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 Adaptive backstepping control based on disturbance observer and neural 

network for ship nonlinear active fin system is proposed. One disturbance 

observer is given to observe the disturbances of the system, by this way, the 

response time is shorten and the negative impact of disturbance and 

uncertain elements of the system is reduced. In addition, radial basic 

function neural network (RBFNN) is proposed to approach the unknown 

elements in the ship nonlinear active fin system, therefor the system can 

obtain good roll reduction effectiveness and overcome the uncertainties of 

the model, the designed controller can maintain the ship roll angle at desired 

value. Finally, the simulation results are given for a supply vessel to verify 

the successfulness of the proposed controller. 
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1. INTRODUCTION 

Vessels are sailing in bad weather conditions, due to effect of the external disturbances such as 

wave, wind and current can produce large amplitude roll motion, this is a dangerous phenomenon, it affects 

to the comfortable of the crew, cargo and ship, this phenomenon also affects to the vessels economic 

efficiency, therefore, research to reduce roll motion is a very important task. To perform that issue, there are 

some devices which have been researched to reduce roll motion [1]–[4] and can be named as bilge keels, 

antirolling tanks. But, due to the limitation of those devices, the active fin stabilizer has been researched with 

high efficiency in the roll reduction. Due to the superior of roll reduction ability, active fin has been 

researched very early and became a hotspot in the ship control filed [5]. Numerous researches on ship roll 

reduction by using active fin have been researched since 1940s. For example, a robust fin roll reduction was 

use for surface ship, and achieved good roll reduction effectiveness [6]. An adaptive backstepping controller 

and sliding mode controller were propose for active fin with radial basic function (RBF) neural network. The 

effectiveness of this device is highly dependent on the controller, therefore, researching to design an active 

fin controller with high roll reduction efficiency is also a very important task. 

Nowadays, control techniques have great progress, therefore there are many control methods have 

been researched for roll reduction control with fin stabilizer system. With advantages are reliability and 

simplicity, the proportional integral derivative (PID) control method was applied to reduce the roll motion in 

[7]. But, the disadvantage of the PID method is reduced adaptability and robustness of the system. Otherwise, 

design a controller within a linear model will be difficult to achieve high effectiveness of roll reduction due 

to roll motion is caused by the nonlinear dynamics when the ships are sailing in rough sea condition. To solve 

parameters variable and nonlinear dynamics problems, there are many robust algorithms, such as model 

https://creativecommons.org/licenses/by-sa/4.0/
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predictive control [8], [9], sliding-mode control [10], [11], fuzzy control [12], [13], were proposed for fin 

stabilizer system. However, with the ship model parameters uncertainty problem, adaptive backstepping 

control is considered as good solution for active fin system. As we all know, uncertainty parameters are 

caused by the system perturbation are compensated by using adaptive control technique, the update laws 

were used to replace the unknown parameters, and the nonlinear system mismatch problem is solved by using 

backstepping method. The virtual control input was chosen as the appropriate state variable, control variable 

output of each backstepping process was produced according to the previous process, and when ended the 

repeat process, the actual controller was obtained by optimal the Lyapunov function. 

In recent years, how to improve roll reduction efficiency received significant attention in the ship 

control field. To improve roll reduction efficiency, the main task is to overcome problems which generated 

by disturbances. With fin stabilizer system, the uncertainties mainly generated by the unknown disturbances 

which was not repeated or modeled. To reduce above mention uncertainties, there are some control methods 

which have been studied for ship active fin system such as, robust control, H∞ control [14], neural networks 

(NNs) control [15]. However, in the modern manufacture, the faster and accurate response is requested even 

under larger disturbances. To solve this problem, disturbance observer (DOB) was applied in [16], [17]. The 

approximate disturbance is estimated by comparing the real system’s control input and the symbolic model is 

main idea of the DOB. Through the symbolic model output response, the control input signal of virtual 

system is defined. The symbolic system is made by estimated disturbances, which is the feedback signal as a 

cancellation signal. DOB has some advantages can be named as robustness, less computational burden and 

high performance. For example in [18], based on DOB, a robust leader follower synchronization was 

proposed for under-actuated vessels. The DOB is effectively applied to the ship surge and yaw motions in 

this study and achieved good disturbance estimation. In our work, the DOB will be applied to the roll motion 

of the ship. In [19], an adaptive synchronization was proposed for marine surface vessels based on DOB, in 

this research, the leader-follower ship synchronization anti disturbance capability was improved by using 

DOB. Studies have also shown that disturbance observer also achieves good results with fast time varying 

disturbances, although it is designed for slow variable disturbances. 

