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Abstract

The purpose of this study was to evaluate the
performance and stability robustness of a lateral autopilot
designed for a transport aircraft using H2 and Ho control
theory. The intent vas to design a controller that met
performance and robustness specifications over a range of
flight conditions. Flirst, a control structure to be used in
designing the autopilot was developed. Once this
vas accomplished, it vas formulated into the small gain
problem. Controllers were then developed using H2 and Ho
control theory. The final task involved evaluating the

controllers developed in a closed loop simulation.
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ROBUSTNESS EVALUATION OF H2 AND Ho CONTROL THEORY
AS APPLIED TO A TRANSPORT AIRCRAFT

I. Introduction

1.1 Background

In June of 1989, the results of a design challenge vere
presented at the American Control Conference(1:585-620). The
focus of the challenge was to design a lateral autopilot for
a transport alircraft. Several papers wvere presented
utilizing different design techniques. These included
classical control, a model-matching approach, LQG/LTR, and Hwo
control theory.

The state space equations for fourteen f£light conditions
vere provided. 1In addition, a 1list »f design requirements
vere gliven.

One objective of the design challenge was to design a
controller that would satisfy the design requirements for all
fourteen f£light conditions without the need for gain
scheduling. Many of the autopilots in aircraft and missiles
today wvere designed using single-input single-output (SI1SO)
design techniques at specific flight conditions. This
reguires a large number of gains for the f£light envelope.
Design techniques such as regulator theory that handle

multiple-input multiple-output (MIMO) systems lack the




robustness to handle parameter variations and sensor nolse.

The H2 control theory and the more recent Hw control
theory are designed to be robust in the face of design
uncertainties. H2 control theory handles structured
uncertainties such as parameter variations effectively. The
Ho control theory is very effective against unstructured
uncertainties which include unmodelled dynamics and sensor
noise.

The above features of H2 and Hwo control theories yield
controllers that are robust. This allovs controllers to be
designed that reduce or eliminate the need for gain scheduling
over a given range of flight conditions.

1.2 Purpose

The purpose of this thesis is to use H2 and Ho control
theory to design a lateral autopilot for a transport aircraft
using the data from the design challenge at the 1989 American
Control Conference. The state space representations for the
fourteen £1light conditions will be used in an attempt to
develop a controller that will satisfy the given design
requirements. The problem will be formulated into the small
gain or standard problem as defined in Doyle et. al. (2:831).
A detalled analysis of the problem setup and formulation will
be covered.

The controllers developed vwill be tested to see if they

are robust enough to handle the parameter variations of the
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fourteen flight conditions. The H2 and Ho controllers will
be compared.
1.3 Qverview

In Chapter 2, aspects of multivariable control theory
are discussed as well as H2 and Ho theory. Chapter 3 covers
the problem description and characterization of the open-loop
data. The formulation of the standard problem is contained
in Chapter 4. In Chapter 5, the procedure and analysis
techniques required to develop the H2 and Ho controllers are
discussed. 1In Chapter 6, the results cbtained from running
the controllers in a closed loop simulation are presented.
Chapter 7 contains a summary and conclusions followed by
recomnmendations for further study.

The software package PC-MATLAB was used for this thesis.
This included the basic program along with the Control System

Toolbox.




II. H2 and Heo Control Theory

2.1 gingular Values and Loop Shaping

Before H2 and Hw control theory are covered, it is
important to discuss a few fundamentals of multivariable
control design. One of these is singular values.

Singular values of a matrix A are the non-negative
square roots of the eigenvalues of A*A as given by

o () = [r (a%a)11/2 (2.1)
vhere Aec™" ana A* is the complex conjugate transpose of the
matrix A. The largest singular value, owax, is denoted c.
The smallest singular value, omin, is denoted o.

For a transfer function G(jw), olG] and ¢(G] can be
computed. These two quantities are frequency dependent and
give a measure of the size of the transfer function
matrix. In SISO systems, the Bode magnitude plot
shovws the magnitude of a transfer function as a function of
frequency. The singular value plot is the MIMO analog of the
Bode magnitude plot (4:4-11).

The idea of loop shaping is also important. Figure 2.1
showvs a typical MIMO system. The concepts of a good loop
shape carry over to the MIMO system. 1In SISO systems, to
have good command following and disturbance rejection, the
loop gain must be large at low frequency. A small loop gain

is required for attenuation of modelling errors at high
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Fig. 2.1 MIMO System Block Diagram

frequency. To avoid sensor nolse, which is a high frequency

phenomenon, the loop gain must be small. Therefore, a good

loop shape is as shovn in Figure 2.2. A detailed discussion

of loop shaping is covered by Ridgely and Banda (4:4-1:4-10).
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lg(3w)k(Jw) |

Fig. 2.2
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Good Loop Shape (81S0)




As mentioned, the singular value plot is the equivalent
of the Bode magnitude plot. The o(GK] and o(GK] give
information concerning the loop gain and bandvidth of the
system. The loop shape of Figure 2.2 for the SISO system
equates to Figure 2.3 for the MIMO system. At lowv frequency,

o(GK] must be large to ensure performance and o(GK) must be

db
olGK)

o{GK]

X s

Fig. 2.3 Good Loop Shape (MIMO)
small at high frequency to give desirable robustness.
These ideas will be used in designing the controller for
the lateral autopllot.
2.2 H2 and Ho Control Theory
The standard problem, as discussed in Francis (3:Chap 3),

is shovn by Figure 2.4. All signals can be vector
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Fig. 2.4 standard Problem Block Diagram
quantities. The exogenous inputs, 4, to the plant, G, are
tracking signals or disturbances. The regulated output of
the system is denoted e. The measured output fed back
through the controller, K, is y. ‘The control inputs to the

system are denoted u. The plant can be partitioned as

G = | G ©12 (2.2)
G21 G22

vhich ylelds the equations

e = G114 + G1l2u (2.3)
Yy = G214 + G22u (2.4)
u = Ky (2.5)

The equivalent state space form is

%X = Ax + Bld + B2u (2.6)
e = Clx + D114 + D1l2u (2.7)
y = C2x + D214 + D22u (2.8)

Given the above, the standard problem is to find a
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real-rational proper K to minimize either the H2 or the

Ho norm of Ted, under the constraint that K stabilizes G. Ted
is the transfer function from e to 4 in Figure 2.4. K
stabllizes G if the states of G and K tend to zero for every
initial condition and can be thought of as a simple

definition of internal stability. The H2 norm is given by

(2:831)
1 +@ & 1/2
Icl, = [—IEfj triG(iw) G(Jw))ldw ] (2.9)
-0
The Ho norm is given by (2:831)
ks, = sup o, [G(IW)] (2.10)

The standard problem will be solved using the
Doyle/Glover parameterization(2). 1In the case of H2
optimization, the following is required:

1) D11 = 0 and D22 = O

2) D12T*D12 = I and D21*p21T = 1I

3) (A,Bl) stablilizable and (Cl,A) detectable

4) (A,B2) stabilizable and (C2,A) detectable
To use the Doyle/Glover parameterization, the plant input and
output must be scaled as shown in Figure 2.5.

