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Abstract Real-time simulation for control loop design and operators training systems (OTS) are increasingly being used in the 

process industry due to some advantages as safety, repeatability, comprehensiveness, and reduced cost and time of development. 

One technique to perform real-time simulations is HIL – Hardware-In-the-Loop, which consists in the simulation of an industrial 

process part operating in real-time with real equipment belonging to the control system. HIL addresses the use of a dedicated 

hardware for real-time model simulation and communication interface with control systems. This whitepaper highlights the use 

and discusses the benefits of the HIL technique for industrial process control. The process dynamic model, a coupled tank indus-

trial process, was designed in the Mimic simulation software and downloaded in to a real-time hardware, VIM, for process simu-

lation purpose. This process model is integrated to the DeltaV distributed control system (DCS), designed to perform process 

control. By using the HIL solution, it is possible to enable OTS of industrial control systems, besides simulating the behavior of 

industrial processes with different controller tuning, reducing risks, tuning and startup times of automation systems. 
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1    Introduction 

Studying characteristics of systems through sim-

ulation has gained importance over the years, and this 

practice ensures significant benefits to automation 

and control companies, such as reducing costs with 

prototyping, possibility to testing systems under dif-

ferent conditions with high repeatability; and as a 

result optimizing processes and product development 

(DEMERS et al., 2007). Simulation for control loop 

design and operators training systems in the process 

industry usually demands real-time responses to pro-

vide better reliability (SAHIN et al. 2012; RATH, 

2013). In real-time simulation, the temporal behavior 

of the simulation must be as similar as possible to the 

controlled process. According to Kopetz (1997), the 

definition of real-time requires that all computational 

efforts of the calculations that are required to be per-

formed in a restricted time interval, must be obligato-

rily performed in this time interval. Kweon et al. 

(1999) complements that not only the calculations of 

the models as well as the exchange of information 

between the systems involved, i.e., the communica-

tion between them should be included in the same 

time interval. 

There are different techniques and purposes for 

conducting process control simulations. The three 

most known simulation techniques are the Rapid 

Control Prototyping (RCP), the Hardware-In-the-

Loop (HIL) and the Software-In-the-Loop (SIL) 

(ISERMANN, 2008). RCP and HIL are considered 

real-time simulations as there is a requisite for a real-

time operational system and dedicate hardware for 

models to provide deterministic temporal behavior. 

According to Bélanger & Dufour (2012), in RCP 

applications, a controller is implemented using a real-

time simulator and is connected to a real physical 

plant. The advantages of RCP over a controller pro-

totype are that developing the controller in a real-

time simulator is faster and more flexible. Consider-

ing the HIL technique, usually a physical controller is 

connected to a virtual plant executed on a real-time 

simulator. The main advantages of HIL is allowing 

test of controllers in conditions unavailable on real 

plants. SIL usually does not require real-time and 

deterministic responses as both controller and plant 

can be simulated on the same simulator. The main 

advantage of SIL over RCP and HIL is that no I/O or 

hardware needs to be used. 

Figure 1 shows a real-time simulation structure, 

WinMod (2013). In details a system for real-time 

process simulations and operator training environ-

ment is presented. The operators interface is accom-

plished through the HMI (Human Machine Interface). 

The simulated system can be operated also new con-

trol loops strategy can be designed through this 

equipment. In order to reach the same or similar ac-

tual real process performances, the control system 

(PLC or DCS) must be the same control system in-

stalled in the real process. It’s also necessary a hard-

ware dedicated to operate in real-time devoted to 

mathematical models simulation. As a result, it per-

forms the hardware in the loop function executing 

simulations of process dynamics, actuators, sensors, 

and can also simulate data and information exchange 

with control systems as discussed in Popovic & 



 

 

Mosterman (2012). The simulated models developed 

in the computing environment are running on dedi-

cated hardware and work in real time and in synchro-

nism with the actual equipment of the system under 

development, making it possible to perform tests in 

different scenarios and under conditions close to real. 

 

 

Figure 1: Real-time simulation system: Hardware-In-the-Loop 

configuration 

According to Faty et al. (2006) studies, HIL 

simulation has become indispensable for the aero-

space, automotive, marine and defense industries and 

is justified by its many advantages, including cost 

effectiveness, rapid prototyping, repeatability, safety, 

comprehensiveness, automated testing, etc. 

