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The existence of time-delay in active power filter (APF) has a great influence on its stability and performance. Hence, this paper
deals with the problems of solving the delay margin, the maximal delay which allows the closed-loop system to retain stable, and
minimizing the performance index for a given Hoo controller. Firstly, for the given time-delay system and controller, a Lyapunov-
Krasovskii functional is used to derive a delay-dependent stability criterion. And a modified Lyapunov-Krasovskii functional is
used to obtain less conservative results. Secondly, the mathematical model of APF with time-delay is built, and the two problems
already mentioned can be dealt with via transforming them into one of the basic problems of linear matrix inequality (LMI). Finally,
the relationships between the delay stability margin and some parameters have been investigated, and the performance index has
been discussed in considering time-delay. The effectiveness of the proposed method is verified by simulation studies.

1. Introduction

In recent years, electrical distribution systems have been
suffering from increasing harmonic propagation generated by
nonlinear loads. These nonlinear loads draw nonsinusoidal
currents from the utility, causing interference with the near
sensitive loads and limiting the use of the available electrical
supply. The quality of the electrical current thus becomes a
significant concern for the distributors of energy and their
customers [1].

Different mitigation solutions have been proposed and
used, involving passive filters, active power filters (APFs),
and hybrid active-passive filters. In general, APFs can be
connected in series or in parallel to the nonlinear loads.
Shunt active power filters are the most widely used solution.
Recently, much work has been done in this area. The key
research directions about APF contain topological struc-
ture, control strategy, compensation characteristics, resonant
depression, harmonic current detection method, and con-
troller design, and so on [2-5]. However, the time-delay in
APEF is less.mentioned, and sometimes.it.cannot be ignored,
even if the time-delay is very small [6]. From the point view
of stability analysis, it is important to find the maximal delay

time, defined as a delay stability margin, under which an
APF system with time-delay can retain stable. In [7], time-
delay has a great influence on the stability of APF, but the
delay stability margin has not been discussed. The time-delay
is an important issue that needs careful treatment to avoid
poor performance or even possible instability of the closed-
loop system [8]. Therefore, the issue of stability of time-
delay systems has been widely considered (see, e.g., [9-12]).
They can be divided into two classes: delay-dependent and
delay-independent. In general, the delay-dependent stability
criterion is less conservative than the delay-independent
criterion when the size of delay is small.

In this paper, we will deal with the problems of solving
the delay margin and minimizing the performance index for
a given Hoo controller. In order to obtain less conservative
results, a modified Lyapunov-Krasovskii functional is used
and a new criterion is obtained. Then the two problems
already mentioned can be dealt with. The relationships
between the delay stability margin and some parameters
have been investigated, and the performance index has been
discussed in considering time-delay.

The notations used in this paper are as follows: R"
denotes the real vector space of dimension n; R™" is
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the set of all m x n real matrices; A” denotes the transpose
of matrix A. For symmetric matrices A and B, the notation
A > B (A > B) means that matrix A — B is symmetric
and positive definite (symmetric and positive semidefinite);
I is an identity matrix of appropriate dimensions; The
notation | - ||, stands for the usual L,[0,00) norm. For an
arbitrary matrix Z and two symmetric matrices P and Q,
the symmetric term in a symmetric matrix is denoted by #;

that is,
a2 o) g

2. Two Stability Criteria

In this section, we will establish two stability criteria. The
following lemmas are useful in deriving the criteria.

Lemma 1 (see [13]). For any constant matrix Z € R™", Z =
Z% > 0, scalar h > 0, and vector function x : [-h,0] — R",
such that the integration in the following is well defined; then

t T .
—hJ x (s)Z x (s)ds
-h

- xé(—h)T _Z ~Z||x@t-h)|"
Leitn] [7 2]

Lemma 2 (see [14]). For the symmetric matrix

)

s=8"= [S*H gﬂ , SeR", S8, eR(r<n), (3)

the three conditions are equivalent to each other:
(1) S<0;
(2) 811 <0, S, = SLSS1, < 0;
(3) S22 < 0, Sy = 81,5, 81, < 0.

