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i Goal of Workshop

 Present innovative control system design process based on R&D at SNL in
the area of renewable energy electric grid integration (future electric power
grid control, wind turbine load alleviation control, and novel micro-grid
control design).

» The main result of this research is a unique set of criteria to design
controllers for nonlinear systems with respect to both performance and
stability, instead of following the typical linear controller zero-sum design
trade-off process between stability and performance.

* This control design process combines concepts from thermodynamic exergy
and entropy; Hamiltonian systems; Lyapunov's direct method and Lyapunov
optimal analysis; static and dynamic stability analysis, electric AC power
concepts including limit cycles; and power flow analysis. The
thermodynamic concepts combined with Hamiltonian systems provide the
theoretical foundations necessary to view control design as power flow
control problem of balancing the power flowing into the system versus the
power being dissipated within the system subject to power being stored in
the system.

* Emphasis is placed on necessary design steps for which the concepts are
Sandia

introduced and explained with examples and case studies. Natioral
Laboratories
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Agenda

8:30 - 9:15 Welcome and Introduction Charlie Hanley
9:15-10:15 Theory Rush Robinett III
10:15 - 10:30 BREAK!
10:30 - 12:00 Continue Theory/Discussions Rush Robinett III
David Wilson
12:00 - 1:00 Lunch!
1:00 - 2:30 Case Studies 1 & 2 Rush Robinett I1I
David Wilson
2:30 - 2:45 BREAK!
2:45 - 4:15 Case Studies 3 & 4 Rush Robinett III
David Wilson
4:15 - 4:30 Open Discussions All
4:30 Adjourn!

)
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Speakers
Energy Infrastructure Futures - Sandia National Labs

* Charles J. Hanley (Keynote Speaker) - Mr. Hanley is manager of Sandia’s Photovoltaic Systems
Evaluation Laboratory and the Distributed Energy Technologies Laboratory. He manages research and
development focused on new photovoltaic components and systems with improved performance, higher
reliability, and lower overall cost, in support of the US Department of Energy’s efforts to make these
technologies cost effective. This research includes; modernization of the electric grid through controls
and communications, to support the eventual high penetration of renewable energy technologies into
our infrastructure. Until 2002, Charlie managed Sandia’s international renewable energy programs,
through which he oversaw the implementation of more than 400 photovoltaic, wind, and passive solar
energy systems in Latin America. He received his B.S. degree in Engineering Science from Trinity
University in San Antonio, TX, and his M.S. degree in Electrical Engineering from Rensselaer
Polytechnic Institute, in Troy, N.Y.

Rush D. Robinett III - has three degrees in Aerospace Engineering from Texas A&M University (B.S.
- 1982, Ph.D.- 1987) and The University of Texas at Austin (M.S. - 1984). He has authored over 100
technical articles including two books and holds 7 patents. He began working on ballistic missile
defense at Sandia National Laboratories in 1988. In 1995, he was promoted to Distinguished Member
of Technical Staff. In 1996, he was promoted to technical manager of the Intelligent Systems Sensors
and Controls Department within the Robotics Center. In 2002, he was promoted to Deputy Director of
the Energy and Transportation Security Center where he is developing distributed power and
transportation infrastructures focusing on exergy, entropy and information metrics.

David G. Wilson - has three degrees in Mechanical Engineering from Washington State University
(B.S. - 1982, M.S. 1984) and The University of New Mexico (Ph.D. - 2000). He has authored over 50
technical articles including two books. He is currently a Principal Member of Technical Staff at Sandia
National Laboratories, Energy Systems Analysis Department. He has over 20 years of research and
development engineering experience in energy systems, robotics, automation, and space and defense
projects. His current areas of research include: design, analysis, and 1mp1ementat10n of
nonlinear/adaptive control; distributed decentralized control architectures; exergy/entropy @ Sandia

and collective control for dynamical systems. National
Laboratories




Workshop Notes and References

» Viewgraph Handouts (booklet)
» Several conference and journal papers included:

D)
2)

3)

4)

S)

6)

7)

8)

9)

R.D. Robinett Il and D.G. Wilson, What is a Limit cycle?, International Journal of Control, Vol.
81, No. 12, Dec. 2008, pp. 1886-1900.

R.D. Robinett IIT and D.G. Wilson, Exergy and Irreversible Entropy Production Thermodynamic
Concepts for Nonlinear Control Design, accepted for publication, International Journal of Exergy,
February 2008.

R.D. Robinett III and D.G. Wilson, Collective Plume Tracing: A Minimal Information Approach to
Collective Control, accepted for publication, International Journal of Robust and Nonlinear Control,
Nov. 2008.

R.D. Robinett III and D.G. Wilson, Nonlinear Power Flow Control Applied to Power Engineering,
SPEEDAM 2008, International Symposium on Power Electronics, Electrical Drives, Automation
and Motion, Ischia, Italy, June 2008.

R.D. Robinett IIT and D.G. Wilson, Collective Systems: Physical and Information Exergies, SNL,
SAND2007-2327 Report, March 2007.

