
  

 

Abstract— Cranes are required to lift and carry loads swiftly 

to desired positions without causing excessive swaying motion 

of the load. These are conflicting requirements, which make 

feedback control of crane systems challenging. Furthermore, 

variations in rope length and load mass complicate controller 

design, since they significantly influence swaying dynamics. 

This paper considers automatic control of Quanser 3DOF 

tower crane system using composite nonlinear feedback (CNF) 

methodology. To be more specific, a CNF controller is designed 

for the jib trolley position of the crane using partial state 

measurements. The performance of the CNF controller is 

compared with Quanser’s built-in linear quadratic regulator 

(LQR) controller both in simulation and experimental setups. 

The results show that the CNF controller provides better load 

handling capability in terms of fast positioning of the jib trolley 

and damping of load swaying. 

I. INTRODUCTION 

Cranes are commonly found in industrial sites such as 
ports, railway yards, pulp and paper mills, manufacturing 
facilities, construction sites and other work locations. Cranes 
are used to move hanging loads to desired positions 
preferably as fast as possible without causing excessive 
swaying motion of the load. The swaying motion of the load 
must be managed by carefully coordinated movements of the 
crane and its components, which require well-developed 
skills from human operators. Accidents such as damaged 
surroundings, damaged goods and injuries to people may 
result, if crane operation fails.  

Furthermore, manual crane operation has been reported to 
cause low efficiency, slow transfer time, and to require long 
training times of operators, which are cost related matters [1], 
and, as such, have driven research on automatic crane 
control. Yet, automatic crane control is a difficult task not 
only because of the conflicting requirements on fast 
positioning and small swaying motion of the load, but also 
due to the variations of load mass and rope length. For 
example, the height of the load influences to swaying 
frequency, which may cause feedback loop to generate fast-
changing and excessive control actions, which may result in 
instability. Cranes are also underactuated systems with less 
control inputs than degrees of freedom. Such features make 
feedback control of cranes challenging, and hence, a rich 
variety of control strategies has been adopted for crane 
automation: In [2–3], input shaping techniques that rely on 
command filtering techniques has been proposed to reduce 
payload swaying, whereas gain-scheduling has been applied 

 
*Research supported by TUT Foundation. 

V.-P. Pyrhonen and M. Vilkko are with the Unit of Automation 

Technology and Mechanical Engineering, Tampere University, 

Korkeakoulunkatu 6, 33720, Tampere, Finland. (e-mail: veli-

pekka.pyrhonen@tuni.fi, matti.vilkko@tuni.fi) 

in [4] to mitigate the adverse effects of varying rope length. 
Linear quadratic regulator (LQR) for crane control has been 
attempted in [5–6], H∞ control in [7], and adaptive fuzzy 
sliding control in [8–9]. Composite nonlinear feedback 
(CNF) methodology has previously been applied to gantry 
crane systems in [10–11]; however, those papers assume that 
full-state is directly available for feedback control, which is 
impractical. Furthermore, in [10–11], only simulation results 
are presented, and the controllers have been designed without 
integration action, which make closed-loop control systems 
vulnerable for exogenous disturbances. In this paper, jib 
trolley position of Quanser 3DOF crane system is controlled 
using CNF methodology with partial state measurements. 
The controller is also supplemented with a jib trolley velocity 
reference, which improves closed-loop tracking performance.  

CNF is a well-known control design methodology that 
attempts to achieve simultaneous fast command following 
and robustness under limited control authority. The CNF was 
originally proposed by Lin et al. [12] for a class of second 
order systems. Chen et el. [13] generalized the results of [12] 
to cover more general systems with measurement feedback. 
Multivariable case is studied in [14–15], whereas CNF 
control for a class of nonlinear systems is studied in [16]. 
Furthermore, Cheng et al. [17] have generalized CNF control 
for tracking general references, whereas Pyrhonen [18] 
provided design framework for improving the transient stage 
of CNF control using general dynamic feedforward set point 
filters. The CNF methodology produces feedback controllers 
that consists of parallel-connected linear and nonlinear parts, 
which can be designed as follows. First, the linear part is 
designed such that the resulting closed-loop system yields a 
step response with short rise time and large overshoot. Then, 
the nonlinear part is designed, which is able to dampen the 
overshoot tendency caused by the linear part. As a result, the 
step response of the closed-loop system maintains short rise 
time, while the overshoot caused by the linear part is reduced. 
Overshoot is reduced, because CNF controllers are able to 
use more control effort at the late stage of the transient 
response, which eventually shortens the settling time of 
closed-loop systems. This property makes CNF methodology 
feasible for many control applications requiring fast and 
precise command following, see for example: [19–23].  

