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Delay-Compound-Compensation Control for
Photoelectric Tracking System Based
on Improved Smith Predictor Scheme

Yong Luo, Wenchao Xue , Member, IEEE, Wei He , Member, IEEE, Kang Nie, Yao Mao , Member, IEEE,
and Josep M. Guerrero , Fellow, IEEE

Abstract—High control bandwidth is usually restricted in a
photoelectric tracking system (PTS) based on a Charge-Couple
Device(CCD) with time delay, which hinders a good tracking per-
formance. Generally, a model-based delay-compensation controller
called Smith predictor (SP) can help increase the controller gain
to promote the bandwidth by separating delay from the control
loop. However, the performance promotion is insufficient because
the delay still stays in the forward channel which causes errors
between output and input. And the increase of the controller gain
is still limited due to the effect of model mismatch on stability. In
this paper, to solve the problems, a delay-compound-compensation
control (DCCC) based on improved SP by trajectory prediction
and velocity feedforward is proposed. The additional trajectory
prediction is used to further eliminate the effect of delay existing
in the forward channel. The additional velocity feedforward is
used to further reform the transfer characteristics limited by the
controller gain. A Kalman filter-based design method of trajectory
prediction is presented and the optimal design principle of feedback
and feedforward controllers is given in the face of model mismatch.
Experiments demonstrate that the DCCC is valid and could greatly
promote the tracking performance in the low frequency.

Index Terms—Smith predictor, time delay, charge-couple device,
delay-compound-compensation, trajectory prediction, velocity
feedforward.

I. INTRODUCTION

THE photoelectric tracking system (PTS) based on a charge-
coupled device (CCD) can be applied in astronomical ob-

servation, surveillance, and laser communication [1]–[4]. Sen-
sors such as CCD provide the tracking error for control and play
important roles in both orientation and tracking, because there
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is only error information available instead of the target’s motion
states [5], [6]. High bandwidth usually means good tracking
performance for PTS [7]–[9]. However, relatively long time
of imaging is needed to acquire a clear image for extracting a
boresight error, which brings a low-sampling rate and inevitable
time delay to the system. Delay leads to phase attenuation,
which limits the system bandwidth and causes the tracking
performance degradation [10]. To compensate for the negative
influence of delay, scholars have adopted many optimization
schemes, which are mainly divided into two categories.

One effective way is to level up the system’s control type.
A PID-I control [11] and a fractional order control [12] are
proposed to decrease the steady-state error of the system. But
they would sacrifice parts of the system stability and dynamic
performance. A feedforward control which can improve the
control type equivalently is used to enhance the performance
of delayed systems [13], [14]. Since the target information in
PTS is not measurable, the current target state used for feed-
forward is obtained by a trajectory prediction method based on
a synthesized trajectory in the past time [15], [16]. However,
this kind of feedforward method requires additional sensors and
its control performance decreases significantly as the frequency
increases.

Different from the strategy of increasing the system type, a
model-based delay-compensation method widely used in in-
dustry, also known as Smith predictor (SP) can increase the
controller gain to promote the bandwidth without additional
sensors [17]–[19]. SP succeeds in its simplicity. It uses the output
of the system’s model to make feedback in advance, which can
improve the system’s reaction speed by approximately excludes
the effect of delay on stability. Over past few decades, many
modifications of the SP have been reported to facilitate the tuning
and improve the robustness for industrial processes [20]–[22]. A
modified SP controller with two degrees of freedom is proposed
to decouple the set point responses from the load disturbances
responses for integration processes with delay [23]. In case of
model mismatch, a strict bound on the controller gain is derived
with a geometrical analysis approach [24]. In order to make
up for the lack of performance of SP in systems with varying
delays, an adaptive SP based on a delay measured in real time is
proposed [25]. Although the research on SP started very early,
its application in PTS began in just recent years. An improved
SP based on a closed-loop model is firstly introduced to the
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PTS to compensate its small delay with stronger robustness
[26]. A technique of modified SP is introduced in the visual
servomechanism wherein the output of a mathematical model
is replaced by an integration of the gyroscope’s signal from the
inner loop, which can reduce dependence on the model [27]. In
order to increase the anti-disturbance ability of the visual axis
while compensating for the time delay, an enhanced SP with
disturbance observation function is proposed [28]. However,
despite these improvements, its inherent problems still exist.
Firstly, although both the original and improved SP can reduce
the effect of delay on stability by separating it from the loop, de-
lay still stays in the forward channel, resulting in errors between
output and input. Secondly, the bandwidth of the system cannot
be increased too much, because the existed mismatch between
the plant and its model will still limit the gain for stability
reasons, resulting in unsatisfactory transfer characteristics.

