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On the Principle and Applications of Conditional
Disturbance Negation

Zhigiang Pu ", Jinlin Sun ", Jiangiang Yi

Abstract—It is commonly believed that observer-based com-
pensation is an effective way for disturbance rejection. A less
talked about fact is that such disturbance rejection control
technique may also degrade control performance. In this arti-
cle, we present a typical cross-coupling system to reveal this
problem and, more importantly, propose a new design princi-
ple of conditional disturbance negation (CDN) to eliminate its
potential drawbacks of disturbance observer-based compensa-
tion. Qualitative analysis is first given for a general form of
such cross-coupling systems, indicating the necessity of CDN. The
analysis and control design principle of CDN is then exempli-
fied through two applications. A numerical linear application
produces abundant quantitative results through the powerful
transfer function and frequency domain tools. A more complex
nonlinear flexible air-breathing hypersonic vehicle application
shows how conventional compensation deteriorates the couplings
between rigid and flexible modes, and validates the effectiveness
of CDN through comprehensive model analysis and simulation
results. The proposed CDN design principle also arouses aware-
ness of the importance of: 1) understanding the characteristics
of the plant to be controlled and 2) recognizing the critical role
the information plays in engineering practice.

Index Terms—Conditional disturbance negation (CDN),
coupling, disturbance rejection, information-centric control,
observer.

I. INTRODUCTION

NGINEERING cybernetics is not just about control, but

more so about the interaction between information and
control [1], where information plays a critical role that has
not been well understood yet. Generally, a control process
is to achieve balance of a system by appropriately choos-
ing, obtaining, and processing relevant information. Among
abundant system information, uncertainty, and disturbance
information is of great significance because, to some extent,
the essence of control is to suppress the effects of uncertainty
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and disturbance [2], [3]. One solution to suppress the uncer-
tainty and disturbance is the widely used error-based paradigm,
where the error information is obtained through feedback and
an error-based control law is designed to suppress the uncer-
tainty and disturbance. This is a general solution but has its
inherent drawback because it supposes that the uncertainty and
disturbance have already caused come effects (the causal error)
before the control law gets activated. A more straightforward
solution is to directly obtain the uncertainty and disturbance
information, which can suppress them before they affect the
system. This paradigm yields the flourish development of the
invariance principle [4] and the active disturbance rejection
control framework [5]-[7].

In this article, we focus on a widely applied uncer-
tainty and disturbance information constructor: the disturbance
observer (DOB). Observer-based control technologies have
been widely researched and applied in the last decades for
rejecting inevitably existing disturbance [8]-[17]. A general
case of such control schemes incorporates a two-degree-of-
freedom configuration, including a controller and a DOB.
The DOB-based compensation is viewed as a straightforward
and cost-effective method, particularly because internal uncer-
tainty and external disturbance may come from diverse sources
and, quite often, they cannot be directly measured or are too
expensive to measure. Based on this understanding, it seems
that DOB-based compensation always has positive effects in
control performance enhancement.

However, DOB-based control has its robustness and
performance constraints [9]. Moreover, inappropriate com-
pensation based on observed information may even cause
side effect, which is rarely recognized in practice. A typi-
cal example is the compliant mechanical systems addressed
in [18] and [19], where if all disturbances are compensated at
the motor side, vibration at the arm side is induced because
reaction torque, as a portion of the total disturbance, is can-
celed thus information at the arm side cannot be reflected
at the motor side. In this article, we will present another
typical system suffering from the side effect of DOB-based
compensation. Such systems often contain multiple system
states and feature severe couplings among the states and con-
trol inputs. The side effect lies in the following logic: the
observer may be assumed to estimate and compensate the dis-
turbance acting on some specific dynamics, but compensation
effects may undesirably act on other dynamics due to cou-
plings and degrade overall performance. As a result, complex
cross-coupling occurs among the disturbance, the plant to be
controlled, the controller, and the observer. In some special
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cases, the observer compensation may excite some hidden
states through the cross-coupling and finally cause overall
system instability. Here, the term hidden state may be the
system dynamics that is not yet well understood or assumed to
be negligible thus deliberately ignored in control design. Such
complex cross-coupling systems with hidden states widely
exist in engineering practice. In fact, the core idea of this
article originates right from our previous research [20], [21]
on the control of a flexible air-breathing hypersonic vehi-
cle (FAHV) where the flexible modes may be excited by
disturbance compensation which is intended to act on rigid
modes. Note that in this article the term “observer” is partic-
ularly used to represent DOB, rather than other system state
observers, for expression convenience.

