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Experimental verification of a delay compensation algorithm for
integrated communication and control systems

ROGELIO LUCK?Y and ASOK RAY{

Advances in the technology of complex control systems demand high-speed and
reliable communications between the individual components and subsystems for
decision making and control. This can be accomplished by integrated communi-
cation and control systems which use asynchronous time-division-multiplexed
networks. Unfortunately, these networks introduce randomly varying dis-
tributed delays as a result of time-division multiplexing. A predictor—controller
algorithm has been developed with the objective of mitigating the detrimental
effects of the network-induced delays that are distributed between the sen-
sor(s), controller and actuator(s) within a control loop. This paper presents the
implementation and verification of the above delay compensation algorithm.
Performance of the delay compensator has been experimentally verified on an
IEEE 802.4 network testbed for velocity control of a d.c. servomotor.

1. Introduction

Complex dynamical systems, such as advanced aircraft and spacecraft,
autonomous manufacturing processes, and nuclear power plants, require reduc-
tion of direct human intervention in control and decision-making processes and
its replacement by hierarchical levels of automatic control (Astrém et al. 1986)
as much as practicable. On the other hand, a distributed intelligent control
system requires extensive interactions between its subsystems and components.
Such interactions, if the devices are not collocated, can be efficiently carried out
via an asynchronous time-division-multiplexed data communication network.
This concept of integrated communication and control systems (ICCSs) has
already been adopted in aeronautics and astronautics (Ray 1987), computer-
integrated manufacturing (CIM) (Ray 1988 b, Ray and Phoha 1989) and is being
actively pursued for integrated control of chemical processes (Ray 1988 a),
nuclear power plants (Edwards and Ray 1990) and future generation auto-
mobiles (Kiencke 1988).

This paper presents the experimental verification of a delay compensation
scheme for ICCSs with identical sensor and controller sampling rates. The
proposed delay compensator is intended to alleviate the detrimental effects of
network-induced delays by using a multistep predictor—controller. The key idea
in the compensator design is to monitor the data when it is generated and to
keep track of the delay associated with it. With this knowledge, a control
algorithm has been formulated to maintain the delay constant as seen by the
controller. Therefore the closed-loop control system can be treated as finite
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dimensional, linear, time invariant and deterministic provided that the plant,
observer and controller are deterministic. Therefore, in contrast with a sto-
chastic control system as reported in our earlier publications (Liou and Ray
1991 a,b, Ray et al. 1993), the proposed delay-compensated system can be
conveniently analysed and synthesized using the standard time-domain and
frequency-domain tools.

The major assumption in the above multistep delay compensation algorithm
is that the (network-induced) randomly varying delays are bounded. This
assumption is justified in view of the facts that firstly networks are designed such
that the offered traffic bears a safe margin relative to its critical value (Ray
(1987, 1988 a) and secondly any unbounded delay would render the feedback
loop open. Therefore, having specified a confidence level, an upper bound can
be assigned to each of the distributed randomly varying delays. The number of
the delayed steps is then determined from these bounds. An observer feeding
upon the delayed measurements can be used to estimate non-delayed inputs into
the controller. Although the compensated system may use the original control
law that was designed for the system without being subjected to induced delays,
it is logical to tune the controller gain matrices to enhance robustness of the
delay-compensated system (Shen and Ray 1993).

2. The observer-based delay compensator

The sensor, controller and actuator are assumed to have identical sampling
rates. Furthermore, we assume the sensor, actuator and controller to be
synchronized, that is the time skew between their sampling instants is main-
tained at zero. Although the problem of synchronizing a distributed network is
quite complex and yet to be solved, we have adopted a rather simple approach
of using a high-priority signal at prescribed intervals to reset the respective
sensor or actuator and controller clocks and to maintain a loose synchronization
between the sensor, controller and actuator. Under these conditions, the plant
dynamics of the delayed system at the sample time k are modelled as

Xg+1 = Axg + Bug_p,  (plant dynamics with delayed control) (1)
Vi = Cxi (sensor measurement) 2)
e = Y — Ay (delayed output) 3)
w, = x(2y) (control function) 4)

where x € R", ue R° and y € R™, and the matrices A, B and C are of
compatible dimensions; the finite non-negative integers A; and A, represent the
number of delayed samples in control inputs and measurements respectively.
The control law uy is a linear function of the history Z; = {zx, zx-1, - - -} of the
delayed sensor data. The objective is to obtain a control function that mitigates
the detrimental effects of the induced delays on the control system performance.

