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Chapter 17

Design trajectory and
controller-plant interaction

Authors: P.M. Visser, J.F. Broenink and J. van Amerongen

17.1 Introduction

In the design process of a system various simulations and experiments should be per-
formed to study the behavior of the system, to analyse the system performance and
to make design decisions. As virtually all high-tech systems are multi-disciplinary in
nature the modeling and simulation methods must deal with interaction between the
various disciplines to support the system design. It is important to bring the disciplines
together in an early design stage in order to avoid severe problems at the system inte-
gration phase that cause delays and additional design effort (see the Boderc research
hypothesis in Chapter 1).

In this chapter a system design trajectory is proposed that facilitates the design steps
from initial models to final realization. The system (or part of the system) is considered
to be composed of three components: the plant, the input/output (I/O) interface and the
controller as depicted in Figure 17.1.

Figure 17.1: System scope
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206 DESIGN TRAJECTORY AND CONTROLLER-PLANT INTERACTION

The plant is a physical device that can be controlled via the input/output (I/O)
interface. For example, the paper path or a single pinch of the paper path that is driven
by a motor. For the controller we will only consider the feedback control part, which in
most modern systems is realized in software and embedded in the complete software
of the system. The reason to focus is on the feedback control instead of the complete
software is that the feedback control dominates the requirements of the hardware and
software architecture. The emphasis of the feedback controller in this chapter is on
the implementation on the control computer from the point of view of the software
discipline; the control algorithm is supposed to be given.

Figure 17.2 shows an example of such a controller-plant system. The plant con-
sidered here is a motor that drives a pinch. The controlled variable of the plant is the
angular position of the motor which can be measured by an encoder. The value of the
encoder is sampled and forms the input of the digital feedback controller. The calcu-
lated output of the controller is applied by means of pulse width modulation (PWM) to
the plant.

Figure 17.2: Controller-plant overview

The starting point of our system design trajectory consists of a running simulation
of a plant model, a digital feedback controller model and the corresponding I/O. The
plant does not have to be prototyped yet, the design trajectory can be commenced in
the early design phases.

The final realization consists of the physical plant and the digital feedback con-
troller that runs on the target. A target is a computer that is capable of computing the
control law of the feedback controller.

The expected benefit from using the proposed design trajectory for the industrial
user is a substantial reduction of the design time due to a reduction in integration effort.
Moreover, as the interaction between the disciplines is clearer from the start of the
design process, better choices can be made to improve the overall system behavior.

17.2 System design trajectory

The design trajectory depicted in Figure 17.3 proposes a systematic stepwise design tra-
jectory with the goal to obtain a less error-prone path from model to realization [119].
It is a model-driven approach in which simulations are used to check whether refine-
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ment updates keep the model compliant with the requirements. Via various ‘in-the-loop
simulations’, the design trajectory runs from complete simulation (stage 1) to final real-
ization (stage 6). By dividing the design in multiple stages, possible errors are isolated
and can be diagnosed faster. In each stage a verification test is performed. If a verifi-
cation test fails one should locate and solve the error in the refinements with respect to
the previous stage and repeat the verification test.

Figure 17.3: System design trajectory

In Figure 17.3 the simulated-time domain (stage 1, 2 and 3) and the real-time do-
main (stage 4, 5 and 6) are separated by a dashed line. The arrows between the I/O
boxes denote the interconnections, which in the final realization stage are the connect-
ing cables. The three components (controller, plant and I/O) are surrounded by a dotted
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box which is the realization ‘form’ of the components. The realization form can be the
model, the code or the real instantiation (the physical plant). The outer solid box is the
platform on which the model or code is simulated/executed. A platform is a computer
that is capable of performing the calculations required to perform the simulation or
execution. The following platforms are used:

• Simulation PC platform, a PC that is capable to execute the model simulation.

• Real-Time Simulation PC platform, a fast PC with a real-time simulator, that is
capable to simulate the plant model in real-time.

