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1. Introduction

1. Introduction

Hardware-in-the-Loop (HIL) simulation is a technique that is used for the development and testing of control
systems which are used for the operation of complex machines and systems. With HIL simulation the physical
part of a machine or system is replaced by a simulation.  This paper gives an introduction to Hardware-in-the-
Loop (HIL) simulation and shows how HIL simulation can be used to successfully test control systems.

The paper focuses on the application of HIL simulation for offshore and marine applications. In offshore and
marine engineering, control systems and mechanical structures are generally designed in parallel. Testing the
control systems is only possible after integration. As a result many errors are found that have to be solved during
the commissioning, with the risks of personal injuries, damaging equipment and delays. To reduce these errors,
HIL simulation is now gaining widespread attention.

This paper will show the benefits that HIL simulation can bring to offshore and marine engineering and describe
the technology that is needed. Several applications are described to show how HIL simulation is used in practice.
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2. Benefits

2. Benefits
With a simulated plant you can run tests that would destroy a real plant or would be harmful for people in a real
situation. That is why HIL testing can greatly enhance the safe operation of machines.

2.1. Increase Safety

In systems like heavy lift cranes where personnel safety is of the utmost importance, HIL simulation is extremely
useful.  Testing these machines is potentially dangerous and requires extensive safety procedures.  Using HIL
simulation, tests can be carried out without harming people or equipment during all stages of a design.

Figure 1: Large machines should have the highest safety precautions.  

HIL simulation will also allow tests that would normally destroy or damage the real machine. Testing beyond the
normal range of operation can reveal if the control system can safely operate the machine. This is closely related
to failure model and effects analysis. With HIL simulation, the correct action of a control system to various failure
modes can effectively be tested. This makes HIL simulation  and effective technique to increase the safety of
machines and systems.

2.2. Enhance Quality

If HIL simulation is embedded in a model based design
process, it can be used already during the early stages of
design. The HIL simulator will grow with the design of the
real  plant  and  can  be  used  by  control  engineers  to
continuously  test  their  control  systems.  These test  will
reveal  problems  and  errors  that  would  otherwise  have
been detected at the final stages of a design where the
control system and plant are integrated.

HIL  simulation can be  deeply  embedded in  the design
process by test automation. Using scripts numerous tests
can be carried out. The process can be fully automated by
including it in the build system of the controller design.
Every  time  a  change  is  made  to  the  control  system
software  and  the  results  are  stored  in  SVN,  the  build
system will compile a new version of the control system
and use the HIL simulator to automatically  test  it.  The
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2. Benefits

control engineer will see the results as web pages or documents in any form. These test can verify if the control
system still  meets  the specifications and check the response against  failure  modes.  In  this  way,  a  control
engineer gets an immediate response to the changes made on the control system software and make corrections
if needed. It has been verified in numerous research projects that the early detection of problems and errors and
acting correspondingly will lead to a significant increase in the quality of machines and systems.

2.3. Save Time

The cost of errors increase with the time it takes to discover them.
Errors  which are  found during  commissioning  are  notorious  for  the
costly delays in time they can cause.  Many companies have  reported
regular  visits  of  their  engineers to remote locations to fix  software
errors in the control systems.

In most companies,  machines and control  systems are developed in
parallel, which means errors in the control system can only be found
during commissioning. With HIL simulation, errors can be found early-
on  and  solved  early-on.  HIL  simulation  is  therefore  an  effective
technique to reduce the commissioning time.

2.4. Save Money

Testing a real plant can be very expensive. It may require many costly prototypes, the running costs may be high
or expensive safety precautions may have to be taken. HIL simulation can be a real money saver when testing
expensive machinery.

Another money saver comes from the working hours. HIL simulation will normally require more work during the
early stages of design but save a lot of work during the implementation phase of a design. Working hours during
implementation are generally much more costly than working hours during the early phases, especially if the
implementation is at remote locations.

2.5. Human Factor

In most testing procedures, human interaction is not included. HIL simulation, however, can be used to test the
human interaction on machines. This allows control engineers to test if their machines can be operated easily
and comfortably. If the HIL simulation is extended with visualization screens they can be used to train operators.
These HIL simulators are called training simulators.