Several investigators have addressed the problems of delay compensation in
closed loop control systems. An intuitive approach (Isermann 1981) is to
augment the system model to include delayed variables as additional states.
Unfortunately, this approach renders some of the states uncontrollable even if
the original system is completely controllable (Marianni and Nicoletti 1973,
Drouin et al. 1985). For the case of delayed control inputs, Pyndick (1972)
proposed a predictor for the optimal state trajectory based on past control
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inputs. Zahr and Slivinsky (1974) considered the problem of controlling a
computer-controlled system with measurement and computational delays. In
their approach the state transition matrix is used in conjunction with the delayed
state measurements to obtain an estimate of the present state of the system. It
was pointed out that the delays in multivariable systems may result in

(i) an increase in the magnitudes of the transients, and poor response during
the intersampling time;

(i) loss of decoupling between individual single-input single-output control
loops although decoupling may be restored for a stable process at the
steady state and

(iii) a possible decrease in stability margin.

Their algorithm was verified by simulation but the use of an asymptotic observer
was not discussed.

The approach of Zahr and Slivinsky (1974) for compensation of constant
delays that affect the input or output variables of a system consists in predicting
the current system output. However, if the state transition matrix is used to
predict the output, the plant state variables must be obtained first. Moreover,
the output measurements might be corrupted with noise. An observer can be
used for estimation of the delayed states and then the state transition matrix can
be used to predict the current state. This multistep observer imposes additional
dynamics, and hence a phase lag in the control system, which is not always
desirable; nevertheless, such a sensitive system is likely to be unstable when it is
subjected to delays. ‘

The observer parameters can be selected to attenuate high-frequency noise in
the measurements. If the measurement noise is considerable, the proposed
algorithm could be extended to include a stochastic filter (Anderson and Moore
1979) instead of a deterministic observer. Also, a reduced order observer or a
functional observer (Kailath 1980, Chen 1984) can be used to reduce the
observation lag.

The basic equations used in the multistep delay compensation scheme,
proposed earlier by Luck and Ray (1991), whose implementation and verifica-
tion are presented in this paper are delineated below:

plant model:

Xi+1 = Axg + By = Cx (5)
observer model:
Zerin = Azgpn + Buyg + Li(ye — Czppr) 6)
p-step predictor:
Zk+1)p = AZgjp-1 + By forp =2 7
predictive control:
ue = Izifp 8)
where
Zifr = Xkfk-r

= prediction of x; based on the measurement history {yx_,, Yk—y—1, . - .}

)
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A block diagram for the above predictor—controller algorithm is shown in
Fig. 1, and its functionalities are explained as follows. First, using a specified
confidence interval, an upper bound can be assigned to each of the distributed
randomly varying delays A; and A,. These bounds are denoted r and g units of
sampling period respectively. The observer is designed such that. at sample
instant k, it feeds upon a sensor measurement generated at sample instant
k — r. If more fresh sensor data are available, it has to be kept in a first-in
first-out buffer for later processing. This guarantees a constant sensor delay as
seen by the observer. Using the delayed data the observer (6) estimates
Zx-r+1/1- Next, the state variable model of the plant is used in (7) recursively on
Zk-r+1/1, t0 Obtain a prediction of the plant state at the sampling instant & + g,
that is zy4q/r+4- The control output obtained using this prediction is u; =
T+ qZk+qjreq- A first-in first-out buffer of size ¢ is used at the actuator terminal.

Although the implementation of (5)-(9) in the delay compensation algorithm
is apparently a straightforward task, it must be shown that the resulting
closed-loop control system is stable or that the controller and observer dynamics
can be selected separately as it is for the well known standard observer—state
feedback control loop. The main hindrance in verifying separation of controller
and observer dynamics is the inclusion of the predictive equation (7). Luck and
Ray (1991) have shown that the resulting closed-loop equations can be expressed

as
X1 - A + BI“k —BF,\H,\. :l[ Xy —! 10
[ekﬁpﬂ] [ 0 (A — Li,O) || exep | (19
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Figure I.  Schematic diagram of a p-step delay compensation algorithm.
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where
€ =X — Zpn (11)
and

p. p-l p-i
T Lk—p+j-1 k-i — Lk-p+j-1
Jﬂua L C%%E(W”L C[[4a-L Cﬂ p=2
i=1

j=1

.
]

l if
B! 0=sp<2

(12)