To eliminate potential drawbacks of the observer-based
compensation, in our recent paper [22] we designed a novel
disturbance characterization indicator to show whether a dis-
turbance harms or benefits the control performance. Then we
could selectively compensate the disturbance with detrimen-
tal effects. This is an early attempt for a new control design
principle which does not simply feed all estimated distur-
bance information for compensation. Instead, it evaluates and
processes the estimated information generated by a DOB first,
and then conditionally (or selectively) feeds the processed
information for disturbance negation according to character-
istics of the disturbance and system dynamics. We term this
new disturbance rejection principle as conditional disturbance
negation (CDN). In this principle, understanding the character-
istics of the plant to be controlled is important. A deep insight
into system characteristics helps to understand what we can
gain from an observer and how it produces side effects [23].
Then we can conditionally restrict the effect of the observer
by properly processing its estimated information.

In this article, the CDN principle is systematically presented
and generalized to a class of cross-coupling systems mentioned
above. A general form of such systems will be given. We
will conduct qualitative analysis to exhibit how conventional
DOB-based compensation causes side effects and why CDN is
necessary. Then we will exemplify the design of the CDN prin-
ciple and validate its effectiveness through two representative
examples.

The core idea of CDN is to incorporate a signal processor
for adequate estimated signal processing. An intuitive imple-
mentation for such a signal processor is to design a filter
following the observer. Guide for designing such a filter can
be found in some previous literatures, [24] and [25], to name
a few. In these papers, the filter was designed as a low-pass
type and was intended to filter out high-frequency signal such
as measurement noise. This is a straightforward implemen-
tation of the signal processor, but CDN brings much more
possibility for observed information processing, such as the
disturbance characterization indicator in [22]. Moreover, in
CDN more concerns about the interaction between system
dynamics and disturbance are given, yielding a more delicate
result that is quite relevant to system characteristics.

To sum up, our contributions of this article mainly include.

1) Drawbacks of conventional DOB-based com-

pensation are pointed out through a class of
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cross-coupling systems. This reveals the particu-
larity of our contribution since in addition to the
rare results in [18] and [19], we give another typical
example to indicate potential drawbacks of DOB-based
compensation.

2) The novel CDN principle is proposed as a solution
to better disturbance negation for such systems. This
reveals the generality of our contribution because CDN
is a general design principle for a large class of systems
suffering from side effects of DOB-based compensation.

3) Comparison analyses and simulations are comprehen-
sively conducted to verify the advantages of the CDN
principle over conventional disturbance compensation
schemes.

We also want to heighten the critical role the information
plays in engineering practice. In fact, the system characteris-
tics can be viewed as a kind of prior or off-line information,
while CDN is to conduct online information processing of
the estimated disturbances. It is of great importance to con-
struct such an information-centric control concept, especially,
because there is abundant information and knowledge (appro-
priate collection of information) hidden in big data produced
every minute nowadays [26].

This article is organized as follows. Section II gives
a description of a basic form of the coupling systems
discussed in this article. Based on qualitative analysis of
system information flow, the design principle of CDN is
proposed. Detailed analysis and control design are given
through two examples next. Section III presents a numeri-
cal linear time-invariant (LTI) example. The powerful transfer
function method is adopted, yielding a comprehensive quanti-
tative analysis. Section IV gives a nonlinear application which
is to design a robust control system for an FAHV. This is
a more complex and practical problem, and is also the pro-
totype where our seminal idea of this article comes from.
A comprehensive model analysis is conducted to exhibit the
severe cross-coupling among the plant, the controller, the
observer, and external disturbance. The necessity of CDN is
validated through simulation. For engineering convenience,
frequency-domain language is involved in both examples. The
conclusion and future work are addressed in Section V.

II. PROBLEM STATEMENT

Consider the following n-dimensional disturbed system:

X1 = fi(x1, x2, ur, wi)

Xy = fo(xi, x2, up) (1)

y=xi
where x; € R™ and x, € R™ are two system state vectors,
ny +ny =n, uy € R™ is an m-dimensional control input vec-
tor, y is the output vector, and w; € R” is a p-dimensional
external disturbance vector. fi € R™and f € R™ represent
corresponding linear or nonlinear system dynamics. Here, the
system dynamics are divided into two groups, where x| rep-
resents the dynamics that is intended to be well controlled
(directly or indirectly) through the control input u#1, while x»
represents the hidden state that is deliberately ignored or not
well modeled thus cannot be directly controlled. These two
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Fig. 1. System diagram for the closed-loop system without compensation.
state groups may also be termed as two subsystems or channels
in different contexts.

Assumption 1: Natural frequencies of x; and x,, denoted as
wy] and wy, respectively, are far separated, wy] > Swy or
Wy > Swy, for example.

Assumption 2: The effect of wy on x; is negligible.

Assume only x; is measurable (since x; is “hidden”). Our
original intent is to control the x; subsystem by synthesiz-
ing the control input u;. However, since u; also affects the
hidden dynamics x», coupling exists between the two subsys-
tems through the control input and the hidden state may be
undesirably excited. Next, we will illustrate how this happens
through designing control schemes without and with conven-
tional DOB-based compensation and then present the CDN
scheme proposed in this article.