The following equation development is taken from a
summary of the Doyle/Glover parameterization(2) by
Ridgely(S5:1-8). The resulting equations from the scaling
are

-1 ~

us= 8u u (2.11)
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Fig. 2.5 8caled standard Block Diagram for
H2 Optimization




The scale factors

of the right hand

The plant equations nowv

y=

Sy Y

(2.12)

are found using a Cholesky decomposition

) 4

side of the equations
Sy 8y = Dy Dy,
ThT = pypy”
become
X = Ax + Bld + E ;
e = Cyx + by
7= Sy D0
§2 = stu'l
2, - 5,5
Dyp = Dy,
Dy = SyP21

-3
"

ed

=
"

The family of all H2 compensators is given by

F,(P,K)

Cj(sl - Aj

A - K£C2

[K K¢,

3 £1

10

- B,K

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)
(2.23)

(2.24)

(2.25)

(2.26)




cy = “Ke (2.27)
K
| cl
"0 1
o= 1o ] (2.28)
Ke = By X, + D1, Cy (2.29)
K . = -(Dy B, TX. + C.) (2.30)
cl 2181 X7 2 .
- ~
Kg = ¥,C,0 + ByDy, (2.31)

T~
g1 = Y€1 D4, v B

K (2.32)

vhere xz and Y2 are the solutions to the Ricattl equations
< < T T = < T 5 =T ~ TA
(A-szl2 Cl) x2+x2(A 82012 Cl)—XZBZB2 x2+c1 C1 = 0 (2.33)
(A 81D21 c2)Y2+Y2(A 81021 Cz) Y202 CZY2+81 1 - o (2.34)
vhere
C, = (I - D,,D,,7)C (2.35)
1 12712 1 :
B, = B, (I - D,, D, ) (2.36)
1 1 21 "21 )

and Q is any stable, strictly proper, transfer function such

that

2

pt (2.37)

ol < 7% - 7,

r 4 is the optimal 2 norm solution, wvhich is obtained

opt
vhen Q is chosen equal to zero. A suboptimal solution is
obtained for Q not equal to zero.

In the Doyle/Glover parameterization for Hw

11




\" optimization, the following conditions must be satisfied:
Ll 1) D11 = 0 and D22 = 0
|
2) D127#D12 = I and D21#p21T = I
' 3) (A,Bl) controllable and (Cl,A) observable
4) (A,B2) stabilizable and (C2,A) detectable
' In addition, the parameterization for Hw optimization also
l requires scaling on 4 and e as showvn in Figure 2.6. The scale
factors are given by
. a=77» a (2.38)
' e=7y e (2.39)
y = 8 (2.40)
ll b4 y Y
u=s 1y (2.41)
'l u
vhere again Su and Sy are found using a Cholesky
' decomposition of the right hand side of
T 1 T
Su su ¥ D12 D12 (2.42)
|' and
-1 -1,T _ 1 T
The plant equations become
X = AX + Bld + Bzu (2.44)
e = C;x + D,,u (2.45)
Yy = c2x + Dzld (2.46)

vhere

12
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is given by

Doy

/¥ Bl

BZS

u

-1

1/» C1

s C
) 4

2

-1
Y177 Dy,8,

S

The family of all stabilizing compensators such that

/r 8 D21

IToale € 12

Ted

b 4

F,(3,0)
-1
cj(sI Aj) Bj + Dj
~ -~ -~ T -~
A - KC, - B
K
C
"0 1
10
~ ~ -
(B,TX® + D ,7C, ) (I-Yokm)
~(D..B.TXw + €.)(I-YaXw)
2181 2
~ ~
Yec,” + B,D,,
14

2 + YaFl (cl-DIZKC)

1l

1l

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)
(2.55)

(2.56)

(2.57)

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

(2.63)




Kfl = Yacl D12 + B2 (2.64)
wvhere Xo and Yo are solutions of the algebraic Ricatti
equations

O T >~ 7 > - T ~ T, _
(A-BZD12 Cl) x«»Xw(A-szlz Cl)-XmBZB2 XotC, 'C, = 0 (2.65)
and
g -7 T ~ T oo T _
(A-Blo21 Cz)Yw+Yw(A-BIDZI Cz) -Ymc2 czYo:»BIB1 =0 (2.66)
where
C, = (I - D,,D,,0)C (2.67)
1" 12712 1 *
B, = B.(I - Dy D,:) (2.68)
1 "1 21 21 :

and Q is any stable, proper transfer function such that

jaj, <1 (2.69)
These equations are solved by what is known as gamma
iteration. The Hw optimal solution is not unigque. To be
valid, Xo and Yo must have solutions that are elements of the
Ricatti domain and positive semidefinite. The reasons for
this are covered in the Doyle/Glover development(2:833). The
product YwXom must also have a spectral radius less than one,
vhere the spectral radius of a matrix A is given by

p(A) = max|r, (M) (2.70)
i

The above eqguations were solved using PC-MATLAB

routines.
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I1I. Problem Description

3.1 General Description

The aim of the design vas to develop a lateral autopilot
that met the design requirements. The autopilot had to meet
performance, robustness, control activity, and gust response
requirements over a range of fourteen flight conditions.

The autopilot is to operate in two modes: heading hold
mode, and localizer capture and track mode. 1In the heading
control mode, the autopilot is to track a pilot-commanded
heading angle. 1In the localizer capture and track mode, it
must drive the cross track error to zero and align the
alrcraft velocity vector with the runwvay heading. Figure 3.1
shows a diagram of the appreach geometry.

In this thesis, only the localizer capture and track
autoplilot will be designed. The localizer capture and track
autopilot is more difficult to design since it must track two
signals.