IfLy = L and I}, =TI, that is if the observer and controller gain matrices are
constant, then (10) determines the stability of the compensated system due to
separation of the controller and observer, and that the delays do not affect the
closed-loop dynamics in the absence of modelling uncertainties. However, if
modelling uncertainties are present, it can be readily shown by following the
approach of Thau and Kestenbaum (1974) that the order of the closed-loop
control system increases significantly. For instance, modelling errors in matrices
A, B and C induce a fourfold increase over the order of the augmented system
matrix in (10) if a two-step delay is assumed (Luck and Ray 1991). However, by
neglecting the modelling errors in the matrix B, the order of the augmented
system is doubled by modelling errors in matrices A and C.

Loss of sensor and control data is not accounted for in the delay compensa-
tion algorithm. However, if the network recurrently loses data, the plant may be
rendered unobservable or unreachable. Under these circumstances, the notion of
observability (reachability) can be extended as shown by Luck et al. (1991). If
the plant satisfies the condition of this extended observability (reachability)
under recurrent loss of sensor (control) signals, then the delay compensator may
still function in a possibly degraded mode. Performance analysis of the delay
compensator under recurrent loss of data is addressed in this paper; it is also a
subject of future research.

3. Performance verification of the delay compensation algorithm

Performance of the constant-delay compensation algorithm, described in the
previous section, has been verified by experimentation with closed-loop velocity
control of a d.c. servomotor. The motor assembly is connected to a microcom-
puter through an analogue-to-digital (A/D)-digital-to-analogue (D/A) inter-
facing board. The efficacy of the delay compensation algorithm is examined by
comparing the performance of a proportional-integral (PI) controller without
delay compensation against that of the same controller with delay compensation.

The experiment has been conducted in two phases:

(i) checking the performance of the proposed delay compensation algorithm
when the sensor data is simply delayed by a multiple of sampling periods;

(i) examining the performance of the compensation algorithm in the presence
of data rejection and vacant sampling (i.e. no new sensor data arrival at
the controller during a sampling interval).
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3.1. The plant model

The plant under control is a constant-excitation d.c. servomotor assembly
that is modeled as a first-order linear time-invariant system. Such a model
is consistent with the standard approach for velocity control of a constant-
excitation d.c. motor. The time constant of the motor was experimentally
identified to be 1-7 s. The steady-state characteristics of the motor-tachogenera-
tor combination were determined from experimental data as

KV —b forv<2
K

w=140 for——l-)—sVs—b— (13)
K K

KV +b forv<-2
K

where w is the velocity in radians per second, V is the control input in volts,
K =3-33rads™'V™!; and b = 11-3rads™!

A linear model of the plant dynamics is obtained by neglecting the bias term,
that is by setting b equal to zero in (12). A weak integral action was used to
compensate for the possible steady-state error due to Coulomb friction and
other modelling errors.

3.2. Verification of the delay compensation algorithm

In this phase of the experiment the d.c. motor assembly is interfaced to a
microcomputer. A constant delay in the sensor data is generated by storing the
incoming data from the A/D converter into a first-in first-out buffer. Upon
initialization, the contents of the buffer is set equal to the first measurement,
that is the system is assumed to be at steady state. Newly arrived data from the
A/D converter are pushed into the buffer, and data for the controller are
popped out of the buffer. The resulting delay in the sensor data is equal to the
capacity of the buffer.

Figures 2—-6 compare the responses of the observer-based control system with
those of the control system without the observer under different settings of the
induced delay. The controller and observer poles are set at z =0-5s"! and
z=0-15s"" respectively, the gain of the PI controller is 1-5 Vrad™'s, and the
sampling period is set at 0-3 s. The maximum input to the motor is restricted to
10 V to avoid any potential damage; this corresponds to motor angular velocity
of about 22 rads™! at steady state.

As expected, the performance of the system with the observer is comparable
with that without the observer for the zero-delay case as seen in Fig. 2. The
observer-based controller produces a small steady-state error because the
integrator acts upon the estimate of the state and not on the true system output.
It is the bias term in the plant response that prevents the observer from
perfectly tracking the system output. A brief description of the arrangement for
bias compensation is presented below.

