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Abstract: In this paper, the phase lead by the general phase-lead compensator is analyzed, and
a criterion of its parameters selection is proposed. In order to get the relatively large time-interval
prediction for stochastic signal, two types of differentiator-predictors are presented to estimate fu-
ture signal and its derivatives: linear high-gain differentiator-predictor and nonlinear differentiator-
predictor. Furthermore, a nonlinear extended differentiator-predictor is designed for future estima-
tion and chattering rejection. The stability analysis of differentiator-predictors is described in time
domain. The iterative transfer function method is proposed to analyze the robustness in frequency
domain, and the rules of differentiator-predictor parameters selection are presented. The analysis
shows that the nonlinear differentiator-predictor has stronger adaptability and robustness than the
linear high-gain differentiator-predictor. Simulations demonstrate the effectiveness of the proposed

methods.

Keywords: Phase-lead compensator, (extended) differentiator-predictor, future signal and its
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1 Introduction

This paper focuses on the problem of prediction of future signal and its derivatives for stochastic
signal. Estimation of future signals is important for many applications, for examples, future tra-
jectory prediction for missile interception (Akcal & Ure, 2017), short-term stock prediction (Weng,
Lu, Wang, Megahed, & Martinez, 2018), et al. Figure 1 shows the future trajectory prediction
for missile-interception system. As the speed of attack missile is very fast, the usual methods of
real-time interception control need the motion of defense missile much faster and more flexible. In
order to get the timely interception, the prediction of future position, velocity and even acceleration
of the attack missile is necessary. Moreover, the prediction can relieve the speed-maneuverability
requirement for defence missiles. Many times, for prediction, no model information of the attack
missile is provided. Therefore, for the interception control system, not only the future position of
attack missile needs to be determined, but also its future velocity and acceleration are necessary

under condition that the model of attack missile is unknown.

In fact, the implementation of future prediction is to make signal phase in a required lead.
The simplest approach for signal prediction is the phase-lead compensator (Franklin, Powell, &
Emami-Naeini, 2014; Han, Lee, & Kim, 2018; Kikuuwe, Kanaoka, Kumon, & Yamamoto, 2015):
a proper transfer function is used to make the signal phase in lead, and the future prediction can
be implemented. However, for the phase-lead compensator: 1) it is only fit for very short time-
interval prediction; 2) low accuracy due to large approximations; 3) the derivative of current signal
should be known; 4) the method cannot provide the derivatives of future signal; 5) no robustness to

high-frequency noise from the frequency characteristic; 6) the parameters selection is not explicit.

For a signal, the Padé approximation can generate a time lag, but not a time lead (Glader,
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Figure 1. Future trajectory prediction for missile interception

Hoegnaes, Maekilae, & Toivonen, 1991; Pekai & Kureckova, 2012). If the Padé approximation is

used for signal prediction, it will become unstable because a positive pole exists in the system.

Not only the future signal is important, but also the derivatives in the future are necessary
for many systems. There are many works on state observers for estimate of unknown states or
derivatives (Boukal, Darouach, Zasadzinski, & Radhy, 2017; Hansen, Johansen, Sokolova, & Fos-
sen, 2019), and extended state observers for estimate of system uncertainties (Pu, Yuan, Yi, &
Tan, 2015; Sanz, Garcia, Fridman, & Albertos, 2018; Stankovi¢, Rapaié, Manojlovi¢, Mitrovié,
Simi¢, & Naumovié, 2019). However, for the above observers, the system models are inevitably
required. The differentiators can provide the derivatives estimate without considering of system
model (Ahrens, & Khalil, 2009; Khalil, 2017; Khalil, & Priess, 2016; Ibrir, 2004; Levant, 1998; Lev-
ant, 2003; Levant, & Livne, 2018; Levant & Yu, 2018; Moreno, 2018; Obeid, Fridman, Laghrouche,
Harmouche, & Golkani, 2018; Wang, Chen, & Yang, 2007; Wang & Lin, 2012; Wang & Shirinzadeh,
2014). However, the above observers and differentiators can only estimate the current states and

derivatives.

Some observers with phase-lead compensation can provide the estimate of future derivatives
under condition that the system models are known (Ahmed-Ali, Giri, Krstic, & Kahelras, 2018;
Chakrabarty, Fridman, Zak, Buzzard, 2018; Kader, Zheng, & Barbot, 2017).

In this paper, first, a general phase-lead compensator is designed, and the criterion of its param-
eters selection is proposed. Interestingly, the popular phase-lead compensator (Franklin, Powell,
& Emami-Naeini, 2014) is the special case of this general compensator. Second, the phase lead
and future derivatives estimation are considered simultaneously, and two types of differentiator-
predictors are presented respectively for stochastic signal without considering of system model:
linear high-gain differentiator-predictor and nonlinear (extended) differentiator-predictor. The pro-
posed differentiator-predictors have the iterative structure, and each iteration step can estimate the
corresponding future signal and its derivatives. At the final step, the future signal and the deriva-

tives in large phase lead will achieve.

In the presented differentiator-predictors, the linear or nonlinear differentiators are adopted as the
elements. When the linear differentiator is used in the proposed iterative differentiator-predictor, its
gains tend to infinity (Ahrens & Khalil, 2009; Khalil, 2017; Khalil & Priess, 2016; Ibrir, 2004). First,
the selection of large gains makes the bandwidth very large, and it is sensitive to high-frequency
noise. Second, peaking phenomenon happens. It means that the maximal value of system output

during the transient increases infinitely when the gains tend to infinity. Adversely, the peaking



effect becomes worse when an iterative algorithm is used for the linear differentiator-predictor. For
the nonlinear differentiators, the gains do not need to be very large (Levant, 1998; Levant, 2003;
Levant & Livne, 2018; Levant & Yu, 2018; Moreno, 2018; Obeid, Fridman,Laghrouche, Harmouche,
& Golkani, 2018; Wang, Chen, & Yang, 2007; Wang & Shirinzadeh, 2014; Wang & Lin, 2012). Thus,
the peaking effect can be avoided. Importantly, through selecting the suitable gains, the bandwidth
of the nonlinear differentiator can match that of the predictor in the differentiator-predictor, and
its strong robustness can reject the predictor drift with frequency increasing. Although the sliding
mode differentiator plays an important role for derivatives estimate (Levant, 1998; Levant, 2003;
Levant & Livne, 2018; Levant & Yu, 2018; Moreno, 2018; Obeid, Fridman, Laghrouche, Harmouche,
& Golkani, 2018), it is not very fit for the iterative differentiator-predictor design. In fact, the
existence of switching function makes the serious chattering happen in the highest-order derivative
estimate, although no chattering exists in lower-order derivative estimates. When the high-order
sliding mode differentiator is used in an iterative algorithm, the chattering effect will be amplified
adversely. Accordingly, the chattering in the iterative differentiator-predictor will contaminate the
estimate outputs. The continuous nonlinear differentiators can provide continuous, accurate and
smoothed estimations (Wang, Chen, & Yang, 2007; Wang & Shirinzadeh, 2014; Wang & Lin, 2012).
In the experiments on helicopter estimation and control (Castanieda, Plestan, Chriette, & Ledén-
Morales, 2016), the continuous nonlinear differentiator (Wang & Lin, 2012) was compared with the
standard sliding mode differentiator (Levant, 1998). The advantage of the continuous nonlinear
differentiator is the reduction of high frequency oscillations with respect to classic discontinuous
differentiators, and the system gains are also bounded. Therefore, the continuous structure of
nonlinear differentiator with bounded gains is more fit for the iterative algorithm in the presented

differentiator-predictor.

In this paper, the iterative transfer function method is presented to analyze the frequency char-
acteristic of the differentiator-predictor. According the input signal information, the differentiator-
predictor parameters (including the gains, the prediction time interval and number of iteration

steps) are analysed, and a theorem of the parameters selection is proposed.

2 Analysis of future signal prediction

We are interested in designing a signal prediction method to estimate the future signal f (t + A)
and its derivatives fU) (t + A) according to the current stochastic signal f (t), even system model is
unknown, and the large future time interval A is required. Figure 2 shows that the future estimate

and the signal phase leading are equivalent.

i
I
|

9
T
I
I
i
I
i
i
i

ot A
;

Current Future

v

Figure 2. Future prediction scheme



From Figure 2, after phase leading, we can observe f (t + A) at the current time ¢, where, f (t + A)
is the signal value at future time ¢ + A. It means that the phase lead can implement the future

signal prediction.

In the following, a general phase-lead compensator including the criterion of parameters selection
will be presented, and the popular phase-lead compensator (Franklin, Powell, & Emami-Naeini,
2014) is the special case of this general compensator.

2.1 Phase-lead compensator

Lemma 1: Considering a stochastic signal f (¢) and a time lead A € (0,1), for the phase-lead

compensator

Y(s) 1+as
F(s) 1l+ass

(1)

if the ay € (0,1) is selected as small as possible, and the following relations hold:

a; =as + A (2)
< — L A (3)
> maxw[f (t)]

then, there exists a positive constant L, such that

limy (1) £ (t+A)| < - A (4)

where, f (t) is the input signal, and y (¢) is the system output; F'(s) = L[f (t)] and Y (s) = L [y (¢)];

maxw [f (¢)] is the maximal angular frequency of f (t), and maxw [f (t)] < %.