Consider the following time-invariant system with the
input delay and disturbance:

x(t)=Ax({t)+Bu(t-1)+w(t),

z(t) =Cx(t), (4)
X0 =¢(1), Vtel-r0l,
| " Owwad <o, )
that is,
w(t) € L, [0,00), (6)

where x(t) € R" is the state vector, w(t) € R" is the
disturbance vector, u(t) € R” is the control input, z(t) € R" is

e e e constant matrices
stant delay, and

—
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For a given Hoo controller,
u(t) = Kx(t), 7)

where K is the state feedback gain matrix to be given.
For the controller (7), it satisfies the following two
conditions:

(1) the closed-loop system is asymptotically stable;

(2) the closed-loop system guarantees, under zero initial
condition, [|lz(t)[l, < ylw(t)l, for all nonzero w(t) €
L,[0,00) and some performance index constant y >
0.

Then the system (4) with the given controller is rewritten

as
x()=Ax(H)+Bx(t-1)+w (),
z(t)=Cx (1), (8)
x(t)=¢ (), Vte[-1,0],
where B = B, K.

We have the following result.

Proposition 3. For a given scalar T > 0, the closed-loop system
described by (8) is asymptotically stable with Hoo performance
indexy > 0 for any given T, if there exist real symmetrical nxn
matricesP =P >0,Q=Q" >0, and Z = Z* > 0 such that
Q = Q" <0, where A, B, and C are constant matrices, A = °,
and

ATP+PA+Q-2Z+C'C PB+2Z P tA'Z

O~ * -Q-z 0 1B'Z
* * Al tZ

* * * —Z

)

Proof. Choose a Lyapunov-Krasovskii functional candidate
as [15]

V(t,x,) = x" (t) Px (t)

t
4 T () Qx (s) ds (10)

t—7

+ JO Jt kT (s)7Z x (s) ds db,

-7 Jt+6

where x, is defined as x, = x(t + 0), for all 0 € [-7,0], and
P=P">0,Q=0Q" >0and Z = Z" > 0 are matrices
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to be chosen. Taking the derivative of V (¢, x,) with respect to
talong the trajectory of (8) yields

V(6 x,) = [akT (t) Px(t) + 5" () P (t)]

+[x" O Qx () - x" (t - 1) Qx (t - 7)]

t

+ [TZXT MOZx@t)-1 J; 5cT () Z x (s) ds]

=x" (1) (ATP+PA+Q)x (1)
+x7 () PBx (t - 1) + x* (t) Pw (t)
+x  (t-1)BPx(t) - x" (t-1)Qx (t - T)
+wl () Px () + % (£)Z % ()
t T 3
—TJ x (s)Z x (s)ds.
t—T
(11)

Use Lemma 1 to obtain

to.r .
—TJ x (s)Z x(s)ds

xt) 1"'[-z Zz1[ x@
S[x(t—'r)] [Z —Z] [x(t—r)] (12)
=—xT () Zx(t) +x' (t) Zx (t - T)
+xl (-1 Zx ) —xT (t-1T) Zx(t-T).

Then, the following holds:

V (t.x,) <x" (0) (ATP+ PA+ Q- Z + T ATZA) x (1)
+x" (t)(PB+Z+7*A"ZB) x (t - 1)
+x" (1) (P+ AT Z)w(t)
+x"(t-7)(B'P+Z+7T°B"ZA) x (t)
+x" (t-1)(-Q-Z+7°B"ZB) x (t - 1)
+ 2% (t- 1) BT Zw (1)
+w’ (t) (P+7T°ZA)x (t) + T*w" (t) ZBx (t - 1)

+ 72w (1) Zw (t).
(13)

Assuming zero initial condition, we have V (t, x,)|,—, = 0.
Consider the following index:

®]de. (14

Then, for any nonzero w(t) € L,[0, co) there holds

Jow < LOO [" 1) z(t) - y'w" (Yw(®)]dt

+V (t’ xt) oo =V (t’ %) li=o
o0 (15)
- J (27O z() -y O w®) +V (£ x,)] dt
0
(]
< J r’o,rdt,
0
where I'T = (xT (), xT (t - 1), w" (¢)) and
¥, PB+Z+7°ATZB P+7*A"Z
Q=| % -Q-z+*B'zB *B'zZ |,
* * —yZI +72Z (16)

¥, =A"P+PA+Q-Z+C'C+7T?ATZA.

