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APRESENTAÇÃO

A Engenharia Mecânica pode ser definida como o ramo da engenharia que aplica 
os princípios de física e ciência dos materiais para a concepção, análise, fabricação e 
manutenção de sistemas mecânicos. O aumento no interesse por essa área se dá 
principalmente pela escassez de matérias primas, a necessidade de novos materiais que 
possuam melhores características físicas e químicas e a necessidade de reaproveitamento 
dos resíduos em geral. Além disso a busca pela otimização no desenvolvimento de projetos, 
leva cada vez mais a simulação de processos, buscando uma redução de custos e de 
tempo.

Neste livro são apresentados trabalho teóricos e práticos, relacionados a área 
de mecânica, materiais e automação, dando um panorama dos assuntos em pesquisa 
atualmente. A caracterização dos materiais é de extrema importância, visto que afeta 
diretamente aos projetos e sua execução dentro de premissas técnicas e econômicas. Pode-
se ainda estabelecer que estas características levam a alterações quase que imediatas no 
projeto, sendo uma modificação constante na busca por melhores respostas e resultados.

De abordagem objetiva, a obra se mostra de grande relevância para graduandos, 
alunos de pós-graduação, docentes e profissionais, apresentando temáticas e metodologias 
diversificadas, em situações reais. Sendo hoje que utilizar dos conhecimentos científicos 
de uma maneira eficaz e eficiente é um dos desafios dos novos engenheiros.

Boa leitura.

Henrique Ajuz Holzmann
João Dallamuta
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ABSTRACT: Computer simulations are 
performed in order to analyze systems dynamic 
behavior. However, some subcomponents may be 
too complex to be modeled, which occurs due to 
nonlinearities and coupling of subsystems. In this 
scenario, a hardware-in-the-loop (HiL) test can be 
done, which consists of separating the system into 
two subsystems: a physical one, containing the 
complex component, and a numerical one, to be 
simulated. The numerical subsystem calculates 
the variable to be imposed on the hardware, 
such as a displacement. The hardware responds 
to the input and its response is measured and 
sent back to the numerical subsystem. Thus, 
the HiL test is a real-time closed-loop system, 
which has been used in the automotive area in 
applications such as anti-lock brake systems and 
semi-active suspensions. In order to close the 
loop, a transfer system composed of actuators 

and sensors is required. Since it is a dynamic 
system, the transfer system cannot respond 
instantaneously to a command, causing a time 
lag that deteriorates the closed-loop response 
and may lead to an unstable condition. In this 
paper, a HiL test is performed on a mass-spring-
damper system using the spring as the hardware. 
Methods for delay compensation are presented, 
simulated and compared experimentally.
KEYWORDS: hardware-in-the-loop, control, 
dynamics, delay

1 | 	INTRODUCTION
In the development stage of new 

technologies, system simulation before its 
conception is indispensable, leading to lower 
cost with prototypes and safer product validation. 
However, a mathematical model of the system of 
interest may not be easily obtained, since non-
linearities and complexities may be present. In 
this context, a Hardware-in-the-Loop (HiL) test 
may be employed, which consists of dividing 
the overall systems into two subsystems, one 
that is a numerical model (the software) and the 
other that is the physical component of interest 
(the hardware). With actuators and sensors, the 
two subsystems are coupled and a real-time 
simulation can be employed, thus analyzing 
the overall system dynamics. Figure 1 shows a 
generic HiL simulation block diagram. Signal  is 
the external situation imposed in the system, 
like a force or displacement, and signal  is the 
physical subsystem’s measured response. Signal  

http://lattes.cnpq.br/3861838007243595
http://lattes.cnpq.br/6190171659047174
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is the numerical subsystem input, which is calculated based on signals  and . The software 
output  is converted to a continuous signal  through a D/A converter which is then sent to 
an actuator, who will impose it to the physical component through signal . The component’s 
response  is measured by a sensor, yielding , which is converted through an A/D converter to 
. From this analysis it is clear that the HiL test is a closed-loop real-time system.

Figure 1: Typical HiL test block diagram.

HiL testing begun in aerospace industry, through flight simulators and missile location 
systems (BACIC, 2005). In the past 20 years, the technique has been used mainly in automotive 
applications. Svenson et al. (2009) developed a HiL simulator in order to test heavy trucks 
stability control systems, where the braking system and its controllers were the hardware and, 
as software, the truck’s model was employed. One of the main applications of HiL is within 
suspension systems testing. Hong et al. (2002) used HiL test to evaluate a Skyhook control 
method, developed by the authors, for McPherson semi-active suspensions. The hardware 
in this situation was the variable damper, which is a very non-linear component, while the 
controller module and the other suspension components were the modeled software. The 
main problem that arise from HiL simulations is a time delay inherent to the interface between 
software and hardware. Since the actuator cannot respond instantaneously to a command, 
there is an inevitable time delay which is inside the closed-loop system. Hence, the response 
presents an error and, depending on the amount of delay and in dynamic characteristics of 
the subsystems, it may also lead to instability. Delay compensation methods were proposed 
and many works on this area were performed in order to improve HiL results, but no method 
is perfect. The Forward Prediction Method (WALLACE, 2005) adjusts a polynomial to the past 
calculated output values of the software and extrapolates this curve, forward predicting the 
signal’s value in the future, in a time equal to the time delay. Thus, the closed-loop system is 
compensated.