Proof: The phase-lead compensator (1) can be written in time domain by

B0 ==y O+ F O+ (0 (5)

For the time lead A € (0,1), the reference future signal is f (t + A). The error is defined as

e(t) =y(t) - f{t+A) (6)

Then, considering of derivative approximation and Taylor expansion, the error system is given by

é(t):—alze(t)—Clef(t+A)+CL12f(t)+Z;f(t)—f(tJFA)
= Lo SUEFAZIO) gy faga)
a2 a a2

2

—Lew-2 {f'(t) + 5 jl),N’f@*” <t>} + ) - {f(t) + 30 LA pn <t>}
a9 a9 i—1 1 : a i—1 1.
) fi+o) (7)



where, O (A) = —% ; (Z.J:I)!Aif(i“‘l) (t) — ; LA (1), In order to make the system stable,

and to make the error small sufficiently: i) é is selected as large as possible, i.e., ag is as small
as possible; ii) A € (0,1) is required to be small enough. Furthermore, to make the second term

o - % —1=0in (7), the parameters a; and ag satisfy

a1:a2+A (8)

Importantly, in order to guarantee more useful elements of f (t) go through the compensator

—A.

without distortion, a; is selected such that % > maxw [f (t)]. Then, we can get as < m

Therefore, the system is stable, and the result (4) holds. This concludes the proof. B

Specially, when we define ay = T and a; = a7, the phase-lead compensator (1) can be written
by (Franklin, Powell, & Emami-Naeini, 2014)

Y(s) 1+aTs
F(s) 1+4+Ts

(9)
where a > 1, and T' > 0 is time constant.

Lemma 2: Considering a stochastic signal f (¢) and a time lead A € (0,1), for the phase-lead

compensator (9), if T € (0,1) is selected as small as possible, and the following relations hold:

A
T« Lt A (11)
maxw [f ()]

then, there exists a positive constant L, such that

limly (1) ~ f(t+ A)| < LA (12)
%

where, f (t) is the input signal, and y (¢) is the system output; F'(s) = L[f (t)] and Y (s) = L[y (¢)];
maxw [f (t)] is the maximal angular frequency of f (t), and maxw [f (t)] < %.

Proof: For (1) in Lemma 1, we define

ay =T,a1 = aT (13)

Then, from a; = a2 + A in Lemma 1 and (13), it follows that a = % + 1. In order to guarantee
more useful elements of f (¢) go through the compensator without distortion, a7 selected such that
% > maxw [f (t)]. Then, we can get T' < L @] A. Therefore, the system is stable, and the

max w[f

result (12) holds. This concludes the proof. B

Example 1: Suppose the time lead A = 0.2s, and maxw [f (t)] = 4rad/s. We know that
requirement maxw [f (t)] =4 < x = 5 is satisfied. According to T" < m —-A=02-02=
0.05, we select T = 0.02. Then, a = % +1 = % 4+ 1 = 11, and the transfer function of the

phase-lead compensator is

Y (s) 1+11x0.02s
F(s)  1+40.02s

(14)



The Bode plot of phase-lead compensator (14) is shown in Figure 3.
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Figure 3. Bode plot of phase-lead compensator

Although we can get the criterion of parameters selection for the phase-lead compensator, its
disadvantages include: 1) it is only fit for small phase lead, i.e., A € (0,1); 2) low accuracy due
to derivative approximation and low-order Taylor expansion; 3) from (5), it needs the derivative
information of current signal, i.e., f (t) should be known; 4) it cannot provide the future derivatives;

5) no robustness to high-frequency noise.
2.2 Padé approximation

Can the Padé approximation be used for phase lead? If Padé approximation is used for phase
lead, the transfer function can be given by (Glader, Hoegnaes, Maekilae, & Toivonen, 1991; Pekaf
& Kureckova, 2012)

S

o[>

V() a1
F(s) Tl
where, Y (s) = e*2F (s) i.e., y(t) = f(t+ A). However, a positive pole exists in (15), and the

system is unstable. Therefore, Padé approximation cannot be used for phase lead. In fact, Padé

(15)

S

o>

approximation can only be used for signal lag, i.e., Y (s) = e **F (s) in s domain, and y (t) =

f(t—A) in time domain. The transfer function of a phase-lag compensator is

Y (s) N 1—%8
= S ~ ]‘6
F(s)  ©  ~1+5s 19)

2.8 Estimation by differentiators

Although the differentiators cannot observe the future signal and its derivatives, they can estimate

the current derivatives of signal.

A. Linear high-gain differentiator

Lemma 3 (Ahrens & Khalil, 2009 ): Considering of a stochastic signal f (t) = fo () + d (¢),
where, fo (t) is the desired signal, d (t) is the measurement noise, and sup;>g |d ()| < Lg, for the

differentiator:



X(t)=AX (t)+H(f(t)—CX (1)) (17)

there exist positive constant c¢; and ¢y, such that

Lqg
i — <
%gr(l) | Fo (t) — X (V)| <ec1 + P (18)
and the function ec; + gfﬁl co has the following properties:
1) eci + afﬂlcg has a global minimum at & = [(n — 1) caLg/c1]1/™ def caL;/n, and
. n Lg . ( + o/ n,l)L1/n def ). r1/n (19)
IEII>161 gC1 gn—lcQ = (C1Cq C2/C, d = Ralyy

2) For e > caL}i/ " ecr + Efill co is a strictly increasing function of €, and ecy + Ef—i‘lCQ < kpe, where
ky = c1 + co/cll;

3) Given k > 0, for every Ly € [0, (k/ky)"), there exist &, = €4, (Lg, k) > 0and epy = epf (Lg, k) >
caLCl/", with ¢, < caLtli/n, em < (LdCQn/k})l/(n_l), and limy, yoen (Lg, k) = k/c1, such that

ec + Ef—‘jlcz < k for all € € (e, enm]; where,

(01 0---0] .
5o (#) o (t ks |
00 1 ks
fo (t) xo (T 22 0
Fo(t): . 7X(t): aA: 0 aH: 7C: ) (20)
én—l) (t) 2 (£) : | i% 0
[LEEERETRE 0
the parameters ki, - - -, ky, are selected such that s + k,s" "' + -+ 4+ kos + k1 = 0 is Hurwitz.

Remark 1: For the linear high-gain differentiator (17), in order to make the system stable, the

parameter € should be selected as small as possible. Thus, the peaking effect is inevitable.

B. Nonlinear differentiator

According to the finite-time stability, the nonlinear differentiator can estimate the current deriva-

tives of signal in spite of the existence of the bounded disturbance.

Lemma 4 (Wang & Shirinzadeh, 2014 ): For the nonlinear differentiator:
. kn*j+1 QAp—jil o} 5=
x]_xJ+1+T|f(t)_x1| ! Slgn(f(t)_xl)a ]_17"'7n_1
. k .
b= S | () — | sign(f (8) — 1) (21)

if the disturbance exists in signal f (t), i.e., f (t) = fo (t) + d (t), where fy () is the desired signal,
d (t) is the bounded stochastic disturbance, and supsso|d (t)| < L4, then there exist v > 1 and
I’ > 0, such that, for t > £I" (E(e)e (0)),



_i=1 “p
where, L is the bounded positive constant; d4 = e+ % (

n
21—0tn—i+1 kni+1> e

=1

d¢j € (0,1), 5 =1,---,n; ¢ € (0,1); supt20|fén)(t)| < hy < o0 Lgp = LY when 0 < Lg < 1, and

Lgp = L™ when Ly > 1; ki, -+ -, ky, are selected such that s 4 kns™ 4 4 kos+ Kk =0is
Hurwitz; aq, - - - , o, satisfy
jar+n—j .
g =T (23)

with a; € [0,1); E(e) = diag{l,e,--- ,e "'} ¢j = z; — éj_l)(t), j=1,...,n, n > 2; and
e = [6]_ oo en]T‘
Lemma 5 (Properties of error up-boundness for nonlinear differentiator (21)):

. _izt o (2 . _i=1 def pi=1
The error up-boundness function dg4 = e+ ﬁ (Z 21_0‘7“”1]{:”,”1 e v ="y o+
i=1

j—1
CLZP 5 in (22) has the following properties:

54 has a global mini — (ed=t_pen\Wdet L pan/n g
1) d4; has a global minimum at € = (Cn“/—j-‘rl 7 ) = coL;""", an
. n—Ii=1 =t « 1-4=1) gef a 1—i=1
r€n>161{5dj} = <ca " +cfe,” > (Ldp)( =) de ko (Ldp)( =) (24)

i—1
2) For ¢ > caLgp/n, dgj is a strictly increasing function of €, and d4 < k:bsn_JT, where k, =
(L+1/ch).

ny/o

— ; n—Ii=1 ap —1=1
3) For every Ly € |0, (1/k,)™—+1 |, there exist €41 and €42 , such that 04 = ¢ 7 +cL,’e 7 <
1 for all € € (€41,€42), where, 0 < £, < €42 < 1.
Proof:

(64; i i1l i i1 . . .
1) From (8:] ) = <n - %) e - %CLZY” e T dgj is strictly decreasing for

. (1/n) . . . .,
e < (cmj_ileLg”) def caLgp / " strictly increasing for & > caLg’J / " and has global minimum

S0
at € = caLg”/n when % =0.

i—1 €

e

i—1 ap ap j—1
2) We know that d4 = P +c Ly _ (1 +cL‘iL > "5 . When ¢ > caLg”/n, e > cZLjp.