In this paper, to solve the problems, a delay-compound-
compensation control(DCCC) based on improved SP by tra-
jectory prediction and velocity feedforward is proposed. The
additional trajectory prediction is used to further eliminate the
effect of delay existing in the forward channel. The additional
velocity feedforward is used to further reform the transfer char-
acteristics limited by controller gain. A Kalman filter-based de-
sign method of trajectory prediction is presented and the optimal
design principle of feedback and feedforward controllers is given
in the face of model mismatch. Although both the proposed
trajectory prediction and velocity feedforward commonly work
at low frequencies, it meets the performance needs because the
target signal is mainly concentrated in this spectrum. Series
of experiments demonstrate that the proposed DCCC is valid
and could greatly promote the tracking performance in the low
frequency.

The main contributions of this paper can be summarized as
follows:

i) An additional trajectory prediction link is added to the
classic SP method to further eliminate the effect of delay
existing in the forward channel.

ii) An additional velocity feedforward branch is added to the
SP to further reform the transfer characteristics restricted
by the limited controller gain.

iii) The optimal design principle of feedback and feedfor-
ward controllers is given in the face of the model mis-
match existed in the system.

This paper is organized as below. Section II presents a detailed
introduction of the CCD-based PTS, mainly describing the sys-
tem structure, the SP’s principle and its bottlenecks. Section III
gives out the structure of the DCCC and discusses its promotion
for tracking performance. Section IV gives the design of Kalman
filter to predict the current trajectory. Section V demonstrates the
system stability condition and provides the optimal parameters
selection. Section VI sets up a list of experiments to confirm
the effectiveness of DCCC. Concluding remarks are presented
in Section VII.

II. PROBLEM FORMULATION

The configuration of the CCD-based PTS is illustrated in
Fig. 1. The light of the target is imaged on a CCD through the

Fig. 1. The configuration of the PTS.

Fig. 2. The dual-loop control structure of the PTS.

lens and the image processing unit extracts the boresight error.
The servo control unit accepts the error to calculate the control
amount and implement a closed loop. The driver actuates the
motors to accomplish the tracking process. In addition, a gyro-
scope is commonly added to suppress the parameter perturbation
of the platform, which constructs a basic dual-loop control mode
with the outer position loop.

The dual-loop control structure of the PTS is presented in
Fig. 2. Gv is the control plant. Cv , Cp respectively refers to
the velocity controller and position controller. e−τs refers to the
transfer function of the CCD though it may be rough without
considering signal attenuation and nonlinearity, where τ is the
delay time. E is the boresight error. R refers to the target signal.
Y refers to the corresponding movement of the plant. For the
control system of PTS, the error transfer function (ETF), that is,
the ratio of the error to the target position, is the most important
index to evaluate its performance. The ETF of the dual-loop
control is exhibited as (1).

S0 =
E

R
=

1

1 + CpV
1
se

−τs
. (1)

V = CvGv/(1 + CvGv) is the velocity closed-loop transfer
function. Because of the high bandwith of the inner loop, V ≈
1 is reasonable in a wide frequency range. Then, the position
controlled object is transformed into a first-order integral system
and S0 can be simplified to S0 ≈ 1/(1 + Cpe

−τs/s). Due to the
lag effect of delay on the phase, the control gain is usually limited
to a small amount to ensure the system’s stability, resulting in a
very low control bandwidth.

To reduce the effect of delay on the bandwidth, a classic SP
based on a simple integral model is added to the dual-loop system
shown as Fig. 3. The dotted frame is the SP structure, in which
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Fig. 3. The control structure of the SP.

Fig. 4. The approximately equivalent structure of the SP.

τm is the estimation of τ . The ETF in Fig. 3 is exhibited as (2).

SSP =
E

R
=

1 + Cp
1
s (1− e−τms)

1 + Cp
1
s + Cp

1
s (V e−τs − e−τms)

. (2)

Since V ≈ 1 and τ ≈ τm << 1, SSP can be simplified as
SSP ≈ [1 + Cp

1
s (1− e−τs)]/(1 + Cp

1
s ) in a wide frequency

band, in which the effect of delay on stability is greatly reduced
if the model is accurate. For a more intuitive explanation, we
give its approximately equivalent structure in Fig. 4. As we can
see, delay is equivalent to being separated from the artifical loop,
which would reduce the restrictions on the controller, giving the
system a higher bandwidth with better performance.

