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A B S T R A C T

This work showcases the development and results of a model-predictive controller (MPC) for a marine active-
heave compensation (AHC) system. The system utilizes a common hydraulic 4-way, 3-position proportional
valve where the hysteresis, dead-band and non-linear properties have been overcome to directly control a radial
piston motor in the experimental test setup. The MPC controller, with a set-point prediction algorithm, is used to
actuate the unloaded hydraulic test system and the results are compared to a tuned Proportional-Integral-
Derivative (PID) controller operating the same experimental setup. The MPC controller is found to track a vari-
ety of test cases and references while outperforming the tuned PID controller for all experiments. Additionally, a
MATLAB Simulink model of the experimental setup is created and validated. Within the simulator, a load is then
applied to the winch to test how the MPC and PID performance compare under loaded operating conditions. Based
on the results of these tests, simulations of an MPC controller running in parallel with a Proportional-Integral (PI)
controller are carried out for both the unloaded and loaded scenarios. For the conditions tested in this research,
the resulting simulations suggest that the MPC-PI controller is able to decouple up to 99.6% of the transmitted
motion.

1. Introduction

Considerable work has been done in the development of active heave
compensation (AHC) systems for marine operations (Woodacre et al.,
2015). Motion decoupling between, for example, a submerged remotely
operated vehicle (ROV) and its host ship can greatly reduce the tether
loads and improve the safety of operators. One of the first active heave
systems was designed by Southerland in 1970 (Southerland, 1970) using
a spring-loaded tether attached from a crane-boom on one ship to the
deck of a second ship for position feedback. As the tether pulled in and
out, it moved a hydraulic proportional valve which adjusted the load
thereby maintaining a constant height from the deck. This relatively
simple mechanical feedback system has since been replaced with com-
puter control.

Control algorithms in an active heave system can be as simple as basic
PI control as was used by Gu et al. (2013). for a hoisting rig or using a
model-based control system as used by Yang et al. (2008). to decouple an
ROV tether management system. Korde (1998) used accelerometers to
create a state feedback system actuating a vibration absorber to reduce

heave motion in a drill string riser. Other researchers have applied
non-linear control systems with disturbance observers (Do and Pan,
2008), or applied observers to estimate tether dynamics as part of the
control scheme (Baddour and Raman-Nair, 2002). Recent work by Quan
et al. (2016). has gone further by combining models of tether dynamics, a
combined feed-forward and PID controller and a passive heave
compensator all within a single system.

In any control system, corrections for the inherent lag, perhaps
introduced by the actuator or through slow communication between the
Inertial Measurement Unit (IMU) and the control system, must be made
to try to achieve optimum control performance. A system by Kyllingstad
(Kyllingstad, 2012) for example, applied transfer function filters to cor-
rect for time and phase lag in their overall system. Alternatively, Kuchler
et al. (2011). used heave-prediction algorithms to predict vessel heave
motion based on previous measurements and then applied a control ac-
tion based on these predicted motions. Built upon a similar linear
drill-string model as used by Korde (1998), Hatleskog and Dunnigan
(2007) derived a linear transfer-function model for an active-passive
hybrid system using feedfoward control on displacement (as opposed

* Corresponding author. Department of Mechanical and Aerospace Engineering, Carleton University, Ottawa, Ontario, K1S 5B6, Canada.
E-mail addresses: jwoodacr@dal.ca (J.K. Woodacre), robert.bauer@dal.ca (R.J. Bauer), Rishad.Irani@Carleton.ca (R. Irani).

Contents lists available at ScienceDirect

Ocean Engineering

journal homepage: www.elsevier.com/locate/oceaneng

https://doi.org/10.1016/j.oceaneng.2018.01.030
Received 10 May 2016; Received in revised form 17 July 2017; Accepted 6 January 2018

0029-8018/© 2018 Elsevier Ltd. All rights reserved.

Ocean Engineering 152 (2018) 47–56

mailto:jwoodacr@dal.ca
mailto:robert.bauer@dal.ca
mailto:Rishad.Irani@Carleton.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2018.01.030&domain=pdf
www.sciencedirect.com/science/journal/00298018
http://www.elsevier.com/locate/oceaneng
https://doi.org/10.1016/j.oceaneng.2018.01.030
https://doi.org/10.1016/j.oceaneng.2018.01.030
https://doi.org/10.1016/j.oceaneng.2018.01.030


to Korde who used acceleration) which attempts to correct for system
phase lag.

