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The One-Shot Task Model for Robust
Real-Time Embedded Control Systems
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Abstract—Embedded control systems are often implemented in
small microprocessors enabled with real-time technology. In this
context, control laws are often designed according to discrete-time
control systems theory and implemented as hard real-time periodic
tasks. Standard discrete-time control theory mandates to periodi-
cally sample (input) and actuate (output). Depending on how input/
output (I/0) operations are performed within the hard real-time
periodic task, different control task models can be distinguished.
However, existing task models present important drawbacks. They
generate task executions prone to violate the periodic control de-
mands, a problem known as sampling and latency jitter, or they
impose synchronized I/0 operations at each task job execution that
produce a constant but artificially long I/O latency.

In this paper, the one-shot task model for implementing control
systems in embedded multitasking hard real-time platforms is pre-
sented. The novel control task model is built upon control theoret-
ical results that indicate that standard control laws can be imple-
mented considering only periodic actuation. Taking advantage of
this property, the one-shot task model is shown to remove endemic
problems for real-time control systems such as sampling and la-
tency jitters. In addition, it can minimize the harmful effects that
long 1/0 latencies have on control performance. Extensive simula-
tions and real experiments show the feasibility and effectiveness of
the novel task model, compared to previous real-time and/or con-
trol-based solutions.

Index Terms—Aperiodic observer, periodic task model, real-time
embedded control systems, sampling and latency jitter.

I. INTRODUCTION

HE use of computer controlled systems has increased

dramatically in our daily life. Processors and micro-con-
trollers are embedded in most of the devices we use every day,
such as mobile phones, cars, dishwashers, etc. Due to cost
constraints, many of these devices that run control applications
are designed under space, weight, and energy constraints, i.e.,
with limited resources. As a consequence, these applications
typically run on small processing units requiring an efficient
use of the available resources [8].

For control applications, recent research providing solutions
meeting this trend covers two different problems. The first is
related to the allocation of resources to control applications in
order to maximize control performance. The second type of
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problems refers to effective mechanisms such as novel com-
putational models for implementing control algorithms using
real-time technology. This paper focuses on the latter.

For embedded control systems implemented in small mi-
croprocessors enabled with real-time technology, control
algorithms are often implemented as hard real-time periodic
tasks [4]. Using a periodic task, consecutive invocations (also
called jobs) of a task are released periodically. Therefore, the pe-
riodic task abstraction already provides the periodicity required
for implementing control algorithms. However, since standard
control theory mandates to periodically sample and actuate [3],
care must be taken with the I/O operations. Depending on how
I/0O operations are performed within the hard real-time periodic
task, different control task models can be distinguished.

In this paper, it is shown that existing models for im-
plementing control algorithms using periodic tasks present
important drawbacks. They generate job executions prone to
violate the periodic control demands of the I/O operations,
problem known as sampling and latency jitter [4], or, to avoid
the jitter problem, they impose synchronized I/O operations
at each job execution (e.g., [14]) that produce a constant but
artificially long I/O latency within each control loop. In both
cases, the effect is that control systems performance degrades.

To overcome these limitations, in this paper the one-shot task
model is presented. The novel control task model is built upon
control theoretical results that indicate that standard control
laws can be implemented considering only periodic actuation.
That is, the periodic sampling requirement can be relaxed.
Taking advantage of this property, the one-shot task model
permits to

1) remove endemic problems for real-time control systems

such as sampling and latency jitters; and
2) minimize the harmful effects that artificially imposed
longer I/0O latencies have on control performance.

To corroborate its correctness and effectiveness, simulations
and real experiments have been carried out. They show the ben-
efits that can be obtained by the application of the one-shot task
model in terms of operation and performance, compared to ex-
isting real-time and/or control-based methods and models cur-
rently used a) for implementation of control algorithms using
real-time technology or b) for minimizing the degrading effects
that jitters have on control performance.

The rest of this paper is structured as follows. Section II intro-
duces the preliminaries and discusses the state of the art to moti-
vate the paper. Section III presents the theoretical approach and
Section IV presents the one-shot task model. Sections V-VII
provide the results for the simulations and the control experi-
ment. Finally, Section VIII concludes the paper.
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Fig. 2. Hard real-time periodic task.

II. PRELIMINARIES

The common approach to computer controlled systems de-
sign has two steps. The first step is to obtain a discrete-time
model of the plant. The second step is to design a discrete-time
control law for the discrete-time plant model. The design ap-
proach mandates to periodically sample and actuate.

The key aspect of the design procedure is that the discrete-
time model of the plant describes the behavior of the analog
plant at the sampling instants. Moreover, the actuation instants
are defined in terms of the sampling instants. Therefore, the time
reference and synchronism is given by the sampling instants (as
illustrated in Fig. 1). Once a sample is taken, the control signal
is computed assuming that the next sample will occur after h
time units (i.e., one sampling period), and assuming that the
actuation will occur after 7 time units (i.e., one time delay). Both
assumptions refer to future known events: next sampling instant
or subsequent actuation instant.

