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SUMMARY
The windsurﬁng approach to iterative control requires a series of controller designs with the gradual
expanding of the closed-loop bandwidth, and in the end in order to stop the algorithm, some validation
tests are carried out. In this paper, an H1 design algorithm is introduced in order to remove the empirical
aspect from the stopping criteria and to make the procedure more systematic, hence facilitating the design.
Moreover, some restrictive assumptions on the plant model are lifted and some issues with the controller
design step are tackled by the introduction of a new design method. This enables us to address a wider class
of practical problems. Copyright # 2004 John Wiley & Sons, Ltd.
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1. INTRODUCTION
The iterative approach to designing a control system for a plant includes generally multiple
steps, where a model of the true plant is used in a model-based control design method. The
iteration includes improvement of the plant model, via re-identiﬁcation, based on the
information collected from the controlled plant, while operating under certain speciﬁed
conditions, with a particular controller being connected, and redesigning of the controller based
on the new model derived from re-identiﬁcation.
As a result of extensive research on the understanding of the interplay between identiﬁcation
and control design, iterative redesign of controllers using data collected on the operating closedloop system has emerged as a standard approach [1]. Some of the early examples of such
iterative schemes are portrayed in References [2–4].
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From one point of view, iterative control and re-identiﬁcation is a form of adaptive control,
e.g. papers such as Reference [2], and indeed this paper include the words ‘adaptive control’ in
the title. A purist, however, might assert that there is distinction between adaptive control and
iterative control and identiﬁcation. In adaptive control, the identiﬁcation and the controller
design processes are almost always evolving at each instant of time or are almost always
simultaneously in train. In iterative identiﬁcation and control design, the processes of
identiﬁcation and controller design are kept separate in time. Identiﬁcation occurs between
two controller changes. In part, because of the intermingling of the identiﬁcation and controller
re-design objectives, the pure adaptive control scheme can result in some intrinsic problems;
some are described in Reference [5].
The ﬁrst is the transient instability problem, where there is a possibility that the controller
connected to the plant, at a particular time, would yield an unstable closed-loop. Though the
applied controller is not frozen in time, such controllers can frequently give rise to very large
signal values in the closed-loop. A second problem is that of dealing with impractical control
performance objectives; with the lack of full knowledge of the plant, the control objective may
be impractical, but is not realized to be such in view of the lacking plant knowledge. A third
problem is that of changing experimental conditions or controllers because a model of a plant
which is a good model for one controller may be a bad model for another controller, and the
adaptive control scheme uses a plant model rather than the plant itself as the basis for changing
the controller.
Iterative control and identiﬁcation addresses the ﬁrst problem since virtually all algorithms
seek to assure that any controller connected to the true plant after a redesign is stabilizing. Since
that redesign is based on a model of the plant with a diﬀerent controller, viz. that in use before
the redesign, attention must be paid to the possibility inherent in the third diﬃculty mentioned
above, viz. the inadequacy after change of controller of what was previously a good model. The
inadequacy may be so great that the new controller destabilizes the true plant, though the
performance prediction using the model may be excellent. Broadly, this diﬃculty is attacked by
disallowing large controller changes [6–8]. We refer the reader to References [9–11] for details
and for a survey on the iterative schemes.
One of the model-based iterative identiﬁcation and control design methods, the windsurfer
approach, was ﬁrst introduced in Reference [12] with the aim of proposing an iterative algorithm
which gradually broadens the bandwidth of a closed-loop system through repetition of a twostep procedure using identiﬁcation and controller re-design steps. Hence, the algorithm, outlined
e.g. in References [2, 13, 14], is constructed to achieve the desired performance and design
objectives, in which the internal model control (IMC) method [15] is iteratively utilized in the
controller design steps. In the case of stable plants, the IMC design method oﬀers the advantage
of simplicity and the fact that the closed-loop bandwidth of the system can be set via a single
design parameter [2, 16]. However, if the plant is unstable, the same simple IMC design method
cannot be used. Treatment of the unstable plant case can be found in papers [17, 18].
Nevertheless, there are some inadequacies with the IMC design methods for both stable and
unstable plants which will be extensively discussed in Section 2.2.
In this paper, we introduce a modiﬁed algorithm for the windsurfer approach by
incorporating a new controller design method. This new controller design method maintains
the desirable features of the IMC design method, but also extends its applicability and addresses
some of the IMC shortcomings, which are explicitly discussed in Section 2.2 and addressed in
Section 2.3. The proposed algorithm introduces an H1 design technique in order to make the
Copyright # 2004 John Wiley & Sons, Ltd.
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windsurfer approach more systematic and to relax some restrictive assumptions on the plant.
Furthermore, this H1 design technique deals with the potential IMC shortcomings directly at
the controller design step.
Let us sketch an outline of this paper. In Section 2, we ﬁrst review the IMC design method,
noting the open issues. Then, we record the underlying assumptions for the proposed new
algorithm. This includes the introduction of a new systematic controller design method that
captures all the features of the IMC, but also addresses some inadequacies of the design method.
Section 3 discusses the proposed windsurfer algorithm and we elaborate on the description of
the algorithm. The algorithm is presented step-by-step in Section 3.1. In order to illustrate and
give insight into the versatility of the proposed algorithm, an example is outlined in Section 4.
To achieve this, we take a very detailed and step-by-step approach in presenting the example.
We conclude this paper by emphasizing the highlights of the new algorithm and give some
insights into further research in this area.

2. CONTROLLER DESIGN METHOD
2.1. An overview of IMC
IMC is a simple but eﬀective control design method which has been successfully used in many
applications where a desired closed-loop amplitude response from reference signal to plant
output must be achieved. The eﬀectiveness and simplicity of this method has led to many
industrial applications (see Reference [19] and the references therein). This design method also
guarantees a certain level of robust stability and robust performance in the sense described in
Reference [15]. Furthermore, for a stable plant, adjustment of a single parameter directly and
simply determines the closed-loop bandwidth and hence the reference tracking capabilities. Let
us now outline the method for the stable plant case. The IMC structure is shown in Figure 1.
Consider a SISO stable model of the plant, Pi ; with no zero on the jo-axis. Decompose Pi
multiplicatively into a stable all-pass, ½Pi a ; and a stable minimum-phase, ½Pi m ; components,
that is
Pi ¼ ½Pi a ½Pi m
Let Fi be a low-pass ﬁlter, for example
Fi ¼



li
s þ li

ð1Þ

n
ð2Þ

d
Ci
r

−

Qi

u

y
Pi

Pi

Figure 1. IMC structure.
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speciﬁed by the designer and with amplitude response representing the amplitude response of
the desired closed-loop transfer function. Then, the following controller (which has no unstable
pole-zero cancellation with the plant):
Qi
ð3Þ
Ci ¼
1  Pi Qi
with
Qi ¼ ½Pi 1
m Fi