As we all known, NNs is widely researched and achieved good results in ship control field. in [20], 

the functions parametric perturbation of the fin stabilizer system were tracked by used the NNs and achieved 

unexpected results. Ghassemi et al. [21] showed the controller which was combined between PID control and 

neural network for roll reduction control with low draught ship. In [22], an adaptive backstepping with RBF 

neural network was given for active fin without accurate model, the roll reduction effectiveness and the 

system robustness were obtained with the designed control strategy, however, the controller singularity can 

cause a potential risk. In our work, by combining the adaptive backstepping method with NNs and DOB, the 

proposed method can overcome the problems of controller singularity and mismatch, the perturbation 

parameters of the active fin system were also overcome by used the mentioned above methods. 

An adaptive controller for ship nonlinear active fin system with disturbances is presented in this 

paper. The proposed controller is combination the adaptive backstepping method with the radial basic 

function NN and the disturbance observer technique. The given scheme guarantees the stability of all closed-

loop signals. With proposed controller, the system parameters uncertainty can be solved, the system 

disturbances can be estimated, and this method overcomes the mismatch problems, the response time is 

greatly reduced, and will achieve better roll reduction robustness and effectiveness. 

The paper’s rest are arranged as: the ship nonlinear active fin stabilizer system, wave disturbance 

model and disturbance observer will be presented in section 2. Controller design is proposed in section 3. 

Section 4 is simulation results. Finally, section 5 is this paper concludes. 

 

 

2. PRELIMINARIES 

When sailing in rough sea conditions, the ship stability is affected by roll motion, determine exact 

dynamics forces that affect to the vessel motions is very difficult, in this paper, we study the stability of the 

vessel in relative to roll motion. So, the ship nonlinear active fin model is given as [23], [24]. 

 

(𝑀𝑥 + 𝛥𝑀𝑥)�̈� + 𝜉𝑛�̇� + 𝜉𝑤�̇�|�̇�| + 𝐷𝑝ℎ𝑚𝜑[1 − (𝜑/𝜑𝑓𝑙)
2] = 𝐻𝑐𝑡 + 𝐻𝑤𝑡 (1) 

 

In (1), 

𝑀𝑥  : inertia roll moment; 

𝛥𝑀𝑥 : added inertia roll moment; 

𝜑  : ship’s roll angle;  

�̇�  : ship’s roll rate; 

𝜑𝑓𝑙  : ship’s flooded angle; 
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𝐻𝑐𝑡  : fin’s control moment;  

𝐻𝑤𝑡 : sea wave’s acting moment; 

𝐷𝑝  : displacement of the ship;  

ℎ𝑚  : ship’s initial metacentric height;  

𝜉𝑛 
and 𝜉𝑤 

: damping coefficients. 

𝑀𝑥, 𝛥𝑀𝑥, 𝜉𝑛, 𝜉𝑤, 𝐻𝑐𝑡 can be given as: 

 

𝑀𝑥 + 𝛥𝑀𝑥 =
𝐷𝑝𝐵𝑟𝑒

2

𝑔
(0.3085 +

0.0227𝐵𝑟𝑒

𝑑𝑟𝑓

−
0.0043𝐿𝑃

100
)2 

(2) 

  

𝜉𝑛 =
2𝑟1√𝐷𝑝ℎ𝑚(𝑀𝑥 + 𝛥𝑀𝑥)

𝜋
 𝜉𝑤 =

3𝑟2(𝑀𝑥 + 𝛥𝑀𝑥)

4
 

(3) 

  

𝐻𝑐𝑡 = −𝜌𝑣2𝑆𝑓𝑙𝑓𝐶𝑙𝑓(𝛼𝑓 +
�̇�𝑙𝑓

𝑣
) 

(4) 