In the 2007 work by Hatleskog and Dunnigan (2007), it is briefly
mentioned that a predictive controller may be helpful in creating an AHC
system that approaches 100% effectiveness in heave motion decoupling.
Reasoning is not given as to how prediction may improve performance;
nevertheless, it is possible that a predictive controller could be useful in
systems where a significant but consistent and known time-lag exists
between heave measurement and actual motion. Prediction could also be
used to partially correct for a large phase lag within the controller
structure. Hastlekog and Dunnigan go on to say that heave motion of a
vessel is “… essentially unpredictable with a high probability of signifi-
cant predictive error”. Halliday et al. (2006). in 2006 published work
providing a method for using Fast Fourier Transforms (FFT) to accurately
predict wave motion within approximately 10% up to 10 s into the future
and up to 50m away from the point of measurement. Although Halliday
et al. intended to use short-term wave prediction to increase efficiency of
wave-energy collectors, their work is easily adaptable to predicting
short-term ship motion using IMU data. At a conference in 2008, Neupert
et al. (2008). presented work to this effect where they used heave motion
prediction as part of the control methodology for an AHC crane. Their
approach used a linearized model of the crane dynamics along with the
pole-placement control method to set load position. Neupert et al.
(2008). perform simulations showing that their controller can track a
step-input to within �3 cm with a ship heave motion of approximately
0.5 m. In the follow-up work to Neupert et al. (2008), Kuchler et al.
(2011). reported that the energy in the load could be reduced by 83% for
their nonpredictive controller while energy in the load could be reduced
by 98.2% for their predictive controller — showing an improvement
when using heave prediction. In their experimental system, Kuchler et al.
(2011). report a delay of approximately 0.7 s between sensor measure-
ments and actuator response. It is possible that the inability of their
controller to completely decouple load from heave motion is caused by
the prediction algorithm error when trying to predict 0.7 s into the
future.

Coupling the inherent system phase lag with additional time delay
can lead to significant system delays in the phase diagram which cannot
be easily compensated for. To combat inherent system lag and to emulate
a linear response, AHC systems often employ specialized and expensive
hydraulic swash-plate pumps/motors and servo valves (Rexroth-
BoschGroup, 2015). It is possible for these AHC systems to be in the
hydraulic open-loop or closed-loop circuit configuration. Both hydraulic
configurations have their advantages and disadvantages (Rexroth-
BoschGroup, 2015); however, open-loop system are common and flexible
in their operation (Woodacre et al., 2015). The current paper introduces
a possible option to help correct for large phase lag using
model-predictive control (MPC) while preserving system flexibility with
a simple 4-way, 3-position proportional valve on a hydraulic open-loop
circuit.

A review of AHC literature shows that an MPC controller in combi-
nation with wave prediction has not yet been used for the purposes of
controlling an AHC system. MPC relies on a system model to determine
optimal controller output by solving a quadratic optimization problem.
Additionally, MPC is capable of utilizing knowledge of future set-points
in order to react to these changes before they happen — a process
called previewing. In the current work, an MPC controller with wave
prediction is used to actuate an unloaded hydraulic test setup and the
results are compared to a PID controller operating the same experimental
setup, where PID was used as comparison as it is common in industry and
serves a suitable benchmark for controller development. A corresponding
computer simulator of the test setup is then developed to compare the
performance of MPC and PID control when a simulated load is applied.

Section 2 outlines the hydraulic hardware used within this paper and
how the limitations of a common hydraulic valve were overcome. Section
3 explains the control methodology used both experimentally and in
simulation, while Section 4 shows the baseline heave motion reference

data used in this research along with three additional test cases corre-
sponding to different at-sea conditions. Section 5 then compares the MPC
controller to a PID controller for each test case while Section 6 examines
the robustness of MPC control to errors in model identification. Section 7
compares the performance of MPC and PID controllers on the experi-
mental setup as well as on a MATLAB simulation of the experimental
system without an applied load. Finally, Section 8 predicts how the
experimental system would respond if a load were applied to the winch
and a new MPC-PI controller is developed and tested within the simu-
lation environment.

2. Testbed hardware

Fig. 1 shows a schematic of the open-loop hydraulic AHC testbed used
in this work. An Eaton PVM141ER load-sensing pump provides flow to
the Danfoss PVG-120 4-way, 3-position proportional valve. This valve is
controlled via a voltage signal which opens the valve, directing flow to
and from the Black Bruin BB4-800 hydraulic motor.

Proportional valves, such as the Danfoss PVG-120 used in this work,
have a hysteresis which is caused by flow forces acting against the spool,
residual magnetism of the armature, and the inertia of the spool (Vickers
Incorporated, 1999). To reduce this hysteresis, a 50 Hz sinusoidal dither
signal was superimposed on the valve's control signal having a peak
voltage Vpk of 0.3 V. This dither value was selected because it proved to
be most effective at reducing the hysteresis over the range of frequencies
and amplitudes tested (Woodacre, 2015). The two graphs shown in Fig. 2
plot the angular velocity of the hydraulic motor as a function of the
control voltage signal supplied to the valve. For clarity, only one direc-
tion of the motor's rotation is displayed as the control voltage to the valve
is swept through the operational range. The lefthand plot shows the
system response without any added dither while the righthand side
figure shows the system with the added 50Hz, 0.3 Vpk dither super-
imposed on top of the commanded control signal. From Fig. 2, the dither
effectively reduces the valve's hysteresis while allowing the spool to
travel resulting in an angular velocity increase from an average value of
4.20 rps in the no dither case to a value of 4.85 rps in the dither case, a
15% increase in the angular velocity.

Additionally, the proportional valve has two major non-linear prop-
erties which are corrected for in this work: deadband and non-linear gain.
The deadband is a range of control voltages from 5.37 V to 7.12 V in
which the valve remains closed. Below 5.37 V the valve opens in one
direction, and above 7.12 V the valve opens in the other direction.
Physically, the deadband is a range of spool positions within the valve
where fluid flow is blocked from travelling from the pump to the valve
outputs. To avoid this deadband an offset is added to the valve control
voltage in order to skip the voltages corresponding to the deadband; thus,
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Fig. 1. A hydraulic schematic showing the experimental AHC testbed layout.
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