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ABSTRACT 

This paper introduces application of digital hydraulics in workboat propulsion control. 
The performance requirements of the propulsion control application can be considered 
to be moderate for hydraulics but because the application is safety critical robustness 
and reliability of the hydraulics are highly appreciated in harsh operating environments. 
Low cost and compact size are also preferred. Control method introduced in the paper is 
meter-out control of a hydraulic cylinder drive using a digital flow control unit. 
Performance of the digital propulsion control hydraulics is tested in test bench and a 
simple lifetime analysis is made and compared to requirements of standards concerning 
the application. Reliability and fault tolerance are also discussed. 
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1. INTRODUCTION 

In marine applications propulsion control systems are used to control power and 
direction of propulsion of vessels. In high power applications where direct manual 
control (e.g. mechanical transmission) is not able to provide forces high enough to 
provide a reliable control of the propulsion, a power amplification system is needed. A 
common solution here is using hydraulic positioning system. Benefits of hydraulics in 
propulsion control application are robustness, large forces and good positioning 
accuracy achieved using compact actuators. 

In addition to application specific requirements such as load forces and positioning 
accuracy, requirements for marine control systems are also set by international maritime 
regulations and standards. The international standards concerning vessels in boat class 
define test procedures for hydraulic propulsion control systems to ensure certain level of 
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Table 1 Loading conditions and performance requirements for propulsion control 
hydraulics 

Maximum load 
force on reversing 
deflector control 

cylinder [N] 

Maximum load 
force on nozzle 
control cylinder 

[N] 

Mass of inertia 
[kg] 

Maximum 
velocity 
[mm/s] 

Lifetime 
[Working 
sequences] 

 

0 – 2400 -800 – 800 60kg ±50 25 000 

 

Hydraulic diagram for meter-out control of the propulsion control cylinder is presented 
in Figure 5. The DFCU used for return flow control is connected to the tank line and 
between the DFCU and the cylinder there is a directional 4/3 logic valve which is used 
to select direction of the movement. The A and B side pressures of the cylinder and the 
supply pressure are measured. Tank pressure is assumed to be zero.  

Control method of the DFCU is tribonacci coding and number of bits is five (N=5). 
Flow rates for five bits tribonacci sequence are 1:1:2:4:7. The tribonacci control method 
was selected because with tribonacci control method most of the net flows of the DFCU 
can be achieved at least with two different control signal values. This allows better 
properties in pressure peak elimination and also certain level of redundancy. 
Comparison between different DFCU pulse code modulation (PCM) control methods 
was done by Laamanen et al. [5]. Fault tolerant control of the DFCU is out of the scope 
of this paper. 

Booster electronics was used to speed up switching times and decrease switching time 
variations of the on/off valves in the DFCU and the directional 4/3 valve. 
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The measured flow coefficient values of DFCU bits are listed in Table 2. In practice the 
tuning of the DFCU turned out to be difficult and in the worst case the measured flow 
coefficient value differs 12 percents from the target value. In the table the actual bit 
sizes are also compared to ideal tribonacci sequence flow rates so that the smallest 
measured size is scaled to 1Q. 

Table 2 Flow coefficient values 

Bit Measured 
flow 

coefficients 

Measured 
flow rate 

Ideal 
flow rate 

1 3.8*10e-9 1.03Q 1Q 

2 3.7*10e-9 1.00Q 1Q 

3 6.5*10e-9 1.76Q 2Q 

4 15.9*10e-9 4.30Q 4Q 

5 24.5*10e-9 6.65Q 7Q 

 

4. EXPERIMENTAL RESULTS 

Meter-out control strategy using a single DFCU was tested in different operating 
situations. First stage of the tests was verification of the cylinder open loop velocity 
tracking using steady state equations presented in chapter 0. Position control accuracy 
and performance was measured under different loading conditions using approximated 
propulsion control cylinder load forces. For lifetime analyzes DFCU state transitions 
during a working cycle was studied. 

In all figures where control signal of the 4/3 directional valve is shown the control 
signal value 1 means movement to positive moving direction and value 2 movement to 
negative moving direction. Control signal value zero means that the valve is closed. 

4.1. Cylinder velocity tracking 

Cylinder open loop velocity tracking accuracy was tested using sinusoidal velocity 
reference. Measured responses are presented in Figure 7. Amplitude and frequency of 
the reference signal on the left hand side are respectively 17mm/s and 0.5rad/s and 
34mm/s and 1.0rad/s on the right hand side. 

From Figure 7 it can be seen that the resolution of the velocity control is better when 
moving to negative direction. This is caused by asymmetry of the cylinder which yields 
to different flow rates and chamber pressures during negative and positive movements. 
The differences in resolution of velocity are more clearly visible in the left hand side 
curves where amplitude of the velocity is smaller.  
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According the experimental results in the test bench the overall performance and control 
accuracy of the control system can be expected to meet the requirements of the 
application. The maximum velocity of the cylinder to the negative moving direction 
under largest negative load force was 48mm/s which is a little bit below the desired 
50mm/s but this can be overcome by a slight increase of maximum flow of the DFCU. 
Estimating the real forces affecting the water jet control cylinders during operation of 
the craft is very difficult and that is why only estimated maximum loading conditions 
were studied and more realistic tests in the actual application under real loading 
conditions are recommended but these tests are left for future.  

Downside of the control method is that using asymmetric cylinder causes different flow 
resolution when moving different directions. This is most visible in velocity tracking 
measurements and maximum velocities under different loading conditions. On the other 
hand, low cost of the system is achieved using low cost control electronics and low 
resolution DFCU with small number of on/off valves. This makes the design more 
attractive choice for applications where the resolution and performance criteria are only 
moderate but other benefits of digital hydraulics, such as reliability, are appreciated. 

The lifetime of the DFCU was studied based on a working cycle and state transitions of 
the DFCU during the cycle. Expected lifetime of the DFCU according the experimental 
results is around 2.5 million working cycles. This exceeds greatly the minimum 
requirement of the ISO standard which was only 25 000 working cycles [4]. If the 4/3 
directional valve is replaced using appropriate bridge connection and similar 2/2 valves 
as in the DFCU it can also be included in the lifetime analyzes.  

In generally the fault tolerance of on/off valves is considered to be good because of 
relatively large tolerances and high actuator forces compared to proportional control 
valves. With digital hydraulic valves fault tolerant control is also possible. Research of 
fault tolerance of digital hydraulics has been carried out by Siivonen et al. and the 
results are very promising [7][8]. More detailed studies of fault tolerance and fault 
tolerant control of the propulsion control hydraulics presented in the paper are left for 
future work but with the insight of reliable nature of the components and possibility of 
fault tolerant control, the digital hydraulics can be expected to bring enhancements to 
reliability of the propulsion control hydraulics. 
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