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Project 1: High-performance control of multi-motor systems with
cogging torque. Application to the Green Bank Telescope

Abstract: This project develops: (1) a novel load-s
methodology, based on an iterative, self-tuning m
achieve high-performance control specifications it
affected by cogging torque, nonlinear characterisi
speed specifications, including a reliable and eas’
and (2) the implementation and experimental valic
controlling the azimuth (16 motors) and elevation
sfructure of the Green Bank Radic Telescope (GE
Observatory), West Virginia, US, the largest fully si
for low speed and very high precision tracking an
extending the frequency range of operation of the

Project 2: Quantitative robust control n
performance active vibration control in .
with model uncertainty. Application to t/

Abstract: In last few decades use of large flexible
applications like space robotics, space based fele

http://cesc.case.edu/OurTelescopeControlProjects.htm
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Green Bank Telescope (GBT), National Radio
Astronomy Observatory (NRAO), WV, USA

http://cesc.case.edu

Project 3: High-Performance Quantitative Robust Switching Control
for Optical Telescopes

Absfract This projectintroduces an innovative robust and nonlinear control design
methodology for high-performance serve-systems in optical telescopes. The dynamics
of optical telescopes typically vary according to azimuth and aftitude angles,
temperature, friction, speed and acceleration, leading to nonlinearities and plant
parameter uncertainty. The methodclogy propesed in this project attenuates the effect
of friction and combines robust Quantitative Feedback Theory (QFT) techniques with
nonlinear switching strategies that achieve simultaneously the best characteristics of a
set of very active rebust controllers and very stable rebust controllers. It is alse proven
that the nonlinear/switching cenfroller is stable for any switching strategy and switching
velocity, according to described frequency conditions based on common quadratic
Lyapunov functions (CQLF) and the circle criterion.

Project 4: Advanced nonlinear robust MIMO control systems for
high precision tracking and pointing in large optical and radio
telescopes. Application to the Giant Meterwave Radio Telescope

Abstract: This project proposes (1) develop a new advanced nonlinear and robust
multi-input multi-output contrel methodclogy te design high performance servo
systems for extremely large telescopes and antennas, and (2) validate it
experimentally in the GMRT, Giant Meterwave Radio Telescope, National Centre for
Radio Astrophysics (NCRA), Tata Institute of Fundamental Research (TIFR), India. The
facility has 30 fully steerable radio antennas, each of diameter 45 meters. GMRT
operates in frequency range of 50 MHz to 1500 MHz. It is the largest radio telescope
in Asia and largest in the world at this frequency range. The radio dishes of GMRT are
made using SMART (Stretch Mesh Aftached to Rope Trusses) concept. This allows
construction of light weight, low cost dishes. But such structure also lowers the
fundamental frequency of the dish making it more challenging to control under windy
conditions.

Selection of publications

[1]. Garcia-Sanz,M., Ranka,T., Joshi,B.C. (2011). Advanced nonlinear robust controller
design for high-performance servo-systems in large radar antennas. 83th National
Aerospace & Electronics Conference, IEEE-NAECON, Dayton, Ohio, USA_

[2]. Garcia-Sanz,M., Ranka,T., Joshi,B.C. (2012). High-performance switching QFT
control for large radic telescopes with saturaticn consfraints. 64th National Aerospace
& Electronics Conference, IEEE-NAECON, Dayton, Ohio, USA.



Why do we need feedback control?

M(s)/ P9 <—l

r(s) u(s) (s)
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y(s) = P(s) u(s) + M(s) d(s)

with: u(s) =-[M(s)/P(s)] d(s) + [T(s)/P(s)] {s) THISIS OPEN LOOP
y(s) = 1(s) rs)

We need feedback control because:
(a) model uncertainty, and (b) unmeasured disturbances
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Feedback control.
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QFT Robust Control

Over the last 25 years we have worked on QFT (Quantitative Feedback Theory)
robust control, including fundamental research and real-world applications with
industry and space agencies.
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Industrial projects where we have applied QFT Control solutions
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CONTROL ENGINEERING DESIGN
Mario Garcia-Sanz * Constantine H. Houpis

Wind Energy Systems:
Control Engineering Design
Mario Garcia-Sanz and
Constantine H. Houpis (2012)
CRC Press, Taylor & Francis.

