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ABSTRACT

In this paper different control concepts for servo-hydraulic test facilities are derived using exact linearization
techniques. Based on different linear and nonlinear models of the test table and the actuator dynamics several nonlinear
controllers of different complexity are derived. The closed loop system performance of the controlled servo-hydraulic
test facility is tested in various computer simulations using both, standard test signals and large test signals as system
inputs. The simulation results turn out, that in case of standard input signals the test facility controller must include a
linear test table mechanics model and a nonlinear servohydraulic actuator model. Additional simulations demonstrate the
robustness of the control concept selected for standard test signals with respect to variations of plant parameters.

INTRODUCTION (1)

Multi-axis servohydraulic test facilities are widely used for vibration testing of critical components of industrial
equipment and of future spacecraft. First theoretical investigations of multi-axis test facility control concepts based on
modern nonlinear control theory (exact linearization techniques) are (ref. 1) and (ref. 2). The control algorithms derived
in (ref. 1, 2) are based on complex nonlinear component models of the test table mechanics and on linear component
models of the hydraulic actuators. This paper extends the mathematical models of the servohydraulic actuators in (ref. 1,
2) from linear equations to highly nonlinear relations. Based on the different combinations of linear and nonlinear plant
component models (Section 2) different control algorithms have been derived (Section 3). Using the different control
algorithms of Section 3 various computer simulations have been made (Section 4) to find a trade-off between the
controller complexity needed and the closed loop system behaviour desired. Additional computer simulations proof the
robustness of the control concept selected with respect to plant parameter variations. The control algorithm selected
provides an excellent system performance and turns out to be amazingly insensitive with respect to plant parameter
variations.

NONLINEAR PLANT MODELING (2)

The test facility considered includes the following components (cf. 1):

- a rigid six degree of freedom test table with a rigid payload rigidly attached to it,
- =6 or /=8 servohydraulic actuators and

- an integrated control system.
Test table and payload mechanics
The nonlinear model equations of the test table mechanics are (ref. 1)

# =T(x)x
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where the first equation of (1a) includes the Poisson equations and the matrix T(x,) has been chosen as matrix of Bryant
angles; M is the inertia matrix of the test facility, Dy, and A, are the diagonal matrices of the actuator damping

. . . T T . -
coefficients and of the actuator piston areas, respectively; xl=[(r,‘5)r , nT] =[x,’f TR tp,9,y/] «IR® is the position
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and orientation vector of the spatial test facility, where the position vector I =[x"§ . yR ,z,’f] is represented in inertial
. . . T [(.R .R . T .

frame R and the orientations n=[¢,8,y]" are the Bryant angles; x2=[(r,5)7 , (w,fR)] =[xﬁ vh. 28, Pt q", rL] eR°® is

the velocity vector, where wiz =[pL .qt, r"] is the angular velocity vector represented in body fixed frame L; x, is the

acceleration vector; n is the vector of the centrifugal forces and of the gyroscopic terms; g is the nonlinear vector of

the gravitational force and the associated torque and p:=[p, ,---,p,]T e R' is the vector of the actuator pressure

differences. The nonlinear transformation matrix J7,(x,) maps the actuator forces from joint fixed frames K; into forces
and torques represented in inertial frame R and in body fixed frame L, respectively (compare the representation of x,).
The associated linear model equations are

M(‘I’r(%P)'xl"\'TdT'DK'Td'xl=TdT'AK'p (1b)

where 7, is the linearized transformation matrix J T, JeR>? is the inertia tensor and rleR? is the vector of the

common center of gravity.
Servohydraulic actuators
The servohydraulic actuators are modeled by the nonlinear equations (ref. 3)
p= By(pxy) %, ~Cy Qop(P)~Ci - Ax T, (1)} 1+ Bi(pxy )3y eR (2a)

where (for i=1,..., I, (I=6 in case of 6 actuators and /=8 in case 8 actuators acting onto the test table))

B‘(p’x"):C;,l'Ka'{Ql(P,xv)‘*‘Qu(P,xv)} eRY o
Bz(PaXV):=C;,l.Ka-{Q,,(p,xV)—Ql(p,xv)} eml,l

and

K, :=diag(aD,~ ~7r'd,--.\/W) eR"

o diag(W-sign(po -p;)o(x,—x, )) er"
ou :=diag(W sign(po+p; ) o(-x,;—x, )) er"
Csr 1=(O‘Di ‘Appiy2! plpi|-sign(p: )); o € R'

Cy :=4—LB-AK (L actuator length, B bulk modulus).

The associated linear model equations are
=C5 {0, - p—-AyJa(x) R (2b)
p=Cy [Qx xy+0p p—Ay-Ja(x)x;) €

where x, is the vector of servovalve piston positions x, =[x, xV,]T elR' and Cy,0Qp, Q,eR" are the diagonal
matrices of the actuator hydraulic capacities, servovalve pressure coefficients and servovalve displacement coefficients,
respectively. The plant simulation includes the following model equations of the servovalve mechanics

£y +28 0, %, 04 x, =k, 0% u €RY, (=1, .., D) (4a)

with £,,=0.7 and f, =, /27. In (42) u=[y .-, u]T €eR" is the system input. The control laws will be derived taking
into account the following simplified servovalve model

x,=kyu; €R", (i=1,..., ). (4b)
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NONLINEAR CONTROLLER DESIGN (3)

The subsequent nonlinear controller design is based on the trivial servovalve dynamics of (4b), where the servovalve
dynamics included in (4a) has been neglected (ref. 1). This tremendously simplifies the controller design. This
simplification will be justified by the subsequent simulation results. Then the choice of the system output y=h(x,):=x,
leads to a well defined vector relative degree of [3,3,3,3,3,3] (in case of /=6 servo-hydraulic actuators). Using in
addition the system output y=x, yields the normal form representation (5) of the simplified plant which provides the
basis for the subsequent controller designs.

