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ROBUST STABILIZATION AND OPTIMIZATION OF FLIGHT CONTROL SYSTEM
WITH STATE FEEDBACK AND FUZZY LOGICS

This paper deals with combination of two powerfadlanodern control tools as linear matrix inequalitat is used for
synthesis a ‘crisp’ controller and a fuzzy contagproach for designing a soft controller. The cohulesign consists
of two stages. The first stage investigates thélpro of a robust arH, controller design with parameters uncertainties
of the handled plant in the presence of externatudbances. Stability conditions are obtained viag@adratic
Lyapunov function and represented in the formradr matrix inequalities. The second stage consistse outer loop
controller construction based on fuzzy inferencstesy that utilizes for altitude hold mode. The paeters of the fuzzy
controller are adjusted with a gradient descent et in order to improve the performance of the allesystem.
The case study illustrates the efficiency of theppsed approach to the flight control of small Ummed Aerial
Vehicle.

Posensasnymo npunyun noeonanus 080X NOMYN*CHUX MA CYYACHUX 3Aco0i6 meopii YNpaeniHHsA AK Memoo JNIHIHUX
MAMPUUHUX HepIGHOCEU, AKULL BUKOPUCIOBYEMBCS OISl CUHME3Y HIMKO20 Pe2yIsimopa ma He4imKo20 YNpaeiinHs Ol
cunmesy pezyaamopa 3 M’ akumu obuucaenusmu. Ilpoyedypa cunme3sy ckradaemocs 3 06ox emanis. Ha nepuwiomy emani
supiwieno 3aoayy cunmesy pooacmuozo H,- peeyniamopa ons Gesninomnozo nimanshozo anapamy i3 6paxyeasHsM
308HIWHIX 30YpeHb, SAKI Oilomb HA 00’ EKM YNPAGHIHHA. YM06U cmitikocmi cghopmOBano y Ui THIIHUX MAMPULHUX
HepigHocmel. /[pyeuii eman npuceauero 3a0ayi CuHmesy HewimKo2o pezyaamopa 0 306HIUHb020 KOHMYPY YNPAGIIHHS
6 pedicumi cmabinizayii eucomu, 3ACHO8AHO020 HA HeWIMKIU ao2iyi. 3 memoio noKpaweHHs SKOCMi YAPAGIiHHA
napamempu He4imKko2o pezyiamopa HAcmpomvcsa 3a 00NOMO20I0 2padicHmuo2o memody. IIposedeno 0ocaioxiceHHs
Ha NPUKAAOL YRPABIIHHI NO3008IHCHIM KAHAIOM OE3NIN0MHO20 JIMAIbHO20 anapamy.

fuzzy optimization, fuzzy robust control, model with parametersun certainties, linear matrix inequality

I ntroduction Nowadays, a great attention is drawn to the Linear

During the last years, the problem of robust fIighMatriX Inequality (LMI) _approach_ [3; 4]. This
control system (FCS) has attracted a great atrentigdvanced approach permits to consider the problems
from the control system society, especially in th&f optimal and robust—optimal control design in the
area of Unmanned Aerial Vehicle (UAV). It isform of LMI and formulate the stability conditions.
known that the control of UAV remains a challengd "€ LMI technique is used to design a static output
for the engineer. This is explained by the facat thfeedback in [5; 6], also this method is utilized to
the parameters of UAV dynamic models are vergompensate the external disturbances by the static
vulnerable towards the changeable atmosphetgd dynamic output feedback [7], only a few works
conditions;  therefore there are significanhave been devoted to the problemtdf controller

uncertainties of plant's models as well as of thgegign with external disturbances and plant with
exogenous disturbances spectral properties. Frofcerainties [7-9]. In the area of UAV robust
the o_ther hand, th_e de§|gn of FCS involves man!fo ntrol this approach gives a promising results,
\rfigiglrz?r;r:e(jn?ov\\;\g;lggngsﬂlup?ﬁ)na low  cost OIeSIgrhowever, it is important to formulate the robust
To satisfy the aforementioned requirements, sevefﬁ{f"‘?#i';y g(r)t?c?glo?r?euzg%bl_irﬁﬂz;t.ion of two advanced

