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APPLIED ROBUST MOTION CONTROL

SUMMARY

This thesis concentrates on the analysis and design of robust motion control systems
with particular attention on some promising motion control algorithms. Mainly, a
generic robust motion control structure is proposed and seen to work very well both
theoretically and in the context of applications. This robust motion control
architecture has what is known as a model regulator in an inner loop which can be
used alone or in conjunction with a feedback controller. This structure can be further
complemented by a preview based feedforward control block which is explained in
detail in Chapters 2 and 3. This architecture and how it can be exploited to get better
results in motion control applications as far as performance and robustness of
performance are concerned is treated in detail in Chapters 4, 5 and 6. The main
applications treated here are in the area of automobile dynamics control. The robust
motion control concepts developed are applied to vehicle lateral control (yaw
stabilization) and automated path following. Both of these applications are quite
important in the automotive industry. The application of the robust motion control
structure proposed here to these vehicle control problems is a new approach,
resulting in the development of several application-induced design and structural
enhancements. The simulation results obtained demonstrate the superior nature of the
results in comparison to those previously reported in the literature. Noting that
several practical motion control algorithms involve repetitive tasks or disturbances,
this thesis also considers the related, more specific needs of such systems by treating
a robust repetitive control architecture which is explained in detail in Chapter 7 also.
This thesis ends with the conclusions being given in Chapter 8.
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UYGULAMALI GURBUZ HAREKET KONTROLU

OZET

Bu tez oOncelikli olarak bazi {imit vaadeden hareket kontrolii algoritmalar1 olmak
tizere glirbliz konum kontrolii sistemlerinin analiz ve tasarimi iizerinde
yogunlagsmistir. Baglica olarak bir genel giirbiiz konum kontrolii yapisi 6ne siiriilmiis
ve teorik olarak da uygulama gergevesi i¢inde de ¢ok iyi galistigi goriilmiistiir. Bu
giirbliz konum kontrolii yapisi tek basina veya bir geri besleme kontrolciisii ile
birlikte olmak tizere kullanilabilen bir model regiilatorii igermektedir. Bu yap1 ayrica
ikinci ve Ugilincii bolimlerde ayrintili bir gekilde agiklanmig olan 6n gériilii ileri
besleme kontrol blogu ile de tamamlanabilmektedir. Bu kontrol yapisi ve konum
kontrolii uygulamalarinda performans ve performans giirbiizliigii goz Oniinde
bulundurularak daha iyi sonuglar elde edebilmek igin nasil kulamilacagi detaylh
olarak dordiincii, besinci ve altinci béliimlerde islenmistir. Burada ele alinan baslica
uygulamalar otomobil dinamigi kontrolii alanindadir. Gelistirilmis olan giirbiiz
konum kontrolii kavramlar1 ara¢ yanal kontrolii (yalpalama stabilizasyonu) ve
otomatik yoriinge takibine uygulanmigtir. Bu iki uygulama da otomotiv endiistrisinde
olduk¢a biiyikk bir 6nem arzetmektedir. Bu tezde 6ne siiriilmiis ve ara¢ kontrol
problemlerine uygulanmis olan giirbiiz konum kontrolii yapisi gesitli uygulamaya
yonelik tasarim gelisimi ve yapisal iyilestirmeler ile sonuglanmis olan yeni bir
yaklasimdir. Elde edilen simiilasyon sonuglar literatiirde daha 6énce bildirilmis olan
sonuglara gore daha ustiinliikk gostermektedir. Pratikte bir ¢ok konum kontrolii
algoritmasinin tekrarli gérev ve tekrarli bozucu etkenleri igerdigi dikkate alinarak bu
tip sistemlerin belirli ihtiyaglarina yonelik olan giirbiiz tekrarli kontrol yapisi da
ayrica yedinci bolimde ele alinmistir. Bu tez sekizinci boliimde verilmis olan
sonuglar ile sona ermektedir.

xiv | ‘Si1u=i§§§§g§
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1. INTRODUCTION

This thesis is on applied robust motion control. Motion control has been a subject of
great interest among control engineers as most applications of control theory involve
control of some of the variables related to the motion, meaning position, angular
orientation, velocity and acceleration of the process being controlled. Among the
typical and widely studied motion control systems are linear positioning systems (X,
Xy stages, machine tools etc.) and robotics (joint control, end effector position and
orientation control etc.). High-speed and high accuracy motion control is an
important feature for increased productivity, improved quality of finished products
and flexible operation of modern machine tools such as high speed machining
centers. Some of the important considerations in attaining high speed and high
accuracy motion control are the development and implementation of effective motion
control algorithms to achieve precision positioning and tracking. Consequently, there
have been an abundence of work on controller design for performance improvement
in motion control systems. Matching the impetus on robustness issues in controller
analysis and design after the 80's, the motion control industry has also seen a
corresponding increase in research on and implementation of robust motion
controllers in the 90's. This robust motion control analysis and design trend is
presently continuing, since increasingly more performance is demanded from such
systems even in the presence of model uncertainties. Model uncertainties can arise
from various sources including for example the aging of components, differences
from one set to another within a batch of manufactured motion control equipment

and unmodeled high frequency dynamics, among others.

This thesis concentrates on the analysis and design of robust motion control systems.
In this thesis, some promising motion control algorithms are treated. Mainly, a
generic robust motion control structure is proposed and seen to work very well both
theoretically and in the context of applications. This robust motion control

architecture has what is known as a model regulator in an inner loop which can be



used alone or in conjunction with a feedback controller. This structure can be further
complemented by a preview based feedforward control block. This architecture and
how it can be exploited to get better results in motion control applications as far as
performance and robustness of performance are concerned is treated in detail in this
thesis. Along with some standard, well known positioning applications, the main
applications treated here come from the automotive industry. The robust motion
control concepts developed are applied to vehicle lateral control (yaw stabilization)
and automated path following. Both of these applications are quite important in the
automotive industry. Further, the application of the robust motion control structure
proposed here to these vehicle control problems is a new approach, resulting in the
development of several application-induced design and structural enhancements.
Noting that several practical motion control algorithms involve repetitive tasks or
disturbances, this thesis also considers the related, more specific needs of such

systems by treating a robust repetitive control architecture also.

The organization of the rest of the thesis is as follows. In Chapter 2, different
preview based reference feedforward tracking control techniques are presented. The
aim in reference feedforward tracking control is to increase tracking bandwidth
beyond what is available with the feedback controller alone. In Chapter 3, the use of
structured singular value (SSV) analysis along with a suitably chosen measure of
performance is utilized to develop a useful tool for evaluating performance
robustness of discrete time reference feedforward control systems. In Chapter 4, the
model regulator, which is a two degree of freedom controller that provides desired
model following and very good disturbance rejection along with a high level of
robustness to unmodeled dynamics, is presented. The application of the model
regulator architecture to vehicle lateral control (yaw stabilization) and automated
path following are treated in Chapters 5 and 6, respectively. There is a group of
applications where the motion control problem addressed has periodic reference
inputs or periodic disturbances. Motion controllers that take into account the periodic
nature of the exogenous input work much better for such applications. Repetitive
control is such a motion control scheme that has been developed specifically for
handling systems with repetitive references/disturbances and is treated in Chapter 7.

The thesis ends with the conclusions being summarized in Chapter 8.



2. REFERENCE FEEDFORWARD TRACKING CONTROL

The aim in reference feedforward tracking control is to obtain a low pass filter of
desired tracking bandwidth between the input and the output to reduce tracking error.
A two degree of freedom controller architecture is used to achieve this purpose by
cascading the closed loop system, already under feedback control, with its

approximate inverse, as shown in Figure 2.1. The second degree of design freedom
afforded by the feedforward control block CN?/',,I is used to reduce tracking error below
what is achievable with only the feedback controller C. While the feedback controller
must be limited to causal filters, the approximate inverse filter (N}f"bl is allowed to be

noncausal since off-line computation and hence preview of the input signal R is

possible in feedforward tracking control.

—» G, (2 » ZOXH. ey > P@s) >

Gp(z)

Figure 2.1 Discrete time reference feedforward tracking control

Seeking an exact inverse based on pole-zero cancellation to achieve perfect
compensation of the plant or closed loop system is the ideal goal. This is not possible
since nonminimum phase (NMP) zeros, if they exist, cannot be inverted directly.
NMP zeros are quite common in models of process control systems with transport
lag (Ogata, 1990) and flexible structures (Cannon and Schm1tz 1984). It is also a
well known fact that even the zero order hold equivalent of a minimum phase

continuous time plant with relative degree greater than two will always be NMP for



large enough sampling rate (Astrom et al, 1984). Due to the presence of high
frequency modeling errors, exact inversion is not a good idea even for minimum
phase systems and an approximate inverse should be used to achieve low pass filter

characteristics between system input and output for better performance robustness.

2.1 Discrete Time NMP Zeros

Consider the zero-order-hold (ZOH) discretized version G(z) of a continuous time
plant H(s) that is illustrated in Figure 2.2. For H(s) with n poles and m zeros, G(z)

has n poles and n-1 zeros, some of which may be at infinity. Even though poles p; of

% of G(z), the transformation of the zeros

H(s) are transformed simply into poles e
is much more complicated. In the limiting case of small sampling time T, the

location of the zeros of G(z) are governed by the following theorem.

. U A Ay A 1
U(Z) E i y( Z)
Ly ZOH » H() \s RAVY

] [}

i Ts i

] [}

i i

[} [}

| 6@ e

Figure 2.2 ZOH discrete time equivalent
Theorem 2.1 (Astrdm et al, 1984): Let H(s) be the rational function
H(s)= g 826 -2)-672,) = @.1)

(s-p)s—py)-(s—p,) ’

and G(z) the corresponding pulse transfer function. Then, as 7, — 0, m zeros of

G(z)ygoto 1l as e T and the remaining n-m-1 zeros of G(z) go to zeros of the

polynomial By.im(z).



The polynomials B, m(z) are given in Jury (1964) and Astrém et al (1984) and have
both MP and NMP real zeros for n-m>2. None of the NMP zeros of B,m(z) are
complex. So, G(z) corresponding to H(s) with relative degree greater than or equal to
2 (n-m>2) will necessarily have real NMP zeros coming from B,.m(z) for small
sampling time. Complex NMP zeros, if they exist, occur in complex conjugate pairs
since G(z) is real rational. The conditions under which complex NMP zeros occur
for small sampling time can be determined using Theorem 2.1 and are summarized

by the following corollary.

Corollary 2.1: For small T, the m; (2m¢<m) complex conjugate zero pairs of H(s) in
(2.1), if any, result in m; complex conjugate zero pairs of G(z) which go to 1 as

zT, T;Re(z,-)estlm(Z,-)

e =e as T;—0.

Some remarks that follow from Theorem 2.1 and its corollary are listed below.
Remark I: For small T, complex zeros of G(z) are only possible for H(s) with m>2.

Remark 2: For small T, G(z) will have complex NMP zeros if and only if H(s) has

complex NMP zeros.

The locations of zeros of G(z) in the limiting case of large sampling time are

characterized by the following theorem.

Theorem 2 (Astrom et al, 1984): Let H(s) be a strictly proper, stable and rational
transfer function with H(0)=0. Then all zeros of G(z) go to 0 as Ty— .

Note that for large sampling time, complex zeros of H(s) may become real zeros of
G(z). Also, it is not possible for G(z) to have NMP zeros for large enough sampling
time if H(s) satisfies the conditions of Theorem 2. A conservative condition to
guarantee minimum phase G(z) is given in Astrém et al (1984). Less conservative
conditions can be found in Fu and Dumont (1989) and Ishitobi (1992).

The conditions under which NMP zeros can occur for large sampling time can be

determined using Theorem 2 and are summarized by the following corollary.

Corollary 2.2: For large enough sampling time, G(z) can have NMP zeros if and only

if H(s) satisfies one or more of the conditions: H(s) unstable, biproper or H(0)=0.



Example 2.1: Consider the continuous time transfer function

(s> —4s+98)

H(s)= s(s® +25+5)

2.2)

with two complex NMP zeros at s,,5; =2+ j2. Figure 2.3 shows a plot of the zeros
of G(z) corresponding to H(s) in (2.2) as T is varied. It is seen that G(z) has a
complex conjugate NMP zero pair for small T as predicted by the corollary to
Theorem 2.1. For large Ts, these zeros go to 0 as predicted by Theorem 2.2.

Im(z)
o
W

Figure 2.3 Location of zeros in example 1 for Tg: 0—>o0

Example 2.2 (Astrom et al, 1984): Consider

1

HS) = i+

2.3)

which has no zeros but two unstable poles on the imaginary axis. So, one of the

conditions of Theorem 2.2 is not satisfied and G(z) can have NMP zeros for large



enough sampling time by Corollary 2.2. G(z) has complex NMP zeros for some
choices of T as shown in Figure 2.4. Note also that the zeros of G(z) do not go to
zero as Ts—>oo, since the conditions of Theorem 2 are not satisfied. In fact, the zeros

start at -2+V3 for Ts=0, and traverse the complex plane periodically with a period in

Ts of 27 (see Figure 2.4)

1.5 T T — T - T
1 - -
05 4
:E: 0F @ 1

- Ts=0

051+ 1
N -

_15 1 1 1 1 1
-4 3 2 1 0 1 2

Figure 2.4 Location of zeros in example 2 for Ts: 0—
2.2  Different Feedforward Controller Designs

There are several methods that can bé used to design non-causal approximate inverse
filters for discrete-time systems with NMP zeros. Some of the important methods are
introduced in this section. The earliest method of designing preview based reference
feedforward controllers is the zero phase error tracking control (ZPET) scheme of
Tomizuka (1987), where the phase error due to the NMP zeros is eliminated to
achieve zero phase error trajectory tracking. Gain errors due to the NMP zeros still
exist and can be compensated for by using the E filter (Haack and Tomizuka, 1991),
the precision tracking control (PTC) method (Menq and Xia, 1990), the extended



precision tracking control (EPTC) method (Giiveng et al, 1995) or the optimal
precision tracking control (OPTC) method (Aksun Giiven¢ and Giiveng, 1999),
among other methods, where additional gain compensating zeros are used to reduce
the gain error for NMP zeros while keeping zero phase error characteristics. In the
methods of PTC and EPTC, the gain compensating zero is determined using design
equations based on a single point in the system frequency response to approximately
obtain the desired bandwidth. The aim of OPTC is to design the gain compensating
zero optimally. In the truncated series approximation (TSA) method of Gross et al
(1994), polynomial long division is used to obtain a non-zero phase solution. This

solution can also be obtained via an optimization approach.

2.2.1 Zero Phase Error Tracking (ZPET) Controller

The transfer function of the nominal feedback control architecture in Figure 2.1 can

be expressed as

Bmp (2)1pmp(2)

d(z)

Gp(z)= 2.4)

where nDmp(z) and nNymp(z) are the minimum and nonminimum phase parts,
respectively, of the numerator. The nonminimum phase part of the numerator can be

factored into

(@)= M(-2)

nnmp

z, € C,|zk| =1

2.5)

where C denotes complex numbers. z's are thus the m nonminimum phase zeros of
the feedback system. Noting that complex conjugation of factors of the form z - z

(zxe C) over the unit circle amounts to

(Z2—2)|,_ 0 = (z"-%,) (2.6)

z=eja

the ZPET approximate inverse of Gg(z) is given by



d@) m ('-Z) |
Gipen ()= ,,,,,(z)k i(1-2,)(1-Z) @D

The first part of (2.7), d(z)/ n,,(z) , is the invertible part of Gp(z). The remaining

part of (2.7) has been formulated so that the compensated system GEII)ET( z)Gp(z)

has zero phase angle at all frequencies. Whatever can be inverted in Gg(z) has been
inverted and the remaining nonminimum phase part has been multiplied by its
complex conjugate in the frequency domain. The (1-z) type terms in the
denominator of (2.7) are introduced to make the d.c. gain of the feedforward
compensated system equal to unity. The transfer function of the ZPET feedforward

compensated system becomes

(z- Zk)(z —Z;)
ZPET(Z)Gjb(Z)_kl (-2)1-%,) (2.8)

This method assures that the phase shift between the reference input and the output
becomes zero for all frequencies. However, while the phase errors are cancelled, this
approach may increase the gain errors. Therefore, desired tracking control
characteristics can be obtained only within a relatively small bandwidth. One should
therefore combine the zero phase error of the ZPET method with a gain error

compensation method.

Let's assume that z's which are the NMP zeros of the closed loop system are real.

(2)= H(Z Z;)

nmp

2.9)
Zy

Consider only one of these real NMP zero terms and adjust for unity d.c. gain as

(2.10)
1-z,

Its frequency response is evaluated by letting z = ¢’? as



@.11)

Here the angle 8 with 0< 8 < ris given by =T, where® is the frequency and T,

is the sampling time. After manipulation, the frequency response magnitude and

phase become

z—z, _ [1-2z,cos0+z, 2.12)
1=z, 0 (I_Zk)2 .

g g —tan” 09 2.13)
1=z, ). costd -z,

By examining equation (2.12), the NMP zeros are further divided into two types as
type 1 and type 2 zeros based on whether they lie to the left or to the right of the unit
circle (Menq and Xia, 1990). If zy <-1, z is defined as a type 1 NMP zero and it is
defined as a type 2 NMP zero if z >1. The difference of these two types of NMP
zeros can be seen from their amplitude Bode plots displayed in Figure 2.5. The first
diagram in this figure shows that the gain of a type 1 NMP zeros attenuates from one
as 0 increases. On the other hand, the gain of a type 2 NMP zeros increases from one
as 0 increases. The presence of gain errors are evident from Figure 2.5. From the
tracking viewpoint, these errors will severely degrade the tracking performance. The
precision tracking control (PTC) method of Menq and Xia (1990) was formulated in

order to compensate for the gain errors.

2.2.2 Precision Tracking Controller (PTC)

Gain errors due to type 1 NMP zeros can be compensated for by appropriately
chosen type 2 NMP zeros in the feedforward compensator and vice versa. The zero
phase error property is preserved in this method. The PTC feedforward compensator

is given by

G (=@ f_CT-%) (-a)e-%) 2.14)
(@) i (- 2)(-2) (-z)(A-Z)

10
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Figure 2.5 Normalized gain of type 1 (left) and type 2 (right) NMP zeros

where z, eC is the gain compensating zero corresponding to the NMP zero z. The

PTC feedforward compensator in (2.14) adds gain compensating zero expressions

adjusted for zero phase on top of the ZPET controller of (2.7). The transfer function

of the feedforward compensated system becomes

B @=2)(" -) (z-Z)" -2)

G (2)G 4 (2) = ’ . 2.15
e O O S s )0-5) (—a-5) 31
and its frequency response is characterized by
~_ m (e’ -z e -2,) (e -z, e’ -2,
GP;C(Z)Gfb(Z) » ___g( k ( — k) ( k*)( — k) (216)
z=e s (-z,)1-%) (A-z)1-z,)
The gain compensating zeros are determined using
Grrc ()G (") . =1 2.17)
6=

as the design equation. Here 0" is the desired bandwidth. In the case of a real NMP

zero and a real gain compensating zero, the following equation is derived for the

purpose of finding z k* (Menq and Xia, 1990)

11



cos@" =%[(l_zk)2 + (I_Z',f )2}+1 (2.18)

z, z,

Using equation (2.18), the desired bandwidth 0" can be achieved approximately by
selecting an appropriate zk* . From the design viewpoint, if the desired bandwidth 0
is specified, the following equation can be obtained from equation (2.18) to

determine the corresponding zk* that should be used in the feedforward compensator.

