558 –2.344 –2.758 –2.816 –2.369 0.581 

5 Conclusion 

The stability of the firing is one of the important problems when calculating and designing 

the weapons system, since it has a great influence on firing accuracy. The paper presents 

the method of determining some indications to evaluate the firing stability of multiple 

rocket launcher system mounted on the wheeled vehicle by modelling method based 

on Newton’s law of motion and experimental methods. The model was built for 

multiple rocket launcher system BМ-21 (of Russia) with 8 degrees of freedom for 

single and multiple shots. The comparison of theoretical and experimental results 
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shows a very good accuracy and reasonableness of the model. The dependence of the 

launcher oscillation on the rate of fire was investigated, which determined the optimal 

rate of fire for each launcher. This model is applicable to all guns, artillery as well as 

launchers mounted on the wheeled vehicle. These results may be utilised in the design 

process to help optimize the structure of combat vehicles – combine weapons. 
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