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A B S T R A C T   

Vortex-induced vibration (VIV) may cause severe fatigue damage on deep-sea flexible risers. In many researches 
on active control of VIV, numerical simulation is widely used because of its suitability for parametric studies and 
lower cost compared to experiments. However, the existing numerical simulations rarely consider the change of 
lift during the active control of VIV due to the complexity of the control method. Moreover, the calculation time 
of numerical simulation is relatively long in the time domain. To solve these problems, the active control pro-
posed in this paper is carried out in the frequency domain. A boundary control method considering the change of 
lift force is proposed through an active control bending moment is applied to the top of riser. Compared with the 
experimental and numerical results of the flexible riser model under shear flow, the effectiveness of the proposed 
method is verified. In addition, the effects of different shear currents and different controlled bending moments 
on structural fatigue damage are studied. The results demonstrated that the reduction of fatigue damage is 
smaller when the control bending moment is small. As the control bending moment increases, the reduction of 
fatigue damage increases. However, when the control bending moment exceeds the critical value, the fatigue 
damage no longer decreases. From the total power perspective, the control energy and the proportion of energy 
in the system increase with the growth of the control moment. It is difficult to directly obtain the optimal control 
bending moment although there is an optimal control bending moment. Trial calculations are used to obtain the 
optimal control bending moment in this paper. The greater the shear currents, the greater the required control 
bending moment.   

1. Introduction 

In engineering, the fatigue damage caused by the vortex-induced 
vibration of the riser cannot be ignored (Liu et al., 2020, Thorsen 
et al., 2019). Fatigue damage threatens the safety of the riser (Iranpour 
et al., 2008, Wu et al., 2012). Reducing the fatigue damage of risers is a 
critical issue (Ren et al., 2019). Since only two ends of the riser are 
constrained, and the rest of the riser is under the current load, the 
boundary control method has been widely concerned in active control 
(How et al., 2009). 

There are many methods of boundary controllers, which are roughly 
divided into three categories, based on Lyapunov method, classical 
control method, and adaptive control method. The boundary controller 
based on the Lyapunov direct method or its improved version was 
applied to control the riser vibration in the time domain (How et al., 
2009, Do and Pan, 2008, Do and Pan, 2009, Ge et al., 2010, Zhao et al., 

2017, He et al., 2011, Liu and Guo, 2017). Zhao et al. (2019) combined 
disturbance rejection control strategy, auxiliary system, and Lyapunov 
theory, to build a new controller and interference observer to attenuate 
vibration. Guo et al. (2019) used the Lyapunov function to design a 
control method for a flexible drilling riser system with variable length, 
variable tension, variable speed, and restricted boundary output. How-
ever, the choice of the Lyapunov function is skillful and empirical. 
Moreover, the Lyapunov function determines the success and effect of 
the control. 

There are also classical control methods, such as PID, linear 
quadratic Gaussian (LQG), Linear Quadratic Regulator (LQR), neural 
network, and backstepping. An auto-tuned PID control algorithm was 
proposed to suppress vibration of riser (Shaharuddin and Darus, 2012). 
Zhang and Li (2015) applied LQG controller for active control the axial 
dynamic stress response of deep-water risers. A active control method by 
applying neural network in tuning top tension of marine riser was 
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studied to examine the effectiveness of VIV suppression (Quen et al., 
2016). Liu and Guo (2017) used the observer backstepping method to 
reconstruct the system state and then designed boundary control to 
suppress the vibration of the riser system. The system state that could be 
used for feedback when it was impossible to measure. Ji et al. (2018) 
studied the vibration control of nonlinear three-dimensional Euler-Ber-
noulli beams with input magnitude and rate constraints. A boundary 
control scheme is designed to suppress the vibration of beams by 
backstepping method with smooth hyperbolic tangent function, and 
satisfies the input amplitude and rate constraints. Based on the LQR 
method, Yu and Chen (2019) applied a torque actuator on the top of the 
riser to control vibration. Pham and Hong (2019) studied the flexible 
marine riser with varying length under the effects of ocean current. To 
suppress the lateral vibration of riser, boundary control is developed and 
implemented. The above classical control method is easy to implement, 
but its applicability in uncertain environment needs to be verified. 

Adaptive control has also begun to be applied in the field of active 
control. For example, Hasheminejad et al. (2014) used the adaptive 
fuzzy sliding mode control (AFSMC) scheme to actively suppress the 2D 
VIV of an elastically mounted circular cylinder in CFD under Re = 90 and 
100. Tavasoli (2015) proposed a robust and adaptive boundary control 
design method to stabilize the 2D vibration of the hybrid shaft model. 
The mixed shaft was represented by a set of partial differential equations 
which control the shaft vibration and coupled with ordinary differential 
equations, which can represent the rigid body rotation and dynamic 
boundary conditions. He and Meng (2018) designed an adaptive 
boundary control suppression scheme for a flexible string system with 
input hysteresis. The input hysteresis was formulated as a linear desired 
input and a “disturbance-like” term, whose unknown bound is then 
estimated by an adaptive law. He et al. (2019) studied the adaptive in-
verse control problem of a coupled vessel-riser with input backlash and 
system uncertainties. By introducing an adaptive inverse dynamics of 
backlash, the backlash control input was decomposed into a mismatch 
error and a desired control command, and a new adaptive inverse con-
trol method is established, which can eliminate vibration, backlash, and 
the uncertainty of compensation system. Zhao et al. (2020) proposed a 
framework of dead time compensation and robust adaptive vibration 
control for uncertain space flexible riser systems. Although adaptive 
control can be applied to some uncertain environments, most adaptive 
controls are difficult to understand and are still in the stage of numerical 
research. 