-z.)" _ _[—(I‘Zk)z +2(1—cost9*)} (2.19)

Zk Zk

From the result of equation (2.19), a PTC based feedforward controller which has

zero phase shift and small gain error up to the desired bandwidth can be designed by

substituting for zk' into (2.14).

By using PTC, the system tracking bandwidth can be assigned arbitrarily according
to the tracking signal and the tracking accuracy can be greatly improved. But it
should be kept in mind that even though the PTC design method usually results in
satisfactory results, it is not an optimal method and there are situations where the
desired bandwidth is not achieved. The PTC method has been extended by Giiveng et
al (1995) to cope with pairs of complex conjugate NMP zeros as well. A

characterization of complex nonminimum phase zeros is given in the next section.

2.2.3 Characterization of Complex Non Minimum Phase Zeros

As mentioned before, Menq and Xia (1990) have classified real NMP zeros as type 1
and type 2 zeros based on whether they lie to the left or to the right of the unit circle.
Type 1 and type 2 NMP zeros have decreasing and increasing gain characteristics,
respectively. Thus, the gain errors of type 1 zeros are compensated by introducing
type 2 zeros and vice versa in the PTC method of feedforward compensation. While
such simple characterization of complex NMP zeros is much more difficult because
of the two coordinates involved rather than one, it is still useful to make some
qualitative observations relating zero location in the complex plane to gain

characteristics. For this purpose, the frequency response magnitude of the expression

12



[(z-2z)Xz-2 ){6—_—2-1})@] (2.20)

with complex NMP zero pair z; and z, and where the second expression is for unity
gain at zero frequency is considered. This is illustrated in Figure 2.6 where the

magnitudes of (z-z;) and (z- Z, ) are multiplied and recorded in a sweep of the point

z=¢? with 6=0T, from 0 to the Nyquist frequency of m radians to obtain the
magnitude frequency response. Based on Figure 2.6, purely imaginary NMP zeros
* will have a valley at 6=n/2 in their magnitude frequency response that will get deeper
as the zero approaches the unit circle (A in Figure 2.6). This phenomenon is
observed in Figure 2.7 which shows the effect of NMP zero pair location on
frequency response gain characteristics. Magnitude frequency responses of (2.20) at

several different locations in the complex plane can be observed in Figure 2.7.

Im 4

» Re

Figure 2.6 Illustration of discrete time magnitude frequency response calculation for
(2.20)
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Analysis of Figures 2.6 and 2.7 reveals that for right half plane NMP zero pairs close
to the imaginary axis, the valley occurs at O<n/2 (B in Figure 2.6) and for similar left
half plane NMP zero pairs the valley occurs at 6>n/2. This effect becomes more
pronounced as the NMP zero pair approaches the unit circle. Several observations

follow.

Observation 1: In principle, one can still categorize NMP zeros as type 1 and type 2
based on whether the NMP zero (pair, if complex) lie(s) in the left half plane or right
half plane as these generally have decreasing and increasing gain characteristics. The
valleys that occur for complex NMP zero pairs close to the imaginary axis and to the
unit circle create problems in this line of reasoning. This is due to the corresponding
valley in their magnitude frequency response plots that changes the general trend at

intermediate frequencies.

Observation 2: Purely imaginary NMP zero pairs are the hardest to compensate for if

the desired tracking bandwidth is 6">/2.

Observation 3: The gain errors of complex NMP zero pairs z;, z, sufficiently far
away from the unit circle and the imaginary axis can be compensated for by

introducing z; and Z, where z,=-Re(z)-jIm(z;) (opposite quadrant).

Observation 4: 1t is harder to compensate for gain errors of complex NMP zero pairs
in comparison to real ones, this effect being more pronounced when the zeros are
closer to the imaginary axis and the unit circle. Feedforward compensators therefore
require more gain compensation zeros for systems with complex NMP zero pairs as

compared to systems with real NMP zeros for comparable pefformance.

It is clear from the qualitative characterization above that compensating for gain
errors is more involved for complex NMP zeros than it is for real NMP zeros. The
extended PTC (EPTC) method which is an extension of the PTC method to systems
with complex NMP zero pairs is given in the following section. The optimal PTC
method of Aksun Giiveng and Giiveng (1999) given in section 2.2.5 can also handle

systems with complex NMP zeros in addition to real ones.

16



2.2.4 Extended Precision Tracking Controller (EPTC)

In the EPTC method, complex conjugate zero pairs can also be used as gain
compensating zeros for real NMP zéros, to satisfy requirements like achieving a flat
frequency response in addition to achievement of the desired bandwidth (Giiveng et
al, 1995).

Consider the discrete time transfer function

P (2, (2)

=4

221

where #,,(z) and n,,,(z) are the minimum phase and nonminimum phase parts,

nmp
respectively, of the numerator. The nonminimum phase part of the numerator can be

factored into
n,,2)=][Gz-2 N G-2)z-2) (2.22)
k=1 I=1

and has m, real and m, complex conjugate pairs of NMP zeros. Thus, #,, (z) in

nmp
(2.21) has a total of m+2m; NMP zeros. The EPTC approximate inverse filter for
G(z) in (2.21) is given by

d(z) 15 (Z_l =z;) (Z_ZI:I)(Z—I _Z;1) (Z“Z;z)(Z—] _ZI:Z) )

M (2) 5 (1= 2,) (1-2z,)’ (1-2,)’

G'(z)=

1 1 * 1 * * 1 * (2.23)
r (27 —Z) 2z —z) (z2-z, )27 —z,) (z—zp) 2™ —2z))

m (1-2) (1-z) (1-z,)’ (1-zp,)’

Note that the zero phase shift requirement is met by pairing up terms of the form

(z — z,) with terms of the form (z™' —Z,). The product of each such pair has zero -
phase shift on the unit circle (z=e’?). The first part of (2.23), i.e.d(z)/nmp(z) , 18

the invertible part of G(z) in (2.21). The quantities in (2.23) with asterisks are the

17



gain compensating zeros. z,,, z,, can be either both real or form a complex
conjugate pair. Similarly z;,, z,, are either both real or form a complex conjugate

pair. Thus five different combinations of NMP zeros and corresponding gain

compensating zeros in G ~' (z) are possible. These combinations are:

(a) One real gain compensating zero corresponding to each real NMP zero z, of

G(2) (2, € R, z,, =0. Same as PTC.)

(b) One complex conjugate gain compensating zero pair corresponding to each real

NMP zero z, of G(z). (2, z;, €C,2 R. z,, = Z,,.)

(c) Two real gain compensating zeros corresponding to each real NMP zero z, of

G(2). (zyy> 21, € R )

(d) One complex conjugate gain compensating zero pair for each complex conjugate

NMP zero pair z,, z, of G(2). (2, 2,,€C, ¢ R. z;, = Z,.)

(e) Two real gain compensating zeros corresponding to each complex conjugate

NMP zero pair z,, z, of G(2). (z,,, z;, € R.)
Define

(@-z) -2z, - )|

B(@,z,,z,)= A-z)(1-z)1-z,)1-Z,)

(2.24)

z=¢’%

where z, and z; are either both real or a complex conjugate pair. The desired

tracking bandwidth 8" can be approximated by the gain cross-over frequency. This
amounts to solving

G (@G@)|_,. =[]BO".2.0B0",2}1,2,) T [ BO",2,2)BO" 2}, 21,) =1
k=1

I=1

(2.25)

18



Order the m+2m; NMP zeros of G(z) with the m; real ones followed by the m,
complex conjugate pairs. Solving

B(6",z,,0)-B(0",z,,,2;,) =1; k=12,---.m (2.26)

r

r c

B(6',z,,2)-B(0",z},,2,) =1; I=m, +1,-,m +m (2.27)

for the gain compensating zeros will result in @° being the gain cross-over
frequency. Equations (2.26) and (2.27) can be expanded into .

(B, -1)y? +|B,(4cos* 8" —2a, cosf” —2)+2a, -2y, +
i 1] I i 4 }/l

|B,(,2 - 22, cos8" +1)—a? +2a, -1|=0 (2.28)
where
zy +2;, casesb,c
= 2.29
% zZy +2), casesd,e (229)
znzi cases b,c (2.30)
S T casesd,e '
and

B(#%,z,,0) casesb,c
" |B,2,z) casesd,e

2.31)

Case a (PTC) was treated in detail earlier and hence is not included in (2.29)-(2.31).

Note that B,,a,andy,are real for all the cases considered. Two design objectives are

19



set for the determination of the gain compensating zeros as achieving the desired
tracking bandwidth 8" and making sure that the magnitude frequency response is
sufficiently flat within that bandwidth. The design procedure is given in Giiveng et al

(1995).

The disadvantage of relying on only the 0 dB crossover point for the desired
bandwidth inherent in the PTC method is also present in the EPTC method.
Therefore, an optimal method named OPTC that utilizes the precision tracking
feedforward compensator but where the gain compensating zeros are determined so

as to minimize a performance index is formulated next.

2.2.5 Optimal Precision Tracking Controller (OPTC)

In the OPTC method developed by Aksun Giiveng and Giiveng (1999), the

performance index to be minimized is chosen as

2

(z=z)E" ~2,) (-2 )z - 2)

1 5
(l_zk)2 (I_Zk)2

do,k=12,...m (2.32)

Z=ej0

min r -
.

to determine the optimal PTC gain compensating zero z;t where the second
expression within the absolute value sign is the transfer function G(2)G(z) of the

feedforward compensated system whose magnitude frequency response should be
unity in the ideal case and a low pass filter of desired tracking bandwidth in practice.

Here [0, Gmax]with 0. <m is the frequency interval where the optimization is

performed. The performance index is modified as

2

dO,k=12,,m (233)

Jjé

-z —z) G-z - 2)
(-z,)’ (1-zp)°

min [ )

z=e

when the compensated transfer function is desired to be a low pass filter (W(z)| ool )

Both problems are solved using available optimization routines.
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To demonstrate its use, the OPTC method is applied to the model of a hydraulic
positioning system used in noncircular turning (see Xia and Menq, 1990) whose

transfer function is given by

O 0.02127(z+0.1239)(2+1.3231) i Pampi
(z—0.952)|(z +0.0621)> +(0.1677)? d(z)

G(z)

(2.34)
R,y (2) = 0.02127(z +0.1239)

(z) = z+1.3231

n nmp

where there is a real NMP zero at z;=-1.3231

The OPTC optimal feedforward compensator for this system is determined using
(2.32) with 0,,,=0.589 rad as

d(z) (z7' +13231) (z—56608)(z"' - 56608)

Gore (2) = 2.35
orre (2) n,,(2) (1+13231)? (1 56608)? 2.33)
where z; =5.6608 is the optimal gain compensating zero.
The ZPET feedforward compensator for this system is determined to be
~_ d(z) (z7'+13231)
Goperc (2) = (2.36)

n,,(z) (1+13231)°

A comparison of the magnitude frequency responses of the ZPET and OPTC
compensated systems shown in Figure 2.8 demonstrates the larger tracking
bandwidth achieved by the OPTC method. Accordingly, simulation results also show

that the OPTC compensated system achieves much lower tracking errors.

Even though, the method and the example considered used real NMP zeros, it will
not be very difficult to extend the method to cope with pairs of complex conjugate

NMP zeros. Consider the discrete time transfer function G(z)given previously in

equation (2.21).The OPTC approximate inverse filter for this form of G(z) is given
by
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e [d@ [ —zym e —a) —2)]
¢ (Z)"[nm,,(z)J [H (=z) B a=zy =27 ]

(2.37)

" (z=z)(@ "~ ) [ra (=2 ) ~2) (-2 - 2)
[Hl (1-2z,) }[HI (1-z) (1-Z) ]

OPTC
5| ZPET ]
-10 i

magnitude
(dB)

10 10 10° 10
theta (rad)

Figure 2.8 Comparison of gain frequency responses of ZPET and OPTC
compensated systems

where z,eR and z.eC. The first part of (2.37), d(z)/ B (z); is the invertible part of

G(z) as before. The second expression in (2.37) is for zero phase of n,, (z) after

nmp

compensation and the last two expressions are for gain error compensation with my,

real (cases a, ¢ and e of EPTC) and m¢, complex conjugate pairs (cases b and d of
EPTC) of gain compensation zeros. The overall transfer function 5“(z)G(z) , then,

has, by construction, zero phase at all frequencies and the gain compensation zeros

are chosen optimally by solving
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2

min POh-Ge")e)] ao 23
zeCle=12, iy O

W(0) in (2.38) is a weighting function which is usually chosen as

(2.39)

where 0" is the desired bandwidth of feedforward compensation. As an alternative,
the weight can also be selected to minimize the tracking error for a given input
(Menq and Xia, 1995), if the desired input trajectory is known in advance. The
formulation in (2.39) works well for real as well as for most complex conjugate NMP
zero pairs but there are some problems when the complex conjugate NMP zero pair
is close to the imaginary axis and the unit circle. The formulation that works better in
such cases is given in the following in the context of a simulation study on an

example system.

The closed loop position control system of a hydraulic linear actuating system, used
for tool positioning in noncircular machining by Tsao and Tomizuka (1994) is
chosen for the simulation study since its model has a complex conjugate NMP zero

pair. The discrete time, reduced order model of the closed loop system is given by

2 n_(z
0.06z> +0.034z +0.071 _ 0.0 @

G(z) = =0.
@ z’ —0.6062z° —0.747z° +0.519z* d,(z)

(2.40)

The complex NMP zeros are z,,z; =-0.2833% 1.0503 This pair of complex

conjugate NMP zeros is close to the imaginary axis and the unit circle and is thus
hard to compensate for. The gain associated with it has a V'alley closeto @ =7x/2
rad and then rises to about unity at 8 = 7 rad. In order to compensate for these gain
characteristics, the compensating zeros need to introduce sufficient gain
amplification at intermediate frequencies and sufficient gain attenuation at high
frequencies. Since the optimization formulation in (2.38) creates problems for these
types of hard to compensate complex conjugate NMP zero pairs, it is replaced in this

example by
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2

1-W(@)G (e )G(ef”] deo (2.41)

z
min _[

z, eRr=12...m,,

z,eCic=1,2,..,m,, 0

where the weight W(0) is chosen to have large gain at frequencies above 0 and is
chosen in this example as 3.61//¢°+0.9[? to provide large weight at high frequencies
and, thus, force the compensated magnitude frequency response to a sharp decrease
with frequency. The weight should be selected by balancing the desired tracking
bandwidth requirement (uniform weight up to ") with the low gain requirement at
high frequencies (large weight above ") for robustness of performance. The OPTC
computations, successively, with one real, two real and one complex conjugate gain
compensation zero pair resulted in the best result being obtained by the two real zero
case (mp=2 and m=0 in (2.37)). The two real gain compensating zeros are z;=-
0.3947 and z,=-0.9452. The magnitude frequency response plots in Figure 2.9 show

the improvement over ZPET compensation.

The response of the compensated system is simulated using

=250+ 250 'n(—zf—-r f—) .42
r= S™o05' " 2) | (2.42)

as the input. The sampling time used is 0.4 msec. The simulation results in Figure
2.10 show smaller tracking error using the OPTC method as compared to the ZPET
method.

2.2.6 Truncated Series Approximation (TSA)

The truncated series approximation (TSA) method of Gross et al (1994) which is the
only non-zero phase error algorithm considered here can be obtained either by

polynomial long division or by solving the optimization problem

2

. 27| 1
min I —(a, +az+a,z’ +..+a z") do (2.43)
ag,0y,...d,€R 0 |z —~ Zl P

Z=€ja
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magnitude

where R is used to denote real numbers, z; is the NMP zero being compensated and

the series expression in parentheses is the part of the feedforward compensator to be

cascaded with the invertible part of the plant in forming the feedforward controller.

Similar to the other methods, the TSA method can make the tracking degradation

effect of NMP zeros arbitrarily small when more compensation terms are used. The

method may be an alternative to ZPET when a system, having NMP zeros, requires

better gain characteristics, but it cannot be applied to zeros occuring on the unit

circle.

1.4

Approximately Inverted Plant Magnitude Frequency Response

12-

| T T T T

solid : OPTC

dashed : ZPET

0.8
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0.4 |-

0.2

Figure 2.9 Magnitude frequency responses of OPTC and ZPET compensated

10
frequency (rad)

systems

10

The number of required preview steps is dependent on the distance the NMP zero is

from the unit circle.
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2.3  Robustness Analysis

Reference feedforward controllers cannot affect either the stability or the stability
robustness of the loop being compensated. Robustness of performance of the
feedforward compensated system is, thus, addressed here when the location of the
zeros of G(z) is uncertain. A robustness analysis similar to the one used by Gross et
al (1994) is given here to address this issue. Only a complex NMP zero pair in the

discrete time plant is considered since the corresponding result for a real NMP zero

is its special case. If a complex conjugate NMP zero pair, believed to be at z, and z,

is actually at z, + and Z, +5, respectively, the compensated transfer function

becomes

0.5 VSN T T I

J Y OPTC: solid / \
0.4- / \ ZPET: dashed / b

0.3} / \ ; '

0.2 / |

/
0.1+ / \ /

;
|
\)
K

" L / / 4 B
0.1 / \\ / \
/ \ / \
/ | / |
0.2+ / . / \ -
/ \ / |
/ ! / \
/ \ /
0.3} I \ / \ .
/ | / \
| ! \ / \
! / \ / \
04 ! / —_—
T / \ / \
T \ / \
v/ N / \
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0 0.01 002 003 0.04 005 006 0.07 0.08 0.09
time (sec)
Figure 2.10 Simulated tracking errors
~ G (2)G,(2) _
G (2)G() = ———"(z2-(z, +6))(z- , +5)) (2.44)

(z-2z,)(z-Z,)
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where G,(z) is the nominal (unperturbed) system and G '(z) is the approximate

inverse filter designed for it. Algebraic manipulations on (2.44) result in
G(DG(2) =G, (DG, (2) +£(8,2)
where the additive term is

 GN(2)G,(2)

8(5,z)=(Z_Zn)(z_fn)(—6(2—2,,)—6_(2—2")+55—)

A conservative bound for this error is

| G'(2)G, () |
(z—2,)(z-z,)|

+[z=z,))l61+187]

(!Z—Zn

le(8,2) <

(2.45)

(2.46)

(2.47)

It is clear that as z, comes closer to the unit circle and as the uncertainty &

decreases, the robustness of the magnitude frequency response will be better as a

result of a smaller bound on |g(5 ,z)| in (2.47).
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3. ROBUSTNESS OF REFERENCE FEEDFORWARD CONTROL USING
SSV ANALYSIS

The robustness of a control system can be expressed as not being sensitive to
differences between the actual plant and the model of the plant for which the
controller was designed. Control designs are based on the use of a design model
which can be a mathematical model constructed using governing physical laws or an
experimentally determined one. The quality of a model, be it purely mathematically
or experimentally determined, depends on how closely its responses match those of
the true plant. Since no single fixed model can respond exactly like the true plant, it
would be desirable to construct a set of models that contains the true plant. Since a
model set which includes the exact physical plant can never be constructed, an
engineer should base his/her control design taking into account this inadequacy of
models. A good model should be simple enough to facilitate design, yet complex
enough to give the engineer confidence that designs based on the model will work on
the true plant. The term model uncertainty refers to the differences or errors between
models and actual system and whatever mechanism is used to express these errors is

called a representation of uncertainty.
The approach taken in robust control is:

1. Finding a mathematical representation of the model uncertainty and
determination of the uncertainty set. '

2. Checking robustness of stability (RS) by determining whether the system remains
stable for all plants in the uncertainty set.