ð4Þ

achieves a closed-loop bandwidth of li and the desired closed-loop transfer function is given by
Pi Ci
¼ ½Pi a Fi
ð5Þ
½Ti yr ¼
1 þ Pi Ci
Note that in the IMC design method, the positive integer n is chosen suﬃciently large so that
Qi is proper.
Equation (5) reveals that the magnitude response of the designed closed-loop is exactly
speciﬁed by the magnitude response of Fi : This implies that adjusting the ﬁlter time constant is
equivalent to adjusting the speed of the closed-loop response.
Expressions (1)–(5) conﬁrm the simple and eﬃcient structure of the design method for stable
plants. However, if the plant is unstable, the aforementioned ﬁlter bandwidth, li ; can no longer
adjust the closed-loop bandwidth directly and the simplicity of the design method is replaced by
a more complex procedure outlined in References [17, 18].
2.2. Diﬃculties with the IMC approach
Consider the feedback system in Figure 2. One can express y and u in terms of r1 and r2 as
follows:
2 PC
3
Pi
i i
" #
" #
y
6 1 þ Pi Ci 1 þ Pi Ci 7 r1
6
7
¼4
ð6Þ
5
Ci
1
u
r2
1 þ Pi Ci 1 þ Pi Ci
where r2 represents a second external input or disturbance acting on the plant input.
To motivate the importance of considering the four transfer functions in Equation (6), let us
note some key points. The (1,1) transfer function Tyr1 ¼ Pi Ci =ð1 þ Pi Ci Þ is clearly important for
reference tracking and the IMC design method deals speciﬁcally with this and only this. Special
care, however, must be exercised in regard to the other three transfer functions as the IMC does
not handle them explicitly. For a sensible design, the transfer function from plant input
r2
r1
−

Ci

u

y
Pi

Figure 2. Standard feedback conﬁguration.
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disturbance to output, Tyr2 ¼ Pi =ð1 þ Pi Ci Þ; must be maintained below a certain size since we
wish plant input disturbances to be attenuated at the plant output. Likewise, Tur1 ¼ Ci =ð1 þ
Pi Ci Þ represents the transfer function from reference input to control signal and hence, must be
kept below a certain size for a sensible design in order to avoid control actuator saturation and
high-energy control action. Furthermore, the size of the four transfer functions in Equation (6)
is related to a generalized robust stability margin [20] which corresponds to the amount of
(coprime factor) uncertainty that can perturb Pi without destabilizing the loop [21]. The
implication of these issues is discussed in more detail in the sequel.
With this introduction in mind, let us now record the circumstances where the abovedescribed IMC design method cannot be properly used or is limited by restrictive assumptions.
(a) If Pi is unstable, then the simple IMC design method outlined in Section 2.1 cannot be
used. If one seeks to use the method it fails because the internal stability of the loop in
Figure 1 will be lost. There does exist a diﬀerent IMC design method for the unstable
plant case but the procedure is much more complicated (see References [17, 18]);
(b) If Pi has zeros on the jo-axis, then the decomposition in Equation (1) is not possible. If
we relax the conditions on ½Pi m to allow it to contain these zeros, then Qi in Equation (4)
will not be stable and again internal stability of the loop in Figure 1 will be lost;
(c) If the model has lightly damped stable poles within the closed-loop passband, then
Pi =ð1 þ Pi Ci Þ will have large gain near the frequencies of those poles and hence any plant
input disturbances at these frequencies are greatly magniﬁed at the plant output;
(d) If the model has lightly damped stable/unstable zeros within the closed-loop passband,
then Ci =ð1 þ Pi Ci Þ will have large gain near the frequencies of those zeros, hence any
reference signals at these frequencies result in very large control signal;
(e) If the bandwidth of Fi is much larger than the bandwidth of Pi ; then jCi j will be very
large at frequencies inside the bandwidth of Fi and outside the bandwidth of Pi ; and
again the control signal will be very large;
(f) If the roll-oﬀ rate of Fi is desired to be less than the roll-oﬀ rate of Pi (or equivalently
½Pi m ), then the outlined IMC design method will result in an improper controller, Ci ;
since Qi becomes improper.
Notice that the IMC design method described in Section 2.1 fails and cannot be used in
situations (a), (b), (f). On the contrary, the IMC design method can be applied in situations
(c)–(e) but diﬃculties may occur.
The situations (c)–(e) imply that one of the transfer functions in the 4-block transfer function
deﬁned in Equation (6) will be large and the undesirable features described above will occur. For
example, with situation (c), if a sinusoidal plant input disturbance signal with frequency close to
the frequency of the plant lightly damped pole enters the loop at the input r2 ; this disturbance
will be greatly ampliﬁed by the large gain of Tyr2 near the frequency of the pole and will cause
the output y to be severely aﬀected. One can repeat this sort of argument for the other cases too.
In the following subsection, we shall introduce a new controller design method that inherits the
useful desired features of the IMC design method, but addresses problems (a)–(f) explicitly.
2.3. Proposed H1 controller design method
Principally, we would like to use the desired features of the IMC on either a stable or unstable
plant, while ensuring that the magnitudes of all the transfer function matrix entries in
Copyright # 2004 John Wiley & Sons, Ltd.
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Equation (6) do not become too large. In other words, we wish to accomplish two objectives: to
have Pi Ci =ð1 þ Pi Ci Þ close to ½Pi a Fi (even with Pi unstable or perhaps possessing a jo-axis
zero), and to make sure that the other three transfer functions in Equation (6) do not assume
large magnitudes.z
These two objectives, however, are not the same and the need for reformulation of the
problem in such a way to capture our objectives arises. Therefore, we shall introduce an H1
index and require this index to be minimized over all stabilizing controllers. We normally have
performance objectives in mind, which requires some transfer functions to be small or below
certain values in some frequency regions and other transfer functions small or below certain
values at other frequencies. The H1 index will be weighted to achieve the desired eﬀect. One
should keep in mind that at the end of the day, it is a trade-oﬀ between keeping the size
of ½Pi Ci =ð1 þ Pi Ci Þ  ½Pi a Fi  small and the size of the other three transfer functions in
Equation (6) below certain values.
Let us outline our proposed controller design method.
(i) Given a model of the plant, Pi do the following factorization:
(
½Pi a 2 RH1 ; ½Pi 
a ½Pi a ¼ I
Pi ¼ ½Pi a ½Pi m where
½Pi m has no zeros in Cþ
where Cþ denotes the open right-half plane.
(ii) The admissible controller is given by solving the following H1 problem:


Pi
 Pi Ci



 ½Pi a Fi
e2 ðsÞ
 1 þ Pi Ci
1 þ Pi Ci 
gi ¼ min 

Ci 2C 
Ci
1

e1 ðsÞe2 ðsÞ
 e1 ðsÞ

1 þ Pi Ci 1
1 þ Pi Ci

ð7Þ

ð8Þ

where C denotes the set of all proper stabilizing controllers for the plant, Pi ; and e1 ðsÞ and
e2 ðsÞ are SISO, stable, minimum-phase and proper weights.} We shall explain in detail the
selection of the weighting functions in the following subsection.
One should note that all cases, (a)–(f), related to the diﬃculties with the IMC design
method outlined in Section 2.2, are addressed by the proposed design method (e.g. this
design method is applicable to stable or unstable plants, plants with or without jo-axis zeros,
and the ﬁlter Fi ðjoÞ can have a roll-oﬀ rate larger or smaller than that of Pi ðjoÞ; and so forth).
This will become clear in the next section where we explain how e1 ðsÞ and e2 ðsÞ are chosen. For
the moment, note that the (1,1) term in Equation (8) is making Pi Ci =ð1 þ Pi Ci Þ close to ½Pi a Fi
(similarly to traditional IMC), the (1,2) term is limiting the size of Pi =ð1 þ Pi Ci Þ; and the (2,1)
term is limiting the size of Ci =ð1 þ Pi Ci Þ: Furthermore, the set C contains stabilizing proper
z

Note that the (2,2) transfer function, 1=ð1 þ Pi Ci Þ; in Equation (6) is directly related to the (1,1) transfer function,
Pi Ci =ð1 þ Pi Ci Þ; in a SISO setting and good design of Pi Ci =ð1 þ Pi Ci Þ implies good design of 1=ð1 þ Pi Ci Þ: In the
MIMO case (which is not considered in this paper), however, ðI þ Ci Pi Þ1 is not so directly related to Pi ðI þ Ci Pi Þ1 Ci
and hence the size of ðI þ Ci Pi Þ1 has to be directly controlled.
}
Note that minCi 2C jjFl ð:; :Þjj1 rather than inf Ci 2C jjFl ð:; :Þjj1 is used since we need both gi and Ci 2 C: That is, the
controller Ci must be proper and stabilizing and must achieve gi : In the cases we considered, the minimum is attained.
Copyright # 2004 John Wiley & Sons, Ltd.
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controllers and hence internal stability will always be achieved and the controller achieving this
will always be proper.
The index in (8) can be rewritten as


2 PC
3
Pi
"
i i
#
"
#

 ½Pi a Fi
0 
0 6 1 þ Pi Ci
 1
1 þ Pi Ci 7 1

6
7
gi ¼ min 
ð9Þ

4
5
Ci 2C  0 e ðsÞ
C
1
0
e
ðsÞ

i
1
2


1 þ Pi Ci
1 þ Pi Ci
1
or alternatively
 

  02
3

½Pi a Fi
e2 ðsÞPi
Pi

  B6
7
  B6
7
0
e1 ðsÞe2 ðsÞ
e1 ðsÞ
  B6
7
gi ¼ min Fl B6
7;
Ci 2C 
B6                  7
  @4
5


1
e2 ðsÞPi
Pi

1 


C 
C 
C 
C i C 
C 
A 



ð10Þ
1

where the term in the square bracket is usually referred to as the generalized plant and Fl ð:; :Þ
denotes the lower linear fractional transformation.
One can easily verify that the assumptions of a standard H1 control problem for the
generalized plant in Equation (10) are fulﬁlled when e1 ðsÞ is chosen to be bi-proper. The reader is
referred to References [21–23] for details on the H1 control problem and related discussions.
2.4. Design of weighting functions e1 ðsÞ and e2 ðsÞ
We shall now discuss the design of the weighting functions that were introduced as a part of the
H1 index in Equation (8). One should realize that based upon the particular application
speciﬁcations and also the characteristics of the plant, we will have diﬀerent objectives in
diﬀerent frequency regions. Let us now set out our design objectives, as speciﬁed in the index in
Equation (8):
(1) Let a be the desired closeness between Pi Ci =ð1 þ Pi Ci Þ and ½Pi a Fi in an H1 sense. That is,
we require jjPi Ci =ð1 þ Pi Ci Þ  ½Pi a Fi jj1 4a:
(2) Let bp be the maximum tolerable gain in the appropriate frequency region for the transfer
function Tyr2 ¼ Pi =ð1 þ Pi Ci Þ: That is, we require s% ½Pi =ð1 þ Pi Ci ÞðjoÞ4bp ; 8o 2 ½o1 ; o2 ;
where s% denotes the maximum singular value.
(3) Let bc be the maximum tolerable gain in the appropriate frequency region for the transfer
function Tur1 ¼ Ci =ð1 þ Pi Ci Þ: That is, we require s% ½Ci =ð1 þ Pi Ci ÞðjoÞ4bc ; 8o 2 ½o3 ; o4 :
Now, we have three diﬀerent numbers, i.e. a; bp and bc ; that capture our objectives. These
three numbers will be used to specify e1 ðsÞ and e2 ðsÞ as we discuss next. Once e1 ðsÞ and e2 ðsÞ are
speciﬁed, we just need to check the number gi to determine whether the design was successful in
achieving our objectives or not. Towards this end, note that the index in (8) certainly guarantees
that


Pi Ci
s%
 ½Pi a Fi 4gi 8o
ð11Þ
1 þ Pi Ci
Copyright # 2004 John Wiley & Sons, Ltd.
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s%


Pi
gi
ðjoÞ 4
8o
1 þ Pi Ci
je2 ðjoÞj


Ci
gi
8o
ðjoÞ 4
s%
1 þ Pi Ci
je1 ðjoÞj

ð12Þ
ð13Þ

are achieved. Consequently, choosing je1 ðjoÞj5a=bc 8o 2 ½o3 ; o4  and je2 ðjoÞj5a=bp 8o 2
½o1 ; o2  will do the trick since gi 4a will mean that our three objectives in Equations (11)–(13)
are satisﬁed.
Let us consider four diﬀerent scenarios that describe how e1 ðjoÞ and e2 ðjoÞ ought to be chosen.
2.4.1. If e1 ðjoÞ ¼ 0 and e2 ðjoÞ ¼ 0. Then the H1 index speciﬁed in Equation (8) reduces to


 Pi Ci

 ½Pi a Fi 
ð14Þ
gi ¼ min 
Ci 2C
1 þ Pi Ci
1
and hence Ci will be exactly the IMC controller} described in Section 2.1, if Pi is stable and has
no jo-axis zeros and all other assumptions of the IMC design method outlined in Section 2.1 are
fulﬁlled (i.e. gi ¼ 0 for such a case).k Thus, e1 ðjoÞ and e2 ðjoÞ can be set to be very small in the
frequency regions where the plant characteristics and our performance objectives are such that
an IMC controller can perform well at those frequencies.
2.4.2. If e1 ðjoÞ ¼ 0 but e2 ðjoÞ=0. Then the H1 index speciﬁed in Equation (8) reduces to


