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Abstract— The study deals with the integration of stability 

control systems for mobile cranes and hydraulic drives control 

systems when lifting operations include load-lifting path and 

crane position adjustments.  The system’s general flowchart and 

algorithm are presented. Crane tip-over stability margin 

estimation methods and their possible implementations are 

proposed: by center of mass position monitoring and measuring 

the velocity of pressure change in the outriggers hydraulic 

cylinders. 

Keywords— load-lifting machines; control; safety; stability; 
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I.  INTRODUCTION  

Today mobile crane automation is a required prerequisite for 
improving the crane productivity, safety, reliability, and energy 
efficiency [1-6]. The primary lifting and handling automated control 
objectives are workflow optimization, precise load positioning, 
reducing load oscillations while the crane stability conditions are 
met [7-12]. To achieve these objectives, an integrated safety system 
shall be in place. Such system consists of a CPU crane rated 
capacity limiter, travel limiters, equipment position and status 
monitoring, and a drive control system. 

Currently the commonly used systems ensuring crane stability in 
operation are CPU rated capacity limiters that only monitor the 
crane position and do not interfere with the controls until a critical 
situation occurs. Extra dynamic loads caused by abrupt crane drive 
halts may lead to the wire rope oscillations, drastic overturning 
moment rise, and subsequent stability loss. 

The patent search has revealed that there are works in 
progress related to the control and protection system 
integration and functionality expansion. The method and 
apparatus proposed in [10] partially damp the oscillations and 
limit startup/break dynamic loads (also caused by the safety 
system tripping) through monitoring the inertia values, 
velocities, accelerations and proactive travel limitation. The 

control device [11] can change the max capacity smoothly or 
in a step-like manner to match the loading period, mode, or 
phase. As a load is lifted, it is possible to specify the max load 
capacity in the crane azimuth angle rang. The max load value 
is then preserved and changes as the azimuth angle is changed. 
The system [12] controls the hydraulic directional valves 
depending on a comparison of the preset and actual boom 
extension and hook lift velocities, on the crane operation 
limits and the possibility of safe simultaneous crane 
movements. 

II. GENERAL CONTROL SYSTEM FLOWCHART 

There are two ways for the crane cycle optimization: load 
path optimization [13-19], and hydraulic motor drive velocity 
optimization [20-26]. Transient accelera-tion/deceleration 
processes are highly important for the emergence of 
oscillations and high dynamic overloads. It is even more so for 
complicated load paths and fre-quent velocity variations. So, a 
control system shall maintain optimal performance and limit 
the total load (load and boom equipment weight, dynamic 
processes, wind load, etc.) to ensure stability.  

The comprehensive system development objective is 
accident prevention without deactivating the crane drives 
through using optimal control algorithms for each drive 
considering the drive contribution to the load han-dling safety. 

To reach the objective, we should develop a drive con-trol 
system that performs the following functions: 

1. Estimating max crane component velocities, accel-
erations (and the drive forces and torques) at every moment. 

2. Generating control signals (see Item 1) to follow a 
predefined load path at an optimal velocity. 

3. Managing feedback to monitor the crane’s correct 
response to control actions. 
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Fig. 1 shows a general flowchart of such system. 

Fig. 1. Mobile crane control and protection system. General flowchart. 

The crane drives have proportional control. Velocity, 
travel length, hydraulic motor torque (for the load lifting and 
rotation drives) or a hydraulic cylinder force (for the boom 
lift/extension drives) are controlled with throttle solenoid 
directional control valves that have variable hydraulic 
resistance and managed by a controller. In this way, a load is 
carried along a specified path and at a specified velocity set 
with the control commands. 

A monitoring system tracks the position of the crane 
components and the load. The system comprises of azimuth 
angle α, boom length l and pitch φ sensors, a wire rope length 
sensor, secondary transducers, and data links. Besides, there 
may be optional base support to horizontal angle γ sensor and 
wind speed indicators to assess the wind load. The output 
signals are sent to the load capacity limiter, travel limiter, and 
the tip-over safety margin estimation and comparison device. 
Under the implemented mathematical model, the load capacity 
limiter estimates the PADD values for the current position of the 
crane components. 

The travel limiter receives the sensor signals and analyze 
the current load coordinates, velocity, and their direction, the 
shortest distance between the load and the safe load path area 
perimeter (in orthogonal or polar coordinates) and the velocity 
of approach to the perimeter. Based on these data, while 
monitoring a power line approach alert, the travel limiter 
generates path and velocity adjustments. 

Various sets of both direct [10, 11] and indirect [27, 28] 
sensors can be used to determine the current load FL. 
Respectively, the tip-over safety margin estimation and 
comparison device can handle either the PADD and FL directly, 
or related values (center of mass to tip-over distance, see [9].) 
The positional sensor signals are also processed in order to 
estimate the tip-over safety margins for each drive control 
channel. 