3. Checking robustness of performance (RP) by determining whether in addition to
robustness of stability the performance specifications are also met for all plants in
the uncertainty set.

To account for model uncertainty, it will be assumed that the dynamic behaviour of a
plant is described not by a single linear time invariant model but by a set of possible
linear time invariant models, denoted as the uncertainty set.
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3.1 Representation of Uncertainty

Uncertainty in the plant model may have several origins:

1. There are always parameters in the linear model which are only known

approximately or are simply in error.

2. The parameters in the linear model may vary due to nonlinearities or changes in

the operating conditions (a linear parameter varying model).

3. Imperfections of measurement devices may give rise to inaccuracies in

experimental plant model determination.

4. At high frequencies, even the structure and the order of the model are unknown.
This type of uncertainty is called high frequency unmodeled dynamics.

5. One may choose to work with a simpler (low-order) nominal model and represent
the neglected dynamics as uncertainty even when a very detailed model is
available.

The various sources of model uncertainty mentioned above may be grouped into two

main classes:
1. Parametric Uncertainty
2. Unmodeled Dynamics Uncertainty

It is also possible to use a combination of the two different groups of uncertainty
listed above.

3.1.1 Parametric Uncertainty

In this kind of uncertainty, the structure of the model (including the order) is known,

but some of the parameters are uncertain. This is illustrated using a simple example.
Suppose that, there is a process G(s)which is represented by a first-order lag with

uncertain time constant 7, 7 € R given by

G(s) =——;

STSTon 3.
s +1

where it is assumed that ¢ lies in the interval 7 € e,z ]
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The time constant parametric uncertainty can be written as

Tonax — F i Toin T 7
- — _/max min = min max
T=7+4,0, 4.= 5 s T 5

(3.2)

where A, is the maximum deviation of the time constant from its nominal value. 7

is the nominal (average) time constant and § is any real scalar perturbation
satisfying |d<1. This kind of uncertainty is called parametric uncertainty. Its main
advantage is that the corresponding uncertainty structure is easily and naturally
derived from the mathematical model of the plant. Parametric uncertainty
representation also has the following disadvantages:

1. It usually requires a large effort to model parametric uncertainty for more
complicated plant models and unmodelled dynamics cannot be dealt with in
robustness studies

2. A parametric uncertainty model is somewhat deceiving in the sense that it
provides a very detailed and accurate description even though the underlying
assumptions about the model and the parameters may be much less exact.

3. Real perturbations are mathematically and numerically more difficult to deal
with.

Parametric uncertainty is sometimes represented by complex perturbations to avoid

the mathematical and computational problems. For example, it may be desired to

replace the real perturbation, —1< 8§ <1 by a complex perturbation with |5 ( ja))] <1.

This is of course conservative as it introduces the possibility of plants that are not

present in the original set.

3.1.2 Unmodeled Dynamics Uncertainty

Models of uncertainty are not limited to parametric uncertainty. Often, a low order
nominal model, which suitably describes the low to mid frequency plant behaviour is
available but the high-frequency plant behaviour is uncertain. In this situation, even
the dynamic order of the actual plant is not known and a characterization that is
richer than parametric uncertainty is needed to represent this kind of uncertainty. An
additive or multiplicative uncertainty block is used for this purpose, to capture phase

uncertainty also. Consider the multiplicative uncertainty case with nominal model
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G(s) and a multiplicative uncertainty weighting function W{(s). The multiplicative

uncertainty set is

- or

S(G, W) = {é : {G(j “C’;)(;g)(j “’)f < ( ja))[} (3.3)
A= % max|A(jo)| <1 (34)

with the additional restriction that the number of right-half plane (RHP) poles of G
is equal to the number of RHP poles of G . The multiplicative uncertainty can also be

written in its conventional form as

G =G +W4); |A(jw) <1V (3.5)

The structure of the multiplicative uncertainty can be seen in Figure 3.1
,W( jco)| represents the maximum potential percentage difference between all of the

plants represented by S(G,W) and the nominal plant model G . Usually, a simple
multiplicative weight of the form (Skogestad, 1996)

W b A

u G | y

Figure 3.1 Structure of multiplicative uncertainty

s +7,

W@y = (z/r,)s +1

(3.6)

is used. In (3.6), ¢ is the relative uncertainty at low frequency, 1/7 is (approximately)
the frequency at which the relative uncertainty reaches 100% and 7, is the
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magnitude of the weight at higher frequencies. Typically, the uncertainty |W

>

associated with each input, is at least 10% at steady state (7, =0.1) and it increases

at higher frequencies to account for uncertain dynamics (typically 7, =2).

The uncertainty can also be represented by additive uncertainty of the form

G($) =G +W()As);  |A(jw) <1 Vo (3.7)

where A4(s)is any stable transfer function which is at most one in magnitude at each

frequency.

3.2  Linear Fractional Transformations (LFTs)

The basic idea in modeling an uncertain system is to separate what is known from
what is unknown in a feedback-like connection and bound the possible values of the
unknown elements. This is a direct generalization of the notion of a state-space
realization where a linear dynamical system is written as a feedback interconnection
of a constant matrix and a very simple dynamical element made up of a diagonal
matrix of delays or integrators. This realization greatly facilitates manipulation and
computation of linear systems and linear fractional transformations (LFTs) provide
the same capability for uncertain systems. LFTs were introduced by Doyle (1984)
into the control literature. Their use provides a powerful and flexible approach to
represent uncertainty in matrices and systems (Balas et al, 1995). Relevant properties
of LFTs are repeated below. More detailed information can be found in Skogestad
(1996).

Consider a matrix P of dimension (n, +n,)x (m, + m,) and partition it as follows:

P, P
P=|: 1 12:| (3.8)
Py Py

Let the matrices A and K have.dimensions m, xnand m, xn,, respectively

(compatible with the upper and lower partitions of P, respectively). The following
lower and upper linear fractional transformations of P w.r.t. K and A, respectively,
are _ _

F,(P,K)= P, + B, K(I - P,K) "' P, (3.9
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F,(P,A)=P, +P21A(I—1311A)—#}’12 , (3.10)

where the subscript / denotes lower and the subscript # upper. In the following, let R
denote a matrix function resulting from an LFT (see Figure 3.2).

R1 R2
[TT7TTTTTTTTTT T I [To7TTTTTTmTTTToToTIm T 1
| | | |
[ [ | i
w | Iz I A |
| I P i f ¢ L
I e : | :
I | l”A YA‘
] | |
|
ke Vi ! |
: K |¢— : 60: P :z
| ! | g 1
[
o I | !
(@ (b)

Figure 3.2 (a) R as lower LFT in terms of K (b) R, as upper LFT in terms of A

The lower linear fractional transformation F,(P,K) is the transfer function R,

resulting from positive feedback of K around the lower part of P as is shown in
Figure 3.2a. To see this, note that the block diagram in Figure 3.2a may be written as

z=Po+Pu, v=P,o+Pyu, u=Kv (3.11)

Upon elimination of v and» from these equations,

z=Ro=F(P,K)o =[P, + B,K(I - P,K)" P, }o (3.12)

is obtained. In other words, R, is written as a lower LFT of P in terms of the
parameter K . Similarly, in Figure 3.2b the upper LFT, R, = F, (P,A) is obtained by

positive feedback of A around the upper part of P.

An important property of LFTs is that any interconnection of LFTs is again an LFT.
Typical algebric operations such as frequency response, cascade connections, parallel
connections and feedback connections preserve the LFT structure. This means that
normal interconnections of LFTs are still in the form of an LFT. Hence LFT is an

excellent choice for a general hierarchial representation of uncertainty. Consider
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Figure 3.3 where R is written in terms of a lower LFT of K which again is a lower
LFT of K and R is desired to be expressed directly as an LFT of K. As it is seen from
Figure 3.3, it can be written as

R=F(Q,K) where K =F,(M,K) (3.13)
R R
[~="====" T e 1 1
| - ——l 0 —> |
+— o > == N dl e
| | e |
| EN —le | |
| A RNy ] |
K KT A E
v\ 1 | - 1
(a) (b) (c)

Figure 3.3 An interconnection of LFTs yields an LFT

P is desired to be obtained (in terms of O and M) such that R = F;(P,K). The

following is obtained

P=|:])11 I)IZ:IZ
P21 P22

) ) (3.14)
[Qll + Q12M11([_Q22M11) ‘1Q21 O (I_Manz) 1]\412 ]
M21 (1 - Q22M11 )_1 Q21 M22 + M21Q22 (] - M11Q22 )—l M12
Similar expressions apply when upper LFTs are used. Consider
R=F,(M,A) where A =F,(Q,A) (3.15)

R=F,/(P,A) is obtained where P is given in terms of Q and M by equation (3.14).

Another important property is the close relationship between F; and F,. If
R=F,(M,K) is known then R is directly obtained in terms of an upper

transformation of K by reordering M. That is

F,(M,K)=F,(M,K) (3.16)
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where
~ 10 I 0 I ‘
M= M 3.17)
I 0 I 0

On the assumption that all the relevant inverses exist,

(F,(M,K)™ = F,(M,K) (3.18)

where M is given by

7 Ml—ll _M1_11M12
M=[M M My, — My MM G19)
21 11 22 21 11 12
is obtained.

Given an LFT in terms of X, it is possible to derive an equivalent LFT in terms of
K. Assuming that all the relevant inverses exist,

F,(M,K)=F,(M,K™) (3.20)
where M is given by

(3.21)

M=[M11_M12M;21M21 _M12M2_21]
MuM,, - My

is obtained. A generalization of the upper and lower LFTs is provided by Redheffer's
star product. As it is seen from Figure 3.4, Q and M are interconnected such that the
last n, outputs from Q are the first », inputs of M, and the first »; outputs from M are
the last »; inputs of Q. The corresponding partitioned matrices are

11 12 Mll M12
Q=[g g] M={M M} (3.22)
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Figure 3.4 Star product of Q and M, R=S(Q,M)

As it is seen from Figure 3.4, the overall matrix R with these interconnections closed
is called the star product, S(Q, M), between Q and M. R is obtained as

On +Q12M11(1_Q22M11)_1Q21 le(I_ManZ)_lMlz :I (3.23)

=S(O.M) =
. €40 ,: MZI(I—Q22M11)—1Q21 ' M22 +M21Q22(1_M11Q22)-1M12

Note that S(Q, M) depends on the chosen partitioning of the matrices O and M. If one
of the matrices is not partitioned then this means that this matrix has no external
inputs and outputs and S(Q M) then gives the maximum interconnection. The
following two LFTs can be given as an example.

F,(P,K)=S(P,K) (3.24)
F,(P,A)=S(A,P) | (3.25)

The order in the last equation is not a misprint. Of course, this assumes that the
dimensions of K and A are smaller than those of P.
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3.3  Robustness Using SSV Analysis

The feedforward controlled system P(s) with uncertainty block A is shown in Figure
3.5. A in this section is used to model the block diagonal parametric and

nonparametric uncertainty matrix whose structure is given by

Ag = iag(8,,8,08,, A8, A ) :5, e R, 1<i<r; A, € C™™ ;1< j < £}(3.26)

A [N
A
R
e [
M
Ga(2)
(b)

@

Figure 3.5 Feedforward controlled system with uncertainty and its equivalent LFT

where the real parametric uncertainty is captured in the §; and nonparametric or
complex uncertainty is captured in the A; blocks. The structured singular value

(abbreviated as SSV) is a function which provides a generalization of the singular
value, o, and the spectral radius p (the magnitude of the largest eigenvalue of a

matrix). The structured singular value p is then defined as the inverse of the

magnitude of the minimum sized destabilizing uncertainty matrix A (measured in
terms of &(4)) of chosen structure at each frequency. Mathematically,

uM)™' = mjn{E(A)] det(I — MA) = 0 forstructured A} (3.27)

Clearly u(M) depends not only on M but also on the allowed structure for 4. This
is sometimes shown explicitly by using ‘the notation x,(M). Also x depends on

whether the perturbation is real or complex.

A value of =1 means that there exists a perturbation with & (A4) =1which is just
large enough to make I —MA singular. A larger value of p is undesirable as it means
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that a smaller perturbation makes/ ~MA singular whereas a smaller value of M 1S

desirable. More information about the properties of SSV can be found in Appendix A
and more detailed information on SSV can be found in Packard and Doyle (1993),
Doyle (1984) and Zhou et al (1996).

The robustness of stability of the feedback system within the dashed rectangle in
Figure 3.5a, redrawn in its equivalent, more suitable linear fractional transformation
(LFT) form in Figure 3.5b can be analyzed by SSV analysis using the robust stability
theorem of Doyle (1984). According to this theorem, the feedback control system in

Figure 3.5 with plant model uncertainty A is robustly stable for VAeAd; with
|4], <1 if and only if

sup 12, (F, (M (j@)))<1 | | (3.28)

where Fy(..) denotes the upper LFT of the argument. This theorem is based on the
multivariable Nyquist stability criterion.

Since the feedforward controller 5,‘,,‘ (z) in Figure 3.5 is outside the feedback loop, it

cannot affect stability. Hence, it is only possible to study the stability robustness of
the feedback loop alone. Regarding the overall feedforward controlled system, how
its performance changes in the presence of modeling error A is an important problem
since the feedforward controller design is based only on the nominal plant model.
Moreover, no information about changes in the plant is fed back to the feedforward
controller during operation. It is, thus, necessary to assess the robustness of
performance of feedforward controlled systems in the presence of plant modeling
error and to develop suitable measures of performance to be used in connection. SSV
analysis is chosen here as the method of performance robustness analysis as it allows
the treatment of mixed problems with a combination of real parametric and high

frequency unmodeled dynamics type plant modeling errors.

Performance criteria are incorporated into SSV analysis by the addition of a
fictitious, complex uncertainty block A, as shown in Figure 3.6 between the input

and output signals of interest. According to the robust performance theorem of Doyle

(1984), the performance criterion of ”M Py
feedback loop exist for VAeAg and VAge CNNE wvith ||A||w <1 and ||A F||w <1 if and

<1 and robustness of stability of the

only if

sup iy », (F, (M, (jo))) <1. (329)
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Figure 3.6 Robust performance

3.4 Performance Measures

Possible performance measures for feedforward tracking control systems are

introduced and evaluated in this section.

3.4.1 Sensitivity Minimization

Sensitivity minimization from input R to error E (see Figure 3.5) seems to be the
most obvious choice of measuring performance of a control system. The structure to
be used in SSV analysis of robust performance for this choice of performance
criterion is shown in Figure 3.7. Considering only the nominal case A=0, the

sensitivity transfer function is given by

~_ 1
S=G; (z)z(————-——1 " C(S)P(S)) (3.30)

where Z denotes the zero order hold method of transforming the s-domain argument
to the z-domain. The reliability of this performance criterion is checked by
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Figure 3.7 SSV analysis framework for sensitivity minimization

comparing the magnitude frequency responses of S for the cases of no feedforward
controller and with different feedforward controllers as shown in Figure 3.8 for the
example system considered in the next section. '
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Figure 3.8 Sensitivity magnitude comparison
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It is obvious from Figure 3.8 that sensitivity magnitude minimization is not a good
measure of performance for reference feedforward tracking control as the
incorporation of feedforward control increases sensitivity magnitude of the nominal
system rather than decreasing it. This result makes sense since feedforward tracking
control works by minimizing the tracking error

E,=R-Y (3.31)

r

between system output and the actual reference trajectory. Since Ry (see Figure 3.5a)
is a filtered version of the reference trajectory, it is not meaningful to try to minimize

E=R,-Y (3.32)

y

as is done in sensitivity magnitude minimization.

A more suitable measure of performance in reference feedforward tracking control is
thus minimizing the magnitude of the tracking sensitivity given by

s Lo _RT_ Y | | (3.33)

The tracking sensitivity magnitude plot for the same example system, shown in
Figure 3.9, validates this assertion since |Sy| is much lower when feedforward control
is added to the nominal plant. It is seen in this figure that different methods of
feedforward controller design result in varying levels of nominal performance when
tracking sensitivity magnitude minimization is used as the performance criterion with
the OPTC and PTC methods resulting in the best performance up to a certain
frequency. After this frequency, the series method has better nominal performance
for the example considered here (given in section 3.5.1).

3.4.2 Model Matching

Minimization of Sy is equivalent to the model matching measure given by

A s _GH C(s)P(s)
“W(l R)w W[l G2z [1+C(S)P(s) “ (3.34)
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Figure 3.9 Tracking sensitivity magnitude comparison

where W is a low pass filter introduced to specify the frequency range of model
matching. Model matching or equivalently tracking sensitivity minimization is thus
used here as the performance measure in SSV analysis with the corresponding

structure shown in Figure 3.10.

3.4.3 Phase Error

Reference feedforward tracking control schemes like the ZPET and PTC methods
achieve zero phase error between reference input and system output by using a
noncausal filter G, (z) with several preview steps. This zero phase error property is a
very important measure of performance since tracking error is reduced considerably
even by ZPET control alone. All the reference feedforward control techniques
considered here except for the series method have this zero phase property. The
corresponding phase in the series method turns out to be extremely small for a good
design and also benefits from this zero phase effect'. So, it would be desirable to
analyze the robustness of this zero phase property in the presence of plant modeling

! or near zero phase effect in this case
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Figure 3.10 SSV analysis framework for tracking sensitivity minimization or model
matching

error. Unfortunately, it is not possible to directly formulate the zero phase error
property as a performance criterion in the SSV analysis framework. However, as a
complement to the SSV analysis results, it is worthwhile to at least determine the
effect of several selected parametric plant uncertainties on the zero phase property
while checking for robustness of performance.

3.5  SSV Analysis Example

Use of SSV performance robustness analysis is demonstrated in this section using an
electrohydraulic material testing machine model available in the literature.

3.5.1 Nominal System and Uncertainty Model
The example system considered here is an electrohydraulic material testing machine

model given in Srinivasan and Shaw (1991). The nominal model of this system under

proportional feedback control K, is -
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KK
CNP))omina = 5 > « (3.35)
s(z,,s + 1{ & A4 1]
nomin al

_2 +
2 @,

where KK,=150, 7,,=0.00187 sec, £,=0.4 and @®,=618 rad/sec are the nominal

parameter values. Real parametric uncertainty in the time constant 1, the damping
ratio Cy and hydraulic resonant frequency @, given by

7, =7, +(47,),u 0. 6, € R,|6,| <1

&, =8 +(48, ) 8,50, € R, [5,]<1 (3.36)
w, =B, +(40, )y 6., 0, € R |5,| <1

with (A75)max=0.0000935 sec, (A¢3)max=0.05 and (4w,,) . =30.9 rad/sec were used.

Unstructured multiplicative uncertainty with a high frequency selective weight was
also used to model high frequency unmodeled dynamics.

In order to better visualize the effect of the real parametric uncertainty on the closed
loop plant Ggy(z), the abovementioned parameters were varied within their allowed
ranges and the corresponding gain changes in Figures 3.11 were obtained. The gain
changes in Gg(z) shown in Figure 3.11 illustrate that the presence of the feedback
loop reduces the effect of open loop plant parameter variations. The effect of the
plant parameter variations on the magnitude and phase plots of the overall
feedforward compensated system was observed to be quite similar for the four
different feedforward controllers used here. This is not surprising as they all
approximately invert the same nominal closed loop system. The phase plot in Figure
3.12 for the OPTC design, for example, shows phase angle errors of —12° to +17° at
high frequencies.