3.2 PpRlant Description
The state space representation for the fourteen flight
conditions was provided. These are in the form
X = Ax + Bu (3.1)
Yy = Cx + Du (3.2)
The state space representations are for the lateral dynamics
of the alrcraft. The states are

x=(pRBpeorvwvy ]T (3.3)

16
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vhere
- side slip angle (degq)
p - roll rate (deg/sec)
@ - roll angle (deg)
r - yav rate (deg/sec)
¥ - heading angle (deg)

Yy - cross track error (ft)

The outputs are

_ . . T
Y (g ny b 4 Vgt] (3.4)
wvhere
3 - side slip angular rate (deg/sec)
ny - side acceleration (g's)
t - yav acceleration (deg/secz)
Vgt - ground track heading angle
The control inputs are
us=_¢(6a 6r 17 (3.5)

wvhere

éa = aileron deflection angle (deg)
6r = rudder deflection angle (deg)

The disturbance input wvas

;g = beta gust (deg)
The numbering for the flight conditions is not sequential
since they wvere taken from a larger data base of linearized
flight conditions. The £flight conditions provided are 001,
004, 017, 020, 033, 036, 049, 052, 065, 068, 081, 084, 097,
and 100. The state space representations for these are in

Appendix A.

18
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3.3 Desjign Reguirements

The design requirements include specifications on
performance, robustness, control activity, and gust response.

The performance specifications required zero time domain
overshoot and zero steady state tracking error. The bank
angle could not exceed 30 degrees. The lateral acceleration
during aircraft maneuvers wvas to remain belov 0.05 g's. The
bandwidth requirements are just stated as to maximize
response bandwidths wvhile remaining within limitations on
overshoot and control surface activity.

The robustness requirements are stated in terms of the
eigenvalues or pole placement. A minimum damping ratio of
0.4 is required for all modes. The minimum damping ratio on
the dominant mode is required to be 0.6. Stability margins
of 4 db and 40 degrees simultaneously are required for all
inputs and outputs.

The control surface activity for the ailerons and
rudder must remain within t+ 15 degrees. The control surface
rates must remain belov + 30 deg/sec.

There were additional requirements placed on the
response to a 1 ft/sec RMS Dryden gust. The heading and
sideslip angular positions are to remain below 0.5 degrees.
The angular rates for these twvo states must remain below 0.5
deg/sec. The control surface activity for the qgust response
is to be less than 2 degrees in position and 5 deg/sec in

rate for the ailerons and rudder.

19




3.4 oOpen Loop Plant Description

The flight conditions given are for various phases of
the approach, including different aircraft configurations,
The data can be broken down into two groups based on
velocity. Flight Conditions 001, 017, 033, 049, 065, 081,
and 097 are for a slowv approach. Flight Conditions 004,
020, 036, 052, 068, 084, and 100 are for a fast approach.
Table I 1list the aircraft parameters.

The typical lateral dynamics include the spiral, roll,
and Dutch roll modes. The spiral and roll modes have real
roots and the Dutch roll is a complex conjugate pair. The

roots for the three modes for Flight Condition 084 are

spiral: xl = -0.0107 ( T, < 93.5 sec )
roll: Az = -3,4824 (-t2 = 0,287 sec)
Dutch roll: A = -0.1278 + 1.5028

3,4
The Dutch roll has a natural frequency, wn, of 1.508 rad/sec

and is very lightly damped with a damping ratio of 0.085.

All flight conditions, with the exceptions of 065 and 097,
have stable roots. The characteristics modes are given in
Table 1II.

The heading and cross track error states were added for
the localizer capture and track mode. These tvo states
introduced tvo poles at the origin. The heading angle is

given by
b 4 (3.6)

®i=

and the cross track by

20
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Wi

Vsin(y + 3 - ¢sina) (3.7)

vhere

V - alircraft velocity (ft/sec)
a - angle of attack (deg)

An explanation of the localizer capture and track mode is
given in Roskam (6:1198-1207).

To evaluate the open-loop frequency domain
characteristics, the open-loop singular values were plotted.
The singular value plot for f£light conditions 001 and 004
are shown in Figures 3.2 - 3.3. The general trends
are that the plant has wvidely separated singular values at
lov frequency. The plant doesn't exhibit integral action.
The o has very lov gain at lowv frequency. This will need to
be corrected for good performance and steady state tracking
accuracies. The plant, as given, is proper and doesn't roll
off at high fregquency. This will need to be changed for

robustness, and to be able to use H2 and Ho optimization.
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IV. Problem Synthesis

4.1 Modifjcation of the Plant

The state space description of the plant as given is
not strictly proper. One of the requirements of H2 and Hw
theory is that the D22 matrix of equation (2.8) be zero.
This means that the plant can have no feedforwvard elements.
In order to satisfy this requirement, actuator dynamics were
augmented into the plant. The actuators for the aileron and
rudder wvere represented by

15

éa(s) = 6!(8) = —s:lT' (4-1)

The state space representation of the actuators is given by

&= A6 + BS, (4.2)
and
y = Cé (4.3)
vhere
-15 0 1 o [ o
A= [ 0 -15 B [ 0 1 ] ¢ [ 0 15

The actuator dynamics wvere augmented into the plant by

cascading the tvo systems together as shown in Figure 4.1.

—| G [—| 6 |—— +» —| 6,6, |—

Fig. 4.1 Cascaded Systems
This ylelds a nev state space representation with eight
states. The singular values vere replotted for flight

conditions 001 and 004, and as expected for a strictly proper
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system, the singular values rolled off at 20 db/decade at
high frequency as shown in Figures 4.2 and 4.3.

In addition to augmenting the actuator dynamics, the
cross track error vas scaled by 100 to normalize outputs.

Now the system could be formulated into the standard
problem shown in Figure 2.4.

4.2 Small Gain Problem Formulation

In order to formulate the control design into the
standard problem, a suitable block diagram was needed. The
block diagram in Figure 4.4 wvas used.

The system has exogenous inputs, 4, of tracking signals,
gust input, and sensor noise. These are labeled 41, 42, and
d3 respectively. The tracking signals for the localizer
capture and hold autopilot are the heading angle and cross
track error. The only disturbance is the gust input.

The outputs of the system as gliven were

T

v=I[f n t v t | (4.4)

Y g
These wvere modified to
v = | k ny wgt Y lT (4.5)

The output of the cross track error wvas added since the error
signal for this state is desired. The yawv acceleration wvas
deleted since it was not needed.