However, it must be pointed out that the performance im-
provement brought by SP is still insufficient. First of all, since the
delay separated by SP still exists in the forward channel which
can be seen from Fig. 4, the output cannot track the input in time,
resulting in bigger errors. In addition, the gain of the controller
in SP cannot be increased indefinitely, because such matching
between the plant and the model can seldom be achieved in
practice. In other words, the control structure of the SP in Fig. 4
still do not have an ideal transmission characteristics, which still
limits the performance improvement. Considering the above two
factors, we know that the tracking performance of the PTS with
SP still has a lot of room for improvement.

III. THE DCCC METHOD

In order to comprehensively improve the tracking perfor-
mance of the PTS with SP, a DCCC method is proposed, which
simultaneously adds a trajectory prediction link and a velocity
feedforward branch into the SP structure, as shown in Fig. 5. Q
is a state estimator with predictive function. It can estimate the
current state of the target to further eliminate the effect of delay
existing in the forward channel. The additional velocity feedfor-
ward can further improve the suboptimal transfer characteristics
of the delay-free artificial loop in Fig. 4. F is a feedforward
controller designed to ensure stability.

Before using the estimator Q for trajectory prediction, we
need to examine the characteristics of its input signal. The

Fig. 5. The control structure of the DCCC.

expression of the intermediate signal r before adding improve-
ments is as

r =
R · e−τs · (1 + Cp

1
s

)
1+Cp

1
s + Cp

1
s (V e−τs − e−τms)

. (3)

Similarly, r ≈ R · e−τs can be easily concluded in the fre-
quency of most concern. In other words, we can obtain the past
trajectory of the target through SP, unlike traditional feedforward
control, which requires additional sensors to help synthesize the
trajectory [15]. Based on it, we can predict the current trajectory
to eliminate the effect of the delay with a trajectory prediction
method. In addition, the velocity feedforward can perfectly
compensate the feedback control since all the parameters of the
artificial loop are deterministic. To examine the effect of the
DCCC on performance, the ETF in Fig. 5 is given as

SDCCC =
E

R
=

(1− Fe−τmsQ) + Cp
1
s (1− e−τmsQ)

1+Cp
1
s +

(
Cp

1
s + F

)
Q (V e−τs − e−τms)

.

(4)
Now, let’s focus on the comparison of the ETFs between the

SP and the DCCC. If Q has the prediction ability, Q = eτms

is reasonable in the effective frequency band. Considering that
in low frequency V ≈ 1, e−τms ≈ e−τs ≈ 1− τms, F ≈ 1 and
CP can be taken as a proportional controller, the following result
can be concluded:if s → 0, |SSP | → 1+Cpτm

|1+Cp
1
s |

and |SDCCC | →
0. Obviously, |SDCCC | < |SSP | is easy to get, which means that
the proposed DCCC can greatly improve the tracking precision
and almost completely eliminate the negative impact of delay
on the system in low frequency. Next, we will discuss the design
of trajectory prediction and the design of the controllers with
stability demand.

IV. TRAJECTORY PREDICTION BY KALMAN FILTER

As shown in (5), the total delay is composed of three main
delays in the CCD-based posotion loop: τCCD refers to the
image processing time, τprocess represents the time of data
transmission, and τsample refers to the time delay of sampling.
Generally, the total delay can be measured by system identifica-
tion.

τ = τCCD + τprocess + τsample. (5)

In PTS, the idea of trajectory prediction to compensate for de-
lay starts with the traditional feedforward tracking, in which the
most used trajectory prediction method is Kalman filter. Kalman
filter succeeds in its low computational complexity and high
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precision, and researchers have proposed many improved algo-
rithms, such as extended Kalman filter [29], unscented Kalman
filter [30], and many others [31]. In addition, the combination
of Kalman filter with adaptive structure, robust control, etc. is
also widely used [32], [33]. Considering that the PTS can be
regarded as a linear system, and the main goal of this paper is
to verify the effectiveness of the DCCC structure, it is sufficient
in this paper to select a linear Kalman filter to predict the target
position. Since the two axes of the PTS are symmetrical, this
section only focuses on the signal prediction in one axe. Firstly,
the state equation and measurement equation of the target are
given as (6). xk is the motion state vector of the target including
position, velocity and acceleration. The observed signal rk is the
trajectory at the past moment recovered by the boresight error
and the output of the model. wk−1 represents the process noise
and vk represents the observation noise, which are both Gaussian
white noise with wk−1 ∼ N(0, Ik−1) and vk−1 ∼ N(0, Jk). A
is the state-transition matrix, G is the input matrix of the process
noise and C is the observation matrix.{

xk = Axk−1 +Gwk−1

rk = Cxk + vk
. (6)