4=y=%=2

L=Y=X =23 (5

Zy:=0;+f;u
where 2,=z,, 2, =12, and i, are the spatial test table velocity, acceleration and jerk, respectively, and a; , 8, (j= L I, III,
IV) are the different normal form plant relations (7a), (7b), (7c), (7d) associated to the plant models collected in Table 1,
respectively.

Based on the system equations (5) the nonlinear controller design is straight forward (ref. 1):
uzﬂ}?l-(v—aj) (6a)
where for /=6 B}‘ is the inverse of B;, and for /=8 B;' is defined as the right inverse of j;.

A suitable choice of Ky, K;, K,€R®® in
Vi:iad—Kz'(Za—st)“Kl '(22—224)‘1(0'(21—114) (6b)

guarantees a stable error dynamics of the closed loop system, where 234, 234, 234, zyy are the desired jerk, acceleration,
velocity and position set point signals, respectively. The measurements required in (6) are the test table degree of
freedom positions/orientations z,, velocities z, and accelerations z;. The plant nonlinearities are compensated by a; and
ﬁ (compare (6a)) where, the different representations of the controller relations «; and ﬁ depend on the plant com-
ponent model equations of Table 1. The different controllers investigated are (comp. "Table 1)

Case j=I (using (1b) and (2b)):

a; =M .TdT-AK '{C;Il 'QP'p_CI-il A Ty %y }—M-l 'TdT'DK Tk (7a)
B, =M""' ‘TdT A 'C}—l] Qp Ky,

Case j=II (using (1b) and (2a)):

ay=M"T] Ax -{Bz x,~Cii' Qpp—Ci - Ax Ty iy }—M_l T Dy Tydy (7b)
Bu=M"T] -A. C; K, -{Q, +Qu}Ky,

Case j=III (using (1a) and (2b)):

&y =

d3x1(p,xl,XZ)_ ﬁ 3){1 dtlx
- 2 (7¢)

+—x +—
dr’ " N
/3”,=T—M"-TJ-AK-C,}1-QP-KV,

Case j=IV (using (la) and (2a)):
d3x,(p,x1  %2) oKy oK

H,
a’v=——d13 o p+§]x‘ +— 8x2 ] (7d)
Br=T-M7"T] Ay-Cy/ 'Ka{Ql+Qll} Ky
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where

9
o,

) (T(xl)'xz)'xl+T('xl)'{M_l(xl)'["Il(xl)'AK'p_Jle(xl)'DK'Jxl(xl)'xZ_n(xl s X3 )~46(x )]} (8)

Both, the controller complexity and the closed loop system behaviour severely depend on the plant models included in
the control law design. Control laws based on nonlinear test table equations of motion (1a) (Case III and Case IV)
are extreme complex and lengthy (more than one hundred DIN A4 pages of length, ref. 1). This is due to the partial
derivatives of ¥, with respectto p, x; and x, in (7c) and (7d), where %, is defined in (8). Control laws based on linear

test table mechanics (1b) are much less complex (less than 5 pages of length (Cases I and II)). The simulation results
of Section 4 show which component models must be included in the control law design in order to achieve a satisfactory
control loop behaviour using different test signal levels.

SIMULATION RESULTS (4)

Variation of control concepts (test facility with /=6 servo-hydraulic actuators)