control methods have been proposed. Among the . . :
it is possible to enumerate some works relatetigo t2PProaches is used two design UAV robust flight

combination of observer and linear quadratieontm”er' The first approach uses LMI to desige t
regulator (LQR) [1; 2]. Furthermore, to preserve thinner loop controller based oM, criterion, taking
required level of performance without loosing thénto account the model uncertainties and exogenous
robustnessof the FCS, the H,/H_ - robust disturbances. This inner loop is designed to the
optimization procedure is used. The main idestabilization of the angular motion of the aircraft
behind this technique is to seek a trade-off betwed he second method is devoted to the design of outer
the performance and the robustness of the overlglbp controller utilizing zero order Sugeno fuzzy
closed loop systeffi; 2]. inference system.
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The outer loop is designed to the stabilizatiothef Oy 2 ||¢(t)|| , 2)
UAV flight altitude and velocity. The realizatiorf o _ - i
fuzzy controller requires the choice of manyh€ state space matriceAA OR™, AB TR
parameters by the designer, such as the shape @@agcribe  all  modelling  uncertainties  of
number of membership functions, the choice of the(JR™", BOR™™ and|| ||2 denotes theH,— norm

rulfa base to represent the control strategy and t@fsexternal disturbances.

universe of discourse, where the Input/outPYye syppose that all uncertainties are bounded as
membership function are distributed. Hence, it i§ascriped in [10] as follows:
important to the designer to optimize someAA(t)zH DN
parameters of the fuzzy controller in order to aiTai’Tai

achieve the desired performance. In this work thAB, (t):HbiAbi \
optimization of the parameters of the inpufyhere
membership function as well as the position outpyt, Hy, N

_ : ; H i .i» N, are known real constant matrices
singletons are adjusted. The performance index WBth appropriate dimensions:

formulated using the error between the desireg (t)A (t) are  unknown  uncertainties. which
altitude signal and the output altitude of the UAV. 2 \'/*=bi :

The method is based on the gradient descertisfy the classical boundedness conditions such
technique, which seeks optimal parameters of tﬁ'é?t Ot .

fuzzy controller using the derivative of the aboveﬂai(t)Aai(t)Sl, Ay (t)Abi(t)Sl.

performance index with respect to the membership || components of the state vectaft) could be
functions parameters.

The case study and simulation results devotedeo ;E

®3)

easured, then the control law for the systemg1) i

longitudinal motion stabilization of the Aerosond "’ef as.

UAV. These results prove that the used method H;(t)__KX(t)' ) (4)_

very efficient for multivariable control from the Thus, the closed inner loop system with

viewpoint of its robustness and performance. uncertainties and _external dlst_urb_ances is obtained
_ . by substituting (4) into (3), and is given by:

Inner loop robust controller design via (t) =[(A+2A(t) - (B+AB 1)) Kx(t) +ot). (5)

Linear Matrix Inequality Notice that the controlled plant considered in this

This section is dedicated to the design of inneplo paper contains the uncertainties and is subjected t
robust controller based ohl, criterion taking into the external disturbance®(t), hence the most

consideration the parametric uncertainties argpnvenient way to attenuate them is to use
external disturbances. The controller design i, — criterion, which is expressed by:

formulated in the context of the convex analyss vit; t

LMI, when it is necessary to find a common positive] x" (t)Qx(t)<n” [¢" (t}(t)dt, (6)
definite matrix P, which would satisfy a set oft, to

Lyapunov Inequalities [3; 4]. The LMI approachwhere

permits to obtain a state feedback controller feeta t, is the final time;

of linear models received due to the linearizatibn . . - : :

the nonlinear model for different operatingQ IS posfltlve definite .welght matrix  and
conditions. N predetermine the attenuation level.