The coefficient matrixs of the above state equation and obser-
vation equation is determined by two factors, one is to follow the
actual movement of the target, and the second is to facilitate cal-
culation. Under normal circumstances, there is little prior expe-
rience of the target movement, and there are many uncertainties
in the maneuvering state. Therefore, approximate processing is
widely adopted under some assumptions. Generally, commonly
used models include uniform acceleration model, Singer model,
current statistical model and interactive multi-model structure
[34]–[36]. In theory, all of these motion models for different
scenarios can be used to verify the effectiveness of DCCC.
However, since the DCCC structure is mainly used to improve
the low-frequency performance of the system and focus on the
non-strong maneuvering characteristics of the target, this paper
chooses a uniform acceleration model with less computational
complexity and suitable for low-frequency signals prediction.
Then the parameters of the Kalman filter can be easily known
as follows, in which T is the sampling frame.

A =

⎡
⎣ 1 T 0.5T 2

0 1 T
0 0 1

⎤
⎦

G =
[
1
6T

3 1
2T

2 T
]T

C =
[
1 0 0

]
. (7)

The one-step prediction equation for estimating the target
state is

xk|k−1 = Axk−1|k−1. (8)

The covariance matrix of one-step prediction is

Pk|k−1 = APk−1|k−1A
T +GIk−1G

T . (9)

The Kalman filter gain is

Kk = Pk|k−1C
T
[
CPk|k−1C

T + Jk
]−1

. (10)

The update of the target’s motion state is

xk|k = xk|k−1 +Kk

[
rk − Cxk|k−1

]
. (11)

The update of the covrariance matrix is

Pk|k = [I −KkC]Pk|k−1. (12)

Commonly, Kalman filter exhibits a low-pass characteristic,
which means that the prediction usually only works at low
frequencies. Since rk contains delay, the trajectory corrected by
(11) is at the past time. To get the current trajectory, iterative
calculations need to be performed according to (8) and the
number of iterations is determined by the ratio of the total delay
to the sampling period. [33] shows that the larger the ratio of
the variance Ik−1 of the process noise to the variance Jk of
the observation noise, the higher the bandwidth. However, an
unreasonable high bandwidth will cause waveform distortion,
so usually the bandwidth of Kalman filter is limited to a small
range.

V. CONTROLLER DESIGN BASED ON STABILITY ANALYSIS

This section analyzes the stability and robust stability con-
ditions, and provides criterions for the design of the controller
parameters. When using the DCCC method, the ETF in (4) can
be rewritten as

SDCCC =
E

R
=

(1− Fe−τmsQ) + Cp
1
s (1− e−τmsQ)

(
1+Cp

1
s

) [
1 +

(Cp
1
s+F)Q(V e−τs−e−τms)

1+Cp
1
s

] .

(13)
Because the left term (1+Cp

1
s ) in the denominator ofSDCCC

is the characteristics polynomial of a first-order integral system
that must be stable, the stability condition of this DCCC system
has to meet the following equation according to the small-gain
theorem. ∥∥∥∥∥

(
Cp

1
s + F

)
Q (V e−τs − e−τms)

1+Cp
1
s

∥∥∥∥∥
∞

< 1. (14)

In low frequency, Q has predicting function that can be
approximately represented by eτms. In high frequency, it has
no predict function and its amplitude is generally not greater
than 1. Therefore, a relatively conserved condition for stability
can be ∥∥∥∥∥

(
Cp

1
s + F

)
(V e−τs − e−τms)

1+Cp
1
s

∥∥∥∥∥
∞

< 1. (15)

Since both the SP and the DCCC are model-based control
methods, the design of the controller needs to consider the situ-
ation of model mismatch. Considering that the velocity loop has
a high bandwidth with strong robustness, the model mismatch
mainly comes from the delay mismatch. That is, the case where
τ �= τm. Since the position object is an integral link, Cp can
be selected as a proportional controller represented by k , and
F can be selected as a first-order low-pass filter 1/(1 + Ts).
Then, substitute Cp = k, F = 1/(1 + Ts), V = 1 and s = jω
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into (15), we get a condition for any ω as∣∣∣∣∣
k + jω

