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

Why do we need feedback control?

M(s)

P(s)
u(s)

d(s)

y(s)
+

+

-M(s)/P(s)

T(s)/P(s)
r(s)

with: u(s) = -[M(s)/P(s)] d(s) + [T(s)/P(s)] r(s)    THIS IS OPEN LOOP

y(s) = T(s) r(s)

We need feedback control because: 
(a) model uncertainty, and (b) unmeasured disturbances
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Feedback control.
2 Degrees of Freedom
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Control Engineering 
is about…

Disturbances wind speed, gravity, 
azimuth trail, motor cogging, 
etc

Feedback

Actuators
Azimuth motors

Elevation motors

Sub-reflector parallel 
kinematics platform

Main dish surface 
actuators, etc.

Sensors
Encoder AZ Motors
Encoder EL Motors
AZ and EL encoders
Quadrant detector

Accelerometers
Temp, etc.

References, 
Trajectories

Robust MIMO QFT
Controllers
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• Stability
• Tracking
• Disturbance rejection
• Robustness
• Damping
• etc.

Telescope, 
Spacecraft or 
Wind Turbine or 
other…

Control theory for demanding 
specifications

Understanding and modeling the 
plant dynamics
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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. 

QFT Robust Control
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Industrial projects where we have applied QFT Control solutions

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.

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

QFT Robust Control
for MIMO, non-linear, 
distributed, nmp ... 

Environmental: 
Waste-water 

treatment plants …

Industrial : Robotics, Grid, 
Furnaces, Heating systems, 
Paper converting machines, 
Automatic manufacturing 
machines, PKM …

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

Fundamental research

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
Applied reseach

Prof. Mario Garcia-Sanz
Director

CONTROL
AND

ENERGY SYSTEMS

CENTER

http://cesc.case.edu

Control/Energy Fields:
- More than 20 patents
- 3 books, 200 papers…

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

Plant Model
+ Uncertainty

QFT
Controller

Design

PerformanceRobustness

F ,  G

Minimum Order Controller

Transparency
of the technique

Minimum Cost of Feedback

Bounds

LoopShaping
L0

QFT. A successful robust control theory 
for real-world applications: 

• Stable and Unstable Systems, 
• SISO and MIMO Plants, 
• Analog and Discrete Systems, 
• Linear and  Non-linear Plants, 
• Constant and variable parameters, 
• Minimum and Non-minimum Phase, 
• Cascade Control Systems, etc.
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Model with Uncertainty: 
QFT-Templates

Plant Template obtained by 
mapping points of uncertainty 

region into points on to the N.C.
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R Reference
D Disturbance
N Noise

Specifications in terms of T.F.

Control 
Specifications
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Bound Quadratic Inequality
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QFT-Bounds

Performance
Specifications

Plant Model
+ Uncertainty
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QFT-Bounds

Open-loop phase (deg)
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Designing G(s) 
or Loop Shaping Lo(s)

Open-loop phase (deg)
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Designing F(s) 
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QFT Control Toolbox
http://codypower.com

Professional 
version 11.20 2016

Wind Energy 
Systems: Control 

Engineering 
Design

Mario García-Sanz 
and Constantine H. 

Houpis (2012), 
CRC Press, Taylor 

& Francis.

Bestselling 
book!!!!

Quantitative 
Feedback Theory. 

Fundamentals 
and applications 

C.H. Houpis, S.J. 
Rasmussen and 
M. García-Sanz 

(2006),
2nd edition, CRC 
Press, Taylor & 

Francis.

http://codypower.com/


Mario Garcia-Sanz, "The QFT 
Control Toolbox (QFTCT) 
for Matlab", Professional 

version 11.20, 2016, 
http://codypower.com

The QFT Control Toolbox (QFTCT) --Screenshots--
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http://www.actc-control.com/enews/web/enews1608.asp#Item3
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Example

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

A DC motor

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

Required control 
specifications

1. Stability

2. Reference tracking

3. Disturbance rejection

Prof. Mario Garcia-Sanz (CWRU)



