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Abstract: This paper analyzed the factors which influenced the bearing stability of high-order picking vehicles 
based on RF Network Sensor Signals, then it established dynamic equation through dynamic-static method. The 
dynamic equation was 0i i

i

c r  . This paper analyzed the stability of the vehicles from height, trajectory, 

ways of driving and turning radius in order to constantly optimize the vehicle structure and control parameters. 
On the premise of ensuring its stability, it improved its mobility at the greatest extent. Copyright © 2013 IFSA. 
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1. Introduction 

 

The underpan structure of high—order picking 
vehicles is very compact, and the hoisting height is 
very high and the driving speed changes fast. 
Therefore, the vehicle is prone to rollover accident 
due to its high gravity. In order to ensure that 
vehicles can operate efficiently and safely in 
stereoscopic warehouse, we require that it must have 
good stability and maneuverability [1]. Stability 
means the ability to resist capsizing under self weight 
and external load. Maneuverability is embodied in 
the minimum turning radius of the vehicle  
and the suitable minimum roadway width of the 
warehouse [2]. Obviously, there is a contradiction 
between stability and maneuverability. The main 
content that this paper studies is the factors which 

influence the bearing stability of high-order picking 
based on RF-Radio Frequency Signal and calculates 
maximum ascending degree of stability resistance 
and designs algorithms. 
 
 
2. Stability Factors of High-Order 

Picking Vehicles 
 
2.1. Height Analysis 
 

In order to analyze the stability factors  
of high—order picking vehicles, we have to establish 
physical model. But it is difficult to establish 
accurate model for the firm structure of high—order 
picking vehicle and its trajectory are relatively 
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complex. Therefore, it needs to be simplified in  
a reasonable range. 

Fig. 1 and Fig. 2 are the entity models of high—order 
picking vehicles. The whole vehicle is kept by horizontal 
support. The gravity of the whole vehicle (including 
vehicle itself, driver and goods) concentrates on the 
underpan’s center line. The projection of the vehicle 
height on vehicle supporting plane is point E. During the 
movement, vehicle is affected by many forces, such as 
gravity, ground reaction force and inertial force. Vehicle 
stability includes static stability and dynamic stability. 
Static stability is one of the special cases of dynamic 
stability, equaling to the state in which vehicle moves at a 
constant speed. So this paper only studies its dynamic 
stability [3]. There are two ways of driving of high—
order picking vehicles, one is straight driving and the 
other is cornering driving. But the load—carrying 
capability of vehicles is different under two ways, so this 
paper studies its stability respectively. 

 
 

 
 

Fig. 1. Models of high—order picking vehicle (1) 
 
 

 
 

Fig. 2.Models of high—order picking vehicle (2) 
 

2.2. Analysis of Movement Locus 
 

High—order picking vehicles operate on hard and 
smooth road, so it does not consider the influence of 

pavement deformation on stability. Therefore, it can 
rotate around one certain axis when vehicles overturn 
[4]. For three pivot vehicles, they are prone to lateral 
overturning during cornering driving. Its lateral 
overturning axis is ligature between the location of 
bearing wheel outside the cornering and the location 
of steering wheel. Take vehicles turning left as an 
example, it is easy to occur left lateral overturning 
with its movement locus, as shown in Fig. 3. 

 
 

 
 

Fig. 3.Height Analysis 
 
 

2.3. Ways of Driving 
 
High—order picking vehicles are prone to occur 

longitudinal overturn during straight driving, so this 
paper is going to analyze its ways of driving under 
straight driving. Now take the state of vehicle 
accelerated speed as an example, we analyze its ways 
of driving and establish the model. The driving state 
of vehicle during moving is shown in Fig. 4. 

 
 

 
 

Fig. 4. Stand—on type. 
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Fig. 5. Seated type. 
 
 
Suppose that vehicle can balance without 

capsizing under the joint action of the above several 
forces, we use D’ alembert’s principle to establish 
algorithms as follows [2]: 

 

0z A B CF N N N mg      
(1) 

 

0BC A AH EF DEM N l mgl mal    (2) 

 

0AH B BH C CH EGM N l N l mgl    (3) 

 
In this equation, m is vehicle’s whole quality, 

including the weight of vehicle, goods quality and 
driver. a is vehicle’s accelerated driving speed; h is 
the height from vehicle’s gravity D to load bearing 
surface. NA, NB and NC are the counter—forces of 
ground to vehicle’s front wheel, left rear wheel and 

right rear wheel respectively.  zF
 are the joint 

forces when vehicles are in the vertical direction. 

