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Abstract: Between the different robust H-Infinity
methods to design the controller for FACTS, loop
shaping is known to be one of the effective and feasible
methods. This research presents an investigation on H-
Infinity loop shaping procedure via Graphical Loop
Shaping (GLS) for STATCOM installed at terminals of
a large induction motor. The dynamic behavior of
induction motor is analyzed while the uncertainty of
system parameters and STATCOM parameters are
considered and will be compared with conventional Pl
controller.

Smulation results prove that GLS method has better
dynamic response and more robust than PI controller
against variation of system parameters and STATCOM
Parameters, so in a specified operating point, ¢kien
system goes to instability.

Keywords: STATCOM; Robust Control; Graphical
Loop Shaping, Uncertainty Modeling

1. Introduction

Conventional Pl (or PID controller) is one of thesb
known as industrial process controller and despite
many research and the great number of different
solutions proposed, most industrial control systemes
based on this conventional regulator. In this mettioe
system linearized around nominal point. Although PI
controller has some disadvantages such as: the high
starting overshoot, long adjusting time, senskivio
controller gains and lethargic response due to eudd
disturbance [1, 2], the mentioned controller has
adequate response at this point. Shunt FACTS device
like SVC or STATCOM are employed in industrial
applications of Induction motors to correct disambe
during the starting that is ordinary in form of tage

sag [3, 4] . These types of compensators raisentiter
speeding up and enhance the voltage profile [5tif].B
FACTS devices and the other power system elements
have nonlinearity nature and acquiring a precise
nonlinear model that exactly is compatible with the
plant at all working points is a difficult to attaiSo,

most of advanced controllers are generally designed
utilizing a linear model of the process based cedi
information of the plant that is incomplete and
defective; consequently, control quality may dezlin
when working circumstances vary [8].

Besides, there exists the uncertainty in the systeah
makes it hard to design a satisfied controller ttose
FACTS that assures fast and stable regulation uaitler
operating conditions. The main source of troubltha

the B, (open loop plant) may be incorrect or may vary
with time. In particular, incorrectness iB,,,, may
create problems because the plant is part of the
feedback loop. To engage in a problem, insteadsioigu

a single model, a model witt® = B,,,, + E should be
considered, wherE is the uncertainty or
perturbation [9].

In view of these problems, robust control design
methods is appeared to be convenient, since they
present linear controllers with acceptable stabilit
margins [10]. The principle of robust control isntmdel

the uncertainties themselves and to include thethen
design method of the control system with the taagfet
covering stability and performance criteria at all
working points[11, 12]. The change of operating
conditions is considered as a source of unstrugture
uncertainty in the linearized system model. Another
important matter is the ability of controller tonmeve

the effects of external disturbances on system
execution [13].

Among all the presented robuss, techniques to design
the controller of shunt FACTS, th¥, loop shaping
procedure has been chosen, because this method have
some benefits when compared with otlir design
techniques [14-17]. The main advantage Hyf loop
shaping method is that it does not require thealea

vy — iteration to obtain the optimal controller. Algbere

are obtainable comparatively simple formulas to
propose the controller and it is proportionatelgyeto
perform based on classical loop shaping ideas [8, 9
Graphical Loop Shaping (GLS) method is investigated
to proposei,, loop shaping theory.

The rest of this paper is organized as followsstFihe
GLS method is presented. Next, the design of the



controller utilizing this procedure for STATCOM
connected to a large induction motor is specifiad
simulation result for step response of motor's roto
speed based on this method is shown and the sedgest
controller will be compared with a conventional PI
controller. Finally the uncertainties of system
parameters are considered on behavior of proposed
controllers.

2. Graphical Loop Shaping (GLS) Method

Loop shaping is a graphical method to design slgitab
controller fulfilling robust stability and performae
[18]. In this section, a concise theory of the utaiaty
modeling, robust stability and robust performance
criteria will be presented to acquire a robust cant
design algorithm.

2.1. Uncertainty Modeling

Assume that the linearized plant having a nominal
transfer functiorP consists a set of transfer functids

Consider that the perturbed transfer function,
consequence from the variations in operating
circumstances, may be stated as:

P=@1+aw,)p (1)

Hence,WW, is a fixed stable transfer function that has
been defined before as uncertainty weight, alstecal
the weighting function and? is a variable transfer
function satisfyind|2 ||, < 1.