The material in this paper is organized as follows. In 
Section II, a mathematical model of the jib system is 
developed, which is suitable for control system design. A 
step-by-step design procedure of CNF control is reviewed in 
Section III. Then, in Section IV, LQR and CNF controllers 
are designed for the jib trolley position control of Quanser 
3DOF tower crane system with fixed rope length. The results 
in Section IV indicate that the CNF control provides better 
load handling capability compared with the LQR control.  
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II. JIB SYSTEM MODELING 

In this paper, the following class of SISO (Single-Input-
Single-Output) systems with input nonlinearity are 
considered 
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where x ∈ ℝn, u ∈ ℝ, y ∈ ℝ and m ∈ ℝp, p ≤ n, are the state, 
control input, controlled output, measured output, and where 
x0 is an initial condition. The input nonlinearity in (1) is 
represented by  

  
maxsat( ) min{ , }sgn( )u u u u ,     (2) 

where umax is the saturation limit of the input and sgn 
denotes the sign function. Furthermore, the following 
assumptions on the system matrices of (1) are assumed to be 
true: 

A1: the pair (A, B) is stabilizable; 

A2: the triple (A, B, Cy) is invertible and has no invariant  
zeros at the origin; 

A3: the pair (A, Cm) is detectable; 

A4: the controlled output y is a subset of m i.e. y is also 
   measured. 

Next, a two-dimensional model of the jib system is 
presented assuming the payload is attached to the trolley 
using a fixed-length rope. It is further assumed that the tower 
remains in fixed angular position, which means that the 
payload sways parallel to the jib when the trolley is moved. 
The schematic diagram of the crane and its jib system is 
depicted in Fig. 1. 

The trolley is attached to a motorized belt-pulley device, 
which moves the trolley horizontally along the jib. As 
indicated in Fig. 1, the trolley moves in positive direction 
when it travels towards the end of the jib i.e. towards right in 
Fig. 1. The payload is joined to the trolley with a thin steel 
cable. Assuming the cable is rigid, the payload can be 
modeled as a suspended pendulum that swings. When the 
trolley is moved in positive direction, the payload turns in 
clockwise direction, and the pendulum angle γ increases 
positively. Hence, the position of the payload’s center of 
mass in Cartesian coordinate system (x, y) of Fig. 1 is 
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For simplicity, only the linear state-space model of the jib 
system is presented, which is suitable for feedback control 
design. Interested readers may refer to Quanser’s manual [6] 
for complete derivation of the nonlinear equations of motion, 
which are based on Lagrange method. When the rotational 
kinetic energy of the pendulum is neglected, the dynamics of 
the jib system can be written in the form (1) with  

                      ( ),  ( ),  ( ),  ( )
T

T

j jx x t t x t t     ,       (4) 

 
Figure 1.  Schematic free-body diagram of the jib system. 
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where  
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The parameters of the jib model are given in Table 1. The 
jib model has a pair of imaginary poles at s = ±j3.65 and two 
poles at the origin. Note that only the trolley position xj and 
the pendulum angle γ are measured and available for 
feedback control, so the rest of the states must be estimated in 
order to enable state feedback control. Furthermore, the 
output of the current amplifier driving the jib trolley motor is 
physically limited by (2) with umax = 7A.  

TABLE I.  PARAMETERS OF JIB MODEL. 

Symbol Description Value Unit 

mp Mass of the payload 0.147 kg 

Kt, j Cart motor torque constant 0.0396 Nm/A 

Jψ 
Jib motor equivalent moment of 

inertia 
9.14∙10–7 kg∙m2 

lp 
Vertical distance of payload 

from jib 
0.8636 m 



  

Symbol Description Value Unit 

ηg, j Cart motor gearbox efficiency 0.95  

Kg, j Cart motor gearbox gear ratio 3.7:1  

g Gravitational acceleration 9.81 m/s2 

ηm, j Jib motor efficiency 0.79  

rj, pulley 
Radius of pulley wheel mount 

on jib motor 
0.0071 m 

mtrolley Mass of trolley 0.6 kg 

III. CNF CONTROL DESIGN PROCEDURE 

Here, CNF control design with an integral action is 
presented. Integration action within CNF framework was 
originally proposed by Peng et al. in [21]. Integration can be 
included into the design procedure by following a common 
practice of state augmentation. Here, the state of the system 
(1) is augmented by the following auxiliary state variable 

              ( ) ,  0i i i y i ix k y r k C x k r k     ,        (11) 

where ki is a scalar to be selected to yield an appropriate 
initial integration action. Note that (11) is implementable as 
A4 is assumed to be true. 