 BCM  is the resultant moment of all the forces 

to axis BC;  AHM  is the resultant moment of all 

the force to axis AH. 
Now suppose that vehicles can maintain balance 

and stability under the existing structure and motion 
parameters, we calculate the counter—force of 
ground to three pivots NA, NB and NC, then regard 
these three forces as the index when measuring the 
stability of picking vehicles [5]. If the counter-force 
NA, NB and NC are all positive values and bigger than 
a safe value under all motion conditions, then it 
proves that the dynamic stability of the vehicle is 
good. If the counter—force is close to zero in one 
motion condition, then it proves that vehicle is in the 
critical state of overturning and the stability is bad. If 
the counter—force is less than zero, then it proves 
that the suppose that vehicle can maintain balance is 
false, and vehicles are bound to instability and 
capsize under this motion state. 

2.4. Turning Radius 
 

High—order picking vehicles are easy to occur 
lateral overturning in cornering driving, so this paper 
is going to analyze its turning radius in this working 
condition. Here, we take vehicle turning left as an 
example to establish mechanical mode [6]. As shown 
in Fig. 6, with the change of driving wheel’s steering 
angle, moment turning center and turning radius of 
vehicles also changes. Now suppose driving wheel’s 
steering angle is   in a certain moment, and the 
instantaneous turning center of vehicle is point .  
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(a) Space stress analysis.  
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(b) Plan form of stress analysis. 

 

Fig. 6. Algorithm model of high—order picking vehicle wh
en turning left. 

 
 

Compared with straight driving, except affected 
by the counter—force of ground NA, NB, NC, inertia 

force
t

gF , and gravity mg , the vehicle is also 

affected by centrifugal force n
gF . Suppose under 

the joint action of the forces, vehicles can maintain 
balance during cornering driving. Then analyze its 
dynamics and establish the dynamic equation, as 
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shown in Equation (4) to Equation (10). 
 

( cos sin ) 0n t
AC B MN g g EMM N l F F h mgl      (4) 

 
( cos sin ) 0t n

MN A AM B BN C CM g gM N l N l N l F F h       
(5) 

 
arccot arccot 0EH GH AGl l l     (6) 

 
90 0       (7) 

 

/t
g tF ma mv t 

 
(8) 

 
2n

g nF ma m R 
 

(9) 

 

1sin(arctan( ( cot )))
EH

EH GH

l
R

l L l


  
(10) 

 
In these equations, ∑

ACM  is the resultant 

moment of all the forces to overturning  
axis AC. 

MNM  is the resultant moment of all the 

forces to axis MN. t
gF  is the tangential inertial 

force when vehicle turns. According to Equation (8), 
at is the tangential accelerated speed of vehicle’s 

gravity, v is the speed of the center; 
n

gF  is the 

centrifugal force when vehicle turns. According to 
Equation (9), an is the centrifugal accelerated force 
of vehicle’s gravity, w is the angular speed when 
vehicle rotates around the instantaneous center O. R 
is the turning radius of vehicle’s gravity, whose size 
is related with the driving wheel’s steering angel. 
Through kinematic analysis of vehicle turning 
process, turning radius can be calculated as Equation 
(10). 

 
 

3. Analysis of Network Sensor Algorithm 
 

In order to verify the above dynamic model, we 
use the designed and developed high—order picking 
vehicles as an example to analyze its stability based 
on RF-Radio Frequency Signal. From Equation (1) to 
Equation (10), we know that during vehicle 
movement process, the size of the counter—force of 
ground to three pivots NA, NB and NC is closely 
related with vehicle’s structure, speed, accelerated 
speed and load, etc. [7]. Through the solution of the 
above kinematic equations and mechanic equations, 
we can know the influence of various parameters on 
the dynamic stability of high—order picking vehicles, 
so as to optimize the structural design and  
control strategy. 