The dl vector vas made the same as v to keep the number
of lnbuts and outputs equal. This wvas done in order to
formulate the problem with a tracking error signal of r-v as

is done in the tracking problem setup in Francis (3:3.4-3.5).

27




juetd pajudwbay - TeA -buyg uado T00 -Puod IYBTTA z°'y ‘bia

8/pex ~ dFUJ
s0T 2071 107 00T 1-07 2-0T1 c-07
0St1~—-
14
LT]/
,//
AL 001-
17[7
. /f/ll!
-.JJI - 1J1.l
H- fﬁl /7/ ;ﬁ 1T;.\\ﬁ\|| 08= (72]
s ~ L 2
,.rrrlll 11 \ﬁ\A ') “
) -~ . i =
N ° £
/J 0
JLIJf W..
/ 09
37//
- ] / 007

0ST




jueld pIjuswbny - tea ‘buys uado y¥00 ‘puod ybITd €'y °H1g
s8/pel - BDIAYJ

c0T 201 107 00T 1-07 2-07 c-0T
0ST—-

h Y

~ii A 11 4001~

P

j/ Jrvv Sl

29

i
7
QP - TVA DNIS

0S

P-4 007
/

oSt




weibejqg 32o1d waysks y°v °bId

nvu
mo mt
Qk" Ar. & —
D e o [ J |—e+—{ ‘ () Freo— (%) Tupe— °
A T x x T« n b 1{°) -
°q d (s)°a
[
ZP




The control input is also included in the cost function
1/2

[| r-vj? + Jeu? ] (4.6)
vhere p is a wveighting factor to penalize the amount of
control powver used.

Weights were put on the incoming signal, 41, and the
error signal, el. These were added to make the system
tunable vhen designing the compensators and to satisfy the
H2 and Ho requirements.

The system block diagram in Figure 4.4 is a hybrid of
the plant state space representation and the transfer
functions of the weights that have been added. To put the
system in the form of equations (2.6)-(2.8), the wveights need
to be written in a state space form. These, along with the
plant state space representation, are then substituted into
equations (2.6)-(2.8).

The weight on d1, W1, can be written as
Alxl + Bldl (4.7)
- r= Clx1 + Dldl (4.8)
The weight on the error, We, can be vwritten as

%y

*e = Aexe + Be(r-v) {(4.9)

e, = Cexe + De(r-v) (4.10)

1
The weight on the control input is a diagonal scale factor

given by

e, =p (4.11)

Now using Figure 4.2,

= + d + 4,12
ip Apxp Bg 2 Bpu ( )
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Yy = Cpx, (4.13)

v = cpxp + ngz + D3d3 (4.14)

These equations can be used to write

x

e Aex +BC.,x, +BD,d -BCx -BDd4d, - BD.A (4.15)

e e 171 e l71 e pp e g 2 e 33

Cexe+ Declx1 + DeDldl - Decpxp - Deng2 - DeD3d3 (4.16)

The standard problem state space form can nowv be

€

vritten for Figure 4.4 as

ENEE R EA R B o 1[e1] [By
*1 =10 Al Xy + Bl 0 0 d2 +J0 J({ul]
| %] Le.c, 8.c; adlx] LB, -B0, -B.0,]la;] o Jeaamy
[ ©1] [PeC Pe€1 Cel[*p] [ PeP1 ~PePq “PeP3][1] fo liw
1 ®2)" o o o JI*1|*] o 0 o J|%2*|e Jus.10)
[ X el CPY

[ y J=[-Cp Cl 0 ] PXp- [ Dl -Dg -03 ] rdl. +[0 J(\J]
+ a (4.19)

The conditions for the Doyle/Glover parameterization
regquire D11 and D22 to be zero. D22 has already been taken
care of. Dll is made equal to zero by choosing the weights
properly. From equation (4.18), it can be seen that De must
be zero. This says that the weight on the error signal must
be strictly proper.

T

The other conditlons are that 012T012 and D21D21" be
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similar to I. The first condition is satisfied, in that

p12Tp12 = P2

(4.20)
wvhich is chosen to be a full rank diagonal matrix. The later
is satisfied by
T T T T
D21D21" = DIDI + Dng + D3D3 (4.21)
vhere D3 is a 4 by 4 identity matrix added for inputing

measurement noise, D_ is a 4 by 1 vector the gust

g
disturbance enters the output of the system through, and D1
is a 4 by 4 matrix since Wl is proper. This guarantees that
equations (4.20) and (4.21) have full rank.

The open loop plant is both controllable and observable.
The augmented system is stabilizable and detectable.
Condition 3 for Ho requires that (A,Bl) be controllable and
(A,Cl) be observable. These conditions are not truly met, as
the condition numbers of the controllability and
observability matrices are very large. The condition number
is the ratio of the maximum and minimum singular values. A
large condition number is indicative of a nearly singular
matrix. This will probably cause numerical problems in the
computation of the Ho controllers. This problem will be
addressed later in the discussion section.

The system egquations can be modified nov that the form

of the weights has been specified. The new equations are
: 0 B 0 |
1% % %] g 1| P
*1 =10 Al 0 Xy + Bl 0 0 d2 +]0 J(ul
*e —Becp Bec1 Ae Xq BeDI -BeDg -BeD3 d3 0 J(4.22)
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z b 7
e ][0 O .11 [ © 0 0 12,7 [ oltu
1"l o o o [1*11*] o 0 o [192]*le1]ca.23)

(v ]=[-cp c, 0 ]"xp1 (o, -Dy  -Dg J[a,]+[0 Jtuw
(4.24)

The problem synthesis is complete. These eguations will
nov be used in the H2 and Hw routines to design two

controllers for the aircraft's lateral autopilot.
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V. Analysis

5.1 General Approach

The goal of this thesis wvas to design one controller
that meets all the design requirements for all flight
conditions. It was determined that one controller would not
meet the specifications for all flight conditions after a
controller designed for a nominal case for all fourteen
flight conditions yielded poor results in closed loop
simulation runs. The flight conditions were then broken down
into the slow and fast conditions. A nominal condition wvas
picked for which the design vas based on. Once these
controllers vere designed, they were used in the closed loop
simulation to evaluate the performance. A controller was
obtained using H2 and Ho control theory for both the slov and
fast approach flight conditions.

The techniques used to design each controller vas a mix
of trying to shape the singular value plots of the loop gain,
the sensitivity function, and the complementary sensitivity
function combined with evaluating the time domain response
characteristics. The veights on the input signal, W1, and on
the error signal, We, wvere varied in trying to obtain the
desired response. In addition to these, the scale parameter,
p, on the control inputs vas also varied.