The model of the controlled plant with structured he objective now consists of evaluation the d&in
uncertainties and disturbances could be represented equation (4). This gain should ensure that

as follows: requirements of the quadratic stability and robust
x(t) = ((A+2A (t)x(t)+ (B +4B (t)u(t) + o), (1) H,— performance of the closed loop system (5) for
where all bounded disturbancesh(t) (2) and for all

x(t)JR" is a state space vector; parameters variations inside given structured

uncertaintiesAA and AB would be satisfied.
In the next section, the LMI robust stability
q)(t)D R" denotes the unknown disturbances with @ondition for the closed loop system (5) is

known upper bound formulated.

u(t)J R™is a control vector;
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Formulation of the Linear Matrix I nequality The condition (8) leads to the following inequality

stability condition . o
N xT(t){(A-BK) P+P(ABK)+ Q} )+

In order to formulate the LMI robust stability

condition aforementioned control system, the¢" (t)Px(t)+ X () Po()-n’d" () ( <0

following two well known lemmas are needdd):

Lemma 1. For any real matrices,H and N with

appropriate dimensions and=Z", the following 2l (A—EK)TP+F(A—§K)+Q P [ <0 (9
Lyapunov inequality alt) p i d) " 9)
Z+HAN+NTATHT<0. where

or it is equivalent to:

Is satisfied for all real matricesA satisfying 6=A+M\ (t)
AT(t)A(t)<! DtO[o, ], if there exists the scalar B=B+AB, (t).
o> 0such that We use the following change of variables

—_ -1 —_ -1 _
Z+oHHT +0INTN<O. X=P",M=KP,K=MP.

Under theH , criterion we are ready to formulate theP_re-muItipIyi_ng and_ post-multiplying right and left
- . sides of the inequality (9) by

robust stability condition for the closed loop &yat e l T J

(5) in the following theorem. X =diag[X" |

Lemma 2 (Schur's lemma). For real matricegnd X =diag[X I] respectively, we obtain:

D,L=L",E=E">0, the following two {X~T AT X—B M —MT BT +XT x} |
conditions are equivalent [ A *A BM =M B Q <0.

-1T . | -n’l]
1) L-DE'D" > 0;
) { L D} 0 In order to solve the inequality (9), which contain
>

DT E the unknown uncertainties, the Lemma 1 is applied.
Theorem. The uncertain and disturbed systems(1)Let:
quadratically stable and satisfi¢$, criterion (6), if v P
there exist a positive definite matriR =PT > , 0 :|:p —Y]ZJ'

the attenuation levefy and the gain matriXK such

(A —Rr k)T R
that the following condition is satisfied: Y= (A‘ B K) P+ P('A‘ B K)+Q'

XA+ATX-BM-MTBT H o H o XTN XQ@? My
HI -0 0 0 0 0 0
HY 0 -o* 0 0 0 0
N, X o 0 -0 0 0 0 |<o, (7)
QY2 X 0 0 0 -1 0 0
N, M 0 0 0 0 -0 0
i | 0 0 0 0 0 -n’l]
where Then the inequality (9) can be rewritten as:
a change of variables such as
X =P M=KP™K=M P was used. F{(M(t)-ﬂa(t)K)TP+P(M(t)-AB«(t)K) 0|,
Proof. LetV(x,t) = x(t)Px" (t) with P=P" >0 be 0 0

a candidate Lyapunov function. The closed IOOE:gi\?gnt?nat(g)arr%rgg;Lsgqcﬂgigali?ﬂiftgirriigﬁfnte
system  (4) preserves stqblllty an d thel; bounded quan'tities as described in [11] and basing
performance (6) with attenuation lewglif: on the above mentioned Lemma, the following
V(xt)+x" (t)Qx({t)-n?¢" (t)¢(t) < 0. (8) expression is obtained:
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H, H, 0][a, 0 0[N, X 0 0] | X" N 0 glal o H 0
F+/ 0 0 0| 0 A, o -N, M 0+ 0 -M"Nj 0 A Hy O
0 0

0 :F+
0 0 0 0 0 0 0 0 0 0 0 (20)
. H, O][HI o xT N 0 ol[al o o|[H] o N, X 0
+g| 0 0 OHg,o -M"N] 0| 0 Al Of|H] 0 o0 0O -N,M Q<O
0 0 o0 o0 0 of o 0o of 0 O 0 0
Since,0t: A% (t)a, (t) <! andATbl o thelnequallty (10) becomes:
H, H, O]H. xTNT O|[N, X 0 0
F+o| O 0 O H_] o+— -MT Nbl 0| 0 -N,M 0|<0.
0 0 0 O 0 0 0 0
The above inequality results in:
XA' + AX-BM, -M; B +oH_ Hl +cH_ H. +%XTN;NaiX X QY2 |
QY2 X —|+1MTN;NMM 0 |[<0.(11)
o
| 0 -n?l

