HH BRI TARER S = UGS /NS 619~635 H(REI—HZ L)
Journal of the Chinese Society of Mechanical Engineers, Vol.39, No.6, pp 619~635 (2018)

A New Framework of Disturbance Observer
with Vidyasagar's Structure

Yu-Xian Chen, Ruei-Yu Huang, Shih-Chung Chang, Yi-Ren Pan and
An-Chen Lee*

Keywords: Robust stability, Decoupling control,
Disturbance-observer controller,
Doubly coprime factorization.

ABSTRACT

This paper proposes a novel two degree of
freedom (TDOF) control structure: a combination of
Vidyasagar’s structure (VS) and the doubly coprime

factorization based disturbance observer (DCFDOB).

The DCFDOB-VS framework is aimed at providing
a control structure and design procedure for a MIMO
system with good characteristics of disturbance
attenuation, tracking, and decoupling property. The
structure can deal with stable/unstable and minimum
phase/non-minimum phase plants. The advantage of
the method is that two parameters can be designed
for different purposes, independently. The parameter
H stabilizes the system and improves tracking
property. Once the parameter H has been

designed, then the Q, can be implemented via a

parameter Q for rejecting disturbances
improving the system robustness.

and

INTRODUCTION

In order to simultaneously achieve different
requirements of a control system, such as attaining a
desired response, tracking, stabilizing, decoupling,
increasing robustness and attenuating disturbances, a
control configuration with a two degree of freedom
(TDOF) compensator is necessary. A two degree of
freedom configuration is first discussed by Horowitz
(1963). For multiple input multiple output (MIMO)
system, Vidyasagar (1985) had a discussion of a
two-parameter compensator using a factorization
approach and Skogestad et al. (1996).
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It also discussed TDOF design in classical
control and the limitation when existing right-half
plane zeros or poles.Therefore, there has been much
research on the design and construct a two degree of
freedom control system. Youla et al. (1985) designed
all TDOF stabilizing controllers and also discussed
the tradeoff between optimum performance,
tracking-cost sensitivity, and stability margins. Sugie
et al. (1986) parameterized a TDOF compensator
with two free parameters to achieve the robust
tracking with internal stability. Hara et al. (1988)
also parameterized a TDOF compensator to achieve
the robust tracking with internal stability, but results
can deal with systems where its output vector is not
coincident with the measurement vector. Sugie et al.
(1989) formulated a general result for TDOF with
robust tracking problem which include the case
where the controlled output not available directly.
Also, Umeno et al. (1993) proposed a robust servo
system design method based on the TDOF controller
to apply in advanced motion control for a robot
manipulator.

An important special case of the two parameter
compensator is the observer controller structure
proposing by Viswanadham (1981) and Vidyasagar
(1985). The Vidyasagar’s structure (VS) use an
observer-controller structure to observe the partial
state and has a controller with a H parameter. And
the H parameter is a unit over the set of proper and
stable real rational functions. The VS structure has
been extensively discussed in control problems.

Banos (1996, 1998) investigated the stabilization
of a plant with an observer-controller structure and
developed the parameterization of nonlinear
stabilizing observer- controller compensators of a
given nonlinear system. Huang et al. (2007)
discussed the relationships among the Youla-Kucera
parameterization, VS structure and both expanded
parameterizations with generalizing all stabilizing
compensators for finite-dimensional linear systems.
Lee et al. (2010) proposed a robust
observer-controller compensator design with the
parameter H which gives flexibility in tracking
control. Thus, The VS can provide a stable control
configuration within our proposed structure.



In addition, to eliminate disturbances and
reduce the effect of uncertainties of a system, the
concept of so-called disturbance-observer structure
(DOB) can effectively handle these problems and
provide a better performance. The original DOB
structure proposed by Ohnishi (1987) is based on the
concept of plant dynamics inversion and many other
studies extended DOB to advanced researches. Lee
et al. (1996) presented a design of robust digital
DOB controller to deal with various uncertainties
and external disturbances. Yi et al. (1999) proposed
a TDOF controller for hard disk servo systems with
DOB and adaptive robust control structure. Kim et al.
(2003) proposed an advanced design method of
DOB for mechanical positioning systems. Horng et
al. (2006) proposed a method in designing DOB
controller parameters to eliminate limit cycle
problems while maintaining the system performance.
Although the DOB has simple structure with strong
robustness, these researches of DOB structure
cannot be directly applied to all kind of plants such
as non-minimum phase or unstable plants. On the
other hand, for the disturbance rejection problem in
the MIMO unstable non-minimum phase plant, Choi

et al. (1996) provided solutions for DOB in H_

framework. Glivenc et al. (2010) proposed a robust
MIMO disturbance-observer structure which can
decouple the plant by treating the multiplicative
model uncertainty as the extended disturbance and
use the dynamics inversion method proposed by
Ohnishi (1987). However, if the plant is strongly
coupled or exist an unstable non-minimum phase
plant, the studies is not capable of handling the
system.

In this paper we propose a novel disturbance-
observer compensator which is described in doubly
coprime factorization Nett (1984) disturbance
observer structure (DCFDOB). Unlike the way of
traditional DOB using the inverse of a nominal
model, the DCFDOB use factorization approach to
construct a compensator with a parameter Q. The

DCFDOB can estimate disturbances and the
estimated states can be utilized to reject disturbances
while providing satisfactory feedback properties
such as sensitivity and robust stability in the
presence of uncertainties and disturbances. In the
meantime, the Vidyasagar’s structure is merged,
which has the same structure in some parts of loop
with DCFDOB. Thus, the whole structure forms a
new two degree of freedom structure (DCFDOB-VS)
while inheriting the advantages of both
sub-structures. That is, the DCFDOB-VS can be
used to design a  two-degree-of-freedom
compensator to stabilize all kinds of MIMO plants
and achieve desired properties such as tracking,
decoupling and disturbance rejection.