The extraction of the real parametric uncertainty blocks in

KK, »
2 26+ AG)s +1]

(@, + Ao, )2 (@, +Aw,)

C(s)P(s) =

(3.37)

s((z,, +AT,)s+ 1{

for use in SSV analysis is illustrated in the block diagrams of- Figure 3.13.
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Figure 3.11 Effect of real parametric plant variations on magnitude of G, (z)
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Figure 3.12 Effect of real parametric plant variations on phase of Gg;TC (2)G 4 (2)
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Figure 3.13 Extraction of real parametric uncertainty

3.5.2 Feedforward Controller Design and Nominal Performance

The feedback loop in Figure 3.5a with the nominal plant model (3.35) is discretized
using the zero order hold method with a sampling time of 0.001 sec. This results in a
system nonminimum phase zero at z;=-7.9488. The corresponding ZPET, PTC,
OPTC and TSA feedforward tracking filters for this system are then
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d(z) 0.0993z+0.0125

G =
zver (2) ", ) 2
G (2= d(z) —0.0102z° +0.118z% +0.00482z —0.00129
T n,,(2) 2 538
G ()= d(z) —0.0101z° +0.1182% +0.00491z — 0.00127 '
OPTC Py (Z) )
G ()= () (— 0.000203z° +0.00201z> —0.0158z + 0. 126)

mp (Z)

where 6=n/5 rad was specified as the desired bandwidth in the PTC and OPTC
methods and a third order truncated series was used in the TSA approach. As a

measure of nominal performance, the complementary sensitivity Y/R and the
tracking sensitivity E./R achieved by the feedforward tracking controllers (3.38) are
shown in Figures 3.14 and 3.9, respectively. It is seen that the chosen ZPET, OPTC,
PTC and TSA resulted in successively better nominal performance for the example

system considered here based on the complementary sensitivity magnitude.

complementary sensitivity magnitude (dB)

10

TSA .

15+

20+

-35+

-40

~ T T PTC
. OPTC
\\ ~ ZPET .

\

\ no feedforward compensation
| L L L L NI | \

10

10° 10° 10*

frequency (rad/s)

Figure 3.14 Complementary sensitivity magnitude comparison
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3.5.3 SSV Analysis Results

Real parametric uncertainty given by (3.37) and illustrated in Figure 3.13, combined
with multiplicative high frequency unstructured uncertainty and the fictitious robust
performance block corresponding to the model matching criterion in (3.34) with
W=1 results in a mixed (real and complex) SSV analysis problem (Fan et al, 1991).
This problem is readily solved by commercially available robust control software
(Balas et al, 1995). The resulting SSV plots for the feedforward controllers in (3.38)
are shown in Figure 3.15. Analysis of this figure reveals that robustness of
performance is not achieved in this example in the absence of feedforward control, as
the maximum SSV value is greater than unity in this case. In comparison, all the
feedforward controllers considered here achieve robustness of performance with
relatively small differences in SSV at higher frequencies for the example system.

1.8 I T T T T

1.6~

1.4}
no feedforw ard compensation

1.2

0.8

SSV (dimensionless)

0.6

0.4

0.2

0 | 1 1 | 1 1
0 20 40 60 80 100 120 140 160

frequency (Hz)

Figure 3.15 Strﬁctured singular value plots

As a result, the use of SSV analysis along with a suitably chosen measure of
performance has been demonstrated here to result in a useful tool for evaluating
performance robustness of discrete time reference feedforward control systems.
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Tracking sensitivity magnitude minimization or equivalently model matching has
been chosen here and shown to be a good measure of performance for feedforward
control systems. While actual results will be dependent on the plant and associated
model uncertainty, it has been seen at least for the example considered here that the
incorporation of reference feedforward control does not deteriorate performance
beyond acceptable limits. It was also seen that tracking performance was improved in
a robust manner for the example plant with structured model uncertainty, by the
incorporation of feedforward compensation.

Determination of changes in the zero phase error property of reference feedforward
control systems for the plant parameter variations has also been proposed here as an
added measure of performance. This zero phase error check, complemented with the
SSV-based performance robustness analysis was seen to be a useful tool for checking
robustness of feedforward control systems or for comparing different feedforward

controller designs.
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4. TWO DEGREE OF FREEDOM ROBUST CONTROL, THE MODEL
REGULATOR

A two degree of freedom controller that provides very good disturbance rejection
along with a high level of robustness to unmodeled dynamics is presented in this
chapter. The application of this control architecture to vehicle steering control and
vehicle lateral control in automated path following are treated in Chapters 5 and 6,
respectively. Early work on this control architecture can be found in Ohnishi (1987)
and Umeno and Hori (1991). Even though some authors have called this control
architecture a disturbance observer, this name will not be used here as this control
architecture, although somewhat similar in its disturbance cancellation objective, is
not an implementation of a state estimator for disturbances as in Mita et al (1998),
and Liu and Peng (2000). Out of the other names like model regulator and
disturbance estimating/canceling filter, the name model regulator will be used here.
This is a logical choice since the aim of this control method is to force the input-
output behaviour of the actual system to follow that of a chosen model in the
presence of external disturbances and model uncertainty. The term two degree of
freedom controller is also used frequently to describe the model regulator since it is
a specific method of implementing/designing a two degree of freedom controller.
The model regulator has been used successfully in a variety of motion control
applications including high speed direct drive positioning (Kempf and Kobayashi,
1999) and friction compensation (Giiveng and Srinivasan, 1994). It can also be used
to achieve dynamics similar to those obtained by the use of inner feedback loops
through control (Giiveng, 1999). The augmentation of the plant G with the model
regulator as seen in Figure 4.1 forces it to behave like its nominal (or desired) model
within the bandwidth of the model regulator. The feedback controller C for this
augmented plant is then designed simply based on the nominal plant model G, which

can also be chosen as a desired model.
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plant augmented/compensated by
model regulator

> G=Gn(l+Am)

Figure 4.1 System with model regulator

The model regulation is achieved by first comparing the acfual input u to the plant
with the input that should have been applied to obtain the measured output y based
on the nominal (or desired) knowledge of the plant and then by passing the
difference through a positive feedback loop. The model regulator is introduced and

analyzed in detail in the following sections.

Along with its desirable model regulation and disturbance rejection properties, the
model regulator also introduces stability and stability robustness problems due to its
use of feedback. It is standard practice to use an unstructured description of model
uncertainty and low pass filter the model regulator output to avoid stability
robustness problems at high frequencies corresponding to unmodeled dynamics.
Many problems (see for example Biinte et al, 2001) involve well defined real
parametric uncertainty in our knowledge of the plant. The conventional stability
robustness analysis based on unstructured uncertainty becomes conservative in such
cases. Real structured singular value (abbreviated henceforth as real SSV) analysis is
therefore used in the last two sections of this chapter to investigate the effect of real
parametric uncertainty on stability and performance robustness of model regulator

compensated systems.

4.1  The Structure of the Model Regulator

Consider plant G with multiplicative model error Am and external disturbance d. Its
input-output relation can be expressed as

y=Gu+d=(G,(A+A)u+d (4.1)
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where G, is the nominal model of the plant. The aim in model regulator design is to

obtain

y=Gu 4.2)

n—n

as the input — output relation in the presence of model uncertainty and external
disturbance. u, in (4.2) is a new input signal to be defined below. This aim is
achieved in model regulator design by treating the external disturbance and model
uncertainty as an extended disturbance e and solving for it as

y=Gu+(G,Au+d)=G,u+e (4.3)

e=y-Gu 4.4

and using the new control signal u, given by

e 1
=y, ——=u ——y+u 4.5
“T5h N A (4.5)

to approximately cancel its effect in (4.3). With the aim of trying to limit the
compensation to a pre-selected low frequency range (in an effort not to
overcompensate at high frequencies and to avoid stability robustness problems), the
feedback signals in (4.5) are multiplied by the low pass filter Q. In this case, the
implementation equation becomes

u=un-—G2(y+n)+ Qu (4.6)

n

where y+n with n representing the sensor noise is used as this is the actual output
signal that is available. This is illustrated in the block diagram of Figure 4.1. The
relative degree of the unity d.c. gain low pass filter Q is chosen to be at least equal to
the relative degree of G, for causality of O/G,. The loop gain of the model regulator
compensated plant is

1=—92 | | 4.7)
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with the model regulation, disturbance rejection and sensor noise rejection transfer

functions given by
Y _ GG
u, G,(1-0)+GQ
l: 1 — Gn(l_Q) (4 8)
d 1+L G,(1-0)+GQ '
Y _ -L -GQ
n 1+L G,(1-0)+GO

from which it is obvious that Q must be a unity gain low pass filter. As is desired,
this choice will result in y/u,—G,, y/d—0 at low frequencies where 0—1 and y/n—0
at high frequencies where 0—0.

Regarding the design of the Q filter, it makes no sense to increase the bandwidth of
the Q filter above the actuator bandwidth in model regulator design. Another
bandwidth limitation for the Q filter and hence the model regulator comes from the
stability robustness requirement. First of all let's look at the case of plant with only

model regulator (C=0).

Rewrite the characteristic equation in (4.8) given by
G,(1-0)+G,(1+A,)0=0 (4.9)

as

G,(1+4,0)=0 - Q=—Ai' | (4.10)

m

and noting that when the presence of Ap does not change the number of unstable
poles and zeros of G in comparison to those of G,, the application of the Nyquist
stability criterion results in equation (4.11) as the necessary and sufficient condition

for stability.

1

A

m

|Q| < , for Vo ' 4.11)
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The model regulator design requirements specified in terms of the filter O are

summarized in Figure 4.2.

yavi
.7777.. stability robustness

Q

-20 - model regulation
disturbance rejection

magnitude (dB)

40+ .
sensor noise
rejection
-60 -
80~ §
-100 p ' o ‘ 1 I 2
10° 10 10 10 10°

frequency (Hz)

Figure 4.2 Model regulator design requiréments
4.2 Integral Action

For specific choices of Q(s), the model regulator introduces integrators into the loop,
resulting in reduced steady state error for reference and disturbance inputs. To see
how the integrators are introduced, consider the equivalent form of the model
regulator in Figure 4.3 and consider Q(s) of the form

m m-1 2
a,s” +a, s" +..+a,s" +a;s+1

Q(s) = m<n (4.12)

n n-1 2 ?
a,s"+a, s" +.+a,s" +as+1

Evaluate Q/(1- Q) in the loop gain of (4.7) to obtain

m m-1 2

Q _4a,5 +a,,5 +.+a,8 +as+1
m+l1 n-m-1 n—m~2

I-Q s""(a,s +a,,s +..+a,,)

(4.13)

which shows that m+1 integrators are incorporated into the loop for the choice of O
in (4.12).

“@\\3‘,

Ll

R
2 O
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Figure 4.3 Equivalent form of model regulator

Note that several commonly used forms for ((s) are of the form (4.12) and hence
provide integral action. O(s)=1/(m+1)* (m=0, n=1) for example introduces one

integrator into the loop. Similarly Q(s) = 1/ ((s/®)* +(2¢ / w)s +1) (m=0, n=2) also
introduces one integrator into the loop. Q(s)= (3w +1)/(z’s® +37%s* + 3w +1)
(m=1, n=3) used by Kempf and Kobayashi (1999) introduces two integrators into the
loop. It should also be noted that while the presence of integral action is useful for
reducing steady state error, the model regulator is not simply an alternative design of
an integral controller as suggested by Mita et al (1998). An analysis of Figure 4.1
and 4.2 reveals that there is more to the model regulator than integral action.
Moreover, not all forms of the low pass filter Q(s) will result in integral action.
Certainly, the ideal situation of O=1 does not result in integral action in the loop, but
rather infinite gain at all frequencies.

4.3 State Estimator Formulation

Note that although not equivalent to the model regulator, a state estimator
formulation can also be used to estimate and cancel the effect of the disturbance.
Consider a state space representation of the plant given by

Xy = AgXy +byu

Y =CoXg

(4.14)

Let (A4o,bo) be controllable and let (4p,c9) be observable. Assuming that the
disturbance d satisfies
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d=0 (4.15)

i.e. a step disturbance, the state space model of the plant can be extended as

il L

y= [c0 O{i;] =Cx

(4.16)

where d has been used as an additional state variable. Design the state observer

%= A%+ Bu+ L(y - C%) (4.17)

for the system in (4.16). Then,

d@®) =[0..0 1)5(r)=C,% (4.18)

is an estimate of the external disturbance. The control law

u=u —d . . (4.19)

can be used to cancel the effect of the disturbance in (4.14) provided that d—d.

Using transfer functions, one obtains
c?(s) =(C, (s — A+ LC)" Bu(s)+C,(sI - A+ LC)" L) y(s) (4.20)

The state estimator for disturbance estimation is shown in Figure 4.4.

44  Open Loop Unstable Plant

A lot of control applications like the inverted pendulum or fighter aircraft have open
loop unstable plants. Note that for an unstable plant G, 1/G, will be non minimum

phase if G, has the same poles as G. This is not a problem but the right half plane
pole cancellation in forming the loop gain in (4.7) in that case will lead to internal
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Figure 4.4 Disturbance estimator

instability. Therefore, G,, should be chosen as a stable ( and minimum phase) system.

This makes sense as no one would want their plant to follow the behaviour of an
unstable system. In this case, Q/(G,(1-Q)) should stabilize the plant G. If this is

not possible, a filter F; can be used to stabilize the plant G before application of the
model regulator. This concept is illustrated in Figure 4.5.

G

Figure 4.5 Unstable plant

A simple example that can be used to illustrate model regulation of an unstable

system is given next. Consider the unstable plant
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G(s)=——, acR a>0 | (4.21)
S—a

where the desired model is chosen as

1

G,(s)= (4.22)
7,5+1
and the Q filter is chosen as
{ ‘
0= (4.23)
T8 +1

There is no internal stability problem, as no RHP pole-zero cancellation occurs in
forming the loop gain L. The characteristic equation is

798’ + (7, —aty)s+1=0 (4.24)

which indicates stability for z, > az,,. This simple example shows that it is possible

to construct a stable model regulator loop for an open loop unstable plant. Note that
the use of a stabilizing filter F; may, nevertheless, help with robustness of stability

and performance.

4.5  Treatment of Parametric Uncertainty

Robustness of the model regulator in the presence of real parametric uncertainty is
treated in this section using the model of an electrohydraulic positioning system as
an example.

4.5.1 Electrohydraulic system model

The model of an electrohydraulic system given by

rs+l{——+3§+l)
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with nominal parameter values of 7=0.00187 sec, £ =0.4 and @ =618 rad/sec is
used here to illustrate the concept. The desired model is chosen to be of the same
form as G in (4.25) but with real parametric uncertainty in the time constant 7, the
damping ratio ' and hydraulic resonant frequency @ given by

r=7+(47),, 5., 8, €R, |5,|<1
¢ =C +(48)mS;s O, €R, [5,]<1 (4.26)
® =& +(40),0 8,5 S, €R, |5,]<1

with (47)max=0.000187 sec (10 %), (4)max=0.1 (25 %) and (4@ Jmax=61.8 rad/sec
(10 %). This uncertain model was used in a frequency grid of computations for
combinations of the variations in (4.26) covering all of the extreme points and
several points in between to convert this real parametric variation to an approximate
unstructured multiplicative uncertainty Am. The corresponding [1/An| plot is
displayed in Figure 4.2 where Q taken to be of the form

1
0= 4.27)
‘z‘Qs+1i
with k=3 and 1=0.00318 sec does not violate the stability robustness condition

@.11).

4.5.2 Real SSV Analysis

Real SSV (see deGaston and Safonov, 1988) is defined as (see Figure 4.6)

1
min  {(max|§|): det(/ - N - diag(5,,6,,,5,)) = 0}

8,eR;i=12,...,n

s, (N) = (4.28)

and is one over the size of the smallest destabilizing perturbation among the real
parametric model uncertainty (Doyle et al, 1992; Packard and Doyle, 1993; Zhou et

al, 1996). N in (4.28) is the generalized plant in linear fractional transformation
(LFT) form and A, =diag(6,,0,,":-,8,) is the diagonal matrix of real parametric

uncertainty &, e R. Real SSV can either be calculated using results from the

parametric approach to robust control (Elgersma et al, 1996) or lower and upper
bounds for it can be computed in the frequency domain approach to robust control
(Doyle et al, 1992; Packard and Doyle, 1993). The latter approach is taken here as it
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Figure 4.6 System with model regulator and structured uncertainty for a) no
feedback and b) with feedback controller

is implemented in commercially available software (Balas et al, 1995; Chiang and

Safonov, 1992). In the SSV setting, robustness of stability for a feedback system
with |A, | <1 is equivalent to satisfying
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sup i, (N(jw)) <1. , (4.29)

weR

The SSV-analysis technique is easily extended to handle robustness of performance
by treating the performance criterion as a fictitious, extra uncertainty block (see Ar in
Figure 4.6). How the real parametric uncertainty in (4.25) is pulled out was
illustrated in Figure 3.13.

Real SSV, in contrast to complex SSV, is plagued by its discontinuous nature as a
function of frequency (Barmish et al, 1989; Packard and Pandey, 1991). It is,
therefore, possible to miss isolated real SSV peaks in a frequency sweep during
computations. The robust performance formulation requires the use of a fictitious
complex uncertainty block, resulting in what is known as the the mixed SSV problem
that combines at least one complex uncertainty block with the remaining real
parametric uncertainty blocks.

Mixed SSV is continuous with frequency, however, tall and narrow peaks that exist
for mixed SSV may still be missed in a frequency sweep. Thus, real SSV and mixed
SSV plots are complemented by the complex SSV plot of corresponding A structure
(displayed as a dashed line in the plots to follow in this chapter) in all of the SSV
plots reported here. By superimposing this latter, conservative upper bound in the
SSV plots, the risk of missing isolated peaks is reduced.

The stability robustness real SSV plot for the example system in (4.25) shown in
Figure 4.7 exhibits two peaks. The first peak frequency of approximately 20 Hz is
close to the -3 dB bandwidth of the Q filter used (bandwidth of model regulation),
illustrating the presence of stability robustness problems at this intermediate
frequency. Note that conventional model regulator design concentrates on the low
and high frequency asymptotic behaviour of Q without paying enough attention on
what happens in the intermediate frequency range where Q is neither 0 nor 1 and
where the phase of Q also plays an important role. The second, less pronounced peak
frequency in Figure 4.7 is close to the resonant peak in the second order part of plant
(4.25) with large uncertainty in the damping ratio. It is clear that the Q filter cutoff
frequency should not coincide with such critical peak frequencies in order not to

aggravate the stability robustness problem.

As was mentioned before, the discontinuities in real SSV can cause problems in the
convergence of the lower bound power algorithm. For problems with purely real
uncertainty, the lower bound algorithm may converge to a value which is
significantly lower than the SSV itself, or may not even converge at all. While the
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Figure 4.7 SSV for robust stability of model regulator compensated plant (C=0)

upper bound SSV computation will be effective, the lower bound will potentially
have convergence problems, yielding little information in terms of bad perturbations.
This could have been a serious problem if almost all problems had not had a full
complex block associated with a robust performance specification. It turns out that if
an SSV problem has a complex block then its SSV will be continuous at the problem

data.

In the case of real uncertainty only, a fix, which has both engineering and
mathematical justification, is available (Balas et al, 1995). The block structure can be
expanded (to twice the original size) by including complex blocks which are exactly
the same dimension as the original real blocks as is seen in Figure 4.8. The matrix of
real uncertainty Ag can be expanded by the addition of a fictitious, complex
uncertainty matrix Ac of the same structure. ¢ is a user adjustable small real number.