Energy: Multi-megawatt wind turbines, Variable-speed
multi-pole synchronous generators, Off-shore systems,
Desalination systems, Waves energy conversion ...

Industrial : Robotics, Gri
Furnaces, Heating system
Paper converting machines,
Automatic manufacturing
machines, PKM ...

e i

Environmental:
| Waste-water
treatment plants ...

Spacecraft : with flexible appendages, flying in
formation, Darwin mission, Lisa-pathfinder, Proba-3

for MIMO, non-linear,
distributed, nmp ...

To gain knowledge on multi-input-
multi-output systems, nonlinear
plants, distributed parameter
systems, non-minimum phase,
time delay and/or uncertainty, etc.,
and to develop new methodologies
to design quantitative robust
controllers to improve the
efficiency and reliability of such
systems

To develop advanced solutions with
industrial partners, for practical
control engineering problems in
Energy Systems, Multi-megawatt
Wind Turbines, Formation Flying
Spacecraft, Satellites with Flexible
Appendages , Power Systems,
Water Treatment Plants, etc.

Quantitative
Feedback Theory
Second Edition

-
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Conctantine H. Houpis
Stovon J. Rasmussan
Mari oz

Control/Energy Fields:
- More than 20 patents
* 3 books, 200 papers...
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Model with Uncertainty: Plant Template obtained by
QFT-Templates mapping points of uncertainty

region into points on to the N.C.
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QFT-Bounds

Plant Model

+ Uncertainty Performance
Specifications
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QFT-Bounds

QFTCT

20 [T T T T T
Sensitivity bound

w= 700 rad/sec
15

10

Tracking bound

w =700 rad/sec

Open-loop magnitude (dB)

Stability bound
w = 700 rad/sec

-350 -300 -250 -200 -150

Open-loop phase (deg)

-100

Open-loop magnitude (dB)

Intersection bound,

or worst case scenario bound

w = 700 rad/sec

10 |

1 1 1 1 1

-350 -300 -250 -200 -150

Open-loop phase (deg)

Open-loop magnitude (dB)

120

60

40

20

10

50

100 7
200

-200 -150 -100 -50 0

Open-loop phase (deg)

Prof. Mario Garcia-Sanz (CWRU)



Designing G(s) ONIYS
or Loop Shaping L (s)

RES:] F{S:l - E{S} Gl:.ﬂ':l LTS} | >
I ‘ His)
QFTCT

100

80

= Ly(s) = Py(5)G(5)

60 |
40

20

Open-loop gain (dB)

1100(535 +1j(17300 +1J
G(s) =

S
S +1
(25000 )

-20

5000

10000
-60 |

1
1
1
40 L 1
1 ]
1
1
1

1 1 1 1 1
-300 -250 -200 -150 -100 -50

Open-loop phase (deg) Prof. Mario Garcia-Sanz (CWRU)



Magnitude (dB)

-10

Designing F(s)

F(s)

Gi(s)

D(s)

Li(s)

;1:&:.5' :l

PGF/(1+PG)

Frequency (rad/sec)

15 |
20 |
25 | \ 4
\
Vo
30 | \
\
1
-35 il il il iiai
10 10 10 2 10

Amplitude

Step Response

<«—067up®

55-10(S)

L L L L
0.002 0.004 0.006 0.008 0.01 0.012

Time (seconds)

Prof. Mario Garcia-Sanz (CWRU)



Newmlt
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QFT Control Toolbox for Matlab
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Tre QFT CownrtroL TooLeos, or QFTCT, 1s THE PROFESSIOMAL,
INTERACTIVE AND USER-FRIENDLY TOOLECX FOR MaTLaE OF
CobvPower LLC, & 2016.

IT aPPLIES THE QuanTmaTvE FEEDBACK THEORY (QFT) TO THE
DESIGH OF AUTOMATIC ROBUST CONTROL S¥YSTEMS. THE
SOFTWARE HAS BEEN DEVELOPED BY Prof. Marmio Garcia-Sanz.