 Pi Ci
Pi 
gi ¼ min 
 ½Pi a Fi e2 ðsÞ
ð15Þ
Ci 2C
1 þ Pi Ci
1 þ Pi Ci 1
It is clear that, in this situation, we are trying to make Pi Ci =ð1 þ Pi Ci Þ close to ½Pi a Fi but
simultaneously we are seeking to limit the size of Pi =ð1 þ Pi Ci Þ: It was earlier discussed, (see Section
2.2), that if Pi had for example lightly damped poles in the closed-loop bandwidth, then an IMC
controller would result in a transfer function, Pi =ð1 þ Pi Ci Þ; that has large gain near the frequency
of the lightly damped poles. It was also explained that this is highly undesirable in a sensible design.
Consequently, we choose je2 ðjoÞj5a=bp near the frequencies of the lightly damped poles of Pi ;
as this will then limit the size of Pi =ð1 þ Pi Ci Þ: Hence gi 4a will imply s% ½Pi =ð1 þ Pi Ci Þ
ðjoÞ  ½Pi a Fi ðjoÞ4a 8o and s% ½Pi =ð1 þ Pi Ci ÞðjoÞ4bp for all frequencies near the frequency of
the lightly damped poles of Pi : Therefore, the closeness of Pi Ci =ð1 þ Pi Ci Þ to ½Pi a Fi is traded-oﬀ
with limiting the size of Pi =ð1 þ Pi Ci Þ at the problematic frequencies.
2.4.3. If e1 ðjoÞ=0 but e2 ðjoÞ ¼ 0. Then the H1 index speciﬁed in Equation (8) reduces to


 Pi Ci


 ½Pi a Fi 
 1 þ P i C i


ð16Þ
gi ¼ min 

Ci 2C 
Ci

 e1 ðsÞ

1 þ Pi Ci
1
}

Note though that the H1 index can be used even if the plant, Pi ; is unstable or has jo-axis zeros, although gi may not
be equal to zero in this case.
k
The minimum may not be attainable when Pi is unstable or has jo-axis zeros or the roll-oﬀ rate of F is smaller than that
of Pi in which case there would be an inﬁmum but not a minimum.
Copyright # 2004 John Wiley & Sons, Ltd.
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It is clear that, in this situation, we are trying to make Pi Ci =ð1 þ Pi Ci Þ close to ½Pi a Fi
but limit the size of Ci =ð1 þ Pi Ci Þ: It was earlier noted, (see Section 2.2), that if Pi
had for example lightly damped zeros in the passband, then an IMC controller would
result in a transfer function, Ci =ð1 þ Pi Ci Þ; that has large gain near the frequency of
the lightly damped zeros. It was also explained that this is highly undesirable in a sensible
design.
Consequently, we choose je1 ðjoÞj5a=bc near the frequencies of the lightly damped zeros of Pi ;
as this will limit the size of Ci =ð1 þ Pi Ci Þ: Hence gi 4a will imply s% ½Pi =ð1 þ Pi Ci ÞðjoÞ  ½Pi a Fi
ðjoÞ4a 8o and s% ½Ci =ð1 þ Pi Ci ÞðjoÞ4bc for all frequencies near the frequency of the lightly
damped zeros of Pi : Therefore, the closeness of Pi Ci =ð1 þ Pi Ci Þ to ½Pi a Fi is traded-oﬀ with
limiting the size of Ci =ð1 þ Pi Ci Þ at the problematic frequencies.

2.4.4. If e1 ðjoÞ=0 and e2 ðjoÞ=0. Then we can trade-oﬀ the closeness requirement of Pi Ci =ð1 þ
Pi Ci Þ to ½Pi a Fi with limiting the size of both Pi =ð1 þ Pi Ci Þ and Ci =ð1 þ Pi Ci Þ at the appropriate
frequencies. Again, e1 ðjoÞ and e2 ðjoÞ are chosen such that je1 ðjoÞj5a=bc and je2 ðjoÞj5a=bp at the
appropriate frequencies.

3. NEW WINDSURFER APPROACH DESIGN PROCEDURE
The iterative control and identiﬁcation approach to adaptive control includes two types
of steps: identiﬁcation and controller design steps. With a stabilizing controller acting
on the true plant, a model of the plant is identiﬁed through a closed-loop identiﬁcation procedure. One should realize that we now have two diﬀerent systems; the closed-loop
of the true plant and the controller, and the closed-loop of the identiﬁed model and the
controller.
Then, a new controller is designed using the model with some closed-loop performance
objectives through some design method. This controller design method should slowly and safely
increase the closed-loop performance objectives until (as revealed by experimentation) there is a
signiﬁcant discrepancy between the closed-loop of the true plant and the last designed
controller, and the closed-loop of the model and the last designed controller. Controller redesign
ceases while a new model is identiﬁed, and the above-procedure is then repeated until the desired
performance is achieved or no further improvement is possible.
As mentioned in the introduction, the originally proposed windsurfer approach to iterative
identiﬁcation and control re-design [2] gradually and safely increases the closed-loop bandwidth.
Furthermore, it uses the IMC design method at the control stage. As extensively discussed in
Section 2.2, the IMC design method suﬀers from some serious deﬁciencies. These are, however,
all addressed in our new H1 design method (see Section 2.3).
Hence, in the sequel, we shall propose a modiﬁed windsurfer algorithm that makes use of our
new H1 design method, instead of the IMC, at the control design step. Due to this change at
the controller design step, we also modify other parts of the windsurfer algorithm to make it
more amenable to our design method. It is important to understand that our new H1 design
method is far better suited to ﬂag when the re-identiﬁcation is required, when compared to the
IMC design method.
Copyright # 2004 John Wiley & Sons, Ltd.
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3.1. A modiﬁed iterative identiﬁcation and controller re-design algorithm
Given a true physical plant, Pt ; which is unknown, and a known controller, C0 ; which stabilizes
Pt ; the algorithm follows the steps outlined below. We elaborate on the steps in the following
section.
*

*

*

Step 1: Perform the closed-loop identiﬁcation so that the identiﬁed plant model Pi satisﬁes:
½Pi ; Ci  stable and max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ small;nn
Step 2: Set an initial bandwidth, l0 ; for the desired closed-loop response, Fi ðjoÞ: The initial
bandwidth can be chosen to be much smaller than that of the identiﬁed model where its
magnitude response is ﬂat;
Step 3: Find the critical frequency regions in Pi based on the cases, (a)–(f),
discussed in Section 2.2. That is, ﬁnd the frequency regions where Pi has lightly
damped poles, lightly damped zeros or frequencies above the bandwidth of Pi but
below the bandwidth of Fi :
Based on the desired closed-loop objectives and speciﬁcations, set

(a) the positive number a to reﬂect the required closeness between Pi Ci =ð1 þ Pi Ci Þ and ½Pi a Fi ;
in the sense that jjPi Ci =ð1 þ Pi Ci Þ  ½Pi a Fi jj1 4a:
(b) the positive numbers bp and bc to reﬂect the required maximum tolerable gain for
Pi =ð1 þ Pi Ci Þ and Ci =ð1 þ Pi Ci Þ; respectively, in the corresponding problematic frequency
regions. That is


Pi
s%
ðjoÞ 4bp ; 8o 2 ½o1 ; o2 
1 þ Pi Ci

s%

*

*
*

*


Ci
ðjoÞ 4bc ;
1 þ Pi Ci

8o 2 ½o3 ; o4 

Step 4: Design the frequency weights, e1 ðsÞ and e2 ðsÞ; according to the rules given in
Section 2.4, using the speciﬁed values a; bp and bc in Step 3, for the appropriate frequency
regions;
Step 5: Solve the H1 controller design problem given in Equation (8) and obtain gi and Ci ;
Step 6: If gi 4a and max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ is small, then increase the
bandwidth for Fi by 10%; and go to Step 5. Otherwise, go to Step 7;
Step 7: Discard the last controller. IF there was a previous controller, then go to Step 1,
else END.