«@ - -
P n—Ii=1 def n—i=1

i—1
Therefore, dq; < <1 + ccfzgp) S5 = (I+c/ch) e 7 = ke 7.

ny/a _j-1 -1 ap
3) For Lg € [0, (1/ka)m—jfl>, mineso {dg;} = kq (Ljff’)(1 =) < 1. Because "7 +c Ljd%l =1
13
has two solutions at 4,1 < caLg”/n and e,0 > caLgp/n. Therefore, there exist 0 < €, < €40 < 1,
i—1 ap
such that g = S +c I;d;l < 1.
e

These conclude the the properties 1)-3) .

Remark 2: For the nonlinear differentiator (21), the parameter ¢ does not need to be selected
as small as possible because of the sufficiently large v > 1 in the error up-boundness (d4;)” and
d¢j € (0,1). Therefore, no peaking phenomenon happens. Importantly, the differentiator (21) can

reduce chattering effect sufficiently because of its continuous structure, and the estimate outputs



are all smooth.

Remark 3: When a; = 0 is selected, from Theorem 3 in (Wang & Shirinzadeh, 2014), we can
get the high-order sliding mode differentiator (Levant, 2003). For this sliding mode differentiator,

although high-order sliding mode is introduced, the chattering still exists in the output of the

highest-order derivative estimate because of the existence of switching function. If this sliding

mode differentiator is used in an iterative algorithm, the chattering will be amplified adversely.

3 Design of differentiator-predictors

Considering stochastic signal f (t), for the given future time interval A > 0, two types of differentiator-

predictors are designed respectively to estimate future signal and its derivatives fU—1) (t+ A),

j=1,,n.

3.1 High-gain differentiator-predictor

The high-gain technique is used to design an iterative differentiator-predictor to estimate future

signal and its derivatives, and one theorem is presented as follows.

Theorem 1: Considering signal f (t), for system

Xi(t)=AX; () + K (6) C (e Xis1 (1) = X; (1) ; i=1,--- ,m

a constant L > 0 exists, such that

lim | £OD (¢ + A) — 2, (t)) <Le j=1,---,n

t—o00

m
where, A > 0 is the future time interval from the current, and A = >~ A;; A; >0,i=1,---

i=1
m represents the number of iteration steps; the ¢ € (0,1) is the small parameter;

x0,1 (1) w1 (t)
o2 (¢ xio(t
Xo(t) = .() X = Z.()
ZTo,n (t) Lin (t)
(01 0 ---0]
: 1" L
00 1 : 0 kfgl
A= |: 0 C= . K@) =1 °
1 ' k
0 R
nx1 en nx1l
EEERTEREE 0] .

and ki, -- -, kn, are selected such that s™ + k,s" "1 + - + kos + k1 = 0 is Hurwitz.

The proof of Theorem 1 is presented in Appendix.

(28)



Remark 4 (Noise sensitivity and peaking phenomenon): The high-gain differentiator-predictor
provides for the estimations when its gain 1/e tends to infinity. However, the sensitivity to high-
frequency noise increases infinitely. Another drawback of the high-gain differentiator-predictor is
its peaking effect: the maximal transient output increases infinitely when 1/e tends to infinity.

Adversely, the peaking becomes more obvious when an iterative algorithm is used.

Remark 5 (Reduction of peaking phenomenon): For the high-gain differentiator-predictor (25)-

(26), in order to reduce the peaking, the varying ¢ can be selected as follows:

1
S =Ry(1—e??) (30)
g
or
1 1 —e Pt
i - 1
€ Fo 1+ ert (31)

where Ry > 0; p > 0 is a small constant. Therefore, the maximal transient output does not grow

too large, and peaking effect can be reduced to some extent.

3.2 Continuous nonlinear differentiator-predictor

The finite-time stability of continuous systems is adopted to design an iterative nonlinear differentiator-

predictor to estimate the future signal and its derivatives, and one theorem is presented as follows.

Theorem 2: Considering signal f (t), for system

. kn—' fe% - . .
0,5 (t) = 20,541 (8) + TJJH |f(t) = o ()| sign(f (¢) —@oa (1)); j=1,--- ,n—1

Fon () = = [f (8) =z ()™ sign(f (£) — zoa (1)) (32)

Gip ()= — |C (e X;21 (t) — X; (1)) sign (C (e X1 (t) = X (1))); i=1,---,m  (33)

there exist a constant L > 0, e, € (0, 1), time ¢; and v > 1, such that, for ¢ € (e,,1) and t > t,

‘f(J_l) (t + A) — Tm,j (t)‘ < Lenw_j—i_l; j = ]-7 e, Nn (34)
m

where, A > 0 is the future time interval from the current, and A = >~ A;; A; >0,i=1,--- ;m;m
i=1

is the number of iteration steps; ki, - - -, ky, are selected such that s® 4+ k,s" 1 +---+kos+k; =0

is Hurwitz;
jor+n—j |
R L (35)

with o € (0,1); and

10



(01 0 ---0] .
1 xi—11 (1) zi1 (1)
00 1
0 Ti—12(t) xi2 (1)
A= 0 ,C = ,Xio1 (t) = , X () = (36)
: 1 of Tiotn (1) in (t)
ELEERRERRS, 0] e n

The proof of Theorem 2 is presented in Appendix.
Remark 6 (General form of differentiator-predictors):

1) For the differentiator-predictor (32)-(33), if oy = 1 is selected, then high-gain differentiator-
predictor (25)-(26) is obtained. Therefore, the differentiator-predictor (32)-(33) includes the high-
gain differentiator-predictor (25)-(26).

2) Also, for the differentiator-predictor (32)-(33), when a3 = 0, it becomes the usual high-order
sliding mode form. Therefore, the differentiator-predictor (32)-(33) is a general form including

linear high-gain differentiator-predictor and the high-order sliding mode differentiator-predictor.

Remark 7 (Limitation of high-order sliding mode for iterative algorithm): In fact, although the
sliding mode differentiator (Levant, 2003) (when oy = 0 in (21)) can play an important role for
derivatives estimate, it is not very fit for the iterative differentiator-predictor design. The existence
of switching function makes the chattering happen in the highest-order derivative estimate, although
no chattering exists in lower-order derivative estimates. If the high-order sliding mode is used in
an iterative algorithm, the chattering will be amplified adversely, and a vicious circle will happen.
The chattering in the iterative differentiator-predictor will change the estimate accuracy adversely.

Therefore, the case of a; = 0 is not preferred for design of iterative differentiator-predictor.

Remark 8 (No peaking and low chattering for (32)-(33)): First, the continuous structure of
nonlinear differentiator-predictor (32)-(33) can reduce chattering effect sufficiently than the usual
high-order sliding mode. Therefore, the estimate outputs are almost smooth. The continuous
structure is fit for the iterative algorithm. Second, from Theorem 2, the parameter ¢ € (e,,1) does
not need to be as small as possible. Thus, the peaking effect can be avoided. From Lemma 4,
~v > 1 is sufficiently large, and ny — j + 1 > 1 is large enough. Therefore, for any ¢ € (g4, 1), the

up-boundness of estimate errors of the differentiator-predictor is small sufficiently.

3.3 Extended nonlinear differentiator-predictor

In order to reduce the chattering effect more effectively, a nonlinear extended differentiator-
predictor is presented. In (32)-(33), oscillations exist in the last variable of each-step iteration
system. Therefore, we extend the differentiator-predictor (32)-(33) from nth order and m steps
into (n 4 1)th order and m steps. For the extended differentiator-predictor, in each step iteration,
the first n variables are used for estimate outputs, and the last variable only covers chattering

effect. The improved nonlinear differentiator-predictor is presented in the following theorem.