COWER THE YEARS, THE TOOLEDX HAS BEEN WIDELY APPLIED BY
INDUSTRY, SPACE AGENCIES, RESEARCH CENTERS AND
UNNERSITIES TO DESISH CONTROL SOLUTIONS AND SERWD-
S¥STEMS.
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THE DESISH INM THE FREQUENCY DOMAIN, AND (4] GIVES SOLUTIONS
FROM SIMPLE PID REGULATORS TO MORE ADVANCED CONTROL
STRATEGIES WHEN RECESSAFRY.

ReFerencES. CLICK HERE TO SEE PROUECTS AND PUBLICATIONS.

ScREENSHOTS OF THE TOOLEOX. CLICK HERE TO SEE DETAILS.

TecHNICAL sUPPORT. CLICK HERE FOR SUPFORT.
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THE FOSSIEILITY OF DEFINE SPECIAL FERFORMANCE
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How To ADQUIRE THE TOOLEOX!

FoR THOSE INTERESTED OM PURCHASING & LICENSE OF THE
rRoOFESSIONAL QOFT ControL TooLeox ForR MaTLaB, PLEASE
CLICK HERE.

For additional information, please email:
sales@codypower.com
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The QFT Control Toolbox (QFTCT) --Screenshots--
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The Importance of Simulation by Professor Mike J Grimble

If on some future occasion I am to be sent to a desert island and can take only one control
technique with me then it will have to be the very trustworthy simulation capability. PID
control would of course be helpful on the sandy beaches but simulation is probably the most
important tool for the control engineer. In years gone by this was certainly not the case and in
fact only 30 years ago simulation facilities were what might be described as primitive.
However, in recent years simulation has become a valuable tool, certainly for those employed
in advanced control systems design.

QUANTITATIVE FEEDBACK THEORY

The subject of Quantitative Feedback Theory (QFT) sounds highly theoretical but in fact [&8]algelils =060 =Ne i =
=. It is true that it has been used by a rather limited
community of researchers but it is now becoming a much more accessible and valuable method, mainly

because the availability of good design software.

Contents

The Importance of Simulation by
Professor Mike J Grimble

ACTC News

< Can Engineers Be Replaced by
Software?

< Model Based Control for Automotive

< Quantitative Feedback Theory

~

Professor Mario Garcia-Sanz who is now at Case Western Reserve University, has developed a very easy to use
design package particularly designed for multivariable systems. In the early days of QFT it was only really

suitable for single-input single-output design but over the year's various software tools and design
methodologies have been developed, which provide practical multivariable control solutions. One of the most
successful packages and a text book were produced by Professor Constantine Hopes and Dr Steve Rasmussen.
These both worked at the Air Force Institute of Technology in Ohio, USA in fact Professor Garcia-Sanz also
worked with these researchers at various times (see Quantitative Feedback Theory: Fundamentals and
Applications, Second Edition by Constantine H. Houpis, Steven J. Rasmussen, Mario Garcia-Sanz).

The main advantage of QFT is that it provides a robust control design tool and the robustness is meaningful.
That is, there are a number of control design methods which provide some form of robustness, sometimes of
only a theoretical nature. However, QFT really does allow the engineer to understand the robustness margins
that are being achieved. In the early days a Nichols chart was used and a rather laborious process was needed
to establish the boundaries of uncertainty which then allowed the robust control design to be achieved. In
recent years the computer aided design packages make the whole process much faster and more efficient.
Moreover, the type of experience need by the engineer is to have a good instinct for frequency domain control
design. Classically trained control engineers often have very good instincts in this respect and hence the design
method is very accessible.
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Example

A DC motor

Objective: Control the shaft angle y(s)
by changing the voltage u(s)

ﬂ:p(s = =
u(s) s(Js+D)(L,s+R,) s(s+a)(s+b)

K., k

Required control
specifications

1. Stability

Stability specs

@ constant | 1.4619

4.52705

40.0001

2. Reference tracking

tep Response

610 <k <1050; 1 <a<15;150 <b<170.