When only considering the stability of the closed-loop
system (8), we can assume the disturbance input is zero; that
is, w(t) = 0, and if the matrix (), is negative definite, we can
obtain V (t, x;) < 0 and the asymptotic stability of system (8)
is established. When w(t) € L,[0,00) and Q; < 0, then we
can obtain J,,, < 0, and therefore ||z()|, < ylw(®)l,.

We know

[W,, PB+Z+1*ATZB P+1°ATZ
Q=| % -Q-z+*B"ZB *B'Z
| * * —)/21+TZZ
W, PB+Z P | TJAT
=+ -Q-z 0 |+|B'|7Z[A B I
I ] L
W, PB+Z P
|+« -Q-z o 7)
[ * ]
TATZ
+|tB"Z | (-2)"" [t1ZA 1ZB 1Z]
17

* —Q-2Z 0
—VZI

¥, PB+Z P
~¥,(-2)""],

* *

where Z = 2T > 0,¥, = ATP+ PA+ Q- Z +C'C, ¥/, =
[tZA 1ZB 1Z]

¥, =A"P+PA+Q-2Z+C'C,
(18)
¥ =[tZA 1ZB 1Z].

From the Schur complement (Lemma 2), Q); < 0is equivalent
to QO < 0. This completes the proof. O

Proposition 4. For a given scalar T > 0, the closed-loop system
described by (8) is asymptotically stable with Hoo performance
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indexy > 0 for any given 7, if there exist real symmetrical nxn
matricesP =P >0,Q=Q">0,Z=2">0,W=wW" >0,
S, =81, and$,, = SZZ such that

Sll 812
s={ ., >0, (19)
SIZ 822
o= <o, (20)
where
®,, O, PB+Z P %-ATW tA"Z
¥ @, -S, 0 0 0
« % O, 0 —B'W 1Bz
Q= 2 ,
T
* * * Al EW 17
% * * * -W 0 (21)
* * * * * -7

®,=A"P+PA+Q+S,,-W-Z+C'C,

O, =W+, Dy =8,-8,-W,

Dyy=-$,-Q-2, A=y
Proof. Choose a new Lyapunov-Krasovskii functional candi-
date as follows [16]:

V(t,x,) = x" () Px (t) + r

x! (s)Qx (s)ds

0t p )
+ I I x (s)TZ x (s)dsdO
-1 Jt+6

t (22)
+ I yT (s)Sy (s)ds

t—(1/2)

0 t oo o
+ J J x (s)=W x (s)dsdo,

—1/2 Jt+0 2

where x, is defined as x, = x(t + 0), for all 6 € [-7, 0], and

p=pP'>o, Q=Q'>o0, z=7>o,
w=wT>o,
S, S (23)
S=8T=<11 12)20,
S’fZ SZZ

yT(s)z <xT(s) xT<s—g)).
The later proof is omitted due to the fact that it is much similar
to the proof of Proposition 3. O
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F1GURE I: Circuit configuration of shunt active power filter.
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FIGURE 2: Equivalent circuit topology of the A phase.

other words, the performance index y can be considered as a
variable, not a given constant in the two propositions.

Remark 6. The choice of the Lyapunov-Krasovskii functional
is very important to the conservation of the derived results.
When we uniformly divide the delay interval [-7,0] into
two subintervals [-7, —7/2] and [-7/2, 0], we obtain the new
functional in Proposition 4. Similarly, if we uniformly divide
the delay interval [-7,0] into N subintervals and N is a
positive integer, the derived result has less conservation for
a bigger N by using the obtained functional. However, as N
increases, testing the result is much time consuming. One can
employ the result in the case of N = 2 (Proposition 4) for the
tradeoff between better results and time consuming ones [16].