 

where 𝐵𝑟𝑒 is the ship’s breadth, 𝐿𝑃 is the ship’s length, 𝑑𝑟𝑓 is the vessel draft, 𝑟1, 𝑟2 are test factors, 𝜌is 

seawater density, 𝑣 is the vessel speed, 𝑆𝑓 is fin area, 𝑙𝑓 is the fin’s acting force arm, 𝐶𝑙𝑓 is the lift coefficient 

of fin, and 𝛼𝑓 is the rotation angle of fin. Take 𝛥𝑀𝑥, 𝑀𝑥, 𝜉𝑤, 𝜉𝑛 and 𝐻𝑐𝑡  instead of (1), we can get: 

 

�̈� = 𝛾1𝜑 + 𝛾2𝜑3 + 𝛾3�̇� + 𝛾4�̇�|�̇�| + 𝜎𝛼𝑓 + 𝑑 (5) 

 

where 𝛾1, 𝛾2, 𝛾3, 𝛾4, 𝜎 are coefficients, 𝑑 is sea wave disturbance.  

Denoted the state variables
 
𝑥 = [𝑥1, 𝑥2]𝑇 = [𝜑, �̇�]𝑇, the output signal

 
𝑦 = 𝜑 = 𝑥1

 

, and 𝑢 = 𝛼𝑓 is 

the input signal. From (5) can be written as: 

 

{

�̇�1 = 𝑥2

�̇�2 = 𝑓(𝑥) + 𝑔(𝑥)𝑢 + 𝑑
𝑦 = 𝑥1

 

 

(6) 

 

Assumption 1. 𝑔is an unknown smooth function, and signs of 𝑔 is known. And exist constant 𝑔1 > 𝑔2 > 0 

satisfy 𝑔1 > |𝑔| > 𝑔2, and Exist constant 𝑔𝑑 > 0 such that |�̇�𝑖| ≤ 𝑔𝑖𝑑. 

Lemma 1. If 𝑉(𝑡, 𝑥) is positive definite, and �̇� ≤ −𝑘1𝑉 + 𝑘2, with 𝑘1 ≥ 0, 𝑘2 ≥ 0 are bounded, and then 

𝑉(𝑡, 𝑥) ≤ 𝑘2/𝑘1 + (𝑉(0) − 𝑘2/𝑘1)𝑒−𝑘1𝑡 

 

2.1.  Disturbance observer 

The second function in (6) is rewritten as:  

 

𝑑 = �̇�2 − 𝑓(𝑥) − 𝑔(𝑥)𝑢 (7) 

 

The disturbance observer is proposed as: 
 

�̇̂� = −𝐾(𝑥1, 𝑥2)�̂� + 𝐾(𝑥1, 𝑥2)(�̇�2 − 𝑓(𝑥) − 𝑔(𝑥)𝑢) (8) 
 

where 𝐾(𝑥1, 𝑥2) = 𝑎 is the parameter with 𝑎 > 0 is designed. Due to the disturbance’s derivative there is no 

prior information, so assuming that disturbance in (6) varies slowly [25]. 

 

�̇� = 0

 

 (9) 

 

We defined observer error as difference between estimated and actual disturbance 

 

�̃� = 𝑑 − �̂�  (10) 
 

which can be written as in (11). 

 

�̇̃� = −𝐾(𝑥1, 𝑥2)�̃�  (11) 
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We can see that, in (6), �̇�2 is hard to obtain, this signal is essential to realize the disturbance 

observer. To solve this problem, an auxiliary variable is defined as: 

 

𝑟 = �̂� − 𝑞(𝑥2). Defining 

 

�̇�(𝑥2) = 𝐾(𝑥1, 𝑥2)�̇�2

 

 (12) 

 

then 

 

�̇� = −𝐾(𝑥1, 𝑥2)𝑟 + 𝐾(𝑥1, 𝑥2)(−𝑓(𝑥) − 𝑔(𝑥)𝑢 − 𝑞(𝑥2))

 

 (13) 

 

The estimated disturbance is obtained by: 

 

�̂� = 𝑟 + 𝑞(𝑥2)

 

 (14) 

 

and it is known that 

 

�̂� = 𝑟 + 𝑞(𝑥2) (15) 

 

We design 

 

𝑢𝑑 = �̂�/𝑔(�̄�)

 

 (16) 

 

The second function in (6) is rewritten as: 

 

�̇�2 = 𝑓(𝑥) + 𝑔(𝑥)(𝑣 − 𝑢𝑑) + 𝑑 = 𝑓(𝑥) + 𝑔(𝑥)𝑣 + �̃�

 

 (17) 

 

where �̃� = 𝑑 − �̂�, 𝑢 = 𝑣 − 𝑢𝑑 and the system (6) is transformed as: 

 

{

�̇�1 = 𝑥2

�̇�2 = 𝑓(𝑥) + 𝑔(𝑥)𝑣 + �̃�
𝑦 = 𝑥1

 

 

(18) 

 

The disturbance observer’s structure is shown in Figure 1. In the next section, a new design procedure is 

developed for the system (18) by using the adaptive backstepping method and radial basis function NN. 