. Disturbance rejection

Bode Diagram
T

Magnitude (dB)

. P R R
10" 10° 10’

Freguency (radis)
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The QFT Control Toolbox

an interactive Matlab CAD toolbox for Quantitative Feedback Theory

Project Examplel_appendix C=280 X

Plant Definition File Help -
il =™ |

(@) Plant definition | | Templates | | Specificatons | | Bounds | | Controllerdesign | | Prefiterdesign | Analysis

— Plant typg————————————— — ZPG structure——————— — ZPG parameters
{:ﬂ:{] Cain/Zero/Pole Number of real zeros: il Gain = ki(a*h)
.::::::. MumeratorDenomingtor Mumber of complex zeros: 0 Real pole 1 = a
.:. State Space Number of real poles: 2 Real pole 2 = b
':' Load transfer function array | | Number of complex poles: o
I:I Load experimental data Integrator/Differenciator: -1
— Plant Delay: No Vi
y(s) k L Addnew gt Updte
— P F
U(S) B S (S + a) (S + b) — Parametric uncertainty
Hame Uncertainty/Probability Min Max Grid Nominal
| Delete selected plant | b 150 170 [ 5|log » [ 10

k 810 1050 | 5|log ¥ 810

610 <k <1050
1<a<l15
150<b <170

Plant frequency vector: 0. 0.1 0s 1 2 5

Plant name: |System plant
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/4 Project_Examplel_appendixG_ok - QFT Control Toolbox: Template Definition L X

File Help
O d R& T

Templates

() Plantdefinton (@) Templates (| Specifications | Bounds | | Controller design (| Prefiter design () Analysis
60

— Template type
':-:_:-:' Vertex '1'::'1' Faces

: 5 5 5 5 = 5 () Edges (@) i
40} . : . . - : ) Edges (@) All points

1 — Add frequency

Manual i}

20

g
=
=]
: 2 )
on
E Cancel
= 40
_z | — Remove frequency
2 : : ' =4 : : '
R Z : ' Z Z Z 0.01 -
I I : ! ! : ] Cancel Remove
-80
1|  Modify uncertainty |
-100 -4 : : . . .
: ' by ' ' ' ' — Frequency vector -
i i i i i . | 0.01
20 L N I N B
S k -350 -250 -200 -150 - - :
y _ Open-loop phase (deg) Hide all

u(s) s(s+a)(s+b)

Sparse template

5| =T

Template contour.
Initial points: 125 Contour points:
Dense template

610 <k <1050
1<a<15
150 <b <170

S~ ] ®
»=[0.010.1 05125 10 20 50100 200 500] rad/sec
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4 QFT Control Toolbox: Non-parametric Plant Definition

— Choose the transfer function ty

Function ord Numerat B
’VNumeraturnrder Coeticient 1 = ——
= JiTTELELE Coefficient 1 =
(@) Denominator order: independen oefficien
Independent =
s
— Number of mets — Parameter val
Update \
cancel | Aoy | [ Accet |

— Choose the transfer funch

Function orde Numeras =
’VN.,memmmdg, El Independent = Coefficient 3 =
(@) Denominator order El Cosflicient 2= 2
Coefficient 1 = -
pety [ v | 1egg
Independent =
— Parameter
o
Update /
Cancel | Appy | [ Accept |

7] Project_Examplel_appendixG_ok - QFT Control Toolbox: Specification:

| File Help

Specifications

"G

.

@ Mﬂiﬁ... () Templa... (@) Specifications| ) Bounds ( ) Controller design (| Prefilter design [ | Analy...

— Choose the specification type
Stability specs
) Sensor noise attenua...

Output disturbance rej...

Reference tracking

) Defined by user

‘Reference tracking
Upper specification

Lower specification

Constant

Prefilter

F G

Controller Plant

P

Frequency |U_[J1

0.5 |

— Defined specifications

Stability specs -
Input disturbance rejecti

3

Step Response

Step (Bu,Bl)

T
'
'
T
'
'
'

1
I
.
.
T
.
.
.
:
.
.
|
2

Time (seconds)
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L - QFT Control Toolbo

endixG_ol

_app

ject_Examplel

Proj

Bounds

File Edit Help

(| Analysis

O Prefiter design

O Controller design

g
&
(@)