Uncertainty in the model parameters of continuous-time systems with zero
eigenvalues will invariably yield a steady-state estimation error (Thau and
Kestenbaum 1974). A constant bias can be interpreted as a mode with a zero
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Figure 2. Dynamic response of the motor (emulated delay, 0; reference velocity, 15 rads™1).

eigenvalue. It is possible to estimate the bias by including it as an additional
state variable in the system model (Isermann 1981). The tracking properties of
the observer can also be improved by providing it with well structured
information about the plant nonlinearities. For instance, the input to the
observer can be modified as follows:

-

b . b
Ucntrl — ”']2 if Ucntl = —

. b
Ughsy =1 0 if |ucntrl| s —

>

b

b .
Uentrl + E if Uengl < —E

where uqhs, is the modified input to the observer and u.yy is the actual input to
the d.c. motor. This modification mimics the nonlinearities in the motor by
adding information about the bias to the observer without increasing the order
of the observer. Selected results of experimentation, to be presented next,
indicate that the steady-state tracking errors are almost eliminated in the
modified observer.

Figures 2-4 show comparisons of the dynamic responses of the delay
compensated system using the modified observer input and the traditional PI
controller for different delays. The controller and observer poles were set at
z=0-1 and z = 0-0 respectively, the gain was 0-09 Vrad™'s, and the sampling
period was set at 0-3s. The above-mentioned parameter settings were found to
yield reasonably good system responses for different delays. The responses of
the delay-compensated system are less oscillatory than those of the uncompens-
ated system for delays of one and two sampling periods.

The motor halts at speeds below 12rads™' because of the deadband
nonlinearity. This causes a jerky response of the system when the control
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Figure 3. Dynamic response of the motor (emulated delay, T'; reference velocity, 15 rads™?).
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Figure 4. Dynamic response of the motor (emulated delay, 2T; reference velocity,
15 rads™?).

reference is set close to 12 rads™! as seen in Fig. 5. In general, it was observed
that the responses of both compensated and uncompensated systems improve
regardless of the size of the delay as the magnitude of the reference input is
increased. This is expected because, as the reference speed is increased, the
effect of Coulomb friction is diminished. Since the plant under test is nonlinear,
the dynamic characteristics of the control system are a function of the reference
input. As a result of the nonlinearities, limit cycles appear in the uncompensated
system response as seen in Fig. 5. The predictive properties of the observer-
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Figure 5. Dynamic response of the motor (emulated delay, 2T; reference velocity,
13-5rads™).

based control algorithm largely alleviates this limit cycle problem for delays of
one or two sampling periods.

Figure 6 shows that, with a larger delay of three sampling periods, the
compensated system response does exhibit a limit cycle which is of lower
magnitude (three times smaller) and higher frequency (three times faster) than
that of the uncompensated system. However, it is important to realize that a
delay of three sampling periods, in this case, is approximately half the time

- w——— with observer

——————— without observer

Angular Velocity (rad/sec)

Time (sec)

Figure 6. Dynamic response of the motor (emulated delay, 37; reference velocity,
17 rads™1).
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constant of the d.c. motor, and that the controller cannot compensate for
disturbances affecting the continuous plant during the sampling interval nor
during the delay period. Considerable deterioration of the closed-loop response
should be expected with an increase in the delay. This reveals a weakness of the
constant-delay compensation algorithm since fresh information about the effect
of disturbances may be forced to wait in the buffer for later processing.

3.3. Verification of the delay compensation algorithm on a network testbed

In the second experimental setup, the d.c. motor assembly is controlled using
a communication network. The experiments were conducted with a 10 Mbitss™
network testbed which uses the IEEE 802.4 linear token passing bus and IEEE
802.2 logical link control protocols in an ISO compatible network architecture
including the transport protocol (MAP/TOP Users’ Group 1987).

The testbed is equipped with three terminal interface units, and five host
computers that can communicate with each other via the network medium or
directly, using a pair of RS 232C communication ports. For the test setup, the
plant under consideration consists of a tachogenerator and a servomotor which
serve as the sensor and the plant respectively and are connected to a microcom-
puter in the network. Another microcomputer serves as the controller.

