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Abstract—Constant tension control of anchor chains is 
important for safety of moored ships. The core driving 
component of an anchor windlass system is an induction 
motor which is a multi-variables, coupled nonlinear system, 
and is difficult to control. To surmount this problem, a 
control scheme based on the inverse system method is 
introduced to linearize an induction motor into a decoupled 
linear system, and linear controllers are then designed to 
complete the control task. In addition, theoretical analysis 
based on the Lyapnov method is carried out to investigate 
the influence of the time-varying rotor resistance to the 
control scheme suggested. Both theoretical analysis and 
numerical simulations show this control scheme is able to 
keep anchor chains at desired tension under sea wind at a 
time-varying rotor resistance.  
 
Index Terms—anchor windlass, constant tension control, 
induction motor, inverse system, adaptive nonlinear control, 
time-varying rotor resistance 
 

I.  INTRODUCTION 

Ships are moored to the sea-bottom by the anchor 
system consisting of: anchor, chain, stoppers, chain 
locker and windlass [1]. Constant tension control of 
anchor chains is important for safety of moored ships. 
When strong sea wind is coming, the tension of an anchor 
chain might be greater than its maximum allowable value, 
the chain might be broken, and the ship might be blown 
away.  

Constant tension control of anchor chains is to 
automatically adjust their length (loosened or tightened) 
to counteract the external disturbance from sea wind, 
wave and ocean currents. 

The anchor windlass consists of induction motor, 
reduction gear and chain warehouse. The driving force 
from the windlass is generated by the induction motor, 
and the motor torque is adjusted automatically to control 
the tension of the anchor chain. 

The induction motor is a multi-variables, coupled 
nonlinear system, and three control methods are 
developed recently: input-output linearization, energy 
shaping (passivity-based control), and backstepping 
design [2]. Compared to the last two methods, the 
linearization approach is engineer-oriented. Its idea is to 
use state feedback to linearize a nonlinear system. One of 
the linearization methods is the differential-geometric 
approach [3], which is mathematically complex and Lie 
derivatives are involved. Another linearization method is 

the inverse system approach [4-9], which use the concept 
of mapping, and is easy to master by engineers. In this 
study, the inverse system approach is used to linearize the 
windlass motor, and linear controllers are designed to 
fulfill constant tension control of an anchor chain under 
see wind. 

In practice, the rotor resistance may have a 
50%± variations around its rated value due to the rotor 

heating [3]. Marino et al. propose a nice adaptive scheme 
to deal with an unknown and constant rotor resistance 
using the geometric techniques [3]. Zhou & Han propose 
a complex adaptive scheme for a constant and unknown 
rotor resistance based on the inverse system method [10]. 
In this contribution, a detailed analysis is carried out to 
investigate the influence of the time-varying rotor 
resistance to the control performance of the inverse 
system method. It is found that the control scheme based 
on the inverse system method is able to keep the chain 
tension at the desired value under a time-varying rotor 
resistance. It is also found that the speed pathway and the 
torque pathway are independence of the rotor resistance, 
while the flux pathway is related to the rotor resistance. 
Theoretical analysis from the Lyapnov method shows that 
when the reference flux is a constant signal, the rotor flux 
is able to track its reference signal at a time-varying rotor 
resistance. 

Simulated experiments are carried out to test the 
control scheme both at the non-adaptive case and the 
adaptive case. A step rotor resistance and a ramp rotor 
resistance are used in the adaptive case. The simulation 
shows that the control scheme based on the inverse 
system method is robust to a time-varying rotor resistance. 

II.  THE MODELS 

A. The Anchor Windlass System 
The tension of an anchor chain, Hchain, is described by:  

                        Hchain = Hwindlass + Hwind,                         (1) 

Ship

Windlass Wind

Chain

Anchor
 

Figure 1. The anchor system. 
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Figure 2. The constant tension control framework. 
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Figure 3. The inverse system linearization method. 

 
where Hwindlass is the force from the windlass, and Hwind is 
the force generated by sea wind, Fig. 1 and 2. The wind 
acts on the ship, and the ship then acts on the anchor 
chain through the windlass system. 

B. The Constant Tension Control Framework 
The constant tension control framework is shown in 

Fig. 2. H*chain, the desired tension of the chain, is 
compared with the real tension, Hchain. The error signal, 
H*chain - Hchain, is sent to the controller. The controller 
generates the input signal of the windlass, and Hwindlass is 
generated to counteract the wind disturbance, Hwind. 

C. The Induction Motor in the Windlass 
The key part of the anchor windlass system is the 

induction motor. In this study, the motor is modeled 
mathematically, and other parts in the windlass are 
neglected. 