 

 

 
 

Figure 1. Disturbance observer’s structure 

 

 

3. CONTROL SYSTEM DESIGN 

3.1.  RBF neural network 

In nearly years, radial basic function neural network (RBFNN) have been widely studied, please 

refer [26] for detailed treatment of RBFNN. In this paper, RBFNN model is given as:  

 

ℎ𝑚𝑚(𝑧) = 𝑊𝑇𝐹(𝑧)

 

 (19) 
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In (19), input vector 𝑧 ∈ 𝛺 ∈ 𝑅𝑚, 𝑊 = [𝑤1, 𝑤2, . . . , 𝑤𝑛] is weight vector, 𝑛 is node number of the NN, and 

𝐹(𝑧) = [𝑓1(𝑧), 𝑓2(𝑧), . . . , 𝑓𝑛(𝑧)] with 𝑓𝑖(𝑧) is chosen as Gaussian functions  

 

𝑓𝑖(𝑧) = 𝑒𝑥𝑝 [
−(𝑧−𝛾𝑖)𝑇(𝑧−𝛾𝑖)

𝜀𝑖
2 ]

 

 
(20) 

 

where 𝑖 = 1,2, . . . , 𝑛, 𝛾𝑖 = [𝛾𝑖1, 𝛾𝑖2
, . . . , 𝛾𝑖𝑚

]
𝑇
 is the receptive field center, 𝜀𝑖 is the Gaussian function’s width. 

As we all known that, using RBFNN to approximate an unknown continuous function 𝑓(𝑥) over 

compact sets, we can obtain 

 

𝑓(𝑥) = 𝑊∗𝑇𝐹(𝑥) + 𝜂        ∀𝑥 ∈ Ω ⊆ 𝑅𝑚 (21) 

 

In (21) the approximation error is𝜂, the basic function 𝐹(𝑥), and 𝑤∗ is ideal weight matrix. The ideal matrix 

𝑤∗ is an “artificial” quantity which is given for analytical purpose and have form as: 

 

𝑤∗ = 𝑎𝑟𝑔 𝑚𝑖𝑛
𝑤∈𝑅𝑚

{𝑠𝑢𝑝
𝑥∈𝛺

|𝑓(𝑥) − 𝑊𝑇𝐹(𝑥)|}

 

 
(22) 

 

3.2.  Control design 

Step 1: The variable error is defined 𝑧1 = 𝑥1, the virtual control law is choosen as 𝛼2. The second 

variable error is defined 

 

𝑧2 = 𝑥2 − 𝛼2 (23) 

 

The 𝑧1first derivative is calculated as: 

 

�̇�1 = 𝑧2 + 𝛼2

 

 (24) 

 

Virtual control law is defined as: 

 

𝛼2 = −𝑐1𝑧1

 

 (25) 

 

The Lyapunov function is considered 𝑉1 = 𝑧1
2/2 and the first derivative of 𝑉1 as: 

 

�̇�1 = −𝑐1𝑧1
2 + 𝑧1𝑧2

 

 (26) 

 

Step 2: We define 𝑧2 = 𝑥2 − 𝛼2 and the differentiate 𝑧2 with time yield’s respect is 

 

�̇�2 = 𝑓(�̄�) + 𝑔(�̄�)𝑣 + �̃� − �̇�2

 

 (27) 

 

with 𝑓(�̄�) and 𝑔(�̄�) are unknown, �̇�2 is unknown scalar function. We define ℎ(�̄�) and using a radial basis 

function neural network 𝜓∗𝑇𝜌(�̄�) to approximate ℎ(�̄�) as: 

 

ℎ(�̄�) =
1

𝑔(�̄�)
(𝑓(�̄�) + �̃� − �̇�2) = 𝜓∗𝑇𝜌(�̄�) + 𝜍∗

 