Theorem 3 (Nonlinear extended differentiator-predictor): Considering signal f (t), for system

o (1) =051 (1) + 22 |F (8) — s (6] sign(F (1) — 0. (6); G =1, o
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ot (1= ey 17 () — o1 (1)1°"sign(f (1) — 70, (1) (37)

i (1) = g (0)+ 2 |0 (AN Xy (1) — X ()] sign (O X (1) — X (1)

jzla"'an
ky

-fi,n-i-l (t) = En-i-l ‘C (eAAiXZ'_l (t) — Xi (t)) ‘al Sign (C (eAAi i—1 (t) — Xi (t))) 5 1= 1, e, M (38)

there exist a constant L > 0, ¢, € (0, 1), time ¢, and v > 1, such that, for € € (e4,1) and ¢t > t;

‘f“*” (t+A) =z (t>\ < LTI =1 n (39)
m

where, A > 0 is the future time interval from the current, and A = >~ A;, A; > 0,i=1,---,m;
i=1

m is the number of iteration steps; k1, -+, kp and k41 are selected such that st 4 kpt18™ +

knsn—l + -+ kos + k1 = 0 is Hurwitz;

Jjoart+n+1—j

Oén—j+2: n+1 ,j:1,-~,n+1 (40)
with a1 € (0,1); and
(01 0 ---0] .
00 1 1 Ti-1,1 (t) xi1 (t)
0 Ti-12 (1) xi2 (1)
A= 0 ,C: 7Xi—1 (t): 7)(Z (t>: (41)
1 .
Qcvvvnennnn 0 0 nx1 Ti-1n (1) Tign (1)
- 4 nXn

The proof of Theorem 3 is similar to Theorem 2.

Remark 9: In the extended differentiator-predictor (37)-(38), the variables z; ; (t) (where, j =

l,---,n and ¢ = 1,---,m) are used for estimate outputs, and the variables z;,1 (t) (where,
i = 1,---,m) only cover the chattering effects. Therefore, for the final-step estimate outputs
Zpm,j (t) (where, j = 1,---,n), the chattering effects are reduced sufficiently. Furthermore, it is

easy to see that the (n + 1)th-order differentiator-predictor (37)-(38) provides for a much better
accuracy of the future derivatives than the nth-order differentiator-predictor (32)-(33). In fact,
(n+1)y —j+ 1 is larger than ny — j + 1. Because v > 1 and ¢ € (&4, 1), the estimate error
up-boundness in (39) is much smaller than that in (34).

4 Frequency analysis and parameters selection for differentiator-

predictor

In this section, we will consider the estimate accuracy, robustness and parameters selection ac-
cording to the frequency analysis. Furthermore, the determination of the maximal prediction time

interval and maximal number of iteration steps will be analysed.

12



In practice, high-frequency noise exists in signal f(¢), and its effect on system outputs is in-
evitable. Therefore, the robustness to high-frequency noise should be analyzed for the differentiator-
predictors. Here, the iterative transfer function method is used to analyze its frequency-domain
characteristic. We can find that the differentiator-predictor leads to perform precise estimation and

rejection of high-frequency noise to some extent.

4.1 Iterative transfer function of differentiator-predictor
The frequency characteristic of nonlinear differentiator-predictor (32)-(33) is analyzed as follows.

In (32)-(33), for the nonlinear function |x|** sign (*), by selecting the input signal as x = M sin(wt),

its describing function can be given by:

2
M

Q(ay)

N](M) = M1-aj

/7r | M sin(wT)|* sign(M sin(wT)) sin(wr)dwr = (42)

a+n .
— Jol J,]—l

For the differentiator-predictor (32)-(33), define the Laplace transforms X; ; (s) = L [z;; (t)] and
F(s)=L[f (t)]. Then, we can write (32)-(33) by the form of Laplace transform.

where, Q(a;) = %fow Isin(w7)|*“ ™ dwT, ap_ji =

For (32), we get

n 7+1

Z ed— 1 Ml( aq) 54 —1
XOJ(S) F(8)7 jzla"'an (43)
gngn 4 Z EZ 1 ]j\/[?(ogz) SZ 1
Also, for (33), we get
n j+1 Qa )
Z 6(1 1 Ml ag S -1
Xi?j (8): Xi,e <3>7 .7:17 , N (44)
engn 4 Z 81 lljwslz(o;zl) SZ 1
where,
n
b 1 k157 ,
Xiﬁ (S): A@ X’i—l,k’ (8)7 Z:17"' , M (45)
2o (k= 1)!

According to (43), (44) and (45), the transfer function of the output z, ; (t) to input signal f (¢)

is determined by

X j(s) m (& 1 _
F = fi ( et <s>) ()
k=1
where,
j+1
Sj_lni 511 1Ml(aozz)s —1
CLJ(S): ,]:1,,7'L (47)
gngn + Z ei— llj\;}(o(‘zl) gi—1
i=1



4.2 Bode plots of differentiator-predictor with different parameter selections

The effects of the differentiator-predictor parameters on the frequency-domain characteristic are

analyzed as follows.

Frequency characteristic with different € and ay1. With different selections of a1, we get the values
of Q(as), Q(ag) and Q(aq) shown in Table 1.

Table 1 Values of Q(a), Q(a2) and Q(as3) with respect to a;
o Qag) | Qo) | Qay)
1 1 1 1

0.3 | 1.048 | 1.104 | 1.170
0.15 | 1.060 | 1.131 | 1.218

For the differentiator-predictor, the parameters are selected as follows: n = 3, m = 3; k1 = 6,
ko =11, ks = 6; M = 0.1; ¢ = 0.9,0.1,0.01; oy = a = 1,0.3,0.15, respectively. When a; = 1,
we can get the high-gain differentiator-predictor (25)-(26). The Bode plots of (46) with different

selections of € and oy are described in Figure 4.

From the Bode plot in Figure 4, the differentiator-predictor can obtain the estimation pre-
cisely, and the effect of high-frequency noise is reduced to some extent. Also, for the designed

differentiator-predictor, from Figure 4, we can find that:

(i) Estimation accuracy: Parameter oy € (0,1] affects the estimate accuracy: smaller a; can

obtain more precise estimations; on the other hand, larger a; can reduce much noise.

(ii) Bandwidth and robustness: Parameter ¢ affects the low-pass bandwidth: Decreasing ¢, the
low-pass bandwidth becomes larger, and the estimate speed increases; increasing ¢, the low-pass

bandwidth becomes smaller, and much noise is reduced.

4.8 Elements in differentiator-predictor

From the iterative transfer function (46), the differentiator-predictor is made up of the following

two elements: iterative predictor and differentiator.
A. Iterative predictor

Before we analyse the performance of the iterative predictor in (46), we introduce the ideal

predictor, as follows.

Analysis of ideal predictor (cannot be implemented in practice): For signal f (t+ A), the ideal
time lead correction is e**F (s) = L [f (t + A)]. The frequency characteristic for the ideal predictor
is

H (jw) = e/ = cos (wA) + j sin (wA) (48)

The magnitude-frequency characteristic for the ideal predictor is

20log |H (w)| = 20log [e/**] = 0 (49)

and the phase-frequency characteristic for the ideal predictor is

14
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Figure 4. Bode plot of predictor-differentiator with different parameter selections

ZH (w) = wA (50)

However, for the above ideal predictor, we cannot implement it in practice.

Conclusion on expression of iterative predictor: The iterative predictor in (46) for signal f (t) can

be expressed by

m 1 m 1
sA _ k=1 k-1 n.n
AF (5) = inlgl: oA fio (n!Azs> F(s) (51)

where, F'(s) = L[f (t)]; A is the prediction time interval; A; is the prediction time interval at the

m
i-th step; A = > A; and A; = %; m is the number of iteration steps.

=1
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Proof:

esAF (3) = iﬁl (kzl (kj _1 1)' A§_13k1> F (S)

_(r< 1 kel . T 1 Bl k1
= <‘H k:—l)!Ai s +z'£[1 (k:—l)!Ai s F(s)
k=n+1

~
I
—
=
l‘
—~

=1

def (Hm (s)+ 11O (éAﬁ”)) F(s) (52)

Therefore, the iterative predictor (51) can implement the time lead correction in time interval

A = > A, where, A; € (0,1).
=1

1=

Magnitude-frequency and phase-frequency characteristics for iterative predictor
Here, we analyse the third-order system, i.e., n = 3.

1) First, we analyse the case without iteration for the predictor (51), i.e., m = 1, and A; = A.

The transfer function of predictor can be written by

1
Hy(s) =1+ As+ 5&92 (53)

Selecting s = jw, we can get

1
Hy (jw)=1- §A2w2 + jAw (54)

The magnitude of Hy (jw) is:

1 2 1 w \? ? w \?
Therefore, we can get the following magnitude-frequency characteristic:
(i) When w < 1/A, 20log |H; (jw)| = 0.
(i) When w = 1/A, 201log |H; (jw)| = 201og ¥ ~ 1dB.
(iii) When w > 1/A, 20log |H; (jw)| ~ 40log 2.
The argument of H; (jw) is:
. _ Aw _ /A
ZH =1 T == = 56
1 (jOJ) an 1— %Asz an 1 1 (L>2 ( )
2 \1/A

Therefore, we can get the following phase-frequency characteristic:
(i) When w < 1/A, ZH; (jw) =~ Aw.

(i) When w = 1/A, ZH; (jw) = tan™1 1_17 = tan"! 2 ~ 28.6°.