In a two phase α,β representation of an induction 
motor, the dynamics is described by [2, 3, 5, 10, 11]: 
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where wr is the rotor speed; the subscripts 1 and 2 stand 
for stator and rotor; 2αΨ  and 2βΨ  are the α and β 

components of the rotor flux; 1iα and 1iβ  are the α and 

β components of input currents to the stator; Lr is the 
rotor inductance, Lm is the mutual inductance; Rr is the 
rotor resistance, Tr=Lr/Rr is the time constant of the rotor; 
pn is the number of the pole pairs; J is the moment of 
inertia of the rotor, and TL is the load torque. 

D. The Inverse System Linearization Method 
The driving force of the motor is related to 

electromagnetic torque [11], Te, 

          ( ) ( ( ) ( ) ( ) ( ))2 1 2 1
LmT t t i t t i te Lr

α β β α= Ψ −Ψ .      (3) 

The direct control of Te is difficult because it is related 
to four variables: 1iα , 1iβ , 2αΨ and 2βΨ . The 

linearization method is adopted here to simplify the 
control problem. 

By the theory of inverse system [5, 9], define two new 
input variables, ( )1 tφ and ( )2 tφ , and one new output 

variable, ( )trΨ , Fig. 3. 
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Substitute (4) to (2-3), the new linearized system is 
described by: 
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This new system has three features. (a). It is a 1st-order 
linear system; (b). The rotor speed and flux are 
decoupled, that is, the speed wr(t) is only related to ( )1 tφ , 

and the flux ( )trΨ is only influenced by ( )2 tφ ; (c). 

Electromagnetic torque Te(t) is linearly related to ( )1 tφ , 

thus, ( )1 tφ is named the torque input, and ( )2 tφ the flux 

input. 

E. The Design of Linear Controllers 
The decoupled linear system facilitates linear 

controllers to adjust the chain tension. Two linear PI 
controllers are designed, one for the torque pathway, the 
other for the flux pathway. 

F. The Robust Tension Control 
In practice, the rotor resistance Rr may have a 

50%± variations around its rated value due to the rotor 
heating [3]. The control framework suggested above is 
analyzed for its robustness to the variations of the rotor 
resistance Rr. 

Let Rr(t) the real rotor resistance, Rr
* the rated rotor 

resistance, Tr(t) the real time constant of the rotor, Tr
* the 

rated time constant of the rotor, Tr
*=Lr/ Rr

*. Because Rr(t) 
is an unknown parameter, Rr

* (Tr
*) is used to define the 

feedback variables, 1iα  and 1iβ  . 

( )2( ) ( )1 12 2( ) ( )
2 2

* ( ) 12 ( ) ( )2 22 2 1/ 2( ( ) ( ))
2 2

( )2( ) ( )1 12 2( ) ( )
2 2

* ( ) 12 ( ) ( )2 22 2 1/ 2( ( ) ( ))
2 2

tJLri t t
p L t tn m

tTr t t
L Lt tm m

tJLri t t
p L t tn m

tTr t t
L Lt tm m

β φα

α β

α φ α

α β

α φβ

α β

β φ β

α β

Ψ
= − +

Ψ +Ψ

Ψ
+ Ψ

Ψ +Ψ

Ψ
= +

Ψ +Ψ

Ψ
+ Ψ

Ψ +Ψ

.(6) 

Substitute (6) to (2-3), the new linearized system is 
described by: 
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The speed equation and the electromagnetic torque 
equation in (7) are independent of Tr(t). The elegant 
symmetry of (2, 3, 6) causes the complete counteraction 
of the terms which contain the parameter Tr(t). 
Consequently, w(t) and Te(t) are insensitive to the 
variations of the rotor resistance Rr(t). 

The variations of the rotor resistance Rr(t) will 
influence the flux ( )trΨ  in (7), however, the whole flux 

pathway in the close-loop control framework in Fig. 2 is 
also insensitive to the variations of the rotor resistance 
Rr(t). The reason is explained theoretically in succession. 

The PI controller in the flux pathway is defined as 
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where KP  is the proportional coefficient, KI  is the 

integrator coefficient, * ( )trΨ is the flux reference signal, 

and e(t) is the flux error signal. 
Let V(t) be a Lyapnov function, 
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e.g., a constant flux reference signal, then 
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Figure 4. The sea wind simulation model. 

 
Because V(t) is a bounded L2 signal with bounded 

derivative ( )V t
•

, by Barlalat lemma [3, 10, 12], it follows 
that 

                             lim || ( ) || 0V t
t

=
→∞

,                            (13) 

i.e., the flux ( )trΨ  is able to track asymptotically its 

reference signal * ( )trΨ . 