Definition: || ap ||, = sup |a, ()| is the infinity

norm of a functiona, and is the largest value of gain
on a bode magnitude plot. For asymptotically stable
transfer function, the special form of the infinitgrm,

called H infinity norm {, norm) is applied [10, 19].

The linearized state model for small perturbaticuad
a nominal operating circumstance is expressedifor t
invarrying system as:
X% =AX+BU
Y=CX+DU

)
®3)

Taking the Laplace transform of Equations 2 and/&,
get:
sX(s) = AX(s) + BU(s)

Y(s) = CX(s) = C(sI —A)~1BU(s)
+ DU(s)

(4)
(%)

Therefore, the plant transfer function will be cééted
as:

P=®=C(SI—A)‘1B+D

o) (6)

With  considering2 ||, < 1, the multiplicative
uncertainty model (Equation 1) is rewritten as:

|I3(J'w)

o - 1w Gjw)

vV w @)

So,W,(jw) gives the uncertainty profile, and in the
frequency plane is the upper boundary of all the
normalized plant transfer functions away from 1,[20
21].

2.2 Robust Stability and Robust Performance critea

Considering a feedback system with reference tiajgc

r and plant outputy as specified in Figurel. The
tracking error signal is defined as=r —y, thus
forming the negative feedback loop. The sensitivity
function is written as

(8)

A 4
v

Figure 1: Unity feedback with controller

WhereP symbolize the plant transfer function, ahds
the controller. The controller will provide stabyfiif it
gives internal stability for every plant in the entinty
set P. If Lrepresents the open loop transfer
function L = PC, then the sensitivity transfer function
will be written as:

1

The complimentary transfer function or the outmptit
transfer function is:

e - L (10)

T=1S = =
1+PC 1+L

Performance requirements of a feedback controller,
utilizing the nominal plant model can be shaped in
terms of the Nyquist plot. The reqgirement for adequ
performance with plant uncertainty is a combinatién
the two requirementsThe fist one is a condition for
nominal performance in the presence of multipea
uncertainty parameterized wit; (jw) that expressed
as:

W,(w)S(w)| <1 Vw (12)



The second one is necessary and sufficient condibio 2.3 GLS Technique
robust stability in the presence of multiplicative
uncertainty parameterized witlt, (jw) that determined Loop shaping is a graphical method to design abslat
as follows: controller C fulfilling robust stability and performance
criterion specified in sect 2.2. The basic ideatlo$
] ] method is explained and applied in [20-22] to abta
W,(jo)T(w)| <1 Vo (12) approximate solution of this problem, which can be
readily extended to different weighting transfer

The requirement for adequate performance with plant ~functions. The first step is to construct the |demsfer
uncertainty is a combination of the above two  function L to satisfy the robust performance criterion

requirements. Hence it is clear that with multigtice and then to acquire the controller from the
uncertainty, nominal performance plus robust sigbil relationshipC = L Internal stability of the plants and
almost guarantee robust performance [10]. Grapical properness of represent the constraints of the method.
as shown in the Figure 2, the disk at the critjpaiht Condition on L is such th@C should not have any pole
with radius|W; (jw)|, should not intersect the disk of —zero cancellation. An essential condition for

radius |W,(jw)P(jw)C(jw)|, centered on the nominal robustness is that either or bothf, (j .

; 4 . , i 1) andw, (jw)
locusP (jw)C(jw) [22]. This can be written as: must be less than 1 at any frequency. The robustnes
A condition given in Equation 15 can be obtainedhes t

" following equation:

[WiGw)(1+ LGa)) ™ |+ [WoGadLGa) (1 + LGw) | <1 vo  (16)

v

At low frequencyS(jo) is small (S»0 and T—1),
K becauseL(jw) is large, thereforéW,(jw)T(jw)| <1

will conclude thatV, (jw) <1. At high frequencyT (jo)

is small (S-1 and T—0), becauseL(jw) is small,

therefore |W,(jw)S(jw)| <1 will conclude that

W, (jw) <1. Sufficient conditions to fulfill the robust

performance condition in these regions are [8220(,

P
At low frequency {L| > Ilwllll;ll or (17)
12
(Wil
Ll >
| | | A
Figure 2: Nyquist plane construction for robust peformance under
multiplicative uncertainty 1wy
At high frequency |L| < L or (18)
1+|W2|
Wy G0)| + Wz () P(i0)C(w)| <1+ P(w)C(w)| Vo  (13) L] < % or |L] < Wll
2 2