In the ﬁrst step of the algorithm, the identiﬁcation procedure provides us with a model of the
actual plant, P0 : Any closed-loop identiﬁcation algorithm can be used although frequency
domain identiﬁcation methods are better suited to satisfy the frequency domain condition that
max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ be small. The method we use is the one which is
outlined in Reference [14] and the references therein.
The ﬁrst step of the proposed H1 algorithm ensures an acceptable quality for the
identiﬁed model and hence may result in a model which has higher order than the true plant.
nn

We use the notation HðPi ; Ci Þ to refer to the 4-block transfer function deﬁned in Equation (6).
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We shall, however, emphasize that the purpose of our paper is not an exercise in identiﬁcation. The identiﬁed model is utilized as a tool for the windsurfer algorithm and hence whether
the model is of higher or lower order than the true plant is not important. Nevertheless, we
perform model reduction based on the technique discussed in Reference [24] to avoid degree
explosion.
The above-outlined algorithm has two diﬀerent stopping criteria. One ensures that
the closed-loop performance objectives set out in Step 3 of the algorithm are achieved
(gi 4a). Once the desired closed-loop objectives are set in Step 3 by specifying three
diﬀerent numbers, i.e. a; bp and bc ; we just need to check the number gi to determine
whether the controller design was successful in achieving our objectives. The other
stopping condition, max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ; takes care of the quality of
obtained controller and guarantees acceptable performance of the controller in the
closed-loop. Hence, the speciﬁc reasons for the discontinuation of the loop are manifested
in Step 6.
In the following subsections, we discuss the underlying principles for the validation of
the identiﬁed model, Step 1, and for choosing an initial bandwidth for the proposed new
algorithm.
3.2. Validation of the identiﬁed model
Once a model of the true plant is identiﬁed, we need to validate the identiﬁed model by
some criteria. We obviously require that the identiﬁed model is also stabilized by the
same controller that is working on and stabilizing the true plant; this is a normal (though
not universal) property of any closed-loop identiﬁcation method. Also, to ensure frequency
domain proximity, we require that the closed-loop transfer function describing the pair of
the identiﬁed model and the controller, ½Pi ; Ci ; and the closed-loop transfer function describing
the pair of the true plant and the controller, ½Pt ; Ci ; are close in a frequency by frequency sense
(i.e. max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ is small).
One should realize that Pi being close to Pt in an open-loop sense is not necessarily important.
It is, however, of great signiﬁcance to compare the two closed-loop transfer functions
for frequencies excited by the controller. We, therefore, ensure that the closed-loop behaviours of the two pairs are close enough to each other through a closed-loop measure, viz.
max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ:
We shall describe here the way to evaluate the term max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ
or an estimate of it in practice. We have Pi and Ci available in mathematical descriptions and
therefore, can easily construct HðPi ; Ci Þ: But, HðPt ; Ci Þ is not available in mathematical
description due to the fact that Pt is an unknown physical entity. Consider the feedback
structure in Figure 2 and Equation (6), the following lemma holds.
Lemma 3.1
For any Pt ; Pi ; Ci such that ½Pt ; Ci  and ½Pi ; Ci  are stable; that is a controller, Ci ; which stabilizes
both Pt and Pi ; then for SISO systems



1  Pt Ci
Pi Ci 
s% ½HðPt ; Ci Þ  HðPi ; Ci Þ ¼ jCi j þ
ð17Þ

jCi j 1 þ Pt Ci 1 þ Pi Ci 
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Proof
"

#
!
Pi
1
1
s% ½HðPt ; Ci Þ  HðPi ; Ci Þ ¼ s%
ðCi 1Þ 
ðCi 1Þ
1 1 þ Pt Ci
1 1 þ Pi Ci
1
20
3
Pt
Pi
1þPt Ci  1þPi Ci
AðCi 1Þ5
¼ s% 4@
1
1

1þPt Ci
1þPi Ci
1
20
3
Pt
Pi

1þPt Ci
1þPi Ci
AðCi 1Þ5
¼ s% 4@
Pt C i
Pi C i
1þPt Ci þ 1þP
i Ci
" 1 !
#

Pt Ci
Pi Ci
Ci

¼ s%
ðCi 1Þ
1 1 þ Pt Ci 1 þ Pi Ci
"sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ#
1
Pt Ci
Pi Ci
¼ s%
jCi j2 þ 1
þ1

1 þ Pt Ci 1 þ Pi Ci
jCi j2
"pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ#
Pi Ci
jCi j2 þ 1 Pt Ci
jCi j2 þ 1

¼ s%
jCi j
1 þ Pt Ci 1 þ Pi Ci
 2


jCi j þ 1
Pt Ci
Pi Ci

¼ s%
jCi j
1 þ Pt Ci 1 þ Pi Ci



1  Pt Ci
Pi Ci 
¼ jCi j þ

jCi j 1 þ Pt Ci 1 þ Pi Ci 
Pt

!

&

Note that the transfer function Pt Ci =ð1 þ Pt Ci Þ in Equation (17) can be estimated at each
frequency (over a dense grid of frequency points, fo1 ; . . . ; oN g) directly from measurement of
r1 ðtÞ and yðtÞ; and Pi Ci =ð1 þ Pi Ci Þ and jCi j can be analytically constructed.
3.3. Choosing an initial bandwidth
The plant model magnitude response, jPi ðjoÞj; can provide a good starting point for setting the
initial bandwidth of Fi ðjoÞ: Special care, however, should be exercised in the case where the
identiﬁed model has a resonant structure, or in other words, has lightly damped poles or zeros.
It is always safe to choose the initial bandwidth of Fi ðjoÞ to be an order of magnitude less than
the lowest predominant feature of Pi ðjoÞ: That is, suppose if there is a resonant pole at o0 inside
the plant bandwidth, choose the initial bandwidth for Fi ðjoÞ to be o0 =10:

4. NUMERICAL EXAMPLE
In this section, we consider a plant which is examined in References [2, 14] in order to discuss the
proposed algorithm and also to show its systematic easy-to-use features.
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Table I. Poles and zeros of Pt ðsÞ:
z1 ¼ 13:162
z2 ; z3 ¼ 10:646  j12:27
z4 ; z5 ¼ 7:169  j11:54

p1 ; p2 ¼ 0:0996  j3:0017
p3 ; p4 ¼ 0:3339  j12:131
p5 ; p6 ¼ 1:8450  j31:481

The true plant is a robot arm with the following transfer function (depicted in Figure 5(a)):
Q5
ðs  zi Þ
Pt ðsÞ ¼ 0:5196 Q6i¼1
ðs
 pi Þ
i¼1
where poles and zeros are given in Table I.
The true plant has pairs of lightly damped poles with a pair of RHP zeros which will have
impacts on the closed-loop bandwidth. We shall apply the algorithm described in Section 3.1.
Note that, the windsurfer approach does not have available to it the mathematical description of
the true plant; we only use this information to verify the method.
We use the closed-loop identiﬁcation procedure detailed in Reference [25] and outlined in
Reference [14]. The procedure showed how to convert a closed-loop identiﬁcation problem into
an open-loop identiﬁcation problem. To start, the identiﬁcation procedure requires an initial
model of the plant and a controller that stabilizes both the model and the true plant. The initial
model P0 and the controller C0 are chosen to be
P0 ¼