(| Templates (| Specifications

|| Plant definition

— Choose the specification type—
) Input disturbance rejection

) Stabilty margins
() Reference tracking

" Intersection bounds

— Frequency vector

0.1

e e e e e e

OO | N

120

(gp) apnyubew dooj-uadp

Open-loop phase (deg)
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LOOp-Shaping ,' ok - QFT Control Toolbox: Controller desic =ay X

File Edit Help

M \ \ ‘Emﬁ'
A
SRt et | Plantdefintion | | Templates | | Specificaions | | Bounds @ Controller design | | Prefiterdesign | | Analysis
* A\ 05 1
% \Qv ) i — New controller Customize plot = Frequency vector -— Pointer info
S o Fos , Name: Add controller [ |Bodeof6(s) [ |Rostiocusoflo [ Shuw = Magn it.UdE:
e W [ | Bode of G(syPo [ | Step of Lo/(1 +L[I-} s
v e — Added controllers [ Hu:ie an | |l TElsiae
.\ _ [ Show secondary window l
E - H ) 5 200 T T T T T T T
| copy | [ Deste | ! ' : ' : ! :
'm‘ﬁnB 1000 2000 3000 : : : : : : :
— Controller history : ! : ! . : : :
N ' 150 |-+ ! ! ----t : : :
Gain modified (89.1) -= (85) ¥ ! ' '
S S r .
89| —+1||—+1 :
G(S) _ 10 15 Real pole ¥
- S Controller dynamics _ 100
S| —+1 Gain (89) ~ =
300 Real zero (1.5) ?
Real zero (10} 'g
Real pole (300} o 50
Integrater/Differenciator (-1) -~ =
i =
[ak]
| Delete selected dynamic £ :
0 LI o
’— Edit selected controller dynamic .
D(s) -50 :
—» M(s) '
R(s) . U(s) i H H i .
| ] ] ] ] | ]
—3| F(s) | G(s » P(s -100
) () () -350 -300 -250 -200 -150 -100 -50 0
- Open-loop phase (deg)

H(s)

N(s) Prof. Mario Garcia-Sanz (CWRU)



i ’a Project_Examplel_appendixG_ok - QFT Control Toolbox: Prefilter desig ;.
Prefilter

FEEIEEY

| | Pantdefintion | Templates | | Specificatons | | Bounds | | Controller design @) Prefilter design | | Analysis

Al —_—
— List of controllers 20
m_7|
— Mew prefiter |

Name: Add prefiter

— Added prefiters -1

S S @ e —-
—+1|| —+1 M
F(s) = 50 100 [ copy | [ oDelete |
S S — Prefilter history |
-+l o+l Real pole modified (1) -» (4) v/ @
- =
4 8 = . -2
Prefiter dynamics & Vo Vo
1| 2 B0 f---bee bbb bbb
Real zero (100) —
Real zero (50} Ll
Beal nole (&)Y
PerT———v— 44 041 WO S 3 SN S W RS 14
Edit selected prefiter dynamic
-100
Location: 1 —l
D(s boropiii i
—>() M(s) %IB AR R
R HE I R
R 107 107 10° 10’
S + U(s
F(s) | G(s) (s) | P(s) Frequency (rad/sec)

H(s)

N(s) Prof. Mario Garcia-Sanz (CWRU)



Analysis

File Help

11 Project_Examplel_appendixG_ok - QFT Control Toolbox: Analysis

EEIRRYY

(| Plant defintion | Templates

(| Specifications

( IBounds | | Controller design

l:::l Prefiter design @ Analysis

— Specification

Stability specs .
Input disturbance rejection
=

— Analysis type

domain
O

Unit impulse response

Freguen

— Controller List

-

— Prefilter List

_

— Analysis frequency vector
Min (log) Max (log) Grid value Grid scale

. 2| 2898 | 100 Log w

Update

— Parametric uncertainty

Hame Min Max Grid value Scale

a 1 15 |E|
(5| oo ¥
ERCE

b 150 170
610 1030

Update

14

1.5
Time (sec)
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Project. MIMO QFT control for a Space Telescope with

large flimsy appendages. The Darwin mission

Interferometry to
find exo-planets.