The SSV calculation determines upper and lower bounds for robust stability in the
uncertain system shown in Figure 4.8. In this process, each real parameter &, within

AR has been replaced by a real parameter plus a smaller complex parameter (azé‘ )
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Figure 4.8 Replacing real uncertainty with real and complex uncertainty

Rather than computing robustness margins to purely real parameters, the modified
problem determines the robust stability characteristics of the system with respect to
predominantly real uncertainties, where each uncertainty is allowed to have a very
small complex part. This slight variation is easy to accept in engineering problems,
since models of uncertainty are rarely fixed and small amounts of phase uncertainty
in coefficients of physical models can usually be explained by some underlying
dynamics that have been ignored. Moreover, as the parameter o converges to zero,
the calculated robustness margin associated with just the original real parameters is
obtained. As a result, SSV with respect to this structure has guaranteed continuity
properties and the lower bound generally has better convergence behaviour.

4.5.3 The Effect of the Feedback Controller

Noting that the feedback controller C also has an effect on stability (and on
performance) robustness, the conventional stability robustness result in the presence
of unstructured plant modeling error is extended to this case here. The feedback
controller is a proportional controller with gain C=150 in the example system treated
here. First, note that with the feedback controller C in place (see Figure 4.1) the
model regulation, disturbance rejection and sensor noise rejection closed loop

transfer functions become
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Y _ cG,G

Y G,(1-9)

d G,(1-0)+G(CG, +Q) (4.30)
y_ -G(CG, +Q)

n G,(1-0)+G(CG,+Q)

Based on (4.30), ideal model regulator operation at low frequencies with Q—1
results in the model regulator augmented plant behaving as its nominal model G, in

the block diagram of Figure 4.1.

In order to obtain the robust stability requirement in the case of a plant with model
regulator and feedback (C0), rewrite the characteristic equation in (4.30) given by

G,(1-0)+G,[1+A,)CG, +0)=0 (4.31)
as
‘ 0+CG 1
G,[1+CG CcG 0= ——n - 4.32
[1+CG, +4,(CG, +0)] BTy (4.32)

Application of the Nyquist stability criterion results in

0+CG,

n

1+CG,

RS
4

m

for Vo (4.33)

|1 for small @ with Q~1 <
B T, for larger @ with Q=0

as the necessary and sufficient condition for stability. (4.33) should be satisfied for
stability robustness in the presence of unstructured multiplicative uncertainty Ap. T,
in (4.33) is the complementary sensitivity y/u, in the absence of the model regulator
and with the plant behaving as its nominal model G,. The plot of the left hand side of
(4.33) and the |1/Ay| plot displayed in Figure 4.9 intersect at higher frequencies
meaning that the stability robustness requirement is not satisfied.

Real SSV analysis, on the other hand, is less conservative and predicts robustness of
stability as the maximum SSV value in Figure 4.10a is below unity. It is interesting
to note in Figure 4.10b that the second peak is more pronounced for the feedback
controlled system without the model regulator as compared to that in in Figure 4.7.
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Figure 4.9 Stability robustness for unstructured uncertainty and with feedback
control

In the presence of the model regulator, the peak close to 20 Hz (see Figure 4.10a) is
observed in this case also even though the peak magnitude is slightly larger than that
in the absence of the feedback controller as was displayed in Figure 4.7. On the
contrary, the second peak magnitude is increased in the presence of the feedback
loop. Also note that treating each real parametric uncertainty as a 1x1 complex block
in SSV analysis (see dashed lines in Figure 4.7 and Figure 4.10) results in
conservative results as the overall peak magnitude is greater and the associated
frequency is different as compared to the real SSV results on the same plots. Even
then, the analysis is not as conservative as in the case of one unstructured (thus
complex) multiplicative modeling error (see Figure 4.9) as the complex SSV plot in
Figure 4.10 is also always below unity.

4.6 Performance robustness

The sensitivity function is a very good indicator of closed-loop performance. The
main advantage of considering S is that it is sufficient to consider just the magnitude,
|S , because S is ideally desired to be small. That is, there is no need to worry about

the phase of S. The typical specifications in terms of S include:
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without model regulator
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e Minimum bandwidth frequency a)B* (defined as the frequency where |S( jo)|

crosses 0.707 from below).
e Maximum tracking error at selected frequencies.
e System type or alternatively the maximum steady-state tracking error, 4.

e Shape of S over selected frequency ranges.

e Maximum peak magnitude of S, |S(j)|, <M .

The peak specification prevents amplification of noise at high frequencies and also

introduces a margin of robustness. M=2 is typically used. Mathematically, these
specifications may be captured by an upper bound, 1/j%;|, on the magnitude of S,

where W (s)is a weight selected by the designer. The performance requirement of

weighted sensitivity minimization is

ISGo)| < Y (jw), Ve
e sS|<1,Vo & 7S], <1

(4.34)

An asymptotic plot of a typical upper bound,1/|7’;|, is shown in Figure 4.11.

The weight illustrated may be represented by

s/IM+o,
W(s)= /——B— (4.35)
s+wy A

It is seen that 1/J7s(jw)| is equal to 4 <1 at low frequencies and M 21 at high
frequencies. The high frequency asymptote crosses 1 at the frequency @ B* , which is
approximately the bandwidth requirement. In some cases, a steeper slope for the loop
gain L (and S) may be desired below the bandwidth in order to improve performance.

In this case, a higher-order weight may be selected (Skogestad and Postlethwaite,
1996).

It is possible to extend the SSV analysis to investigation of robustness of
performance by treating the weighted sensitivity minimization performance

constraint
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Bode Diagrams
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Figure 4.11 Inverse of performance weight
7 (0)S(jw) <1 (4.36)
where
5/80+1
w(w)=]10 / 4.37)
s+1 ). o

in the SSV framework by introducing the 1x1 fictitious, complex performance
uncertainty block Ar in Figure 4.6. Performance constraint (4.37) corresponds to
robust disturbance rejection with a specified level of -20 dB at low frequencies. The

corresponding mixed SSV is defined as

1
A,]): det(I - N, - diag(8,,6,,,6,,4¢)) = 0}

(4.38)

N)=
Ha 4 Nz) 5

S,

min {(maxﬂé’1
8;eR;i=1,2,...m;ApeC

> bR njp
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The corresponding mixed SSV plot of Figure 4.12 where robustness of performance
for the plant augmented by the model regulator (Figure 4.6a) was investigated,
demonstrates that the disturbance rejection requirement (4.36) is not met at the peak
frequency of approximately 20 Hz as SSV is greater than unity there. It is interesting
to note that the most problematic frequency range corresponds once again to those
frequencies close to the -3 dB bandwidth of the Q filter used. Possible remedies are
to re-design the Q filter and if this cannot be done due to other constraints (like
sensor noise rejection), to relax the performance specification in (4.36). Luckily,
however, the situation is not so bad when the main feedback loop is also closed. The
presence of the feedback loop (C#0) alleviates the problems as the overall robust
disturbance rejection requirement (4.33) is satisfied at the peak frequency also as

seen in Figure 4.13.

1.8 T T T T T T

14| .

a
- ¥}
T 7
! !

SSV (dimensionless)
o
-]
T
A

o
@
T

04+ |

0.2 \

L
0 20 40 60 80 100 120 140 160
frequency (Hz)

Figure 4.12 SSV for robust performance of plant with model regulator (C=0)

Real SSV analysis for stability robustness was applied to model regulator
compensated systems with well known real parametric uncertainty in the plant
model. In such cases, the conventional stability robustness analysis for model
regulator compensated systems based on lumping all uncertainty into one complex
block of multiplicative uncertainty was seen to be unnecessarily conservative with
more reliable results being obtained by real SSV analysis. An additional advantage of

the SSV analysis method was seen to be the capability of analyzing robustness of
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Figure 4.13 SSV for robust performance of plant with model regulator under
feedback control

performance within the same framework and mixed SSV analysis was used here to
obtain the associated result. Finally, in both the stability and performance robustness
analyses, the frequencies close to the -3 dB bandwidth frequency of the Q filter were
seen to be critical. Thus, for reasons of robustness, special care should be used

around this frequency during Q filter design.
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5. ROBUST VEHICLE STEERING CONTROL

Dangerous yaw motions of an automobile may result from unexpected yaw
disturbances caused by unsymmetrical car dynamics perturbations like unilateral loss
of tire pressure or braking on unilaterally icy road (p-split braking). Safe driving
requires the driver to react extremely quickly in such dangerous situations. This is
not possible as the driver who can be modeled as a high gain control system with
dead time overreacts, resulting in instability. Consequently, improvement of
automobile yaw dynamics by active control to avoid such catastrophic situations has
been and is continuing to be a subject of active research. The model regulator that
was introduced in the previous chapter is used as a steering controller to improve
vehicle yaw dynamics in this chapter.

As far as hardware implementation is concerned, two possibilities exist. The first is
the steer-by-wire approach where the steering wheel is no longer mechanically
connected to the tires. This approach which is expected to be a standard in the
automotive industry in the future allows the easiest implementation. Only the steer-
by-wire controller code has to be properly modified in that case. In the absence of
steer-by-wire, an additional actuator has to be used to add the auxiliary steering
command from the steering controller to the driver supplied steering command. Both
steer-by-wire and auxiliary steering input implementations are considered here.

5.1  Vehicle Model and Yaw Dynamics

The vehicle model which is used for the investigations in this chapter is the classical
single track model, also called the bicycle model, which is shown in Figure 5.1. The
major variables and geometric parameters of the single track model are

F, (F,) : Lateral wheel force at front (rear) wheel

F,.F, : Forces in the x and y directions

M, : Moment about the vertical axis z through the center of gravity (CG)
r : Yaw rate
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F X
l

Figure 5.1 Single track model for car steering
p : Chassis side slip angle at vehicle CG
o, (a,) : Front (rear) tire side slip angle
v : Magnitude of velocity vector at CG (v > 0,v = 0)
1, {) : Distance from front (rear) axle to CG
O : Front wheel steering angle
0, : Rear wheel steering angle
m : The mass of the vehicle
J : The moment of inertia w.r.t. a vertical axis through the CG

The nonlinear single track model is characterized by the steering angle projection
(also called the force coordinate transformation)

X

F, -sing,  -—sind, P
F, |=| cosé,  cosd, {Ff] _ (5.1)

y

M I,cos6, -1 cosd,

z

the dynamics equations
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mv(B +r) —sinf8 cosf O] F,
my =| cosf sinf OfF, |, (5.2)
JF 0 0 1|\M

z

and the equations of kinematics/geometry

l.r ‘
tan B, =tanﬂ+vcosﬂ, (5.3)
Lr
tanf§, =tan f ———. (5.4)
vecos

The tire forces Fyand F, are nonlinear functions of the corresponding side slip angles
a, and a,. Frand F, also depend on the friction characteristics between the road

and the tires. The nonlinear single track model is shown in the block diagram of

Figure 5.2.
y y F
5f ar F/ - x [ 'B
p| Steering [ - P 5 ; "
S - a Tire Model " angle y ynamics
- ’ F ’» projection Mz‘ r

b Kinematics/
Br | Geometry <

4

Figure 5.2 The nonlinear single track model

The variable exhibiting the largest variation in the single track model is the
longitudinal velocity v. It is customary to linearize the single track model while
keeping v as a variable parameter. The resulting model is a linear parameter varying
model whose operating condition depends on the velocity of operation. It is also
customary to design controllers for several velocity values and use a gain scheduling

controller. This approach is used here as well.
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The nonlinear single track model is linearized assuming small steering angles &,

and &, and small side slip angle S . The tire force characteristics are linearized as
Fola;)=ucpa, =c,a,, F(a,)=uc,a, =c.a, (5.5)

with the tire cornering stiffnesses c,, ¢, , the road adhesion factor 4 and the tire side

slip angles given by
I :
a,=06,- ,b’+7r , (5.6)
lr
o, =8, —(,B ——v—r). (5.7

Note that ¢,y and c,, in (5.5) are the nominal values (x=1) of the tire cornering
stiffnesses. Assuming front wheel steering (5, = 0), the transfer function from the

front wheel steering angle &, to the yaw rate 7 is given by

r(s) _ bs+b,

= 5.8
6,() a,s’ +a;s+a, ©8)

Gr&, (S) =

with

by=csc.(, +1)

b =c,l my’

ay =c,c,(, +1,) +(cd, —c/d )m’

a, =(c,(J+;m)y+c, (J+1m)w

a, = Jmv’?
Gn;/ (s)in (5.8) is also called the steering wheel input response transfer function
here. The d.c. gain of the nominal single track model is

Kn(v) = gi_l;rOlGréf (S) (59)

U=ty
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at the chosen longitudinal speed v and at nominal friction coefficient u = u, (taken

as unity here).

The yaw disturbance input response is given by

r(s) _ mv’s + (¢, +c, v

Gy, (8) = (5.10)

M _(s) - a,s’ +a,s+a,
Another important variable of interest in vehicle lateral control is the lateral
acceleration ay at the front axle given by

a, =v(r+pB)+#, | (5.11)
The block diagram of the linearized single track model is shown in Figure 5.3. The

reader is referred to references (see Ackermann et al, 1993 for example) for more
detailed information on the single track model.

> Gr5f >

Figure 5.3 Linearized single track model

5.2  Problem Specifications

The vehicle model data used here corresponds to a mid-sized passanger car that is
available in the literature. The nominal values of the variables in the linearized single
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track model of the previous section are /~=1.25 m, /,=1.32 m, m=1296 kg, J/~1750
kgmz, cw=84243 N/rad and c,;=95707 N/rad. The nominal friction coefficient is
M, =1which corresponds to dry road. The two variables exhibiting the largest
variation during operation are the longitudinal speed v and the mass m of the vehicle.
The tire cornering stiffnesses ¢, and ¢, can also exhibit large variations due to
variations in friction coefficient ¢ between the road and the tires. This effect is
captured in the formulation of the new variables #=m/uand J =J/u, called

virtual mass and virtual moment of inertia, respectively.

The additional uncertainty in the cornering stiffnesses due to uncertain parameters
like normal force, longitudinal acceleration, tire pressure and temperature are
captured in uncertainty in cp and ¢,y here. In addition to the single track model
dynamics, there is also the steer-by-wire or auxiliary steering actuator whose
dynamics should be considered.

The transfer function of the linearized steering actuator model is taken as

5 2
! Da (5.12)

G, = =2 2
O,y S +20,0,5+0,

sa

The steering actuator (5.12) is assumed to be under closed loop position control and
is modeled as a second order system with a bandwidth of w, =275Hz and a

damping ratio of §, =0.7.

The uncertain parameters and their uncertainty ranges will first be given before the
design specification. The longitudinal speed v is assumed to vary between a
minimum value of 10 m/s and a maximum value of 50 m/s during operation. The
yaw dynamics compensator is assumed to be shut off at speeds below 10 m/s since
the driver is easily able to reject yaw disturbances at these speeds without the need
for steering controller assistance. The friction coefficient 4 is assumed to exhibit the
characteristics displayed in Figure 5.4 with velocity. The maximum value of u is

unity at all speeds in this figure while its minimum possible value varies linearly
between 0.2 at low speeds and 0.8 at high speeds. The mass m € [1296 :1696] kg and

moment of inertia J €[1750 : 2100]kgm? are not totally unrelated and are assumed to
be linearly related according to J =616kgm” +(0.875m*)m as shown in Figure

5.5. A possible maximum uncertainty of 0.1% in ¢y and ¢,y is also assumed.

In this study, the operating regions for the vehicle are based on values of vehicle
longitudinal speed between 10 and 50 m/s. The aim in steering compensator design is
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10 30 50
v (m/s)
Figure 5.4 Operating domain

to make sure that, first stable operation, and then, improved yaw dynamics is
achieved for all operating regions and all possible values of the uncertain parameters.
The improved yaw dynamics correéponds to good disturbance rejection properties
where the possible disturbances include the effect of side wind forces, tire rupture,
unsymmetrical brake wear and u-split braking. The steering wheel input response in
the absence of disturbances should also be well damped regardless of the speed of
operation. A model regulator based steering controller is designed and shown to

effectively achieve the desired aims in the following sections.

5.3  Model Regulator Design

5.3.1 The Model Regulator

The model regulator knowledge of the previous chapter is partially repeated here in
the context of vehicle steering. Referring to Figure 5.6, the vehicle model can also be
expressed

r=G,5,+d=(G,(1+A,))5, +d (5.13)

where G, is the actual input-output relation between & and r, 4, is the

multiplicative model uncertainty in our knowledge of the nominal model G, and d is
the external disturbance. The location of the steering actuator transfer function G, in
Figure 5.6 corresponds to a steer-by-wire system. The aim in model regulator design

is to approximately obtain
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1750

1296 1696 m (kg)

Figure 5.5 Relation of mass and moment of inertia

L -GG, (5.14)

as the input — output relation (steering transfer function) despite the presence of
model uncertainty A, and external disturbance d (J, is the new input i.e. the steering

wheel angle). This aim is achieved ‘by treating the external disturbance and model
uncertainty as an extended disturbance e in model regulator design and solving for it

as

r=G,8,+(G,A,8, +d)=G,8, +e (5.15)

e=r-G,s, (5.16)
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and using the new control signal & given by

5, =Gm[6s——G—J=Gm[§s—G—r+5f] (5.17)

to approximately cancel its effect in (5.15). Substitution of (5.17) into (5.15) shows

that the desired steering transfer function (5.14) is achieved if a good actuator
(G,, > 1)is used. The front wheel steering angle &, is assumed to be the output of

the steering actuator G,_,. With the aim of trying to limit the compensation to a

preselected low frequency range (in an effort not to overcompensate at high
frequencies), the feedback signals in (5.17) are multiplied by the low pass filter Q to
obtain the implementation equation

5, =Gm(5s +06, —GQrJ (5.18)

n

which can also be seen in the block diagram of Figure 5.6. Incorporation of G,, in

the inner feedback loop with positive feedback around Q in Figure 5.6 helps in
reducing the effect of actuator saturation on model regulator performance. The
relative degree of the unity d.c. gain low pass filter Q is chosen to be at least equal to
the relative degree of G, for causality of Q/G,. In this section, the structure of Q is
assumed to be '

0= L (5.19)
TQs+1

Note that this choice will result in an integrator within the loop in Figure 5.6 (see
Section 4.2) and hence zero steady state error in reponse to step steering commands
and yaw torque disturbances.

