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Abstract 

This paper presents a neural network delay 
compensator to reduce the variable sampling to 
actuation delay effects in networked control systems 

The compensator action is based on the knowledge of 
the sampling to actuation delay affecting the system and 
the control signal. It can be easily added to an existing 
control system that does not account for the sampling to 
actuation delay effect. 

The compensator can be applied to distributed 
systems using online or off-line scheduling policies 
provided that the sampling to actuation delay can be 
evaluated. 

The effectiveness of the neural network delay 
compensator is evaluated using a networked control 
system with a pole-placement controller. 

 

1. Introduction 

Networked control systems are widely used in 
embedded applications. The distribution of the controller 
and the use of a communication network to connect the 
nodes of the control loop induce variable sampling to 
actuation delay. The delays are introduced due to the 
medium access control of the network, the processing 
time and the processor scheduling in the nodes and the 
scheduling mechanism used to schedule the bus time. 
They are usually variable from iteration to iteration of 
the control loop. These delays degrade the performance 
of the control system and can even destabilize the system 
[1]-[6]. 

There are several ways to deal with the variable 
sampling to actuation delay in distributed control 
systems. One possibility is to use a delay compensator to 
improve the control performance of the loop. Different 
kinds of compensators have been used to improve the 
control performance of networked control systems like 
the ones presented in [7]-[9].  

This work proposes a neural network based 
implementation to the delay compensator approach 
presented in [9].  

The remainder of this paper is organized as follows: 
section 2 presents the delay compensator approach, 
section 3 presents a neural network implementation of 
the compensator, section 4 presents the test system, 
section 5 presents the results obtained and section 6 
concludes the paper.  

 

2. The delay compensator approach 

The delay compensator approach proposes to add a 
delay compensator to an existing controller that does not 
take into account the effects of the variable sampling to 
actuation delay in the loop. 

The compensator proposes a correction to the control 
action in order to improve the overall control 
performance. Figure 1 shows the block diagram of the 
delay compensator approach.  

Figure 1. Block diagram of the delay 
compensator approach. 

The output of the compensator is based on the 
sampling to actuation delay that affects the system at 
each control cycle and can have any other input.  

This principle can be applied to any distributed 
control system provided that the sampling to actuation 
delay is known for each control cycle. The determination 
of the sampling to actuation delay can be done either by 
an online measurement or by off-line computations 
depending on the a priori knowledge of the overall 
system operation conditions. The online measurement of 
the sampling to actuation delay provides a more generic 
and flexible solution that does not require the knowledge 
of the details of the operation conditions of the global 
system in which the distributed controller is inserted. 
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In order for the compensator to operate with the 
correct value of the delay affecting the network the 
controller and the actuator must be implemented in the 
same network node. 

The delay compensator principle is generic and can be 
implemented using different techniques. In [9] a fuzzy 
implementation is proposed based in the empirical 
knowledge about the system, while here the delay 
compensator is a neural model.  

The compensator can easily be turned on or off and 
the operation of the existing controller is not disturbed. 

 

3. Neural network implementation of the 
delay compensator 

The model for the delay compensator is not a regular 
model. The information available is the output of a 
certain system with (yd(k)) and without (y(k)) the effect 
of sampling to actuation delay. The objective is to 
produce a model that can compensate the effect of this 
delay (knowing the delay for the iteration) in order to 
correct the control signal to avoid the degradation of the 
control system. 

It is necessary to find a way to produce a model that 
can perform the requested task. 

The authors considered two possibilities: calculating 
an error between the two outputs: ey(k)=y(k)-yd(k) and 
reporting this error to the input through an inverse model 
or calculating the equivalent input of a system without 
sampling to actuation delay that would have resulted in 
the output yd(k). This is obtained through an inverse 
model. The second approach is illustrated in figure 2. 

Figure 3. Calculation of the output of the 
model. 

The first alternative would only be valid in the case of 
a linear system, since for non-linear systems there is no 
guarantee that the output error could be reported to the 
corresponding input, since the error range (y- yd) is very 
different from the output signal range. Using the 
difference between y and yd and applying it to the 
inverse model could result in a distortion due to the non-
linearity.  

Using the proposal from figure 2 and studying the lag 
space results in the model represented in figure 3. 

 

Figure 3. Delay compensator model. 

This model has, as inputs, a past sample of the output, 
two past samples of the control signal and two past 
samples of the delay information. 

The model is composed of ten neurons with 
hyperbolic tangents in the hidden layer and one neuron 
in the output layer with linear activation function and 
was trained for 15000 iterations with the Levenberg-
Marquardt algorithm. 

4. The test system 

The architecture of the test system and the existing 
controller will be presented in the following subsections. 