After the controller design stage, the control law is imple-
mented by means of a control algorithm. Although real-time
computing is about meeting timing constraints [7], it is not
straightforward to meet the periodic control demands with
available real-time technology. The hard real-time periodic
task is the baseline computational abstraction for implementing
control algorithms. In the periodic task, illustrated in Fig. 2,
consecutive releases times mark the task period, and jobs exe-
cute within each release time and relative deadline. The relative
deadline can be assumed to be less or equal to the period.
To exemplify the limitations of current practice for real-time
implementation of control algorithm, two alternative models
are analyzed.

A. Existing Control Task Models

The first model identified in [4] as the common practice im-
plementation of control loops in real-time control systems is ref-
ereed as “naif” task model in the rest of this paper. The naif
task model assumes control algorithms implemented as hard
real-time periodic tasks, with task period equal to the sampling
period. Sampling (input) and actuation (output) operations are
specified to occur at the beginning and at the end of each job
execution, as illustrated in Fig. 3.

The deadline specification is a key aspect in the naif task
model. For one task executing in isolation, the timing of the con-
trol task execution corresponds to the expected timing (Fig. 1)

Release Release
Input Output
Computation
| time
Fig. 3. Naif task model.
Release Release
Input Output
Computation

| time

Fig. 4. One-sample task model.

if the deadline is set equal to the time delay. However, in a mul-
titasking system, this tight specification of the deadline impairs
task set schedulability in the general case [20]. Relaxing this
specification by setting the deadline greater than the time delay
introduces sampling and latency jitters in control job executions.
If jitters occur, the next sampling and/or actuation will be per-
formed at times different than the expected ones. The synchro-
nism given by the sampling instants is lost. Therefore, the intro-
duced time uncertainty violates the mandated periodicity, and
control performance degradation occurs [28].

The second model for meeting control timing demands with
real-time technology is found in the Liu and Layland [18] ap-
proach and is also formally given as a computational model
for control algorithms in [14]. This model also assumes control
algorithms implemented as hard real-time periodic tasks, with
task period equals to the sampling period and deadline equals
to period. But sampling and actuation are performed by hard-
ware interrupts at the release time and deadline respectively, as
illustrated in Fig. 4. Therefore, a constant I/O latency of one
sampling period occurs at each job execution. We refer to this
type of task model as “one-sample” task model. By using this
model, jitters are removed but two main drawbacks are intro-
duced. First, the model imposes an artificial long time delay
in the closed-loop system of one-sample, which introduces an
unnecessary although predictable control performance degrada-
tion. Second, task set schedulability is reduced compared to the
naif task model due to the I/O interrupt handlers execution.

B. State of the Art

Apart from the models discussed in the previous section,
other solutions to an effective implementation of real-time pe-
riodic control tasks can be found in the literature. These can be
roughly divided into control-based solutions or real-time-based
solutions.

The problem of dealing with scheduling-introduced jitters has
been treated from a more pure control perspective. However, the
approaches that have been presented (e.g., see [1] for an initial
solution to the sampling jitter problem, or see [17] for a par-
tial solution to the latency jitter problem) demand complex con-
trol design procedures or pose theoretical assumptions that still
need to be verified, tested, or integrated within existing sched-
uling theory. A partial control solution fully integrated within
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a real-time framework can be found in [21]. By compensating
for jitters through the adjustment of controller parameters, it is
shown that both control performance and task set schedulability
can be improved. This solution is refereed as “switching” task
model in the rest of this paper. The main drawback of this ap-
proach is the overhead of switching the controller gains, as well
as possible chattering problems that may occur.

Alternative solutions to minimize the likelihood of jitters
can be found in the real-time systems literature. Two main
approaches can be distinguished. The first approach is based on
limiting the time interval where control jobs can execute. This
is basically achieved by assigning shorter relative deadlines, as
initially proposed in [6]. This approach is also taken in [12],
where a task model based on the Giotto model [14] is presented.
The second approach is based on splitting the control task into
subtasks and schedule them separately. In [11] it is proposed
to split control tasks into two parts, one for calculating the
control signal and the other for updating the state. Similarly, in
[5], a novel task model is presented where sampling, control
computation and actuation are split into three subtasks. In
both of them tasks are scheduled in such a way that jitters
or the delay variance is reduced, respectively. Solution [5] is
refereed as “split” task model in the rest of this paper. These
real-time-based solutions suffer from three problems. First,
the occurrence of jitters is not completely eliminated. Second,
artificial I/O latencies are still enforced. Also, when latencies
are shortened by specifying shorter relative deadlines, the third
problem arises. System schedulability is reduced because jobs
are forced to execute within shorter time intervals.

In this paper we present the one-shot task model for imple-
menting control algorithms as hard real-time periodic tasks in
such a way that the problems outlined before are solved. The
analysis consolidates and extends previous work [23], which
was earlier suggested in [2].

III. THEORETICAL APPROACH

The key property that permits to develop the one-shot task
model states that control algorithms can be implemented consid-
ering only periodic actuation [23]. Fig. 5 graphically illustrates
the theoretical approach. In Sections IITI-A—C, this figure will be
described in detail. The time reference for the three sub-figures
is the same.