The subsequent simulations tend to find a trade-off between the closed loop system behaviour and the complexity of
the controller to be implemented. Apart from Simulation No. 5b and Sc (comp. Table 2) all simulations are based on the
ideal servovalve model {4a) with an upper limit frequency of f,=1000 Hz. As discussed in Section 3 the controller
complexity severely depends on the plant model equations taken into account in the controller design. The nonlinear plant
(l1a), (2a) and (4a) together with the different control laws of Table 1 have been investigated in computer simulations
using both, standard transient test signals for vibration testing of space structures used in industry (as shown in Figures
2a and 4a) and large test signals (as shown in Figures 3a and 5a) derived from the standard test signals in order to
simulate large spatial motions. A control law based on linear plant models of both, the test table mechanics and the
actuator dynamics (comp. Table 1, Case I and Equation (7a)) provides in case of standard test signals (cf. 2a) large
couplings among the test facility degrees of freedom and a poor tracking behaviour in the y- and z-degrees of freedom
(cf. 2b and Simulation No. la of Table 2). A control law based on linear actuator dynamics and on nonlinear test
table mechanics (comp. Table 1, Case III and Equation (7c)) provides in case of standard test signals the same poor
tracking behaviour in the y- and z-degrees of freedom and large couplings among the test facility degrees of freedom (cf.
2c and Simulation No. 1b of Table 2). Even less quality results hold for simulations using large test signals (cf. 3a) in
case of a control concept based on linear plant models (cf. 3b and Simulation No. 2a of Table 2) and in case of a
control concept based on linear actuator dynamics and on nonlinear test table mechanics (cf. 3¢ and Simulation
No. 2b of Table 2). The unwanted couplings among all test table degrees of freedom may destroy the payloads to be
tested. Both, the tracking and the decoupling behaviour of the test facility have been improved by taking into account
linear test table mechanics and nonlinear actuator dynamics in the control law design (comp. Table 1, Case 11
and Equation (7b)) using standard test signals (cf. 4b and Simulation No. 3a of Table 2). A control concept based on
nonlinear test table mechanics and on nonlinear actuator dynamics (comp. Table 1, Case IV and Equation (7d))
provides the same excellent tracking and decoupling behaviour using standard test signals (cf. 4c and Simulation No. 3b
of Table 2). In case of large test signals the control concept based on linear test table mechanics and on nonlinear
actuator dynamics provides both, a poor tracking behaviour in the y- and z-degrees of freedom and large couplings
among all degrees of freedom (cf. 5b and Simulation No. 4a of Table 2). A control concept based on nonlinear test
table mechanics and on nonlinear actuator dynamics provides an ideal tracking and decoupling behaviour even in
case of large test signals (cf. 5c and Simulation No. 4b of table 2). From the previous computer simulations the following
conclusions have been drawn:

- Using standard test signals (cf. 2a) a controller design based on linear test table mechanics and on nonlinear
hydraulic actuator models provides a satisfactory transient and decoupling behaviour of the controlled test facility.

- In case of large test signals (cf. 3a) both, the nonlinear test table mechanics and the nonlinear actuator
dynamics must be included in the controller design. This, however, generates controllers of extreme high complexity
(comp. Table 1, Case 1V).

Additional computer simulation results with unstructured uncertainties are shown in Figure 6. The plant
simulation still includes the nonlinear test table mechanics (1a), the nonlinear servo-hydraulic actuator dynamics (2a) and
the servovalve mechanics model (4a). The control concept selected is based on linear test table mechanics (1b), on
nonlinear actuator dynamics (2a) and on the simplified servovalve model (4b) which doesn't take into account any
servovalve dynamics. In the simulations the upper servovalve limit frequency f of the plant model is varied from
f,=100 Hz to f =1000 Hz.In case of an unrealistic upper limit frequency of f, =1000 Hz the transmission behaviour of
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the test facility is nearly ideal (cf. 6a). As a consequence the valve dynamics (4a) can be omitted from the controller
design in this case. For f =300 Hz the transmission behaviour is of reduced quality but still acceptable (cf. 6b). For
f,=100 Hz the transmission behaviour is further reduced in comparison to Figure 6b and no longer acceptable (cf. 6c).
On the other hand, Figure 6b shows, that an exact linearization controller design for a test facility including high
response valves with an upper limit frequency f, of about 300 Hz may be drastically simplified by omitting the
servovalve dynamics in the control law design. The resulting control errors are of minor practical importance.

Robustness with respect to plant parameter variations (test facility with /=8 servo-hydraulic actuators)

In industrial practice usually not all plant parameters to be implemented in the control algorithms are known exactly.
As a consequence, the plant parameter values used in the control law may deviate from the actual parameter values of the
plant. The influence of those parametric discrepancies between associated plant and controller parameters is investigated
subsequently by the second set of computer simulations (comp. Table 3). The control concept selected for these
investigations is based on linear test table mechanics (1b), on nonlinear servohydraulic actuator dynamics
(2a) and on the servovalve model (4b). Standard transient test signals used in industry for vibration testing of space
structures are used throughout these investigations and the valve limit frequency of the plant is set to f =1000 Hz. Each
of the following variations of a controller parameter is counted with respect to the associated nominal value of this
controller parameter which is identical to the associated plant parameter. Variations of the servovalve amplification
factor k,; by 10 % in Figure 7b produce only slight modifications in the tracking behaviour of the system. Only
variations of &, of about 50 % or more have significant influence on the tracking behaviour (cf. 7c). The decoupling of
the test table degrees of freedom is insensitive even with respect to large variations of k,. A variation of %,
simultaneously stands for a variation of various other controller amplifications factors. Variations of the bulk
modulus B which stand for variations of the compressibility due to temperature variations and due to oil contaminations
caused by air bubbles are shown in Figure 8. The tracking behaviour is only influenced slightly by variations of B of
50% (cf. 8b). Unrealistic variations of B by a factor four or more modify the tracking behaviour significantly according
to Figure 8c. In Figure 9b the common mass m of the test table and payload is modified by a factor 1/2. This
drastic mass variation again does not severely influence both, the tracking and the coupling behaviour of the system. Only
unrealistic variations of m by a factor four or more have significant influence on the system behaviour (cf. 9c).
Variations of all moments and products of inertia by a factor 1/2 or 4 have no significant effect on the system
behaviour (cf. 10b and cf. 10c). Variations of the common center of gravity r’, of the test facility and payload are
shown in Figure 11. Simultaneous huge modifications of all components of the vector r’» from reference point P to
center of gravity C (for fixed P) by a factor of 1/2 are shown in Figure 11b. They don't affect the tracking behaviour
and only provide slight couplings among the test table degrees of freedom. Only unrealistic variations of 5 by a factor
four or more show significant modifications of the transmission behaviour of the system (cf. 11c). The nominal plant
model equations (5) did not include nonlinear friction forces due to dry friction in the hydraulic actuators and in the
joints attached to those. As a consequence those friction forces have not been taken into account in the nonlinear control
law design. Figure 12 shows simulation results including nonlinear friction forces of different absolute values in the plant
model. Friction forces F, smaller than 1 kN don't provide relevant influences upon the system behaviour (cf. 12b).
Friction forces of the order of Fr=3 kN don't affect the tracking behaviour. They introduce coupling effects of some test
facility degrees of freedom (cf. 12c). Extreme high friction forces in the servo-hydraulic actuators are avoided in
practice by using actuators with hydrostatic bearings. The above numerical sensitivity analysis of the control system
demonstrates that the exact linearization approach is much less sensitive to plant parameter variations and to controller
parameter variations than often predicted.