• Cost effectiveness: A HIL simulation often re-

quires less hardware than physical prototypes, there-

by costing less. 

• Rapid prototyping: Often the HIL requires less 

hardware than fully physical prototypes. HIL simula-

tors can also be considerably faster to build. 

• Repeatability: Systems that operate in variable 

environments can often be tested in controlled lab, 

which may significantly increase repeatability of tests 

and simulations. 

• Safety: HIL simulation can provide destructive 

tests events, for example, vehicle accidents and trap-

ping missile without incurring high cost and possible 

destruction of the test platform. It can also be used to 

train human operators in critical processes where 

human error can lead to disaster, for example, flight 

simulators for airplane pilots and operation of safety 

critical systems such as a nuclear power plant.  

• Comprehensiveness: The HIL simulation pro-

motes the possibility of control the entire around en-

vironment and operating conditions of the process. 

• Automated testing: Tests can be performing in 

automated environments without human intervention. 

 

The context that fits HIL simulation shows ad-

vantages of using real-time models emulation in a 

highly controlled environment with low cost imple-

mentation. The main objective of this work is to show 

that not only automotive, aerospace industries; etc 

can use hardware in the loop simulations for a system 

validation, design and training.  

Next sections provide valuable information of 

how this simulation tecnnique can be applied for pro-

cess industries, as chemical, petrochemical, mining, 

etc. This work presents how to create a process mod-

el for a simple process unit, and simulate it in a real-

time hardware integrated with a control system and 

an IHM for operator’s interface. The relevancy of 

this work is also to present a industrial HIL simula-

tion architecture and provide initial information for 

future work in HIL simulation applied for process 

industries.  

Section 1 shows a briefly review of state of art in 

HIL simulation, section 2 presents a system architec-

ture for a HIL simulation system for process indus-

tries, in the section 3 a coupled tanks is modeled, 

section 4 shows the design of the process dynamics 

and control strategy implementation, section 5 pre-

sents control testing performances and 6 conclusions. 

2    Proposed HIL Architecture 

Figure 2 presents a HIL system designed to sim-

ulate industrial process dynamics. In this proposed 

architecture, each system component has a specific 

role described next (Mimic, 2013; DeltaV, 2013). 

 

 

Figure 2: HIL for process simulation and operators training system 

(OTS) 

• Modeling station: This station contains the 

Mimic simulation software used for industrial pro-

cesses modeling. With this software is possible 

through functional blocks simulate many processes 

dynamics. 

• Real-time simulation hardware: The process 

models contained in the database are downloaded in a 

real-time hardware called VIM. VIM plays the role 

of the process to be controlled. 

• Control strategy: The DeltaV Proplus station is 

used for the design of control strategies using DeltaV 

software.  

• Industrial controller: The DeltaV controller 

performs the role of supervision and control of the 

industrial process; it uses the data contained in the 

Proplus station. 

• Supervisory station: It’s the operator station, 

where testing and operation of the simulated process 

are performed. This has an interface with historian, 

operation graphics, process details and diagnostics.  



 

 

3   Process Modeling 

Process modeling is a very important step in con-

trol strategies design and control loop tuning. The 

process is modeled as technical specification and can 

be used for familiarization and training of operators 

who will operate the industrial process. An important 

step in process modeling is to survey the characteris-

tics of the process being controlled. It is extremely 

important that the generated model is faithfully, but 

sometimes it’s acceptable to have a few differences 

between simulation and actual operating conditions 

of the process unit. 

The proposed process for modeling, characteri-

zation and control is presented in Figure 3. The prob-

lem exposed was to develop a PID controller to con-

trol the level h2 of the tank 2 by manipulating the inlet 

valve of tank 1 through its flow QE. 

In order to reach this, it was considered a level 

transmitter LT, 4-20 mA with a calibrated range of 0-

2 m. The control valve is actuated via an analog out-

put 4-20 mA and is transformed through an electro 

positioner I / P that converts 4-20 mA to 3-15 psi, 

positioning the control valve in the desired set point. 

The control valve flow characteristics are from 0 to 

0.002 m3/s and the process time constant is 10.0 s. 

 

 

Figure 3: Coupled tanks  

The variables and values of the concerning sys-

tems are presented below: 

•  A1 / A2 – Tanks base area, A1 = A2 = 1 m
2
. 