A. Timing Analysis of Standard Controllers

Consider the mathematical description of a system given by
the state-space model of a linear time-invariant discrete-time
system with sampling period h [3]

Tpt1 =P(h)zy + T(h)ug
yr = Cxy, (1)
where x, is the plant state, uy and y;, are the inputs and outputs

of the plant, matrix C' € RP*™ is the output matrix, and matrices
®(t) and T'(¢) are obtained using

t
O(t) = e, T(t) = / e*Bds (2)
0

Tk—1 Tk Tk+1
h h
Uk—1 Uk
th—1 t tht1
a) standard controller
Tk—1 Tk Tk+1
h h
Uk—1 Uk Uk+1
T T T
th—1 th—14r tk thtr tk+1  Thti4r

b) standard controller considering a time delay

Tk—1 LTk—1471 Tk Tk4r Tr41 Th4141
h ; h

Uk—1 Uk Uk+1

tk—1  lk—1+r tk  thyr Tkt k14T

c) controller with updated control signal
Fig. 5. Timing analysis of controllers.

with t = h, where A € R™*", B € R™*™ are the system and
input matrices of the continuous-time form

da;_it) = Axz(t) + Bu(t)
y(t) = Cx(t). ©)

If the inputs . are given by a control algorithm implemented
as a periodic task, k identifies the job within a sequence of jobs.
For standard closed-loop operation of (1), the control signal uy,
is given by

up = Lzj with L € R 4)

where L is the state feedback gain obtained using standard con-
trol design methods from matrices ®(h) and I'(h).

The application of (4) to the plant mandates computing the
control signal with zero time, as illustrated in Fig. 5(a): the kth
control signal uy, is applied to the plant at the same time instant
ti that the kth sample zy, is taken,! sample that is required to
compute the control signal. This is physically impossible; com-
puting the control signal takes time.

This theoretical model (1) can be augmented to cope with
a time delay modeling an I/O latency that appears due to the
computation of the control algorithm. The standard model that
incorporates a time delay 7, with 7 < h, is [3]

Tpt1 = Q(h)z + ®(h — 7)I'(T)ug—1 + T'(h — Tug.  (5)

Note that matrices ®(-) and I'(+) in (5) slightly differs from con-
ventional notation. The purpose of this notation is to explicitly
indicate dependencies on h and 7.

Model (5) has been taken as the underlying control model
for constructing real-time task models for control algorithms.

ISample is used to refer to the full state vector, regardless of whether it has
been sampled or observed.
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As illustrated in Fig. 5(b), it is based on two synchronization
points, the sampling and actuation instants, on a time reference
given by the sampling instants. At time ¢, the kth sample (zy,)
is taken and the computation of the control signal (ug) can be
started. At time ¢, the calculated control signal is applied to
the plant. The sampling period A is defined from ¢, to 51, and
the time delay 7 from ¢, to ;.. Note that the standard subscript
notation in the standard state-space model with time delay (5)
may be misleading. In the model, the k-subscript identifies the
job within a sequence of jobs, not the time events occur. For
example, uy, is the control signal of the k-job, although it is
applied at time 4.
For closed-loop operation of (5), the control signal will be

Tk

Up = [Ll L2] |:uk1

with L; € R**™,

} = Lizp + Loup_q

L, € RYX! (6)

where [L; Lo] is the state feedback gain obtained using
standard design procedures. With this configuration, the control
signal uy, is held from ¢44, t0 tr414+.

Remark 1: The standard controller designed to cope with a
time delay (6) involves computing the control signal (uy) to be
applied to the plant at time ¢, using a sample () taken at ¢,
T time units before [represented by diagonal arrows in Fig. 5(b)].

B. Controller With Updated Control Signal

Rather than applying standard controllers (4) or (6), this
paper, as illustrated in Fig. 5(c), proposes to apply a controller
with updated control signal to account for the delay. Instead
of computing the control signal with an state vector x; that
becomes outdated at the time the control signal is applied, we
propose to use an updated (estimated) state vector. Thus, the
control signal uj, is computed it terms of the estimated state at
time ., labelled xy4,. Moreover, x4+, can be computed
using a sample 1z, taken at any time ¢ € (fx—14r thtr)-

Therefore, the controller will first estimate the state

Thgr = O(11)zs + D7) uk_1 @)
where matrices ®(-) and I'(-) are given by (2) for t = 73, with
T = tgyr — Ui (8)

Second, the controller will compute the control signal
uy, = Ly, with L € RP" 9)

where L is the original controller gain (4) obtained using stan-
dard control design methods from matrices ®(h) and T'(h).

Remark 2: A controller using (7)—(9) relies on a the time ref-
erence given by the actuation instants. The time elapsed between
consecutive actuation instants £y, and ¢x414 is the sampling
period h. Moreover, no delay is present in the closed loop model.
Also, samples are not required to be periodic because 7, in (8)
can vary at each closed-loop operation.