The self—weight ( 1m ) of high—order picking 

vehicle developed in this paper is 3900 kg, rated load 
(QC) is 1500 kg, the quality of the driver is 80 kg, 

wheel base ( 1L ) between the front pivot and back 

pivot is 1537 mm, span ( 2L ) between left pivot and 

right pivot is 1200 mm, load center distance is 
60 mm, maximum lifting height ( maxH ) is 9000 mm. 

The accelerated time (t) is 3 s when vehicle starts at 

the maximum speed ( maxV ) in any time (t) in any 
lifting height. The braking time is calculated 
according to industry standard of warehousing 
vehicle, that is to say, the maximum braking distance 
of a vehicle can not surpass 1.5 m. 

No matter in the condition of no—load or full 
load, the minimum value of center—force of ground 
to three pivots NA, NB and NC is all more than 6000N, 
which proves when the lifting height (H) is 1.8 m, the 
vehicle’s lateral stability is good during cornering 
driving, and it is not likely to occur capsizing. 
Similarly, through the analysis of the process of 
turning left at the typical lifting height with the scope 
of H (H is 0.6 to 5.4 m), we can get the minimum 
counter—forces of ground to pivots an various 
heights, as shown in Table 1. 

 
 

Table 1. Minimum counter—forces of ground to pivots 
when turning left. 

 
Lifting 
height 

[m]
No—load Full load 

 
NA 
min 
[N] 

NB 
min 
[N] 

NC 
min 
[N] 

NA 
min 
[N]  

NB 
min 
[N]  

NC 
min 
[N]  

0.6 20317 5966 6583 12467 15325 17014

1.2 20268 6320 6587 12468 15307 16682

1.8 20211 6728 6631 12449 15594 16505

2.4 20146 7201 6741 12415 16117 16477

3.0 20076 7709 6914 12370 16814 16602

3.6 20005 8225 7149 12317 17621 16879

4.2 19938 8718 7446 12263 18473 17307

4.8 19878 9161 7804 12209 19305 17887

5.4 19829 9526 8221 12161 20054 18616

 
 
4. Research on Handling Stability  

of High—Order Picking Vehicles 
Based on Root—Locus Method 

 
For high—order picking vehicles, it is important 

to solve the matching and connection between 
tractors and picking vehicles. The handling stability 
of high—order picking vehicles includes connected 
maneuverability and stability, characterized by the 
steady state response and transient response under 
the steering wheel angle input and yawning angular 
velocity frequency characteristic under steering 
wheel sinusoidal input [8]. In it, the leading indicator 
of steady state response refers to the yawning angular 
velocity gain and stability factor k. The leading 
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indicator of transient response is overshoot amount, 
reaction time and stability time. They can well reflect 
the steady and dynamic performance of the vehicle, 
and it is one of the most widely used methods in 
study the handling stability of high—order picking 
vehicles. But it has deficiency. When the range of 
structural parameter is large, it requires more curves. 
However, the root locus method can make up for this 
deficiency. Root locus method can make up for this 
deficiency. Root locus method not only can clearly 
show vehicle’s steering movement stability, but also 
can clearly and intuitively reflect the influence of 
various parameters on vehicle steering characteristics. 

 
 

4.1. The Root Locus and Stability  
of the System 

 
The characteristic root of the system is the apex 

of system’s closed—loop transfer function. Because 
the characteristic root of the system is always plural, 
so we use complex plane (S plane) to represent the 
characteristic root. As shown in Fig.7, the 

characteristic root 2
1 1   nn js . 

In the S plane, abscissa is real axis, which represents 
the real part ( n ) of the characteristic root. 

Ordinate is imaginary axis, which represents the 

imaginary part ( 21  n ) of the characteristic 

root. The location of the characteristic root in S plane 
is determined by the real part and imaginary part. In 
the figure, n  is the system’s inherent circular 
frequency, which is represented by radius vector  
in S plane. With the structural parameters of the 
system changes, the characteristic root will change 
[9]. Meanwhile, the location of the characteristic root 
in S plane will also change. So the path in S plane 
formed by the position of the characteristic root is 
called root locus. The root locus is symmetry in the 
real axis, so when drawing the root locus, we only 
draws the upper half of S plane and the root locus or 
the real axis. 