Remark 1: In view of Assumption 2, one could argue that it
is unnecessary to incorporate such a DOB for compensation.
In practice, however, a system often suffers multiple distur-
bances. Denote the total disturbance as w = {w, w}, where
only w; has negligible impact on x|, while w, does have great
impact on x. However, when we design an observer, we usu-
ally consider all disturbances together. In this situation the
DOB-based compensation is indeed necessary. In (1), we only
consider w; for convenience.

A. Generic Feedback

Consider the xjsubsystem. A generic (state) feedback con-
trol law without DOB-based compensation is synthesized as

up = gi(x1). 2

Here, g; represents any proper feedback control law that
stabilizes the x; subsystem. A graphic interpretation of the
closed-loop information flow is given as Fig. 1.

B. Full Compensation

Now, consider another control scheme: we design a DOB
to obtain the estimated value w; of the disturbance w;j.
Then a feedback control law with conventional disturbance
compensation is synthesized as

u =8 (x1, W1). 3)

Here, §1 is derived from g with additional cancelation of the
disturbance wy. For example, if the influence of w; on x| can
be represented by x; = Hwj, where H is some mapping or
operator that specifies x; in terms of wq. Then a compensation
law is designed to produce a cancelation effect as x; = —Hw;
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Fig. 2. System diagram for the closed-loop system with full compensation.

in an additive form. This conventional compensation scheme
is termed as full compensation since it directly (or fully)
uses what the observer obtains (W;) about the disturbance
(w1) for control law synthesis. The corresponding closed-loop
information flow is depicted as Fig. 2. Note that the control
input u; explicitly contains a component w; that is closed to
wi. Since u; also affects on x», there exists an information
path through which the disturbance w; has an impact on the
hidden dynamics x, while Fig. 1 does not contain such a path.
This additional path, under certain conditions, may degrade the
performance of the hidden dynamics. For example, if wy has
a frequency that is very close to the natural frequency of x»
and, coincidentally, x, has a small damping, the disturbance
could easily excite the hidden states and even cause instability.

Remark 2: Equation (1) only gives a basic form of the
systems we consider and its applicability can be further
extended.

1) The hidden dynamics may also have a control input u»,
i.e., Xo = fa(x1, x2, u1, uz). In this case one could argue
that the effect of w; on x can be eliminated by u,. In
practice, however, difficulty may occur due to physical
limits of the feasible control input u5.

2) The variable u; in (1) can be either a direct or indirect
control input. Here, indirect control input means that it
is not the input of the final actuator, but an intermediate
control variable yielded by specific control scheme, the
virtual control variable in a back-stepping scheme, for
example.

Remark 3: Natural frequency of a state indicates how
fast the state may change during a dynamic process under
constraints of system dynamics and other boundary condi-
tions. Assumption 1 is not uncommon in practice, which is
termed as time-scale separation [27], the time scale differences
among acceleration, velocity, and position in a motion con-
trol system, for example. This assumption gives a frequency
domain interpretation of the situation that some disturbances
may only affect part of system dynamics significantly, as
indicated in Remark 1.

Remark 4: It could be argued that feasible control band of
u1 may be much lower than the disturbance frequency, thus the
effect of w is suppressed by available control input. However,
one cannot predict whether the feasible control band is close to
that of specific disturbance. As demonstrated by the example
given in Section IV, the bandwidth of the aerodynamic actuator
does stay close to the frequencies of the disturbance and the
hidden modes.
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Fig. 3. System diagram for the closed-loop system with CDN. (a) System

structure with CDN in the form of (4). (b) System structure with CDN in the
form of (5).

The above analyses tell that full compensation, which is
intended to improve system performance, may have side effect
and degrade system performance. We cautiously use the word
“may” because it depends on the deep characteristic analysis of
specific plant to be controlled. A possible solution to eliminate
this potential drawback is to construct CDN, in contrast with
conventional full compensation.

C. Conditional Disturbance Negation

For (1), we define CDN as a disturbance negation principle
that generates the following formalized control law:

uy =81 (x1, S(W1)) “)
or
w =581 (xi, 1)) )

where S(-) is a signal processor that is designed according to
characteristics of the disturbance and system dynamics. The
difference between (4) and (5) lies in that the signal processor
is put following the observer in (4) and behind the feed-
back controller in (5), with the structure depicted as Fig. 3(a)
and (b), respectively. The core idea is that CDN evaluates
and processes the estimated information (w;) first, and then
selectively feeds the processed information according to char-
acteristics of the disturbance and system dynamics for control
law synthesis. In this sense, CDN does not do disturbance
negation directly according to what the observer sees as in (3),
but thinks before taking actions. This thinking step includes
trying to figure out what the estimated information is, how
its quality is, and how to use it more wisely. Therefore, CDN
contains the signal processor S(-) to conditionally restrict the
use of observer-based negation.
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Equations (4) and (5) represent a formalized design without
specific mathematical description because CDN is proposed
as a general design principle for either linear or nonlinear
systems, regardless of specific feedback controller, observer, or
signal processor design methods. Although CDN still contains
a two-degree-of-freedom configuration, including a controller
and a DOB which is widely termed as disturbance “compensa-
tion” or “cancelation” in current literatures, here we carefully
choose the term “negation” based on the following linguistic
consideration.