Training simulators have a lot of advantages over training on the job:

• They offer advanced awareness by visualizing aspects that would be invisible on a real machine (e.g.
showing what is happening under water with a dredger). This helps trainees to quickly understand the
operation of the machine.

• The do not break down when a trainee makes a mistake. This allows trainees to do a lot of training
without the supervision.

• They allow switching of weather conditions and other variables. A trainee can be taught to handle a
machine under every condition.

• They support scenario's:  trainees can be taught how to solve problems and how to react in typical
situations.

Introduction to Hardware-in-the-Loop Simulation - 5 of 15
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3. Technology

3. Technology

3.1. Introduction

Modern machines and systems are steered by computers with complex control systems. HIL simulation is a
technique that is used for the development and testing of these control systems.

Figure 4: Connecting the control system with a simulated plant.  

The machine or physical part of the system (which we call the plant) is connected with the control system, through
actuators and sensors. With HIL simulation the plant is replaced by a simulation of the plant (which we call the
HIL simulator). If the HIL simulator is designed well, it will accurately mimic the real plant, and can be used to
test the control system. Therefore it  is  also named HIL testing.  Some HIL simulators are equipped with 3D
visualization and represent the plant so well that they can be used for training. These HIL simulators are called
Training Simulators.

3.2. Fieldbus Systems

Modern machines have many actuators and are loaded with sensors. A control system will therefore have many
connections with the machine to convert actuator setpoints and read sensor data. These connections will be
mostly electrical wires transporting analog or digital information.

Figure 5: Hard-wired HIL simulator.  

A pure HIL simulator will mimic the plant at the connection level and allow the wires to be switched from the
plant IO to the HIL simulator IO. If the HIL simulation has been completed, you switch the wires to the plant and
start the machine! There are however some drawbacks:

1. The wires transport information at very high frequencies (typically MHz). To mimic this, the HIL simulator
has to run at ultra high speeds or use dedicated IO to generate these high frequencies.

2. Many IO components are required to connect all the wires.
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3. Technology

Most industrial controllers run at clock frequencies of 50 – 250 Hz. To easily connect IO components with the
controller, a fieldbus is used. A fieldbus combines data and addresses to connect multiple IO points. A fieldbus
carries information at the same speed as the clock frequency of the controller.

Figure 6: Fieldbus connected HIL simulator.  

Most  HIL  simulators  directly  connect  to  the  fieldbus  of  a  controller.  This  will  reduce  the  number  of  IO
components to one fieldbus connector and reduce the required speed of the HIL simulator.  Controllab can
provide HIL simulators for many types of fieldbus systems.

3.3. Control Systems

Most  control  systems  in  the  offshore  and  marine  sector  are
implemented on PLC's. A Programmable Logic Controller or PLC
is a digital computer dedicated for the control of machines and
systems. PLC's have a widespread use in industry because of their
rugged design which make them suitable for operating in severe
conditions.

Most  PLC  brands  support  the  five  programming  languages
defined  in  IEC  61131-3:  function  block  diagram (FBD),  ladder
diagram  (LD),  structured  text  (ST),  instruction  list  (IL)  and
sequential function chart (SFC). Modern PLC's like the Bachmann
M1 also support programming in C-code.

PLC's  can  use  a  wide  variety  of  fieldbus  systems.  Some  PLC
brands  only  support  their  own "closed"  fieldbus  system while
others  support  a  wide  variety  of  "open"  fieldbus  system.
Controllab can provide HIL  simulators  for  all  brands of  PLC's,
provided  a  fieldbus  is  used that supports  an open connection
with PC's. 
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3. Technology

3.4. HIL Simulator

PC based

The HIL simulator that Controllab provides is generally a PC computer with a Windows operating system. On this
PC a simulation environment is installed, which is used to run the plant model. The connection with the control
system is provided by IO which is connected with the fieldbus of the controller. The simulation environment
provides the proper communication between the plant model and the IO.

Figure 8: Components of a HIL simulator.  