 
 

1s n 2
1  nj

n



0  
 

Fig. 7.Characteristic root 
 
 
Stability is the intrinsic characteristic of the 

control system, which is determined by system’s 
structure and parameters. Because the characteristic 
root of the system is the apex of system’s closed-loop 

transfer function, so the necessary and sufficient 
condition of system stability can be expressed as 
follows: if all the apices of system’s closed—loop 
transfer function are all one on the left plane, then it 
proves the system is stable. Conversely, if the system 
has one or more apices on right half plane, then it 
proves the system is not stable. 

For a practical system, only knowing whether the 
system is stable or not is not enough, we should also 
know about the stability of the system, namely, the 
system must have stable reserves. Because the roots 
of the characteristic equation of a stable system falls 
in the left imaginary axis on plural plane, but the 
imaginary axis is the critical stable boundary of the 
system [10]. Therefore, we use the distance which is 
the closest to the root of the imaginary axis and the 
imaginary axis to represent relative stability or 
stability margin of the system. Generally speaking, if 
the distance is long, the degree of stability is high. 
The degree which the system leaves the critical stable 
state reflects the degree of system’s stability. The 
location, shape and direction of root locus on the 
parameters on system performance are the biggest 
advantages of root locus to analyze system.  

 
 

4.2. Performance Comparison of the Root 
Locus Falling on the Inside or Outside 
Ideal Area 

 
As shown in Fig. 8 and Fig.9, from Сurve 2 to 

Сurve 1, the overshoot amount reduces from 97 % to 
76 %, and the reaction time reduces from 0.185 to 
0.135. And also the transitional time is significantly 
shorter than Сurve 2. The dynamic and stable 
performance of Curve 1 is obviously better than that 
of Curve 2. From that we can know that if the root 
locus falls inside the ideal area, the handling stability 
of high—order picking vehicles is better than that 
falls outside the ideal area [11]. 
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Fig. 8.Performance comparison. 
 
 

5. Conclusions 
 
For the research on the stability of high—order 
picking vehicles, it currently widely adopts the front 
wheel angle step input to examine the transient and 
steady state response of high—order picking vehicles 
under the open loop control. But it has deficiency. 
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When the range of structural parameter is large, it 
requires more curves. 
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Fig. 9.Root locus  
 
 

However, the root locus method can make up for 
this deficiency . A point on the root locus can 
represent a curve of the front wheel angle step 
response, with clear, intuitive and simple advantages. 
This paper first uses the root locus method in 
domestic to study the handling stability of high—
order picking vehicles and gets the following 
conclusions: 

The influence of speed on limo trains is big. As 
the speed increases, the steering stability reduces 
significantly, or even instability. 

After the traction of high—order picking vehicles, 
the system damping ratio reduces significantly and 
stability margin reduces greatly. 

When analyzing the factors that influence the 
stability of high—order picking vehicles, we should 
pay attention to control other variables. 

The totational inertia of high—order picking 
vehicles is small and the distance from pin—
connected joint to tractor rear axle is short, thus it 
helps to improve the handling stability of high—
order picking vehicles. 

The rear wheels cornering stiffness of high—
order picking vehicles is big, so it is conducive to the 
handling stability of high—order picking operation. 
However, tire pressure is one of the main factors that 
influence the wheels cornering stiffness. Therefore, it 
must guarantee the tires have enough air pressure in 
the design and use. 

This paper creatively expands the root locus 
method in automatic control engineering. It 
organically combines the stable factor k, which is the 
most important parameter in the resource on handling 
stability of high—order picking vehicles, with the 
root locus method in automatic control engineering 
in order to easily analyze the steady and dynamic 
performance of vehicles by using the root locus 
method. The instance analysis shows that the root 
locus method in automatic control engineering, after 
integrating the important factor of handling stability 
of high—order picking vehicles, can not only 

visually determine the merits of handling stability of 
high—order picking vehicles, but also can analyze 
the reasons why handling stability of high—order 
picking vehicles is bad according to the position that 
root locus locates in the plane. Therefore, it provides 
a powerful research method for studying handling 
stability of high—order picking vehicles. 
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