Algorithm 1: Controller with updated control signal

1 begin

2 z, := read_input()

3 tr 1= get_time()

4 thtr :=tgyr +h

5 Tk := thtr — bk

6 Thtr = P(1r)xk + T(Tk)uk—1
7 U = LTpqr

8 Uk—1 ‘= Uk

9 end

Fig. 6. Controller pseudo-code.

In previous work [23] it is deduced the equivalence relations
between the state space models in closed loop form when using
standard controllers [(4) or (6)], or when applying the controller
using updated control signals (7)—(9), which are summarized
here.

* For irregular sampling with ¢, € (tx—14+ tr+r), standard
controllers can not be applied. However, the proposed con-
troller given by (7)—(9) can be applied.

e The control law in (9) has the same dimension than the
control law in (4). This keeps the controller design problem
simpler than the case of the standard model with time delay,
where the controller gain in (6) has to also consider the
previous control signal.

» The application of controller (6) is more general than
(7)—(9). That is, a more complete set of dynamics can be
achieved using standard controllers.

C. Design and Implementation Considerations

The application of the proposed controller (7)—(9) requires
executing a control algorithm that slightly differs from conven-
tional controllers. Using a simple academic example, in this
section we detail the design steps and the control algorithm
pseudo-code.

Given the double integrator described by

i(t) = [8 H o(t) + mu(t)

a standard discrete-time deadbeat state feedback controller

(10)

L=[-100 -15] (11)
has been designed for a sampling period i = 0.1 s. As speci-
fied in (7), the state vector estimation requires to apply ®(¢) and
I'(t) for each t = 7. Therefore, these matrices have to be pre-

computed in terms of ¢ as in

(1) = [8 f)] and T'(t) = [

t

2 } . (12)

The pseudo-code of the controller with updated control signal
is given in Fig. 6. The controller first samples the plant and gets
the current time, thus obtaining z and ¢; (lines 2 and 3). Af-
terward, lines 4 and 5 are used to compute the time that will
elapse from £, to the actuation instant, thus implementing (8).
Recall that actuation instants are given by h (remark 2). The
initial value of ¢4, is zero. Line 6 implements the state pre-
diction at the actuation instant (7). Therefore, it has to substi-
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Fig. 7. One-shot task model.
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Fig. 8. One-shot task execution.

tute in matrices (12) the current value of 75, computed in line 5,
and compute the estimated vector using the sampled state and
the previous control signal. Then, in line 7 the control signal is
computed using the gain L(11) that has been obtained at the de-
sign stage. The last line of the pseudo-code is used to save the
control signal value for the next execution.

The pseudo-code shown in Fig. 6 should be executed “peri-
odically,” meaning that it should meet the timing imposed by
(7)—(9) and illustrated in Fig. 5(c). It is important to stress that
in the pseudo-code the control signal is not directly output to the
plant because the real-time kernel will be in charge of enforcing
its application at the actuation instants.

Looking at computational overhead, the state vector estima-
tion (line 6) is the most significant modification compared to a
standard control algorithm. However, it does not add significant
overhead because it implies the same operations than standard
observer-based control designs. Future work will cope with this
analysis.

IV. ONE-SHOT TASK MODEL

Remark 2 provides the semantics to build a new task model
for control tasks, the one-shot task model. The proposed con-
troller (7)—(9) forces job executions to occur within two consec-
utive actuation instants, separated by fixed / time units. There-
fore, each job release takes place at each actuation instant, that
is r, = kh. Also, each job deadline is given by the next actua-
tion instant, that is dy, = r + h. With these timing constraints,
the one-shot task model matches the standard Liu and Layland
periodic task model with deadline equal to period, but with the
following requisites.

* Sampling is performed at each job execution start time.

e Actuation has to be carried out by a synchronized output

operation performed by the kernel at the release times.

e The control algorithm implements the pseudo-code of

Fig. 6.

Fig. 7 illustrates the one-shot task model (for comparative
purposes, see Figs. 3 and 4). Fig. 8 shows the execution of a
one-shot task in the scenario illustrated in Fig. 5(c) (where C'
stands for computation).

A. Task Model Analysis and Properties

The one-shot task model has several appealing properties for
controllers. Although some of them have been already stated,
all of them are summarized next.

1) Property 1: Compatible with standard scheduling: the
one-shot task model does not demand any specific timing con-
straints other than the ones of the standard hard real-time pe-
riodic task model. Therefore, it can be applied within existing
scheduling algorithms for periodic tasks.

2) Property 2: Improves schedulability: the only synchro-
nized operation required by each one-shot task is the actua-
tion. Therefore, the number of interrupts handlers for a real-time
system executing multiple control loops is cut by half compared
to those models using also synchronization operations for sam-
pling. A simple consequence is that task set schedulability is
improved (see [16] for an example of analysis of hardware in-
terrupts in dynamic priority task systems).

3) Property 3: Absorbs scheduling jitters: the a priori known
time reference for the task model is given by the actuation in-
stants. Moreover, no delay is present in the model (remark 2).
Therefore, latency jitter is not a concern. Sampling jitter prob-
lems also disappear because (7) absorbs the irregular sampling.