The organization of the rest of this paper is as
follows. The proposed DCFDOB-VS structure is
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introduced in Section 2. The proposed design proce-
dures of parameters H (S)and Q(S) for minimum

and non-minimum phase systems are introduced in
Section 3. The system robust stability condition with
coprime factor uncertainties is analyzed and the
relationships between the DCFDOB-VS structure
and the Youla-Kucera parameterization are discussed
in Section 4. In section 5, two design examples are
used to demonstrate the design procedures and the
discussion offers a comparison with different
parameters design. The paper ends with conclusions
in section 6

THE PROPOSED FRAMEWORK

The structure of DCFDOB-VS not only has an

observer-controller  compensator  described in
Vidyasagar’s  structure (VS), but has a
disturbance-observer compensator described in

doubly coprime factorization based disturbance
observer structure (DCFDOB). The concepts and
properties of VS and DCFDOB are given in
appendix A. In the following, we directly analyze the
proposed DCFDOB-VS framework.

Let the nominal plant

1
Pn:NnMn'lzﬂ/l N be the right coprime
factorization (RCF) and the left coprime

factorization (LCF) of P, over RH_, respectively.

n

By the coprime factorization approach, we have
matrices X,,Y,,X,,Y, € RH_ that satisfy the
XM, +YN =1 and

Bezout identities

Mnxl +NnYI =1 (McFarlane, 1990).
DCFDOB-VS framework is represented in Fig. 1

The

Fig. 1. The DCFDOB-VS framework

The 4x4
fom [rd, d, ] to [e ey ey €]

obtained as follows equation (1) (details in appendix
A)

transfer function matrix

is
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We replace H™(1-Q)Y, e RH_ of the 2, 3¢

and 4" columns in equation (1) with Q, e RH

and vyield equation (2) (details in appendix A) and
also form the TDOF control scheme contains two
independent parameters.
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€o| |Ra Ry Ry Ry d,
€ Ry R Rg Ryl é

To ensure the internal stability of the system, it
is necessary and sufficient to test whether each of

sixteen transfer matrices in equation (2) is in RH_ .
Because of the matrices
M. N Mo N X Y., X, Y, eRH, are
all stable, if we check all transfer matrices of
equation (2), the DCFDOB-VS is internally stable if
and only if the parameter Q, e RH_

ie, QeRH_ and the parameter H e U(RH ),
ie, H(s),H"'(s)eRH, where the notation

U(RH,) denotes a unit over RH_ . These two

parameters can be designed for different purposes,
independently. The parameter H stabilizes the
system and improves tracking property. Once the

parameter H has been designed, then the Q,

can be implemented via a parameter Q for
rejecting disturbances and improving the system
robustness.

The closed-loop transfer function from r to
y is represented by

y(s) =N, (s)H(s)r(s) ©)

If one can design the parameter H appropriately,
then the tracking response can be improved
obviously. The property of parameter H has been
discussed in detail by Vidyasagar (1985) and Huang
(2007). Therefore, the system is internally stable if

and only if the parameter H € U(RH ) .

The transfer functions of input/output
sensitivity functions are represented as follows:

Si:Mn(Xr+QYN”) 4
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S,=1-N,(Y.-Q,Mn)

=N (X, +Q, NN, M., (5)

Thus, one can design Q, and make the same term
(X, +Q,Ns) in both input sensitivity function

S, and output sensitivity function S, as small as

possible. The smallness
frequency-dependent

minimize
values

means to

singular
G(Xr+QYNn) in a certain range of low

frequencies. Then the effects of both input and
output disturbance are simultaneously eliminated
over that frequency range.

THE DESIGN OF PARAMETERS

The design of parameter H(s)
A.  Minimum phase case
For a minimum phase square plant, an inverse

idea can be used to design the parameter H(S) as
follows. Let the plant P, =N M " where
N, (s)T RH, is a nxn matrix. Then, the
parameter H (S) is selected to be

H(s) = a(s)-N,(s) (6)
a(s) = diag{a,(s).a,(s),L ,a,(s)}

inwhich ¢, (S) for i=1~n are polynomials:

where

n n-1
ai(S)zai'ns +ta;, 8 +ota s +1(7)

The roots of «(S) are all in the open left-half

plane such that(S)N, (s) e U(RH ). In Fig. 1,
the closed-loop transfer function from r to y is
represented by

y(s) = N, (s)H ~(s)r(s)

Then the
have y(S) = & (S)r(s) . Obviously, the system
response is determined by the pole locations of
a(s) and thus the tracking can be improved. It

(®)

in case we

is also easy to see that if N is square, then
N.H ~* can always be made into a diagonal matrix
to achieve decoupling for «(S) is a diagonal
matrix. Note that the degree of polynomial «(S)

depends on the relative degree of N, (S) .

B. Non-minimum phase case



For a non-minimum phase square plant

P =NM,", where N (s)T RH, is a

N x N matrix with zeros in the open right-half plane.