4.1. Distributed system architecture 
 
 The test system is composed of 2 nodes: the sensor 

node and the controller and actuator node connected 
through the Controller Area Network (CAN) bus. The 
controller and the actuator have to share the same node 
in order to be possible to measure accurately the value of 
the sampling to actuation delay that affects the control 
loop at each control cycle. The block diagram of the 
distributed system is presented in figure 4.  

The transfer function of the plant is presented in (1). 
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The system was simulated using TrueTime, a 
MATLAB/Simulink based simulator for real-time 
distributed control systems [10]. 

4.2. Existing controller 
 
The existing controller is of the pole-placement type. 

It does not take into account the sampling to actuation 
delay. The controller parameters are constant and 
computed based on the discrete-time transfer function 
given by equation (2). 
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The pole-placement technique allows the complete 
specification of the closed-loop response of the system 
by the appropriate choice of the poles of the closed-loop 
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transfer function. In this case the closed-loop pole is 
placed at αm=2Hz. An observer was also used with 
α0=4Hz.  
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Figure 3. Block diagram of the test system. 

The sampling period is equal to 280ms and was 
chosen according to the rule of thumb proposed by [11]. 

The identification of the system was based in the 
discrete model in (2) and the parameters were computed 
off-line.  

The parameters of the control function were obtained 
by directly solving the Diophantine equation for the 
system. The control function is given by (3). 

1)-(ku+1)-y(ks-y(k)s-1))-r(ka-(r(k)t=(k)u c10o0c
 

      (3) 
where t0=3.2832, ao= 0.3263, s0=7.4419 and s1= -5.2299. 

 

5. Tests and simulation results 

This work reports three different tests. Test 1 is the 
reference test, where the sampling to actuation delay is 
constant and equal to 8ms. It corresponds to the 
minimum value of the MAC and processing delays. 

In tests 2 and 3 additional delay was introduced to 
simulate a loaded network. The sampling to actuation 
delay introduced follows a random distribution over the 
interval [0,h] for test 2 and a sequence based in the 
gamma distribution that concentrates the values in the 
interval [h/2, h] for test 3. 

The sampling to actuation delay obtained for tests 2 
and 3 is depicted in figure 5 and 6. 

The results obtained for test 1 for the system without 
the compensator (PP) are presented in figure 7. 

 
 
 
 
 
 
 
 
 

Figure 5. Sampling to actuation delay for 
test 2. 
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Figure 6. Sampling to actuation delay for 
test 3. 
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Figure 7. Control results for test 1. 

The tests were performed for the system without the 
compensator (PP) and for the system with the neural 
network delay compensator (NNDC). 

The control performance was assessed by the 
computation of the Integral of the Squared Error (ISE) 
between t= 5s and 30s. The results obtained for ISE are 
presented in Table 1. 

 
Test PP NNDC 

1 3.3 3.3 

2 4.1 3.7 

3 4.6 3.7 

Table 1. ISE report. 

The percentage of improvement obtained compared to 
the reference test for ISE is presented in Table 2.  

The improvement is calculated as the amount of error 
induced by the sampling to actuation delay that the 
NNDC controller was able to reduce. 

 
Test NNDC 

2 50% 
3 69% 

Table 2. Improvement. 
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The control results for test 3 with and without the 
compensator are presented in figures 8 and 9. 

0 5 10 15 20 25 30 35
0

5

10
Output and reference signals

0 5 10 15 20 25 30 35
-20

0

20
Control signal

0 5 10 15 20 25 30 35
-2

0

2
Error

Time (s)  

Figure 8. Control results for test 3 without 
the NN delay compensator. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Control results for test 3 with the 
NN delay compensator. 

The results show the effectiveness of the NN delay 
compensator. For tests 2 and 3 the control performance 
obtained using the NN compensator is better than the 
ones obtained without compensation. For test 2 the 
compensator reduced by 50% the effects of the variable 
sampling to actuation delay and for test 3 the reduction is 
equal to 69%.  

The reference test (test 1) was also performed with 
the compensator. The results show that the modelling of 
the effect of the sampling to actuation delay is good 
since the results obtained is the same as the one obtained 
without the compensator. 

6. Conclusion 

This work presents a neural network implementation 
for the delay compensator approach.  

The NN delay compensator can be added to any 
existing distributed control system provided that the 

sampling to actuation delay can be determined for each 
control cycle. 

The delay compensator is implemented through a 
model that describes the effect of the sampling to 
actuation delay in terms of control signal. This model is 
then used to compensate the control signal according to 
the delay at the actuation moment. 

The compensator was able to model the effect of the 
sampling to actuation delay on the distributed control 
system as the results shows and it allowed the 
improvement of the control performance of the system. 
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