The controller uses the available information and control 
inputs to generate signals to the hydraulic motor throttle 
control system (individually in each channel.) The throttle 
velocity control works as follows: a portion of the pump-
supplied fluid is directed to a drain line and do not perform 
any work. Depending on the current max capacity setting the 
fluid pressure in a hydraulic motor limits its driving torque. 
The settings are so that the drive has a specified response time 
and acceptable phase shifts that define the dynamic properties 
of the control loop. 

Disturbances are detected through the crane response to 
then (changes in position, load increase), or directly by the 
sensors. The load/position sensors make up feedback loops. 
Accordingly, we have a deviation control or a combined 
(deviation and disturbance control) follow-up system. 

So, a system based on this concept (Fig. 1) enables 
consistent drive operation in terms of tip-over prevention and 
safe load paths. It virtually excludes any emergency situations 
without stopping the drives and halting the hoisting operation. 
The performance and energy efficiency are optimized with 
automated crane drive velocity and power management. 

III. CENTER OF MASS POSITION MONITORING FOR 

STABILITY CONTROL 

The proposed control approach includes the above-listed 
and the following actions: 

1. Generating preliminary travel limit signals based on the 
overload/travel limit analysis, and also on the estimated 
distance correction calculated for a given load oscillation 
period. 

2. Estimating the equipment inertia values, actual 
velocities and accelerations as the drives are started and 
stopped (based on the crane component position sensor 
signals) and determining the drive on/off timing for automated 
pulse control managed by the hanging load oscillation period 
and phase. 

3. Logical data processing, drive on/off signal multiplexing 
and sending the signals to amplifiers that actually activate the 
drives. 

The equation is used to estimate the current overturning 
moment. It is compared to the acceptable value, and the 
optimal boom length, load hanging height, velocities and 
accelerations for subsequent motions. These values are 
displayed on the operator panel. If the current overturning 
moment exceed the threshold value, the monitoring system 
automatically smoothly decreases the velocity to enable the 
operator intervention, e.g. changing the load height, velocity, 
acceleration, or boom length. 

To monitor a stable crane position we propose a stability 
detection method. It monitors the direction of the resultant of 
all forces applied to the crane (or to the center of mass 
projections) with reference to the mobile crane base perimeter. 
The method is based on the following assumptions: 
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1. To ensure a free-standing crane stability, a requirement 
is that the vertical resultant of the support pressure shall be 
within the base perimeter. 

2. A stability factor is a crane stability indicator. The factor 
depends on the distance between the resultant fulcrum and the 
base perimeter. 

The crane stability factor is a ratio of the base perimeter 
size (lX, lY, Fig. 2) to the distance between the resultant 
fulcrum (or center of mass) С to the most remote base 
perimeter point: 

k = 2 l / (l+b′) ≥1.2.

The controlled parameters are the center of mass 
projection coordinates. It can be shown that the stability factor 
maximum (k = 2) is at Cx = 0 (CY = 0), while the minimum (k 
= 1.2) is at CX = (lX – 0.6 lX) / 0.6, (CY = (lY – 0.6 lY) / 0.6). If 
the center of mass projection С is within the area 1, the mobile 
crane is stable. 

 

Fig. 2. Stability areas arrangement: 1: guaranteed stability;  

2: dangerously low stability; 3: check area 

When CX < (lX – 0.6 lX) / 0.6, (CY < (lY – 0.6 lY) / 0.6), i.e. at 
k < 1.2, the crane center of mass projection lies within the low 
stability area 2 (C ′, Fig. 2), and this is an emergency situation. 
There is a danger of crane tip-over. The proposed crane 
stabilization method has been developed to prevent it. 

The method is as follows. When the center of mass 
displacement reaches the dangerously low stability area, all 
the drives are locked out and some hydraulic fluid is drained 
from the bottoms of the cylinders opposite to the tip-over 
edge. In this way, the base perimeter is shifted in the direction 
opposite to the load application direction, so the center of 
mass projection is carried over to the guaranteed stability area. 

In order to avoid accidents, an extra area No. 3 (check 
area) has been introduced. According to the crane design and 
operation regulations, crane stability does not account for 
dynamic loads. Under static loads the stability factor k ≥ 1.4. 

In this way, the check area will lie within the following 
coordinate range:  

(lX – 0.6 lX) / 0.6 < CX < (lX – 0.7 lX) / 0.7

(lY – 0.6 lY) / 0.6<CY < (lY – 0.7 lY) / 0.7.

When the center of mass projection is in the check area 
(position C″), the current operation properties shall be 
changed (reduce the velocity, limit the boom length, reduce 
the motor torque) to prevent the center of mass shift to the 
dangerously low stability area. 

So, the mobile crane load stability monitoring method 
includes periodic sensor polling in order to determine the 
center of mass projection relative to the base perimeter, detect 
the center of mass projection displacement direction towards 
the guaranteed stability area boundary, generating low 
stability alarms and drive commands. 

The automated control system algorithm is as follows: 

1. The outrigger load sensors send signals to the control 
system. 

2. The current resultant fulcrum coordinates:  

xc = ΣGixi / ΣGi, yc = ΣGiyi / ΣGi,

are determined. 