Then the inverse idea cannot be directly used
for N,*(s)I RH, . In Fig. 1, the closed-loop
transfer function from r to y is

y(s)= N, (S)H *(s)r(s)=G(s)r(s)  (9)
The obvious way to design H(S) is using
spectral factorization technique (Francis, 1987)
on N, () to extract the stable and minimum-phase

component from the rest, and applying the method
discussed above to this component while leaving the
rest part. However, the whole system does not have
decoupled property by this approach. Here, we
consider the case with a less stringent criterion,
static decoupling, which involves only the
steady-state behavior of the output response (Wang,
2003). The system form equation (9) is said to be
statically decoupled if it is stable and its static gain

matrix G(0) is diagonal and nonsingular, i.e.,

G(s)=diag{g,(s).9,(s).L ,g,(s)} with that
g;(0)* 0, i=1~n.Now, we have

limgs  y;()=g,0)r(t), i=1~n

In general, every input I; may affect all of the
output transient response, but equation (10)

guarantees that each output Y; will be unchanged
N,(0)

tracking and

(10)

in a steady state. Assume that is

nonsingular and G(0)=1 for

decoupling are satisfied such that
G(0)=N,(0)H"(0)= |
The equation (11) implies that the parameter H (0)

(11)

equals to N, (0) . Furthermore, the system is
internally  stable if and only if the
parameter H e U(RH_) . Then, the parameter

H (s) is selected to be a unimodular matrix and to
have a static gain matrix H (0)=N, (0).

Let n; be the static gain of elements
of N,(0) . Also let p,p,,--p, and
2,,7,,---Z,, be the open left-half plane poles and

zeros of elements of H(S) , respectively. The

relative location of these poles and zeros will affect
the system response. We have
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nll n12 nln
no i
N,(©)=| (12)
nnl nnn
and
Ny, (8)  ny,hy, (8) N, N, (8)
H(s) = n21h221(s) : (13)
Ny (8) NN,y (5)
= S+12 men,,S+1
where  h.(s)=] | K =1]2—
) lkl “s+p, anyksﬂ

and h;(0)=1, i=1~n,j=1~n.
ForH e U(RH_), the numbers of poles and zeros

of an element of H(S) should be the same which

can be arbitrarily assigned, but one should also
consider the limitation of bandwidth of the system
and the tracking to be improved.

The design of parameter Q(s)

A. Minimum phase case
For a minimum phase square plant, suppose

plant P, = NnM,f1 isa n° n matrix. In Fig. 1,
the transfer function from d, to e, is represented
by

e; (8)=M, (X, +Q, Nn)xd,
Also, the transfer function from d, to e, is
represented by

e, (s)=1-N (Y. -Q, Mn)>d,
=Nn(Xr +QY ﬁn)ﬁn-lm n >do

where Q,=H (I -Q)Y,.
These two transfer function are so called as the input
sensitivity matrix S, and the output sensitivity

(14)

(15)

matrix S_, respectively. To reject the disturbance,

0!

the simplest way in designing Q, can be done as

o -1
follows. Suppose that Q, (S)=- X,JNn , where

J isa n° n diagonal matrix which is composed
of low-pass filters, i.e.,
J(s)=diag {j;(s), () L ,J, ()} Then

equation (14) and equation (15) can be rewritten as
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e, (8)=M, (X, - X, J) B =M X (1-J) d (16)

and
6, (5)=N, (X, - X, J)R B>,
=N X, (1-3)N. " ®.od,

If we design the matrix J(jw)» | in a certain

range of low frequencies, then the effects of both
input and output disturbance are simultaneously
eliminated over that frequency range. So, the

parameter Q can be obtained as

17

Q(s)=1 +HX, IN, Y *

where the parameter H is given in foregoing
design. Note that the relative degree of each element

of the low-pass filter J(S) depends on the relative
degree of X,(S) , ﬁn(s) and Y,(S) so that

(18)

o -1
X, JNn'Y," is proper or strictly proper.

Since H e U(RH_) , then the parameter Q is
realizable.

B. Non-minimum phase case
For a non-minimum  phase  square

plant P, =N, M, ™, where N_(s)T RH, is a

N x N matrix with zeros in the open right-half plane.

Just as in the design of the parameter H , the inverse
idea cannot be directly used for N *(s)T RH, .

In Fig. 1, the transfer function of input and output
sensitivity functions are represented as equation
(4-5). For the sensitivity minimization, our goal is to
find a stable parameter Q to reject the input and
output disturbance. Thus, one can design the
parameter Q and make the same term of both the
input sensitivity function Si and output sensitivity

function S, as small as possible. The notion of
smallness for these two transfer matrices especially
in a certain range of low frequenciesO < @ < ,
can be made using frequency dependent singular

values g(Xr+QYQn) , Where the matrix

X, +Q, Ny is the common term of S, and S,

withQ, = H™*(1 —Q)Y, . Then, the effects of both

input and output disturbance are simultaneously
eliminated over that frequency range. To solve the
problem, the objective function can be described as

‘M X, +HH(I-QY N, <1 (19)

where the weighting function W (S) is a stable and

min
QeRH,,
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minimum phase transfer function with the properties

W(jw)~1, 0<w<ao, (20)
and

|W(ja))|D 1, >0, (21)

For practical purpose, a possible choice of W (S),

by choosing suitable M, @, and & to satisfy

the performance specifications (Zhou, 1998), is
obtained as

_sIM +a,
S+w,&

W (22)
where @, and & are related to the bandwidth of

the disturbance rejection and the steady-state error of
the system response, respectively. For MIMO, the
weighting function can be designed as a square
matrix which is diagonal such as

W (s) = diag{W, (s),W,(s),---,W,(s)}  with
each term W,(S),i =1~n chosen in the form as
equation (22). Now, we rewrite equation (19) as

min WoIX +HE0 QYN @)
= min [WX, +WH Y, No ~WH QY N.]| (24
=min [T, +T.QT][, (25)

where T, =WX, +WH YN, T,=-WH"™
and T, =Y,Nn.
This is known as the model matching problem

because to solve it we need to choose the parameter
Q such that the matrix —T,QT, ‘matches’ the

T, as well as possible. In the literature on H

control theory (Glover, 1984 and Limebeer et al.,
1987) one can convert the model matching problem
into the Nehari extension problem or the Hankel
approximation problem. Let we assume the

inner-outer factorizations of T, and T, as
T, =T,T,, andT, =T, T,;, respectively. Then the
equation (25) can be represented as

i lmonl. =g R0, e
Where R=T,T,T, eRL, and the other
condition is Q = -T,,QT;, e RH, . Here we

use X' (S) to denote X' (—S) . Finally, the Nehari

problem of the parameter Q
(Maciejowski, 1989).

can be solved



The parameter obtained by above procedure
may have a higher order. It is useful to reduce as
much as possible the parameter order which will
simplify the implementation and increase the
reliability. To do this one can use Optimum
Hankel-norm Approximation method, Frequency
Weighted Approximation method, or other controller
reduction methods to find a reduced- order
parameter (Obinata, 2001), but the stability and
performance of the closed-loop system using
reduced- order parameter should always be verified.