The resulting augmented system can then be written by 

0,  (0)r

y

m

x Ax Bu B r x x

y C x

m C x

    







,       (12) 

where 

     
0

0,  ,  
0i i

x x m
x x m

x x

     
       
     

,       (13) 

and where 

       
       0   0   0

,  ,  ,    0 ,  
   0 0 0     1

m

r y y m

i y i

A CB
A B B C C C

k C k

      
                   

. 

(14) 

It should be noted that A1 and A2 imply that the 

pair ( ,  )A B is stabilizable.  

Next, a step-by-step design procedure for calculating the 
gains of the CNF controller is presented. The procedure is 
partitioned into two separate parts, which are: A) the design 
of a linear state feedback part, and B) the design of a 
nonlinear state feedback part.  

A. Design of Linear State Feedback Part 

First, assume that Cm = I, i.e. that all states of (1) are 
measured and available for feedback. Furthermore, assume 
that A1 and A2 are satisfied. Then design a linear full-state 
feedback law  

   L L su K x R r   ,        (15) 

where KL is the full-state feedback gain and r is the target 
step reference. The gain KL must be chosen such that  

1) all eigenvalues of the matrix ( )– LA BK  have strictly 

negative real parts, and 

2) the closed-loop system 
–1)–(y LC sI A BK B  has some 

desired properties e.g., small damping ratio.  

The selected feedback gain KL is partitioned by  

      KL  = [Kx    Ki],                   (16) 

where Kx corresponds to the full-state feedback gain and Ki to 
the gain in the integration channel. The chosen Kx results in 
the following scalar-valued feedforward gain  

    1 1[ ( ) ]s y xR C A BK B    ,          (17) 

which ensures that the DC-gain of the error-free model-based 
linear closed-loop system from the target reference r to the 
controlled output y is one.  

B. Design of Nonlinear State Feedback Part 

First, compute  
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and form the desired state: 
d dx R r  .        

Then construct a parallel-connected CNF control law 

         L Nu u u  ,             (19) 

where uN is the nonlinear feedback component given by 

   ( , ) ( , ) T

N N d du r y K x x r y B P x x     ,    (20) 

with P = PT > 0. The function ρ(r, y) is any nonpositive 
function locally Lipschitz in y, which is used to smoothly 
increase the damping ratio of the closed-loop system when its 
output y approaches the target step reference r. The matrix P 
can be computed by solving the Lyapunov equation 

  ( ) ( ) 0T

L LA BK P P A BK W             (21) 

for a given W = WT > 0. The solution P always exists since all 

eigenvalues of ( )– LA BK
 
are in the left-half complex plane.  

The following theorem from [13; 21] provides important 
stability properties for the closed-loop control system 
consisting of the system (1) and the CNF control law (19).  

Theorem 1. Consider the system (1), the linear feedback 
control law (15), and the composite nonlinear feedback 
control law (19). For any δ ∈ (0, 1), let cδ > 0 be the largest 
positive scalar satisfying  

  
max (1 ),  { : }T

LK x u x x x Px c S     .    (22) 

Then, the linear closed-loop control system consisting of (1) 
and (15) tracks a step input r without saturating the actuator 

provided that (0)x  and r and satisfy: 

       (0) (0) dx x x S  and max ,  Hr u t  ,        (23) 

where  

           L d sH K R R .                  (24) 



  

Moreover, for any ρ(r, y) as discussed above, the composite 
nonlinear feedback law in (19) is able to track a step input r 
provided that (23) is satisfied. 