For more information about active control, readers can read the 
overviews, such as Hong and Shah (2018). However, as far as the author 
knows, the designed controller is in the time domain in the above 
literature.The time domain analysis is influenced by the numerical 
method. For example, the integration times step needs to be controlled 
within (1/50)Tmin, where Tmin is the minimum natural period of all 
participating modes (Li et al., 2018). As the frequency of participating 
modes increases, the calculation time increases significantly. Compared 
with time-domain analysis, in frequency domain analysis, the calcula-
tion time is short. Therefore, this paper applies the boundary control 
method in the frequency domain to control the riser’s VIV under shear 
flow. The main contribution of this paper is to deduce the control law in 
frequency domain, and to reduce the calculation time and control 
complexity by using the control moment of simple sinusoidal vibration 
to suppress single and multi-mode VIV consider the change of lift during 
the active control of VIV. The paper is structured as follows. In Section 2, 
the governing partial differential equation (PDE) of the riser with con-
trol bending moment and the simplified lift coefficient is proposed. The 
dynamic response of risers is computed based on the modal super-
position method. Next, the prediction of the VIV method in frequency 
domain is developed with control bending moment in Section 3. The 
simulation study is presented in Section 4 to demonstrate the effec-
tiveness of the control. The conclusions are drawn in Section 5. 

2. Problem formulation and preliminaries 

2.1. Dynamics of the marine riser 

Fig. 1 shows a schematic of a riser. The motion equation of the riser 
can be written as a PDE: (How et al., 2009) 

EI
∂4y(z, t)

∂z4 − T
∂2y(z, t)

∂z2 + mz
∂2y(z, t)

∂t2 + c
∂y(z, t)

∂z
= f (z, t) (1)  

where z denotes the length position of riser. y denotes the transverse 
displacement of the riser. t denotes the time. EI denotes the bending 
stiffness, T denotes the top tension. mz denotes the uniform mass per unit 
length. c denotes the structural damping coefficient. f(z, t) denotes the 
transverse force per unit length. 

The boundary conditions are: 

y(0, t) = 0 (2)  

EI
∂2y(0, t)

∂z2 = 0 (3)  

y(L, t) = 0 (4)  

EI
∂2y(L, t)

∂z2 − τ(t) = 0 (5)  

where τ(t) is torque applied to the top of the riser. 
The force on the riser can be divided into the in-line drag force 

FD(z, t) and the oscillating lift FL(z, t) (Blevins, 1977, Faltinsen, 1990). In 
order to simplify the complexity of the algorithm, here we only consider 
the oscillating lift FL(z, t). 

FL(z, t) =
1
2

ρCL

(
A
D
, t
)

U2(z)Dcos(2πfvt+φ) (6)  

where CL

(
A
D, t
)

is the spatially and time-varying lift coefficient. ρ rep-

resents the seawater density. U(z) is the velocity of the current at z. A is 
the displacement of the riser. D is the diameter of riser. φ is the phase 
angle. fυ the non-dimensional vortex shedding frequency can be 
expressed as 

fv =
StU
D

(7)  

where St is the Strouhal number, usually 0.2. 

Fig. 1. Schematic of a riser.  
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2.2. Lift coefficient 

The lift coefficient CL

(
A
D, t
)

is affected mainly by the amplitude of 

the riser, as shown in Fig. 2. Many software (SHEAR7, VIVANA) have 
empirical lift curves from a large number of experiments. To simplify the 
complexity of the lift curve, a cubic function is used 

CL

(
A
D

)

= CL0 + a
(

A
D

)

+ b
(

A
D

)2

+ c
(

A
D

)3

(8)  

where CL0 is initial lift coefficient. a, b, c are coefficients, respectively. 
Using the values of the key points (initial value CL0, peak value CLmax, 
Amax, and zero position A0) of the original lift curve, a new lift curve can 
be fitted. 

2.3. Dynamic Response 

Without considering the external force and damping, Eq. (1) 
becomes: 

EI
∂4y(z, t)

∂z4 − T
∂2y(z, t)

∂z2 + mz
∂2y(z, t)

∂t2 = 0 (9) 

Based on the mode superposition method, it is assumed that the so-
lution of Eq. (9) is 

y(z, t) =
∑∞

n=1
ψn(z)qn(t) (10)  

where ψn(z) is the shape of vibration, and qn(t) is the amplitude over 
time. 