Controllab can provide HIL simulators with various simulation environments:

1. WinMOD: Block diagram based plant models (simple models based on function blocks)
2. 20-sim: Component based dynamical plant models (1D and 3D models of complex physical plants)

High Speed Simulators

Windows is  a  not a  real-time operating system.  With  special  care it  can be used for  general  purpose HIL
simulators. In some cases this is not good enough:

• The control system runs at high speeds ( > 100 Hz).
• The plant model only runs well at high simulation speeds.
• Too much jitter (time delay between control system and plant model) will make the system unstable.

Controllab can provide a HIL simulator based on a PC with Real-Time Linux, which allows communication with a
fieldbus at high speeds (> 5 kHz) and has low jitter (< 0.1 ms).

Bachmann M1

The Bachmann M1 PLC supports the running of ANSI C-code. Users of this PLC have the option to run the plant
model as C-code directly on the controller. The plant model can be connected with the control system by sharing
SVI variables. This allows direct testing of the control system without additional hardware.
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3. Technology

3.5. Training Simulator

When a HIL simulator is equipped with 3D visualization and can represent the plant very well, it can be used for
training. These HIL simulators are called training simulators. Training simulators are very useful when operating
on a real machine can be hazardous or is very costly. It allows operators to be trained in a secure environment in
standard and non-standard situations.

Figure 9: Training Simulator for a knuckle boom crane.  

Controllab can provide tailor made training simulators. The customer has to provide  the control system  and
operator handles and interfaces. Controllab will connect this with a custom built HIl simulator and extend it with
visualization modules and a trainer interface. The visualization module will provide the operator with a 3D
visualization of the plant interacting with the environment. A trainer module will allow the trainer to start , stop
and monitor training sessions and store the results for later use.
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4. Applications

4. Applications
The use of HIL simulation is very beneficial for systems with tight development schemes and high costs for
integration and testing. Controllab specializes in HIL-testing for complex machines in the sectors of precision
engineering, offshore & maritime systems and complex machinery. The following applications show how HIL
simulation could be used in industry. 

4.1. Ship Propulsion

Kwant  Controls  was  raised  in  1937  as  a  manufacturer  of  nautical
instruments.  The company is  known for  its  ship  propulsion systems
which it has delivered and commissioned for various types of vessels.
These systems typically consist of bridge equipment with levers and
handles and PLC reading and sending data to ship's engine and rudder.

Traditionally  the propulsion control  system would have been tested
during a factory acceptance test and during commissioning onboard of
the vessel,  to gain confidence in the system.  Instead,  Kwant took a
different approach using Hardware in the Loop (HIL)  testing.  Kwant
uses  a  Bachmann  M1  controller  to  run  the  control  system.  This
controller is able to run external tasks as C-code. With the software
packages 20-sim and 20-sim 4C Kwant can run plant models directly as
C-code on the M1 controller.

The model of the core control system, engine and ship were developed in 20-sim. The figure below shows in
green the core control system and in yellow the plant model.

Figure 11: 20-sim model of the propulsion system and controller.

After validation the plant model was converted into C-code and deployed on the Bachmann M1 system using 20-
sim 4C. HIL simulations were conducted to test the performance of the control system and the proper operation
of the bridge equipment. Traditionally the propulsion control system would have been tested during a factory
acceptance test and during commissioning onboard of the vessel. HIL-testing saved a considerable amount of
time during the commissioning. Future savings are expected to be even larger because of the reuse of propulsion
models.
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4. Applications

4.2. Diesel Generator

On oil  rigs,  diesel  generators  sets  are  used  to  supply  secondary  power,  when the  main  power  has  failed.
Therefore these set have to be highly reliable. To test the reliability of the control system running the diesel
generator set under various conditions, a HIL simulator was developed.

Figure 12: A diesel-generator set.  

The HIL simulator was based on a PC with Windows and 20-sim. A SIMBA Profibus module is used to couple the
PC to a SIMATIC S7 PLC over a PROFIBUS fieldbus. The model of the diesel generator was created in 20-sim. The
model consist of a dynamic model of the diesel, a full 3 phase generator model and a 3 phase load. The load can
be fed with several data files to give different load scenario's.