CONCLUSION (5)

This paper presents different control designs for spatial multi-axis test facilities with six or eight servo-hydraulic
actuators. The various control designs investigated are based on exact linearization techniques taking into account
different combinations of linear and nonlinear plant component models. The system performance of the multi-axis test
facility controlled by different control concepts has been tested in various computer simulations. In case of standard
transient input signals a nonlinear controller design based on nonlinear servo-hydraulic actuator models and on linear test
table mechanics is sufficient to achieve an excellent tracking and decoupling behaviour. The amount of the associated
controller implementation is kept within acceptable limits. In case of large spatial transient motions of the test table with
high velocities and accelerations, the control concept must take into account both, the nonlinear actuator dynamics and the
nonlinear test table mechanics. This yields control algorithms of several hundred pages of length which require an
enormous amount of hardware implementation work. Additional simulation results demonstrate considerable robustness
of the closed loop system with respect to plant parameter variations and with respect to unmodeled servovalve dynamics
in the controller.
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Table 1. Plant models included in the controller design.

Test models of mechanical components
Signal included in the control law design
Level linear (1b) nonlinear (1a)

p<}

S ‘% Casel Case I1I

§_§ 2 (oq, By (o By
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8 = § (low controller | (high controller

28 E complexity) complexity)
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o 8 Case II Case IV
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g complexity) complexity)

Table 2. Computer simulation runs of the controlled servo-hydraulic test facility (with 6 servo-
hydraulic actuators) using different control algorithms. The control algorithms are based on
different plant component models and nominal test facility model data.

. . Grading of the
Slm;l:tlon Test signal Control concepts closed loogp system
) Case I Case 11 Case ITT Case IV performance
lin mech /lin hyd| lin mech / nl hyd | nl mech/ lin hyd | nl mech / nl hyd | tracking |decouplin
1a) standard Figure 2b - - -
1b) (Figure 2a) Figure 2¢ - --
2a) large Figure 3b -- --
2b) (Figure 3a) Figure 3c -- --
3a) standard Figure 4b ++ ++
3b) (Figure 4a) Figure 4c ++ ++
4a) large Figure 5b N -
4b) (Figure 5a) Figure 5c ++ ++
52 oS, | e
sb standard Figure 6b
) (Figure 4a) £,=300 Hz + ++
Figure 6¢
5¢) £, 5100 e + -
lin mech (nl mech) : linear (nonlinear) model of the test table mechanics ++: excellent tracking / decoupling behaviour
lin hyd (nl hyd)  : linear (nonlinear) model of the servo-hydraulic actuators +: good tracking / decoupling behaviour

-1 poor tracking / decoupling behaviour
: very poor tracking / decoupling behaviour
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Table 3. Computer simulation runs of the controlled servo-hydraulic test facility (with 8 servo-
hydraulic actuators) for plant parameter variations using the control law (7b) and standard
test signals.

Simulation! ] Grading of the
'm; ation}  Test signal | Control concept| Variation Variation Figure closed loop system
0 factor performance
tracking | decoupling
6a) A A servo valve gain | 1 (nominal value) Ta ++ ++
6b) factor 0.9 b + o
6¢) k, 1.5 Te + +
7a) bulk modulus 1 (nominal value) 8a ++ ++
7b) B 0.5 8b + +
7c) 4 8¢ - +
8a) common mass of | ! (nominal value) 9a ++ ++
8b) test table and pay- 0.5 9b + +
3¢) standard Case II load m 4 9¢ o .
9a) (Figure 2a) | lin mech / nl hyd L 1 (nominal value) 10a ++ ++
9b) inertia tensor 0.5 10b T oy
9) J 4 10¢ ++ ++
10a) center of gravity of | 1 (nominal value) lla ++ ++
10b) test table zznd pay- 0.5 11b ++ +
10c) load rcp 4 Tic = —
11a) dry friction force Fe=0kN 12a ++ ++
11b) | within the actuators Fe=1 kN 12b ++ +
11c) \ \ Fr Fr=3kN 12¢ + + -
lin mech : linear model of the test table mechanics ++ : excellent tracking / decoupling behaviour
nlhyd : nonlinear mode! of the servo-hydraulic actuators +: good tracking / decoupling behaviour
- : poor tracking / decoupling behaviour
- -1 very poor tracking / decoupling behaviour
D———

Figure 1: Computer drawing of a multi-axis servo-hydraulic test facility.