The eigenfunction and eigenvalue can be obtained by substituting 
Eqs. (2), 3, (4), and (10) into Eq. (9), 

ωn =
nπ
L

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
EI
mz

(nπ
L

)2
+

T
mz

√

(11)  

ψi(z) =
̅̅̅
2
L

√ (

sin(αz) −
sin(αL)
sinh(βL)

sinh(βz)
)

(12)  

where α =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

mzωi
EI + 1

4

(
T
EI

)2
√

− 1
2

(
T
EI

)2
√
√
√
√ , β =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

mzωi
EI + 1

4

(
T
EI

)2
√

+ 1
2

(
T
EI

)2
√
√
√
√ . 

Multiplying each term of Eq. (9) by ψ j(z) and integrating 0 to L along 
the Z-direction, we get 

EI
∫ L

0
ψ ′′′′

i ψjdz − T
∫ L

0
ψ ′′

i ψ jdz −
∫ L

0
mzω2

i ψ iψjdz = 0 (13) 

The shape of the vibration ψ i(z) is approximately orthogonal, 
∫ L

0
ψi(z)ψj(z)dz =

{
0 i ∕= j
1 i = j (14) 

The governing equations of simply supported beams with a moment 
τ(t) at the boundary are established based on the principle of virtual 
work (Weaver et al., 1990). 

∫ L

0
mzÿδydz +

∫ L

0
(EIy′′′′ − Ty′′)δydz +

∫ L

0
cẏδydz

=

∫ L

0
f (z, t)δydz − τ(t)δ

(
y
′

|z=L

)
(15) 

Variational processing on Eq. (10) gives 

δy(z, t) =
∑∞

i=1
ψi(z)δqi(t) (16) 

Substituting Eqs. (13), (14), and (16) into Eq. (15), the Eq. (15) re-
duces to 

∑∞

i=1

(

mzq̈i + ciq̇i +mzω2
i qi −

∫ L

0
f (z, t)ψi(z)dz+ τ(t)ψ ′

i(L)
)

δqi = 0 (17)  

where ci = 2mzωiζi, ζi = ζsi + ζhi, ζi is modal damping ratio, ζsi is modal 
structural damping ratio, ζhi is modal hydrodynamic damping ratio in 
section 2.3 Prediction of VIV. 

3. Prediction of VIV 

According to the method in the SHEAR7 4.4 User Manual (Vandiver 
and Li, 2005), the VIV is calculated using the new lift curve, the 
simplified overlap of the power-in regions, and the controlled bending 
moment. If there is an overlap between adjacent power-in regions, the 
power-in region length of each mode involved in the overlap shrinks 
equally until the overlap disappears in SHEAR7. A method is used to 
reduce the overlap length of each mode by half in this paper. 

3.1. Potentially excited modes 

∏r

R
=

∏r

Max
( ∏i

R

), i= 1, 2,⋯, n. (18)    

where r is r-th mode. n is the total number of modes. 
∏r

R is estimated 
power ratio for each mode. 

∏r is estimated power for each mode. Qr is 
modal force. Rr is modal damping. Rh(z) and Rs(z) are the modal hy-
drodynamic and structural damping. The Lr is power-in (life force) re-
gion. The L − Lr is power-out (hydrodynamic damping) region. The 
measure of the relative strength of each mode is being sought through 

∏r
=

|Qr|
2

2Rr
, Qr =

∫

Lr

1
2

ρCL(z,UR(z))D(z)U2(z)ψr(z)dz, Rr =

∫

L− Lr
Rh(z)ψ2

r (z)ωrdz+
∫ L

0
Rs(z)ψ2

r (z)ωrdz   

Fig. 2. Typical lift coefficient curve.  
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Eq. (18). 
When the mode is locked, the natural frequency is equal to the 

shedding frequency of the vortex, i.e., fn = fv. Substitute Eq. (7) to the 
formula UR(z) = U(z)/(fnD), we get UR = 1/St, where UR is the reduced 
velocity of current. The bandwidth ΔUB determines the range of the 
reduced velocity of current. UnL = UR −

1
2 ΔUBUR, UnH = UR +

1
2 ΔUBUR, 

where UnL is the low reduced velocity of current, UnH is the high low 
reduced velocity of current. The reduced velocity of current is power-in 
region in (UnL,UnH), and the power-out region is in the others. So the 
bandwidth ΔUB is an important parameter, and usually is defined the 
following, 

ΔUB =

{
0.4 onemode
0.2 severalmodes (19)  

3.2. Modal power balance 

In the power-in region for mode r, the load force and r-th modal 
velocity are always in phase. So, the formula for the calculation of the r- 
th modal force in the r-th mode power-in region is 

fr(t) =
∫ L

0
f (z, t)|ψr(z)|dz=

∫

Lr

1
2

ρCL(z,UR(z))U2(z)Dcos(ωrt)|ψr(z)|dz

(20) 

The modal displacement for mode r is 

qr(t) = Arsin(ωrt) (21)  

where Ar is the modal displacement amplitude of the structure for mode 
r. 