4) Property 4: Does not require switching controllers: com-
pared to other solutions [21] where the gain is updated according
to varying timing constraints, in the one-shot task model the gain
is constant because constraints do not vary: sampling period is
constant and no delay is present.

5) Property 5: Does not force long I/O latencies: the one-
shot task model performs sampling at the beginning of each job
execution, and actuation is performed at the next task release.
Therefore, the I/O latency goes from each job start time to the
next release. In the general case, this time interval will be less
than one-sample, which is the I/O latency forced by previous
approaches [18].

As a final observation, note that Property 3 provides isolation
between control tasks, like in the approach presented by [12].
That is, although task instances may be subject to jitters, their
operation is not affected by them. Therefore, the performance
that will be achieved by tasks using the one-shot task model is
similar to the performance that tasks will achieve if executing
in isolated processors.

B. Responsiveness to Perturbations

The last property has an immediate benefit in terms of re-
sponsiveness of controllers based on the one-shot task model.
Short I/O latencies permit controllers to be more efficient when
affected by perturbations.

Let us compare a controller that is implemented with a task
based on the one-sample model (e.g., [18]) to one with a task
based on the one-shot model. Both tasks have the same timing
constraints (same period and deadline). An arbitrary schedule
gives the sequence of two jobs executions (k and k + 1 job exe-
cution), as shown in Fig. 9. The top part shows the one-sample
task jobs and the bottom part shows the one-shot task jobs. Each

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 10, 2008 at 06:57 from IEEE Xplore. Restrictions apply.



LOZOYA et al.: ONE-SHOT TASK MODEL FOR ROBUST REAL-TIME EMBEDDED CONTROL SYSTEMS 169

Perturb.
Tk Y Tk+1 Tk+2
one Y
sample I Ug—1 ; k I U k+1 I Uk+1
Y

I v | I

1 Y Tk | Tk+1 1
one Y T T
shot luk_l ; k l’uk k+1 1uk+1‘

1 1 1

th—1 tk tret1

Fig. 9. One-shot task versus one-sample task.
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Fig. 10. Electronic circuit scheme.

1-job input and output operations are labeled by x; and u;, and il-
lustrated with upside and downside arrows, respectively. Times
ti, mark jobs release times.

In Fig. 9 we mark with a line of down arrows the arrival of a
perturbation, which occurs before the k-job execution. It is in-
teresting to note that for each k-job, all perturbations arriving at
times ¢ € (tx—1,tx ] Will be detected and started to be corrected
by the k-job in the one-shot task but not in the one-sample task
(tk,s denotes the k-job execution start time). In the one-sample
task, these perturbations will be detected and started to be cor-
rected by the (k + 1)-job. That is, corrective operations will be
send out one sampling period later in the one-sample model.

This benefits the control performance achievable by the one-
shot task because it reacts faster to perturbations. If perturba-
tions arrive at times ¢ € (tx,tx), both tasks will provide the
same responsiveness. As a consequence, scheduling policies
that favor jobs executions near to their deadlines, e.g., [25]),
making longer the interval (¢5_1, ¢ ) will improve control per-
formance if using the one-shot task model for controllers.

V. SIMULATION RESULTS: COMPARISON
TO EXISTING SOLUTIONS

In this section, a first set of simulations show the operation
and performance of the one-shot task model compared to
existing real-time and/or control-based methods and models
currently used in real-time control systems. This evaluation
includes the naif task model (already discussed in Section II)
and the one-sample task model as example of the application
of formal methods to real-time implementation of control
loops [14]. In addition, the solution presented by [21], named
“switching” task model, as example of control-based solution,
and the model presented by [5], named “split” task model, as
example of real-time-based solution, are also evaluated.

All simulation results reported in this Section and in
Section VI, as well as the experimental results, are based on
real-time control of voltage stabilizers.

TABLE 1
TASK SET PARAMETERS (IN MS)

| A D ¢
T . 1Z 6
To 20 20 6

A. Plants and Control Objective

Voltage stabilizers are electronic circuits in the form of RCRC
circuits, as illustrated in Fig. 10. For the simulation set-up as
well as for the control experiment, the electronic components
are Ry = Ry = 330 KQ and C; = (5 = 100 nF. Taking into
account the components values, an state-space form is given by

. 0 1 0

0= | o187 —90.90} o) + {918.27} u(®)

y(t) =[1 0]x(?) (13)
where z(t) = [x1 2] is the state vector, where x1 corre-

sponds to the voltage in C, and x5 is ¢2/C5. Each control low
is designed to maintain the output voltage V,,,,; of Cs at the de-
sired set-point, which follows a square wave with 0 V as a low
level and 2.4 V as a high level.