Another method was proposed by Smith (1959), but not for the HiL context. Known as 
the Smith Predictor, the technique uses a model of the system under test in order to predict 
its future response, thus compensating the time delay. However, a model of the plant is not 
available when HiL test is employed. By employing an approximation of the plant, errors arise, 



Coleção desafios das engenharias: Engenharia mecânica 2 Capítulo 10 102

thus this is not the most indicated method. A similar idea was proposed by Gawthrop et al. 
(2008) for real-time simulations, where a model is needed but, again, this is not the best 
solution for this application. A different approach where an analysis of the discrete operations 
performed by the acquisition boards was employed in order to characterize the time delay 
(CARRILLO, 2012). By choosing the simulation’s sample time as larger than the time delay, 
the author noticed that the equivalent delay becomes equal to one time step, which allows for 
a different kind of correction based on the board’s tasking order alteration. However, a high 
sampling period may not be suitable for some applications, leading even to stability issues 
(CARRILLO, 2014).

In this paper a Hardware-in-the-Loop test is applied to a mass-spring-damper system. 
In order to investigate how the time delay affects the system’s dynamics, the hardware is a 
spring, because it can be easily identified and modeled. Delay compensation methods are 
presented, applied and, because the hardware is parametrized, it is possible to compare the 
results to a reference response, thus validating the experiment. A new compensation method 
is then proposed and compared to the previous ones. Numerical simulations are run by using 
a virtual spring and, then, experiments are conducted with the real spring by using MATLAB/
Simulink software, dSPACE acquisition board and SCHENCK hydraulic actuator.

2 | 	EXPERIMENTAL SETUP
The following equipment was used:

•	 MATLAB/SIMULINK software, to model the numerical subsystem;

•	 dSPACE DS-1102 board, which contains A/D and D/A converters and the Con-
trolDesk software to monitor the signals;

•	 Instron/SCHENCK actuator system, used for displacement control, equipped 
with a LVDT sensor for displacement sensing and load cell for force sensing, 
shown in Figure 2.

Figure 2: Instron/SCHENCK actuator.
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The dSPACE board works as a zero-order holder system, which means that the 
digital input signal in the D/A board is held constant during one sampling interval. 

3 | 	SYSTEM MODELING
A mass-spring-damper system is analyzed, with the spring being the physical 

component. 
3.1	 Full mass-spring-damper model

The mass-spring-damper system is indicated in Figure 3a, where  is the weight force 
in N, which refers to mass  in kg,  is the stiffness of the spring in N/m and  is the viscous 
damping parameter in Ns/m. Figure 3b shows a free-body diagram for this problem, where  
and  are the forces due to the spring and damper, respectively, in N.

Figure 3: Model of the system under analysis. (a) Mass-spring-damper, (b) free-body diagram.

The equation of motion is then given by:

(1)

In order to represent the system in state-space form, these equations need to be 
re-written in terms of states as indicated by Equations 2 and 3, where  is the state vector,  
contains the system’s outputs and  represents the inputs.

(2)

(3)

The following states are adopted: x1 = y and x2 = . The system’s input is  
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while the output is displacement, . This leads to:

(4)

(5)

3.2	 HiL model with physical spring
In this case, the term Fm, corresponding to the spring restoring force, is modeled as an 

input, which implies that . Then, Equation 1 can be re-written in state-space 
form, adopting the same state vector, as:

(6)

(7)

3.3	 Hardware identification
Knowledge about the spring, sensor and delay characteristics is needed in order to 

validate the HiL simulation results. A displacement sine wave was imposed to the spring and 
the force/displacement behavior is shown in Figure 4(a). Since non-linearity was noted, a third 
order polynomial was adjusted to the curve, which is described by Equation 8, where the unit 
of  is kN and the unit of  is mm. Note that for  the spring is under compression.

(8)

The system delay is defined as the time needed by the actuator to execute a 
commanded displacement and it was modeled as a transport delay, as is commonly done 
in the literature, although other methods such as Padé approximation could be used. By 
inputting a sine wave and measuring the response, it was possible to quantify the time delay 
as TD = 6s. Figure 4(b) shows the actuator’s behavior due to the input sine wave with a zoom 
applied in order to visualize it.
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Figure 4: System characteristics. (a) Force and displacement behavior of the spring under test, (b) 
Delay between commanded and executed displacement.