The modal velocity for mode r is 

q̇r(t) = Arωrcos(ωrt) (22) 

The r-th modal input power is the r-th modal excitation force fr(t)
times the r-th modal velocity q̇r(t). The time-average of the modal input 
power over one period T is 
〈
∏in

r

〉

=
1
T

∫ T

0

∫

Lr
fr(t)q̇(t)dzdt =

1
4

∫

Lr
ρDU2(z)CL(z,UR(z))Arωr |ψr(z)|dz

(23) 

The r-th mode output power is the sum of the rth mode damping 
force times the r-th mode speed, and the r-th mode bending moment 
times the r-th mode angular speed. When the phase difference between 
the bending moment of the r-th mode and the tip angular velocity of the 
r-th mode is 0, the control effect is optimal. So the r-th mode bending 
moment is τ(t) = − τ0cos(ωrt).   

It is assumed that, for this mode, input and output power are in 
balance. 

Ar

D
=

∫

Lr
1
2 ρCL(z,UR(z))U2(z)|ψr(z)|dz

∫

L− Lr Rh(z)ψ2
r (z)ωrdz +

∫ L
0 Rs(z)ψ2

r (z)ωrdz + τ0
Ar

ψ ′

r(L)
(25) 

In Eq. (25), the left term represents the dimensionless amplitude of 

the r-th transverse vortex-induced vibration. Obviously, the smaller the 
amplitude value, the smaller the stress amplitude and the smaller the 
fatigue effect. The purpose of control is to reduce the amplitude and 
resist fatigue. From the right end of Eq. (25), we can see that when the 
numerator of the fraction is assumed to be fixed, the higher the value of 
the controlling bending moment in the denominator of the fraction, the 
smaller the amplitude. According to the analysis of Eq. (25) combined 
with Fig. 2, when amplitude A/D∈(Amax, A0), lift coefficient distributed 
on the riser CL∈(CL0, CLmax). The control bending moment increases, 
amplitude A/D decreases, so lift coefficient CL decreases, and amplitude 
of the riser A/D decreases greatly. When amplitude A/D ≥ Amax, lift 
coefficient distributed on the riser CL≤CLmax. When control bending 
moment increases, if amplitude A/D is still greater than Amax, so lift 
coefficient increases, and amplitude A/D reduction is small. If amplitude 
A/D is less than Amax, the lift coefficient decreases, so amplitude de-
creases greatly. However, the numerator of the fraction is not fixed, 
because the lift coefficient and the dimensionless vibration amplitude 
are similar to a convex function, so there will be an optimal solution for 
controlling the bending moment. However, there is a problem that the 
excessively applied bending moment will cause fatigue at the applied 
end, and fatigue after control will be more severe than the fatigue before 
control. Therefore, the input bending moment needs to be within a 
reasonable range. 

The lift coefficient CL

(
A
D, t
)

is assigned an initial value. Then, an 

iteration calculation is started, until convergence is reached (Eq. (25) 
holds). 

Low reduced velocity damping model is: 

Rh = CrlρDU + Rsw  

whereCrlis an empirical coefficient. Rsw is the still water contribution. 

Rsw =
ωπρD2

2

(
2
̅̅̅
2

√

̅̅̅̅̅̅̅̅
Reω

√ +Csω

(
A
D

)2)

where Reω = ωD2/ν, ν is the kinematic viscosity of the fluid. 
High reduced velocity damping model is: 

Rh =
CrhρU2

ω  

where Crh is an empirical coefficient. 
The modal damping ratio ζn = ζh + ζs + ζτ. 

ζh =

∫

L− Lr Rh(z)ψ2
r (z)dz

2mzωr  

ζτ =
τ0

Ar

ψ ′

r(L)
2mz  

3.3. A full modal analysis of the structural response 

Both the resonant and non-resonant modes are included to get the 
structural response. From the mode superposition method, we obtain 

〈
∏out

r

〉

=
1
T

∫ T

0

(∫

L− Lr
Rh(z)ψ2

r (z)A
2
r ω2

r cos2(ωrt)dz +
∫ L

0
Rs(z)ψ2

r (z)A
2
r ω2

r cos2(ωrt)dz + τ(t)ψ ′

r(L)Arωrcos(ωrt)
)

dt

=
1
2

(∫

L− Lr
Rh(z)ψ2

r (z)A
2
r ω2

r dz +
∫ L

0
Rs(z)ψ2

r (z)A
2
r ω2

r dz + τ0ψ ′

r(L)Arωr

)
(24)   
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y(z) =
∑

r
y(z,ωr) =

∑

r

∑

n
ψr(z)fnrHnr

(
ωr

ωn

)

(26)  

where y(z) is the displacement response. fnr is the model force. Hnr

(
ωr
ωn

)

is the frequency response function. 

fnr =

∫ L

0
sgn[ψr(z)]ψn(z)

1
2

ρCL(z,UR(z))D(z)U2(z)dz  

sgn[ψr(z)] =

⎧
⎨

⎩

− 1 ψr(z) < 0
0 ψr(z) = 0
1 ψr(z) > 0

, Hnr

(
ωr

ωn

)