The nominal (or desired) yaw dynamic model is chosen as a first order system here
given by

K,(v)
s+1

n

G,(s)= (5.20)
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where 7,=0.165 sec is used and K,(v) is the d.c. gain of the nominal single track
model at the chosen longitudinal speed v. '

The open loop gain of the model regulator compensated yaw dynamics model shown
in the equivalent block diagram of Figure 5.7 is

G G,.0

B Gn(l_GsaQ) (5-21)

with the model regulation, disturbance rejection and sensor noise rejection transfer

functions given by

G,G,G

— h~sa—"a

G,(1-G,0)+G,G0

1 - Gn(l—GsaQ) (5 22)
1+L G,(1-G,0)+G. G0 '

sa—a

¥ L G,G,0O

n 1+L G(0-G,0)+G.G.0

sa —a

hQﬁl\:

%!

i
d

»(2 > oo P C- »

n
0/6, |q 34

Figure 5.7 The equivalent block diagram

from which it is obvious that for good performance, Q must be a unity gain low pass
filter (G,, is a unity gain low pass filter as well). This choice will result in 7/8—>Gh,
/d—0 at low frequencies where Q—1 and 7/n—0 at high frequencies where 0—0,
as is desired. Model regulator design is thus shaping the filter Q to satisfy the design
objectives. The first limitation on the bandwidth of Q comes from the sensor noise
rejection at sensor noise frequencies. The second limitation is that the bandwidth of
Q should not be larger than the bandwidth of the actuator used as it makes no sense
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to command what cannot be achieved. Another bandwidth limitation for the Q filter
comes from the stability robustness requirement

1
GSG Am

|Q|<ETIE , for Vo (5.23)

in the presence of unstructured multiplicative model uncertainty 4,. The model

regulator design requirements specified in terms of the filter Q are summarized in

Figure 5.8.
40 RS ———— Ty T
20 -
- e —— stability robustness
steering model requlation and
yaw moment disturbance rejection
magnitude _oq 4
(dB)
yaw rate sensor
-40|- noise rejection -
-60l 4
-80+- ﬂ
-100 , o ot - L L I.‘T—A——A—L—A_A_I_LA_L‘}—_A;&J—L_A_A_L)JJ_—L’J_A_L_LJ_A—J .
10° 10 10 10 10° 10

frequency (Hz)

Figure 5.8 The steering model regulator design requirements

For the mass, moment of inertia and cp, ¢,9 uncertainty presented in Section 5.2, the

corresponding |1/4| profiles were calculated at several different values of the
longitudinal speed ve[10:50] m/s where 7, = 0.165s was used. The composite lower

bound obtained from this calculation is displayed as the upper robust stability
boundary in Figure 5.8 from which a maximum allowable bandwidth value for Q

can be determined.
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5.3.2 Design In Parameter Space

I-stability can be defined as the poles of the closed loop system lying in a selected
region of the left half complex plane. The I'-stability region was chosen here to
ensure a settling time of less than 2 seconds, a minimum damping ratio of 0.5 and a
maximum natural frequency of 10 Hz.

The open loop single-input-single-output transfer function L, sensitivity function S
and complementary sensitivity function 7 were given previously in (5.21)-(5.22).
The nominal performance criterion can be expressed as the weighted sensitivity

minimization

Ws(jo)S(jw) <1, Vo (5.24)

and the robust stability criterion in the presence of multiplicative uncertainty is

W, (jo)T(jo) <1, Vo (5.25)

According to (5.24), for the system illustrated in Figure 5.6, W (s) was chosen as

s+12.6

W.(s) = 0.5556
s(5) s+0.7

(5.26)

Two magnitude bounds on 7, i.e. the magnitudes of W, (s) and W,,(s), are selected

to capture robustness w.r.t. unstructured uncertainty. They are

0.12804(s + 43.98)(s + 0.4833)

W (s) =
n(s) (s +6.124)(s + 2.882)
(5.27)
s+3.77
W, (s)=5 211
(=3 " ees

While W,,(s) works at low frequencies, W,,(s) works at high frequencies. The first
bound on 7, i.e. W,,(s), is used to cover the model regulator stability specifications

subject to model uncertainty in m and J as outlined in section 5.3.1 and is a curve fit
of the |1/A| plot in Figure 5.8. The second bound on T, i.e. W,,(s), is for high

frequency unmodeled dynamics. Recall that Q was chosen as a unity d.c. gain first

order low pass filter with time constant 7p and that 7, was the time constant of the
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nominal yaw dynamic model G, in (5.20). 7, and 7y are chosen as the controller

parameters that have to be determined. These time constants are tuned such that the
feedback provides the I'-stability specifications, the nominal performance criterion
and the robust stability criterion that were given above, for all of the points marked
with crosses in the operating domain in Figure 5.4. These specifications mentioned
above are mapped into the parameter plane of (z,,7p), the procedure used being given
in section 5.3.4 (see also Biinte et al, 2001). The design point 7,=0.165 sec and
75=0.0318 sec that satisfies all specifications is chosen and used in the simulations
that follow.

5.3.3 Simulation Results

The conventional car and the controlled car are compared in this section by means of
linear simulation. For the sake of co‘mparability, the conventional car is assumed to
be a steer-by-wire vehicle being equipped with the same steering actuator as the
controlled car. The steering transfer function of the conventional car is

G, =—=G.G (5.28)

conv sa—a
I

with &, denoting the steering wheel angle and G,, being the actuator dynamics. The

steering transfer function of the controlled car is given in (5.22). The controller
parameters were chosen in Section 5.3.2 as 7, =0.0318 sec and 7, = 0.165 sec. The
two maneuvers of steering wheel step input and yaw disturbance torque step input
are investigated here.

The steering wheel step input is normalized by the gain K,(v) for dry road (z=1) in
the simulations for easier comparison of the results. The maneuvers are performed at
the four operating points marked with crosses in Figure 5.4. The results are shown in
Figure 5.9 and Figure 5.10. The simulations show that the controller provides
excellent disturbance rejection and good steering command following at all of the
investigated operating points.

5.3.4 Mixed Sensitivity Design in Parameter Space

Let us extend the design in Section 5.3.2 to the mixed sensitivity case which is more
restrictive since the nominal performance (NP) and the robust stability (RS) were
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Figure 5.9 The results of linear simulations at the operating points

treated separately in the design of Section 5.3.2. Assuming a fast actuator, let us
disregard the steering actuator (G,,=1) and also look at low-speed operation at v=10

84




m/sec in the design (see the two new operating conditions marked with circles in
Figure 5.4).
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Figure 5.10 The results of linear simulations at the operating points

The two free controller parameters 7, and 7 are tuned in the design effort to meet the

mixed sensitivity requirement

|WSS|+|WTT|<1 Jor Yo

(5.29)

The sensitivity function weight Ws and the complementary sensitivity function
weight Wr are chosen as in Section 5.3.2 where the nominal performance (weighted
sensitivity minimization) and robust stability (weighted complementary sensitivity
minimization) problems were treated separately. This, of course, leads to a
conservative design when the aim is meeting the robust performance criterion of
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(5.29), also called the nonstandard problem in He, optimization®. The original weights
in section 5.3.2 were scaled down by a factor of 1.5 to make problem (5.29) solvable
for the combination of all six operating conditions considered here. Note that even
after this down-scaling, problem (5.29) here is more restrictive than the separate
minimizations treated in the abovementioned section. It is also well known that the
solutions of the nonstandard problem |WsS|+|W;T|<I, the standard problem
IW_SSIZ +|WrT |2<]/2 and the separate simultaneous minimization |WsS|<IWrT|<1
can be significantly apart from each other (Owen and Zames, 1993).

The scaled weights used in the design are

0.6667s+8.4

W (s)= 5.30
s = 8y r126 (30
2
W (@) = max |3.333s5 +12.5667| ’|0.08§4s +3.7954s +1.8144) (5.31)
| s+1885 || 57 +9.006s+17.6494 |

The complementary sensitivity weight in (5.31) is designed to penalize parametric
uncertainty at low frequencies and unmodeled dynamics uncertainty at high

frequencies.

The design approach is based on mapping the frequency domain constraint (5.29)
with weights given in (5.30) and (5.31) into the plane of controller parameters 7, and
7o. The solution procedure used is explained first, before presenting the results. The
mixed sensitivity problem (5.29) can also be expressed in the limit as the equality

Wo|+ W, L =1+ | forVe (5.32)

which is called the point condition at each frequency. The idea is to solve (5.32)
frequency at a time for a sufficient number of frequencies to determine regions of 7,

and 7p values in the 7,-7p plane that satisfy it. The point condition is illustrated
graphically in Figure 5.11. A graphical solution for |Z| using the cosine rule in

Figure 5.11 results in

2 one distinction is that a controller that satisfies (5.29) is searched for here rather than a controller that
minimizes the left hand side of (5.29) as in the conventional H,, approach
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Figure 5.11 The point condition for mixed sensitivity

_ —cos, +|W|W, |+ Disc
1-,|

[

(5.33)

where

Disc =1+cos? 8, = 2W;|W,|cos8, + | + W, | (5.34)

The first part of the solution procedure for the loop gain L is formation of a grid of
0, in (0:2m) and then solution of (5.33). Then, L is expressed in terms of a fictitious

controller X as

L=KG=(K, +jK,))G (5.35)

Solving (5.35) for the real and imaginary parts Kz and K; of K and then solving

+1
Ky +JjK, = Y LS

- (5.36)
G,(1-0) K,z s
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for 7, and 7p result in

T, =— Ky (5.37)
K,o
1

=— 5.38

‘o K. K o ( )

which is the final step in the solution.

This solution procedure is repeated for all six of the marked operating conditions in
Figure 5.4. The individual solution regions and the final solution region obtained by
intersection in the controller parameter plane of all regions and the region for
Hurwitz stability are shown in Figures 5:12 and 5.13, respectively. The final design
point satisfying (5.29) for all six operating conditions is chosen as 7,=0.16 sec and
75=0.07 sec and is marked with a cross in Figure 5.13. The |WsS|+|WrT| frequency
domain plot shown in Figure 5.14 for this controller at all six operating conditions
shows that constraint (5.29) is satisfied by this design.

A linear simulation study is performed next to assess the time domain performance
that is achieved. Steering wheel and yaw disturbance step inputs are the two
simulation maneuvers that were investigated. The steering wheel step input is
normalized by the gain K,(v) for dry road (x=1) in the simulations for easier
comparison of the results. The simulation results shown in Figures 5.15-5.17
demonstrate the achievement of excellent disturbance rejection and good steering
command tracking at all six operating points.

5.3.5 Solving Low Speed Problems

One relatively minor problem that one observes in the simulation result at the low
velocity of v=10 m/sec and g=1 (Figure 5.17) is that the steering wheel step input
response is slower with the model regulator in place as opposed to the conventional
car. This is undesirable as the model regulator should not force the acceptable
conventional car response in this case to a slower one through its compensatory
action. The main reason for this situation is that the steering wheel input response of
the conventional car varies considerably with velocity. This variation is

accommodated by the time constant 7, in the desired model G, of the model _
A
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Figure 5.14 The |WsS|+|WrT| frequency domain plot for all six operating points

steering wheel angle step input response yaw disturbance torque step input response
1.5Ff . — 1.5 . —
; y w50 m/sec, p=1
o~ v=50 m/sec, p= ! R .
// N Y RV Y G YN 0000
1/ — 1
o /
o /
? /
3 / j
= / dashed: conventional dashed: conwventional
05¢ solid:  controlled 0.5r solid:  controlled
0 0 &
0 0.5 1 1.5 2 0 0.5 1 1.5 2
time (sec)
1.5 ; : ‘ 1.5 . . .
: v=50 mlsec,g.a AT V=50 misec, =0.8
S N i ;
el . 1 e
-
[}
(4
=] ]
£ dashed: conventional| - - dashed: conventional
= solid:  controlled 05/ solid:  controlled
0
0 0.5 1 1.5 2 0 0.5 1 1.5 2
time (sec)

Figure 5.15 Linear simulations for the mixed sensitivity design at v=50 m/sec
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While this is easily done, it results in unnecessarily fast response being imposed by
the model regulator at high velocities. This contradicts the main principle that the
steering controller should add its corrective actions only when necessary. So, the
steering controller should avoid trying to increase the speed of response for a well
damped and acceptable conventional response. A gain scheduling type remedy to this
problem is presented in this section.

The time constant 7, in the desired model G, is also gain scheduled with velocity as

Kn (v)

G = s i1

(5.39)

to solve the low speed problem here. Note that the vehicle nominal single track
model could also have been used for the same purpose. However, (5.39) is simpler to
implement and results in well damped response. In an effort to find a suitable z,(v),

the nominal conventional vehicle model is first re-expressed as

_ Kal(s+p)
(s> +2lw,s+@})

G(s)

(5.40)

and the average of the numerator time constant and the equivalent denominator time

constant is evaluated as

T, = S (5.41)
(p+¢w,)/2
which after fitting data at v=10, 20, 30, 40, 50 m/sec results quite closely in
7,(v) = 0'016 05 > (5.42)

This first rather crude guess has to be adjusted at every speed so that the response of
G,,(s) in (5.39) and the response of the nominal conventional car are very close at
each speed. This results in

7, (v) = (1.05 - 0.015v)0.00653v (5.43)
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for the desired time constant and

_ K,
((1.05 - 0.015v)0.00653v)s + 1

G,(s) (5.44)

for the gain scheduled desired model itself. Corresponding simulation results
displayed in Figures 5.18 and 5.19 demonstrate that the low velocity problem has

been solved.

5.3.6 Limited Integrator Implementation

Another practical problem that needs to be addressed is one of man-machine

interface. The task of the steering controller is to intervene during the nanic reaction
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Figure 5.18 Linear simulations showing the solved low speed problem

time of the driver in catastrophic situations and then to hand over the steering task
back to the driver afterwards. In control specific terms, the steering controller should
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only react to high frequency inputs outside the bandwidth of the driver. This is called
short duration steering control here. Note that this effect can also be called the fading
effect and is necessary when an auxiliary steering controller is used in order to avoid
saturating the auxiliary steering actuator with a limited capability of steering wheel
angle change. Two approaches that achieve this purpose of short duration steering
intervention when necessary are presented in this and the next section. These

approaches are most useful in the auxiliary steering actuator implementation.

Recall from Chapter 4 that the choice (5.19) for Q results in an integrator being
incorporated into the loop gain, hence, resulting in zero steady state error in
response to step reference and disturbance inputs. Short duration steering control can
be achieved by using a low frequency limited integrator instead of an integrator in

the loop. For this purpose, it is necessary to incorporate the low frequency limited
integrator K/(zs +1) instead of 1/s in the model regulator loop using

Q _ K g K m® (5.45)
1-0 wm+1 s +1d,(s)
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Figure 5.19 Linear simulations showing the solved low speed problem
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Back solving for Q results in

_ Kng (s)
T (ms+)d g (5) + Kng (s)

Q

Using the simplest possibility with R=ng=dz=1 results in

0= K 3 K/(1+K)
_TS+1+K_( T )
s+ 1
1+ K

(5.46)

(5.47)

The simulation results with (5.47) as O, with K=10, 7=0.006 sec and with G, given
in (5.44) are shown in Figures 5.20 and 5.21. It is seen from an examination of these

figures that the short duration steering intervention obiective has been met. The
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Figure 5.20 Linear simulations for the limited integrator implementation
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disturbance rejection is very good with the model regulator with low frequency
limited integrator action but a steady state error, which can easily be zeroed by the

driver, remains.

5.3.7 Band Pass Q Filter

A more direct and better solution of the short duration steering intervention objectivé
is to use a band pass Q filter in the model regulator. The Q filter should have unity
gain and close to zero phase in its pass band. At low frequencies outside the pass
band, Q should ideally be zero. These frequencies correspond to the working band of
the driver. The simplest way of obtaining a band pass Q filter is by enhancing the
previously designed low pass Q filter of (5.19) as
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Figure 5.21 Linear simulations for the limited integrator implementation

96



- (5.48)
- (74,8 +1)(75 +1) ’

Y

Here, the pass band is chosen to be between 0.25 Hz and 26 Hz with 7,,=0.637 sec

and 7,=0.006 sec. The corresponding simulation results in Figures 5.22 and 5.23

demonstrate excellent short duration steering. It is evident from the yaw disturbance
responses that the driving task is left to the driver who can easily handle the slow
yaw rate change after his/her initial panic time during the course of which the

steering controller minimizes the effect of the yaw disturbance.

5.4 Nonlinear Simulations

While the linearized single track simulation responses presented in the previous
sections were quite useful in demonstrating the effectiveness of the steering

controller presented in this chapter, these results should also be complemented by
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Figure 5.22 Linear simulations for band pass Q filter implementation
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simulations using a nonlinear vehicle model. First, the nonlinear single track model
of Figure 5.2 is used in this section to demonstrate that the model regulator works
quite effectively when nonlinear plant behaviour is taken into account. It should be
noted that unlike its linearized counterpart, velocity will not keep being constant in
the nonlinear single track model when the steering angle Jris nonzero. In order to be
able to compare results with the results that were previously reported here, the

artificial cruise control system

(Fpew =F, +K,(v; —V) (5.49)

with a proportional controller with gain K,=200,000 was used. v4 in (5.49) is the
desired speed. The simulation results in Figure 5.24 for v4=30 m/sec and p=1 show
that the model regulator works very well with the nonlinear model as well.

Simulations at the other operating points in Figure 5.4 also exhibit excellent
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Figure 5.23 Linear simulations for band pass Q filter implementation
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disturbance rejection and good command following even though they are not shown

here.

Another quite useful feature of the nonlinear single track model with the cruise
controller (5.49) is that it allows a desired velocity profile to be specified. In this
manner, the operation of the gain scheduling feature of the model regulator type
steering controller presented in this chapter can be tested in a variable velocity
maneuver. The desired velocity profile ranging linearly from 10 m/sec to 50 m/sec
and the corresponding simulation response are displayed in Figure 5.25. In this
simulation, a lane change type of steering input followed by a yaw torque
disturbance input are imparted to the system during its speed up phase. The results
in Figure 5.25 demonstrate good command following and excellent disturbance
rejection during this variable velocity maneuver.

Note that the gain scheduling implementation results in a nonlinear time varying
system when the nonlinear model is used. Stability analysis of this system is quite
difficult and one usually carries out a large number of simulations instead (Rugh and
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Figure 5.24 Nonlinear simulation results for v,~30 m/sec and p=1
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Shamma, 2000). When the linear model is used with a gain scheduling type G,, a
linear time varying model is obtained . The stability analysis is easier to carry out in
this case as the velocity v is the only parameter in the linear model that is time
varying. An upper bound SSV analysis approach where all occurences of v are
treated as uncertainty along with the other uncertainties in the system will result in a
check of robustness of stability. Maximum value of the upper SSV bound being less
than unity will guarantee robustness of stability based on the small gain theorem.

The second approach used in nonlinear simulations was to use a realistic nonlinear,
higher order model that models the actual dynamics of the vehicle quite accurately.
A commercially available program (Anon., 2000) that is also used by automotive
companies in hardware in the loop simulation and rapid controller prototyping was
chosen for this purpose. This program has a quite realistic model of a vehicle
including tire, drive train, engine, suspension and transmission dynamics and
coupling between its various subsystems. A p—split maneuver during which the tires
enter an ice patch on one side while the tires on the other side are on dry road was
selected for the simulation. This is a very demanding maneuver in which the
conventional (uncontrolled) vehicle becomes unstable. In contrast, the steering
controller of this chapter works very well during this p—split maneuver as is seen in
Figure 5.26. This result shows that the steering controller of this chapter works quite

satisfactorily in realistic situations also.

It should be noted that the model regulator type vehicle steering controller presented
in this chapter can also be used on a disturbance triggered basis. This is useful when
one has a good way of detecting the occurrence of a disturbance like a p-split

situation or a tire rupture.

5.5  Some Practical Aspects

Some practical and useful aspects of the model regulator based vehicle steering
controller are discussed in this section. The first aspect has to do with the use of
steering as the means of imparting vehicle yaw response corrective action. When the
aim is vehicle yaw response stabilization or improvement, the yaw motion
stabilizing/improving controller can use any means of creating a yaw moment for its
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Figure 5.25 Simulations for the nonlinear single track model with the cruise
controller

corrective  actions. Consequently, the model regulator based yaw
stabilizing/improving controller can also use individual wheel braking instead of
steering for corrective action. It is also possible to use a combination of steering and
individual wheel braking separately in different regions of operation or
simultaneously. The model regulator design will be similar in these latter two cases.