Figure 13: 20-sim model of the diesel-generator set with load.  

During various test (generator excitation, start up, load out,...) the control system is tested for the various modes
of operation, including tests that in reality would have severely damaged the setup.
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4. Applications

Figure 14: Recorded data from ta test run.  

4.3. Knuckle Boom Crane

Cranes are extensively used in offshore for complex lifting operations. In this example, a control system for a
knuckle boom crane has been developed. The crane has to lift various loads from the ship deck and drop them
into the sea. Because of the sea swell the crane will move up and down. As a results the load, when under water
will move up and down heavily.

Figure 15: Knuckle boom crane lifting an ROV.
 

To prevent this heave compensation is required. Traditional heave compensation will use the winch system to
compensate  for  the  swell.  However,  the  repeated  motion  will  wear  off  the  hoisting  cable.  Modern  heave
compensation methods will use the crane itself to compensate for the swell. This requires a complex control
system with  inverse  kinematics  of  the  crane.  For  the  testing  of  this  controller  a  HIL  simulator  has  been
developed, which was extended with an operator unit and a visualization module to work as a training simulator.

The crane control  system is running on a Bachmann M1 controller.  The controller is  steered using a radio
controlled operator terminal that is connected to the control system using a CAN bus. The controller is connected
via Ethernet (using an open Bachmann bus protocol) with a windows PC. On the PC the package 20-sim is
running the plant model. The visualization engine of 20-sim has been used to display a 3D view of the crane and
ship. 
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4. Applications

Figure 16: 20-sm model of the knuckle boom crane.  

The crane was modeled in 20-sim using the 3D Mechanics editor to develop the 3D parts of the crane. Standard
libraries were used to model the hydraulic drive system of the crane and the ships movement. An additional
component was used in 20-sim to support the visualization.

The HIL simulator has been extensively used to detect errors in the control system and test the proper operation
(see figure 9). Extension with the operator unit showed that the crane can be operated safely from all locations.

4.4. Launch and Recovery System

For Rolls-Royce Marine a simulator was developed replacing a
full scale launch and recovery system. This is a system used on
vessels during subsea operations for handling remotely operated
vehicles  from deck  to  working  depth,  mainly  consisting  of  a
hydraulic power unit, a winch and a handling unit; typically an A-
frame.

The  original  control  system  was  running  on  a  Siemens  PLC.
Direct access to the controller using a fieldbus was not possible.
Therefore the HIL simulator had to be "hard wired" to the control
system. To facilitate this a Bachmann M1 system was used to run
the plant model as C-code.

A  numeric  model  was  developed  for  the  system  including  a
hydraulic power unit,  winch and A-frame. The numeric model
comprised the hydraulic and mechanical dynamics of the system,
and  in  addition  an  interface  to  the  control  system  was
implemented. For the mechanical domain, models representing a
remotely operated vehicle and the umbilical connecting it to the
winch were also created.

Several tests were performed to check if the developed solution
was fit for purpose. The results from testing the simulator concept verified that it can be used for control system
testing with respect to both hardware and software. Data logged during testing showed it can be also used for
benchmarking as regards to system performance, as results from simulation corresponded well to previously
measured performance of the real system in operation at sea. An example of data logged by the simulator during
an active heave compensation performance test is shown in the figure below.
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4. Applications

Figure 18: Recorded data from the the HIL simulator.  
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Figure 19: HIL simulator for the launch and recovery system.



5. More Information

5. More Information
For  more information on HIL simulation and the application of HIL simulation in your company please contact 
Controllab Products.

Company: Controllab Products B.V. 
Address: Hengelosestraat 500

7521 AN  Enschede, The Netherlands
Tel: 053-4836434
E-mail: info@controllab.nl
Web: www.hil-simulation.com

www.controllab.nl

The information contained in this document is the property of Controllab Products and is proprietary and/or
copyright material. This information and this document may not be used without the express authorization of
Controllab Products . Any unauthorized use or disclosure may be unlawful.
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