=
1

mzω2
n

1

1 −

(
ωr
ωn

)2

+ j2ζn
ωr
ωn 

The commonly used root mean square (RMS) displacement is given 
by 

yrms(z) =

(
∑

r

1
2

⃒
⃒
⃒
⃒
⃒

∑

n
ψr(z)fnrHnr

(
ωr

ωn

)⃒⃒
⃒
⃒
⃒

2)1
2

(27) 

The RMS acceleration is given by 

ÿrms(z) =

(
∑

r

1
2
ω4

r

⃒
⃒
⃒
⃒
⃒

∑

n
ψr(z)fnrHnr

(
ωr

ωn

)⃒⃒
⃒
⃒
⃒

2)1
2

(28) 

The input total power is given by 
〈
∏in

Total

〉

=
∑

r

〈
∏in

r

〉

=
1
4
∑

r

∫

Lr
ρDU2(z)CL(z,UR(z))Arωr|ψr(z)|dz (29) 

The output total power is given by 
〈
∏out

Total

〉

=

〈
∏out

Total

〉

H

+

〈
∏out

Total

〉

S

+

〈
∏out

Total

〉

τ

〈
∏out

Total

〉

H

=
∑

r

〈
∏out

r

〉

H

=
1
2
∑

r

(∫

L− Lr
Rh(z)ψ2

r (z)A
2
r ω2

r dz
)

〈
∏out

Total

〉

S

=
∑

r

〈
∏out

r

〉

S

=
1
2
∑

r

(∫ L

0
Rsψ2

r (z)A
2
r ω2

r dz
)

〈
∏out

Total

〉

τ

=
∑

r

〈
∏out

r

〉

τ

=
1
2
∑

r
(τ0ψ ′

r(L)Arωr)

(30)  

where〈
∏out

Total〉H is the output total power of hydrodynamic force. 
〈
∏out

Total〉S is the Output total power of structural damping, 〈
∏out

Total〉τ is the 
control total power. 

3.4. Damage rate 

The RMS stress at z due to all modes is 

Srms(z) =

(
∑

r

1
8

⃒
⃒
⃒
⃒
⃒

∑

n
ψ ′′

nEdsfnrHnr

(
ωr

ωn

)⃒⃒
⃒
⃒
⃒

2)1
2

(31)  

where E is Young’s modulus, ψ ′′
n is the curvature for mode n, and ds is the 

strength diameter. 
The damage rate at location z due to all modes is given by the 

summation of the individual modal damage rates. 

D(z) =
∑

r
Dr(z) (32) 

The damage rate Dr(z) due to excitation frequency ωr is given by 

Dr(z) =
ωr

2πC

(
2
̅̅̅
2

√
Sr,rms(z)

)b
Γ
(

b + 2
2

)

Sr,rms(z) =
1

2
̅̅̅
2

√

⃒
⃒
⃒
⃒
⃒

∑

n
ψ ′′

nEdsfnrHnr

(
ωr

ωn

)⃒⃒
⃒
⃒
⃒

NSb = C  

where b and C are constants, S is the stress amplitude, Γ is the Gamma 
distribution function. 

4. Numeric analysis 

To validate the proposed approach, the calculation is performed with 
the example of VIVDR (Zheng, 2007), namely, Case one. The transverse 
force is simulated using the oscillating lift FL(z, t) with initial value 
CL0=0.3, peak value CLmax=0.70, when Amax=0.3, and zero position 
A0=1.1. St = 0.18. And the properties of the riser model are listed in 
Table 1. The Test1216 Naked_riser Shear V1.54 is chosen to compare. 
U(z) is a shear current, UBottom(0) = 0.14m/s,UTop(L) = 1.54m/s. Crl =

0.18, Csω = 0.2, and Crh = 0.2. The cutoff is 0.1. Fig. 3 (a) and Fig. 3 (b) 
are the time history of current velocity UTop(L) and the time history of 
displacement of the riser Z/L=0.44, respectively. The stable segment 
data of 15 ~ 45 seconds are intercepted from the figure for analysis. It 
can be seen from Fig. 3 (c) that the displacement prediction results of the 
present method are close to the experimental results under this condi-
tion(UTop=1.533m/s), and the error meets the engineering accuracy. 

To validate the proposed approach, the calculation is performed with 
the example of SHEAR7 (Vandiver, 2012), namely, Case two. The 
transverse force is simulated using the oscillating lift FL(z, t) with initial 
value CL0=0.3, peak value CLmax=0.70, when Amax=0.3, and zero posi-
tion A0=1.1. St = 0.18. U(z) is a shear current, UBottom(0) =

0.3048m/s,UTop(L) = 0.9144m/s.Crl = 0.18, Csω = 0.2, and Crh = 0.2. 
The cutoff is 0.1. The first 15 modes are selected here, i.e., n is 15. 
b=3.74, C=2.45 × 1013. And the properties of the riser model are listed 
in Table 2. 