433



(7 91qe pue | 9[qe] ‘dwod) [y 9se)) uo paseq 1dasuod [ORUOd ) "(Z 1qe L pue | 9jqe], ‘dwod) [I] ase) uo paseq 1dadU0d [ONUOd (9)

‘(z a1qeL pue [ 9jqe], ‘dwod) [ase) uo paseq ideouod Jonuod (q) ‘(z s1qeL pue | 9[qe[, ‘dwod) | ase) uo paseq 1daouos [onuod (q)
‘speudis jurod jos 93| () ‘Ansnput ur pasn sfeusis juiod 19s prepuels  (e)
‘[ 91qe jo s1daouos jonuod Jus1ajIp Fursn :[ 2Iqe, Jo $1doouod [0nu0d JualayIp Juisn
WOP33yy JO $32139p AN[108] 1591 Y] JO SI[NSII UOHE[NWUIS Iaindwo)) :¢ a1ngry wopaay Jo s32133p A)1158) 1591 9Y) Jo sy nsal uone|nus Janduor) :z amngyy
) ) (®) (&) (q) ®)
£3363 1 ML £338] 1 ML 03381 1 Wil C3381 L 3WIL £I383 & Wit [0383 | Mls
"0 (1N A0 or'p B.:S.u‘ W0 (LX) 20 91°0 o) ooe.w. "0 ong 220 o' p E,os.n. W0 va 200 91°0 o oowd. w0 LLX 20 Q1°D E.oan.n. 0 oa 2°0 QU0 m coa.o.
; w0 :
N i A
- - - . - - - o2°0 - - - - 090
o1 LevS/00] 54 NOLIBHINATN (2YS/0u4] Sd NOLIBW31I0 °
1 0070
W, R H ) H N h B Q 00° i . ._ H . . ”m 00wt . N H . . N oR) .?Q' o1
LIS [2¥S/008] WL NOIIBW3 130 [2v5/006] Wi NOLIWINAIN [2v$/064) Wi NO1IBd3 13008 T %
00 a1- ——— . 00 %i- T I 00 w1- I oh - on -
00°0 0D"0 A 0070 000 w0
3 o P
oo VS/000) Wa WOTTRTTIIN !
o I nN. m\@. 0] : 00°02-
[+ (M} ; 000
HE : n~ : : B S k..
. : . H N H N L . . H ' oy . A .
8.2.n C2¥S/W] 7 NOTIMITIIN S.a.m £2vs/Md 2 NOTivhk3%30 8.2 RE] 8.3
ero ————————— 210~ ——— 210~ 210" 210
00°0 000 000 oo
i 5 ' i
N v L NG N iy o NG .
o - - - 210 - —— 216 - - - 2o 20 _N.
o0'c- W) 7 j:_.mE g — [35] N j:..ﬂz w0t wB wzo.:_,mE 9= — n..a wé,:_,mE o
oo°0 00°0 00°0 00°0
5 WA RUT iR i
¥ . HE i . HALE R ¥ . Lo H R . i .
._cc.u._u.uuc ”“ nw,.\n\.wu n —G_Ea.ud.uuc H“ " 00°t .nN,.\n\:.u 1 .GZGC,u._u.ouc ”“ ,nm..xn\:.u 1 -b:u:.u;_u.uuc ”” IM ““
00 90°0 30°0 90°0 90°0
57 A g o n, L4
. = ~ ~ 210 - - ~ ~ Lo - - - 10 - - - — 1o 1o
ﬁ:u _ zo.:_.me 0% n.xu F zo,:_.mot 00°tx- n.zu _ @:m: 00'c- n._.a ; z_..q:__mE 00°- 00°C-
000 00'0 00°0 000
R : ..w o un : : nn , \ . L .u. o I «m H L u«
t2vs/a x MlmIIw O % Tovern x i m % 25/ x WLmTIw © % T2ve/md X NOTTgeTae T2ve/ul X NOLIBuTI30m C2vs/Md X NOLIgeTTaIN ¢

434



‘(7 s1qeL pue [ 91qe] "dwod) A] 9se)) U0 paseq 1daduod [onuod (9)
‘(Z a1qeL pue | 9[qe], "dwod) I ase) uo paseq 1dadouod jonuod (q)

‘sTeu3is Jutod jos 28re]

()

.1 @1qe L Jo s1deouo0d jonuos juazayyip Suisn

wopaay) Jo saa18ap Anfroey 159 oy Jo synsal uonenus Jndwo) :¢ 910y

©)

3387 1 ML
g 20 oD

)

(Q

2381 1 ML
%0

0 0n'0

: c_.o : 00,

w

0 "0

(®)

CI3S] 1 WL

LI [

v

000

00°0
H "I N m:
HE N S A 4l P
[25/004) 54 NO1jgy3T133%
00°1- — ——1 00" M-
‘ —1 00°0
00 % i o0'M : : . - - : .VW
) [2v5/00d) W1 NOTIeH313008
00 %~ 00 %!~ - v - - . . -
00°0
008 00°%1
00002~ 00°0% -
0ato
. . . . . . 1 00°002 . - : e R A 00002 . . . . P
[2v5/i) 2 NOTIBHT130w T2¥S/MI 7 NOLIBYITIIN - C2vS/M] 2 NOTIBN3I0M