B. Workload

For the analysis, let us consider the task set given in Table I,
where h is the task period, D is the relative deadline and C is
the worst case execution time. Task 75 is a control task while
task 7T is a non-control real-time periodic task. Under earliest
deadline first (EDF [18]) scheduling, it is easy to observe that
control task 75 suffers sampling and latency jitter.
Within this scenario, the control task 75 will implement a
standard pole placement control law to track the square wave
set-point. The state feedback controller places the continuous
closed-loop poles at —103.93 + 87.1¢ and —103.93 — 87.1s.
The corresponding discrete closed-loop poles locations depend
on the control task period (i.e., sampling period), that, together
with the task latency (i.e., time delay), will then determine the
controller gain. Since the delay modeling the computation time
has also been considered in some approaches, the third discrete-
time closed-loop pole is set to 0 whenever required. Therefore,
the specific timing used to design the controller is listed next,
according to the five strategies under evaluation.
1) Naif task model: the sampling period and time delay for
designing the control law are 20 ms and 6 ms.

2) One-sample task model: the sampling period and time
delay for designing the control law are 20 ms and 20 ms.
In addition, the control task will execute sampling and
actuation at a constant I/O latency of one period, 20 ms.

3) One-shot task model: the sampling period and time delay
for designing the control law are 20 ms and 0 ms. Re-
call remark 2 where it is noted that the sampling period is
constant on the basis of equidistant actuation instants, and
the time delay is zero since the control signal is computed
using the updated state vector.
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4) Switching controller gains: the control task will be ap-
plying one controller gain out of three different gains
depending on the real sampling periods and latencies
{(h,7)} = {(14,6),(22,12), (24,6)} ms that can be de-
rived from the EDF schedule assuming that tasks execute
on their worst case execution time.

5) Split task model: The operation of the control algorithm
is split into three sub-tasks, sampling, control computation
and actuation, that are scheduled separately. For this case,
the sampling period and time delay for designing the con-
trol law are 20 ms and 0 ms.

C. Detailed Performance Analysis

This section gives simulation details of the operation of the
one-shot task model in terms of plant outputs and control signals
compared to other strategies. The simulation involves evaluating
the tracking on a set-point change from 0 V to 2.4 V, occurring
at time 10 ms. For the analyzed control strategies, Fig. 11 shows
the plant outputs (top) and the control signals (bottom) over 200
ms. The middle sub-figure shows the sequence of jobs of the
control task T5. During the simulation time, ten jobs execute,
where high level line means job in execution, and middle level
line means job preempted due to the execution of jobs of T} .

The first strategy, named “reference” and designed only for
comparative purposes, is a pure periodic controller, with pe-
riod 20 ms and no delay, thus simulating an ideal execution in
isolation. Therefore, the sequence of jobs shown in the middle
sub-figure does not apply to this strategy. For the rest of strate-
gies, the controller implemented in task 75 uses the one-shot,
the one-sample or the naif task model. Note that in this evalua-
tion, the switching and the split task models are not assessed in
order to simplify the analysis.

As it can be seen in the top sub-figure, the outputs of the refer-
ence controller and the controller using the one-shot task model
are equal in terms of dynamics, but shifted in time. Taking into
account that the set-point change occurs at time 10 ms, the second
job of the reference controller executes at time 20 ms, and there-
fore it sees the new set-point and starts immediately correcting
the tracking error. However, the second job of the controller using
the one-shot task model sees the new set-point also at time 20 ms,
but it will output the control signal at time 40 ms, at the enforced
actuation instant. However, since the first tracking error is the
same, both control signals are the same, but shifted in time, as il-
lustrated in the bottom sub-figure. In this case the reference con-
troller is more reactive to the set-point change than the one-shot
due to the specific phasing between samples and the set-point
change. But in other scenarios, the phasing can favor the one-
shot controller. This is further analyzed in Section V-D.

The performance of the one-shot compared to the one-sample
and naif task model is different in terms of plant output due
to the difference in the control signals. The plant output of the
one-sample gives different performance due to the introduced
I/0 latency of 20 ms. As it can be seen in the bottom sub-figure,
the first correcting action, also applied at time 40 ms, is of dif-
ferent magnitude than the one-shot because it is based on an ex-
tended controller (6). In addition, subsequent control actions do
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Fig. 11. Detailed view of the operation of several control strategies.

not incorporate the state estimation used in the one-shot. The
naif task model gives the worst dynamics because job execu-
tions are affected by jitters, which have not been accounted for
in the controller.

All these effects imply that the desired performance of the
tracking achieved by the controller using the one-sample and
naif task model is not met. In addition, for all the evaluated task
models (see Section V-B), each set-point change produces an
increment of cost if the tracking is evaluated using a standard
quadratic cost function on the states and control inputs, as it is
further analyzed next.

D. Performance Evaluation

Fig. 12 shows the control performance achieved by the five
strategies. The y-axis shows the cumulative error measured in
terms of the quadratic cost function of the plant state (voltage
and electric current) and control signal

t
J= / ' (2" Qz + u" Ru) dt (14)
0
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Fig. 12. Performance evaluation in front of existing solutions.

where

Q= [4(;0 H R-1

and ty marks the final time of the evaluation period, 60 s.
Since the focus of the controller is to ensure fast tracking of
the output variable given the desired voltage output, the cost
function heavily penalizes tracking errors. Therefore, the lower
the curve, the better the performance. The electronic circuit has
been perturbed using the described set-point changes occurring
uniformly distributed over the control task period.