Dividing by |1 + P(jw)C(jw)] gives: 2.4 The Algorithm of GLS Procedure Based o,

Theory

Wy (jw)| (W, (jw) P(w)C(jw)l The algorithm to produce a control transfer funetd
1+ PGw)C(w)l 11+ PGw)C(w)l <1 vo (14) based on GLS method so that robust stability abdso
performance requirements are satisfied, specifiethé

flowchart of Figure 3.

Or
3. System Modeling

(W,(w)SGw)| + IW,(jw)T(jw) | <1 Vo (15) The system under study is the machine, a netwodk an
infinite bus where STATCOM is installed on the
terminal of the induction motor. Figure 3 shows the

The Equation 15 is necessary and sufficient comliti system modeling with a STATCOM which consists of
for robust stability and performance in the preseot DC capacitor, a three phase GTO based VSC anga ste
multiplicative uncertainty. down transformer.



Find the nominal transfer plant functién

v

Acquire the dB magnitude ¢fand differentPs

ple
v

Choosé/V,

SelectL

Is at low frequeny

Ll > Ml 5 and
A

at high Frequency

1
Ll < —
| | 1223]

Yes
ProduceC = L

P
v

Consider preselected disturbance or inppt

The stability and
performance of closed loop
svstem are provide

Acquire sufficientl. andC

Figure 3: Algorithm flowchart of H,, GLS method

VM

JXL
M RL
T -
L 1o
e XSDT
~ 1™
Vo =d\pcllp —+—

=
i

Figure 4: System modeling with a STATCOM

4. Linearized Model of System with STATCOM

For the construction of electromechanical mode
damping controllers, the linearized supplementary
model around a nominal operation point is commonly
utilized. By linearizing the system equations ajiwen
operating state that specified as follows:

Viine (rated)=2300 V, Power (rated) = 2250 hp, f=60 Hz,

Xs=0.0716, X';,=0.0716, X),=4.13, X;,=4.2, X',,.=4.2, D=0.6,

R;;,=0.0091, R',,,=0.697,0 45n0=0.0023,¢0 45,,,0=1.0364,

o' =0.0026, @', ,=1.0187, w,=377 rad/s, “’;’"“ =1, P,,=4,
b

qrm0
Jm=63.87Kgr.m?, X;=0.04, R;=0,V ;,,=1,V 4,=0,
Xspr= 0.015,Co=1, @o=1 rad, Vpco=1, Cpc=1,I;,40=2.70,

T0g0=9-82,V gmo y 101 =0-88V dsmosrarcon=0-

Viosrarcom=0-97,

the linearized model for the system with STATCOM
can be obtained. The lineraized model for systeth wi
STATCOM can be written as:

[A qum]" [A qum]
A wdsm A I:l}dsm
|& ¥irm | ¥orm AC
AYhm| = [Asrarcomlers | A Yo |+ [Bsrarcomlss [A @ (19)
A Wry A Wrp
Wp Wp
[ av, | [ av,. ]
[A qum]
A I:l}dsm
AP
AW 0 | qrm
[J] = [Csrarcom, |, | & Witrm (20)
W "
™rm
Wp
[ v, |

Matri_c_eS[ASTATCOM]n [Bsrarcom] and [CSTATCOMw] are
identified as follows



All A12 A13 A14 A15 A16
A21 AZZ A23 A24 AZS A26

A31 A32 A33 A34 A35 A36

A =w 21
Ustarcom = @014 4y Aus Auy Ass As| @D
|As: Asz Ass Asy Ass Asel
lAen Asz Az Ass Aes A66J
Bi1 By
By1 By
B3y Bsp
[BSTATCOM] = By By (22)
lBs1 BSZJ
Be1 B
[CSTATCOM“,] =[000001] (23)
That
A=K Ay = — (145X g ey g, A
11 p Arrofiz D FFg)’ 137 p AMs A14 D FFp
X1Cosi
A5 =046 = ﬁ, Ay1=—Arp , Ayp=Aiy, Apz=—Ass
X1.C Rim Rim
Az4=Asz, Arg = ﬁ/ A31:TXMvA32 =0,433 = — D Xss
o