1+Tjω

jω + k

(
e−jτω − e−jτmω

)∣∣∣∣∣ < 1. (16)

Assuming that Δτ = τm − τ is the delay uncertainty, after
calculation, Equations (16) turns out to be

1−
(
1 + T 2ω2

) (
k2+ω2

)
k2 + (kT + 1)2ω2

· 1
2
≤ cos (ωΔτ) . (17)

Since 1
(kT+1)2

≤ k2+ω2

k2+(kT+1)2ω2
≤ 1, Equation (17) changes

to

f1 (ω) = 1−
(
1 + T 2ω2

)
(kT + 1)2

· 1
2
≤ cos (ωΔτ) = f2 (ω) . (18)

A sufficient condition for (18) is∣∣∣∣df2 (ω)dω

∣∣∣∣ ≤
∣∣∣∣df1 (ω)dω

∣∣∣∣ , (19)

which turns out the condition T 2ω
(kT+1)2

≥ Δτ sin(ωΔτ). This

condition can be satisfied if∣∣∣∣df
2
2 (ω)

dω2

∣∣∣∣ ≤
∣∣∣∣df

2
1 (ω)

dω2

∣∣∣∣ . (20)

Then, we get

k +
1

T
≤ 1

Δτ
√|cos (ωΔτ)| . (21)

Finally, it can be concluded that the following condition
should be satisfied to get asymptotic stability.

k +
1

T
≤ 1

Δτ
. (22)

The stability condition (22) expresses a trade-off between the
delay uncertainty Δτ and the parameters of the controllers that
can be used to tune the controller gain k and the time constant
T . If 1/T → 0, it means that the velocity feedforward does not
exist and we can actually deduce that the stability condition of
the classic SP is k ≤ 1/Δτ . Regarding how to choose the values
of k and T to get the optimal error suppression capability, we
need pay attention to the ETF in (4) again.

Considering that V ≈ 1, e−τs ≈ e−τms and Q = eτms in a
relatively wide frequency range, we substitute F = 1/(1 + Ts)
and Cp = k into (4), geting its simplified form of low-frequency
as

SDCCC ≈ 1− F

1+Cp
1
s

=
s2

s2 +
(
k + 1

T

)
s+ k

T

. (23)

Let s = jω, we get its amplitude as

|SDCCC | ≈ ω2√
ω2

(
k + 1

T

)2
+
(
k
T − ω2

)2 . (24)

It can be seen that the larger the denominator, the smaller
the sensitivity transfer function and the higher the tracking
precision. According to the stability condition (22), k + 1/T =

Fig. 6. Experimental setup.

1/Δτ should be chosen to obtain the strongest error suppression
capability. Then we examine the value of the following formula

L =

(
k

T
− ω2

)2

, (25)

whereT ≥ Δτ . Whenω <
√
k/T , the bigger k/T is, the bigger

L is and the performance is better. However, when ω >
√
k/T ,

the smaller k/T is, the bigger L is. It means that the value of
k/T has opposite effects on low-frequency and high-frequency
performance. Generally speaking, since the target signal is
mainly concentrated in the low frequency area for the PTS, the
low-frequency performance is more important than the high-
frequency performance. Therefore, it is reasonable to use the
low-frequency performance as the criterion for the parameters
of controllers.

Obviously, when k = 1
T = 1

2Δτ , k/T gets the maximum
value. Compared with any situation where k = a and T =
b, L gets bigger value when k = 1

T = 1
2Δτ for ω ≤ m =√

a/b+1/(2Δτ)

2 . Since m ≥ 1
4Δτ , it can be concluded that when

k = 1
T = 1

2Δτ , the system has the optimal tracking performance
for ω ≤ 1

4Δτ .

VI. EXPERIMENTAL VERIFICATION

To verify the effectiveness of the DCCC method, an experi-
mental setup implementing the PTS is exhibited in Fig. 6. There
are two deflection devices driven by voice coil motors. One is the
controlled plant for tracking, the other is called the target mirror
for simulating target motion. Light ray is generated by a laser
and it is reflected from the target mirror to the CCD.The image
proccessing unit calculates the position error to help control
the plant. A high-performance fiber-optics gyroscope is used to
sense the rotating rate to implement the velocity closed loop.
The CCD works at 50 Hz with an artificially added delay(one
frame). The gyroscope works at 5000 Hz.