Finally, in order to determine the gains involved in the voltage to displacement 
conversion and vice-versa, a voltage sine wave was generated in SIMULINK, sent to the 
D/A board with the help of ControlDesk software and then sent to the actuator, which led to 
a 40 mm/V gain. Then, by measuring force rather than displacement, a 10 kN/V gain was 
determined for the force to voltage conversion.

4 | 	DELAY COMPENSATION METHODS AND SIMULATIONS
Three different methods are presented and simulated in this work. The following 

subsections describe their functionalities.

4.1	 Tasking order sequence alteration method
The response delay is exactly TS when TS > TD , where TS is the sampling time. The 

discrete state equations are given below, where the subscript  in the matrices represent their 
discrete equivalent (CARRILLO, 2014).

(9)

(10)

By analyzing the output equation in time step K, it can be seen that the calculation of y 
[K] depends on  and . For this implementation, the tasking order states that vector  

 is calculated before the state update equation . 
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However, as there is one time step delay when measuring the physical subsystem’s reaction 
force, the state equations input is , which leads to an incorrect 
value for u [k]. The correction lies on the tasking order alteration where the state vector is 
updated before the output equation, which means that  is 
calculated and, then,  is computed. Note that, in order to achieve , the input force 
must also be delayed. This method is valid as long as the output  does not depend on 

, so matrix  must be zero, and it is given by:

(11)

(12)

4.2	 Polynomial extrapolation method
This method consists of using the previous values of a signal  to predict its future 

value (WALLACE, 2005). In order to do so, an N-th order polynomial is calculated each 
time step by using  and its previous values , where  is the 
number of data points and it is related to the polynomial order according to n = N + 1. The 
value of  predicted  time steps ahead is denoted  and is given by:

(13)

where each ai term is assembled into vector  which is given by:

(14)

4.3	 Taylor series method
A novel method is proposed here based on the Taylor series, which approximates 

a function ƒ(x) near a point a based on values of its derivatives evaluated at this point, as 
indicated below, where  is the -th derivative of ƒ(x).

(15)

When applied to a real-time simulation, the objective is to predict the numerical 



Coleção desafios das engenharias: Engenharia mecânica 2 Capítulo 10 107

subsystem output at a future time y (t + T), where t is the current time. By adopting a = t and   
x = t + T on Equation 15, the prediction is given by:

(16)

By modeling the numerical subsystem on state-space form, one has access to y(t), 
y(1) (t) and y(2) (t) through the states and inputs of the system. It is known that y(t) = x1(t) 
and y(1) (t) = x2 (t). The second derivative can be obtained from the input u and the states. 
Through Newton’s Second Law, it is known that  By substituting 
the previous expressions into Equation 16, the predictor’s expression is given by:

(17)

where Є(t) represents the truncation error. The discrete version of the predictor is given below:

(18)

Adopting  and , Equation 18 can be 
written in matrix form as:

(18)

4.4	 Numerical simulations
In order to compare the methods listed before, numerical HiL simulations were 

conducted by using a model of the spring as the virtual hardware. The effect  of the sampling 
time was analyzed through two simulation setups: Setup 1 with TS > TD  and Setup 2 with TS 

< TD. Block diagrams were created in SIMULINK in order to simulate the HiL test with delay. 
The one used for TS > TD is shown in Figure 5a, while the one used for TS < TD is shown 
in Figure 5b. When adopting TS > TD, the effective delay becomes one time step, which is 
modeled by the 1/z block. For TS < TD the delay was modeled as being proportional to TS  
by a factor of d. The K0 term refers to the value of Fm(x = 0) from Equation 8. An uniformly 
distributed random wave signal with amplitude AF is the external force acting on the mass. 
Physical parameters chosen for the simulations are m = 50kg, FP = 490.5 N, AF = 100 N, ωF 

= rad/s. For the damping characteristic, it was used c = 600 Ns/m for Setup 1 and c = 200 
Ns/m for Setup 2. 
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Figure 5: Block diagrams used for numerical simulations for (a) Setup 1 and (b) Setup 2.

The time delay used for the simulations was equal to the measured one. TS = 0.05 s 
was chosen for Setup 1 and TS = 2 ms for Setup 2. Figures 6a and 6b show the results for 
Setups 1 and 2, respectively, compared to the non-delayed system.

Figure 6: Simulation results for (a) Setup 1 and (b) Setup 2.