SYSTEM ROBUSTNESS

In this section, we will investigate the robust
stability and the difference between the
DCFDOB-VS structure and Youla-Kucera controller
structure. The small gain theorem is used to derive
robust stability test and the modeling error A(S) is
assumed to be stable (McFarlane, 1990). Let the

nominal plant P, =N M _~* with the modeling
error A(S) as

P=(N,+Ay)-(M +Ay,) (27)

A
where A(S)={ N} and N,,M eRH_ .
Ay
Then, we can modify Fig. 1 as Fig. 2 (details in
appendix A)

To apply the small gain theorem, we modified Fig.
3as M, —A loop as shown in the appendix A.

According to the small gain theorem, the
DCFDOB-VS is guaranteed internally stable for all

|A|, <&,&>0 ifandonlyif

Ay

A, 1AL Al <1

(28)

0

Where the element A =-Y. + H*(1 —Q)Y,M |,
and element A, = =X, —H (1 —Q)Y,MN .

Let Q, =H(1-Q),
M, (S) of Equation (28), then, we have
ML =A Al <1

is substituted into

=Y. +QM, -x,-QN,| <1 (29

Obviously, the value of ||MA||03 is only influenced
by the independent parameter Q, . Once the

parameter H is designed, the parameter QY is
determined by the parameter Q . That is, in general,
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the system is internally stable for all ||A||w <l if
and only if ”MA”w <1 and the value of ||MA||00

is determined by the parameter QY . The advantage

of DCFDOB-VS is that it will simplify the
robustness tuning procedure and disturbances
rejection by using only one independent parameter

Q.

Furthermore, we can modify Fig. 2 to Fig. 4
and Fig. 5 through 1/O equivalence.
In Fig. 4 and Fig. 5 which are shown in appendix A,
the loop properties of the DCFDOB-VS structure are
the same as those of the well-known Youla-Kucera
controller structure (Youla, 1985) if rearranging the
equation of controller as

[HX, + (1 =Q)Y,NaT[HY. — (I —Q)Y,M ]

= (X, +Q Na) (Y, —Q M)
Where Q, =H (1 -Q)Y,,Q, eRH_.

On the other hand, from Fig. 5, we knew that
the DCFDOB-VS also can be modified as the
Youla-Kucera  controller  structure  with a

pre-filter H™'(S) . Obviously, the DCFDOB-VS
structure is the same as the EYKP (expansion of the

Youla-Kucera parameterization (Huang, 2007))
structure which also have the
parameter H over U(RH ) . And according to the
literature (Vidyasagar, 1985), the DCFDOB-VS
structure has a so-called two-parameter compensator.
Then, the inverse of parameter H exhibits the
pre-filter property. Thus, as discussed in the
preceding sections, the DCFDOB-VS structure has
two parameters which can be designed for different
purpose, independently. The parameter H , which is
omitted from the Youla-Kucera parameterization of
all stabilizing controller, stabilizes the system and

improves tracking property. The parameter QY can

be implemented via a parameter Q for rejecting
disturbances and improving the system robustness.
Moreover, Fig. 5 can explain more clearly why the

(30)

loop properties, e.g.”l\/lA”oc, is only influenced by

the independent parameter QY .

DESIGN EXAMPLES

To illustrate the design method and the
closed-loop behavior of the DCFDOB-VS structure,
in the following section, we give two MIMO
examples which demonstrate the flexibility of
parameter design to deal with unstable minimum
phase and unstable non-minimum phase plant
respectively.
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A. An unstable minimum phase case
Suppose a square MIMO unstable minimum
phase plant is given as

10 2
P = s—5 s+6 (31)
5 3
S+7 s-—8]
By the coprime factorization approach, we have
N I
Nn :|: nll ni2 (32)
N n21 N n22 |
M M
M ) — |: nll nl2 :| (33)
M n2l M n22

where P =N M™ be the RCF of P

n
over RH_ . The Smith-McMillan poles locate at -7,

-6, 5, 8 and zeros locate at -24.225 and -1.775. Since
the plant is of unstable minimum phase, according to
equation (6) and equation (7), we can apply the
inverse dynamic method to obtain the parameter

H € U(RH ) such that

Hy Hp
H(5)=06(5)'Nn(5)={ H} (34)

H21 22
Where
0.1s+1 0
a(s) :[ 0 0.1s +J 39

The details of equation (32-34) are given in
appendix A. Although the roots of «(S) can
arbitrarily assigned, one should consider the
limitation of bandwidth of the system and the
tracking behavior to be improved. Furthermore,
according to equation (18), the order of the

parameter Qe RH_  which contains four

elements with transfer function is of order twelve
and a reduced order one (Appendix A.) is given as

Q=1+HXJIN, Y "= [Q“ Q“} (36)
21 22
where
10000 0
I(s) = s? +141s+10000 is
0 10000
s? +141s +10000

composed of low-pass filtersand X, N n,Y, canbe

obtained by the coprime factorization approach. The
closed-loop transient response to the vectors of
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reference command r and input disturbance d; is
shown in Fig. 6, where

(e n| | Lt=1sec
| | 2t>2sec|’
d. 1,t>3sec
d=| "|= (37)
di, 1,t>4sec

In Fig. 6, The DCFDOB-VS can stabilize and
decouple the system for an unstable minimum phase
plant. On the other hand, the output response
influenced by the input disturbance can be rejected
and the tracking is well controlled.

r
The frequency responses from r:{ 1} to
r2

y:{yl}, d, to y,and d, to y are shown
2

in Fig. 7, Fig. 8 and Fig. 9 respectively.