0:1709ðs þ 13:31Þ
;
s2 þ 0:1806s þ 9:024

C0 ¼

0:5849ðs2 þ 0:1806s þ 9:024Þ
sðs þ 13:31Þ

The initial model, shown in Figure 5(a) together with Pt ðsÞ; was obtained from [26]. Note that
the controller is a standard IMC controller (Section 2.1) to achieve a closed-loop bandwidth of
0:1 rad=s:
Step 1 in our algorithm requires us to identify a plant model. Using the identiﬁcation
procedure of Hansen [25], we identify a model P* 1 using P0 and C0 and the identiﬁcation data
collected. The (reference) input is chosen to consist of four periods of a zero-mean square wave
of amplitude 1. The plant output was corrupted by zero-mean white noise with standard
deviation of 0.05. The numerical subspace-based state space model estimation N4SID (built in
MATLAB function) is used to estimate the model.
Choosing the identiﬁed Youla–Kucera parameter R (discussed in Reference [14]) to be
of order ﬁve, the resulting identiﬁed model, P* 1 ; is of degree 11. The magnitude response of
HðP* 1 ; C0 Þ is shown in Figure 3 and P* 1 ðsÞ is given by
Q
1:0  102 10
i¼1 ðs  zi Þ
*
P1 ðsÞ ¼ 0:51819
Q11
2
1:0  10
i¼1 ðs  pi Þ
with poles and zeros listed in Table II and its magnitude and phase response shown in Figure 4.
For this identiﬁed plant model P* 1 ; max14k4N s% ½HðPt ; C0 Þ  HðP* 1 ; C0 Þðjok Þ ¼
0:4683: Although one may think that 0:4683 is not small enough, we point out that (a)
max14k4N s% ½HðPt ; Ci Þ  HðG1 ; Ci Þðjok Þ ¼ 0:8637; for the identiﬁed model G1 in Reference [26],
so our scheme is no worse; (b) It is very diﬃcult for identiﬁcation schemes to pick out the
resonant structures of an unknown true plant at which frequencies this identiﬁcation error is
Copyright # 2004 John Wiley & Sons, Ltd.
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Figure 3. Magnitude responses of HðP* 1 ; C0 Þ:

Table II. Poles and zeros of P* 1 ðsÞ:
z1 ¼ 0:0038
z2 ¼ 0:1331
z3 ¼ 8:9357
z4 ¼ 0:0043
z5 ; z6 ¼ 0:0628  j0:1300
z7 ; z8 ¼ 0:0658  j0:0802
z9 ; z10 ¼ 0:1573  j0:0109

p1 ¼ 0:0039
p2 ¼ 0:0041
p3 ¼ 8:9357
p4 ; p5 ¼ 0:0297  j0:3068
p6 ; p7 ¼ 0:0070  j0:1180
p8 ; p9 ¼ 0:1130  j0:0030
p10 ; p11 ¼ 0:0009  j0:0300

occurring. In order to identify the unknown true plant more accurately, the input signal must
have concentrated energy in the appropriate frequency regions. However, Pt is unknown and
one cannot possibly identify the frequency regions which require particular excitation
beforehand. Thus, one needs to use a generic input signal which has energy distributed over
the whole range of frequency.
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Figure 4. Magnitude and phase responses of Pt (solid) and P* 1 (dashed).
Table III. Poles and zeros of P1 ðsÞ:
z1 ¼ 0:4052
z2 ; z3 ¼ 6:2812  j13:0022
z4 ; z5 ¼ 16:7945  j3:9365
z6 ; z7 ¼ 6:5037  j8:0120

p1 ¼ 0:4041
p2 ¼ 11:3789
p3 ; p4 ¼ 2:9642  j30:6857
p5 ; p6 ¼ 0:6968  j11:7983
p7 ; p8 ¼ 0:0903  j3:0027

One should realize that in the course of operating the iterative algorithm, each estimate of the
plant is likely to be of higher degree than the previous one. In order to avoid degree explosion in
the identiﬁed model, we employ the closed-loop model reduction method detailed in Section 4.3
of Reference [24, pp. 137–140]. Assume that the Hankel singular values of the graph symbols of
the identiﬁed model are decreasingly ordered (s1 > s2 > s3 >    > sN ) and suppose sr {s1
for some r: The singular values for this case are 2:1976; 2:0657; 1:5216; 0:11324; 0:1191;
0:0801; 0:0552; 0:0460; 0:0002; 2:84e  5; 7:38e  10: We perform balanced realization and the
result is truncated to retain all Hankel singular values greater than 0:01s1 : The resulting model
after truncation is
Q7
ðs  zi Þ
P1 ðsÞ ¼ 0:51893 Q8i¼1
i¼1 ðs  pi Þ
with poles and zeros listed in Table III.
The identiﬁed plant P1 is stabilized by C0 ; (½P1 ; C0  is stable), and we estimate
max14k4N s% ½HðPt ; C0 Þ  HðP1 ; C0 Þðjok Þ ¼ 0:4684 (based on the procedure explained in Section
3.2). Hence the conditions in the ﬁrst step of algorithm (outlined in Section 3.1) are met. The
magnitude responses of the true plant Pt ðjoÞ and the model P1 ðjoÞ are shown in Figure 5(b).
The ﬁrst peak in the magnitude response of the model P1 happens close to 3 rad=s and hence
the initial bandwidth, l1 is set to 0.1, which is much smaller than that of P1 and is well below the
ﬁrst resonant frequency.
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Figure 5. Magnitude responses: (a) Pt and P0 ; (b) Pt (solid) and P1 (dashed); and (c) P1 ; and e2 ðjoÞ:

The model P1 has three pairs of lightly damped poles and hence its magnitude response
exhibits three peaks at the resonant frequencies. The right-half plane zeros will limit the closedloop bandwidth that can be attained. Therefore, the critical frequency regions in P1 are where it
has lightly damped poles (p3 –p8 ). As discussed in Section 2.4, we divide the plant model
frequency response into two regions; region 1: below 1:5 rad=s; and region 2: contains the
frequencies around the ﬁrst resonant mode.
We shall now set our closed-loop performance objectives, as discussed in Step 3 of our
algorithm and in Section 2.4, to: (i) have the closeness between Pi Ci =ð1 þ Pi Ci Þ and ½Pi a Fi in an
H1 sense below 0.1 ða ¼ 0:1Þ; (ii) keep Tyr2 below bp ¼ 2ð6 dBÞ: Note that (ii) eﬀectively
limits the eﬀect of the ﬁrst resonant mode as we expand the bandwidth to frequencies that are
close to 3 rad=s:
Based on the rules stated in Section 2.4 and the afore-stated desired closed-loop objectives,
the frequency costs e1 ðjoÞ and e2 ðjoÞ are designed. Here, the closed-loop bandwidth l1 lies in the
ﬁrst region, hence e1 ðjoÞ is set to be small (say 0.001), and e2 ðjoÞ is chosen to take care of the ﬁrst
resonant mode of the plant model occurring at 3 rad=s: In the case of P1 ; e2 ðjoÞ is set to have the
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maximum gain of 26 dB; (a=bp ¼ 0:1=2 ¼ 0:05 ’ 26 dB). The frequency response of e2 ðjoÞ
and P1 ðjoÞ are shown in Figure 5(c).
As stated in Step 5 of our algorithm, we then solve the H1 index in Equation (10) with
F1 ¼ l1 =ðs þ l1 Þ and the controller obtained achieves the norm value of 0.10 (g1 ¼ 0:104a). The
second condition in Step 6 of our algorithm, max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ ¼ 0:3136
and therefore both conditions in Step 6 of the algorithm are met. We increase the closed-loop
bandwidth by 10% (l2 ¼ 0:11) and go back to Step 5 as stated in the algorithm. The results as
we loop between Steps 5 and 6 are given in Table IV. The two conditions of Step 6 are met until
we push out the bandwidth to li ¼ 1:0 where gi ¼ 0:095a but the diﬀerence in H1 sense
between the closed-loop transfer function describing the pair ½P1 ; Ci  and that of the pair ½Pt ; Ci 
has increased to a value greater than the initial one (0:4684) hence not anymore satisfactory
(max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ ¼ 0:4698). This points out that re-identiﬁcation is
necessary. Therefore, we discard the last controller and go back to Step 1 for re-identiﬁcation.
We again do the closed-loop identiﬁcation as outlined above with P1 and the controller that
achieved the closed-loop bandwidth of li ¼ 0:98 rad=s and met the conditions of Step 6. To
ensure that the input signal is suﬃciently exciting (see proceeding discussion on energy
concentration at the frequencies of the resonant modes), the input is chosen to consist of
sinusoids with three diﬀerent frequencies (3:0; 12:0; 31:0 rad=s) in the resonant frequency regions
and of amplitude 0.1. This is superimposed on four periods of a zero-mean square wave of
amplitude 1 which was our previously given generic signal. The plant output was corrupted by
zero-mean white noise with standard deviation of 0.05.
Choosing the identiﬁed Youla–Kucera parameter R to be of order ﬁve, the resulting identiﬁed
model is of degree 13 and P* 2 ðsÞ is given by
Q7
ðs  zi Þ
P* 2 ðsÞ ¼ 0:49884 Q8i¼1
ðs
 pi Þ
i¼1

with poles and zeros listed in Table V.
For this identiﬁed plant model P* 2 ; max14k4N s% ½HðPt ; Ci Þ  HðP* 2 ; Ci Þðjok Þ ¼ 0:2619:
Performing balanced realization and truncating this to retain all Hankel singular values
greater than 0:01s1 ; the resulting new identiﬁed model P2 is
Table IV. Gradual expansion of closed-loop bandwidth.
li

max14k4N s% ½HðPt ; Ci Þ  HðP1 ; Ci Þðjok Þ

0.1
0.11
0.12
0.13
0.14
0.16
..
.
0.98
1.0
Copyright # 2004 John Wiley & Sons, Ltd.

0.3265
0.3272
0.3281
0.3289
0.3297
0.3306
..
.
0.4661
0.4698

gi
0.10
0.08
0.08
0.09
0.1
0.09
..
.
0.1
0.09
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Table V. Poles and zeros of P* 2 ðsÞ:
z1 ¼ 13:3100
z2 ¼ 12:6314
z3 ¼ 6:9571
z4 ¼ 0:6374
z5 ; z6 ¼ 11:7790  j13:5731
z7 ; z8 ¼ 9:4603  j10:5069
z9 ; z10 ¼ 0:3958  j3:0249
z11 ; z12 ¼ 0:2538  j0:0312

p1 ¼ 11:4917
p2 ¼ 11:0354
p3 ¼ 0:4889
p4 ¼ 0:3186
p5 ¼ 0:2385
p6 ; p7 ¼ 1:8397  j31:5167
p8 ; p9 ¼ 0:3527  j12:1210
p10 ; p11 ¼ 0:0903  j3:0027
p12 ; p13 ¼ 0:3958  j3:0249
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Figure 6. Magnitude responses: (a) Pt (solid) and P2 (dashed); and (b) P2 ; e1 ðjoÞ and e2 ðjoÞ:

P2 ðsÞ ¼ 0:49831


ðs þ 14:79Þðs þ 7:037Þðs þ 0:666Þðs þ 0:318Þðs2  18:92s þ 200Þðs2 þ 23:39s þ 321:3Þ
ðs þ 11:22Þðs þ 0:521Þðs þ 0:362Þðs2 þ 0:18s þ 9:024Þðs2 þ 0:70s þ 147Þðs2 þ 3:68s þ 996:7Þ