Comparing with the results of SHEAR7, it is confirmed that the 
current calculation results are reliable in Figs. 4 (a)–7 (a). The lift co-
efficients, Non-dimensional RMS displacement, RMS acceleration, and 
Fatigue damage distributions in SHEAR7 are in general agreement with 
the values in the proposed approach. 

The lift coefficients in SHEAR7, the proposed approach (bending 
moment input of 0 N‧m), bending moment input of 5 N‧m, 10 N‧m, 15 N‧ 
m, 20 N‧m, 100 N‧m, 1000 N‧m, and 10000 N‧m are shown in Fig. 4. The 
6 modes (modes 9, 10, 11, 12, 13, and 14) involved in the vibration due 
to the cutoff value (0.1) of the elimination mode. The distribution length 
of the lift coefficient is obtained from the distribution length of the lift 
coefficient of the 6 modes by reducing the overlap length of each mode 
by half. Each mode lift coefficient is applied to the riser with the cor-
responding modal vibration frequency. To facilitate observation, it is 
divided into four parts. The lift coefficients decrease as the bending 
moment input increases. The maximum lift coefficient is from approxi-
mately 0.7 to approximately 0.3 when bending moment input from 0 N‧ 
m to 100 N‧m. The maximum lift coefficient at 100 N‧m is close to initial 
value CL0=0.3. This means that the displacement is close to zero. 
However, when the bending moment input continues to increase from 

Table 1 
Mechanical properties of the riser.  

Parameters of the physical system Value 

Length of riser(L) 9.63m 
Mass per unit length(mz) 1.013kg/m 
Outer diameter(D) 0.02m 
Sea water density(ρ)  1024kg/m3 

Structural modal damping ratio(ζs)  0.3% 
Tension(T) 700N 
Flexural rigidity(EI) 135.4 N‧m2  
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100 N‧m to 10000 N‧m, the lift coefficient increases. This is an inter-
esting phenomenon that deserves our attention. It is further shown that 
there is an optimal solution for the control moment. 

Fig. 5 shows the non-dimensional RMS displacement with and 
without control bending moment. The displacement decreases as the 
bending moment input increase from 0 N‧m to 100 N‧m. The maximum 
displacement under 0 N‧m (0.43, Z/L=0.960) is 8.11 times the 
maximum displacement under 100 N‧m (0.053, Z/L=0.545). The 
maximum position is from the top to the middle of the riser. Under 100 
N‧m, 1000 N‧m, and 10000 N‧m, the displacements almost coincide. It 
shows that with the increase of the bending moment, the vibration 
displacement of the riser gradually decreases, approaching the mini-
mum value, but not zero. Because controlling the bending moment only 
suppress the displacement of dominant mode, but not the displacement 
of inexcited mode. 

Fig. 6 shows the RMS acceleration with and without control bending 

moment. The acceleration decreases as the bending moment input in-
crease from 0 N‧m to 100 N‧m. Under 100 N‧m, 1000 N‧m, and 10000 N‧ 
m, the acceleration almost coincides, just like displacement in Fig. 5. 

At last, the fatigue damage distributions along riser are studied in 
Fig. 7. The fatigue damage decreases as the bending moment input in-
creases. Under 20 N‧m, 100 N‧m, 1000 N‧m, and 10000 N‧m, the fatigue 
damage almost coincide. If controlling the minimum bending moment as 
the optimal condition, obviously 20 N‧m is optimal. The maximum fa-
tigue damage of 20 N‧m is only 5.09 × 10− 4 of the maximum fatigue 
damage of the uncontrolled riser. It is equivalent to increasing the ser-
vice life of the riser by 1.966 × 103 years. It can be seen from Eq. (20) 
that the theoretical optimal solution is challenging to obtain. So the 
control bending moment of 20 N‧m in this example is not the optimal 
solution but is relatively closer to the optimal solution than other 
moments. 

From the total power (see Fig. 8), it can be seen that the input total 
power, output total power of hydrodynamic force and output total 
power of structural damping decrease as the bending moment from 0 N‧ 
m to 100 N‧m increase, and increase slightly after bending moment is 
greater than 100 N‧m. The control total power first increases with the 
increase of the control bending moment from 0 N‧m to 10 N‧m, decreases 
when the control bending moment is (10,100) N‧m, and increases 
significantly after bending moment is greater than 100 N‧m. There is a 
maximum value near 10 N‧m, which is an interesting phenomenon, 
because the reduction of displacement increases the lift coefficient, so 
the control total power increases. There is a minimum value about 100 
N‧m, which is because the displacement decreases close to 0, the lift 
coefficient is close to CL0, so the control total power is the smallest. From 
the total power ratio (see Fig. 9), it can be seen that the control energy 

Fig. 3. The present method and Test1216 Naked_riser Shear V1.54.  

Table 2 
Mechanical properties of the riser.  