1) Negation is adopted to emphasize an active operation
to directly obtain the disturbance information and sup-
press it, while compensation seems to represent a passive
solution where control action is actuated only after the
disturbance has already caused some effects on a system.

2) CDN does not seek to reject all disturbances, but those
that have impacts on the control processes we care about.
In this sense, our objective is not to “cancel” all distur-
bances, but to stop them from having impacts on specific
control process.

Note that we use the term compensation to denote the
observer-based disturbance rejection method hereinbefore. For
better expression, hereafter we use the term negation instead.
Accordingly, compared to CDN, the conventional full compen-
sation scheme shown in Fig. 2 is termed as full disturbance
negation (FDN) hereafter. A generalized CDN design process
for (4) can be summarized as follows.

Step 1: Construct a DOB using any observer design method,
such as DOB [8] or extended state observer (ESO) [6], to
obtain the estimate wpof the disturbance.

Step 2: Design a signal processor S(wp) to conditionally
feed the estimated value w; for control law synthesis based
on deep system characteristics analysis.

—~

Step 3: Synthesize a feedback control law u; =§&;
(x1, S(W1)) using the processed estimated disturbance.

Such a generalized process for (5) can be similarly obtained.
It is desirable that we give a general design method for S(-).
Unfortunately, it is not feasible for diverse systems. A general
guideline is to inspect potential drawbacks of FDN by deep
system analysis.

Remark 5: CDN is proposed as a general design prin-
ciple, hence system (1) can be extended to an even more
general system

x=f(x,u,d

{y = hx) ©

where x € R, u € R", d € RP, and y € R7re the
state, the control input, the total disturbance (including internal
uncertainty and external disturbance), and the output vectors,
respectively. f and h are adequate functions representing the
state and output dynamics of the system. Assume the dis-
turbance d is estimated by an observer with its estimated
value d, then the control law under CDN principle can be
designed as u = F(x, S(d)) or u = S(F(x, d)), where F(-) is
a proper feedback controller. System (1) is a special example
of (6). In this sense, although the side effect of observer-
based robust control has already been discussed through the
famous compliant mechanical systems and resonance ratio
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control (RRC) technique [18], [19], we contribute another typ-
ical example that reveals the side effect of FDN through
a severe cross-coupling perspective. Actually, it can be derived
that RRC in [18] and [19] is a special signal processor in the
CDN frame where the signal processor is designed to recover
the canceled reaction torque disturbance information with an
adjustable feedback gain. CDN offers a flexible and effec-
tive approach to the signal processor design. Other potential
implementation methods include direct notch filtering (which
is adopted in the examples of Sections III and IV), disturbance
characterization indicator-based method [22], optimal control
with frequency weighting within the cost function [28], and
frequency shaping method [29].

Next, we will separately study an LTI case and a nonlin-
ear case to exemplify the analysis and control design under
CDN principle. An additional difference between these two
cases lies in that there is only control input coupling in
the first case, while state couplings are also considered in
the second example, yielding a comprehensive demonstration
of (1).

III. LINEAR TIME-INVARIANT NUMERICAL CASE STUDY

For the LTI case, we take the transient function approach
for quantitative study. Consider the plant

{y1 = G1p(s) - Gop(s) - u1 + Gop(s) - wy

V2 = Gap(s) - u1. @

This is a linear example of (1), with only control input cou-
pling considered. Gy,(s) together with Go,(s) describes the
first subsystem, and Gsp(s)describes the second subsystem,
i.e., the hidden system dynamics. For simplicity, consider
both subsystems as single-input—single-output (SISO) systems,
with the outputs separately denoted as y; and y,. Our control
objective is to let y; track its reference command r; in the
presence of disturbance wi, and keep the hidden subsystem
well behaved. Without loss of generality, here the plant of the
first subsystem is taken as Gy,(s) - G2p(s), indicating that the
disturbance w1 only acts on part of the plant dynamics directly.
Similar assumptions to Assumptions 1 and 2 also hold for (7).

Next, we will separately design a generic feedback scheme
with no disturbance negation (NDN) and a FDN scheme
for (7). Comparison of these two schemes naturally leads to
the design of a CDN scheme.