In short, the variations of the rotor resistance Rr(t) will 
not influence the key variables, w(t), ( )trΨ and Te(t) , 

that is, the tension control framework in Fig. 2 is robust 
to the variations of the rotor resistance Rr(t). 

G. The Sea Wind Model 
Sea wind consists of two parts, one is mean wind 

whose speed is unchanged for 10 to 60 minutes, the other 
is turbulent wind whose amplitude and direction are 
changed randomly [12, 13]. 

Sorensen et al. used following equation to describe the 
force duo to wave, ocean currents and wind [14], 

               ( ) 1 ( ) ( )db t T b t Ew t
dt

−= − + ,                           (14) 

where b(t) is the force, T is the time constant, w(t) is a 
zero-mean bounded disturbance, and E is the scaling 
coefficient. 

Perform the Laplace transform on (14), the result is  

                             ( )
( ) 1

b s T
w s Ts

=
+

,                                 (15) 

where b(s) and w(s) are the Laplace transform of b(t) and 
w(t), respectively. Equation (15) is a low-pass filter. In 
this study, the wind is simulated by a white noise passing 
a low-pass filter, Fig. 4. The mean of the white noise 
describes the mean wind, and the variance of the white 
noise represents the turbulent wind. 

III.  THE SIMULATION RESULTS 

Numerical simulation experiments are employed to test 
the control scheme introduced previously. The simulation 
parameters are described firstly, and then the simulation 
results are explained. The non-adaptive case with a 
constant rating rotor resistance is introduced firstly, and 
then the adaptive case with a step and a ramp rotor 
resistance is depicted. The simulation tool is 
Matlab/Simulink (Mathworks Inc, Natick, MA). 

A. The Parameters of the Models 
The simulated induction motor of the windlass has a 

power rating of 15 kW, a speed rating of 220 rad/s, and a 
flux rating of 1.3Wb, for other parameters[6], see Table I. 

TABLE I.                                                                                           
PARAMETERS OF THE INDUCTION MOTOR 

Parameter Value Unit 
Lr 0.0699 H 
Lm 0.068 H 
Rr 0.15 Ω 
Tr 0.466 s 
pn 1 - 
J 0.0586 kgm2 

 

 
Figure 5. The simulation of sea wind. 

 
When the mean wind is 15 m/s, the wind Davenport 

power spectrum has a peak value at 0.06 rad/s of the 
angle frequency, w. When w is 0.1 rad/s, the wind 
spectrum is a factor of 0.707 of its peak [13]. 
For T=2 /w 60 sπ ≈ , the time constant of the low-pass 
filter is set to 60 s. The input white noise has a mean of 
15, and a variance of 152. 

Two linear PI controllers for the torque and flux 
pathways have same parameters, the proportional 
coefficient is set to 900, and the integrator coefficient is 
set to 90. 

B. The Sea Wind 
The simulation of the wind speed is shown in Fig. 5. 

The wind has a mean speed of 15 m/s, and fluctuates 
between 12 and 18 m/s. The main fluctuating period is 16 
s. Sorensen et al. showed a segment of wind speed 
measured at North Sea, Europe [14]. The wind in their 
Fig. 11 has a mean velocity of 22 m/s, varies between 18 
and 26 m/s, its main fluctuating period is 25 s. Compared 
with their data, the simulation in this study is acceptable. 

The time constant of the low-pass filter is 60 s, and 
thus the simulated wind takes roughly 60 s to get its 
shape. 

C. The Constant Tension Control of the Windlass Chain – 
the Non-adaptive Case 

The induction motor described by (2)  has a constant 
rotor resistance with a rating value of 0.15Ω in this 
simulated experiment. 

1) The tension of the anchor chain 
The desired tension of the anchor chain is set to 10 kN, 

and the wind disturbance is randomly varying around 5 
kN. As shown in Fig. 6, the real chain tension is kept at 
10 kN, as desired. The output force of the windlass is 
symmetric with the wind disturbance about the line of 5  
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Figure 6. The tension output of the anchor system at the non-adaptive 
case. The green, blue, and red lines are the chain tension, the output 

force of the windlass, and the wind disturbance, respectively. 
 

 
 

Figure 7. The rotor flux at the non-adaptive case. The green, red, and 
blue lines are the flux ( )trΨ , 2αΨ , and 2βΨ , respectively. 

kN, and thus their sum would result in a constant chain 
tension of 10 kN. 

The key physical states of the induction motor of an 
anchor windlass are the stator current, the rotor flux, and 
the rotor speed. They are described subsequently. 