The program PCMATLAB vas used for this thesis. Many
programs vere wvritten using the PCMATLAB-based softwvare. The

Control System Toolbox was also used.
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Routines to build the matrices in equations (4.22)-
(4.24) vere vritten. DOABCD formulated the A, Bl, B2, Ci1,
Cc2, D11, D12, D21, and the D22 matrices for input into the
code to solve for the H2 and the Ho controllers. These
programs returned the H2 and Ho controllers.

Routines to build the state space matrices for the
veights vere also written. These routines, DOW1l and DOWE,
returned the Al, Bl, Cl, D1, Ae, Be, and Ce matrices used in
equations (4.22)-(4.24).

The routine CLOSE formed the closed loop matrices
vhich consisted of the original plant and the controller.
The PCMATLAB routine LSIM was used to simulate the closed
loop systen.

Other utility routines were vritten. The routines RUNH2
and RUNHI used the above mentioned routines to do the design
form start to finish. Several routines to plot simulation
data and singular value plots were also vwritten. The user
written code is listed in Appendix B.

5.2 HNominal Controllex Design and Analysis

The f£light condition chosen for the nominal controller
design for the fast approach data wvas Flight Condition 084.
Flight Condition 033 wvas chosen for the nominal controller
design for the slowv approach data. The data is a sampling of
the most extreme conditions for the landing profile.

The wveights used in the design vere based on the

classical control ideas of bandvidths and gains. The
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response could be altered significantly vith the weights,

Weighting strategies of trying to shape the singular
value plots were also used. This entailed knowing what the
sensitivity of the system should look like and using a veight
vhich gave the desired sensitivity. The sensitivity should
be low at lov frequency since the loop gain is large. The
sensitivity function is given by

s = (1 + 6Ky}

(5.1)
On a Bode plot, the sensitivity goes to 0 db at high
frequency since GK is small. The veights were also chosen in
an effort to achieve high loop gains at low freguency.

The Bode magnitude plot of W1, the weight on the inputs,
is shown in Figure 5.1. This wveight is on the ground
track heading angle and the cross track error. The other
inputs were just passed through with unity gain since they
vere mainly there to achieve an equal number of inputs to the
nunber of outputs.

The W1 veights were chosen to shape the inputs of the
system as a step. Moving the bandwvidths had significant
effect on the system response, as did changing the DC gains.

The error weights, We, wvere just as effective. The error
veights were thought of in terms of penalizing a particular
signal. A good example of this is the lightly damped pole
from the Dutch roll mode around 1.5 rad/sec. This pole had a
damping ratio of 0.08, for Flight Condition 084, and wvas

increased to 0.52 by penalizing the sideslip angular rate
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errxor, f3_.

A The Bode plots of the weights for the four error

outputs are shown in Figures 5.2-5.5. The weights on ﬁ and

n__ each added one state to the compensator. The cholce of
veights on the ground track heading error, wgt . and cross
track error, ye, vere made in terms of adjusting the

gains for steady state accuracy and moving the bandwidths for
damping the response.

The flexiblility of the weights gave enormous amounts of
tuning control. Unfortunately, it also gives an enormous
amount of possible combinations of weighting. As mentioned,
several weighting strategies were used. The resultant
strategy was somevhat of a combination of all of them.

The success of shaping the singular value loop shapes
was minimal. The minimum singular value of the loop gain vas
very lowv. This caused problems in obtaining the desired
steady state accuracy in both channels.

When the weights wvere finalized for the nominal
controllers, the response for the closed loop system was run
for all f£light conditions. This will be discussed in the next
section. The closed loop system was formed by writing the
controller in its state space form, given by

X, = Acx, + By (x-v) (5.2)
u=0C x (5.3)

k“k
Closing the loop yielded the equations
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[:’cp]=[A Bck][xp]+[ 0 13g ] ]'dl A s
*k -Bkcp Ak xk Bk -BkDg -BkD3 d2 :
ﬁ3 4
(y I=st C 0 1[ xp]ﬂ 0 Dg D, 1[a; ] (5.5)
Xy d;
93 d

The controller returned by the H2 and Hmo calculations has
the number of states equal to the original plant plus the
number of the states associated with the wveighting filters.
The final controller has 16 states.

The initial conditions input to the simulation were an
initial cross track error offset of 2500 feet. This
corresponded to intercepting a 2.5 degree localizer beam
at 9.5 nautical miles from the transmitter. The initial
heading angle was aligned with the runwvay heading angle which
vas 0 degrees.

The response obtained for the nominal system for the
H2 controller designed using Flight Condition 084 and 033 are
shown in Figures 5.6 and 5.7. The response for these
controllers met all the specifications. All poles had a
damping ratio greater than the rn~quired 0.4 and the dominant
pole vas greater than 0.6. The steady state tracking for the
cross track error and ground track heading angle also met the
specifications. The control surface angular positions and

rates vere vithin the allowable values.
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The singular value plots for Flight Condition 084 and
033 are shown in Figures 5.8 - 5.9. The loop gain for both
cases is not high enough for good performance robustness.
This will be addressed in the next section when these two
controllers are used for the off nominal conditions. The
maximum singular value of the closed loop or complementary
sensitive function for both cases indicates adequate stability
margins.

The approach for the Hwo controller design was basically
the same as for the H2 controller except for the addition of
the gamma iteration. Gamma, the scale factor shown in
Figure 2.6, must be chosen close to the optimum Ho norm.

This is necessary since the Hw optimal controller can only be
approached and not calculated directly as in H2 optimization.
The weights used for the H2 controller design required
modifications to allov the Hmo computations to achieve
reasonable results. By this, it is meant that initially the
controller developed using Heo control theory and Flight
Condition 084 destabilized the closed loop system. The
reason for the destabilizing controllers was numerical error.
The controllability and observability conditions required for
(A,Bl) and (Cl1l,A) in Ho control theory were not met.