After applying Schurs lemma to theDesign of the outer loop controller based

T 1ot on optimized Sugeno fuzzy inference
§=0H Hy +oHHy +—X NN X and . .
o The outer loop is devoted to the design of Sugermyf
Y . . : controller. The block-diagram of the overall closedp
&2 "5 M NyNyM in the inequality (11) system is depicted in fig.1, where the outer losp i

obtain the inequality (7). represented by a Takagi-Sugeno Fuzzy ControlléfCJ.S

[In

Dryden Filter

e 'y r \ v v I
i | ref | -
i i 14 q ;QQ IVZ
' 9 il g ' v s ®<_3.V
| ret & TS Fuzzy [Yrel — > Crisp Longtudinal |, " Vv
| X Controller ! controller channel :®<4
T - : TR
i >
! Outer loop i Q
|

Fig. 1. Block diagram of the overall closed loogteyn
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The input to the TSFC is the erreft) between the In the present work the procedure of tuning the
reference altitude signal and the actual outpuhef Membership function parameters is applied to the

- _ TSFC with membership functions (12) and their
UAV, elt)=h(t) ﬁh(t)(. )The output corresponds 10, date laws are given bolow.
the reference signat  (t) for the inner loop. P
. o . Defuzzification parameter s update law
The TSFC considered in this paper is of type zero, p. .p o _
where the rule base is embedded in following form:Firstly, let's obtain the partial derivative & with

IF eisX! THEN uisb respect to the output membership function. By using
chain rule, we obtain:

where

i is number of control rules; a—Et=(h f(e(,[)wk)_h(t))af),ef (e(t)|lle)

X 1 is the linguistic values of the rule antecedent; 0b © ob

b' is the output membership function centers. whered (e (t)|ek) is defined previously in (13).

We use the gaussian membership functions that afging the partial derivative we get the following
specified with the centers' and spreads’ for the equation:

premise part of control rules, the output isaE[

considered as singleton membership function. The—:(hEf (e(t)|L|Jk)— h( t))x

gaussian membership function is given by: ob

T G | I, O

Using product for the premise and implication, and o\
center-averageefuzzification, the overall output of z_R |—|fj exp 21 e( ) C
the TSFC is computed as [12]: == 2 o'

N2 . .
e 1(elt)-c! For convenience, we denote in (13)
hI'IT:ﬁXFE‘ [ J J

pIA Tlex;E—l e(t):ci 2} and le
L T ST

2

g

D e (e(t)| ek) =

where :
i=1._ R: denotes the instantaneous error.
e Thus, we get the gradient descent rule to update th
J=1...n; output membership function:
kK=n+R. . . p—ik(e(t))
Recall that our goal is to optimize the shape ef thb, ,,, =b,  ~ME, ———F— - (15)
input and the output membership functions in order zizlui,k(e (t))
to minimize the quadratic error function given by: |n general, the update law can be rewritten as:

1 2
E:E(href(e(t”wk)_h(t)) ’ b|k+1:b|k_)‘1a£ ,

’ ' ob

where 'tk

h(t) is the target output of the system; where

Y is vector of parameters to be optimized, namelt/)v w1 IS the updated parameter;
b is the parameter before optimization.

b,cl,ol.