A traffic load generator emulates the scenario of a large number of stations
and varying traffic on the network by use of only two terminal interface units.
The locations of all odd-numbered stations are emulated on the microcomputer
host 1 and those of even-numbered stations on the microcomputer host 2; the
two microcomputers communicate with each other via the network. The host 1
also provides the A/D and D/A conversion functions for the tachogenerator and
the servomotor and is designated as station 1 in the logical ring. The controller
is located at host 2 and could be designated with any even station number, that
is the controller station can be hosted in different positions in the logical ring
relative to the sensor—actuator station. Since the host 2 functions as an integral
part of the traffic load generator, another microcomputer host 3 is directly
connected to host 2. This host 3 provides a multiprocessing environment for host
2. The control algorithm is resident in host 3. The complete arrangement is
shown schematically in Fig. 7.

Identical sensor and controller sampling periods of 0-3 s are considered, and
the sensor—controller time skew A, is set to zero. The network traffic is varied
by changing the number of stations in the network. The purpose of the
experiment is to investigate the performance and robustness of the proposed
delay compensation algorithm to vacant sampling and data rejection. The
controller receiver buffer and the sensor transmitter buffer are of size one. Since
the time skew is zero, a delay of at least one sampling period is ensured. By
increasing the number of stations in the network, the sensor-to-controller data
latency is increased. However, if the data latency exceeds one sampling period,
vacant sampling (i.e. no sensor data arrival during a sampling interval) at the
controller station could occur. In this situation, some of the sensor data may
also be rejected at the transmitter buffer of the sensor terminal.

The controller pole and observer poles were placed at z = 0-5 and z =0-15
respectively. The gain was set at 0-15 Vrad™!s. For all cases, the dynamic
response of the compensated system was superior to that of the uncompensated
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Figure 7. Experimental setup at the network testbed facility.

system. The compensated system response yielded a steady-state error which can
be reduced as discussed before by augmenting the order of the observer to
include an estimation of the bias or by incorporating a-priori-obtained bias
information through the observer input. Typical results are shown in Fig. 8.
Both compensated and uncompensated systems were less sensitive to data
rejection and vacant sampling, when the controller pole was set closer to unity.
On the other hand, bringing the controller pole close to unity results in a
sluggish system response. Optimal design of the compensated control system has
not been addressed in this paper; it is a subject of further research.
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Figure 8. Dynamic response of the motor number of stations in the network, 30; network

induced delay, T'; reference velocity, 18 rads™1.
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3.4. Simulation of a flight control system

The dynamic performance of the delay compensator has also been examined
by combined discrete-event and continuous-time simulation of the flight control
system of an advanced aircraft that uses the SAE linear token passing bus for
data communications. The simulation was conducted in the combined discrete-
event and continuous-time setting with real-time event scheduling.

Simulation results were generated under the following conditions.

(1) There are 31 terminals that share the network medium.
(2) Traffic is periodic with a sampling period of 50 ms for all terminals.

(3) Terminal 1 operates as both sensor and actuator terminals with its
transmitter queue serving the sensor and its receiver queue serving the
actuator.

(4) Terminal 2 operates as the controller terminals with its transmitter queue
handling actuator commands and its receiver queue handling sensor data.

(5) Terminals 1 and 2 have fixed message lengths with information part
L = 64 bits.

(6) Every terminal, except the controller, simultaneously receives a message
at the beginning of the sample.

(7) The terminals 3-31 have identical message lengths which are varied to
regulate the traffic in the network.

(8) The controller and actuator are collocated, that is the controller output,
from terminal 2, is directly connected to the actuator input, that is
terminal 1.

(9) The following two alternative protocols can be selected in the simulation
program: IEEE 802.4 token bus (10 Mbitss™! data transmission rate);
SAE linear token passing bus using optical fibre medium (100 Mbitss™!
transmission rate).

The state variable model of the plant, excluding the sensor data conversion
factor of 180/m, is described below. The motion dynamics are given by

dé.

dt ) .
aw |, ° ’ [‘»ﬂ A % |u
dt Zee Zy Zg+ U || 0Q 0
40 S1 \Y) 3 0
dr

The output equation is
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where 0, is the elevator command, that is input to the actuator, J. is the
elevator deflection, that is actuator output, W is the normal longitudinal
velocity, Q is the pitch rate, a is the angle of attack and A, is the normal
acceleration.

Zg + 1S
S1= Mo+ MyyZge, Syq=-—"2_""1 S, =My + My Z,
8
Z, + Z.+rS
S5 = -—L—r—sz, Sy =M+ Mu(Z+2Z,), S¢= el IAE]
g 4

where g (=32-2fts™?) is the gravitational acceleration, r (= 12-268 ft) is the
distance from the centre of gravity of the airframe to the accelerometer.
T. (= 355) is the actuator time constant and U, (=1005-3 fts™!) is the reference
flight speed.