Closed-loop transient response

25

2 [
15

.

Compensated output > y1
Compensated output --> y2

-0.5

0 1 2 3 4 5 6 7
Time (secs)

Fig. 6 The closed-loop transient response of an
unstable minimum phase case

Fig. 7 represents the frequency response from the
command I, and I, to the output Yy, andy,,

respectively. Obviously, the system has good
tracking property in two direct channels as shown in
Fig. 7 (a) and (d) and is decoupled for two cross
channels as shown in Fig. 7 (b) and (c). The

frequency response from input disturbance di to
output Yy is shown in Fig.8 and the frequency

response from output disturbance d0 to output Yy

is shown in Fig. 9. Both results show that the
magnitudes are much less than 1 in low frequency,
implying the input and output disturbance can be
effectively rejected at a certain range of low
frequency.



Frequency response from r to y
r1-->yl r2-->yl

50

-50
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r1-->y2

(b)

2 ->y2
50

Magnitude (dB)

-50

-100

-150

-200

-250
2 0 2
10 10 10
()

Frequency (rad/sec)

100
(c)

Fig. 7 The frequency response from r to Y for
an unstable minimum phase case

Frequency response from di to y
dil -->y1 di2 -->y1

-20

-30

-40

-50

-60

(a)
dil -->y2

(b)
di2 ->y2

Magnitude (dB)

-20

-30

-40

-50

-60

0 2 0 2

10 10 10
(c) (d)
Fig. 8 The frequency response from di to y for
an unstable minimum phase case

10
Frequency (rad/sec)

To  demonstrate  the  flexibility  of
DCFDOB-VS design, such as the tracking and
disturbance rejection, we change three kind of the

coefficient of «(S) and remain the bandwidth of
the low-pass filter J(S) as

0.1s+1
0

0

(@) :[ 0.15 +1]
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0.55+1 0
(b)a = , and
0 0.5S5+1
© s+1 O 38)
C)a =
0 s+1
And
10000 0
3(s) = s +141s +10000 (39)
0 10000
s® +141s +10000
As different design, the step responses from

A

} to y:[yl
r Y,

y are shown in Fig. 10. Fig. 11 and Fig. 12,
respectively.

} d, to y, and d, to

Frequency response from do to y
dol-->yl do2 -->y1
20

-20

-40

-60

-80

o
o
8

(a)
dol -->y2

(b)

do2 -->y2
20

Magnitude (dB)

-20

-40

-60

-80

-100

0 2 0 2

10 10 10
(c) Frequency (rad/sec) (d)

Fig. 9 The frequency response from d0 to y
for an unstable minimum phase case

10

In Fig. 10, the root of « designed for

parameter H changes from -10 to -1 and the
system transient leads to a slower response. That is,
the system response is determined by the pole

locations of o™ and the tracking can be improved.
On the other hand, the input and output disturbance
rejection of the closed-loop system  with
DCFDOB-VS is shown in Fig. 11 and Fig. 12. We
see that the transient response of step output
disturbance is larger than the result of step input
disturbance. But both results show that the
DCFDOB-VS structure have good ability of
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disturbance attenuation simultaneously. Hence, it is
clear that the change of coefficient of «(S) can

improve the tracking but have no effect in
disturbances attenuation. As mentioned earlier, the

parameter H and the parameter Q are designed
for different purpose, independently.

ST

Fig. 10 The step response from r to Y for
an unstable minimum phase case

Fig. 11 The step response from di to y
for an unstable minimum phase case

.
10 5 10 10
TTTTT (secs) Time (secs) Time (secs)

@ ® ©

Fig. 12 The step response from d0 to y
for an unstable minimum phase case

B. An unstable non-minimum phase case
Suppose a square MIMO unstable minimum
phase plant is given as

s-10 1
P = s°+5-6 s+4 (40)
" 1 s—20
s+3  s?—4s-12
By the coprime factorization approach, we have
Nn :|:Nn11 Nn12:| (41)
Nn21 Nn22
M :|:Mn11 Mn12:| (42)
) M n2l M n22

P=NM."' be te RCF of P

where )

over RH_ and the details of equation (41,42) are
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given in appendix A. The Smith-McMillan poles
locate at -3, -3, -2, -4, 2, 6 and zeros locate at 8.6734,
-4.4734 and -3. Since the plant is of unstable
non-minimum phase, according to equation (12) and

equation (13), the parameter H e U(RH,) is
selected to be a unimodular matrix such that

0.4s+1
-0.8410 -0.1212
H(s) = s+l (43)
0.4s+1
0.0399 —-0.8508
s+1
where
-0.841 -0.1212
H(0)=N,(0) =
0.0399 -0.8508

ForH € U(RH_), the numbers of poles and zeros

of an element of H should be the same which can
be arbitrarily assigned, but one should consider the
limitation of bandwidth of the system and the
tracking to be improved.

To design parameter Q , according to the
equations from (19) to (26), by solving the Nehari
extension problem the objective function can be

min \M IX, +H21-Q)Y,N.]