The tuning of the input and output memberShipnput mernbershipfunction Centersupdate|aw

function parameters of the TSFC is realized usin&Fe would get the partial derivative of E with respe

o the centers of the input membership functions in

derivatives ofE with respect to the input and outpul{ o . . .
he same way as it is done in a previous section.

membership functions parameters.
This idea was previously suggested and successful 99 (e (t)|l|J )au, (e (t))
realized with triangular membership functions fo—Lt = E, — I
Mamdani fuzzy controller in [13]. ac’ ou, i (e (t)) ac’
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where
09,0 e(t)| wi) _
o (e)
:(Zizll"li k(e ). k (Z—lbu Kk Mi, k ))
zi:ﬂli,k( ())
thus,
09 (e(t)|qu) _ bk — P e (e(t)|l-|Jk)
gui,k(e(t)) op; (e (t))
o, ) CJ
om0}
k

So, the update law fOIC’( ) is represented by
expression (14)

—c
e v ] e
Zf:lui,k e (OH()
(16)
In general, the update rule is expressed as
c) D %,
k+1 GC’ ’

I nput member ship function spreads update law

To update thenj(k) we will follow the same steps
as above:

OE,
do’! |,
using chain rule, we obtain:

0|£+1 = Oli =3 ' (17)

0E, _ a’sref(e(t)|L|Jk)an,k(e(t))

oo’ aHi,k(e (t) go’ '

we have:

oy, i (el elt)-c [

w = ui,k(e(t))M1
0 (ot)

the update formula is described as:

b
O-Ii+lzo-:.<+1_)\3Et lYk ref( |LIJ ) i,k
Zi:luivk( ( ))

@)

In (15), (16) and (17)\,, | = 1,2,3 is a step size of

the gradient descent algorithm. This completes thf&e =

gradient descent method that is utilized to adjlust
parameters of the fuzzy system.

Case study

To illustrate the efficiency of the proposed apjpioa

a longitudinal channel of the UAV (Aerosonde
UAV) is used as a case study. The state spacervecto
of the longitudinal channel is

X =[u,w,q,8,h,Q],

where

u is horizontal velocity component;

W - vertical velocity component;

g is pitch rate;

9 is pitch angle;

Q is the engine spin (r.p.m).

The control vector consists of the elevator deflachind
throttle. The nonlinear model of the Aerosonde rhisde
linearized for three operating conditions: the nwhi
model at true airspeed of 26 m/s and two parara#§ric
perturbed models at 23 m/s and 30 m/s.

The linear state space models are represented by
matrices A, B, C, D:

[-02489 04990 -10564 -98131 O 00120
-05634 -46466 253584 —04058 00009 O
_| 04079 -49891-53614 O 0 -00093;
Ao 0 1 0 0 0
00413 -03331 0 259997 O 0
| 359563 14867 0 0  -00417 -32272
[ 03667 0 |
-27579 0
-380640 O .
Bn = )
0 0
0 0
0 8166240
[-02197 06002 -14881 97969 ~Q0001 00108]
-05820 —41207 224024 —06460 00009 0O
_| 04823 -45287 -47515 0O 0 -00084;
M= g 0 1 0 0 0
00658 -09978 0 229997 0 0
321031 21170 O 0 -00294-27813
[ 03246 0 ]
-21521 0
-298233 0 |
Bor = 0 0
0 0
0 4486133
7-02933 03877 -05578-97843 0 00138]
-05509 -53691 292779 -01849 00009 O
03382 -56317-61948 0 0 -01017:
0 0 1 0 0 0
00189 -09998 0 299997 O 0
| 415394 07850 O 0  -06355-38541
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[-03 0 [0 01012 -04317 0 0
-37r 0 0 05259 -29560 0 O
B,, = _202 g ; N,=N_,=|0 04604 06099 0 O
0 0 0 0 0 00
| 0 26639 _—0 0 0 0 o__
- - 0 -0.1058 05007 0 O
C=[lgs]. D=[0s0].
In order to simulate the atmospheric turbulence a 0 -08883 48867 0 O
Dryden filter is used. Its state space descripton N, =|/0 -0.8018 -1.0167 0 0]|.
given i;ls]f/ollows [14]: 0 0 0 0 0
- 0 0
u 0 0 0 00
Ay = 0 _]/)‘Wz 0 ; The attenuation level is estimated gs 0,8010.
L 0 B Kq/}‘q _]/)‘q The obtained gain matrix is defined as follows:
K, /A, 0 « =| 00556 —0,0593 0,7976 54622 0,00
B, =| O Ko /Ay |; | -0,9842 -0,1059 - 0,0204 1,676+ 0,00
0 0 The indices of performance and robustness of the
- inner loop control for the nominal and perturbed
1 0 0 models are given in tab. 1.
Cq =|0 1 0, H, and H,, of theclosed loop system
0 Ko/t 1 TR T BT
vv_here the su_bscrlptw corresponds to the true Plant Deterministic | Stochasticl norm
airspeed vertical component andi for the case case
longitudinal one. In our case the Aerosonde flies By=26 m/s T Nominal 06014 03543 05503
an altitude of 200 m in moderate turbulence. TH&;, —>3 s Perturbed 05214 03698 | 06711
parameters appearing in the state space of Dry T,=30 nis Perturbed 0.7099 03453 | 0,559
filter are given as follows [14; 15]:
K, =0, /(2|_u n\/) As stated before, the outer loop controller is
A =L / designed using TSFC for altitude hold mode at the
w =LV reference signal. The error between the reference
Kw =142, signal and actual position of the UAV is removed
A, = 667, through the fuzzy controller by adjusting the
Kq =1V, parameters using the gradient descent algorithm.