1
2
(iii) When w > 1/A, /H; (jw) ~ tan~! —iw'
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m

2) Second, we analyse the multi-step case of iterative predictor (51), i.e., m > 1, and A = Y  A;
i=1

and A; = %. The transfer function of the predictor can be written by

m 1
Hpy (s) = 1L <1 + Ajs + 2|A§32> (57)
Selecting s = jw, we can get
. m 1 2 9 .
H,, (jw) = ‘1}1 1- iAiw + jAjw (58)

The magnitude of H,, (jw) is:

Hm(j“’)‘_iﬁl\/@_;A?“Q)Q*Ag“Q‘iﬁl <1_;<17Ai>2>2+<17&>2 (59)

Therefore, we can get the following magnitude-frequency characteristic:
(i) When w < 1/A;, 20log |Hy,, (jw)| = 0.
(i) When w = 1/A;, 20log |Hy (jw)| = 201log (75 " = m20log £ ~ mdB.

)"

(iii) When w > 1/A;, 20log |H,y, (jw)| =~ 401og

/~

The the argument of H,, (jw) is:

1/A;
1

1= 2 (1/021)2

Therefore, we can get the following phase-frequency characteristic:
(i) When w < 1/A;, ZH,, (jw) & mAjw = Aw.
(ii) When w = 1/A;, ZH,, (jw) = mtan~t - = mtan—'2.

1
1-3

(iii) When w > 1/A;, ZH,y, (jw) ~ mtan™' —2—.

ZHy, (jw) = gm tan™! _ AW Em tan ! (60)
m W)= 1-— %Azoﬂ B
i=1 t =1

3) Comparison of the single step and multi-step predictors:

(i) They have the same prediction time interval A. In fact, Z|H; (jw)| = £|Hpm (Jw)| = mAw =
Aw.

(ii) The natural angular frequency of the iterative predictor (57) is greater than that of single step
predictor (53). In fact, w; = 1/A for the single step predictor, and w,, = 1/A; for the multi-step
predictor. We know that w,, = 1/A; > w; = 1/A;. Therefore, the effective bandwidth [0, w,,]| of
iterative predictor (57) is wider than the [0,w;] of single step predictor (53).

Therefore,

(iii) the iterative predictor (57) is more fit for the input signals with wider bandwidth: slow
time-varying and fast time-varying signals.

In the following, we use an example to demonstrate: the effective bandwidth of the iterative

predictor is wider than that of the single step predictor.
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Example 2 (iterative predictor): Suppose the prediction time interval A = 0.6s.

1) For the single step predictor (m = 1 and A = 0.6s), the natural frequency w; =1/A =1/0.6 =
1.67rad/s, and at this frequency, 20 log |H; (jw)| = 20log § = 1dB.

2) For the iterative predictor (m = 3 and A = A; - m = 0.2s x 3), the natural frequency
3
wm = 1/A; = 1/0.2 = 5rad/s, and 20log |Hy, (jw)| = 201og <§) = 3dB.

3) We know that w,, > wj, and the effective bandwidth of iterative predictor is wider than that of
single step predictor. However, for the single step predictor, at the frequency w = 1/A; =1/0.2 =

Srad/s, we can get the magnitude 20log |H; (jw)| = 201log \/(1 - %A2w2)2 + A%202 = 201log @ =
13dB.

4) Comparison. At the frequency w = 1/A; = 5rad/s, the magnitude by the iterative predictor
is 3dB, and the magnitude by the single step predictor is 13dB. Therefore, the effective bandwidth
of the iterative predictor is wider than that of the single step predictor. Under the same prediction
time interval, the output accuracy by the iterative predictor is much higher than that of the single

step predictor.

We use the Bode plots to show the frequency characteristic of the single-step and iterative pre-
dictors, respectively: the parameters are selected as: A = 0.1, 0.2, 0.6s (where, m = 1), and
A = 0.2s x 3 = 0.6s (where, m = 3). The Bode plots are shown in Figure 5. From the Bode
plots in Figure 5, with frequency increasing, the drift starts to happen at frequency w; = 1.67 for
the single step predictor. However, the drift does not happen until w,, = 5rad/s for the iterative

predictor.

Bode Diagram

250 T T T
delta=0.1s (single step)
& 200 delta=0.2s (single step) 1
% 150 b delta=0.6s (single step) |
= delta=0.2s*3 (iteration)
‘E 100 -
(o))
]
= 50 -
0 |
540 F T T
& 360 - i
z
5]
@
< 180 -
o
O ! !

10° 10* 10 10°

Frequency (rad/s)

Figure 5. Bode plot of predictor with different prediction time intervals

Remark 10 (Predictor drift): From the Bode plots of the predictors in Figure 5, we can find,
with frequency increasing, the drift happens when w > w; = 1/A for the single step predictor, and
it happens when w > w,, = 1/A,, for the iterative predictor. The following iterative differentiator

can be used to reject the predictor drift, and to provide the derivatives information for the predictor.

B. Iterative differentiator (Estimation, robustness and predictor drift correction)
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The iterative differentiator provides the derivatives at each step, and it can reject the drift of

predictor.

From (46), we can get the transfer function of iterative differentiator, as follows:

n J+1 ko O arg)
E e~ 1]\‘21 o s1™ 1
a‘](s): ,]:1,,7'L (61)
engn 4 Z gi—1 lj\}?(—ogl) gi—1

We use the Bode plot to explain its derivative estimations and robustness of the differentiator.

The parameters of differentiator are selected as: n =3, m = 3; ky =6, ko = 11, ks = 6; M = 0.1;

= 0.9,0.1,0.01; oy = a = 1,0.3,0.15, respectively. The Bode plots of signal estimate, the
first-order and second-order derivatives estimate are shown in Figure 6. We can find that the high-
frequency noise can be reduced sufficiently. Parameter ¢ affects the low-pass frequency bandwidth:
with smaller e € (0,1), the low-pass frequency bandwidth is larger; with larger ¢ € (0,1), the

low-pass frequency bandwidth is smaller, and much noise can be reduced.

Predictor drift correction by the iterative differentiator: Considering of the combination of the
iterative differentiator and predictor, the Bode plot in Figure 7 shows that the differentiator can
reject the drift from the predictor (Also, see Figure 4). It means that the combination of differen-
tiator and predictor, i.e., the differentiator-predictor, is stable with strong robustness. Not only the

differentiator can reject the predictor drift, but also the high-frequency noise is filtered sufficiently.

Remark 11 (Comparison of linear and nonlinear differentiators): For the linear differentiator,
the parameter ¢ is selected as small as possible. One the one hand, peaking effect happens. One
the other hand, the selection of small € makes the bandwidth very large, and it is sensitive to
high frequency noise. Also it cannot reject the predictor drift effectively (See Figure 4). For the
nonlinear differentiator, the parameter £ does not need to be very small. Thus, the peaking effect
can be avoided. Importantly, through regulating the parameter ¢, the bandwidth of the nonlinear
differentiator is fit for the predictor, and its strong robustness can reject the predictor drift with
frequency increasing. From the Bode plots in Figure 4, small overshoot happens when € = 0.6, but

large overshoot happens when € = 0.1, 0.01, respectively.

4.4 Differentiator-predictor performance analysis:

1) Future signal and its derivatives estimation: For the differentiator-predictor, x,, ; estimates
fU=D (¢t + A), respectively, where, j = 1,--- ,n. In the estimate error (34), due to € € (0,1) and
ny — j+1>> 1, the error O ("7771) is sufficiently small.

2) Estimate accuracy and robustness by parameter € € (0,1): Decreasing ¢, the low-pass band-
width becomes larger, and the estimate speed increases; increasing e, the low-pass bandwidth
becomes smaller, and much noise is reduced.

3) Estimate accuracy and robustness by parameter oy € (0,1]: From Figure 4, smaller a; can
obtain more accurate estimations; on the other hand, larger o; can reduce much noise.

4) Predictor drift correction: The iterative nonlinear differentiator can reject the predictor drift

with frequency increasing, and it can provide the derivatives information for the predictor.

5) Bandwidth affected by A; in the prediction time interval A (where, A; = %) Relatively larger
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Figure 6. Frequency characteristic of differentiator
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Figure 7. Differentiator corrects predictor drift

A; makes the effective bandwidth smaller; relatively smaller A; makes the effective bandwidth larger
(See the Bode plot in Figure 5).

6) Prediction time interval A affected by input signal: In Figure 5, from the Bode plot of predictor

with different prediction time intervals, we can get:

(i) For fast time-varying (relatively high frequency) input signal, relatively small time interval

can be predicted;

(ii) For slow time-varying (relatively low frequency) input signal, relatively large time interval

can be predicted.

4.5 Rules of differentiator-predictor parameters selection:

1) Stability conditions: The parameters ki, ---, k, are selected such that s™ + k,s" ' + .- +
kas + k1 = 0 is Hurwitz; and «q, - - -, «, satisfy (35).

2) Estimate accuracy: According to the requirements for differentiator, select ¢ and «j, such
that: (i) The selection of ¢ satisfies that the bandwidth of the differentiator is same to that of the
predictor. (ii) ag € (0,1) guarantees the system is continuous; and a; decreases, we can get more

accurate estimation.