Ayz = —As4 , Ay = As3,Aus = —Pgrmo , Ase = 0

1 Xy -1 X

A5, = mjwamo,flsz = mjwqrmo
-1 X 1 Xy

Az = mg‘/)dsmml‘lm = mglpqsm}

Ags = Asg=0, Agy = GG, (S22 4, = GG, (KL X)

D FFp D FFp

D FFp D FFp

XLVDco Sin @o
XsprFFp
X1.CoVDco COS Po _, . XLVpcocos@o
g Barwy— ————

Bi=w,

B, = w
12 b XsprFFp XsprFFp

X.CoVpco sin gy
B,y=———————,B3;=B;3,=B,; =0
22 Xopr FFy 31 32 41 (25)
By; = Bs; =Bs; =0
B _ ILodo €0s @o+IL0g0 Sin @g
1= oo

B — —Co 110q05In Qo +Co 11,9q0C0S Pg COZVDCO (XL )
62 =

CDC CDCXSDT FFB

And

Co cOs @, Co sin ¢,
GGl =) 2 -
XsprCpc XsprCpc (26)
L
FFg = (1+ )
g Xspr

The quantities of network, induction motor and
STATCOM are specified before. Generally, the
linearized state model for Equations 19 and 20 are
expressed as:

X°=A4X+BU (27)
Y=CX (28)

That
A = [Asrarcom), B = [Bsrarcom] and (29)

C= CSTATCOM(D

Taking the Laplas transform of Equations 27 angwa8
get:

sX(s) = AX(s) + BU(s) (30)
Y(s) = CX(s) = C(sI — A)~*BU(s) (31)

Therefore, the plant transfer function will be cdéted
as

P= O C(sI —A)"'B (32)
(s)

5. Simulation Results

The algorithm flowchart of Figure 4 is considered t
design the robust controller for the quoted systéhe
system parameters at nominal operating point are
specified before. The nominal operating point foe t
design is computed for an infinite bus voltage of. i

at unity power factor RF), soV,, = 1p.u, Vg =
Op.u and two important STATCOM parameters,
C=1p.uandVy, =1p.u.

5.1 GLS Method

The nominal plant transfer function for the seldcte
operating point is computed as:



_ Pss* 4+ p3s® +pas? +pis+ (33)
T Ges® + qsSS + 4yt + 8% + qu5% + 415 + g

Where

ps = 1201; p; = —2.515 + 105; p, = —7.968 * 105;
p, = —5.265 % 107; p, = —4.683  105;
s =1; qs = 85.82; q, = 1.701 % 105;
g, = 5831+ 10°
q; = 3.625* 10%; q; = 5.864 * 10°; q, = 5.683 = 10°

(34)

Off nominal infinite bus voltage between the rangés
1-0.1p.u and power factor between the ranges of 1-0
lagging which give steady state stable situatiom a
considered in the robust design. The dB magnitude
versus frequency plots for the nominal plBQtw) and
perturbed planP(jw) should be determined. The

quantity |i8—$ - 1| for each perturbed plantis
constructed and the upper envelope in the frequency
plane is fitted to the following function:
W = 02s2+84s+72
271152 +89s+24.9

(35)

P(jw)
So (I

P(jw)
satisfies the properties @f, (s) is selected as [18]:

- 1|§ w,(jw). A butterwort filter, which

_ Kafe’
s34+ 2s2f, + ZSfCZ +fc3

(36)

1

Values ofK; =0.01 andf,=0.5 are observed to be fulfill
the requirements on the open loop transfer function
that is specified in Equations 17 and 18. BgrandW/,,
selected above and for choice of the open loopstean
functionL as:

0.62(s+500)(s+4)%(s+0.012) (37)

"~ (s+16.95)(5+0.05)(s+0.015)(s2+4.235+14.4)

The controller transfer function obtained throudje t

. L .
relationC = — is:
Py

(38)