In practical implementations, practical problems like sensor noise, actuator
saturation, computational delay, finite word length effects etc. have to be considered.
As a first rule of thumb, the bandwidth of the yaw rate sensor used in vehicle steering
control should be at least twice as large as the Q filter's bandwidth. Moreover,
significant yaw rate sensor noise should not occur up to about the five times the Q
filter bandwidth to avoid amplification of this noise. Actuator saturation and
bandwidth limitation will both degrade the performance of the model regulator based
steering controller. However, the results will still be better than those achieved in its

absence, i.e. the conventional vehicle.
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The electronic control unit (ECU) of the vehicle has several tasks with steering
compensation being only one of them. In the presence of a network approach for
communication like the control area network (CAN), the sensor signal may only be
available after a delay time and the steering control action may only be available at
certain intervals, for example. Of course, these implementation specific aspects will
also degrade performance further. However, the model regulator is quite robust to
model uncertainties and the level of performance degradation can be reduced by fine
tuning the design. In an effort to see the effect of some implementation related
problems on performance, the model regulator designs of the previous sections were
subjected to an actuator with a bandwidth of 4 Hz and a steering controller update
interval of 20 msec. In spite of the degradation in response, the results were much
better than those achieved by the conventional (uncontrolled) vehicle, showing that
even a design that is not fine tuned works quite satisfactorily.
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6. ROBUST VEHICLE LATERAL CONTROL IN AUTOMATED PATH
FOLLOWING

Automatic steering of vehicles is of practical importance for buses on separate,
narrow lanes, for transport vehicles in factories and for highway automation. The
main objective in automatic steering is to track a reference path with minimum
tracking error. The deviation from the reference path, which may be specified by
magnetic markers, is measured by a displacement sensor located in the front part of
the vehicle. The steering controller, then, manipulates the front steering angle using
this displacement information.

This chapter presents mainly the application of the robust two degree of freedom
add-on controller, namely the model regulator, introduced in Chapter 4 to automatic
path following. The vehicle considered here is the O305 city bus with the
corresponding model data and design specifications being given in an IFAC
benchmark problem (Ackermann and Darenberg, 1990) and in Ackermann et al
(1995). The desired trajectory to be followed by the vehicle constitutes an external
disturbance to be rejected for the controlled vehicle as the system output is taken as
the deviation from this desired trajectory. The feedback controller for automatic
steering designed in Ackermann et al (1995) is kept in place. This feedback
controller uses yaw rate feedback for improved steering dynamics (Ackermann et al,
1995; Ackermann and Sienel, 1990). The two degreee of freedom add-on controller
is used in this section for model regulation in the presence of model uncertainty,
enhanced disturbance rejection in tracking a desired path and also to achieve
satisfactory steering dynamics without the need for a yaw- rate sensor. This latter
feature is also useful for a fault tolerant design when the possibility of a yaw rate
sensor failure is considered. Another useful feature of the model regulator based add-
on controller that is demonstrated here is that it allows lower gain feedback

controllers to achieve the design specifications in Ackermann et al (1995).

A human driver's behaviour can be divided into the open-loop pursuit and closed-
loop compensatory parts. The pursuit part of the human control system which
previews the future desired path generates the major part of the human driver action
while the compensatory part, similar to the feedback controller in the automated
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scheme, merely reduces the remaining errors. Accordingly, a disturbance
feedforward compensator is also considered here as an alternative add-on controller

that can be used when preview of the reference trajectory is available.

6.1  Vehicle Steering Model, Specifications and Existing Feedback Controller

The linearized single track model illustrated in Figure 6.1 is used to model the
steering dynamics.

Figure 6.1 Single track model for automated path following

Together with the dynamics of the reference path and an actuator with integrating
characteristics as in Ackermann et al (1995), the vehicle dynamics is described by

) (a, a, 00 b,|5 [0 01
F a, a, 0 0 b,|r 0 0|
| us (6.1)
Avl=l0 1 00 0|Aw|+0 -v
¥ v L vo oly |]o olP
5,1 Lo o 00 ofs | [1 o]

where I, v, 8 r, Ay, & and y are the sensor distance, speed at the center of gravity of
the vehicle, sideslip angle, yaw rate, angle between centerline of vehicle and tangent
to the guideline, front wheel steering angle and the deviation from the guideline at

the sensor location, respectively. The other terms in (6.1) are given by

105



a,, =—(c,o +Cpp)/ MV

ay, ==1+(c,ol, —c ol )/ AV

ay =(Cpol, —C ol )1 T 62)
a,, =—(c,l? +cfol; )Jv

b, =cpo/mvy

by =col, 1T

where p is the road adhesion factor, m is the vehicle mass and ucy and e,y are the
cornering stiffnesses for the front and rear axles and 7 =m/u and J = J/ u are the

virtual mass and virtual moment of inertia respectively.

The curvature p,./~1/R.s of the guideline is a measurable external disturbance. This
external disturbance which is also the path to be followed comprises of circular arcs
with the transition to a new curvature corresponding to a step input in p,.s. The data
for the city bus 0305 is taken from Ackermann et al (1995). The steering angle and
steering angle rate are limited to 40 deg and 23 deg/sec, respectively. The maneuvers

used in the simulations here are:
1) Transition from a straight line into a circle (R;e=400m).

2) Transition from manual to automatic operation where the bus is assumed to drive
in a distance of y=0.15 m parallel to the guideline when the control is activated.

3) Entering a narrow bus stop bay with a velocity of 2.5 m/sec or higher. The
reference trajectory is shown in Figure 6.2. The displacement from the guideline
should not exceed 0.15 m during the transient state and 0.02 m at steady state.

Two parameter space based robust controllers were designed in Ackermann et al
(1995) using the operating ranges of ve[1:20] m/sec, and m €[9950:32000] kg for
the velocity and virtual mass, the two parameters exhibiting the largest variation
during operation. These feedback controllers are

,027s* +135+1.9+0.75/ s
(5% +48s +40%)(s + 40)

G, =40 (6.3)

0.65% +135+10+3/s
(s +100s +100%)(s +100)

G., =100° 6.4)
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Figure 6.2 External disturbance p,.rfor entering a narrow bus stop bay

While controller (6.4) satisfies all design requirements, the use of controller (6.3)
results in a transient error in excess of 0.15 m while entering the bus stop bay at 2.5
m/sec. The vehicle model in (6.1) and (6.2) and the feedback controller (6.4) (in
some cases (6.3)) are treated here as existing hardware and only add-on
compensation is used in what follows.

6.2  Model Regulator Based Add-On Controller

A model regulator based add on controller is designed for the automated path

following problem above in this section and shown to improve performance.

6.2.1 Yaw Rate Feedback

The use of yaw rate feedback and an integrating steering actuator with

o, =u,—kr (6.5)
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were proposed in Ackermann et al (1993) to improve the steering dynamics. Yaw
rate feedback with a gain of k; =0.89 was determined and used in Ackermann et al
(1995) to achieve improved steering system dynamics for the city bus example that is
also considered here. With the aim of not having to rely on the yaw rate sensor to
improve the steering dynamics, a model regulator is used here to demonstrate that
similar dynamics can be achieved by using only the available output (y) and input
(ug) information. This model regulator based add-on controller can also be used as
part of a fault tolerant design that will be activated in the presence of yaw rate sensor
malfunction.

6.2.2 Model Regulator

Referring to Figure 6.3, the vehicle model can also be expressed as
y=Gu,+d=(G,+A)u, +d (6.6)
where G, is the actual input-output relation between ur and y where the lack of yaw

rate feedback (k=0 in G,,) is treated as model uncertainty and d is the external
disturbance due to g, . A, also includes modeling error in our nominal knowledge of

the input-output relation denoted by G, here.
The aim in model regulator design is to obtain

y=Gu 6.7)

as the input — output relation in the presence of model uncertainty A, and external
disturbance d. This aim is achieved in model regulator design by treating the external
disturbance and model uncertainty as an extended disturbance e and solving for it as

y=Gu,+(Au,+d)=Gu, +e (6.8)
e=y-Gu, (6.9)

and using the new control signal uyew given by

u,=u,,~G'e=u,, -G'y+G,'Gu, ~ (6.10)

u
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Figure 6.3 Feedback control architecture

to approximately cancel its effect in (6.8). (N}; ! is an approximate inverse of G, and

the input-output relation that is actually achieved in practice is

y= Gun,, + -GGk 6.11)
N/ —

desired 1]0 relation  undesired: dueto mod el error
and external disturbance

The desired input-output relation (6.7) with ugew replacing uy is, thus, obtained in
frequency ranges where Guéu' "=1, which is the basic model regulator design
equation. (6.10) is used for implementation of the model regulator as shown in
Figure 6.4.

In discrete time implementations of the model regulator, as is considered here, 5; lis

designed using well known preview based compensation techniques like the zero
phase error tracking (ZPET) method (Tomizuka, 1987) or extensions of this
approach utilizing additional gain compensation zeros to achieve desired bandwidth
of Guéu_ ! (Menq and Xia, 1990; Mehq and Xia, 1995).
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Figure 6.4 System with add-on model regulator

6.2.3 Sampling Rate Selection and Model Regulator Design

In contrast to feedforward control, preview information is not available in the model
regulator. Hence, G;' has an /-step shift z” where / is the relative degree (3 here) of

the discretized plant G,, to make it causal. It turns out that this /-step shift is the

major cause of performance degradation in a model regulator as it causes undesired
phase lag (Giiven¢ and Srinivasan, 1994). This phase lag can be reduced by
increasing the sampling rate but small values of the sampling time T:

1. May result in more nonminimum phase zeros with a corresponding and
conflicting increase in computation time.

2. Processing power may be limited in a commercial product in comparison to the

very high sampling rates that can be achieved in lab environments.

Figure 6.5 shows the location of zeros of G, with v=20 m/sec and m =32,000kg

with zero order hold discretization for different values of the sampling period Ts.

For T, <0.0001 sec, there are three NMP zeros, one of them lying on the negative real
axis while the other two zeros lie on the unit circle at z=1. For T, >0.0001sec the

system has one real NMP zero. Trying to have only one NMP zero and trying to
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Figure 6.5 Effect of sampling period on open loop zeros (small T;: 0, large Ts: 0)

increase the distance of some of the MP zeros from the unit circle, 7,=0.01 sec is
chosen as the sampling period here. The corresponding NMP zero is z; = -3.7257.
The optimal PTC (see Aksun Giiveng and Giiveng, 1999) based approximate inverse
filter

_ 3 106(-0.03162% +0.37927 ~1.3925 +2.362° - 2.012% +0.74223 +0.01472° —0.0715z+0.00835)
3.162° ~5.442% +1.452% +0.83422

G
(6.12)

is designed for this system and the corresponding low pass filter G,G," is shown in

Figure 6.6. The expression after the 3-step shift in (6.12) consists of the invertible
part of G,(z) and the zero phase and gain error compensation terms.

6.2.4 Performance Evaluation of the Model Regulator
The magnitude frequency responses y/us (Or /iy, in the model regulator case) of the

three cases of no yaw rate feedback, yaw rate feedback and no yaw rate feedback but
forced to that behavior by the model regulator are displayed in Figure 6.7.
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Figure 6.6 Magnitude frequency response of G,G,"

It is clear that the improved steering dynamics achieved in Ackermann et al (1995)
by yaw rate feedback can also be achieved by the model régulator which does not
require yaw rate information. This approach is useful for a fault tolerant design
considering the possibility of yaw rate sensor failure.

The model regulator also regulates the input-output behavior to that of the desired
model in the presence of model uncertainty and enhances disturbance rejection
properties. This is evident in Figure 6.8 and Figure 6.9 where [y/u4 (|y/tne,| With the
model regulator ) and |y/p.4, respectively, are plotted, for the four extremal plots at
the corners of the uncertain parameter space ve[1:20] m/sec, and 7 €[9950:32000]
kg.

Figure 6.8 demonstrates that deviations in | y/u | between these four extremal plants

are decreased significantly by the model regulator, especially at low frequencies. The
corresponding decrease at low frequencies in ‘ ¥/ P,y | due to the model regulator

seen in Figure 6.9 demonstrates the enhancement of disturbance rejection.

112



100 T T T

50

magnitude 0
(dB)

without model regulator (kr=0.89)
with model regulator (kr=0)

-100f +

_1 50 l- l.‘ L i
10 10 10 10 10
frequency (rad)

Figure 6.7 Effect of model regulator on |y/y|

6.3  Simulation Study

Time domain simulations for the three maneuvers in Section 6.1 are shown in Figure
6.10. Feedback controller (6.4) was used in these simulations. The dashed lines are
responses of the yaw rate feedback systelh of Ackermann et al (1995) while the solid
lines are obtained after the incorporation of the add-on model regulator. The results
are satisfactory and are better than the results in the absence of the add-on model
regulator. There is some difference between the two responses in the entering a
circular arc maneuver but tracking error is decreased significantly in the entering a

narrow bus stop bay maneuver.

The main limitation hindering much better results from being obtained with the
model regulator is the presence of the actuator saturation for the steering angle rate.
The steering angle rate saturates in the simulations here with the model regulator as it
had done in Ackermann et al (1995) in its absence. The steering angle values &, on
the other hand, did not reach their saturation limit of 40 deg during any of the

simulations reported in this chapter. The model regulator implementation had to be
slightly modified by applying the 5‘, saturation to the GuCN;u‘ ' input in Figure 6.4 to

account for the saturated input into the vehicle model.

113



. virtual mass speed
. ql: 9950kg 1 misec
T q2: 9950 kg 20 m/sec
50 \\ q3: 32000kg 20 m/sec -
e q4: 32000kg 1 m/sec
\\ R
\\\
_of ]
o
k=2
[\
°©
2
c
[=)]
©
E sof .
-100 - B
-150 . PR | . P . P | . o hdaan
10° 10 10" 10° 10’
frequency (rad)
100 e —
- with model regulator
\\\\
50 [~ T, I
b\\"\\
SN
.
\\\\\\
N
&
~ OF N 1
g N
o NN
g N
g AN
& =
E 50} §
-100 E
150 . N . | L N | . L
10° 102 10" 10° 10’

frequency (rad)

Figure 6.8 |y/u| for the four extremal plants, without and with the model regulator

114



100 T T T T T T T T T T T T

\ virtual mass  speed
\_\ ql: 9950kg 1 m/sec
DN ] g2: 9950kg 20 m/sec
50| '\\w ithout model regulator (92, g3) g3: 32000kg 20 m/sec |
g q4: 32000kg 1 m/isec
S~ .
b ~_ N %Xwit:;‘n\del regulator ""'\\\\
\\\\ \\:\_\\_ - \\\
—~_/ T ST e
I L ~~. T Ry

~ OF T e e T 7

'% w ith model regulator \“\—\\::\\ ‘ T -f\‘t\?v_

g .

2

'

(=]

@

E 50t i
-100+ -
_150 L ' Coa oy i L L MR R L L Lo s i L R RS

10° 102 10" 10° 10

frequency (rad)

for the four extremal plants with and without the model regulator

Figure 6.9 ‘y/p,ef

A performance enhancing measure will be to use a steering actuator with a higher
steering angle rate limit (& ,>23 deg/sec ). The entering a bus stop bay maneuver

resimulated with a saturation limit of 38 deg/sec for 6, shown in Figure 6.11, for

example, shows much improved and improved response with and without the model
regulator, respectively.

The model regulator also allows lower gain controllers to be used without violating
the design specifications. Feedback controller (6.3) which violates the transient error
specification in the narrow bus stop bay maneuver at v=2.5 m/sec for instance
satisfies this requirement in the presence of the model regulator as seen in Figure
6.12.

6.4  Model Regulator and Actuator Saturation

One point that makes the saturation in the steering angle rate § more difficult to

handle here from the viewpoint of the model regulator is that it is followed by an
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Figure 6.10 Simulation results with (solid) and without (dashed) model regulator

integrator. The effect of actuator saturation on model regulator performance will be

investigated analytically in this part to demonstrate this point. Consider the system in
Figure 6.13, which corresponds to the simulation study here with k=0 and the
steering angle &y never saturating. u, in Figure 6.13 is the actual, saturated steering

angle rate signal entering the system.
The input-output relation (6.8) can be re-expressed as

y=(G, +Au, +d=Gu, +G,lu,—u )+ Au, +d =Gu, +e, (6.13)
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Figure 6.12 Bus stop bay maneuver simulation for low gain controller

where e; is the extended disturbance including saturation effects. The use of the

model regulator implementation equation results in
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Figure 6.13 System with actuator saturation

-1 -1
y= Gu., + ([(-GG'k +(-6.6"%,u -u) (6.14)
—— e — ~— ’
desired 1/Ovrelation  undesired:due to mod el error undesired: due to saturation

and external disturbance

as the input — output relation being achieved in practice. The first two terms in (6.14)
are the same as before (see (6.11)) while the last term includes the effect of actuator
saturation being represented in u,-us; the difference between actual and saturated
inputs, multiplied by (1 - Guéu' lbu . Noting that the no model regulator case
corresponds to CN;,: ' =0 in (6.14), the saturation term u,-ris multiplied by G, only, in

this latter case. It is clear that, within its bandwidth, the model regulator helps
alleviate problems due to the presence of actuator saturation by multiplying the
G,(u, —u,) term by a small gain (1 —Gu(N?u‘ 1). This is illustrated in Figure 6.14 for

the vehicle model considered here.

As seen from Figure 6.14, the presence of the integrator in the integrating actuator
within the nominal system G, results in large gains associated with the saturation
effect at low frequencies here, thus significantly degrading performance. Thus, one
approach to alleviation of the performance degradation due to actuator saturation,
although not pursued here as the system in Ackermann et al (1995) is treated as

existing hardware, is not to use an integrating actuator for steering.
6.5  Feedforward Compensation of the External Disturbance

Since the external disturbance p,,, can be previewed® during operation by using a

look ahead sensor, it is also possible to use a disturbance feedforward compensator
as illustrated in Figure 6.15 to cancel its effect.

* prof(k+1) with I=3 here is available at sampling instant £.
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The disturbance feedforward compensator is given by

G (2) = G, ()G (2) (6.15)

Any one of a number of available discrete-time feedforward controller design
techniques can be used to design G:'(z). G;'(z) given in (6.12) is used here except
for the [-step delay (since preview is available). The simulation results displayed in
Figure 6.16 as a solid line shows that the incorporation of the disturbance
feedforward add-on controller improves response as compared to the results in
Ackermann et al (1995) shown by the dashed line. The results are also slightly better
than those obtained through the model regulator most probably due to the presence of
the preview action. The steering angle rate saturates again during the simulations,
thus degrading performance below what is theoretically achievable.
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6.6 Discussion

A model regulator based add-on controller was used here for performance
enhancement in automated path following. A disturbance feedforward based add-on
compensator was also evaluated for the narrow bus stop bay maneuver. Both add-on
compensators considered were implemented in discrete time. While the disturbance
feedforward based add-on compensator was used only for improved disturbance
rejection in following a well specified path, the model regulator based one was also
able to do model regulation in the presence of model uncertainty and external
disturbance and in particular achieve the desired yaw rate feedback dynamics without
a yaw rate sensor. The data and simulation maneuvers were taken from Ackermann
et al (1995) and correspond to a city bus. Both add-on compensators resulted in
improved response as compared to the responses reported in Ackermann et al (1995)
and were thus seen to be feasible for use in an actual system. One extra advantage of
the model regulator based add-on compensator is that it requires no extra sensor for
implementation. The disturbance rejection of the disturbance feedforward add-on
compensator was slightly better due to its use of road curvature preview.