3) Filtering: If much noise exists, ¢ € (0,1) should increase, or a; € (0, 1) increases, to make the

low-pass bandwidth narrow (See Figure 4).
4) Selection of prediction time interval A and iteration steps number m

Theorem 4: (i) The prediction time interval at each step satisfies:

A < — (62)

where, maxw [f (t)] is the maximal angular frequency of input signal f(¢), and there exists a

constant wy > 0, such that maxw [f (t)] < wy.

(ii) The number of iteration steps:
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m< N _ 1.032ay , or max{m} = int {aN} (63)

~ 201log 25 20 log§

S

where, ay is the maximal magnitude-frequency characteristic in decibel at the natural frequency,
i.e., max [20log |H,, (jw)|] = andB.

(iii) The prediction time interval:

A=A;m (64)

(iv) The maximal prediction time interval:

= L n aN
max{A} = maxw [f (¢)] ! {20 log é } (69)

Proof of Theorem 4:

(i) Suppose we can determine that the angular frequency of input signal f (¢) is bounded, and
maxw [f ()] < wy holds. In order to make all the useful elements of signal go through the

differentiator-predictor, we need to select A; to make

Wf < Wm = —— (66)

A < — (67)

m
(ii) We know that 20log |H,, (jw)| = 20log (@) at the natural frequency wy, = A%. Giving a
maximal magnitude-frequency characteristic aydB at the natural frequency which the system can

accept normally, we can get

max [20 log |H,, (jw)|] = max [20 log (ég) ] =an (68)

Therefore, we get

201og (?) <apn (69)

Then, we get the iteration number

m< N __ 1.032ay , or max {m} = int {GN} (70)

" 20log ¥ 20 log L2

S

(iii) By considering of each-step prediction time interval A; and the iteration steps number m,

we can get the prediction time interval
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(iv) From maxw [f (t)] < wy, (67) and (70), we can get the maximal value of A;, i.e., max {A;} =

1 . . D . ax
maxw[F )] and the maximal value of iteration steps number max {m} = int {20 tog 2 } Therefore,

the maximal prediction time interval is

1 . an
max {A} = max {A;} max {m} = int (72)
maxw [f (£)] 20 log ¥
We found that the maximal prediction time interval is decided by the frequency band of input

signal and the requirement of estimate accuracy.
This concludes the proof. l

Example 3 (Determination of A and m): Suppose the maximal angular frequency of a signal
f(t) is 3rad/s, i.e., maxw [f (t)] = 3rad/s. Suppose we can know maxw [f (¢)] < 4rad/s. Therefore,
according to (67), the prediction time interval at each step should satisfy A; < i = 0.25s. We

can select A; = 0.2s. We require the maximal magnitude at the natural frequency w,, = A— is

ay = 3dB. Then, from (70), we can get the iteration steps number max {m} = int {201 3 = } = 3.
og 5

Therefore, from (71), the the prediction time interval of the differentiator-predictor can be selected

as A = A;-m = 0.2s x 3 = 0.6s. Furthermore, according to (72), the maximal prediction time

interval is max {A} = mint {zoglg\’\/g} = % = 1s.
2

5 Simulations

In this section, we use the simulations to demonstrate the presented differentiator-predictors by
considering of different types of input signals: constant signal, step signal, ramp signal, and parabo-
la. Furthermore, slow time-varying and fast time-varying signals are used to illustrate the relation

between input signal band and the prediction time interval.

5.1 The following time functions are selected as the input signal f(t), respectively:

0, where, t < 1.5s . .
(i) Constant signal: f(t) = 1; (ii) Step signal: f () = where s; (iii) Ramp signal:
1, where, t > 1.5s
f (t) = 10t; (iv) Parabola: f (t) = 0.5t
3
The future time interval A = 1.5s is considered, and A = Y A; = 0.5s x 3 = 1.5s is assigned.
i=1
The nonlinear differentiator-predictor (32)-(33) is used for the estimation, and the parameters are:
n=3, m=3;k =6, ke =11, k3 =6; 1/e = 1.1; ag = 0.2.

Figures 8-11 show the future derivatives estimation by the nonlinear differentiator-predictor for
the different types of input signals, respectively. The precise prediction and estimation are imple-

mented simultaneously.
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5.2 For slow time-varying input signal
We select the function f (t) = sin(0.5¢) 4+ 0.5 cos(t) as the input signal f(¢).

Suppose we can get maxw [f ()] < wy = 1.2rad/s, and the maximal magnitude-frequency char-
= 0.83 holds,
and we can select A; = 0.6s. From the requirement ay = 3dB, we can get m < 1.032ay = 3.096.

acteristic at the natural frequency is required to be ay = 3dB. Therefore, A; < i

We select m = 3. Therefore, the future time interval A = i A; = 0.6s x 3 = 1.8s is assigned.
i=1
For comparison, the functions f(t + 1.8) = sin(0.5(t + 1.8)) 4+ 0.5cos(t 4+ 1.8), f(t + 1.8) =
0.5cos(0.5(t + 1.8)) — 0.5 sin(t + 1.8) and f(t + 1.8) = —0.25sin(0.5(¢ + 1.8)) — 0.5 cos(t + 1.8) are
the desired future signal, the future first-order derivative and the future second-order derivative,
respectively. The estimations of future signal f(¢t+1.8) and derivatives f)(¢t+1.8) are determined
from the current signal f(t). Moreover, the high-frequency noise is considered in the input signal.

The parameters of differentiator-predictors are shown in Table 2.

Table 2 The parameters of differentiator-predictors

differentiator-predictor n|k | ky|ks|ks| g |1/e
_ ,—0.02t
1004+ g0r
Linear high-gain differentiator-predictor 316 |11]6 1 (no2n501$e)
(consider noise)
Nonlinear differentiator-predictor 316 |11]6 0.2 1.1
Nonlinear extended differentiator-predictor | 4 |1 |4 |6 |4 | 0.1 | 1.1

A. Simulation on linear high-gain differentiator-predictor

Figures 12(a)-12(c) describe the estimations by the high-gain differentiator-predictor without
considering of noise: 31, x32 and x3 3 estimate f (¢t 4 1.8), f(t+1.8) and f (¢t + 1.8), respectively.
It means that, at any time ¢, we can observe the values of signal and its derivative at time ¢ + 1.8s.
Parameter € should be selected very small. Figures 13(a)-13(c) present the estimations of the future
signal, its first-order and second-order derivatives, respectively, by considering of noise. In order to

reduce noise effect, according to the frequency analysis, a relatively larger € should be selected.
B. Simulation on nonlinear differentiator-predictor

Figures 14(a)-14(c) show the estimations by the nonlinear differentiator-predictor without consid-
ering of noise: w31, 32 and 33 estimate f (t + 1.8), f (¢t + 1.8) and f (¢ 4 1.8), respectively. The
chattering still exists in the estimate outputs of future derivatives, although it has been reduced to
some extent by the continuous structure: even a small chattering exists in the first step, it is am-
plified by the iterations. Figures 15(a)-15(c) present the future derivatives estimate by considering
of noise. The parameters of the nonlinear differentiator-predictor do not need to change, and the

noise effect is reduced.
C. Simulation on nonlinear extended differentiator-predictor

Figures 16(a)-16(c) show the estimations by the nonlinear extended differentiator-predictor: x3 i,
x32 and x3 3 estimate f (¢t + 1.8), f(t+1.8) and f (t+ 1.8), respectively. No chattering happens

for the estimate outputs of 231 and x3 2, and the chattering in x33 becomes very weak.
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D. Performance analysis of linear and nonlinear (extended) differentiator-predictors

From the simulations, we can find that, not only the differentiator-predictors can provide the
future signal, but also the future derivatives can be estimated, in spite of the requirement of large
future time interval A. Moreover, high-frequency noise can be reduced to some extent. This

confirmed the frequency analysis of the differentiator-predictors.

For the high-gain differentiator-predictor, in order to reduce noise, the parameter £ needs to
increase. Otherwise, much noise will exist in the estimate outputs. Alternatively, the filters can be

used before each iteration for rejecting the noise.

For the nonlinear differentiator-predictor, even noise exists, the parameter € do not need to change.
It means that the nonlinear differentiator-predictor has much stronger adaptability and robustness
than linear high-gain differentiator-predictor. Also, we can find that, serious peaking phenomenon
happens when the high-gain differentiator-predictor is used; while, no large peaking exists when the
nonlinear differentiator-predictor is adopted. Comparing to the nonlinear differentiator-predictor,

the chattering effect is reduced more sufficiently by the nonlinear extended differentiator-predictor.
E. Mazimal prediction time interval

The maximal prediction time interval is decided by the input signal bandwidth and the require-
ment of estimate accuracy. We use the examples to explain it, and the input signal is selected as
f(t) = sin(0.5¢) + 0.5 cos(t).