 (28) 

 

In (28) 𝜓∗is the ideal weights, and the approximate error 𝜍∗ > 0is a constant, then (27) can be writen as: 

 

�̇�2 = 𝑔(�̄�)(𝑣 + 𝜓∗𝑇𝜌(�̄�) + 𝜍∗)

 

 (29) 

 

The control law is chosen as: 

 

𝑣 = −𝑐2𝑧2 − �̂�𝑇𝜌(�̄�)

 

 (30) 

 

In (30) �̂�is the estimate parameter of 𝜓∗ matrix, denote �̃� = �̂� − 𝜓∗ is the parameter error, we have: 

 

�̇�2 = 𝑔(�̄�)(−𝑐2𝑧2 − �̃�𝑇𝜌(�̄�) + 𝜍∗)

 

 (31) 
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We consider the Lyapunov function as: 

 

𝑉2 = 𝑉1 +
1

2

𝑧2
2

𝑔(�̄�)
+

1

2
�̃�𝑇𝛵−1�̃�

 

 (32) 

 

with 𝛵 = 𝛵𝑇 > 0 is the adaptation gain vector, the first derivetive of 𝑉2 is  

 

�̇�2 = �̇�1 − 𝑐2𝑧2
2 + 𝑧2𝜍∗ + �̃�𝛵−1(�̇̂� − 𝛵𝜌𝑧2) +

𝑧2
2�̇�(�̄�)

2(𝑔(�̄�))2

 

 (33) 

 

The adaptation law is considered as in (34): 

 

�̇̂� = 𝛵(𝜌𝑧2 − 𝛿�̂�)

 

 (34) 

 

with 𝛿 > 0 is a constant. By using (26), (31), and (34), we obtain the first derivative of  𝑉2 as in (35). 

 

�̇�2 = 𝑐1𝑧1
2 − 𝑐2𝑧2

2 + 𝑧1𝑧2 + 𝑧2𝜍∗ − 𝛿�̃�𝑇�̂� +
𝑧2

2�̇�(�̄�)

2(𝑔(�̄�))2
 

(35) 

 

Refer to the facts  

 

𝑧1𝑧2 ≤ 𝑧1
2 +

1

4
𝑧2

2;     𝑧2𝜍∗ ≤ 𝑧2
2 1

4
𝜍∗2

 

 (36) 

 

then 

 

�̇�2 ≤ −(𝑐1 − 1)𝑧1
2 − (𝑐2 −

5

4
) 𝑧2

2 +
1

4
𝜍∗2

 

−
𝛿

2
(‖�̃�𝑖‖

2
− ‖𝜓𝑖

∗‖2) +
𝑧2

2�̇�(�̄�)

2(𝑔(�̄�))2

 

 (37) 

 

Note that, 

 

−(𝑐2𝑧2
2 +

𝑧2
2�̇�(�̄�)

2(𝑔(�̄�))2) ≤ −(𝑐2𝑧2
2 +

𝑧2
2�̇�𝑑(�̄�)

2(𝑔(�̄�))2)

 

 (38) 

 

𝑐2 is choosen such that 

 

𝑐2
∗ =

(𝑐2−𝑔(�̄�))

2𝑔0
2(�̄�)

> 0

 

 
(39) 

 

Denote that 

 

𝑐1 − 1 = 𝑐11; 𝑐2 −
5

4
= 𝑐22;

1

4
𝜍∗2

+
𝛿

2
‖𝜓𝑖

∗‖2 = 𝑘

 

 (40) 

 

We pay attention to |𝜍∗| ≤ 𝜍𝑁  and  ‖𝜓∗‖ ≤ 𝜓𝑁. Then can get: 

 

𝑘𝑖 ≤
1

4
𝜍𝑁

2 +
𝛿𝑖

2
𝜓𝑁

2 = 𝑘𝑁 = 𝐿

 

 (41) 

 

then 

 

�̇�2 ≤ −𝑐11𝑧1
2 − 𝑐22𝑧2

2 −
𝛿

2𝜆 − 1𝑚𝑎𝑥
̃ 𝑇−1̃

  

(42) 
 

Let 

 

𝑐11 =
𝐶

2
; 𝑐22 =

𝐶

2𝑔(�̄�)
;

𝛿

2𝜆−1𝑚𝑎𝑥
𝐶

2

 

 
(43) 
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with 𝐶 > 0 is bound constant and satisfies 𝛿 ≥ 𝐶𝜆 − 1𝑚𝑎𝑥  and it follows  

 

�̇�2 ≤ −𝐶𝑉2 + 𝐿

 

 (44) 

 

with the assumptions and lemma 1 which are given in section 2, (44) shows that �̇�2 is bounded. That means 

the bounded stability of system (6) is guaranteed. 