Telescope

High accuracy
star trackers

e

Large shields parallels to (X,Y) plane

Non-diagonal MIMO QFT Controller
Design for a Darwin-type Spacecraft with
large flimsy appendages.

ESA-ESTEC, Noordwijk (Holland)

Project 2005-2011
Principal Investigator: Mario Garcia-Sanz

Ref: M. Garcia-Sanz, |. Eguinoa,
M. Barreras, S. Bennani

“Non-diagonal MIMO QFT Controller Design for
Darwin-type Spacecraft with large flimsy
appendages”.

International Journal of Dynamic Systems,
Measurement and Control, ASME, USA.
Vol. 130, January 2008.
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Satellite Modeling

X(s) | | P12(s) P12(S) P13(s)
Position <E y(s) P21(S)  P22(S) P23(s)
2(s) | | p31(s) P32(s) Paa(s)
@(S) | | Par(S) Pg2(s) Pa3(s)
Attitude <: &(s) Ps1(s)  Ps2(S)  Ps3(s)
w(s)] [ Pe1(s) Pe2(s) Pe3(s)
From: In(1) From: In(2) From: In(3) From: In(4) From: In(5) From: In(6)
g 200 i ] ;
S 7208 =2 =~ o, e —_—
2 -400 : : !
g 200 T 7 ......
S »208 —*‘""“’m —"'!Xm i =m"'"v\ R
2 -400 : : :
g 200 ! ! N ! ! !
P N e =
; -288 H H - H H
e
2 -400 : : : :
5 200p ; ] —
S . e U S
8 400 : : :
S 200 — T Lt ” A N
E -400 :0 :O :0 0 :O 0
10 10 10 10 10 10
Spec. 6DOE: 3D Position: 1 um

Darwin Flyer 6DOF Dynamics with flexible modes

3D Attitud: 25 mas

P14(s)
P24 (S)
P34(s)
P44 (s)
P54 (S)
Ps4 (S)

P15(S)
P25 (S)
P35 (s)
P45 (S)
Ps5 (S)
Pe5 (S)

P16(S)
P26 (S)
P36 (S)
P4 (S)
P56 (S)

P66 (S)

E,
Fy
FZ
Ty
Ty (s)

Ty

(s) |
o >
()

(s) >

Force

Torque

(s)|

where every p;(s),i,] =1, 2, ... 6,
Is a 50 order Laplace transfer
function with uncertainty.
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Satellite Description

« Satellite dimensions

- body mass : 500 kg

- cylinder with Zcont as revolution axis.

2 m diameter and 2 m height

- beam mass : 7 kg * 6 beams =42 kg

- length of simple beam : 4 m

» Flexible modes

- Validated with finite elements methods

2m

Rigld body

Zeont

o beams
Co "‘7

l=F

1m

- 1stflexible mode has been considered for each beam and along its X and Y axes

Parameter Uncertainty range w
Frequency [0.05 , 0.5] Hz
Damping [0.1 , 1] %

Mass 5%

Inertia 1%

SYSTEM DYNAMICS UNCERTAINTY
The satellite parameters vary within a
certain range of uncertainty

Prof. Mario Garcia-Sanz (CWRU)



Satellite Modeling Darwin Flyer 6DOF Dynamics with flexible modes

(X(S)T [P1a(8)  P12(s)  P13(8)  P1a(s) Pis(s)  Prg(s) ]| Fx(9) |
POS'“°”<§ y(s) P21(S) P22(S) P23(S) P24(S) Pas(s) Pog(s) || Fy(s) E> Force
2(s) | _| Pa1(s) P32(S) Psa(s) P3als) Pas(s) Pas(s) || Fz(S)

@(S) | | P41(S) P42(8) Pa3(s) Pag(s) Pas(s) Pas(s) || Tp(S)

Attitude<: 6(s) P51(S)  Ps2(S) Ps3(S) Psals) Pss(S) Pss(s) || To(S) :>Torque
w(s)] | Pe1(S) Pe2(S) Pe3(s) Peal(s) Pes(s) Pes(s) ]| Ty (S)]