The dimensional stability derivatives for longitudinal motion used in the
simulation are

Z, =-31332s71, Zge = —202-28 fts™2, Z, = —16-837 fts™!,
M, =—0-01429s7'ft™!, M, = —2:6864s7!, M4 = —0-00115ft™!,
My = —40-465 s72

For digital computer simulations a discrete-time version of the controller was
implemented. The sensor and controller sampling times were chosen to be 50 ms
to compare the observer—controller performance against the unmodified con-
troller design. The measured variables are the angle « of attack, the normal
acceleration A, and the pitch rate Q. All three poles of the discrete observer
are placed at 0-3 571,

In general, the responses of the state variables indicate that the dynamic
performance of the flight control system is improved significantly with the use of
the compensated control scheme. Figure 9 shows the transient response of the

il
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Dash line: z-domain simulatlon with
delays, Observer deslgn, and
T = 50 ms.

Dot line: z~domalin simulation with
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and T = 50 ms.
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Figure 9. Dynamic response of pitch rate.
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pitch rate to a unit step change in the reference signal. As expected, the
response of the compensated system, that is with the observer, is less oscillatory
than that of the uncompensated system, that is without observer. The benefits of
this less oscillatory response are better dynamic response, smaller control effort
and actuator wear.

4. Implementation of the multistep delay compensator

When the controller-to-actuator data are subjected to network-induced
varying delays, a procedure described in this section can be used to enhance the
observer tracking capabilities. Here we assume that the actuator sampling rate is
very fast relative to the plant dynamics and a zero-order hold filter is
implemented at the actuator input. Note that this can be accomplished without
affecting the network traffic. Since the actuator sampling rate does not affect the
network traffic, it is possible to set its sampling rate much faster than the
sensor—controller sampling rate. A fast actuator sampling rate would justify the
requirement that the actuator responds quickly to the incoming controller data.

By installing a clock at the controller station, the instant of transmission of
the controller data can be recorded. The instant of arrival of the controller data
at the actuator can be calculated since the message transmission delay is known.

Let uy, 4y, ..., U, be the controller outputs arriving at the actuator at the
instants ty, tp, ..., ty, with kT<t;<t,< .-+ <t,<(k+1)T. The state
variable w can then be expressed as
Wp1 = a*wk + b1u1 + -+ b,,u,,
where
a* = exp (-—:C)
T
and

b= exp (FUm) e < - enp( 7 &)
! T

i-1 T T
The observer is given by
Dpy1 = a*®p + byug + - -+ + bpu, + Ly, — c*@y)

The separation property still applies to the above-described observer because
the terms including the control input do not affect the estimation error if the
plant and the observer models match identically. The above-described procedure
readily applies to higher order finite-dimensional linear time-invariant systems.

5. Summary, comments and conclusions

A control law for compensation of the detrimental effects of distributed
network-induced delays in ICCSs has been proposed. Implementation of the
delay compensation algorithm, followed by experimental test and simulation
results have been presented. Experimentaion with a constant-excitation d.c.
servomotor in an IEEE 802.4 network testbed assembly has demonstrated that
the proposed predictor—controller can compensate for induced delays in pres-
ence of plant modelling uncertainties, nonlinearities and disturbances, and
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measurement noise. Simulation of the flight control system of an advanced
aircraft within a network environment also shows that the delay compensator is
capable of improving the system dynamic performance. However, further
analytical and experimental research, especially in the area of performance and
stability robustness, is needed.

The above delay compensation strategy is suitable for decision making and
control in interactive dynamical processes, such as those in advanced aircraft,
spacecraft, manufacturing automation, nuclear power, chemical process and
automotive applications, where a communication network interconnects the
individual subsystems and components. The network should be designed such
that the induced delays, albeit being randomly varying, are bounded relative to
a specified confidence interval. The proposed delay compensation algorithm is
based on deterministic state estimation and linear state feedback control. The
deterministic observer can be replaced by a stochastic observer without any
structural modifications of the delay compensation algorithm. However, if a
feedforward—feedback control law is chosen instead of the state feedback
control law, then the observer needs to be modified in the same way a
conventional non-delayed control system should be. The separation property of
the classical Luenberger observer has been shown to hold true for the proposed
delay compensator.
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