The performance enhancing effect of model regulator compensation in the presence
of actuator saturation was also investigated analytically. However, steering angle rate
saturation was still seen to be the major limitation hindering better results from being
obtained with and without add-on compensation. Possible remedies are to use a
steering actuator with a higher rate saturation value or not to use an integrating

steering actuator.
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7. ROBUST REPETITIVE CONTROL

A general architecture consisting of a reference feedforward control block and a
model regulator was introduced as a robust motion controller in the previous
chapters. Furthermore, this architecture was succesfully applied to several motion
control problems, the most significant of them being vehicle steering control. There
is a group of applications where the motion control problem addressed has periodic
reference inputs or periodic disturbances. Motion controllers that take into account
the periodic nature of the exogenous input work much better for such applications.
Repetitive control is such a motion control scheme that has been developed
specifically for handling systems with repetitive references/disturbances and will be

treated in this chapter.

Repetitive control reduces error in systems with periodic reference inputs or
disturbances with known period by introducing a highly frequency selective gain
through a positive feedback loop containing a time delay element. The delay time is
equal to the known period of the periodic reference/disturbance (see Figure 7.1).
Significant improvements in the tracking accuracy or disturbance rejection
characteristics of systems subject to periodic exogenous inputs can thus be achieved.
Repetitive control was first used for rejection of periodic disturbances in a power
supply control application (Inoue et al, 1981). Repetitive controllers have been
shown to be effective and practical in a variety of applications including robot arm
trajectory control (Omata et al, 1987; Sadegh et al, 1990), motor speed control
(Kobayashi et al, 1990), friction dominated motion control (Tung et al, 1991),
control of continuous steel casting (Jolly et al, 1993), control of material testing
(Shaw and Srinivasan, 1993), machine tool motion control (Tsao and Tomizuka,
1994), control of cold rolling (Garimella and Srinivasan, 1996), disk drive track
following control (Moon et al, 1998), CD player tracking control (Lee and Smith,

1998) and vibration attenuation of engineering structures (Prell et al, 1999).
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repetitive controller

q(s)e” 4 > b(s)

Figure 7.1 Repetitive control structure

Early theoretical developments relating to repetitive control systems had focused
primarily on stability issues in continuous-time systems (Hara et al, 1988; Srinivasan
and Shaw, 1991), and discrete-time systems (Tomizuka et al, 1989). In recent years,
considerable research effort has been devoted to analysis and design for stability and
performance robustness. Stability robustness of repetitive control systems in the
presence of unstructured modeling error has been analyzed by Tsao and Tomizuka
(1994). The robust repetitive controller design procedure of Srinivasan et al (1995) is
based on Nevanlinna-Pick interpolation. Available robust control theory (e.g.,
Ozbay, 1993) has been modified as appropriate and appliéd to repetitive control
systems by Peery and Ozbay (1997) on their work on repetitive controller design
based on Youla parametrization. Moon et al (1998) have introduced a robust design
method for parametric uncertainty in interval plants under repetitive control. A
similar approach has been taken by Roh and Chung (1995). H,, controller design for
MIMO repetitive control has been treated by Weiss and Héfele (1999). SSV-analysis
has been used for assessing stability and performance robustness of SISO continuous
time repetitive control systems by Giiveng (1996). SSV-synthesis has been applied to
sampled data repetitive controller deéign by Li and Tsao (1998).

The repetitive controller design approach presented here is significantly different
than those of the abovementioned references. Simple and, therefore, easily
implementable repetitive controller filter architectures are fixed from the beginning
and parameter values within these filters are tuned to satisfy frequency domain

performance specifications, finally obtaining a region in controller parameter space
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where the desired specifications are met. Relevant basic information on repetitive
control is presented in Section 7.1. The technique of mapping frequency domain
performance specifications into controller parameter plane and its use in repetitive
controller design is given in Section 7.2. A numerical example using a
servohydraulic material testing machine application is used in Section 7.3 to

demonstrate the effectiveness of the method.

7.1  Repetitive Controller Basics

Consider the repetitive control structure shown in Figure 7.1. Repetitive controller
design involves the design of the two filters b(s) and q(s). Ideally, q(s) is desired to
be unity as the positive feedback loop around the delay element becomes a generator
of periodic signals with period 14 in that case. This is not possible in practice, the
main reason being that the repetitive control system is not robustly stable in that case
(Weiss, 1997, Hara et al, 1988). q(s) is therefore chosen as a low pass filter with
unity d.c. gain. Its cutoff frequency determination involves a trade-off between

accuracy and stability robustness.

The main use of b(s) is to improve relative stability and steady state accuracy in

combination with g(s). Consider the function of frequency given by

R(w)=

q(jw)(l—b(jw)%)‘ | .1)

which is called the regeneration spectrum in Srinivasan and Shaw (1991). According
to the same reference, R(w )<l for Vo is a sufficient condition* for stability.
Furthermore, R(@) can be used to obtain a good approximation of the locus of
dominant characteristic roots of the repetitive control system for large time delay,
thus, resulting in a measure of relative stability as well. Accordingly, b(s) is designed
to approximately invert G/(1+G) within the bandwidth of q(s) in an effort to

minimize R(w).

* becomes a sufficient and necessary condition as 74 becomes large
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Small time advances are incorporated into q(s) and b(s) here as
g(s) =g, (s)e™ (7.2)

b(s) = b, (s)e™ (7.3)

to improve performance. The loop gain of the repetitive control system and its

sensitivity function are given by

1-ge™
S—-L— (7.5)
1+L '

The design procedure can be made more quantitative by specifying upper bounds on

the sensitivity function magnitude at the fundamental frequency and its harmonics as

IS(-]a))|a,=2_”k < (Sdes)k > k= 192" s h (76)

where n/14 is the largest frequency (in Hz) where significant tracking error reduction
is desired. Note that requirement (7.6) can also be expressed as the weighted

sensitivity (nominal performance) requirement

Wy (@)
1+ L(jw)

W (@) <[l + L(jo)|

<1 or equivalently

Wy (w)S(jw)|=| an

where the weight Wg is a discontinuous weight corresponding to (7.6) at the

fundamental frequency and its harmonics.
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The plant under repetitive control is assumed to have unstructured modeling error
(especially at high frequencies) here. So, the weighted complementary sensitivity

(robust stability) requirement

(@) L(jo)
W, (@) (jo)| = 100

(@) L(j@)| <1+ L(jo)

<1 or equivalently

(7.8)

should be satisfied.

7.2  Mapping Frequency Domain Specifications Into Controller Parameter

Space

7.2.1 General Procedure

The aim in this section is to introduce the general technique of finding the region in
the chosen controller parameter plane where design specifications (7.7) and (7.8) on
sensitivity and complementary sensitivity are satisfied. These specifications are
illustrated graphically in Figures 7.2 and 7.3. Initial work on the algebraic
formulation for mapping of frequency domain performance specifications of the
form (7.7) and (7.8) into controller parameter space can be found in Djaferis (1991),
Saeki and Hirayama (1996) and Sacki and Kimura (1997). The main idea of solving
(7.7) and (7.8) frequency at a time for a chosen pair of controller parameters within L

is also used here.

Consider the robust stability problem (7.8). Consider Figure 7.3 which illustrates
(7.8) with an equality sign (called the point condition here). Apply the cosine rule to
the triangle with vertices at the origin, -1 and L in Figure 7.3 to obtain

W, L =|L]” +12 +2|Z|cos8, (7.9)

(7.9) is a quadratic equation in |L| and its solutions are
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Figure 7.2 Illustration of the point condition (for nominal performance)

Im

Figure 7.3 Illustration of the point condition (for robust stability)

_ —cosf, £+ Disc

7.10
A (7.10)

1

where

Disc =14 cos’ 8, + |, [ (7.11)
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Only, positive and real solutions for |L| are allowed, i.e. Disc>0 must be satisfied.
Once L is determined, the loop gain equation has to be back solved at that frequency
for the repetitive controller filter q(s) whose parameters will be tuned here. This back

solution results in

L - G e(rtl_rq)s

T L-G(A-b) 712

q,

The point condition solution procedure for robust stability is outlined below:

1. Choose a specific @ value. |W1|, G and b at @ are all known after this choice.

2. Let 8.e[0:2xn]. Evaluate Disc using (7.11) and select the active range of 01, where

Disc>0 is satisfied.
For all values of 6, in the active range
3. Evaluate |L| using (7.10). Keep only the positive solutions.

4. Solve for the corresponding filter q; at the chosen frequency ® by using

(7.12).

5. Using the specific structure of q;(s), back solve for the two chosen controller

parameters.

6. Plot the closed curve in the chosen controller parameter plane. Either the inside
(drawn with solid boundary) or outside (drawn with dashed boundary) of this

curve is a solution of (7.8) at the chosen frequency.
7. Go back to Step 1 and repeat the procedure at a different frequency.

This procedure is easily programmable and quickly results in a graphical description
of the solution of (7.8) at the chosen frequencies. The solution procedure for the
nominal performance requirement (7.7) will not be presented here for the sake of

brevity, as its derivation is quite similar to the derivation given above.

128



Application to Repetitive Control

Here, qi(s) is chosen as a multiplication of second order controllers given by

n b,s’ +b,s+b,
$) = . : 7.13
%(5) 1,:1[ s* +a,s+a, 713

Initially, n=1 is used and the design procedure in Section 7.2.1 is carried out. The

back solution procedure in Step 5 of the solution procedure is performed using the

relations
3 2 2 2
Re(q,) = (G =, )(62"’2 L )H?bl” (7.14)
(a, —@7)" +(a,w)
_ 2 _ _ 2
Im(ql)=blw(a° ") — a0, ~be") (7.15)

(a, - wz)z + (ala))2

where the subscript i in (7.13) has been dropped. If satisfactory performance is not
obtained for n=1, the designed q;(s) is incorporated into the plant and a new second

order form in (7.13) is tuned to improve performance.

7.3  Numerical Example

The servohydraulic material testing machine example of Srinivasan and Shaw (1991)
is used here as a numerical example to illustrate the design method developed in the

previous section. The plant is given by

G(s) = K (7.16)
s2 20,8
sz, s+ 1{—2 +20 4 l)

where K=150 includes the effect of proportional control. The numerical values of the

other parameters are 1, = 0.00187 sec, &, = 0.4 and ®,= 618 rad/sec. The repetitive

controller filter b(s) used in Srinivasan and Shaw (1991) is
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b(s)=e""" _ » (7.17)
The filter q(s) is modified here into

g(s) = eo.001414sq1 (s) = 00014145 9

S EIE— (7.18)
s +as+a,

and regions in a; - ag controller parameter plane where the nominal performance and
robust stability requirements in (7.7) and (7.8), respectively, are satisfied are

computed.

The sensitivity constraint which is also specified in the discrete frequency
formulation of (7.6) was evaluated for. a high frequency .and a lower frequency
periodic command input with period 14 corresponding to 0.04 sec and 0.1 sec,
respectively. The specific numerical values used in the computations are given in
Tables 7.1 and 7.2. The corresponding solution region is shown as the hatched region
in Figure 7.4. A uniform weight for the stability robustness requirement for
frequencies above 175 Hz is chosen here as |T|<0.0546 for £>175 Hz. Note that this
corresponds to a discontinuous weight Wt. The corresponding region in the a; - ag
controller parameter plane where robust stability and the ndminal performance

requirement (7.6) are both satisfied is shown as the hatched region in Figure 7.5.

The final design is completed by selecting a point in Figure 7.5. This choice is done
rather arbitrarily here and the design point chosen is marked with a cross in Figure
7.5. Although not exploited here, this selection could also have been based on
optimization of nominal performance or minimization of structured singular value
for a parametric representation (see Giiveng, 1996). The simulation results of Figure
7.6 for triangular wave inputs with periods of 10 Hz and 25 Hz show the
effectiveness of the design in reducing periodic error components. The physically
implementable, equivalent form of the repetitive control system architecture shown

in Figure 7.7 was used in the simulations.
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Figure 7.4 Solution region satisfying nominal performance requirement
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Figure 7.5 Region where both nominal performance and robust stability are satisfied
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7.4 Summary

A method of robust repetitive controller design through mapping of frequency
domain constraints (some of them being at discrete frequencies of interest) to
controller parameter space was presented here. The main idea was to use a simple,
easily implementable structure for the repetitive controller filter and find solution
regions in the chosen controller parameter plane where the frequency domain
specifications on nominal performance and robust stability are satisfied. The method
was well suited to the structure of a repetitive control system with discrete
frequencies of interest. The computations were also quite fast. It should also be noted
that the time delay and the corresponding infinite dimensional nature of the repetitive
control system pose no problems for the method introduced here. Using the method
of this chapter, it is also possible to treat plants with time delay under repetitive

control.

Fundamental and Harmonics

k J=k't (Hz) Sdes
1 25 1/500
2 50 1/30
3 75 1/6

Table 7.1 Desired sensitivity magnitude upper bounds at 14=0.04 sec

Fundamental and Harmonics

k f=k/t4 (Hz) Sies

1 10 1/1000
2 20 1/500
3 30 1/300

Table 7.2 Desired sensitivity magnitude upper bounds at t4=0.1 sec
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8. CONCLUSIONS

This thesis was on applied robust motion control. A generic robust motion control
architecture consisting of an inner model regulator and a preview based feedforward
controller was introduced for that purpose. Considering the possibility of periodic
reference inputs or disturbances, as is typical of applications involving rotating
machinery for example, a repetitive control architecture was also introduced and
treated in this thesis. The main application examples treated in the thesis came from
the field of vehicle dynamics control. Stability and performance robustness analysis
was carried out using complex, mixed and real SSV methods. A mixed sensitivity
measure for nonstandard robust performance was chosen as the design goal. An
interactive graphical approach for robust performance design was developed and

used to obtain the solution regions in the chosen plane of controller parameters.

In Chapters 2 and 3, preview based discrete time reference feedforward tracking
control was analyzed in detail. The optimal precision tracking control method was
developed for systems with and without complex non minimum phase zeros. This
method was compared with several existing methods and found to be superior in
performance and ease of design. The use of mixed SSV analysis was shown to be an
effective method of assessing the performance robustness of preview based
feedforward control schemes. The achievement and robust maintenance of the zero
phase error property of such systems was also shown to be an important measure of
(robust) performance. Preview based feedforward control schemes are most useful in
high speed, high accuracy machining applications and a noncircular turning
application was treated. In a later chapter, the developed method was also applied
successfully to preview based rejection of the road curvature change disturbance in a

vehicle path following application.

The main part of the thesis was on a two degree of freedom control structure known
as the model regulator and its application to vehicle dynamics control problems. In

Chapter 4, along with an introduction to the model regulator, its integral action
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capability and its applicability to open ldop unstable plants were also demonstrated.
The use of real SSV analysis was shown to be a much less conservative tool as
compared to the standard small gain type test for stability robustness of the model
regulator. Mixed SSV analysis was used to obtain a corresponding performance
robustness analysis method for the model regulator. The developed SSV analysis
method also showed that significant resonances of the regulated system should not

lie at frequencies close to the bandwidth frequency of the model regulator.

The model regulator was applied to vehicle steering control with the aim of yaw
stabilization and yaw response improvement. Both steer-by-wire and auxiliary
steering actuation methods were treated. This novel application of the model
regulator as a vehicle steering controller‘ resulted in the de\}elopment of significant
application related architectural modifications. One of these architectural
modifications, also used in Chapter 6, was for implementability in the presence of
significant actuator saturation. A velocity based gain scheduling formulation of the
model regulator was also developed for practical vehicle steering control over a wide
range of operating speeds. Considering the man machine interface where the steering
controller was desired to intervene only during the initial panic reaction time of the
driver, fading implementations with a band pass filter formulation and with limited
integrator action were formulated. Simulation results showed good steering
command following and excellent disturbance rejection within the operating domain
of the vehicle considered. Moreover, the results obtained were seen to be superior to
results reported in the literature with other steering controllers. More realistic
simulation studies also verified these statements on improved response. An
interactive, graphical design method was also developed to solve the robust
performance problem for the model regulator architecture and used in designing the

vehicle steering controllers used.

An automated path following application was treated in Chapter 6. Both a model
regulator and a preview based feedforward control architecture were successfully
applied. The automated path followihg control of a city bus available in the literature
was treated. A discrete time implementation was used to investigate the sampling
related difficulties and to demonstrate the associated plant inversion type design

techniques. The superior performance of the model regulator in the presence of
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actuator saturation was also shown. The results obtained were seen to be much better
than previously reported results, available in the literature for this benchmark

problem.

Considering the presence of a lot of motion control problems involving periodic
reference inputs and disturbances, the repetitive control method was treated in
Chapter 7. A combination of nominal performance and robust stability Was chosen as
the measure of robust performance. An interactive, graphical design method was
developed to solve this problem for repetitive controller design. A unique feature of
this design method was its capability of using discontinuous weights and hence
concentrating only on chosen frequencies, a must for repetitive control. The design
technique was successfully applied to a material testing machine application taken

from the literature.
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APPENDIX A

A.1 Properties of Structured Singular Value (SSV) p

The first two properties of p hold for both real and complex perturbations. The rest of
the properties hold for only complex perturbations. The properties of p are:

[y

maM) = Ial H(M) for any complex (or real) scalar o .

2. Let A= diag{Al,Az} be a block diagonal perturbation (in which 4, and 4, may
have additional structure) and let M be partitioned accordingly. Then

(M) 2 macips, (M), 1, (M) (A1)
3. For a repeated scalar complex peﬁurbation

A =0l (6isacomplexscalar): u(M)=p(M) (A2)
4. For a full block complex perturbation

A full matrix:  p(M) =c(M) (A3)

5. p for complex perturbations is bounded by the spectral radius and the singular
value (spectral norm)

p(M) < u(M) <G (M) (A4)

This follows from (A.2) and (A.3), since selecting A = 61 gives the fewest degrees
of freedom for the optimization, whereas selecting A full gives the most degrees
of freedom.

6. Consider any unitary matrix U with the same structure as 4. Then
H(MU) = (M) = u(UM) (A.5)

7. Consider any matrix D which commutes with A4, that is, AD = DA . Then
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H#(DM) = y(MD) and p(DMD™) = u(M) (A.6)

8. Improved Lower Bound: Define U as the set of all unitary matrices U with the
same block-diagonal structure as A . Then for complex 4

p(M) = max,, p(MU) (A7)
9. The result (A.7) is motivated by combining (A.5) and (A.4) to yield

p(M) = max p(MU) (A8)

The surprise is that this is always an equality. Unfortunately, the optimization in
(A.7) is not convex and so it may be difficult to use in calculating p numerically.

10. Improved Upper Bound: Define 0 to be the set of matrices D which coMute
with A (i.e. satisfy DA = AD). Then it follows from (A.6) and (A.4) that

(M) <min,_, 5(DMD™) (A.9)

This optimization is convex in D (i.e. has only one minimum, the global
minimum) and it may be shown (Doyle, 1982) that the inequality is in fact an
equality if there are 3 or fewer blocks in A. Furthermore, numerical evidence

suggests that the bound is tight (within a few percent) for 4 blocks or more; the
worst known example has an upper bound which is about 15% larger than p
(Balas et al., 1993). ' ‘

11. Without affecting the optimization in (A.9), it may be assummed that the blocks
in D to be Hermitian positive definite, i.e. D, =D/’ >0 and for scalars d; > 0
(Packard and Doyle, 1993)

One can always simplify the optimization in (A.9) by fixing one of the scalar
blocks in D equal to 1. For example, let D=diag{d;,d>,...,d,}, then one may
without loss of generality set d,=1.

12. The following property is useful for finding u(A4B)when A has the structure
similar to that of 4 and B.

#,(AB) <G (A)p 4 (B) (A.10)

#4(AB) <G (B)u(4) (A.11)

Here the subscript A4 denotes the structure of the matrix 44 and BAdenotes
the structure of BA.
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