•  K1 / K2 – Output valves constants characteris-

tics considering turbulent regime, K1 = 0.025 and K2 

= 0.018. 

•  h1 / h2 – Water level in the tanks. 

•  QE / Q1 / Q2  – Water flow in the tanks. 

•  LT – Level Transmitter. 

•  LIC – Level Controller. 

•  I / P converter – Current to pressure converter. 

 

The differential equations relating the process 

flows were generated. The relationship between the 

inlet flow QE and outlet flow of the tank 1 Q1 can be 

expressed by equation (1). 
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Where Q1 is the reason h1 by r1, expressed in 

equation (2). 
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The results of the substitution of the equation (2) 

in (1) results in the differential equation (3) which 

governs the behavior of the level h1 in time function. 
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Analogously it is possible to write the relation 

between the inlet flow Q1 and the outlet flow Q2 of 

the tank 2 as shown in equation (4). 
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For the differential’s equations resolution, La-

place transform technique was used. Applying the 

Laplace transform on equations (3) and (4) the equa-

tions (5) and (6) are found and are respectively dis-

played in the frequency domain. 
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In order to find the relationship between H2 and 

QE equation (5) and (6) are multiplied resulting in the 

transfer function of the plant to be controlled. 

 The expression (7) and (8) show the transfer 

function of the process. 
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The rx calculation is presented in Figure (9), it’s 

a nonlinear equation. Assuming 1 m the desired con-

trol operational value, it’s possible to simplify the 

calculations doing the linearization at this same value 

in equation (9). Substituting all process parameter 

values in equation (8) the transfer function Gp are 

found and presented in (10). 

 

x

x
x

K

h
r  2  

(9) 

 



 

 

 

)01795,0()01253,0(

8889
)(




ss
sGp  

(10) 

 

 

The proposed model for the control valve can be 

expressed by equation (11). As defined at the begin-

ning of this section a first order model with the pro-

posed characteristics represents de process dynamics 

of this actuator. 
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The Gip, I / P converter, was modeled as a pro-

portional gain equal to 0.75 which is the conversion 

rate of the electrical signal 4 - 20 mA to a pneumatic 

signal 3-15 psi connected to the actuator.  

For the sensors dynamic it’s also considered a 

proportional gain, which the conversion rate of 0-2 m 

to 4-20 mA, this signal goes to the DCS analog input, 

this signal needs to be convert inside the DCS by 4-

20 mA to 0-2 m, so the treatment of the sensor dy-

namic was taken out of the simulation. If there is a 

time constant assigned to the sensors dynamics, this 

should be considered in the process model.  

4   Modeling and Controller Implementation 

With the process models exposed in the frequen-

cy domain, the design strategy presented by Figure 4 

was adopted. 

 

 

Figure 4: Hardware in the loop design strategy 

 

In the Proplus station database, a PID control 

module was designed with LIC tag and the control 

loop created with this module was downloaded to the 

DeltaV controller. 

The objective of the control module is to control 

the process modeled in Mimic through a PID control 

strategy. The control module is presented in Figure 5, 

the PID block has internal tuning parameters that can 

be modified to perform the control loop tuning, also 

provides set point parameter for automatic mode op-

eration and the parameter OUT for manual mode 

operation, in this mode, the PID control algorithm is 

not considered so it’s possible to act directly in the 

valve actuator. 

 

 

Figure 5: DeltaV – PID control module 

 

In order to implement the equation (10) the pro-

cess dynamics was uncoupled to make the implemen-

tation easier. The calculation method of partial frac-

tion expansion was applied as the identity shown in 

equation (12). 
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The results were A = 1640036,9 e B = -

1640037,9. Substituting A and B in the equation (12) 

we found the uncoupled model (13). 
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To implement the model Gp two first-order filter 

function blocks were used, it was necessary to ma-

nipulate the equation (13) for direct parameter input 

in the modeling software. 

After this operation equation (14) was found, 

and was implemented directly in a control module in 

Mimic simulation software. 
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The valve model has also been implemented us-

ing a first order filter, according to equation (11) it 

was also inserted in the dynamic model the I / P con-

verter. The results of these implementations are pre-

sented in Figure 6. 