3. The С point presence in the guaranteed stability area is 
checked. 

4. The max load increment relative to the current value is 
estimated based on the stability safety margin. 

5. A command for the crane drives is generated to maintain 
the safety margin above the threshold. 

IV. HYDRAULIC OUTRIGGER PRESSURE MONITORING FOR 

STABILITY CONTROL 

The mobile crane stability control method uses pressure sensors in 

the outrigger pressure line. The method is as follows: 

1. The load moment is estimated and compared to the limit value. 

2. Based on the results, a command to the drives is generated to 

reduce the load moment. 

3. Additionally, the outrigger hydraulic cylinder pressure 

variation rate and direction are detected. 

4. Check pressure rate combinations are developed and compared 

to the reference values. 

5. Depending of the match/mismatch of the control combinations 

a command is generated to change the crane properties that affect 

the stability. 

Refer to Fig. 3 for the load moment estimation diagram. 

A mobile crane stability control device includes a hydraulic line 

to the outriggers, a boom swing drive, an ADC, a CPU module. The 

CPU module memory stores a mathematical model of the mobile 

crane (customizable to match various load capacity.) There are 

pressure sensors in the outrigger hydraulic line. The CPU module is 
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connected to the sensors, and the boom swing drive is a variable 

axial piston hydraulic motor. 

 

Fig. 3.  Crane base plane diagram: 

1: load diagram; 2, 3, 4, 5: hydraulic outriggers carrying primary load; 6: 
telescopic boom; 7: base perimeter 

As the master hydraulic control valve is energized, the 
outrigger directional valves become operational and the crane 
is supported by the outriggers. The pressure sensors monitor 
pressure variation PA, PB, PC, PD in the bottoms of the 
cylinders as the base perimeter 7 is transformed. The CPU 
module determines the pressure variation rate. 

The diagram (Fig. 3) shows that at specified telescopic 
boom (Pos. 6) position, the three-point base perimeter (Pos. 7) 
bears most of the load. The perimeter vertices are the 2, 4, 5 
hydraulic cylinders (A, C, D) When the boom (Pos. 6) and 
load weight is translated to the swing drive center of rotation, 
a couple of forces is formed that generate an overturning 
moment. 

The support loads are:  
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As a rule, a three-support base perimeter is used in hoisting 
operation modeling; the fourth support does not bear any loads 
in this case [12]. 

Since the crane truck chassis is suspended by raising 
pressure in the outrigger hydraulic cylinders, in normal 
operation the reference set of outrigger pressure variation rates 
as a load is lifted or moved relates to the boom position as:.  

,0
t

PА ,0
t

PС 0
t

PD ,

where ,
t

PA ,
t

PC

t

PD  are the pressure variation rates in the 

ACD perimeter hydraulic cylinders. Such a set is reference 
data for a specified boom position relative to the supports. 

The best way to implement online crane stability control is 
assessing the crane stability by checking the outrigger 
hydraulic pressure variation rates relative to the above-
mentioned base perimeter. 

As the boom is swung, the load is shifted from one vertex 
(support) of the triangle base perimeter to another one, and the 
reference set now includes the pressure variation rate for the 
new base perimeter. At same time the follow-up system 
monitors the base frame horizontal position. 

The system accumulates data in operation, and can forecast 
future value variations with a certain probability. 

If the system detects that: 

,0
t

PА ,0
t

PС 0
t

PD

or 

,0
t

PA ,0
t

PC 0
t

PD

as a load is lifted of the boom is moved, it can be seen as a 
prerequisite for emergency situations. When there is the 
mobile crane tip-over danger, the system notifies the crane 
operator. If there is no operator intervention, the control 
system smoothly stops the swing and lock out any further 
movements in this direction. The operator has an opportunity 
to reduce the overturning moment and lower the load applied 
to the affected outrigger. To do so, one can reduce the boom 
extension, increase the boom slope angle (i.e. the distances 
between the crane center of gravity, the boom center of 
gravity, and the load center of gravity should be reduced). 
Such an intervention changes the loads applied to the 
outriggers. 

V. CONCLUSIONS 

Pressure sensors provide continuous crane stability 
monitoring. The sensor signals are fed to a ADC for con-
version into a format convenient for processing. A CPU 
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module processes the incoming information. The mod-ule 
consists of a CPU, a ROM, and a RAM chips. 

The hydraulic boom swing drive (a variable axial pis-ton 
hydraulic motor is to be installed) and the outrigger hydraulic 
circuit (pressure sensors are to be installed) retrofitting efforts 
are low. 

The stability control method is versatile and future-proof 
since it uses a flexible mathematical model stored in the 
onboard computer memory. The model can be changed or 
made more complex to match a specific crane design features 
(e.g., including more monitored variables, introducing new 
control methods, etc.) as the regulations become more 
stringent and more crane de-velopment/hoisting machinery 
safety research is carried out. During the research three patents 
were received [27-28]. 
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