Parameters of the physical system Value 

Length of riser(L) 60.96m 
Mass per unit length(mz) 2.0313kg/m 
Outer diameter(D) 0.033274m 
Sea water density(ρ)  1024kg/m3 

Structural modal damping ratio(ζs)  0.3% 
Tension(T) 3558.5776N 
Flexural rigidity(EI) 425.754 N‧m2 

Elastic modulus(E) 1.235 × 1010 N/m2  
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keeps increasing with the increase of the control bending moment. At 20 
N‧m, the total power ratio accounts for 73%, which is a moderate ratio 
and can be selected as the optimal control bending moment. 

Next, the VIV of Top Tensioned Riser (TTR) will be controlled in Case 
three. The transverse force is simulated using the oscillating lift FL(z, t)
with initial value CL0=0.5, peak value CLmax=0.75, when Amax=0.35, 

and zero position A0=1.1. St = 0.18.U(z) is a shear current. The cutoff is 
0.1. The first 10 modes are selected here, i.e., n is 10. b=3, 
C=2.45 × 1011.687. Furthermore, the properties of the riser model are 
listed in Table 3 (Yu and Chen, 2019). In this section, we will show the 
simulation results of uncontrolled bending moment and different 
controlled bending moment. 

Fig. 4. Lift force coefficient.  

Fig. 5. Non-dimensional RMS displacement.  
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The lift coefficients in bending moment input of 0 N‧m, 103 N‧m, 105 

N‧m, 108 N‧m under shear flow(the top velocity UTop is 0.5 m/s, 1.0 m/s, 
1.5 m/s and 2.0 m/s, the end velocity is 0 m/s) are shown in Fig. 10. Due 
to the cutoff value (0.1) of the elimination mode, mode 2, mode 3 and 
mode 4, mode 5 and mode 6, mode 6 and mode 7 are involved in the 
vibration under 0.5 m/s, 1.0 m/s, 1.5 m/s and 2.0 m/s, respectively. In 
each excited mode, the lift coefficient distribution can be calculated by 

the reduced velocity of current. When two excited modal power-in re-
gion (i.e., lift coefficient distribution) have overlapping regions, power- 
in region overlap processing is required. When the two excited modal 
power-in (life force) region have no overlapping regions, there will be a 
gap in the lift coefficient curve. For example, Fig. 10(b), 10(c), 10(d). 

The power-in region is related to the range of the reduced velocity of 
current in mode. So the bending moment input could not modify the 

Fig. 6. RMS acceleration.  

Fig. 7. Fatigue damage distributions.  
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length of the lift force along riser, i.e., power-in region. The lift co-
efficients with bending moment input of 0 N‧m and 103 N‧m are almost 
same; the lift coefficients with 108 N‧m are close to initial value CL0 =

0.5, which has little change in power-in region; the lift coefficients with 
105 N‧m are middle values, but at UTop = 1.5 m/s the lift coefficients are 
litter larger than that with 0 N‧m and 103 N‧m. Through the above, we 
can obtain the conclusion that the lift coefficient can be changed only 

when the control bending moment is large enough. Otherwise, the lift 
coefficient has no change. According to Eq. (9), when the lift coefficient 
approaches initial value CL0, the vibration amplitude A/D approaches 0. 
Therefore, the displacement of 108 N‧m is smaller than that of other 
moment inputs. 

Fig. 11 shows the Non-dimensional RMS displacement with the same 
moment in the same current profile. The displacement decreases as the 
control bending moment increases. When the control bending moment is 
103 N‧m, the displacement is the same as the uncontrolled displacement 
along the riser owing to the same lift coefficients. The control bending 
moment increases to 105 N‧m, under U = 0.5 m/s or 1.0 m/s, the 
displacement is significantly decreased by around 68% or 40% along the 
riser. However, under U = 1.5 m/s or 2.0 m/s, the displacement is only 
reduced by around 4 % or 2 % along the riser. When the control bending 
moment is 108 N‧m, the maximum displacement is 20 %, 26 %, 32 %, 31 
% of that without control, corresponding to the velocity U = 0.5 m/s, 1.0 
m/s, 1.5 m/s, 2.0 m/s, respectively. It can be seen that the control 
bending moment of 108N‧m is better than that of 105 N‧m in suppressing 
the displacement. 

One important observation should be noted that the maximum 
displacement with the control bending moment 108 N‧m is located at the 
second peak, and moves to the top of the riser with the increase of the 
flow velocity, while the maximum displacement with the control 
bending moment 105 N‧m is located at the first peak (The peak numbers 
are arranged from the top to the bottom of the riser). 