A. Generic Feedback With No Disturbance Negation

Consider a feedback control scheme without disturbance
negation as Fig. 4, where G.(s) is a proper feedback con-
troller that stabilizes the y; subsystem. The transfer function
from the reference command to the first output is

1 Ge9)G1p(5)Gap(s)
r 1+ Ge(9)G1p(5)Gop(s)

The transfer functions from the disturbance to the two subsys-
tem outputs can be separately given as

()

y_] _ G2p(s)
wi 14 Ge(9)Gip(s)Gop(s)

(€))
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Fig. 4. System diagram without disturbance negation.
1/G, p(s) ﬁwl
S G0 B Gy 9) e Gy )
G,,(s) 2~
Fig. 5. System diagram with FDN.
and
2 Ge(9)Gap(5)G3p(s) (10)

wi 14 Ge(5)G1p(s)Gop(s)”

For a special case where the first subsystem plant can be
completely represented by Go,(s), we simply set Gip(s) = 1
for (8)—(10).

B. Full Disturbance Negation

Now, consider an FDN control scheme. Suppose that the
observer can estimate the disturbance “perfectly,” i.e., the esti-
mated value exactly matches the actual disturbance. Therefore,
the disturbance can be supposed as measurable. This assump-
tion is not practical but convenient for a unified derivation
because we do not need to consider specific observation error.
The closed-loop system with FDN can be depicted as Fig. 5.
Here, the negator is explicitly represented as —1/Gy,(s) such
that G.(s) is designed merely as a nominal input—output
tracking controller.

Accordingly, the transfer function from the reference com-
mand to the first output is the same as (8), and the transfer
functions from the disturbance to the two subsystem outputs
can be separately given as

o (11)
wi
and
-G
2 _ ZGp) (12)
wi Gip(s)

Equation (11) indicates that the disturbance has no effect on
the first output, which means the negator completely cancels
the disturbance as intended. Again, if the first subsystem plant
can be completely represented by Go,(s), ie., Gip(s) = 1,
the transfer function (12) is simply —Gs,(s). This means
that the disturbance is directly fed to the hidden subsystem
due to the negator.
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Now, we start to compare the two schemes. Recall
Assumption 2 that tells w; has negligible impact on yj, which
means Gop,(s) - wi ~ 0. Thus, (9) is approximately equiva-
lent to (11). Moreover, the impact on y» of wj may also be
small in view of (10). That means the observer-based negation
contributes little performance improvement. As a cost, how-
ever, for (12) if Gyp(s) = 1, wy is directly fed to the hidden
subsystem and may degrade its performance; if Gy,(s) # 1,
a worse case lies in that Gi,(s) has right-half plane (RHP)
zeros, which makes (12) unstable and yields an even worse
performance of the hidden subsystem.

For numerical demonstration, take the plant as

2
Giy = 1,Gap = Onl
b P 2 4 201 0ms + @2
2
w
Gsp = . (13)
§2 4+ 20wp08 + W
with ¢ = 1, w,1 = 1 rad/sec, & = 0.02, and w, =

10 rad/sec. This example indicates that: 1) the hidden sub-
system has weak stability with a small damping ratio and
2) natural frequencies of the two subsystems are far sepa-
rated (ten times difference here), as indicated by Assumption
1. Since specific control algorithm is not cared about in this
article, we trivially design G.(s) as a PID controller

Ge(s) = kp +ki/s + kys. (14)
The transfer functions (8)—(10) are obtained as
o kas® + kps + k; (15)
o S+ kg +2)s2+ (ky+ 1)s+k
AR ’ (16)
wi 84 (kg + 25>+ (kp + 1)s + k;
2 o de2+kpS+ki
wi S+ kg +2)s2+ (ky +1)s+ ki
2
wnZ (17)

X = 5
5=+ 20w0p08 + @i

Simply using Routh stability criterion and choosing the con-
troller parameters

kp+1>0,ki>0,kg+2>0
(kp + 1) (kg +2) — ki > 0

can guarantee the stability of the y; subsystem. We trivially
choose k, = 2, k; = 1, and k4 = 0.5. Bode diagrams
of (16) and (17) are given as Fig. 6(a) and (b), respectively. As
expected, y, is much more sensitive than y; to high-frequency
disturbance which has the frequency close to the natural
frequency of G3p, but the magnitude is almost below zero.

On the contrary, if an observer is integrated as Fig. 5, Bode
diagram of (12) is given as Fig. 7. In this case, y» may be
greatly affected by a disturbance which has the frequency close
to 10 rad/s.