. d
1§

210

CW) Z NO1LTSQd

onf-

CWY Z NO111S04

; % Vi
N B N K - : : : ‘¥
CW) A NOTLISOd | CWl & NOIL1S04
00°0%- e 2 000K ——
m 00°'0
e
. R S SRR L] PO I S
00°0¢ 00°08
[2v5/M3 X NOTIMY3130M [2vS/M] X NOI18d31308

008t
00 wi-

00°Hl

00°00R -

000

00002
21°0-

(A1)
o0°¢-

o
00°08-

‘(Z 21qe] pue | 9jqe], 'duiod) A ase)) uo paseq 1da0uod [onuod  (9)

‘(Z d1qeL pue | 9[qe], ‘dwod) [ ase) uo paseq 1daouod [onuod (q)
‘Ansnpur ur pasn sfeudis jutod 19s prepuels  (e)

:1 9]qel, Jo s1doouod [onuoD JUIAHIP Suisn

WOP231J JO $32IZap ANjIoe] 1523 Y} Jo syynsal uone[nuwis Jandwo)) 4 2Indr]

©)

€387 1 It

LI

A0 90 00

C2YS/H]) 7 NOLIBRITIIN

CH] Z NO111S04

iese
Vit
¥

I

C2vE/M] 1 NOTIWITI

g
: . 1]
CH] 4 NOILISOd

OD‘.D:

0002
2o

000

b

o
00°C-

T

£2vS/u] X NOTIHW3T3Y

00°¢

(Q) ®
03353 1 @il €338 1 Ml
w0 oo X0 oro mo., WO OO0 X0 0D WO,

0p°0

: A
- - - . - - - as"a
[2vS/08d] Sd NOTIITIN

N

00°02

C2¥S/W1 7 NO1IbdINIIW

Tlda
7

21°0-

W] Z NGOI11504

Vi [ e

4 i : : K
TN A NOT1ISO0d - THI A NOT11S0d ° 0
2 0% — 2 -
000 on‘o

| i ey
e ¥ L T T rr el R

C2vS/W] X NOTuW3130M C2v¥S/N X NOTIMYITDW

435



‘(¢ 21qe], 'dwod) ¢'1 Jo 10108y ® Aq 'y Jo uonewea (o)
‘(€ 21qe]duiod) 6°0 Jo 103083 € Aq 'y Jo uonELIRA (q)
‘(¢ a1qe"dwos) 'y jo son[ea reurwou (&)

(1 91qeL ‘I 9seD Jo 1doouoo jonuos) My sured
AATRAOAIDS 9Y) JO suoneLeA Jojourered jueld Junosor oyur Suppe)

wopsay JO s3913ap ANfIoe) 1591 9y Jo syjnsal uonernuns Jndwoy) ;7 sy

(1 31qeL ‘TI 95ED) Jo 1daouod [onuod) Zy4 0=
‘(1 919eL ‘II 958D jo 1da5uod [onuod) ZH OE=

YNG))
Y @

(1 s1qe, ‘11 958D Jo 1deouod jonuod) zH gool= Y (®)

: 4/ SOTUTRUAD SA[BA PA[SPOUIUN JUNOIJE OJUT FuDye)
Wopasyy Jo saa13ep ANMIoe) 159 21 Jo Ss)nsaz uonenuns wndwo)) :9 arndng

) @ (®) ) @ (®
0338 1 Wl €338 1 il 02361 & Ml 3383 1 ™I 0338 1L it £33 1 il
"0 : e...a : Nn.,o .o_”c : WO WO : S‘.a : N”o : o_”a : 0o . WO . o.”n_ 20 _o_.a LCUS ) a_.__,.. : ~ﬁo 91D : W0, WO , on'g ~n.o [N : LI 0o : Nn”o ,o_..a WO o
00°0 000 ~— 000 -~ 00°0
C A D : h : A : ; 1S R A
- - - ° - - - —I 09°0 - - [ ] - - — . - : A
(2¥5/0u4] Sd NOTIBNIDN [275/00d) 54 NOLIWTIIIN [27S/0) Sd MOLIMTIIN (275/084) 54 NOLIBIIN
00°0 — 000 00°0 : :
.mﬁ._ HQQ._ . - .m.ac:‘_ . . i 9 oh'l
L] on 1~ 2 o [2vS/00) H1I NO1IBHITIDN on'y- [2vS/0) H1I NOTIWYITIIN oni-
00°0 00 :
‘6
onl [ ]

00°02-

000

00°02-

[2vS/0UY] Hd NOIiBY313)M

kol 1 4 o

00°0¢-

ceere PR ¥ A3 Pt A H AR I 0 L .