The initial value of gamma used to achieve a solution
vas 170. This was improved upon by bringing the separation
of the poles and zeros in the veights closer together. The

final controller designed for the fast approach data using

49




1230 TH X103 s£307d 9nTeA 1e(nbuyg pgo Puod I1d

M
s01 1-01 »-01
0S-
B
Va ik
\ )
/ a
)14 7
Y
AS dung £anjsulg °q 0
E N N &N I BN G BE am e

20T

"2 -ceg°s ‘bia
A

1-01

»-01

oSt -

001 -

W —

oS-

qQp - ¥vwm

AS Q00T paIso[) O
A

1-07

0S

»-01

oSt -

00t -

qp - dem

7
1/

S - h A B = B B B

S0




1230 ZH 103 S301d InTeA IRINDUT8 €E€0 PUOD ITd °d -"®6°g *brd

M
201 1-0T »-0%
\ 110) O
W
N| 001~
ll p/ “
N
N &
. 0
AS doo paso) ‘o 0S
A A
20T -0T -
1 ’ OOWI 307 1-0T »-01
002c—
/
- -
/-—-ov— B oo1-B
m N N, 4
\ | TN "
) N VAN |
Y% © i SS  A
= ..4“.\\. e
AS oung Huanwass -q 0 AS uien dooq ‘e 001

51




Flight Condition 084, had a gamma of 67 and a spectral radius
of 0.38. Similar problems were encountered for Flight
Condition 033. The controller designed for this case had a
gamma and rho of 77 and 0.47, respectively. The

modified weights allowed gamma to be reduced and the optimum
Ho norm to be approached, but not close enough to achieve
desirable results. The maximum Ho norm for Teq Yas
calculated to be about 0.85. More discussion about the
reasons for some of the results obtained will follow in the
next section.

The final designs using Ho optimization yielded results
that met the specifications for the nominal f£light conditions.
The time plots for the two cases are shown in Figures 5.10
and 5.11. The tracking and response of the system wvas
acceptable. The control surface activity wvas within the
specified limits. The damping for all modes was greater than
0.4 and the dominant mode damping was greater than 0.6. The
roll angles and normal acceleration were well within the
limits.

The singular value plots for the Ho designs for Flight
Condition 084 and Flight Condition 033 are shovn in Figures
5.12 and 5.13. The loop gain minimum singular values show
that the system does not have adequate gain at low
frequency wvhich implies the system will not be robust to
parameter variations. The bandwidth of the system is also

very lowv.
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VIi. Results

6.1 Closed Loop Simulation Results

The closed loop simulation was run using the controllers
developed using the H2 and Ho control theory. The H2
compensator developed for Flight Condition 084 was used as
the controller for flight conditions 004, 020, 036, 052, 068,
084, and 100, the fast approach flight conditions. The H2
compensator designed for Flight Condition 033 was used in a
closed loop simulation for f£light conditions 001, 017, 033,
049, 065, 081, and 097, the slow approach flight conditions.
The time plots for the H2 simulation results are shown in
Figures 6.1-6.12.

The simulation results for the off nominal conditions
vere varied. Flight Conditions 001 and 004 had an unstable
pole. Looking at the time history plots for these twvo cases,
it is clearly evident that Flight Condition 001 is unstable.
The same is not true for Flight Condition 004. The time
constant for the unstable mode is very large and does not
show up over the duration of time plotted. All other £flight
conditions were stable and had a damping ratio of greater
than 0.6 for the dominant mode. Flight Conditions 065
through 100, with the exception of 084, had modes with
a damping ratio of less than 0.4. The lovest damped mode for
these cases was 0.27.

The steady state tracking accuracies were also varied.
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The fast approach flight conditions tracked reasonably well.
Several of the cases had not achieved zero steady state
tracking accuracies during the desired time interval. The
slowv approach cases took even longer in approaching the
desired steady state values.

The control surface activity was wvell within the
specifications. The angular positions and rates were within
*15 degrees and the *30 deg/sec, respectively. The bank
angle never exceeded about *17 degrees. The lateral
acceleration never exceeded 0.01 g's.

The Hw results were not as favorable when the
compensators designed for Flight Conditions 033 and 084 were
used in the closed loop simulation for the other flight
conditions. The results for the fast approach flight
conditions yielded an unstable mode in all cases except for
Flight condition 004. The results for the slow approach data
had an unstable mode in all cases.

6.2 Discussion of Results

The performance for the controllers developed did
not achieve the performance desired. Originally, the goal
vas to design one controller using H2 and Ho control theory
that would meet the performance, stability, and robustness
requirements. It vas found that the velocity dependence of
the performance required the data to be grouped into two sets
of data. It vas hoped that controllers could then be

developed that would yield acceptable results. The intent
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wvas then to compare the results of the H2 and Hwo results.

The H2 and How control theory did yield acceptable
results for the nominal cases for which the compensators were
designed. All specifications were met for the nominal fast
and slov approach £light conditions.

The H2 compensators did yield better performance wvhen
used in the off nominal cases. This was expected since the
loop gain for the H2 designs was higher therefore implying
better performance. Adequate loop gains still could not be
achieved for either compensator with H2 or Ho control theory.

It vas noted earlier that the controllability and
observablility matrices were poorly conditioned. The
requirements for H2 and Ho control theory are that the (A,Bl)
and the (A,Cl) matrices be stabilizable and detectable for H2
and controllable and observable for Ho. The poor
conditioning of these matrices obviously resulted in numerical
problems, since these requirements were violated.

The effects were clearly noticeable when designing the
Ho controllers. The weights used for the H2 design did not
work for the Hw design. The value of gamma required in the
gamma iteration ylelded an Ho controller that was very close
to the H2 controller. This occurred because as gamma
approaches a large number, the Ho equations reduce to the H2
equations. There vas also some noticable effects when the
veights wvere changed. As the weights were changed, checking

the controllability and observability matrices revealed that
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the conditioning, while still very poor, was improving. The
condition number was reduced by 10 orders of magnitude by
adjusting the weights. As mentioned before, the results were
that the value of gamma could be reduced and the spectral
radius increased.

The poor conditioning of the plant may have been
responsible for not being able to achieve good control
response. An analysis of the plant conditioning revealed it
vas poor. In (1:586), it is stated that " the plant condition
number provides a gquantitative means for assessing the degree
of difficulty in achieving good control." 1In addition, the
comment is made that to obtain a good loop shape (high gain
at lov frequency), wvhile ensuring robust stability, the plant
must be well conditioned.

The selection of weights wvas very difficult. The
process wvas highly iterative. The process of selecting
veights, checking the singular value plots, and looking at
the time response plots was very time consuming. The veights
selected affected the response dramatically. Even with all
this ability to shape the response, the final selection of

veights did not yield the desired performance.
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VIiI. Conclusions and Recommendations

7.1 Summary and Conclusions
The objective of this thesis was to design a lateral ‘

autopilot for a transport aircraft using H2 and Ho control
theory. The autopilot was to be robust with respect to
variations in flight conditions.