( )
( ) ( ) ( )

y s k
u s s s a s b

=
+ +

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

Plant Definition

The QFT Control Toolbox
an interactive Matlab CAD toolbox for Quantitative Feedback Theory
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Templates

( )
( ) ( ) ( )

y s k
u s s s a s b

=
+ +

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

s ≈ j ω
ω = [0.01 0.1  0.5  1  2  5   10  20  50 100  200  500] rad/sec
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Specifications
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Bounds
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Loop-shaping
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Prefilter
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Analysis
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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 García-Sanz

M. Garcia-Sanz, I. 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.

Ref:

Project. MIMO QFT control for a Space Telescope with
large flimsy appendages. The Darwin mission

High accuracy 
star trackers

Large shields parallels to (X,Y) plane

Telescope

High accuracy 
star trackers

Large shields parallels to (X,Y) plane

Telescope

Interferometry to 
find exo-planets. 

Prof. Mario Garcia-Sanz (CWRU)





















































=

























)(
)(
)(
)(
)(
)(

)()()()()()(
)()()()()()(
)()()()()()(
)()()()()()(
)()()()()()(
)()()()()()(

)(
)(
)(
)(
)(
)(

666564636261

565554535251

464544434241

363534333231

262524232221

161514131211

sT
sT
sT
sF
sF
sF

spspspspspsp
spspspspspsp
spspspspspsp
spspspspspsp
spspspspspsp
spspspspspsp

s
s
s
sz
sy
sx

z

y

x

ψ

θ

ϕ

ψ
θ
ϕ

Position

Attitude

Force

Torque

where every pij(s), i, j = 1, 2, … 6, 
is a 50 order Laplace transfer 
function with uncertainty.
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Darwin Flyer 6DOF Dynamics with flexible modes

Spec. 6DOF:     3D Position: 1 µm
3D Attitud: 25  mas

Satellite Modeling
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• 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 
- 1st flexible mode has been considered for each beam and along its X and Y axes

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

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

Mass 5 %
Inertia 1 %

Satellite Description

Prof. Mario Garcia-Sanz (CWRU)
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Darwin Flyer 6DOF Dynamics with flexible modes

Spec. 6DOF:     3D Position: 1 µm
3D Attitud: 25  mas

Satellite Modeling
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 Objective Numerical Requirement 

Maximum absolute value:  
1 µm for all axes  

Position accuracy 
Standard deviation:  
0.33 µm for all axes  

Maximum absolute value:  

25.5 mas for all axes (3 σ) 

Astronomical 
Requirements 

Pointing accuracy 
Standard deviation:  

8.5 mas for all axes (1 σ) 

Bandwidth ∼ 0.01 Hz for all axes 

Saturation limits 
Maximum force: 150 µN 

Maximum torque: 150 µNm  Engineering 
Requirements 

Rejection of high frequency 
noises (from measurement 

and actuation) 

High roll-off after the 
bandwidth 

Stability margins 
( )

( ) 2

2

<

<

ω

ω

ω

ω

jmax

jmax

S

T
 

Loop interaction Minimum 

Rejection of flexible modes  Maximum 

Control Requirements 

Controller complexity and 
order Minimum 

 

Darwin-type Flyer 
Requirements

Specificacions

Prof. Mario Garcia-Sanz (CWRU)
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Non-diagonal MIMO QFT has
8 elements
of order: from 3 to 14.

H-infinity expressed as transfer 
functions has
36 elements
of order 42. 

Diagonal MIMO QFT has
6 elements
of order: from 5 to 14. 

• Non-diagonal MIMO QFT (1st option)

• H-infinity (provided by ESA)

• Diagonal MIMO QFT (2nd option)
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Multiplications Number of Sums

Non-diagonal MIMO QFT 130 124

H-infinity 2994 2988

Diagonal MIMO QFT 116 110

Controller evaluation 
and comparison (I)
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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.