Next, a suitable function ρ(r, y) needs to be chosen that is 
used to change the closed-loop system dynamics when e → 
0. In this paper, the following nonlinear function [13] is 
adopted 

 ( ) exp( ) exp( 0 ) ,  e e y r e r y           , (25) 

where e is the control error. The tuning parameters α > 0 and 
β > 0 of (25) are chosen such that the closed-loop control 
system satisfies the desired transient performance 
requirements i.e. short settling time and small overshoot. 
When a step experiment is performed, the function (25) is 
initially set to zero and it will converge, as e → 0, towards 

               0 1 exp (0)y r       .           (26) 

IV. CONTROL SYSTEM DESIGN 

In this section, feedback controllers are designed for 
positioning of the jib trolley as fast as possible while at the 
same time keeping the swaying motion of the payload 
desirable. Here, desirable payload swaying means that the 
deflection angle γ is bounded, say by |γ| ≤ γmax, and that the 
swaying motion is quickly dampened in time. Finally, the 
payload must be positioned at the desired location in the (x, 
y) coordinates. Note that fast positioning of the jib trolley and 
dampening the swaying motion of the payload are conflicting 
requirements. That is, it is easy to focus only on the fast and 
accurate positioning of the trolley without caring the swaying 
motion of the payload. Similarly, it is easy to keep the 
deflection angle and swaying motion of the payload small by 
moving the trolley very slowly. Next, the design of Quanser’s 
built-in LQR controller is presented, which has several 
features that are adopted for CNF controller as well. 

A. LQR Control 

First, the state of the jib system is augmented to include 
trolley position integrator, which ensures zero steady-state 
positioning error in actual experiments, and it improves 
disturbance rejection of closed-loop system. The resulting 
control law is given by 

     Lu K x  , ( ),  ( ),  ( ),  ( ), ( )T

j j jx x t t x t t x t dt  
  .     (27) 

The gain KL is calculated by minimizing the cost function 

       
0

( ) ( ) ( ) ( )T TJ x t Q x t u t R u t dt



       ,            (28) 

where Q ≥ 0 and R > 0 are weighting matrices given by 

                      diag(5,  5,  1,  5,  1)Q   and R = 0.1.            (29) 

The resulting state feedback gain is  

              14.1   34.7    11   1.46    4.47LK  .     (30)  

However, the given control law requires information on 
the rate of changes of xj and γ, which can be obtained using a 
state estimator or proper high-pass filters. Quanser has 

designed the following first-order high-pass derivative filters 
for estimating the rate of changes of xj and γ 
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whereas the trolley position and pendulum angle 
measurements are passed through the following first-order 
low-pass filters to smooth out measurement noise  
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The cut-off frequencies of the filters (31) and (32) are ωf,x = 
2π∙50 and ωf,γ = 2π∙2.0, respectively. 

Finally, the state-error feedback controller for actual 
implementation is given by 

     
L eu K x   , 

     , ,( ) ( ) ,  ( ) 0 ,  T
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                 , , , ,( ) ( ) ,  ( ) 0 , ( ) ( )j f j df f j f j dfx t x t t x t x t dt   
 ,(33) 

where ex  is the estimated error in which xj,f (t) is the filtered 

measured position of the trolley and xj,df (t) is the filtered 
trolley position set point, γf is the filtered measured pendulum 
angle, dxj,f (t)/dt is the filtered derivative of the trolley 
position, dxj,df (t)/dt is the filtered trolley velocity set point, 
and dγf /dt is the filtered derivative of the pendulum angle. 

The filtered trolley velocity set point is provided by the 
sigmoid block of the QuaRC (Quanser Real-time Control) 
software library, and it is calculated in derivative-free manner 
such that dxj,df (t)/dt → 0 in time. Also, the trolley position set 
point is provided through the sigmoid block, and it produces 
an s-shaped response similar to the output of a second-order 
low-pass set point filter. Unfortunately, the calculation 
procedure of these signals is not documented. Nonetheless, 
the controller (33) can be viewed as a PID-controller acting 
on the trolley dynamics and as a PD-controller acting on the 
pendulum dynamics. The same measurements and filtered 
reference signals are used in the linear part of the CNF. 

B. CNF Control Design 

The CNF control design begins by augmenting an 
integration action to the system with the gain ki = 4. Next, the 
feedback gains of the linear part are calculated according to 
step A of Section III. The poles of the initial closed-loop 
system are placed at  

        s = [–100, –4, –0.7 + j2, –0.7 – j2, –0.5],       (34) 

which yield the following state feedback gain 

   KL = [Kx    Ki], ≈ [11.14    18.28   5.90   –0.08    1.08]    (35) 

and the reference tracking gain given by 

                      Rs ≈ 11.14.            (36) 

Then the nonlinear part is designed by first calculating Rd 
from (18), which yields 



  

                             Rd = [1   0   0   0   0]T.          (37) 

The gains of the nonlinear part are calculated using (21) by 
selecting W = diag([1  100  10  5  2]), which yield 

             

39.72   4.53      11.20    9.53       8.42

4.53     48.47       3.02    2.41    1.23

11.20        3.02      8.29    7.03       2.24

9.53    2.41   7.03       6.02    1.89

8.42      1.23      

P

 

  

 

   

  2.24    1.89       3.40 

 
 
 
 
 
 
  

.   (38) 

Thus, the feedback gains of the nonlinear part are 

                      Kn ≈ [3.07   4.21   2.75   –1.06   0.92].    (39) 

Finally, the tuning parameters of the nonlinear function (25) 
are chosen as α = 5 and β = 8, which would result in 
satisfactory tracking performance. 