3. Mathematical Model of
APF with Time-Delay

The circuit configuration of shunt active power filter con-
sisting of a filter inductor in series with PWM inverter is
shown in Figure 1. Assume the three-phase source voltage
is symmetrical and the equivalent circuit topology of the
single phase is shown in Figure 2. Source voltage, source
current, load current, filter side current, and the output
voltage of inverter are represented by e,, is,, i1, ip,> and ug,,
respectively.
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Basic equation of this circuit is derived by Kirchhoff’s
voltage law:

Lip, = e, — Rig, — tig,. (24)

And the equations of the other two phases are similar.
When the control delay is considered and 7 stands for the
total delay, then

LiFahc (t) = €abc (t) - RiFabc (t) ~ UFabc (t - T) > (25)
where
. . . .\
tFabe = (lFu’lFb’ IFC) >
T
€apc = (ea’ eb>ec) > (26)

T
UFabe = (uFa’uFb’ ch) .

Using ParK’s transformation to (19), the three-phase quan-
tities are transformed into a synchronous rotating reference
frame. The general transformation matrix is

Cabc —dq (t)

2 2
coswt cos (wt - 57‘[) cos (wt + 57‘[)

3 2 2
sinwt sin (wt - 571) sin (wt + 571)
(27)
and qu — abc(t) = CZbc - dq(t)'

Then we obtain the transformed model in the syn-
chronous orthogonal rotating frame as follows:

i'Fd _ ipg upy (t - T)] [ed]
|:;Fq A[in] +B() [”Fq(t_T) * e;]’ (28)
where
R
-—— -
A= L R |
°L (29)

1 [cos wT —sin wr]

B(t)=-—=|_.
L |sinwt coswt

Note that iFd = iFfd + ith, in = lqu + ith; then

|:1:Ffd tipna | _ 4 [trrat IZth]
ipfq + ith lFf‘] + thq
L B() Uppg (£ = T) + tippg (£ = T) eq
Upfg t-1)+ Uppg (t-1) €]’

(30)

where the fundamental frequency component of filter current
in the : ati ame and the rele-

by 'rfd> 'Ffgq> YFhd>
e similar.

—

Here the output voltage function of inverter is chosen as

(4]
up = Kig, +e, (31)

where K > 0.
The system (30) is a linear system, so it satisfies superpo-
sition principle: The last equation can be rewritten as follows.
(1) Only consider the fundamental frequency component,

uFf =e,

[urpa urg] =[ea e] = [E 01,

(32)
|:’:Ffd —A [I:Ffd] +B (1) [ufd (t —T)] N 1 [ed] ‘
iFfq 'Ffq up (t=1)] L leg
The last equation above can be rewritten as
_ o |ra E| 1|E
O_A[ipfq]+B(T)[0]+L[0 . (33)
This implies
R
ipgg| _  EL T 9| [1-coswr (34)
ipfg] R+w?l?|, R —sinwr

L

In other words, the fundamental frequency component of
filter current exists because of the time-delay.
(2) Only consider the harmonic frequency component.

ipnd | _ 2 [{th] L B(7) [uhd (; - T)] ‘ (35)
iFhg ipng Upg (t—T)
The equilibrium point is as follows:
ok o T . . T
[1th ’th] = [_thd - thq] . (36)
The error model is obtained:
[’fﬁd :A[?hd] +B(r) | g:g rw(),  (37)
Ishg Shq L %hq

where

w(t) = [%Lhd- A |:iLhd:|’

thq

irhd | (38)
Upy = KiSh'
Then (37) is rewritten as
x(t) = Ax () + B@OKx(t—1) +w(f),
(39)

z(t) = Cx (1),

where the state variable x(t) = (ig,y iShq)T and z(t) is the
controlled output. Matrix A, B(t), and w(t) are defined in (29)
and (38), C = diag((K, + R)/L, (K, + R)/L) because of the big
disturbance w(t), and K| is a given constant.