Time-domain analysis. Results (I)
• Non-diagonal MIMO QFT (1st option)

• H-infinity (provided by ESA)

• Diagonal MIMO QFT (2nd option)

Prof. Mario Garcia-Sanz (CWRU)



 Specification Requirement Benchmark 

Non-
diagonal 
MIMO 

QFT 
Controller 

Diagonal 
MIMO 

QFT 
Controller 

H-infinity 
Controller 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 

1 
Maximum 

Position Error X 
(µm) 

< 1 µm 
B1 

B2 

0.0131 

0.0816 

0.0131 

0.0816 

0.0293 

0.511 

2 
Maximum 

Position Error Y 
(µm) 

< 1 µm 
B1 

B2 

0.0120 

0.0120 

0.0120 

0.0120 

0.0299 

0.0299 

3 
Maximum 

Position Error Z 
(µm) 

< 1 µm 
B1 

B2 

0.0288 

0.0288 

0.0288 

0.0288 

0.0292 

0.0292 

4 
Maximum 

Attitude Error X 
(mas) 

< 25.5 mas 
B1 

B2 

25.27 

25.27 

25.31 

25.31 

25.95 

25.95 

5 
Maximum 

Attitude Error Y 
(mas) 

< 25.5 mas 
B1 

B2 

22.91 

22.55 

22.99 

23.75 

23.21 

28.91 

6 
Maximum 

Attitude Error Z 
(mas) 

< 25.5 mas 
B1 

B2 

21.15 

21.15 

21.15 

21.15 

22.84 

22.84 

 

Time-domain analysis. Results (II)
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 Specification Requirement Benchmark 

Non-
diagonal 
MIMO 

QFT 
Controller 

Diagonal 
MIMO 

QFT 
Controller 

H-infinity 
Controller 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 
 

  
  

   
 

 

 

 

 

 

 

 

 

7 
Std. Deviation 

of Position 
Error X (µm) 

< 0.33 µm 
B1 

B2 

0.00275 

0.0511 

0.00276 

0.0511 

0.00686 

0.341 

8 
Std. Deviation 

of Position 
Error Y (µm) 

< 0.33 µm 
B1 

B2 

0.00265 

0.00265 

0.00266 

0.00266 

0.00722 

0.00722 

9 
Std. Deviation 

of Position 
Error Z (µm) 

< 0.33 µm 
B1 

B2 

0.00668 

0.00668 

0.00668 

0.00668 

0.00691 

0.00691 

10 
Std. Deviation 

of Attitude 
Error X (mas) 

< 8.5 mas 
B1 

B2 

5.57 

5.57 

5.57 

5.57 

5.68 

5.68 

11 
Std. Deviation 

of Attitude 
Error Y (mas) 

< 8.5 mas 
B1 

B2 

5.76 

5.80 

5.76 

5.85 

6.01 

8.23 

12 
Std. Deviation 

of Attitude 
Error Z (mas) 

< 8.5 mas 
B1 

B2 

4.83 

4.83 

4.83 

4.83 

5.00 

5.00 

 

Time-domain analysis. Results (III)

Prof. Mario Garcia-Sanz (CWRU)



For more information, visit our website: http://cesc.case.edu
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Radio telescope azimuth-axis 
Servo control system

Modeling, QFT control system design and analysis

Prof. Mario Garcia-Sanz (CWRU)



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.

- Objective

Prof. Mario Garcia-Sanz (CWRU)
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Three main resonance modes. 

• ω = 4.1 rad/sec (0.65 Hz), represents the vibration of the dish, 
feed arm and upper structure in the azimuth direction (θd). 

• ω = 9.35 rad/sec (1.49 Hz), represents the vibration of the 
lower structure and arms in the azimuth direction (θb). 

• ω = 64.8 rad/sec (10.31 Hz), represents the vibration of the 
shaft of the motors (θm). 

- Analysis
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- QFT Velocity control (I)
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- QFT Velocity control (II)
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- QFT Position control (II)
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- QFT Position control (III)

Feedback controller Gp(s)
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- QFT Position control (IV)
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- QFT Position control (V)
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- QFT Nonlinear Dynamic controller (I)
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- QFT Nonlinear Dynamic controller (II)
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- QFT Nonlinear Dynamic controller (III)
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- QFT Nonlinear Dynamic controller (IV)
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- QFT Nonlinear Dynamic controller (V)
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- QFT Nonlinear Dynamic controller (VI)
Position control
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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.

- Summary
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