Vg

00°0

IR L BT R | uN 00°02 : N "‘mwws.ﬂ R S A
€2vs/H1 7 NOT3BhiaNa)w C2vS/ul 2 NOTIBY3NTD . C2¥S/W] 7 NOIIBY3NIIM o170 C2vs/i) 7 NOTIHHITII M
00 00
- bl
NS Y NS ) N T
TW3 7 NOTLISOd o bl TW3 7 MOTL1S04 .01 THD 7 NOTITSOd 0l
e e 00°E — ‘60%¢- — ‘60°¢-

[2vS/H] X NOIleW3T3

B

.nN<m\xu X NOIIW3T130M

g . N iy e s .m.«.. FLA vdg
A 2 e A U S 'Cl P HEE SRR R S 1] P A I 'l P RN Tl - : A !
Coverd 1 NOLITTIIW T2/l L MW L2vE/d 1 NOTINTTION Cvemd 1 NOLIWITIN C2ve/Md 1 WOLIWTTION T2ve/H] 1 NOLIITI00
9070 %0 %0
g Tig i SRR RERPF iy
) zo_:_"mm“ oo TF S.:_m.“ ae R _wm“ ao Tt zm_:w% oe oF L_:ww“ ae T3 1 B“:_m“
2" 00%- . — 007~ AL OIS0 . e 00 e 006 —
o0-a - 000 000
beiedann I .. reon
R o0 R R 00 R, 5 P e 00 '] -
C2vS/H] X NO1iHd313) C2vS/Wl X NOIIW3T3IM C2v¥S/K] X NOLJBYIIIINW

0002
2°0-

zL'o
00°¢-

436



‘(€ 21qe], "dwod) ¢ JO 10198] B AQ W JO uoneuwea (9)
‘(¢ a1qe ], dwod) ¢’ JO Ioide] B AQ W Jo uonewea (q)

‘(g 9iqeL ‘dwiod) ui Jo an[eA [eURUOU (B)

:(1 31QeL ‘TI se)) Jo 1daouod [onuod) peojAed pue 3[qel 1531 Ay} JO W
SSBUI UOLIUIO) 9 JO suonewrea Jaawered jueid junoooe ojut Sunye)
wopaay Jo saa13ap ANjIoey 183 a3 Jo sinsal uone[nuis Jndwo) 6 amLg

)]

C£338] 1 Wl

. or..o . %0 .n_.\c : B,os.p

M

pa)

C2Z¥S/H] 2 NOIjHd3T3,

Vdg
i

C2ve/H] L NOLIGWITIIW

i.

A&.
ex
X

C2vS/H] X NOI1o¥33:

M

00°¢-

00°0

‘o

(Q)
£33 L L
000

90 20 91D

»

0 LX)

(e)
£33 1 MWL

20 Q1'D

L

[ ]
00°02-

R
e?

00°0

¥

[

[2¥S/N] 2 NO1iB¥II3!

el

[2vS/W] 7 NOTIBH3II

a0

S04

Vg
.xA

W] Z NOTLI

it

I

304

G
A
¥

CW] 4 NOTLTSO4

¥

00°0

00°02-

00702
210~

000

00°¢
000

e
00°¢-

oD*o

C2vs/u] X NOT Y3132

00¢

00°¢

‘(¢ 91qe L "dwod) $ Jo J0108) B AQ  JO UonELIRA (9)

‘(g 91qe], dwod) ¢ Jo Jo1dej e Aq d J

o uonewrea (q)

‘(¢ a[qe] ‘dwod) { Jo an[eA jeunuou ()

(1 91qeL

‘11 2se)) Jo 1dasuod [onuod) g

snjnpow y[nq 3y} Jo suonewrea Jaourered jueld unodoe oiul urye)
wWopaaly Jo saa13ap ANfIoey 1531 3y) Jo s)[Nsa1 uonenuwis Jndwo) :g AnIig

£

6)]
CJ335] | Ml
0 oo X0 Sre mo..

00°0

us’o
onTi-

[2vS/0u4d) Hd NOTIBYIT1IIN

TUds

i

r£evs/ul 7 NOLIpy3130M

s dy

L ¥

210

- 00~
00°¢-

CW] Z NOT11S04

144
¥

C2ve/W] 1 NOTIEBNITIIN

X ]

LWl + NOILISOd

210

0D°¢-

C£2¥S/H] X NOTIBY3130W

wo

(C)
03] 1 ML
L]

: Nﬂ.o ,o_.c : WO .

w0

‘0

(®)

£336] 1 ML

000
(2¥5/08H] S4 NOTIBdITIIW o:.oﬂx (2vS/0u4) Sd NO1iby313Iw
00°0
Y on 1 - : 8
{2¥S/004) HI NO!IBN3NIOW on 1 {2vS/004) Hi NO1IUY3TIIM

00°02-

3
:N

00°02

C2Z¥S/H]) 2 NQT18d3130 M

¥

21°o-

¥

21 "0
- 0l=

CW] Z NOTi1S0d

vd g
)
¥

00t

CH] Z NOI11504

C2ve/H] L NOLIWIANII W

Ty

Ly

.Nn.o .o_.o 4893.