After background information was covered in Chapter 1,
the H2 and Ho control theory was covered. Important aspects
of multivariable control theory wvere also discussed. The
standard problem formulation was identified.

In Chapter 3 the problem vas stated. The data
provided included the state space representations of fourteen
flight conditions in addition to specifications on
performance, robustness, and control activity.

This data was then taken and formulated into the
standard problem or the small gain problem. Once in this
form, an iterative method of design techniques wvas used in
developing a controllers using H2 and Hwo theory.

In Chapter 5, the controller development was covered and
the performance for the nominal cases wvas given. Then in

Chapter 6, the controllers developed for the nominal cases

vere used in a closed loop simulation and evaluated over !
fourteen flight conditions.
The controllers developed using the H2 control theory

provided the best performance and stability robustness for
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the flight conditions tested. While these controllers
provided some measure of stability and performance
robustness, they still did not achieve the desired results.
The i1l conditioning of the plant may have limited the
achievable results.

The Ho controllers did not stabilize the off nominal
conditions. The (A,Bl) and (A,Cl) matrices being
uncontrollable and unobservable numerically is the apparent
reason for the poor performance of the Hmo controllers. This
led to numerical problems as evidenced by the destabilizing
controllers. The optimal Ho solution could not be
approached. The minimum value of gamma that could be used
vas vell above the optimum value.

The controllers obtained using Ho control theory were

different from the H2 controllers, but they wvere not
optimum. Due to the numerical errors in the calculations,
it is unclear exactly hov to characterize them.

The weight selection provided a large amount of
flexibility in shaping the system response, but the desired
system response and robustness were not achieved. An
extensive iterative process of weight selection vas
accomplished. The results given wvere the best obtained. 1It
is thought that, because of the extensive search, the
required performance may not be achievable from wveight

selection alone for this problem setup.
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7.2 Recommendations

The problem synthesis and weight selection consumed the
majority of the effort. The process of setting up the
problem is very undefined but is also very important. This
problem as given had a poorly conditioned plant. The outputs
chosen resulted in very low loop gains for the open loop
system. A different set of outputs can yleld a plant
that is better conditioned. A look at using state feedback
shoved a considerable improvement in the open loop system.
This approach wvas not used since 2 could not be measured.

If the plant conditioning can be eliminated as a
concern, the numerical problems encountered while using Hw
control theory may disappear or improve. 1If the numerical
difficulty associated with Ho contzol theory is still present,
it would be beneficial to quantify what the numerical limits
on the conditioning of the controllability and observability
matrices are that defines wvhen a system is uncontrollable and
unobservable numerically.

This leaves the area of veight selection. The selection
of a veighting strategy is very important. This is closely
tied in with the problem setup. The probl.a :s setup had
veighting filters on the inputs and error si. als. As
mentioned previously, the weights also contributed to the
numerical problems. 1In trying to achieve the desired loop

shapes, the veight selection caused the conditioning of the
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controllability and observablility matrices of (A,Bl) and
(A,Cl) to be poor, respectively.

The process of wveight selection is highly iterative and
time consuming. A more structured vay of choosing wveights is

needed.
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Appendix A: Lateral State Space Data

The following data is the state space models for the
fourteen flight conditions for the Boeing 737 aircraft. The
data is presented as it was given. The states are

lﬂp¢rvle

X

The outputs are
y=10¢p ny r Vqt ]

The inputs to the system are

u = [ 6a 6: ﬂg )
The flight conditions are 001, 004, 017, 020, 033, 036, 049,
052, 065, 068, 081, 084, 097, and 100. The A,B C, and D

matrices are listed by letter and flight condition number.
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Appendix B: MATLAB User ¥ritten Routines

routine dowl
builds al,bl,cl1,d4l1

outputs: al,bl,cl,bdl

oF gP oF oF oP oF #

Wl on 1-2 is unity
num4=wlk4*([1 wladl;
numS5=wlk5*{1 wla5];
dend=[1 wlb4];
den5=(1 wlb5]);
al=zeros(2,2);
bl=zeros(2,4);
cl=zeros(4,2);
dl=zeros(4,4);
dl(1,1)=1;
d1(2,2)=1;
[a,b,c,dl=tf2ss(num4,dend);
al(l,1l)=a;
bi(1,3)=b;
cl(3,1)=c;
d1(3,3)=4;

clear a b c 4;
la,b,c,dl=tf2ss(num5,dend);
al(2,2)=a;
bl(2,4)=b;
cl(4,2)=c;
d1(4,4)=4;

inputs: wla4-wvla5,wlb4-vlb5,wlk4-wlk5

W1l on each channels 4,5 is of the form k*(s+b)/(s+a)

clear a b ¢ 4 num4 num5 den4 denb




forms weight We on outputs betadot,Ny,psigt, and y.
inputs: wvekl-vek5 veal-wea5 vebl-web5 veclé&vec3
outputs: matrices ae be ce

routine dowve

We for betadot and ny is We = k*a/(s+b)
We for psigt and y is We = k*(s+a)/(s+b)(s+c)
veight on betadot
num=vekl*wveal;

den=[1 webl]);
(a,b,c,d)=tf2ss(num,den);
ae(l,l)=a;

be(l,1)=b;

ce(l,1l)=c;

clear num den a b ¢

% weight on Ny

num=wek2 * wvea2;

den=[1 web2];
f[a,b,c,d]1=tf2ss(num,den);
ae(2,2)=a;

be(2,2)=b;

ce(2,2)=c;

clear num den a b ¢

% weight on psigt

num= wekd4*[1l wveadl,

den=[1 (webd+wvecd) wvebd*wvecd];
{a,b,c,dl=tf2ss(num,den);
ae(3:4,3:4)=a;

be(3:4,3)=b;

ce(3,3:4)=c;

clear num den a b ¢

% wveight on y

num= wek5%[1 weas]);

den=[1 (webS5+wec5) webS5*wec5];
[a,b,c,d)=tf28s(nun,den);
ae(5:6,5:6)=a;

be(5:6,4)=b;

ce(4,5:6)=c;

clear num den a b ¢
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routine dowve
forms veight We on outputs betadot,Ny,psigt, and y.
inputs: vekl-wvek5 veal-wea5 vebl-wveb5 weclévec3
outputs: matrices ae be ce
We for betadot and ny is We = k*a/(s+b)
We for psigt and y is We = k*(s+a)/(s+b)(s+cC)
veight on betadot
num=vekl*veal;
den=[1 wvebl];
[a,b,c,d)=tf2ss(num,den);
ae(l,l)=a;
be(1l,1)=b;
ce(l,1l)=c;
l clear num den a b ¢