The delay compensation methods were implemented on SIMULINK. A one time step 
delay was used because the method was derived considering TS > TD. In order to simulate 
Setup 2, the block ‘Unit Delay’ is replaced by a general ‘Delay’ block. Figures 7a, 7b and 
7c show the simulation results for Setup 1 using the Tasking Order Sequence Alteration, 
Polynomial Extrapolation and Taylor Expansion Methods, respectively, and Figure 7d shows 
the difference between all the previous compensated signals compared and the correct one. 
It can be seen that the Tasking Order Sequence Alteration Method provides, in simulation 
level, a perfect delay compensation. But it must be noted that it is valid when TS > TD and D 
= 0. Thus, its use may not be suitable due to sampling period limitation, since it cannot be 
used for HiL testing of rapidly varying systems. For the Polynomial Extrapolation and Taylor 
Expansion Methods, it is possible to notice that the second one achieved a good result, 
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while the first did not. This fact indicates a limitation of the polynomial method related to 
sampling time, while the Taylor method provides better results.  Finally, the results for Setup 
2 are given in terms of the difference between correct and compensated signals, as shown 
in Figure 8. It can be seen that the Tasking Order method presented a bad performance 
compared to the other methods, which are more suitable for situations where TS > TD.

Figure 7: Simulation results for Setup 1. (a) Tasking Order Sequence Alteration Method, (b) Polynomial 
Extrapolation Method, (c) Taylor Expansion Method, (d) Difference between correct and compensated 

signal.
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Figure 8: Difference between correct and compensated signal for all methods for Setup 2.

5 | 	EXPERIMENTAL RESULTS
The methods presented in the previous section were implemented on the real 

hardware. By using the equipment listed in Experimental Setup section, the HiL test was 
conducted. A damping of c = 300 Ns/m and time steps of 0.1 s and 2 ms were chosen. 
For TS = 0.1 s, Figure 9a shows a comparison between compensated, uncompensated 
and correct signals. Due to noise in the signals, the compensation method is not able to 
provide a perfect test, but it can be seen that the response was improved by employing 
the method. Figure 9b shows the results for the Polynomial Extrapolation Method with TS 

= 2 ms. The measured signal tracked the correct one almost perfectly when compared to 
the uncompensated response. For this case, a second-order polynomial was used. Finally, 
Figure 9c shows the test result when using the Taylor Expansion Method, which clearly 
differs from the correct result.

Figure 9: Experimental results with delay compensation methods. (a) Tasking Order Sequence 
Alteration Method, (b) Polynomial Extrapolation Method, (c) Taylor Expansion Method.
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The compensated systems did not follow the simulation because, in a real scenario, 
there is measurement noise and, also, time delay may not hold constant. The Tasking Order 
Sequence Alteration Method presented good result. However, it can only be used when large 
time steps are chosen, which may not be possible in certain applications since it influences 
the stability of discrete systems. In addition, large time steps may lead to abrupt changes, as 
can be seen in the results for t < 1 s from Figure 9a. The Polynomial Extrapolation Method 
was the most efficient, due to the proximity between correct and compensated signals. A small 
steady state error can still be perceived, which may have occurred due noise and variable 
time delay. Although it was not investigated in this paper, a limit for the TS/TD relationship 
may exist in order to maintain stability and accuracy, and it should be investigated in future 
works. Finally, the Taylor Expansion Method presented a very low performance compared to 
its excellent simulation behavior. This may have happened mainly due to the error estimation 
Є [K] , which is affected by noise in the force measurement, and also due to variable time 
delay. This method should be further improved in future works. Although not analyzed in this 
work, it is believed that the methods can be used for more complex systems including non-
linearities and more degrees of freedom, since no approximation was done to derive such 
compensation techniques. Different test setups can also be used, such as different actuator 
and sensors, where the only difference would be regarding the amount of time delay and the 
dynamic characteristics of the sensors, which would have to be identified.

6 | 	CONCLUSIONS
In this paper, the Hardware-in-the-Loop simulation technique was presented, studied 

and implemented in a mass-spring-damper system, where the hardware chosen was an 
already parametrized spring, in order to validate the results. A time delay was identified and 
its effects on the closed-loop behavior were analyzed. It was shown the sampling rate of the 
discrete HiL system influences stability and the relation between delay and sampling time must 
be analyzed prior to the test. Two delay compensation methods, Polynomial Extrapolation 
Method and Tasking Order Sequence Alteration Method, were studied and implemented. A 
new technique, based on Taylor series, was presented and compared. In terms of numerical 
simulations of the HiL test, it was seen that the proposed method overcame the other two. In 
terms of experimental tests, the Polynomial Extrapolation Method showed better performance. 
New ways for estimating the truncation error and also studies of the measurement noise 
influence on the methods should be considered for future works. Since no approximation 
regarding the system’s dynamics was made, the techniques can be employed for more 
complex systems and this should be tested in future works.
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