00°02
21°0-

000

C2¥S/H] X NOIIBEINIIN

W1 1 NTLIS08 - 0 TR L MOT1TS0d - °
ey 0D ¢ O oo
00°0 000

or = ;

E R Y
€ = v - - - - 20°C

® T3vE/0 x NOIIGU3TIIW

437



(€ 21qe). 'dwod) ¢ jo 10308y ® AQ %4 JO UOLIELIRA (D)
‘(¢ 91qe]. "dwod) ¢°g Jo 1010e} B Aq 424 Jo uoneLreA (q)
‘(¢ 31qe], "dwod) %2 jo anfeA [eurwou (e)

:(1 91qe, ‘[1 ase)) jo 1daou02 [0nU0D) 1 Aaei3 Jo 19U
UowIwIos 3y} Jo suoneea 19jourered Jueld Junosoe ojur Surye:

wopaalj Jo s32133p AM[198] 153} 9y} Jo sinsas uone[nuis Jandwo))

() ) (v)
[£33S] 1 3L €383 1 Mli 3350 § Ml
WO oo X0 OrD WL, WO e X0 orD o 00 %0 WD W0

H

]

”x.

iy

00°02

00702

[Z¥S/W] 2 NOTIWW3T3DM

210~

000

2170~

£2¥S/H3 Z NOTIBY313DN

.
142

Sl

CN] Z NO111S0d o

CW] Z NOT11504

..... t4c
¥

o0~

00°0

DD°f

1.

C2ve/ud L NOTIBWITNIIN
T, d

000

MR

d
e ¢
¥

111 2In3g

o002
21°e-

Sof
00°¢-

00°0

0oE
@0

g
00°C-

00'¢

C2vS/ud X NO1IBY310W

00°¢

C2¥S/W] X NOTJBM3130%

LA I Vdg Vg
NI ST P A B
Cevennd § WOTiwaaN C2v670] 1 NO11oN3T3008

%°0
(} 21 0
CHI 1 NOTLISO04
2 007
000
i . : Y
C2vS/HD X NOLJHM3T3DM

(€ 31qe, "dwoo) ¢ JO 10108 € AQ [ UL SUSWA[D 9Y) JO UOELIBA (D)
(€ 91qe], ‘dwoo) ¢° Jo 10108] B AQ [ UI SJUSW[A AY) JO UOTIBLIRA ()

‘(¢ 91qe L, 'dwod) [ u1 sanjea feurwioy ()

(1 2198 'II 258D J0 1d90U0d [0UOD) [ JOSUS] BILIDUI AY)
Jo sawala ay) jo suonelrea 19jourered juejd Junodoe ojur June)
wopaaly Jo sa2139p AN{I08] 1533 Y3 Jo sy[nsai uonefnuis sandwo)) 0 2InSL]

o)) (q) (e)
£0353 1 ML £I351 1 3MIL 00363 1+ it
Wo__ o0 ®o o0 wo., w0 90 a0 eo mo., WO_e x0 oo wo,
00°0 00°0 000
S A : CA
e - — - - - - 090 a - 090 0970
[2VS/009] G4 NOIIBEIIIDN [3¥5/066] 54 NOIju8313)08
v v . - - - on*i- T v > " ” v oht - oh-
00" 00°0 00°0
R 8 e Yo e
— - . - - - on - - _ - - ~ - on t ~ - - - - - — on1
[2¥5/004] HL NOIIBd313D28 on (Z¥S/004] Ml NQTIBYITIIN {2v5/0u43 HL NOTIEHIIIIW
. . . . M . . - M N M . N . M on 1- M . i . . . .
=1 00°0 : 00°0
oL e Y4 : T
Lo : oht R A P I R
[2v5/004) Hd NOIIGETIITN [2¥5/009) Ha NOIIEWTTI00 o T2¥5/009) Ha NO1IBY3 T30
s . 0002 : — . 00°02- 3 — —— ov-02-
o000 000 00'0
: AN N B
0002 - 2 pgegz — 0002
vS/M REER)
o LESH0 2 MLIH x oo,
oo 0 000
"/ s
: LAy T - A a1 2
W] 2 NOTL1S0d (O "ok Sol~
(0 7 MOTITSO4 ot T 2 ROILTs0d coft el
000
; MR B AN 1)
00t 00°%
T2vE/u3 1 NOIiw3 31N C2vE/ul £ NOTIBw3 13008
H v > - H DO T - v - M o0
) P, %070
R :
- - o
THI L wo11150d °' "
e 00 o0'c-
oD 00’0
F Tiy : iy iy
N 0 : T b 00+ NN S ST 1 PV
C2¥S/Hd X NOTigy3N3DM C2¥S/M3 X NOTIBYITII M C2vS/W] X NOTIey3T3DM

438



‘(¢ a1qeL "dwoo) N ¢ =¥ 90103 uonouy £1p ()
‘(¢ a1qeL "dwod) NY | =24 90103 uonouy Kip (q)
(g a1qe, "dwoo) N 0 =24 90103 uondLy A1p (€)

:(1 91qe ‘I @5t Jo 1daduo0d [0nuod) Isoyl 0} paydene siuiof Ay
PUR sJojenoe 9yl uryiia 3. sa010§ uonoLy AIp Junodde ol Surye)

wopaayy Jo saa1dap Aoy 1591 oys Jo synsal uonenuurs 1indwo) g amSrg

6)

€238 1 WlL

%0 (1)) 20 {U°D

. %0 . Nn.,c .o_ 0 . B.aeo.

B

i

Vs
htw

]

Vg
-8

C2vE/u] L NOIJGWINIIW

C2vE/W] 1 NOTIW33

et

ig
i ¥

CW] 1 NO111504

C2vS/W] X NOTIBW3N3II N

S04 _w ~o_n|

i
X
i

C2¥5/43 X NOLiy33

£2vs/u] X NOIIUW3T3IM

0-

noe

439