S veight on Ny

num=vek2 * vea2;
| den=[1 web2];
l [a,b,c,d)=tf2ss(num,den);
ae(2,2)=a;
be(2,2)=b;
ce(2,2)=c;
clear num den a b ¢
% velght on psigt
num= wek4*[1l vead];
den=(1 (vebd+wecd) wvebdtwvecd];
[a,b,c,d)=tf2ss(num,den);
ae(3:4,3:4)=a;
be(3:4,3)=b;
ce(3,3:4)=c;
clear num den a b ¢
% velght on y
num= wvek5%*(1 weab];
den=[1 (webS+vec5) web5S5*wecS5]);
fa,b,c,d)=tf2ss(num,den);
ae(5:6,5:6)=a;
be(5:6,4)=b;
ce(4,5:6)=c;
clear num den a b ¢
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S routine doabcd

%S builds A Bl B2 C1 C2 D11 D12 D21 D22 matrices

\ nsa - § states in the plant

% nsl - § states in Wl

% nse - § states in WE

% ndl,nd2,nd3 - # exogenous inputs

S nu - # of control inputs to plant

NS ne - # of controlled inputs

N nog - # of plant outputs

% rhoda,rhodr - penalties on control inputs

nsa=§;

nsl=2;

nse=6;

ndl=4;

nd2=1;

nd3=4;

nu=2;

nel=4;

ne2=2;

nog=4;

rhodadr=[(rhoda 0;0 rhodr];

% make A

A = [a084 zeros(nsa,nsl) zeros(nsa,nse);
zeros(nsl,nsa) al zeros(nsl,nse);
-be*c084 bet*cl ae 1;

% make Bl

Bl = [zeros(nsa,ndl) bg084 zeros{(nsa,nd3);

bl zeros(nsl,nd2) zeros(nsl,nd3);
be*dl -be*dg084 -be*d3 1;
% make B2
B2 = [b084

H
zeros(nsl nu) ;
zeros(nse,nu)l;

% make C1

Cl = [zeros(nel,nsa) zeros(nel,nsl) ce ;
zeros(ne2,nsa) zeros(ne2,nsl) 2zeros(ne2,nse)l;

% make D11

D11 = [zeros(nel,ndl) zeros(nel,nd2?) zeros(nel,nd3);
zeros(ne2,ndl) zeros(ne2,nd2) zeros(ne2,nd3)];

% make D12

D12 = {zeros(nel,nu) ;
rhodadr*eye(2)]);

% make C2

C2 = [-c084 cl1 zexos(nog,nse)l;

% make D21

D21 = (41 -4g084 -43];

% make D22

D22 = [zeros(nog,nu)l;




% routine close

% closes loop vith plant and compensator

% ndl,nd2,nd3 -~ inputs to closed loop system
S no - outputs of closed loop system

A nsc - §# of states in the compensator

N a,b,c,d - closed loop system matrices

nsc=16;

% make a

a = [ a084 bO084%*ccp;
-bcp*c084 acp };

% make b

= [zeros(nsa,ndl) bg084 zeros(nsa,nd3l);

b
bep -bcp*dg084 -bcp*d3

% make ¢

c = [c084 zeros(no,nsc));

% make d

d = [zeros(no,ndl) dg084 4a3];

1;




N routine rh2064
S bullds matrices for computation of H2 compensator

N calculates compensator, close loop, and runs simulation

% plots states and outputs of systen

dowe;

dowl;

abcdos4;

h21qg;

close084;

cleanup

pack

ly,x)=1lsim(a,b,c,d,u,t,x0);x=x(:,1:8);
plot(t,x(:,1));qgrid;ylabel('beta');xlabel('time - sec');pause
plot(t,x(:,2));9rid;ylabel('p');xlabel(‘'time - sec');pause
plot(t,x(:,3));qrid;ylabel('phi');xlabel('time - sec');pause
plot(t,x(:,4));grid;ylabel('r');xlabel('time - sec');pause
plot(t,x(:,5));9rid;ylabel('psi');xlabel('time - sec');pause
plot(t,x(:,6));grid;ylabel('y');xlabel('time - sec');pause
plot(t,x(:,7));grid;ylabel('dela’');xlabel('time - sec');pause
plot(t,x(:,8));grid;ylabel('delr');xlabel('time - sec');pause
plot(t,y(:,1}));9rid;ylabel('beta dot');xlabel('time - sec');pause
plot(t,y(:,2));grid;ylabel('ny');xlabel('time - sec');pause
plot(t,y(:,3));grid;ylabel('psigt');xlabel('time - sec');pause
plot(t,y(:,4));9rid;ylabel('y');xlabel('time - sec');pause
save xytemp x Yy a b c d acp becp ccp dcp t




% routine pltwlp

N plots the bode plot of the input veight on psigt
num=wlk4*{]l vla4];den=(1 wlb4];pltbode;griq;
ylabel('mag W1(PSIGT) - db')

xlabel('FREQ - rad/sec')

% routine pltbode

% plots the Bode plot of a transfer function
{mag,pl=bode(num,den, freq);mag=20*10gl0(mag);semilogx(freq,mag)
grid

% routine svplts

A plots the loop gain singular value plot, the sensitivity
N function singular value plot, and the complementary
% sensitivity singular value plot
(a,b,c,d]l=serles(acp,bcp,ccp,dcp,aldd4, b084,c084,4084);
svgk=sigma(a,b,c,d4,1,v);
svgk=20*10ogl0(svgk);
svgk=svgk(1:2,:);
svs=sigma(a,b,c,d,3,v);
svs=-20*10gl0(svs);
(a,b,c,d]1=feedbk(a,b,c,d,2);
svcl=sigma(a,b,c,d,1,v);
svcl=20%logl0(svcl);
svcl=svcl(1l:2,:);
semilogx(w,svgk);grid;
title('Loop Gain SV');pause;
semilogx(wv,svs);griq;
title('Sensitivity Func SV');pause;
semilogx(w,svcl);grid;
title('Closed Loop SV')

save svtemp v svgk svcl svs
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