\ e N IR
A S e e S S i is a 50 order Laplace transfer

e B e S A [ B function with uncertainty.
%/_208 =‘”~.\ —%«. _.%, =4“¢\ MA..%‘ 2m
e e R = s
Spec. 6DOE: 3D Position: 1 um

3D Attitud: 25 mas
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Specificacions

Objective

Numerical Requirement

Darwin-type Flyer
Requirements

Astronomical
Requirements

Position accuracy

Maximum absolute value:
1 pm for all axes

Standard deviation:
0.33 pum for all axes

Pointing accuracy

Maximum absolute value:

25.5 mas for all axes (3 o)

Standard deviation:

8.5 mas for all axes (1 o)

Engineering
Requirements

Bandwidth

~ 0.01 Hz for all axes

Saturation limits

Maximum force: 150 uN
Maximum torque: 150 puNm

Rejection of high frequency
noises (from measurement
and actuation)

High roll-off after the
bandwidth

Control Requirements

Stability margins

max |T(ja)1 <2

mex [S(jo) < 2

Loop interaction Minimum
Rejection of flexible modes Maximum
Controller complexity and Minimum

order
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DESIGN
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* Non-diagonal MIMO QFT (1st option)
» H-infinity (provided by ESA)
» Diagonal MIMO QFT (2nd option)

Controller evaluation
and comparison (I)

[gu(s) 0 0 0 0 0
Non-diagonal MIMO QFT has 0 gul) 0O 0 0 0
0 0 033(5) 0 0 0
8 elements — > %O g i Gus 0 0 h
of order: from 3 to 14. 0a(®) 0 0 0 gg(s) O
L 0 0 0 0 0 Ues(5) ]

- - - —911(5) 012(8)  913(8)  914(S)  95(S) ng(S)_
H-infinity expressed as transfer 02(9) 0209 09 Gu(S) 0x() G(S)
fUﬂCtIOﬂS haS —  G(s)= 021(8) 03(S) 933(S) 9as(S) as(S)  9ss(S)
36 e|ementS 041(8)  942(8) 943(S)  9us(S) 9us(S) Que(s)
051(S)  952(8)  0953(S)  Usa(S) Uss(S)  Gs6(S)
of order 42. 196(8) 96(9) 0sa(S) Gsa(S) Gss(S) Ueo(S)]
. fgy(s) 0 0 0 0 0
Diagonal MIMO QFT has 0 gu) O 0 0 0
6 elements —> o . o, 0 0 .
of order: from 5 to 14. 0 0 0 0 ggs O
L 0 0 0 0 0 65 (5) ]
Controller MNu_mt_;er (.)f Number of Sums
ultiplications
Non-diagonal MIMO QFT 130 124 h
H-infinity 2994 2988
Diagonal MIMO QFT 116 110
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* Non-diagonal MIMO QFT (1st option)
» H-infinity (provided by ESA)
» Diagonal MIMO QFT (2nd option)

Time-domain analysis. Results (I)

Evaluation Criteria

For each controller:

the greatest value over the 300 uncertain cases is shown for:

- Position errors: the maximum

the standard deviation

- Attitude errors: the maximum

the standard deviation

- Actuator commands: the maximum

in all axes.
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Time-domain analysis. Results (ll)