Then the two problems above can be dealt with by
converting them into the following optimization problems.
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Problem 1. If we only consider the stability of the APF system,
delay stability margin can be solved as follows:

maximize T
subject to Q<0 (® <0 for Proposition 4),

P=pP">0, Q=Q" >0,

z=2">0, A=9>>0,
(S =" >0, W =W" >0 for Proposition 4).
(40)

Problem 2. For the given controller and time-delay 7, the
relationship between the time-delay and the controller per-
formance can be described by the performance index y > 0
as follows:

minimize A =y’
subject to Q<0 (® <0 for Proposition 4),

P=pP">0, Q=Q" >0,

Z=ZT>O, )L=y2>0
(S =" >0, W =W" >0 for Proposition 4).
(41)

These convex optimization problems can be transformed
into one of the basic problems of linear matrix inequality
(LMI) and solved by using feasp function.

4. Simulation Analysis

In this section, the two problems already mentioned will be
discussed separately, and the MATLAB software is used as
the simulation and calculation software. We assume that the
three-phase source voltages are symmetrical. A typical three-
phase rectifier is adopted as the nonlinear loads. In the filter
side, R = 0.2Q, L = 7.5mH, K = 100, and f = 50 HZ; then
w = 27nf and K, = 100.

Figure 3 shows the simulation results of source current
and its harmonic component when K = 100, and Figure 4
shows the simulation results when K = 50, under the
circumstance of not taking the delay into account. From the
comparison of Figures 3 and 4, we know that if the time-delay
is omitted, the value of K is bigger, the harmonic current is
smaller, and the filtering action is better.

4.1. The Analysis of Delay Stability Margin. Firstly, we only
consider the stability by using the method in Problem 1
and then analysing the relationship between delay stability
margin and some parameters.

iJA

ig /A

iJA

il A
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F1GURE 3: K = 100.
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FIGURE 4: K = 50.

0.45

The basic steps are described as follows:

(1) choose a computed precision € and assign it to 7 as its
initial value;

(2) check whether the LMIs are true. If true, jump to step
(3); else stop;

(3) if7, = 7,7, = 27, then 7 gets its new value of 7,. Check
the LMIs again until the result is false;

(4) assign the value of (7, +1,)/2 to T and check the LMIs.
ifitis true, 7, = 7; else 7, = T until (1, — 7,)/2 < &

(5) hereifthe value of 7, is the delay stability margin, then
stop.
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TaBLE 1: The computed value of the delay stability (K = 100, L =
7.5 mH).

Tmax/ 43
Proposition 3 105.43
Proposition 4 114.73

TABLE 2: The calculated value and fitted value for different values of
K, (L = 7.5mH)

Tonax/ S K=20 K=60 K=100 K=140 K =180
Calculated value 571.46  191.12 114.73 81.961 63.751
Fitted value 574.00 19133 114.80 82.000  63.778

Taking the above example, for example, and ¢ = 1009,
the delay stability margin is obtained by employing Proposi-
tions 3 and 4. The results are listed in Table 1.

Results in Table 1 show that the delay stability margin
calculated by Proposition 4 is bigger (114.73/105.43 =~ 1.0882).
In other word, the derived result by Proposition 4 is less
conservative.

Then, the relationships between the delay stability margin
and some other parameters will be investigated.

4.1.2. Delay Stability Margin with Parameter Variation.
Firstly, L = 7.5 mH is fixed, the value of K is increasing from
10 to 200 steadily, and the interval is 10. The results are shown
in Figure 5 and Table 2 by using Proposition 4. When the
other parameters are invariant and the value of K is bigger,
the filter action is better. However, the delay stability margin
is smaller and is in approximate inverse proportion with K,
so we can employ the fitted curve with an inverse proportion
functional. The result is

0.01148
Tmax = K

The fitted values of some points are listed in Table 2. A
good fit is obtained, with the mean deviation between the
calculated and fitted values being less than 1%.

Secondly, K = 100 is fixed, the value of L is increasing
from 0.75 mH to 15 mH steadily, and the interval is 0.75 mH.
Figure 6 shows the results. When the value of filter inductance
is increasing, the delay stability margin is changing in
approximate proportion, so there is a proportion functional
to fit the calculated values. The result is

, (if L=7.5mH). (42)

Ty = 0.01529 % L, (if K = 100). (43)

The fitted values of some points are listed in Table 3.
A good linear fit is also obtained, with the mean deviation
between the calculated and fitted values being less than 1%.