As it can be seen in Fig. 12, the one-shot task model achieves
the best performance. As expected, the naif task model achieves
the worst performance because the I/O operations are subject
to jitters. The other approaches, that follow different strategies
to overcome the jitter problem, lie in the middle. The exact
ordering in terms of performance will vary depending on the
number of tasks, plants under control, and scheduling policy.
The split task model strategy, although reducing the jitter
variance, can not completely remove jitters. The one-sample
task model approach eliminates jitters by construction at the
expenses of forcing a one-sample delay at each job execu-
tion, which introduces performance degradation in the control
loop operation. The switching task model strategy, although
applying different gains according to the run-time jitters, also
introduces some degradation due to the switching. Finally,
looking at the one-shot task model, since it eliminates jitters
by construction without introducing a one sample delay, it is
capable of achieving the best performance.

VI. SIMULATION RESULTS: APPLICATION TO
FEEDBACK-SCHEDULING SOLUTIONS

This section presents the application of the one-shot task
model into recent feedback scheduling (FS) approaches. The
goal of FS is to select optimal sampling periods for control
tasks such that aggregated control performance in resource-con-
strained control systems is maximized. To do so, a large number
of representative feedback scheduling approaches [9], [10],

[13], [22], [26], [27] have been simulated. The objective of
this study is twofold: first, it shows the degrading effects that
jitters have on control performance, and second, it validates
that the one-shot task model is able to absorb them, eliminating
the introduced degradation. The key features of the feedback
scheduling approaches used in the evaluation are as follows.

» Offline EDF and RM: in [26] and [27] optimal sampling
periods are optimally assigned offline to the set of control
tasks after considering the a priori relation between the
control performance and sampling frequencies.

* Online FS: in [13], optimal sampling periods are assigned
online considering also workload changes.

* Online instantaneous and finite horizon FS: in [22] and [10]
optimal sampling periods are assigned online considering
in addition the dynamics of the controlled plants (in terms
of the state vector or of a prediction of each plant dynamics
over a finite horizon, respectively).

* Online finite horizon cyclic scheduling (CS): this approach
provides optimal cyclic sequences of jobs rather than sam-
pling periods. In [9], offline optimal cyclic sequences are
derived and updated at run-time according to the predicted
error over a finite time horizon.

For the comparative analysis, also the “static approach”
to real-time control systems has been also simulated. This
approach is not a feedback scheduling approach because it
does not include any performance optimization process. For
the static approach, the sampling periods values are chosen ar-
bitrarily offline, and EDF is used to dispatch the tasks modeled
by the naif task model.

A. Workload and Simulation Details

The simulation process was conducted over a Matlab and
Simulink platform, using the TrueTime kernel [15] to imple-
ment the real-time multitasking processor.

For each approach, three independent tasks control a set of
three identical voltage stabilizers, as described by (13). For the
simulation purposes, it is assumed that the three plants starts
in a steady state (outputs in the equilibrium point), and during
the execution period each task is affected by an external distur-
bance, represented by a pulse. Pulses are uniformly distributed
during the simulation time and the pulse magnitude is randomly
generated within a specified range. The control law applied in
each approach is designed according to the guidelines given in
each solution but with the same performance specifications de-
scribed in Section V-B in order to keep the output voltage at
constant 2.4 V. The sampling period range for all approaches
goes from 20 ms to 40 ms. The time delay is 10 ms. The simu-
lation time is 3 s.

Although it is interesting to study the relative performance
between the FS approaches, the goal of the one-shot task model
is to remove the effect of jitters. Therefore, the following sce-
narios have been simulated.

* Original approach: This simulation setup corresponds to
the original solution. That is, one single processor con-
currently executes the three control tasks according to the
described feedback scheduling approaches using the task
model specified in each approach.
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TABLE II
EVALUATION OF FEEDBACK SCHEDULING APPROACHES
Approach Original  Indep. Proc.  One-Shot
Static approach 109.05 105.82 105.43
Off-line EDF [26] 100.58 96.59 96.07
Off-line RM [27] 121.85 96.59 96.07
On-line FS [13] 99.92 98.74 98.06
On-line instantaneous FS [22] 90.63 64.41 63.26
On-line finite horizon FS [10] 100.61 86.99 83.81
On-line finite horizon CS [9] 82.46 82.46 82.46

» Independent processors: Since many of the evaluations of
the previous approaches are subject to the degrading ef-
fects of jitters, a new simulation setup has been prepared.
In this case, each control task executes on a separated pro-
cessor, but according to the sampling periods or job se-
quences given in the first simulation setup. In this way, the
results will show the performance of the feedback sched-
uling approaches in the absence of jitters.

* One-shot: This simulation setup is similar to the first one in
the sense that only one processor is considered. The main
difference is that the one-shot task model is applied instead
of the model given in each particular solution.

B. Performance Evaluation

The performance of each approach on each simulation setup
has been measured in terms of the cumulative error of the
tracking in the three plants, using the same quadratic cost
function specified in (14). Table II summarizes all simulation
results. Rows refer to the feedback scheduling approaches
under evaluation, and columns refer to the three simulation
setups. Numbers are the accumulated error, that is, the smaller
the number, the better the performance.