_ TSFC comprises one input and one output.
A = 4/, Three input Gaussian shaped membership functions
whereb is the Aerosonde’s wing spah= 2.9m. are used to represent the “crisp” values on the
The same parameters are defined for differemniverse of discourse and singletons are used for
models corresponding to different true airspeeds. output. Since there are a total two fuzzy variables
The inner loop is designed using LMI approachifigedtain  (one input and one output) and each fuzzy variable
model with external disturbances. The measuredblesi have three membership functions. Thus, the total
for the inner loop are&X = [u,w,q,9, Q]. To apply LMl number of fuzzy parameters to be tuning is 9.
for inner loop design it is necessary to rewrigertiatrices of The simulation results of the closed loop systesforb
uncertainties aAA (t) =H,A,; N, and after the optimization, are given in the fig. 2

r . The maximum deflections of the angle of attack and

10000 pitch angle are enclosed within acceptable intsrval
01000 -3<0<3deg and —4<0<8deg, respectively.
with: H,; =H,, =H,;=/0 0 1 0 0|, The altitudeh and velocityV are also held at their
000O0OO reference signal$ _ref =50m and V _ref =5ny's
00O0OO respectively with acceptable deflections.
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Fig. 2. Simulation results for longitudinal chanoélAerosonde:

non-optimized fuzzy controller:

a — altitude of UAV nominal and perturbed models;

¢ — pitch angle of UAV nominal and perturbed models;
e — angle of attack of UAV nominal and perturbed misd

optimized fuzzy controller:

b - altitude of UAV nominal and perturbed models;

f — angle of attack of UAV nominal and perturbed models

d - pitch angle of UAV nominal and perturbed models;
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Conclusion 8. Output Feedback LMI Tracking Control Conditions

In this paper the robust combined autopilo‘f"ith H_, criterion for Uncertain and Disturbed T-S

consisting of inner and outer loops for plant witfnodels / B. Mansouri, N. Manamanni, K. Gueltonale

parameter uncertainties and external disturbargeg'formation Sciences. — (179) 2009. — P. 446-457.

considered. The inner loop is the system of angulfr An LMI Approach To RobustH, Control For
motion and velocity stabilization, while the outeincertain Continuous- Time Systems / S.-W. Kau,

loop is the flight altitude control. The stability Y-S Liu, C.-H. Lee, et al // Asian Journal of Gan.—

conditions have been obtained via a quadratitn®2005.-Vol. 7, No. 2. —P. 182-186.

Lyapunov function. The outer loop is representebo. Xie L. H_ Control and Quadratic Stabilization of
with fuzzy control approach. It is shown that theystems with Parameter Uncertainty Via Output
membership functions of the fuzzy controller can beeedback / L. Xie // IEEE Trans. Automat. Contr. —
optimized via the gradient descent method th3o!- 37, No.8.—P.1253-1256. _ _

results in adjusting (tuning) the fuzzy controllar 11. Zhou K.Robust Stabilization of Linear Systems with

. . . orm — Bounded Timevarying Uncertainty / K. Zhou,
an automatic mode. The simulation result . Khargonekar // Systems and Control Letters. 9819

demonstrate that all flight requirements are held. ;1 (1). — P. 1720,
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