Finally, the value of K is increasing from 10 to 200 steadily
and the interval is 10; at the same time, the value of L is
increasing from 0.75 mH to 15 mH steadily and the interval
is 0.75 mH. The number of the group (K, L) is 400. Noting
(42) and (43), the estimated curve between the delay stability
and the group (K, L) is obtained as follows:

(44)

1200

1000

800

600

Tmax (”S)

400

200

O~ Proposition 3
—%— Proposition 4
O  Fitted value

FIGURE 5: The relationship between the delay stability and K (L =
7.5 mH).

250

200

50

L (mH)

--©O- Proposition 3
—— Proposition 4
O Fitted value

FIGURE 6: The relationship between the delay stability and L (K =
100).

where the value of « is 1.5298 for Proposition 4 and 1.4057 for
Proposition 3.

Taking the calculated and estimated values by using
Proposition 4; for example, there are ten typical groups listed
in Table 4, where (a, b) stands for the group (a * K0,b = L0),
and KO = 10, L0 = 0.75 mH. The estimated values are very
close to the calculated values, and the mean deviation of them
is less than 1%.

4.2. The Relationship between the Time-Delay and the Con-
troller Performance. The relationship can be described by

www.manharaa.com



TABLE 3: The calculated value and fitted value for different values of
L, (K = 100, L0 = 0.75 mH).

Tonax/ S L=2%L0 6+«L0 10+L0 14=%L0 18 L0
Calculated value 22.984 68.893 114.73 160.49 206.19
Fitted value 22.935 68.805 114.68 160.55 206.42

TABLE 4: The calculated value and estimated value for different
groups (K, L).

T U 6,2)  (6,6) (610 (614 (10,6)

Calculated value 38320  114.82 19112 26722  68.893
Estimated value 38.245 114.735 191225 267715 68.841
Relative error ~ 0.20%  0.074% 0.055%  0.19%  0.075%
T U (10,14) (14,6) (14,10) (14,14) (14,18)
Calculated value 160.490 49207 81961 114.68 14738

Estimated value 160.629 49172 819536 114.82 147516
Relative error ~ 0.087%  0.071%  0.01%  0.2%  0.093%

the performance index y, and the derived method has been
showen in Problem 2. Similar to the procedure of the delay
stability margin, we define 7 = 1/A = 1/y” then we can obtain
the minimum performance index y by maximizing the scalar
7 in the given time-delay and controller.

We consider the three kinds of case: without time-delay,
a smaller time-delay and a bigger time-delay, that is, 7 = 0 us,
T = 20 us, and 7 = 80 ps. The results are shown in Figure 7
by using Proposition 4 because of the less conservatism, and
K is increasing from 10 to 140 steadily and the interval is 10
for each given time-delay. Similarly, we choose three different
gains K to describe the relationship between the time-delay
and the performance in Figure 8.

It can be seen from Figure 7 that when there is no time-
delay on input; that is, 7 = 0 s, the performance is better as
the increase of K. The result is similar to the smaller time-
delay. However, when the given time-delay is near to delay
stability margin, in other words, the time-delay is bigger, the
performance is worse than the middle value of K, so a bigger
gain is not necessary for a serious time-delay. From Figure 8
we can obtain the similar results. Besides, it is observed clearly
that the performance is worse as the increase of the time-delay
for all gains and the influence for a small gain is less than the
one for a big gain.

5. Conclusion

This paper has investigated the delay-dependent stability of
APF and the influence on the performance in considering
time-delay. After preliminary analysis of the relationships
between the delay stability margin and some other param-
eters, the result can be estimated by (44) and the estimated
values show good agreement with the calculated values. How
to obtain a bigger value of « in (44) will be further considered.
The delay stability margin can be used as a design objective to

ide the selection of different parameters. The time-delay is

Mathematical Problems in Engineering
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FIGURE 7: The relationship between the gain K and the performance.
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FIGURE 8: The relationship between the time-delay and the perfor-
mance.

When the actual time-delay is small, a bigger gain can be
chosen to get a good performance. Otherwise, a middle gain
can be chosen for a bigger time-delay.
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