Non-

diagonal Diagonal
Specification Requirement Benchmark MIMO MIMO H-infinity
OFT QFT Controller
Controller Controller
Maximum Bl 0.0131 0.0131 0.0293
1 Positi E X <]
osthion Error Hm B2 0.0816 0.0816 0.511
(1m)
I\_/I_aximum Bl 0.0120 0.0120 0.0299
<
2 Position Error ¥ 1 um B2 0.0120 0.0120 0.0299
(1m)
Maximum Bl 0.0288 0.0288 0.0292
3 Position Error Z <1pm
- H B2 0.0288 0.0288 0.0292
(1m)
Maximum B1 25.27 25.31 25.95
4  Afttitude Error X < 25.5 mas
(mas) B2 25.27 25.31 25.95
Maximum B1 22.91 22.99 23.21
5 Attitude Error Y < 25.5 mas
(mas) B2 22.55 23.75 28.91
Maximum B1 21.15 21.15 22.84
6 Attitude Error Z < 25.5 mas
(mas) B2 21.15 21.15 22.84
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Time-domain analysis. Results (lll) ~ _
o . elEgEnEl Dl\l/lalgl\(;lrgl H-infinity
Specification Requirement Benchmark MIMO QFT Controller
Cogtf;_ller Controller
Std. Deviation B1 0.00275 0.00276  0.00686
! E?::OF;())S(“('S%) <0.33 um B2 0.0511 0.0511 0.341
Std. Deviation B1 0.00265 0.00266  0.00722
8 E?IOF;O\S(“('S;) <0.33 um B2 0.00265 0.00266  0.00722
Std. De\{igtion B1 0.00668 0.00668 0.00691
9 E?‘:OF:OZS'EE’;) <0.33 um B2 0.00668 0.00668  0.00691
Std. De\_/iation B1 5.57 5.57 5.68
10 E?:Of‘;?t(lﬁgaes) < 8.5 mas B2 5.57 5.57 5.68
Std. De\_/iation B1 5.76 5.76 6.01
1 E?:Of‘:ﬁ't(lﬁgaes) < 8.5 mas B2 5.80 5.85 8.23
Std. De\_/iation B1l 4.83 4.83 5.00
12 E?:Of‘;'t(lrjr?:s) < 8.5 mas B2 4.83 4.83 5.00
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News QFT control QFTCT Stability Wind energy Research Courses Books Team Collaborat. Contact

Control & Energy Systems Center (CESC)

N EWS Back to CESC Home

Publication Impact!!!

MoRrE THAN 5000 DOWNLOADS

ADVANCESIN © »

SPACECRAFT Our book chapter,
TECHNOLOGIES

Attitude and Position MIMO Robust Control Strategies for Telescope-Type
Spacecraft with Large Flexible Appendages, by Mario Garcia-Sanz, Irene Eguinoa
and Marta Barreras,

M

has achieved impressive readership results, with more than 5000 downloads from
InTechOpen from over 100 countries. The top countries from which the chapter has
been downloaded are: USA, India, China, United Kingdom, Germany, France,
Canada, Japan, ltaly, Spain, Russia, Iran and Turkey.

Click here to download and/or read this chapter
The chapter is part of the Intech book Advances in Spacecraft Technologies.

InTechOpen is a leading global publisher of Journals and Books within the fields of
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Radio telescope azimuth-axis
Servo control system

Modeling, QFT control system design and analysis



- Objective

To designed a high-performance control solution (servo system)
for the azimuth axis of a radio telescope :

velocity control loop
position control loop

Dealing with the existing model uncertainty (robust control)

and achieving five simultaneous control objectives:

stability,

tracking of the azimuth axis telescope position,
regulation of the azimuth axis telescope velocity,
rejection of unpredictable wind disturbances,
reduction of dish and feed-arm vibration.
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- Modeling ()
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- Servo system
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Bode Diagram
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- QFT Velocity control (l) fﬁjjg
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- QFT Velocity control (ll)
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- QFT Position control (l)
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Open-loop magnitude (dB)

- QFT Position control (Il
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Open-loop gain (dB)

- QFT Position control (lll)

Feedback controller G(s)
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- QFT Position control (1V)
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deg (motor)

deg/sec (motor)

- QFT Position control (V)
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- QFT Nonlinear Dynamic controller (I)
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- QFT Nonlinear Dynamic controller (ll)
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- QFT Nonlinear Dynamic controller (lil)
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- QFT Nonlinear Dynamic controller (1V)
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- QFT Nonlinear Dynamic controller (V)
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- QFT Nonlinear Dynamic controller (VI)
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- Summary

This case study has designed two control solutions for the velocity

and position loops of a radio telescope servo system.

The first solution is based on the robust QFT methodology and
the second one proposes a QFT Nonlinear Dynamic Control
strategy.

Both designs deal with the uncertainty of the model and
accomplish five simultaneous control objectives:

stability,

tracking of the azimuth axis telescope position,
regulation of the azimuth axis telescope velocity,
rejection of unpredictable wind disturbances,
reduction of dish and feed-arm vibration.
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