• Test platform, any commercial off-the-shelf (COTS) platform that can be used to
run the controller.

• Target platform, the platform that is used in the final realization.

The design trajectory will be explained per stage.

Stage 1

In this stage both the controller and plant are simulated in the same modeling envi-
ronment/tool on the same Simulation PC. The plant model will be simulated with a
numerical integration method to approximate the continuous-time behavior. In order to
obtain a deterministic computation time a fixed step-size numerical integration method
is chosen. This is to ensure that the plant can be simulated in real-time (stages 4 and
5). The step-size of the numerical integration method has to be chosen, among others,
to adequately handle the plant dynamics [19] (see also Section 17.3.3).

The simulation will be used to analyze the plant behavior and optimize the con-
troller. This stage can be called Model-In-the-Loop Simulation.

Stage 2

In this stage the controller model has been transformed to executable code by means
of code generation, also called synthesis export, and compilation. The controller ex-
ecutable runs simultaneously with the simulation of the plant model. The verification
test is obvious: the simulation results here should be identical to the simulation results
of stage 1.

In principle, no discrepancies are expected, because the control-laws executed in
simulation and executed in the executable should behave identical. An error that could
occur, for example, is that a different floating point library is used in the controller
model and the controller executable.

The purpose of this stage is to check that generated code yields exactly the same
results as the simulation in stage 1, i.e. that the code generation from the modeling tool
and compiler works as expected.
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Stage 3

In this stage the controller executable and the plant model run on two separate Sim-
ulation PC’s. The controller executable runs simultaneously with the simulation of
the plant model. The interconnection between the Simulation PC’s is via digital I/O.
This implies that the I/O signals are still numbers and not yet physical signals. The
controller runs in a non-real-time environment as a task.

This stage is used to obtain a rudimentary estimation of the CPU usage, which can
be used to facilitate the choice for the target hardware. The simulation results should
be identical to stage 2.

Stage 4

In this stage both the plant and controller run inreal-timeon two separate comput-
ers: the Test platform for the controller and the RT Simulation PC for the plant. The
real-time simulation of the plant model must resemble the real plant behavior closely.
Hence, the simulated plant model must have the same interface as the real plant, re-
quiring that the I/O signals are the real physical signals. The simulated plant must be
replaceable by the real plant without any modifications of the controller.

By choosing a Test platform similar to the Simulation PC’s in the previous stages,
only the migration of the nature of time is verified here. Since in stage 1, a fixed step-
size numerical integration method was chosen, both pieces of code generated from
the model (controller and plant) are functionally identical to stage 1 and should yield
the same simulation results. However, due to the real-time setting, no synchronized
communication between the plant and controller (which is explained in detail in Sec-
tion 17.3.3) and limited computation time, simulation results may differ compared to
those in the previous stages.

In this stage the real-time behavior of the controller can be studied and accurate pro-
cessor and memory usage can be determined in order to determine the target platform.
For example, a design trade-off can be made to accept a worse control performance
(e.g. by changing the sample frequency) or chose for a faster (more expensive) target.
Depending on the trade-off one should return to a previous stage to analyse the effect.

Although the target platform is not necessarily used for the controller, this stage can
be considered as Hardware-in-the-loop-Simulation since various COTS Test platforms
can be used to support the selection of the final target platform. The constraints posed
by the target system are dealt with in the next stage.

Stage 5

In this stage the target platform replaces the test platform at the controller side. The
transformation to this stage may be complicated by specific compilers and/or hardware
resource limitations. Hence, the transformation to this stage will consume more time
and should be taken after the hard real-time behavior is analyzed in the previous stage.
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The verification test should show similar behavior compared to the previous stage.
Similar but not identical since the timing of the target system and the compilers used
may differ from the test platform. If the verification test is successful the real plant can
be connected.