(i) Suppose the maximal angular frequency of input signal satisfies maxw [f (t)] < wy = 1.2rad/s,
and the maximal magnitude-frequency characteristic at the natural frequency is required to be
a = 5dB. Therefore, A; < é = (.83 holds, and we can select the prediction time interval at each
step to be A; = 0.6s. From the requirement ay = 5dB, we can get max {m} = int {1.032ay} = 5.

5
Therefore, the future time interval A = >~ A; = 0.6s X 5 = 3s is assigned.
i=1

(ii) Suppose the maximal angular frequency of input signal satisfies maxw [f (t)] < wy = 1.2rad/s,
and the maximal magnitude-frequency characteristic at the natural frequency is required to be
ay = 6dB. Therefore, A; < é = 0.83 holds, and we can select the prediction time interval at each
step to be A; = 0.6s. From the requirement ay = 6dB, we can get max {m} = int {1.032ay} = 6.

6
Therefore, the future time interval A = Y~ A; = 0.6s X 6 = 3.6s is assigned.
i=1

Figurel7 shows the future prediction under the conditions of (i) and (ii), respectively. Due to the
different requirements (ay = 5dB for case (i), and ay = 6dB for case (ii)), the estimate accuracy

of case (i) is better than that of case (ii).

5.8 Fast time-varying input signal and mazximal time interval prediction

We select the function f (t) = 2sin(0.5¢) +sin(¢) +0.5 cos(3t) as the input signal, in which, cos(3t)

is fast time-varying element. Suppose we can know maxw [f (t)] < wy = 4rad/s.

(i) Nonlinear differentiator-predictor (Different parameter selections). Suppose the maximal
magnitude-frequency characteristic at the natural frequency is required to be ay = 3dB . There-

fore, A; < w—lf = 0.25 holds, and we can select A; = 0.2s. From the requirement ay = 3dB, we get

3
max {m} = int {1.032ax} = 3. Therefore, the future time interval A = >  A; = 0.2s x 3 = 0.6s is
i=1
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Figure 17. Nonlinear differentiator-predictor with large future interval prediction

assigned. For comparison, the function f (¢) = 2sin(0.5 (¢ 4+ 0.6))+sin(t+0.6)+0.5 cos(3 (t + 0.6)) is
the desired future signal. Figure 18 describes the different prediction performances for the different

parameter selections of € and ay. From Figure 18, we can find that:

Parameter ¢ € (0,1) affects the system bandwidth: Decreasing ¢ (from 0.5 to 0.2), the low-pass
bandwidth becomes larger, however, frequent oscillations start to happen. The selection of & should
satisfy that the bandwidth for the differentiator is same to that of the predictor.

Parameter o € (0, 1) affects the estimate accuracy: Parameter o guarantees that the system is
continuous; smaller a;; can obtain more precise estimations (from 0.2 to 0.1); on the other hand,
larger a; can reduce much noise (from 0.1 to 0.2), however, the large estimate error starts to
happen.

The parameters tuning in the simulation confirms the presented rules of nonlinear differentiator-

predictor parameters selection.
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(ii) Nonlinear extended differentiator-predictor. Suppose the maximal magnitude-frequency char-

acteristic at the natural frequency is required to be ay = 5dB . Therefore, A; < é = 0.25

holds, and we can select A; = 0.2s. From the requirement ay = 5dB, we get max{m} =
5

int{1.032any} = 5. Therefore, the future time interval A = Y A; = 0.2s x 5 = 1s is as-
i=1

signed. Parameters ¢ = 0.2 and a; = 0.1 are selected. For comparison, the function f(t) =
2sin(0.5(t 4+ 1)) +sin(t + 1) + 0.5cos(3 (¢ + 1)) is the desired future signal.

Figures 18(a) and 19 show the future prediction for the fast time-varying input signal under the
conditions of (i) and (ii), respectively. The estimate accuracy decreases as the prediction time

interval increases (e.g., ay = 3dB for case (i), and ay = 5dB for case (ii)).

—f®

X5 1
4 = = f(t+delta)| |

future estimate

time(s)

Figure 19. Nonlinear extended differentiator-predictor with fast-varying input signal:
A=1s=02sx5

6 Conclusion

This paper presents two types of stable differentiator-predictors to estimate the future signal and
its derivatives. In fact, these differentiator-predictors can also correct the delay for delayed signal,
and the undelayed derivatives can be observed.The future jobs are to reduce the peaking more
effectively for the high-gain differentiator-predictor, and to reject the chattering effect completely

for the nonlinear differentiator-predictor.

Appendix
Proof of Theorem 1:
1) Estimation of current derivatives

For system (25), we define the errors as

coj = fUTV () —wo; (£);5 =1, ,nieq (t) = |en1 (t) -+ eom (1) (73)

Then, the estimate error system can be given by
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éo (t) = Aeq (t) + Bf™ (t) (74)

where,

S -
ko100 .
—ft 01 .
A= : ol.B=1|" (75)
0
: 1
1
k nxl1
- SREERITREE 0

We know that A is a matrix in the observable standard form, and s™ +k,s" ' +---+kos+k; =0
is Hurwitz. Therefore, the eigenvalues —\; < 0, where, j = 1,--- ,n. Then, for matrix A, there

exist an invertible matrix 7', such that

_ A Y
A:T.diag{—;,m,—e}Tl (76)

From the properties of matrix A, we know that ||T| and ||| are bounded without involving

e. The solution to the system (74) is

eo () = eeq (0) + / t A= B (r)dr (77)
0

Taking the norm for (77), we get

o 1= 1o 001+ o5

1BI | ()] dr (78)

According to Taylor expansion and the properties of matrix A, we know that

S > 1 A A1\
At __ Ny = . A T () i -1
et = i!At_T(Zi‘ <d1ag{ PEREEE 5})1&)T

i=0 i=0
:T-diag{e_%lt,--- ,e_ATnt}T_l (79)
Define A = glin }{)\j}, lleo (0)]] < hg, and |f(") (7)| < hn, where, ho and h,, and are the
je{l,n

bounded constants. Then, according to (79), (78) can be written by

Ant

leo ()] < |7+ diag {e 21, e 2 b 771 eo (0)
t
+/ HT-diag{e—%@—T),--. ,e—%"@—ﬂ}T—lH I1B| ’f(”) (T)] dr
0
A t A
< |77 <h0€ft+hn/ ea(tT)dT)
0
=T |7 (hoe—%t + hn§ (1 - e—%t)) (80)
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Therefore, taking limit about time ¢ for (80), we can get

‘ I _
Jim fleo ()] < =2 7 |7 sy

Define [y = 2= ||| 71|, then, (81) is rewritten by

. <
thIIl ||60 (t)” ~ €l0 (82)
i.e.,

lim |fU=D () — 2o (t)| < elo; j=1,---,n (83)

t—o00
2) Iterative estimate of future signal and future derivatives

According to A™ = O, xn, the Taylor expansion of eA?¢ can be given by

n

1

AN; j—1
e = — AAi J
2 G- 48
i 1 1 n—17
LA, TAZQ (n—l)!Ai
01 A
=loo 1 . LaA? (84)
Do T T A;
00 - 0 1 |
Therefore, the following relation holds:
. 1 i
Cebi Xy ()= Al (1) (85)

(=1

<
[y

Define x;_1; (t) dof :1:53__111) (t) (where, j =n+1,---) to compensate the dimension of X;_; () into

infinity. According to Taylor expansion and the element derivative relations in X;_; (¢) and its

expansion, we know that

1
A i (1) (86)

Tio1,1 (t + Az) = Z (] — 1)' p

Jj=1

o0
Furthermore, x;_1,1 () in X;_1 (t) can be expressed by the Fourier form, as follows:

zi—11 (t) = a0+ Z ag sin (kwot) + Z by, cos (kwot) (87)
k=1 k=1

where, wy is the base frequency in x;_11 (t). Therefore, the n-th derivative of ;11 (¢) is

Ticipt1 (t) = xz@l,l (t) = Zak (kwo)" sin (kwot) + ng (kwo)™ cos (kwot) (88)
k=1 k=1
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Therefore, we get

A? = (Akw)™ . o (Akw)™
n—;’azi,lmﬂ (t) = E ak(n!o) sin (kwot) + E bk(mo) cos (kwot) (89)
k=1 k=1
Define:
(Aikwo)" - 1 1
S ) = Y ALy
0O ( n Pt (] — 1)| i Li—-lj <t> (90)

and we define ’O <(AJ:L$)”>) < La;. Therefore, from (85), (86) and (90), we get

A; "
zio11 (t+A) =Ce X, (t)+ 0 <(Z°f°)> (91)
We rewrite (26) by
Xi (t) = AX; (t) + K (6) (CeAAi i—1 (t) - CX; (t)) (92)
where, i =1,--- ,m. From (28), the following relation holds:
CXl (t) = l‘@l (t) (93)

Then, considering of (91) and (93), system (92) can be written by

; Ajkwo)"
X; (t) = AX; (t) + K (8) <:c,~_171 (t + Al) -0 <(n(.'00)> — T (t)) (94)
where, i = 1,--- ,m. Therefore, according to the result (18) in Lemma 3, for system (94), there

exist the bounded constants I; and d;, such that

Ti—1,1 (t + Az) Zi1 (t)
Ti—1,1 t+ A Ti2 (T d;
thm =1 { ? — | Q §€ZZ+A7112;1':1,~-,TTL (95)
—00
(n—1)
x4 A) Tin (1)
Then, according to the variable relations in (26), we get
i Laid; .
lim ([ X (84 Ag) = X (0] < el + ;7_1 i=1-.m (96)
Thus, for each variable in the estimate vectors, it follows that
_ Lad; . .