 

 

4. SIMULATION RESEARCH 

The design vessel is used for simulation, which have the parameters as given in Table 1. In the 

simulation, the parameters were selected as: 𝛾1 = −0.2117, 𝛾2 = 0.2939, 𝛾3 = 0.6748, 𝛾4 = −0.113,  

𝛿 = 0.01, 𝑇 = 𝑑𝑖𝑎𝑔{0.001}, 𝑐1 = 0.1, 𝑐2 = 2, fin angle |𝛼| ≤ 25𝑑𝑒𝑔. 𝑛 = 135 is node number of the NN, 

𝜀𝑖 = 2(𝑖 = 1. . .25). External disturbance is given as square-wave and sinusoidal signal. The control 

performance is illustrated in below simulation results. The disturbance is choice as sinusoidal signal 𝑑 =
0.25 𝑠𝑖𝑛( 0.8𝑡) and square-wave signal: 𝑑 = 0.25(𝑠𝑖𝑔𝑛(𝑠𝑖𝑛( 0.8𝑡))).  

 

 

Table 1. Vessel parameters 
Vessel parameters 

Ship’s length 175 m 
Ship’s breadth 25 m 

Draft 8.0 m 

Displacement 21130 t 
Fin area 20 m2 

The fin acting force arm 15.0 m 

Fin fift coefficient 3.4 
Ship’s flooding angle 45 (°) 

Shp’s Initial metacentric height 5.5 m 

Ship’s speed 18 kts 

 

 

As we shown in Figure 2 and Figure 3 the roll angle is reduced to the desire value and this value is 

maintained that mean the effectiveness of the proposed controller is illustrated. Figure 4 and Figure 5 shown 

that the system’s disturbance is estimated very well with proposed disturbance observer. Figure 6 and  

Figure 7 shown that the controller designed has the response time close to 2 s while response time of the 

controller without disturbance observer close to 10s which is shown in Figure 8 and close to 20 s which is 

shown in Figure 9, that mean, by using disturbance observer, the response time is greatly reduced. 

 

 

  

  

Figure 2. The ship roll angle with 

 𝑑 = 0.25 𝑠𝑖𝑛( 0.8 𝑡) 

Figure 3. The ship roll angle with 

 𝑑 = 0.25(𝑠𝑖𝑔𝑛(𝑠𝑖𝑛( 0.8 𝑡))) 
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Figure 4. Disturbance observer with 

 𝑑 = 0.25 𝑠𝑖𝑛( 0.8 𝑡) 

Figure 5. Disturbance observer with  
𝑑 = 0.25(𝑠𝑖𝑔𝑛(𝑠𝑖𝑛( 0.8 𝑡))) 

  

  

  

  

Figure 6. The fin angle with  
𝑑 = 0.25 𝑠𝑖𝑛( 0.8 𝑡) 

Figure 7. The fin angle with  
𝑑 = 0.25(𝑠𝑖𝑔𝑛(𝑠𝑖𝑛( 0.8 𝑡))) 

  

  

  
 

Figure 8. The fin angle without disturbance observer 

with 𝑑 = 0.25 𝑠𝑖𝑛( 0.8 𝑡) 

 

Figure 9. The fin angle without disturbance 

observer with 𝑑 = 0.25(𝑠𝑖𝑔𝑛(𝑠𝑖𝑛( 0.8 𝑡)))  
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5. CONCLUSION 

In our work, an adaptive control scheme based on NN and disturbance observer for ship nonlinear 

active fin system is proposed. One disturbance observer is given to estimate the system’s disturbances, in 

addition, RBFNN is proposed to approach the unknown elements in the ship nonlinear active fin system, and 

therefore the system can obtain good roll reduction effectiveness and overcome the uncertainties of the 

model. Unknown disturbance and system parameters were solved with the proposed method. The simulation 

results illustrate that good roll reduction efficiency can be achieved. 
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