Stage 6, the realization

In this final stage, the plant model is replaced by the real plant. Because in stage 4 the
interface of the real-time simulation of the plant model was similar to the real plant
only the cable-ends of the target system need to be connected to the real plant. The
controller and the target system are the same as in the previous stage.

Differences in the simulation results compared to the Hardware-in-the-loop-Simulation
(stage 5) are caused by the difference between the plant simulation and the real plant.

In this stage the behavior of the final system should satisfy the requirements. If
the requirements are met the design process has been successfully performed. If the
requirements are not met, one should return to a previous stages to solve the issue.

A case study in [119] illustrates the results of the design trajectory.

17.3 Controller-plant interaction

This section will illustrate that the choice of the controller implementation approach is
not strictly an implementation issue but a design issue which can have a large impact
on the overall performance of the system and influences many design disciplines.

The controller-plant interaction is explained by using diagrams. In order to keep
the diagrams readable and uncluttered the following simplifications and notational con-
ventions are used:

• The controller does not receive an event directly at the time at which it occurs
but receives the event at the next sampling moment. In implementation terms,
the I/O buffers the event until the controller reads the buffer.

• The plant is simulated with a fixed step-size ofTc. Tc(kc) is used to denote the
time of the simulated plant model at timet = kcTc.

• The sampling interval of the controller isTd. Td(kd) is used to denote the time
of the digital controller at timet = kdTd.

• The step size of the plant simulation is chosen ten times smaller than the sam-
pling interval of the digital feedback controller (Td=10Tc). This choice is ex-
plained in Section 17.3.3.
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17.3.1 Controller implementation approaches

The approach that is most common in practice is time-driven control. In time-driven
control there are two different control approaches [7, pages 328-330], which are de-
picted in Figure 17.4. The valuesTAD andTDA are the analog to digital and digital
to analog conversion times, which are assumed to be constant. The valueTComp is the
computational time required to compute the control signal. The computational time
will vary and is denoted withTComp(kd).

Figure 17.4: Control implementation approaches

The behavior of both approaches is as follows:

• ‘sample-compute-actuate’: a sample is taken on timet = Td(kd) and used to
compute the control signal which is applied ont = Td(kd)+TAD+TComp(kd)+
TDA. In this approach the control signal is applied with a varying time delay
since the computational time could vary. The time between two control updates
is periodic with jitter(Td + TComp(kd + 1)− TComp(kd)).

• ‘sample-actuate-compute’: the control actuate signal fort = Td(kd) is computed
with the sample taken att = Td(kd − 1) and applied atTd(kd) + TAD + TDA.
In this approach the control signal is applied with a fixed time delay equal to
the sampling interval (Td) plus the conversion times (TAD + TDA). The time
between two control updates is periodic (Td).

In both approaches there is a time delay between the moment a sample is taken and
the moment the control signal is applied. To avoid issues in the final realization (stage
6) the time delay should explicitly be taken into account at the start of the design (stage
1). Therefore, the example controller-plant system of Figure 17.2 is extended with the
addition of a time delay depicted in Figure 17.5 to deal with the control implementation
approach. In the sample-compute-actuate approach, the time delay isTComp(kd). In
the sample-actuate-compute approach, the time delay isTd.

17.3.2 Interaction in a simulated-time simulation

The interaction in case of simulated-time simulation (stage 1, 2 and 3) is depicted in
Figure 17.6. On the left side the sample-compute-actuate interaction is depicted and
on the right side the sample-actuate-compute interaction is depicted.



212 DESIGN TRAJECTORY AND CONTROLLER-PLANT INTERACTION

Figure 17.5: Controller-plant system with time delay

Figure 17.6: Simulated-time interaction

The main observation is that the control signal for a signal sampled at timeTc(0)
will be applied atTc(1) < t < Tc(10) in case of sample-compute-actuate (varying
delay) and exactly atTc(10) in case of sample-actuate-compute (fixed delay).

In the simulated-time both the controller and the plant are synchronized by the
modeling environment which prevents the occurrence of drift (Td(1) = Tc(10)).