The open-loop and closed-loop velocity bode responses are
exhibited in Fig. 7. Through system identification, the open-loop
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Fig. 7. The frequency responses of the velocity characteristic.

transfer function can be obtained as

G̃v (s) =
2.3s

0.00072s2 + 0.0202s+ 1
· 1

0.0005s+ 1
. (26)

There is a resonance peak at 7 Hz in the open-loop bode
response which is not conductive to the controller design of the
position loop. Therefore, a gyro-assisted velocity loop is firstly
used to transform the transfer characteristics. In the velocity
closed-loop bode response, the resonance has been eliminated
with a bandwidth of over 100 Hz, so V ≈ 1 is reasonable in a
wide frequency domain. Then, the position object of the system
can be treated as an integral process companied by delay with
G̃p = V

s e
−τs ≈ e−0.02s

s .
Generally, the model error of the time delay can be roughly

obtained by measuring in advance according to the different
background complexity. In this experiment, the uncertainty of
the delay is set to 50%. Before adding DCCC, the position
controller of the classic SP can be designed as Cp = 1/Δτ =
1/(τ · 50%) = 100 according to the SP’s stability condition.
For the DCCC structure, according to the optimal parameters
conditions, the parameters of the feedback and feedforward
controllers can be designed as k = 1

T = 50.
The Kalman filter prediction is designed according to the steps

described previously. The variance of the process noise and the
variance of the observation noise are respectively selected as
Ik−1 = 1 and Jk = 0.01. In order to verify the prediction effect,
Fig. 8 shows the comparison of different frequency signals
before and after prediction. Below 1 Hz, the phase attenuation
of the synthesized signal r is compensated well and the signal
after prediction almost coincides with the reference signal. In 2
Hz, the phase attenuation can only be compensated partially, but
it will also bring a slight distortion of the amplitude. It means
that the method of trajectory prediction is more suitable for use
in low frequency bands.

To illustrate the advantages of the proposed DCCC over
the SP, several characteristic curves of the ETF with different
ways are shown in Fig. 9. It can be seen that although the
classic SP control can improve the tracking performance in the
low-frequency band compared with the dual-loop control, the
improvement is still insufficient. When the trajectory prediction

Fig. 8. The trajectory signal before and after prediction.

Fig. 9. The comparison of the error transfer characteristics.

is added, the tracking performance of the system within the
bandwidth of Kalman filter is significantly improved. The dete-
rioration of the high-frequency tracking performance is caused
by the poor performance of the trajectory prediction in this
frequency range. After the velocity feedforward is added to the
system to form the DCCC method, the tracking performance
is significantly improved below 4Hz, which is consistent with
the calculated optimal frequency band ω ≤ 1

4Δτ ·2π ≈ 3.98Hz.
In summary, compared with SP, the DCCC method could greatly
improve the low-frequency tracking performance. Although the
performance of some high-frequency bands has deteriotated, it is
still acceptable because signals concentrate on low frequencies
and the loss of high frequency performance is relatively small.

Fig. 10 exhibits the comparision of the time-domain residual
errors in different frequencies between the classical SP and the
proposed DCCC. Obviously, the accuacy of the system with
DCCC is higher than it with SP at low frequencies, which is
completely consistent with the above frequency-domain analy-
sis. Figs. 11 and 12 show the trajectories and errors of tracking
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Fig. 10. The comparison of residual tracking errors in different frequencies.

Fig. 11. The tracking trajectories with different methods.

Fig. 12. The tracking errors with different methods.

a maneuvering target on one axis with SP and DCCC methods,
respectively. Obviously, after adopting the DCCC method, the
tracking ability has been greatly enhanced, and the tracking error
has been significantly reduced.

VII. CONCLUSION

This paper proposes a DCCC method based on an improved
SP scheme by trajectory prediction and velocity feedforward.
Different from the classic SP control which can partially promote
the system’s control performance by separating delay from the
loop, the proposed DCCC can not only continue to eliminate
the effect of the separated delay, but also improve the system’s
transfer characteristics to the greatest extent. That is, the pro-
posed DCCC controller approximately completely compensates
the negative impact of the delay on the system, and maximizes
the tracking performance of the system. Experiments show that
DCCC can greatly improve the tracking accuracy in the low fre-
quency domain where the target signal is mainly concentrated.
Since this method is only based on simple models and is esay
to implement, it also has a good application prospect in other
industrial control with time delay. The combination of SP and
multiple feedforward is promising and challenging for our next
work.
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