QcRH,,

The weighting function W =diag{W,,W,} is
chosen as

<1 (49

s/M;+a, 0.002(s+1000)

W, =W, = =
o S+w,& s+0.02

where M, =500,6 =0.01and @, =2 . Then,

the obtained parameter Q € RH_ contains four

elements, each with a 28 orders transfer function and
the reduced one is given as

Oy O
o-|
q21 q22
Where details of equation (47) are given in

Appendix A.
The closed-loop transient response to the

(46)

(47)

vectors of reference command r and input
disturbance d; is showed in Fig. 13 where
r 1t >1sec
= = ,
r, 2,t>2sec
d, 1t >3sec
d = "= (48)
di, 1,t>4sec

In Fig. 13, just as the above case, The
DCFDOB-VS can stabilize and decouple the system



for an unstable non-minimum phase plant, too.
Although the overshoot of the response is large, the
output response influenced by the input disturbance
can be rejected and the tracking is well controlled.
Note that, for a non-minimum phase plant, the initial
drop of response is due to the right-half plane zeros
in the transfer function.

Closed-loop transient response

25

[
L

15

|
N
Y%

1 /
0.5

Compensated output -->y1 |
Compensated output --> y2

0 1 2 3 4 5 6 7 8 9
Time (secs)

Fig. 13 The closed-loop transient response of an
unstable non-minimum phase case

Frequency response from r to y

r1-->y1 12-->y1
20

-20

-40

-60
(@
rn-->y2 2 -->y2
20

Magnitude (dB)

-20

-40

-60

0 2 0 2

10
(c) Frequency (rad/sec) (d)
Fig. 14 The frequency response from r to Y for
an unstable non-minimum phase case
q .
I

10

The frequency responses from I’:{

y:{yl , d, to y,and d, to y are shown
Y,
in Fig. 14, Fig. 15 and Fig. 16, respectively.

Fig. 14 represents the frequency

response from the command I and I, to the

10
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output Yy, and Y, , respectively. Using

DCFDOB-VS structure to deal with a unstable
non-minimum phase plant, the control system has
good tracking property in two direct channels as
shown in Fig. 14 (a) and (d) and has less effect in
two cross channels as shown in Fig. 14 (b) and (c).

The frequency response from input disturbance d,
to output Yy is shown in Fig. 15 and the frequency

response from output disturbance d0 to output Yy

is shown in Fig. 16. Both results show that the
magnitudes are much less than 1 in low frequency,
implying the input and output disturbance can be
effectively rejected at a certain range of low frequency.

Frequency response from di to y
dil-->y1 di2 -->y1
10

-10

-20

-30

-40

-50

-60

(@)
di1 > y2

(b)
di2 > y2
10

Magnitude (dB)

-10

-20

-30

A\

-40

\

-50

\

-60

2 0 2
10 10 10
(©)

Frequency (rad/sec)

10°
(c)

Fig. 15 The frequency response from di to y for an
unstable non-minimum phase case

Frequency response from do to y
dol-->yl do2 -->yl
40

20

N

-20

-40

-60

(a)
dol -->y2

(b)
do2 -->y2
40

Magnitude (dB)

20

-20

-40

-60

0 2 0 2

10 10 10
(c) Frequency (rad/sec) (d)

10

Fig. 16 The frequency response from d0 to y for
an unstable non-minimum phase case
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To demonstrate the flexibility of DCFDOB-VS
design, such as the tracking and disturbance

rejection, we design three kind of H(S) and
remain the weighting function W (S) as

0.4s+1
-0.8410 -0.1212
s+1
(a)H(s) = '
0.4s+1
0.0399 -0.8508
s+1
0.65+1 ]
-0.8410 -0.1212
s+1
(b)H(s) = '
0.6s+1
0.0399 -0.8508
L s+1
0.9s+1 ]
-0.8410 -0.1212
CH(s) = s+l (49)
0.9s+1
0.0399 -0.8508
L s+1
and
0.002(s +1000)
s+0.02
W(s) = * (50)
0.002(s +1000)
s+0.02

For different designs, the step responses from

r:{rl} to Y {yl
r Y,

y are shown in Fig. 17, Fig. 18 and Fig. 19,
respectively.

] d, to y,and d, to

-

1 Bl 1

0 5 10 15 0 B 10 15 o 5 10
Time (secs) “Time (secs) Time (secs)
(a) ) ©

15

Fig. 17 The step response from r to y foran
unstable non-minimum phase case

/

s 0 15 o B 10 15
Time (secs) Time (secs)
@ © ©

Fig. 18 The step response from di to y for
an unstable non-minimum phase case
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Step disturbance and output response.

) 5 10 15 o B 10 15 “o B 1
Time (secs) Time (secs)
@ (®) ©

Fig. 17 The step response from d0 to y for
an unstable non-minimum phase case

o 15

In Fig. 17, the zeros of the element of
H (s) change from -2.5 to -1.11 and the poles of the

element of H(S) remain at -1. The system

transient leads to a slower response. That is, the
bandwidth of system is determined by the relative

location of zeros and poles of parameter H(S) and

the tracking can be improved. To compare these
three kinds of design, a faster response will lead to a
higher overshoot and undershoot for the nature of
second order and non-minimum phase plant. In
addition, the responses of the input and output
disturbance rejection are shown in Fig. 18 and Fig.
19. We see that the transient response of step output
disturbance is much larger than the result of step
input disturbance, but both results show that the
DCFDOB-VS structure have good ability of
disturbance attenuation simultaneously. In this case,
it also demonstrate that the property of parameter
H can improve the tracking but have no effect in
disturbance attenuation. As mentioned earlier, the
parameter H and the parameter Q are designed

for different purpose, independently.

Overall, for an unstable minimum phase or an
unstable non-minimum phase MIMO plant, the
DCFDOB-VS structure can provide a two steps
design method to yield satisfactory performance. By
appropriately choosing two parameters H and Q ,

one can design a two-degree-of-freedom controller
to stabilize the plant and provide desired properties.