 



 

 

 

Figure 6: Simulated process in Mimic software

5   Control loop testing performance 

With the process model running in real time on 

the VIM hardware and the PID control module run-

ning in the DeltaV controller, the PID block was set 

to Manual mode and a step change was applied in 

the manipulated variable, the valve was manually 

opened and closed to check the model behavior. 

Figure 7 presents the data collected from the pro-

cess model in the DeltaV historian. 

For the PID controller tuning tests, DeltaV au-

to tuning tool were used. Using this tool, it was 

possible to find the initial values of the PID tuning 

parameters. Subsequently a fine tune of the control 

loop was adjusted manually. 

Figure 8 shows the disturbance made by the 

automatic control loop tuning using the Lambda PI 

rule (Lambda PI, 2014) cycle methodology in the 

auto tuning tool. 

 

 

The methodology used for control loop fine 

tuning was divided into four stages called tuning 

tests. 

Table 1 shows the values of PID tuning param-

eters set for each step of tuning test. First, the val-

ues found by DeltaV auto tuning were used; this 

experiment was called test 1 then the others tests 

performed were to manually adjust the control loop 

tuning parameters for study and analysis of the con-

trolled system behavior. 

 

Table 1: PID tuning parameters 

PID tuning 

parameters 
Test 1 Test 2 Test 3 Test 4 

Gain 3.89 1.75 1.75 2.2 

Reset 149.5 s 127 s 87 s 87 s 

Rate 0 s 0 s 0 s 0 s 

 

 



 

 

 

Figure 7: Open loop process response  

 

 
 

Figure 8:  Process disturbances for tuning 

 

Figure 9 shows the graphical interface built for 

data input into the process, two control screens 

were created.  A change in the set point value when 

the PID is in auto mode or a change in the OUT 

parameter in manual mode, can act on the process 

directly, positioning the control valve at a specific 

flow. The second window is called detail page 

where you can perform tuning parameters change of 

the PID controller. 

 

 

Figure 9: IHM - Process operator interface for the PID Loop 

The process response curves for each test are 

presented in Figure 10. It presents four disturbances 

performed by set point changes, each one repre-

sents a specific test, the process responds for the 

disturbances is in the historical chart respectively. 

Using graphical analysis, Table 2 was created 

and presents the results of some control parameters 

of interest. These results were obtained through the 

response process by the disturbances set point. 

Table 2: Process response due to set point changes 

Project 

parameters 
Test 1 Test 2 Test 3 Test 4 

Overshoot 1 % 0 % 1 % 0.5 % 

Settlement Time 195 s 180 s 320 s 150 s 

Rise time 57 s 97 s 101 s 85 s 

 

 

 

 

 



 

 

 

 

 

Figure 10: Control loop testing with different PID tuning parameters 

 

The best response of a controlled process can-

not always be assessed as being the lowest rise 

time, or with the smallest overshoot and, finally, the 

answer to the shorter time settlement. 

It should take into account the requirements of 

the process, there are processes which does not 

require rapid responses but stabilization, or pro-

cesses that cannot be oscillatory, there should be no 

overshoot, and thus can be used the tuning parame-

ters found in test 2. 

Other processes require quick responses no 

matter with settling time and oscillations, and may 

use the parameters tuned by test 1.  

Sometimes the response of the system requires 

a tradeoff between two factors should have a rela-

tively fast response accepting a minimum of over-

shoot can be used to tune the parameters found by 

the test 4. 

6   Conclusion 

The use of HIL simulations in design of control 

systems and operator training environment is effec-

tive since the designer knows well the behavior or 

the dynamics of the process to be controlled. The 

HIL architecture, as the one proposed in this paper, 

allows several studies to be conducted, for example 

the design and implementation of new control strat-

egies. In addition, and maybe more important, is the 

possibility of building operator training centers fast 

and safely, reducing training costs and time to op-

erate an industrial plant. The advantage of using a 

real-time simulator for OTS is that the user can 

acquire a feeling for the controller and plant that 

correctly and reliably represents the real system, 

without the delays and limitations commonly found 

in training environments based on recorded scenar-

ios. 

The concepts and results of this paper can be 

expanded to other types of processes models, pre-

dicting its real behavior for different types of indus-

trial controller tuning, reducing risks, cost and time 

with tuning and startup of automation projects. 
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