V. SIMULATION AND EXPERIMENTAL RESULTS 

Here, the performances of the designed feedback 
controllers are tested both in simulation and experimental 
setups. The control systems should move the trolley from the 
given initial position to the final position as fast as possible 
without large pendulum swaying. The pendulum swaying 
should also be quickly dampened such that the load will 
finally rest in the vicinity of the target set point. 

A. Simulation Results 

Here, the trolley is moved 0.3 meters from its initial 
position. The positioning performance of the closed-loop 
systems using LQR and CNF laws are depicted in Fig. 2 and 
in Fig. 3, respectively, whereas the motor input currents are 
depicted in Fig. 4. The motor input currents have been 
obtained by multiplying the controller outputs by 10 because 
of the current amplifier. The input currents are well below 
the saturation limits since the trolley motor is quite 
powerful. The step reference has been activated at t = 1 
seconds, and it has been processed by the sigmoid block of 
QuaRC to smoothen trolley movements. 

Judging from Fig. 2, the trolley and payload settle to the 
new resting position in 6 seconds using LQR. In contrast, the 
CNF controller is able to move the trolley and the load to the 
new position in 4 seconds, which is notably faster compared 
with the LQR. Note that both controllers use about the same 
amount of control effort initially, but the CNF uses more 
control at the late stage of the transient, which reduces 
overshoot of the trolley positioning but causes larger 
momentary pendulum swing. However, the CNF controller 
brings the trolley quite differently near the target set point 
when e → 0, and it is able to dampen the payload motion 
more quickly than the LQR. Note that the response of the 
strictly linear part of the CNF controller is included in Fig. 3 
for easy reference. 

B. Experimental Results 

In the actual experiments, software-based watchdogs 
have been implemented into the Simulink platform, which 
drives the crane in real time. If too large signals are observed 
in the system, then watchdogs are triggered, which will stop 
any experiment. In addition, the fundamental sample time of 
the platform has been reset from the default value of 0.001s 

to 0.002s owing to the slow CPU performance of the testing 
PC. The tracking performances of the control systems have  

 

Figure 2.  Simulation result: cart position and pendulum angle using LQR. 

 
Figure 3.  Simulation result: cart position and pendulum angle using CNF. 

 
Figure 4.  Simulation result: motor input currents. 

been depicted in Fig 5. Referring to Fig. 5, both controllers 
initially move the trolley almost equivalently fast (although 
CNF is slightly faster) and the initial pendulum sways are 
identical. 

However, the LQR controller settles the trolley too 
quickly near the target set point, which results in long-term 
oscillation of the payload. In addition, the integration action 
of the LQR controller may not be appropriate, since the 
oscillations are not fully dampened, and the trolley keeps 
making minor movements back and forth in later time. If the 



  

load is supposed to be automatically placed e.g., in a tight 
spot, the controller’s performance is unacceptable.  

 

Figure 5.  Experimental result: cart position responses and pendulum 

swaying motions of LQR and CNF. 

 
Figure 6.  Experimental result: motor input currents. 

Conversely, the CNF controller performs well also in the 
real-time experiments. Interestingly, after the initial part of 
the step response, the closed-loop control system using CNF 
controller functions quite differently compared with the 
system using LQR controller. CNF clearly moves the trolley 
further and it also brings the trolley more slowly into the 
vicinity of the target reference. Furthermore, the trolley 
movements are appropriate as regards to pendulum swaying. 
Finally, the payload does settle accurately in the given place 
without oscillation. It should be noted that as the control 
error becomes small around at t = 4 seconds, the gain of the 
integration channel of the CNF is enlarged, which enables 
accurate positioning at the final stage. Such feature cannot 
be achieved using linear control strategies. It should also be 
noted that accurate positioning of CNF control and 
oscillation tendency of LQR control were observed in 
repeated experiments. Unfortunately, there is a small offset 
in the pendulum angle measurement, because the angle 
always converges just below 1 degree in steady state, which 
is impossible in practice.  
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