In the first column we can observe unexpected results. That
is, the static approach should give the worst performance (the
highest number) because the rest of approaches theoretically
should perform better than the static because they perform some
kind of optimization. However this is not the case. Jitters hide
the true performance of the feedback scheduling approaches.
Howeyver, if we look at the second column, since tasks do not
suffer jitters because they execute in independent processors,
the results are consistent with the theory. That is, the static ap-
proach is the worst, and the others perform better.

The third column shows the performance of all the ap-
proaches when tasks are executed using the one-shot task
model. As it can be seen, the degrading effects that jitters have
on performance are removed. Moreover, similar performance
numbers to the case where tasks execute in isolation is achieved.
This corroborates one of the main properties of the one-shot
task model: it absorbs scheduling-introduced jitters.

VII. CONTROL EXPERIMENT

Finally, a control experiment involving the implementation
of the one-shot task model in a real-time kernel is presented.
The experiment shows the feasibility of implementing an em-
bedded control application using the one-shot task model com-
pared to existing approaches. Similar to the simulation carried
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Fig. 13. Physical system.

out in Section V, the workload consists in a control task control-
ling a voltage stabilizer sharing the microprocessor with another
hard real-time periodic task.

The strategies that are evaluated are the naif, the one-sample
and the one-shot task model, as well as the case where the con-
trol task executes in isolation, named “reference.” The first three
strategies are designed as described in Section V. The switching
task model and the split task model are omitted in the imple-
mentation because their performance lie in the middle and be-
cause they are not as common as the others. The true comparison
should be between the one-sample and the one-shot. Finally, the
reference is introduced to assess the case where the control task
is not subject to jitters. In each model, the control task imple-
ments the pseudo-code given in Fig. 6 and follows the specifi-
cations given in Section V-B in order to track the square wave.
In addition to the controller gain, a deadbeat reduced observer
for estimating the second state variable has been designed. This
differs from the simulation described in Section V where it was
assumed to have available all state vector.

A. Hardware and Software Details

The hardware platform used in the experiments is based on
the Microchip PIC18FXX8 micro-controllers family? and the
RTKPIC18 real-time kernel [24]. In particular, for this experi-
ment, the kernel has been ported to a PIC18F458. Fig. 13 illus-
trates the control task and the voltage stabilizer circuit in the real
experiment. The control signal generated by the control task is
sent to the circuit, as illustrated by V;,,. The sampled controlled
variable is V,,;, as illustrated by =1, cqsured- The circuit can be
perturbed by a load tension, as illustrated by Vi,qq.

Details on the modifications made in the kernel [24] related
to the task structure, task control block, and I/O operations for
implementing the task models can be found in [19]. The code
for implementing each type of task model, also explained [19],
confirms that embedded control applications using the one-shot
task model does not require specific kernel support compared to
the case of using the one-sample or the naif task model.

B. Performance Evaluation

Similar to Sections V and VI, the performance evaluation is
measured in terms of the cumulative error using the cost (14)
during the simulation time. Therefore, the lower the curve, the
better the performance. Fig. 14 show the results of the four

2http://www.microchip.com/
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Fig. 14. Performance evaluation of the control experiment.

strategies. As expected, the naif task model gives the worst per-
formance. The best performance is achieved by the one-shot ap-
proach, with an increment in performance of 20% with respect
to the naif approach.

It is interesting to note two important facts. First, the
one-sample approach curve lies between the naif and the
one-shot. Therefore, this proves that the most current approach
to avoid the jitter problem is outperformed by the approach
presented in this paper. But even more interesting is to com-
pare the one-shot curve with respect the reference curve. The
reference curve is the performance of the control task when
it is executed in isolation, that is, without jitters. As it can be
seen in the figure, the one-shot even outperforms this scenario.
This is due to the fact that controllers implemented using the
one-shot task model are more responsiveness to perturbations,
as explained in Section IV-B. The reference curve corresponds
to the controller executing without jitters, that is, sampling at
each release time and actuating right after the control algorithm
computation (which is less than the period). Therefore, all per-
turbations affecting the circuit between the end of the control
algorithm computation and the release time are detected at the
next release time. However, in the one-shot, since samples are
taken later than the release time, more perturbations can be
detected. Note that the real benefit of this property depends on
the perturbation arrival times as well as on the workload. This
property has been also observed in previous simulations.

VIII. CONCLUSIONS

We have presented the one-shot task model for real-time
control systems. This task model is synchronized at the actua-
tion instants rather than at the sampling instants. This has been
shown to provide interesting properties. From the scheduling
point of view, the new task model can be seamlessly integrated
into existing scheduling theory and practice, while minimizing
the hardware interrupts required by previous solutions, which
in turn improves task set schedulability. From a control per-
spective, the one-shot task model absorbs jitters because it

allows irregular sampling, and improves reactiveness in front
of perturbations, which even permits to achieve better perfor-
mance than the case where controllers are executed in isolated
processors. Simulations and the reported experimental results
corroborate the promised benefits and show the implementation
feasibility of the one-shot task model.
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