(18)

C. Conditional Disturbance Negation

Based on the scheme of FDN, a signal processor, denoted
as Gy(s), is integrated, yielding a CDN scheme as depicted
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Fig. 6. Bode diagrams of the transfer function from the disturbance to:
(a) y1 and (b) y» with NDN.
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Fig. 7. Bode diagrams of the transfer function from the disturbance to yp
with FDN.

in Fig. 8. Accordingly, we have
Y1 _ Ge(5)GN(5)G1p(5)Gop(s)

= 19
ri 1+ Ge(s)GN()G1p()Gap(s) (1
no_ Gyp()(1 — G (s)) 20)
wi 14 Ge()GN($)G1p(s)Gop(s)
»2 _ Gn($)G3p(s)
ol Ge(5)GN(5)G3p(s) o 21

For demonstration, design the signal processor as a notch filter

2 2
sC+w
GN(s) = — N (22)
5%+ wns/On + oy,
with wy = wyp and Oy = 1. Intuitively, since the natural

frequency of Gy, (s) is much smaller than the frequency of w
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Fig. 8. System diagram with CDN.
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and yj /w1 should be quite small. Then the first item in (21) can
be ignored and y>/wi ~ —Gn(s)G3p(s)/Gip(s). Compared
with (12) where y2 /w1 = —G3,(s)/G1p(s), it is obvious that
the notch filter is added to suppress the influence of wy. These
intuitive analyses are supported by the Bode diagrams of (20)
and (21) as Fig. 9. As expected, y; is robust to the disturbance.
More importantly, compared to Fig. 7, y» also exhibits better
disturbance rejection ability.

Next, we give a comparison in the time domain. Suppose
there exists a disturbance w; = 0.2sin(w,?), that is, the
frequency of the disturbance signal is the same as the natural
frequency of Gj3,(s). The reference command is given as
r1 = 1. The simulation results with the NDN, FDN, and
CDN control schemes are compared in Fig. 10. In all schemes
y1 can track the reference command well, but the responses
of y, are quite different. Without negation the response of
y> can be kept in a relatively small magnitude; with FDN,
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Fig. 10. Simulation results of the linear example.

however, it is excited by the disturbance and oscillation with
a large magnitude occurs; with CDN, the oscillation is well
suppressed, better than NDN. This indicates that an appropri-
ate CDN scheme has little impact on normal (y;) subsystem
performance but can protect hidden (y;) subsystem from being
excited by some disturbances.

To summarize, the control laws for (7) with NDN, FDN,
and CDN, as counterparts of (2), (3), and (5), are, respectively,
listed as

uyp = Ge(s) - ey, (23)
uyp = Gc(5) - ey, — mwl (24)

and
up = Gn(s) - [GC(S) “ey — ﬁm} (25)

where ey, = r| — yjis the tracking error of y;. Obviously the
signal processor in CDN is taken as the form of (5)

S(§ (s)) — G () 8 (5) (26)

where

2 (5) = Ge(s) - ey, — !

1
—_—Ww
Glp(s)
and Gy(s) is the notch filter (22).

One may argue that the example given in this section is too
particular because we know exactly the natural frequencies of
both subsystems and we add a specific disturbance that has
great impact on one subsystem while almost has no impact on
the other. Next, we will give a more complex case to exem-
plify that it is not uncommon in practice, and it is of great
importance to dig system characteristics as much as possible
before control design.

IV. NONLINEAR FAHV CASE STUDY

In this section, we will exemplify the effectiveness of CDN
in control design for an FAHV [30]. A back-stepping control
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scheme was constructed in [20] and [21]. As specific control
method is not what we care about in this article, we primarily
analyze how FDN causes side effects and why CDN is neces-
sary. Backgrounds and detailed control design can be referred
to [20] and [21].

A. Model Description

Disturbed motion equations of FAHV altitude system are
described as

h=Vsiny + wy, (27)
y =L+ Tsina)/(mV) —gcosy/V +w, (28)
¢=0—-y+wa (29
0 = M/Ly +wg (30)
i = —2&wim; — wfni +N;,  i=1,2,3. (31

Here, h, y, o, and Q are four rigid states, representing alti-
tude, flight-path angle (FPA), angle of attack (AOA), pitch
rate, respectively, and wy, wy, wy, and wg denote external dis-
turbances in these four channels. 7; and 7); are the first three
flexible modes and their derivatives, with modal frequencies
wp = 21.17 rad/s, wy = 53.92 rad/s, and w3z = 109.1 rad/s.
All flexible modes have the damping ratio & = 0.02, indicat-
ing a severe mode vibration. The flexible modes describe how
the vehicle may blend in hypersonic flight due to its long,
slender fuselage with light materials. However, these flexi-
ble states are difficult to be measured. Note that all rigid and
flexible modal frequencies are characterized at a trimmed con-
dition given in [30] where the nonlinear model is linearized
for frequency domain analysis. Other symbols involve vehicle
velocity V, mass m, longitudinal moment of inertia Iy, and
gravitational acceleration g. The control input to be designed
is the elevator deflection §,. The aerodynamic lift L, drag D,
pitching moment M, thrust 7, and generalized flexible forces
N; are significantly coupled with the flight states and control
inputs. Their detailed expressions are given in [21] but can be
written into the following formalized expressions:

L=fi(a n,d)
D = fp(a. 1, 8e)
M = fu(e, 1, 8e) (32)
T = fr(e, n)
Ni=fn(@,n,8.), =123
to emphasize the key independent variables, with

n = [, n, ml".