To accurately model the varying time delay (caused by using a computer to im-
plement the control law) in the sample-compute-actuate approach, one needs detailed
knowledge about the final target on which the controller will run. The delay can be es-
timated by analyzing the time that the instructions of the control algorithm (e.g. PID)
will take on the target. A maximum time may be chosen if it can be determined that
the varying delay does not hamper the control performance. Simulation can be used to
study the impact of the varying delay.

In case of the sample-actuate-compute approach the delay is fixed to a unit delay
(Td). This requires no knowledge of the target and a proper controller design is able to
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deal with such a fixed time delay.
From a system point of view the sample-actuate-compute approach is preferred.

The approach allows a predictable design since no knowledge is required of the target,
which may not be chosen at the start of the design process. In systems were the ‘best’
obtainable control performance is required and costs are of secondary importance, the
sample-compute-actuate approach may be preferable. In such a system the varying
delay will be small with respect to the sampling interval (Td), since a high performance
computer is used for computing the control algorithm.

For both approaches the target has to be chosen fast enough to compute the control
algorithm in time.

17.3.3 Interaction in a real-time simulation

The interaction in case of real-time simulation (stage 4 and 5) is shown in Figure 17.7.
On the left side the sample-compute-actuate interaction is depicted and on the right side
the sample-actuate-compute interaction is depicted. The computation time is strictly
coupled with real-time, denoted with squares.

Figure 17.7: Real-time interaction

In real-time simulation there is no synchronization of time between the simulated
plant model and the controller. Opposed to thesimulated-timesimulation, the con-
troller will not wait for the plant to calculate its output and vice versa. In the simulated-
time domain computing a second in simulation may take 10 seconds of computation
time. In the real-time domain computing a second in real-time simulation must take less
(or equal) than a second. As a consequence of the asynchronous behavior the time may
drift (Td(1)6=Tc(10)). The asynchronous behavior is caused by fact that the controller
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and the simulation of the plant model run on separate computers with separated clocks.
The impact on the simulation results caused by this asynchronous interaction depends
on the clock drift and the step-size of the plant simulation. Clock synchronization e.g.
by hard-wiring is not ‘allowed’ because the idea of Hardware-in-the-Loop simulation
is that the simulated plant can be replaced with the real plant without any modifications.
The error caused by this asynchronous interaction is at least one numerical integration
step (Tc). Hence, decreasing the step-size (Tc) of the plant simulation will decrease the
error caused by the asynchronous interaction. A ratio of at least10Tc≥Td is advised.

The real-time simulation results for the sample-actuate-compute approach will be
similar to the simulated-time simulation results if the target is fast enough to compute
the controller output in time. The results will not be identical because of the asyn-
chronous interaction.

The simulation results for the sample-compute-actuate approach may differ from
the simulated-time simulations. This is the case when the estimated time for the com-
putational delay (used in stages 1,2 and 3) is not the same as the actual time that is
required for the computation in the real-time simulations. If the control performance
is not satisfactory, one has to adjust the estimated computational time in one of the
previous simulated-time stages.

17.4 Conclusions and discussion

In this chapter we presented a systematic stepwise design trajectory to obtain a less
error-prone path from model to final realization. For two common control implementa-
tion approaches the controller-plant interaction was discussed and indicated how they
should be handled within the design trajectory.

In the design trajectory simplifying assumptions were made on the controller-plant
interaction. Future work will focus on removing these assumptions. In particular, in the
controller-plant interaction the events were only received by the controller at the sample
moments. This is a limitation as many reactive systems need to deal with events at the
moment they occur. Hence, the next step is to deal with events, both in the simulated-
time simulations and the real-time simulations, in a realistic manner. When events can
be taken into account the stepwise refinement trajectory can be extended from time-
driven (synchronous) control to event-driven (asynchronous) control as discussed in
Chapter 16.
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