- PsS® + pas® + p3s® +pps? +pis +po
qsS® + qus* + q35% + @252 + q15 + qq

ps = —4.363 * 10'3; p, = —2.474  10';
ps = —8.83 x10'8; p, = —3.8 % 10%%;
py = —7.173 % 10%2; p, = —6.818 * 10%*%;
Gs = 1; q, = —8.448 % 10'; g5 = 1.786 * 10'°;
Gy = 5237 1020; q, = 3.343 x 1021;
Go = 1.663 * 1020

(39)

The plots for the nominal and robust performance
criteria are shown in Figure 5. It can be obserrad

the nominal performance measui#,§) is very small
relative to 0 dB and well satisfied. The combinedust
stability and performance measuld,S+W,T) has a
small peak at the corner frequency that is related
parameters of system considered in design and
comparable to [20].
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Figure 5: The robust and nominal performance with onsideration

to step response of motor’s rotor speed

Once the robust stability and performance critaria
plotted in Figure 5 are met, the stability and
performance of the closed loop system have to be
checked by direct simulation of the system dynamic
equations. Figure 6 shows the step response ofrisoto

rotor speed d,,,) during starting with controller at
mentioned nominal operating point.
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Figure 6: Step response of motor’s rotor speed witGLS method

Fine Tuning on the controller parameters are peréar
from monitoring of the transient response of thetem.
The distortion of the speed response is very smidl



peak value 8% and has a satisfactory dynamic
performance. The effectiveness of the robust design
tested for a number of other operating conditions.
Changing of operating points due to system parasiete
is considered as a changing of system voltage.r&igu
shows the step response of motor’s rotor speedthfor
following four operating status:

Infinite bus voltage=1 p.u, power
Infinite bus voltage=).u, power factor=0.9
Infinite bus voltage= 0.9p.u, power factor=0.9;
Infinite bus voltage=0.9.u, power factor=0.7

factor=1;

1.4

Expectedly the influence of the controller will te as
the operating point moves further and further aframn

the nominal value. It should be considered that the
effectiveness of changing of operating point due to
system voltage is more serious than changing of
operating point due to STATCOM parameters of, g0 th
settling time in Table 1 with 10% variation
Of Vinginite pus @nd 30% variation aF, reaches from
0.28 sec to 1.07 sec , but in Table 2 with 60%
differentiation of € and 65% differentiation ot/,,

Table 1: Specifications of step response of motoristor

speed with different system voltage (GLS method)

Amplitude(p.u)

Vinfinte Bus=1, PF=1
Vinfinte Bus=1, PF=0.9
Vinfinte Bus=0.9, PF=0.9

Description of System Peak  Peak Rise  Settling
Time Value Time Time
(sec) (p.u) (sec) (sec)
Vinfinite pus = L, PF =1 0.21 1.08 0.10 0.28
Vinfinite pus = 1,PF = 0.9 0.23 1.12 0.08 0.78
Vinfinite pus = 0.9, PF=0.9  0.24 1.14 0.07 0.87
Vinfinite Bus = 0.9, 0.35 1.19 0.11 1.07

PF=0.7

Vinfinte Bus=0.9, PF=0.7 |

0.4 I I I I
0 0.5 1 15 2 25

Time (s)'

Figure 7: Effectiveness of changing of operating piot due to system

voltage on step response of motor’s rotor speed (&.method)

Whereas),. andC are important factors in designing
of STATCOM, therefore variation of these parameters
are also considered in the robustness assessmém of
designed controller. Figure 8 displays the stepaese

of motor’s rotor speed for the subsequent four afiry
conditions:

C=1,Vp=1;C=0.9,V,=0.7;

settling time is obtained 0.96c. Besides, the peak
value in Table 1 and Table 2 varies from1f8& to
1.19 and 1.1%.u respectively, that variation of settling
time and peak value in Table 2 with different
STATCOM parameters are lower than Table 1 values
with different system voltage. It can be concludiedn
Figures 7 and 8 that there is maximum 18.98% under
shoot when system voltage changes, so this quantity
when STATCOM parameter varies, is little (0.54 %).