It is seen that all forces and the pitching moment that deter-
mine the rigid dynamics are affected by the flexible modes 7,
and inversely, the generalized flexible forces N; are also
affected by the rigid modes, especially, the AOA «. Moreover,
all rigid and flexible modes are explicitly affected by con-
trol input 6,. Hence, couplings exist among both rigid/flexible
states and control input, resulting in a quite complex version of
the general system (1). Denoting x; = [, y, a, Q] as the rigid
modes, x; = [nT, ﬁT]T as the flexible modes, u; = 3, as the
control input, and wi = [wy, Wy, Wq, wQ]T as the disturbances,
we can rewrite system (27)—(31) as

X1 = frigid(x1, X2, u1, wi) (33)
X2 = fexible (X1, X2, U1)
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Fig. 11. Overall logic of the altitude control with FDN.

where frigia and fhexible can be directly derived from (27)-
(31) and detailed expressions of the forces and moment.
Therefore, this is exactly an example of the general system (1).
Natural frequency of the slowest flexible mode 7 is almost
5-10 times of the fastest rigid mode Q [30], so there is indeed
a large time-scale separation between x; and x;, which means
Assumption 1 holds. Our control objective is to let the altitude
h track its reference command, while keep the flexible modes
from being significantly excited.

B. Full Disturbance Negation

In [20] and [21] a back-stepping scheme with FDN was
adopted which decomposed the altitude control into four
first-order cascaded subsystems, each incorporating a non-
linear dynamic inversion [31]-based nominal controller and
an ESO [6]-based negator. By ignoring some tedious details,
the overall control logic can be illustrated as Fig. 11. It is
explained as follows.

Part A: The FAHV nonlinear model. It consists of four
rigid states: the altitude s, FPA y, AOA «, and pitch rate Q,
each block representing a first-order rigid dynamics listed
as (27)—(30). It also consists of six flexible modes »; and #;, of
which the dynamics are modeled as (31). Couplings among the
rigid and flexible modes through the forces and moment (32)
are also illustrated by the arrowed lines.

Part B: The nominal control scheme. With proper assump-
tions, (27)—(30) can be rewritten into a strict-feedback form
as [21]

h = fi + gny + dn (34)
Y ny + gyo +dy (35)
& =fo +8aQ + dao (36)
Q = fo+ 808. +do (37)

where d; are lumped disturbances consisting of w; and other
modeling errors, and details of d},f;, and g; can be found
in [21], j = h,y,a,Q. Then a back-stepping framework
with four cascaded nominal controllers is constructed, each
for a rigid dynamics. A former controller generates a refer-
ence command for the subsequent dynamics. For example, C,
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generates a reference command o, for the AOA to follow. If
the subsequent controller C, works normally, the actual AOA
o should track a. well. Therefore, we use the dashed lines to
indicate that the reference commands can determine the actual
flight states implicitly.

For demonstration, we consider the FPA dynamics only in
this article. A nominal FPA controller without disturbance
compensation is designed as

ae = (—kyey —f, +vc)/gy

where e, = y — y, is the tracking error of FPA, and k, is
a proper controller gain.

Part C: The observer-based negation. ESOs 0;,] =
h,y,a, Q, are combined with the nominal controllers, also
each for a rigid mode dynamics. For the disturbed FPA
model (35), the modeling error is verified to be negligible,
thus we denote d, = w). An ESO is designed as

(38)

é'y = ); —-VY
)? =fy, +gyac+ Wy, — By1e, 39
VAVV = _ﬁVZEV

where y and W, are the estimates of y and w,,, &, is the
estimation error, and 8,1 and B,, are proper observer gains.
Then w, is fed for negation, yielding the final FDN control
law as

o = Qe — Wy /8y (40)

Now, we analyze potential drawback of this observer-based
negation scheme in Fig. 11. Assume the disturbance w,, is per-
fectly estimated as vAvy, then the control variable «., as revealed
in (40), will contain a negation component that is directly
related to wy,. This negation component can be reflected by
both the rigid state o and the final actuator control input §,
both of which have great impacts on the flexile modes through
the generalized flexible forces N;. Now, suppose w, contains
a signal component that has a frequency close to the natural
frequencies of the flexible modes, these modes may be excited
by the negation component. In return, the excited flexible
modes will react on the rigid modes, which may make the
cross-coupling much worse. Finally, the overall system may
become unstable.