CONCLUSION

The paper presented a new framework that
combines the proposed DCFDOB structure with the
Visyasagar’s structure which has the subset of
stabilizing  solutions of the Youla-Kucera
parameterization. By sharing the common observer-
controller configuration to form the DCFDOB-VS

structure, we obtain two parameters, i.e., H(S)

and Q(s), for different control purposes, i.e., the

DCFDOB-VS inherits the advantages of both
structures. Therefore, the proposed DCFDOB-VS
can deal with tracking, decoupling and input/output
disturbance rejection objective, respectively. A
two-step design method is proposed to vyield



satisfactory performance. By appropriately choosing
two parameters, one can design a
two-degrees-of-freedom compensator to stabilize a
MIMO plant and provide desired properties. In
particular, the DCFDOB-VS not only can stabilize
an unstable minimum phase MIMO plant, but can
deal with an unstable non-minimum phase MIMO
plant, too.
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APPENDIX A

The equation (1,2), (32-34), (36) and (41,42) are given in details as below
' MHY M [X, +HY(1-Q)Y,No]-1 -M,[Y.-H*(1-Q)Y,Ma]  -M_[Y, -H™(1-Q)Y, M.]

e r
& | [MHT M X +H™(1-QY,N.] -M[Y,-H*(1-QY,M.]  -M,[Y, -H*(1-Q)Y,M.] || d,
€ | | NHT  NIX, +H(1-QY,Na] T-NIY,-H*(1-Q¥,M.]  -N[Y.-H*(1-Q),M.] || d,
L&l [N HY N IX, +H(1-QY, N, 1-N[Y.-H*(1-Q)Y,M.] 1-N_[Y.-H*(1-Q)Y,M,]|L¢
e ] [MJH® M (G+QND -1 -M (Y, -Q Ma) M, (Y, -QMa) |7y
& |_|MHT M (X, +Q N M (Y, -Q,Ma) M, (Y,-Q,Mn) | d
€o | | NHY N (X +QNa)  T-N(Y.-Q M) -N.(Y.-Q M) |ld, @
L& [ NHY NG(X,+QNG)  T-NL (Y, -Q Ma) 1-N,(Y,-Q M) LS
10(s + 4.065)(s +17.59s + 85.96) 2(s — 4.31)(s + 4.886)(s+8.604)
N, = (s+13.53)(s + 4.162)(s” +16.06s + 73.22)  (s+13.53)(s +4.162)(s’ +16.06s + 73.22) 32
5 (s-4.673) (s+5.837) (s+8.338) 3(s+2.184)(s* +22.235+172.9)

(s+13.53)(s + 4.162)(s* +16.06s + 73.22)  (s+13.53)(s + 4.162)(s* +16.06s + 73.22)
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(s+5.871) (s+7) (5+8.854) (s-5) -0.37027 (5-36.43) (s+7) (s-5)
M = (s+13.53)(s +4.162)(s* +16.06s + 73.22) (s +13.53)(s + 4.162)(s’ +16.06s + 73.22) (33
" -0.37027 (s-24.34) (s-8) (s+6) (s+12.5) (5+6.535) (s+6) (s-8)
(s+13.53)(s +4.162)(s* +16.06s +73.22) (s +13.53)(s + 4.162)(s” +16.06s + 73.22)
(s+4.065)(s +10)(s* +17.59s + 85.96) 0.2 (s-4.31) (s+4.886) (s+8.604) (s+10)
- (s+13.53)(s +4.162)(s’ +16.06s +73.22) (s +13.53)(s +4.162)(s’ +16.06s + 73.22) 34)

0.5 (s-4.673) (5+5.837) (5+8.338) (s+10)  0.3(s +10)(s + 2.184)(s* +22.23s +172.9)
(s+13.53)(s +4.162)(s* +16.06s + 73.22)  (s+13.53)(s +4.162)(s* +16.06s + 73.22)

i (s+4.065)(s +10)(s* +17.59s + 85.96) 0.2 (s-4.31) (s+4.886) (s+8.604) (s+10)

o (s+13.53)(s +4.162)(s’ +16.06s + 73.22) (s +13.53)(s +4.162)(s* +16.06s + 73.22) 36)
0.5 (s-4.673) (s+5.837) (s+8.338) (s+10)  0.3(s+10)(s + 2.184)(s* + 22.23s +172.9)

| (s+13.53)(s +4.162)(s* +16.06s +73.22) (s +13.53)(s +4.162)(s’ +16.065s + 73.22)
I (s—10.1)(s +5.258)(s +3)(s* + 7.9225 +17.05) (s—5.831)(s +3.571)(s + 3)(s* + 4.048s + 6.268)
(5+3)(5+4.294)(s* +9.565 + 24.69)(s* +5.7325 +10.16) (5 +3)(5 + 4.294)(s” +9.565 + 24.69)(s* +5.7325 +10.16)

(s +3)(s + 4.086)(s +5.78)(s* +1.209s +1.821) (s—20.27)(s +4.17)(s + 3)(s* +5.884s +10.84)
| (5+3)(5+4.294)(s +9.565 + 24.69)(s +5.7325 +10.16) (5 +3)(s + 4.294)(s* +9.565 + 24.69)(s’ +5.7325 +10.16)

(41)

(s—2)(s+3)%(s +3.842)(s* +9.595s + 24.48) —0.36171(s +5.723)(s + 3)* (s — 2)(s + 0.3469)
| (s+3)(s+4.294)(s” +9.565 + 24.69)(s’ +5.7325+10.16) (s +3)(s+4.294)(s” +9.565 + 24.69)(s’ +5.7325 +10.16)
- -0.36171 (5+7.988) (s+4) (s+3) (5+2) (s-6) (s+3)(s+4)(s+2)(s—6)(s* +6.155 +11.47)
(s +3)(s+4.294)(s> + 9.565 + 24.69)(s> +5.7325 +10.16) (5 +3)(S +4.294)(s* + 9.565 + 24.69)(s* +5.7325 +10.16)
(42)