The fatigue damage distributions are given in Fig. 12. The fatigue 
value increases extremely with the increase of flow velocity, i.g., the 
maximum fatigue value under 2.0 m/s is around 5.1 × 105 of the value 
under 0.5 m/s. Compare with no control, the fatigue value with the 
bending moment is decrease. Under 0.5 m/s, the maximum fatigue 
damage with a bending moment of 103 N‧m, 105 N‧m, and 108 N‧m is 
about 99 %, 7 %, 2 % of that without the control. When the bending 
moment is 103 N‧m or 105 N‧m, the reduced rate of maximum fatigue 
damage at different speeds has little difference. However, when the 
bending moment is 105 N‧m, the reduced rate of the maximum fatigue 
damage decreases with the increase of velocity, i.e., 93 %, 74 %, 12 %, 2 
%. Because the reduced rate of the displacement decreases with the 
increase of velocity. Moreover, under the control bending moment of 
108 N‧m, the distribution of fatigue damage shows a straight line. So the 
modes vibration is suppressed. The maximum fatigue damage of the 
control bending moment of 108N‧m is only 2.1 × 10− 2, 5.5 × 10− 2, 
3.1 × 10− 2, 5.7 × 10− 2 of the maximum fatigue damage of the uncon-
trolled riser under 0.5 m/s, 1.0 m/s, 1.5 m/s, 2.0 m/s, respectively. It is 
equivalent to increasing the service life of the riser by 46, 18, 32, 17 
times, respectively. 

Fig. 13 shows total power ratio. As the control bending moment in-
creases, the control total power ratio increases under different currents. 
When the control bending moment is unchanged, the control total power 
ratio decreases with the increase of the currents. For example, when the 
bending moment is 105 N‧m, the total energy ratio is 73%, 43%, 14%, 
10% at 0.5m/s, 1.0m/s, 1.5m/s, and 2m/s, respectively. In other words, 
the greater the shear currents, the greater the control bending moment 
required. By comparing the control total power ratio, it is found that the 
control bending moment is 103 N‧m too small, the control bending 
moment is 108 N‧m too large, and 105 N‧m is moderate. 

5. Conclusion 

The boundary control method in frequency domain is studied to 
control the vortex induced vibration of riser in shear flow. A semi- 
empirical control approach is developed based on input and output 
power are in balance in one mode. The numerical results show that this 
proposed approach can effectively control the response level of riser VIV 
under shear flow. The conclusions obtained can be summarized as 
follows: 

Fig. 8. Total power.  

Fig. 9. Total power ratio.  

Table 3 
Numerical values of the system parameters.  

Parameters of the physical system Value 

Length of riser(L) 1000m 
Mass per unit length(mz) 15kg/m 
Outer diameter(D) 0.2m 
Sea water density(ρ)  1024kg/m3 

Structural modal damping ratio(ζs)  0.3% 
Tension(T) 1.2 × 106N 
Flexural rigidity(EI) 4 × 109N‧m2 

Elastic modulus(E) 2.1 × 1010N/m2  
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Fig. 10. Lift force coefficient.  

Fig. 11. Non-dimensional RMS displacement.  
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1 The control bending moment at the same frequency as the riser’s VIV 
can effectively suppress the riser’s VIV without wasting input energy 
due to the phase difference. Moreover, simple sinusoidal bending 
moment control is easy to implement in engineering.  

2 The vibration control bending moment is inversely proportional to 
the displacement. The displacement decreases with the increase of 

bending moment control. However, the displacement reduction of 
the riser becames smaller when the bending moment exceeds the 
critical value. In case two of 100 N‧m, 1000 N‧m, and 10000 N‧m, the 
displacements almost coincide. It shows that with the increase of the 
bending moment, the vibration displacement of the riser gradually 
decreases, approaching the minimum value, but not zero. 

Fig. 12. Fatigue damage distributions.  

Fig. 13. Total power ratio.  
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3 There is an inverse proportional relationship between the vibration 
control bending moment of the riser and the fatigue damage of the 
riser. As the bending moment control increases, the fatigue damage 
of the riser decreases. However, when the bending moment exceeds 
the critical value, the fatigue of the riser will no longer decrease. In 
last case, the maximum fatigue damage of 108 N‧m control bending 
moment is only 2.1 × 10− 2, 5.5 × 10− 2, 3.1 × 10− 2, 5.7 × 10− 2 of the 
maximum fatigue damage of the uncontrolled riser under 0.5m/s, 
1.0m/s, 1.5m/s, 2.0m/s, respectively. It is equivalent to increasing 
the service life of the riser by 46, 18, 32, 17 times, respectively. 
Moreover, the control bending moment is not the optimal bending 
moment. How to obtain the optimal control bending moment is the 
next step worthy of research.  

4 The value of control bending moment is discussed from the point of 
view of total power. The larger the control moment is, the larger the 
control energy is, and the smaller the displacement and fatigue 
damage of the riser is. However, when the total output power is 
much greater than the total input power and the dynamic response of 
the structure is controlled by the control bending moment, the 
displacement and fatigue damage of the riser will not be reduced. 
This is excessive control and should be avoided. For example, when 
the control bending moment is more significant than 100 N‧m, the 
output total power is much higher than the input total power in case 
two. When the control bending moment is unchanged, the control 
total power ratio decreases with the increase of the currents. In last 
case, when the bending moment is 105 N‧m, the total energy ratio is 
73%, 43%, 14%, 10% at 0.5m/s, 1.0m/s, 1.5m/s, and 2m/s, 
respectively. In other words, the greater the shear currents, the 
greater the control bending moment required. 
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