Table 2: Specifications of step response of motoristor

STATCOM parameters (GLS method)

€=0.6,Vp-=0.4;C=0.4,V,=0.35; Description of ~ System Peak Peak Rise Settlin
14 Time Value Time gTime
1al | (sec) (p.u) (sec) (sec)
NN C=1Vp =1 0.21 1.08 0.10 0.28
~ —— C=0.9Vp =07 0.22 1.09 0.09 0.29
Z os : €C=0.6Vp =04 0.23 1.10 0.08 0.72
E o6l i C=0.4,Vp,=0.35 0.36 1.12 0.15 0.96
= o2l . 5.2 PI Controller
< 0 ——C=1,VDC=1 |
‘ ISl Figure 9 shows the step response of motor’s rqteed
02 — C=04,VDC=0.35 | with GLS method that has been obtained before and
04§ o : s : - compares it with PI controller. It is obviously indted
Time(s) that GLS method has better dynamic attitude than Pl

Figure 8: Effectiveness of changing of operating pit due to

STATCOM parameters on step response of motor’s rotospeed (GLS

method)

It can be realized that the suggested controllereiry
effective in providing damping for such varying
operating circumstances. Tables 1 and 2 display and
compare different specifications of the step respdor

the mentioneaperating points.

controller so the conventional controller has high
fluctuations to reach the steady state positione Th
comparison between the specifications of GLS oubth
and PI controller proves that quantity of overshiod®I
controller is higher than GLS method, also the amhou

of undershoot in GLS method is obviously lower than
PI controller. Although the peak time in Pl conkeolis
lower than GLS method. The PI controller desigred i
checked for the number of other operating pointt th
has been defined before when the step response of



Amplitude(p.u)

motor’s rotor speed of was considered. Figuresrid a
11 display the step response of motor’s rotor sgeed
these operating conditions.
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Figure 9: Compaison between the step Response of motor’s rotor
speed with Pl controller and GLS method

It can be observed that this method is not verynst
against changing of system voltage and STATCOM
parameters when compare with GLS method that
responses have been shown in Figures 7and 8, leeen t
system goes to instability with 10% variation

Of Vinfinite pus @nd 30% variation oPF. Also, it
should be considered that the effectiveness ofgihgn
of operating point due to system voltage is monateac
than changing of STATCOM parameters, similar to
GLS method.

— Vinfinite Bus=1, PF=1

— Vinfinite Bus=1, PF=0.9

— Vinfinite Bus=0.9, PF=0.9 7]
— Vinfinite Bus=0.9, PF=0.7

Time(s)

Figure 10: Effectiveness of changing of operatinggint due to system
voltage on step response of motor’s rotor speed Wif| controller

Amplitude(p.u)

1.

——C=1, VDC=1
——C=0.9, VDC=0.7
——C=0.6, VDC=0.4
——C=0.4,VDC=0.35

0 0.5 1 15 2 25

Time(s)

Figure 11: Effectiveness of changing of operatinggint due to

STATCOM parameters on step response of motor’s rotospeed with

PI controller
6. Conclusion

In this paper, a method of designiHg robust loop
shaping damping controller for a STATCOM in a power
system consist of a large induction motor with
STATCOM installed on its terminal, a transmissiorel

and infinite bus through control of motor’s rotqgregd

is proposed. The design is performed utilizing both
robust stability and robust performance considenati
and a robust control design for STATCOM is proposed
using H, control by means of GLS method. The
design employed a nominal operating point at
Vinfinite pus = 1 p.u and the perturbations in the range
of  Vinfiitepus = 1-0.9p.u  and PF = 1-0.7for
changing of operating point due to system voltage a
C=1-0.4 and/,. =1-0.35p.u for changing of operating
point due to STATCOM parameters. Step response of
motor’'s rotor speed with robust loop shaping cdntro
has been found to be very effective in the mentione
range of operating conditions. The robust contrslis
compared with a conventional PI controller and ikis
definitely shown that this method is not very styon
against changing of system voltage and STATCOM
parameters when compare with GLS method, even
With Vi, finite pus = 0.9p.u and PF =0.7, the system
goes to instability. It is clearly indicated thatl&
method has better dynamic behavior than PI coetroll
so the conventional controller has high oscillagidn
reach the steady state position. It is shown thantity

of overshoot in PI controller is higher than GLS
method, also the amount of undershoot in GLS method
is apparently lower than PI controller, although peak
time in PI controller is lower than GLS method.
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