C. Conditional Disturbance Negation

CDN can protect the flexible modes from being excited.
A direct solution is to add a notch filter behind the observer.
Still take the FPA dynamics for demonstration. The CDN
scheme is shown in Fig. 12. The notch filter N, is designed
such that normal estimated signals are passed through for dis-
turbance rejection in the FPA dynamics, while the signals that
may excite the flexible modes are suppressed. Therefore, N,
can take the same form as (22), with wy = 21 rad/s and
On = 0.5. Ideally, there should be three notch filters for the
first three flexible modes, respectively. However, because the
first mode 71 has much greater impact than the other two flex-
ible modes in practice [32], and also because frequencies of
the latter two modes are much higher than the rigid modes,
which makes their couplings to rigid dynamics much weaker,
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Fig. 12. CDN for the FPA dynamics.

we only consider the first mode suppression here. The central
frequency wy is selected around wi, the natural frequency of
the first flexible mode, but not necessarily exactly the same to
indicate a frequency uncertainty.

Again, we summarize that the control law for the
FPA dynamics with FDN is in (40), while the one with CDN is

ac=ac—S(Wy,) /gy (4D
The signal processor in CDN is taken as the form of (4) where
S(hy) =Ny -y (42)

D. Simulation Comparison

We finally conduct a simulation comparison to demon-
strate the superiority of CDN. Reference commands are given
such that the vehicle climbs and accelerates from an initial
trimmed condition (altitude 85000 ft, velocity 7846.4 ft/s)
to the altitude 110000 ft and the velocity 10500 ft/s. Basic
control parameters are set as those in [20]. Assume two
external disturbances are added to the FPA dynamics (28):
a low-frequency disturbance w1 = 0.001 sin(0.5¢) and a high-
frequency disturbance w,; = 0.005 sin(21¢) during the period
t = 400 ~ 500 s. Other disturbances and uncertainties
include 40% parameter uncertainty added to the rigid forces
and moment during t = 0 ~ 400 s, and the flexibility con-
tribution to the rigid dynamics in the entire flight. All of
these disturbances and uncertainties constitute the total dis-
turbance w, to the FPA dynamics. Therefore, w, contains
both low- and high- frequency components. Particularly, the
high-frequency component w, has a frequency that is very
close to the natural frequency of the first flexible mode n;.
We take three control schemes that are separately with NDN,
FDN, and CDN for comparison. The simulation results are
depicted in Fig. 13. It is seen from Fig. 13(a) that both NDN
and CDN schemes can stabilize the altitude dynamics, but
the latter gives a better response as indicated by the tracking
error shown in Fig. 13(b). This comparison indicates the neces-
sity of observer-based negation. However, the FDN makes the
altitude diverge after the disturbance w,; is added, as shown
in Fig. 13(a). This is because the high-frequency disturbance
excites the flexible modes as shown in Fig. 13(d), and in
return, these excited modes degrade rigid response. CDN, how-
ever, succeeds in protecting the flexible modes from being
severely excited, as shown in Fig. 13(c). The original esti-
mated disturbance is plotted in Fig. 13(e), indicating clearly
that all disturbances are well estimated. However, as shown in
Fig. 13(f), the high-frequency signal during t = 400 ~ 500 s
is suppressed by the notch filter. This means the estimated
disturbances are selectively adopted for negation.
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Remark 6: This example indicates clearly that CDN makes
a proper tradeoff between normal disturbance rejection and
hidden state suppression. That means we do not blindly seek
for the performance of disturbance rejection. On the con-
trary, we should have an overall evaluation of multiple (maybe
conflicting) design requirements by deep analysis of system
characteristics.

Remark 7: The flexible modal frequency and damping ratio
may change during hypersonic flight due to fuel consump-
tion, payload variation, or atmospheric heating. In this case,
a deep understanding of vehicle characteristics is of sig-
nificance, which can give a guideline to design an online
frequency estimator [33] so that the notch filter can adaptively
track practical flexible modal frequency.

V. CONCLUSION

Although limits and potential drawbacks of conventional
DOB-based control have been discussed, we provide another
typical example through a class of cross-coupling systems in
this article. More importantly, the design principle of CDN is
proposed for systems suffering from the side effects of conven-
tional observer-based compensation. We give a basic descrip-
tion of the cross-coupling system and conduct qualitative
analysis to discuss why FDN may cause side effects and how
CDN works. A numerical LTI example and a more complex
nonlinear FAHV example follow, exhibiting more quantitative
analysis and simulation results to demonstrate the effectiveness

of CDN. Frequency domain languages seem to be a straight-
forward tool for analysis and synthesis of such systems.

As an initial attempt, our purpose is not to present spe-
cific methods for control design, but to point out the necessity
of CDN. It raises an interesting question on how to use an
observer more wisely according to system characteristics. The
proposed work also arouses our awareness of the importance
of signal processing, rather than control algorithm design, in
engineering practice, which constructs an information-centric
control concept that has not been well understood yet. In
the future work, more implementation methods for the sig-
nal processor should be developed. A promising direction is
to draw lessons from the information science, the abundant
data-driven-based methods, for example.
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