2) The stator current  
Input currents to the motor stator, 1iα and 1iβ , are 

shown in Fig. 8. Their phase isπ/2 depart, that is they are 
a sine-cosine pair in the time domain. This is the basic 
characteristic of a two phase α, β reference frame [11]. 
Their periods are increased gradually from 3 s to 4 s, and 
their amplitudes are roughly 25 A.  

The initial transient fluctuation is the transition 
process. The amplitudes of 1000A  are caused by the 
saturation device whose saturation value is set to1000A . 
Why the stator currents show these features is a 
challenging question which will be investigated in the 
future. 

3) The rotor flux 
The rotor fluxes, 2αΨ  and 2βΨ , show characteristics 

similar to the stator currents, 1iα and 1iβ , Fig. 7. They are 

also a sine-cosine pair, and their periods are also 
increased gradually from 3 s to 4 s. The Flux ( )trΨ  is set 

to 1 Wb, and a PI controller is adopted to keep it at its 
expected value. 

 
 

Figure 8. The stator currents at the non-adaptive case. The red and blue 
lines are theα and β components, respectively. 

 

 
Figure 9. The rotor speed at the non-adaptive case. 

 
4) The rotor speed 
The rotor speed, wr, is close to 0 rad/s, Fig. 9. The 

steady increase to 0.05 rad/s might be caused by some 
integrator modules. 

D. The Constant Tension Control of the Windlass Chain – 
the Adaptive Case 

The adaptive characteristics of the control framework 
suggested above are tested by a step and a ramp rotor 
resistance. 

1)  The step rotor resistance 
The induction motor has a constant rotor resistance 

with a rating value of 0.15Ωduring the first 50s, and the 
rotor resistance steps to a 150% rating value at the tick of 
50s and keeps at this value during the last 50s. 

The chain tension is still kept at the desired value of 10 
KN when the rotor resistance steps to a 150% rating 
value. The output force of the windlass is same to the 
non-adaptive value, comparing Fig. 6 and 10. The rotor 
speed is still close to 0 rad/s, comparing Fig. 9 and 11. 

The step variation of the rotor resistance results in a 
decrease of the damp coefficient of the flux dynamics in 
the motor system (2), and consequently, the oscillating 
frequencies of the rotor flux and the stator current are 
increased. In Fig. 12, the rotor flux 2αΨ  changes its 

oscillating period from 4s to 3s at the tick of 50s. For 
simplicity, the dynamics of the stator current is not shown 
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Figure 10. The tension output of the anchor system at the adaptive case 

with a step rotor resistance. Conventions as in Fig. 6. 
 

 
Figure 11. The rotor speed at the adaptive case with a step rotor 

resistance. 
 

 
Figure 12. The rotor flux at the adaptive case with a step rotor resistance. 

Conventions as in Fig. 7. 
 

 
Figure 13. The ramp rotor resistance at the adaptive case. 

  
Figure 14. The rotor flux at the adaptive case with a ramp rotor 

resistance. Conventions as in Fig. 7. 
 

here, and they also show characteristics similar to the 
rotor flux 2αΨ . 

2) The ramp rotor resistance 
The induction motor has a constant rotor resistance 

with a rating value of 0.15Ωduring the first 20s, and the 
rotor resistance increases gradually during the period of 
20s to 80s, and it reaches a 150% rating value at the tick 
of 80s and keeps at this value during the last 20s, Fig. 13. 

The chain tension, the output force of the windlass, and 
the rotor speed are all similar to the non-adaptive version 
(data not shown). 

In Fig. 14, the rotor flux 2αΨ  changes gradually its 

oscillating period from 4s to 3s during the interval from 
20s to 80s due to the variations of the system damp. For 
simplicity, the dynamics of the stator current is not shown 
here, and they also show characteristics similar to the 
rotor flux 2αΨ . 

In short, these two experiments show that the control 
scheme is able to keep anchor chains at desired tension 
when the rotor resistance has a step change or a ramp 
change, that is, it is robust to the variations of the rotor 
resistance. 

IV.  CONCLUSION 

The induction motor of the anchor windlass system is a 
multi-variables, coupled nonlinear system, and is the 
biggest obstacle to the constant tension control of the 
anchor chain. To overcome this barrier, the inverse 
system method is adopted to transform the induction 
motor into a decoupled linear system, and thus linear 
controllers are designed. The robustness of the control 
scheme to a time-varying rotor resistance is further 
analyzed. Both theoretical analysis and numerical 
simulations show this control scheme is able to keep the 
anchor chain at desired tension under sea wind at a time-
varying rotor resistance. 
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