M

n

And each element of equation (47) are shown as below
~1162.1189(s +538.8)(s +140.5)(s — 29.54)(s® +0.06484s +1.042)(s* +13.38s + 60.95)

t (5+68.46)(5+16.78)(s+1.08)(s* + 665 + 4441)(s? +608.75 +1.048 x10°)
_ 752.7588(s +1259)(s +189.7)(s — 3.682)(s* +9.012s + 20.73)(s® + 4.589s + 20.64)
2 (s+578.9)(s +310.8)(s + 68.16)(s +16.86)(s +1.001)(s* + 66s + 4441)
 —1567.8113(s +9.472)(s* +8.043s + 25.67)(s” + 2.818s + 73.94)(s* + 259.4s + 2.095x10")
. (5+66.51)(s+17.77)(s +3.4)(s? +65.975 + 4441)(s* + 677.15s +1.395x10°)
Q= —567.7747(s +15.23)(s* — 2.781s + 3.344)(s* +18.08s + 232.6)(s* + 398.7s + 5.326 x10")
2 (s+65.13)(5+19.8)(s +0.9914)(s* + 65.965 + 4443)(s* + 445.15 +1.322 x10°)
And the Fig. 2~5 are given
Ay e Ay
VA
r € -1
[er+(|—Q)Y|Nn] M > N

[-HY, +(1-QYM: | |<

Fig. 2 The DCFDOB-VS structure with perturbations
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Y

MA :I:_Yr +H71(| _Q)Y|N/I” _Xr _Hil(l _Q)Y'Nn]

Fig.3 M, —A loop of DCFDOB-VS structure

di
Ay <« A,
r e - e, y—
Hh[ X, +H 20— QY NA | R M > N,
H e [Y +H(1-QY M. ] |«
Fig. 4 The modification of DCFDOB-VS structure with perturbations
di
Ay <> A,
r er 1 ed -
— H* [X,+QYNHJ M* > N,
(Y, -Q M. ] -

Fig. 5 The equivalent modification of DCFDOB-VS with two independent parameters, H(S) and Q, (S)

APPENDIX B

An observer-controller compensator described in Vidyasagar’s structure (VS) is shown in Figure B.1
(Vidyasagar, 1985). The VS can be equivalent to the well-known Youla-Kucera parameterization, the set of all
proper  controllers  that stable  the  system, and  provides the  tracking  property

whenK, =H -M_,H e U(RH,) is applied (Huang, 2007). However, The VS structure only has one
parameter to trade-off tracking performance or feedback performance. That is, the VS structure has a
one-degree-of-freedom controller. If we use the relationship of K, = H —M| to reconstruct the loop path of
VS, then an equivalent structure is transformed as Figure B.2.
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d, R,
Z
e ey o
r—»CP— > M, » N, >y
y
en
> X, Y, g
Z
I‘<V
Vidyasagars structure

Figure B.1: The Vidyasagar’s structure

d, P
| 7
e e
r—O———— | ¢ M* » N, y
A_ |
|
» X, O« VY, &
z
M, |«
H e

Figure B.2: The transformed Vidyasagar’s structure
A disturbance-observer compensator described in doubly coprime factorization based disturbance observer
structure (DCFDOB) is shown in Figure A.3.

—— e —_ — =

(oY
\ 4

Figure B.3: The DCFDOB structure
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-1
Letaplant P =N M = @In N be the rcf and the Icf of P, over RH_, respectively. By the

n !

coprime factorization approach, there exit matrices X,,Y,, X,,Y, € RH_ that satisfy the Bezout identities. In

Figure B.3, the 3x 3 transfer function matrix from [r d, f]T o [e e en]T is obtained as follows.

e | —Q(I-M,X,) —QM.Y, r
e, |=| I 1-Q(I-M X,) —QM.Y, d, (B.1)

e, NM™ NM7 (1-Q(I-MX,)) I-NM7QM.Y, || &

To ensure the internal stability of the DCFDOB, it is necessary and sufficient to test whether each of ninth
transfer matrices in equation (B.1) is in RH_. For a stable plantP, =N M ~, ie.M e RH_, then the

system is internally stable if the parameter Q € RH_ is provided. To investigate the states in the loop, the

DCFDOB can estimate disturbances and the estimate states can be utilized to reject disturbances while providing
satisfactory feedback properties such as sensitivity and robust stability in the presence of uncertainties and
disturbances.

The transfer function from d, to €, is represented by
e, (5)=[1-Q(I -M_X,)]-d.. (B.2)

Thus, the transfer function S, =1-Q(l —M_X,) denotes the input sensitivity function from input
disturbances di to compensated input signals . Suppose one can design a parameter Q € RH_ such that

the  matrix Q(l-M, X,)~I is obtained or the  frequency-dependent  singular

values (1 —Q(I — M, X,)) as small as possible are existed in a certain range of low frequency. Then, the

DCFDOB can effectively eliminate input disturbances over that low frequency range.

The proposed DCFDOB and Vidyasagar’s structure are all extended from the basic structure and has the
same structure in some parts of loop. Thus, we merge these two structures into a new two-degree-of-freedom
structure. To inherit the advantages of both structures, the DCFDOB-VS, provides two parameter

H(s)e U(RH,_) andQ(S) € RH_, can design a two-degree-of-freedom compensator to stabilize unstable
plant and achieve desired properties such as tracking, decoupling and disturbance rejection.
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