3) Combination of 1) and 2)
Using t + A; instead of ¢, the result (83) for system (25) still holds, and it can be written by

lim f(j_l) (t + Al) — X, j (t + Al) < el (98)

t—o00
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Then, from (97) and (98), and considering of —xq; (t + A1) + zo; (t + A1) =0, we can get
Jim [ £07D (4 Ay =y (1))

t—o0

= lim |fU™Y (£ 4+ Ay) — 0,5 (£ + A1) + 0, (E+ Ar) — 215 (1)

t—00

< lim |fU=D (¢ + Ay) — 20 (t + Al)‘ + lim 2o (¢4 A1) — x5 ()]

Laid Laid
ST o (lo+ 1) + Eﬁl_ll (99)

<elg+ely +

Furthermore, considering of —xy ; (t + Az) + z1; (t + Ag) = 0, it follows that

- (-1) o ’
Jim | U (6 A+ Ag) = w2 (1)

< lim ‘f(j_l) (t + Ay + Al) — 15 (t + AQ)‘ + tliglo |.%'17j (t + Ag) — X2 (t)‘

t—o00
Laid Lasd 1
<eg (lo + ll) EAl ! +ely + A2 2 = (lo + 1 + 12) + gni—l (LAldl + LAQdQ) (100)

In general, iterating ¢ from 1 to m, and considering of —xp,—1; (t + Aw) + Tp—1,j (L + Ap) =
we get

; (G-1)
lim | f HZA2> T j (1)

= lim |f0°Y (t + Z A+ A > —Tm1,j (4 Am) + T (E+ Am) = Zm,j (1)

< lim |fU7Y) (t +Am + Z A; ) — -1 (4 D) |+ (21 (E+ Am) = 2m,j (1))

m—1 m—1

La " 1 Ly
e Lagds + €l gi_nlldm =¢ Z I + 1 Z Lapdy <ecp + CQET—I(HH)
=0 k=1 =0 k=1

m m
where, ¢ = Y li; ca = Y dy, Lqg = maxXpeqy ... my {Lar), and j =1,---,n
i= k=1

m m m m
Alternatively, by substituting — ) xp_1; (t + > AZ) + > T <t + > A7;> = 0 into
k=1 i=k k=1 i=k

, we can also get the estimate error up-boundness (101) by

i | £G-1) AL
fi |1 (14 £ o) s 0

using the following ;nethod:
; ] 1)
tliglo (t + Z A ) T, j (1)
m m
— 1 (-1 i .
_tlggo fu (t—i—zlAZ) Zxk_lﬂ (t—i— ' A
1= 1=

k=1

Ea
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Ms

= lim
t—o0

Az> — :L’OJ‘ (t + i Az)
i=1

m—1 m
Al> —+ Tk—1,5 (t + Z Az) + Tm—1,5 (t + Am) — Tm,j (t)
i=k

FU=b (t—i—

—Zl‘k 1,7 <t+
k=1

FE=1 (t—l— Az> — z0 <t+ ZAz)
i1 i1
m—1 m
+ Z {xk—l,j (t + Z Ai) — T j <t + Z Ai) } + Tm—1j (E+ Ap) — T j (1)
k=1 i—k

i=k+1

fu=y (t—i—f:A,-) — 20, (t+§:Ai>
Th 1J<t+ > oA +Ak> —xkj<t+ > A>

i=k+1 i=k+1

I
—_

Ms

I}
e

= lim
t—o0

Ms

< lim
t—o00

Z hm

+ hrn ‘xm_Lj (t + Am) — Tmj (t)‘

1 LAm
<€l0+52l+8 ZLAkdk+El dem
k=1 k=1
= 1 «— L
d

=8Zli + e ZLAkdk <eci + Canfl (102)

=0 k=1

where, j =1,--- ,n.

According to Lemma 3:

1) function ec; + czef—‘jl in (102) has a global minimum at € = [(n — 1) chd/cl](l/") et caLCl/”,

and

L n € n
min {661 + iil 62} = (clca + cz/cgr_l)) LL/ndef kg Ll/ (103)
e>0 en

2) For ¢ € {caLtl/ " 1) gcr + ¢ d:co is a strictly increasing function of ¢, and ec; + < 102 < Le,
where L = ¢ + ¢o/cl. This concludes the proof. W

Proof of Theorem 2:
1) Estimation of current derivatives

For (32), according to Lemma 4, there exist v > 1, time ¢y > 0 and a bounded constant {y > 0,
such that, for ¢ > tg,

FIV (1) = o ()] < toe™ =Y =1, (104

2) Iterative estimate of future signal and future derivatives

From (36), we can get

n

X ()= E A i (050X () = 201 (1) (105)

j=1
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Define x;_1,; (t) aef xiizll) (t) (where, j =n+1,---) to compensate the dimension of X;_; () into

infinity. Meanwhile, according to Taylor expansion and the element derivative relations in X; 1 (t)

and its expansion, we know that

Therefore, from (105) and (106), the following relation holds:

zic1g (t+A;) = Z

00
J=1

Ti—1,1 (t + Az) = CeAAiXi_l (If) + 0 (W) (107)

n o0 . n
where, O (%) = > (j_ll)!Ag_lxi_Lj (t). We define ‘O (i’, )‘ < La;. The system (33)
j=n+1

can be written by

. kn—; A kw n On—j+1
g (8) = @i g1 () + TJJH zi11 (t+4:) -0 <(n,0)) — iy (1)
xsign (901‘—1,1 (t+24;) -0 (W) — Ti (t)) ;
j=1,--,n—1
k Aikw " *
Tipn (1) = 71L zi—11 (t+24) -0 <(n'0)> — 21 (1)
Xsign <.CCZ'_171 (t + Az) -0 <W> — T4,1 (t)) ;
i=1,---,m (108)

For (108), from Lemma 4, there exist v > 1, time ¢; > 0 and bounded constants [; > 0, such that,
for t > t;,

w7+ D) — iy (D] <1 (81)7 (109)

j—1
where, 6; j = £ +CLZ‘;€_ v ,7=1,...,n,andi =1,...,m. From the system variable relations
in (33), we know that azgj:lll) t+A)=zi—1;(t+24y),7=1,...,n;i=1,...,m. Therefore, (109)

can be written by

[wic1y (E+ D) — i (8)] < i (6i5)7 (110)
where, j=1,...,n,andi=1,...,m.

3) Combination of 1) and 2)

m m m m
By substituting — ) xp_1; (t + > AZ) + > T <t + > A7;> = 0 into
k=1 i=k k=1 i=k

, and from Lemma 4, we can get the estimate error up-boundness

‘f(j—l) <t + % AZ-) — Ty (1)

=1
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as follows:

f(j b (t + ZA1> — Tmj (t)
i=1
= f(J 1) <t+ZAl> Zx 1,j (t—}-ZAi) +Zxk,1,j <t+ZAi> — T, (t)
=1 k=1 i=k k=1 i=k
<|fE-D <t+ZAz> <t+ZA>
=1
Z Tk—1,j t—l—ZA—l-Ak)—xk](t—i-ZA)‘
k=1 i=k+1 i=k+1
Fl2m—1 (t+ Am) — Zm,j ()]
m—1 m
U™+ " 1 (1) A+ ln (Omg)” = loe™ T+ "1 (83 )
k=1 =1
< ZQETW_‘H_I + co 5dj)W (111)

i—1 i—1 m
where, §4j = max;e(y, ... my {0ij} = P + CLngJT, Lq=maxpei ... my {Lak), c2 = Z l;, and
j=1,---.,n.

i—1 i—1
According to Lemma 5, function d4; = anJT + CLZ"’ EJT in (111) has the following properties:

~ (1/n)
1) d4; has a global minimum at € = (cn 7j—7j1+1L3p ) def caLg‘p/ " and

1

min.so {dg} = <CZ‘“ ofes 1) (2 )(1 i) ety (L )<1 =5

i—1
2) For ¢ > casz/n, dgj is a strictly increasing function of ¢, and d4 < l{:bsr“]T7 where k, =
+1/cl'). Therefore, € € (g4, 1) is selected, where &, = caLa”/n Then, for (111), we get

, , _im1\7
<lpe™ I 40y (64)7 < loe™ T 4 e (kbgn ! )

FU— <t+ZA)—me t)

= (lo + coky)) €7+ L [gry—i+1 (112)
This concludes the proof. B
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