The identiﬁed plant P2 is stabilized by Ci ; (½P2 ; Ci  is stable), and we estimate
max14k4N s% ½HðPt ; Ci Þ  HðP2 ; Ci Þ ðjok Þ ¼ 0:2620; hence the conditions in the ﬁrst step of
our algorithm are met. The magnitude responses of the true plant Pt ðjoÞ and the model P2 ðjoÞ
are shown in Figure 6(a).
The model P2 has almost the same structure as P1 with three pairs of lightly damped poles.
The right-half plane zeros will limit the closed-loop bandwidth that can be attained. As
discussed in Section 2.4, we now divide the plant model frequency response into three regions;
region 1: below 1:5 rad=s; region 2: contains the frequencies around the resonant poles, and
region 3: contains frequencies above the bandwidth of P2 ðjoÞ but below that of FðjoÞ; when li
becomes suﬃciently large to exceed the bandwidth of P2 ðjoÞ:
We shall now set our closed-loop performance objectives, as discussed in Section 2.4, to:
(i) have the closeness between Pi Ci =ð1 þ Pi Ci Þ and ½Pi a Fi in an H1 sense below 0.1 ða ¼ 0:1Þ;
(ii) keep Tyr2 below bp ¼ 2 ð6 dBÞ; and (iii) keep Tur1 below bc ¼ 30 ð30 dBÞ: Note that
the nature of bp and bc are diﬀerent as the former refers to limiting the eﬀects of the resonant
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modes while the latter refers to the situation where we require higher closed-loop bandwidth
than that of the plant. Here we assume that the actuators can pump up a maximum gain of 30;
which is considered satisfactory for this robot arm example.
Based on the rules stated in Section 2.4 and the afore-stated desired closed-loop objectives,
the frequency costs e1 ðjoÞ and e2 ðjoÞ are designed. The frequency cost e1 ðjoÞ is chosen to
gradually reach the maximum gain of almost 50 dB (a=bc ¼ 0:1
30 ) at 4 rad=s; where the plant
model loses its bandwidth to the controller. The cost e2 ðjoÞ is chosen to take care of the ﬁrst
resonant mode of the plant model occurring at 3 rad=s: In the case of P2 ; e2 ðjoÞ is set to have the
maximum gain of 26 dB; (a=bp ¼ 0:1
2 ¼ 0:05 ’ 26 dB). The frequency responses of e1 ðjoÞ;
e2 ðjoÞ and P2 ðjoÞ are shown in Figure 6(b).
If we gradually (10% in each iteration) increase the closed-loop bandwidth li to 8:2 rad=s; gi
increases to 0:134 > a which indicates that the performance speciﬁcations are not satisﬁed and
max14k4N s% ½HðPt ; Ci Þ  HðP2 ; Ci Þðjok Þ ¼ 0:5678 which indicates poor modelling.
When re-identiﬁcation is performed, the closed-loop bandwidth can be further pushed out to
11:2 rad=s: After re-identiﬁcation, the bandwidth cannot be increased more than 11:2 rad=s as gi
will be more than 0:1 ð> aÞ and the performance objectives will hence not be met. The frequency
response of Pt and P3 ðjoÞ are shown in Figure 7(a) and the frequency response of the ﬁnal
controller is depicted in Figure 7(b). The four transfer functions of HðP3 ; Ci Þ for l ¼ 11:2 rad=s
are shown in Figure 7(c).
Let us now record a number of key attributes which make our proposed algorithm
much more suitable for the windsurfer approach to iterative identiﬁcation and control. The
above example and the discussion in Section 2.3 and Steps 3–5 in the algorithm assert
that our proposed H1 controller design method does oﬀer simplicity and has an easy-touse procedure. The parameters a; bp and bc capture our closed-loop objectives and speciﬁcations and are used to specify e1 ðsÞ and e2 ðsÞ as discussed in Section 2.4 and shown in
the above example. They, however, are not a priori and/or complementary information about
the plant.
The results in Reference [26] show that the closed-loop bandwidth can be expanded to 12 rad=s
whereas ours can be expanded to 11:2 rad=s: Considering the 4-block transfer function HðG1 ; CIMC Þ;
where G1 denotes the identiﬁed model used in Reference [26] and CIMC refers to the controller designed to achieve the close-loop bandwidth of 12 rad=s; we note the following important
points:
*

the magnitude response of the transfer function G1 CIMC =ð1 þ G1 CIMC Þ is exactly speciﬁed
by the IMC ﬁlter F ¼ 12=ðs þ 12Þ2 and hence exact reference tracking is achieved for the
desired bandwidth on the identiﬁed model. However,


Pt CIMC
G1 CIMC
max s%

ðjok Þ ¼ 0:57
14k4N
1 þ Pt CIMC 1 þ G1 CIMC
which indicates a large discrepancy in reference tracking capabilities if this
controller, CIMC ; is chosen to be used on the true plant. On the contrary, our proposed
algorithm ensures



Pt Ci
Pi Ci
max s%

ðjok Þ  0:1
14k4N
1 þ Pt Ci 1 þ Pi Ci
Copyright # 2004 John Wiley & Sons, Ltd.
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Figure 7. Magnitude responses: (a) Pt (solid) and P3 (dashed); (b) Cfinal ; and (c) HðP3 ; Cfinal Þ:

for the maximum achievable bandwidth (i.e. 11:2 rad=s). This means that we have managed
to expand the closed-loop bandwidth to approximately the same value as in [26] but kept


Pt Ci
Pi Ci
max s%

ðjok Þ
14k4N
1 þ Pt Ci 1 þ Pi Ci
small as required by our speciﬁcations.
Copyright # 2004 John Wiley & Sons, Ltd.
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the transfer function G1 =ð1 þ G1 CIMC Þ has a maximum gain of approximately 10 dB since
in the algorithm of Lee et al. [26] there was nothing limiting this gain but our method gives
s% ½Pi =ð1 þ Pi Ci Þ ’ 6:8 dB;
both CIMC =ð1 þ G1 CIMC Þ of Lee et al. [26] and our Ci =ð1 þ Pi Ci Þ had a gain less than 30 dB
and hence with respect to this criterion, both designs were satisfactory;
for the design of Lee et al. [26], max14k4N s% ½HðPt ; CIMC Þ  HðG1 ; CIMC Þðjok Þ ¼ 2:1530
whereas in our algorithm max14k4N s% ½HðPt ; Cfinal Þ  HðP3 ; Cfinal Þðjok Þ ¼ 0:257: This
shows that the ﬁnal controller of Lee et al. [26] performs diﬀerently in a closed-loop
sense on Pt than on G1 : The diﬀerence in closed-loop transfer functions of our ﬁnal
controller on Pt and on P3 is well contained.
The closed-loop bandwidth was increased to 3 rad=s in the design of Lee et al. [26] with the
ﬁrst model. The striking fact is that max14k4N s% ½HðPt ; CIMC Þ  HðG0 ; CIMC Þðjok Þ ¼ 13:33
where CIMC denotes the IMC controller that achieved the closed-loop bandwidth of 3
rad=s and G0 is the ﬁrst model considered. This shows that the controller of Lee et al. [26]
performs much diﬀerently in a closed-loop sense on Pt than on G0 : In contrast, our
algorithm does not allow this discrepancy and is easily seen Table IV.

These points clearly show the superiority of our algorithm compared to the one of Lee
et al. [26] in terms of keeping Pt Ci =ð1 þ Pt Ci Þ close to Pi Ci =ð1 þ Pi Ci Þ; limiting the size
of Pi =ð1 þ Pi Ci Þ; limiting the size of Ci =ð1 þ Pt Ci Þ; and ensuring that the ﬂags gi and
max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ are easy to handle.

5. CONCLUSION
In this paper, we have introduced a modiﬁed algorithm for the windsurfer approach to
iterative identiﬁcation and control by incorporating a new controller design method. The
proposed algorithm uses an H1 control design method, in which the shortcomings
and deﬁciencies of the previously used IMC design methods [2, 17], are addressed. For
instance, this H1 design method is applicable to stable or unstable plants or plants
with jo-axis zeros. In addition, it handles plants well with lightly damped poles and zeros
and situations where the bandwidth of Fi is orders of magnitude greater than that of Pi :
This algorithm also gives us one number, gi ; that easily ﬂags whether the desired
performance speciﬁcations have been achieved. Furthermore, an easy computation
max14k4N s% ½HðPt ; Ci Þ  HðPi ; Ci Þðjok Þ indicates whether re-identiﬁcation is necessary or not.
In order to illustrate and give insight into the versatility of the proposed algorithm, a numerical
example was discussed to show how systematic the bandwidth of the closed-loop system can
be increased.
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