R.D. Robinett III and D.G. Wilson, Exergy and Entropy Thermodynamic Concepts for Control
System Design: Slewing Single Axis, AIAA Guidance, Navigation, and Control Conference and
Exhibit, Keystone, Co., August 2006.

R.D. Robinett III and D.G. Wilson, Exergy and Entropy Thermodynamic Concepts for Nonlinear
Control Design, Proceedings of IMECE2006-15205, 2006 ASME International Mechanical
Engineering Congress and Exposition, Nov. 2006, Chicago, Illinois.

R.D. Robinett IIT and D.G. Wilson, Exergy and Irreversible Entropy Production Thermodynamic
Concepts for Control System Design: Robotic Servo Applications, Proceedings of the 2006 IEEE
International Conference on Robotics and Automation, Orlando, Florida, May 2006.

Robinett, I1I, R.D., Wilson, D.G., and Reed, A.W., Exergy Sustainability for Complex Systems, No.

1616, InterJournal Complex Systems, New England Complex Systems Institute, 2006.
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}- Outline

* Theory (Morning)

— Thermodynamics

— Mechanics

— Stability

— Advanced Control Design
 Case Studies (Afternoon)

— Control Design Issues

— Collective Plume Tracing

— Nonlinear Aeroelasticity

— Power Engineering

)
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}’-‘ THERMODYNAMICS

* First Law - Energy

» Second Law — Stability/Entropy
 Equilibrium Thermodynamics - Reversible/Irreversible Paths

* Local Equilibrium — Non Equilibrium Thermodynamics
* Rate Equations — Energy, Entropy, and Exergy

Sandia
National _
Lahoratories
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Thermodynamics (cont.)

 First Law [Ref. Gyftopoulos] - A statement of the existence of a
property called energy

— Energy is a state function: path independent; E
— Adiabatic work is path independent

L, — L& =-W,
E. — Energy at state i of system

W,, — Work done by system between
states 1 and 2

Foundations and Applications, MPC, NY, 1991. National

Laboratories

[Ref. Gyftopoulos]: E.P. Gyftopoulos and G.P. Beretta, Thermodynamics, @Sandia
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Thermodynamics (cont.)

- Corollary of First Law
d E — change of state; path independent
5Q — flow of heat; path dependent
&V — work done by the system; path dependent

(conservation of energy)

Sandia
National
Lahoratories
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Thermodynamics (Cont.)

» Second Law — [Ref. Gyftopoulos]: A statement of the existence of stable
equilibrium states and of special processes that connect these states together

— Equilibrium State: A state that does not change with time while the
system 1s 1solated from all other systems in the environment

— Stable Equilibrium State: A finite change of state cannot occur,
regardless of interactions that leave no net effects in the environment

— Restate Second law: Among all the allowed states of a system with
given values of energy, number of particles, and constraints, one and
only one 1s a stable equilibrium state

Foundations and Applications, MPC, NY, 1991. National

Laboratories

[Ref. Gyftopoulos]: E.P. Gyftopoulos and G.P. Beretta, Thermodynamics, @Samﬁa
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Thermodynamics (cont.)

— Reversible and Irreversible Processes: A process is reversible if the system
and its environment can be restored to their initial states, except for
differences of small order of magnitude than the maximum changes that occur
during the process

Example 1: Expansion of Gas

: HE Z
S /

AN

Reservoir, TO Reservoir, TO

Laboratories

: . Sandi
Reversible Expansion @Ngggﬁm



} Thermodynamics (cont.)

— Available work: Q
Qz _Ql =—( 12)rev9(W)12rev > W,

— Entropy: S
dS =c,(dE - dQ)
— Adiabatic processes: Reversible:
(dS ) ey =0

Irreversible:

(dS), >

irrev

)

Sandia
National
Laboratories
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Thermodynamics (cont.)

— Corollary: At a stable equilibrium state, the entropy will be at its
maximum value for fixed values of energy, number of particles, and
constraints

— Reversible process: Interacting systems quasi-statically pass only
through stable equilibrium states

dQ =(00) sy =1dS; T —temperature

5

ds =% S=0=§d—Q
T T

Sandia
National
Lahoratories
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— TIrreversible process [Ref. Prigogine]:

hermodynamics (cont.)

is > 22
T

dS=d S+d.S

d § - Entropy change due to exchange of energy and matter
€ (entropy flux)

d ; S - Entropy change due to irreversible processes

Sandia
National

Laboratories

[Ref. Prigogine] D. Kondepudi and 1. Prigogine, Modern Thermodynamics: From
Heat Engines to Dissipative Structures, John Wiley & Sons, New York, N.Y., 1999. @



Thermodynamics (cont.)

d,S

e

Figure 1- Entropy changes

dS=> FdX, 20
k

Fy—k " thermodynamics force

X, —k"  thermodynamics flow

Sandia
National
Lahoratories



Thermodynamics (cont.)

* Equilibrium Thermodynamics [Ref. Prigogine] — In classical
thermodynamics it is assumed that every irreversible transformation that
occurs in nature can also be achieved through a reversible process where

2dQ
S2:S1+LT

irrev

rey

Reservoir

E

Sandia
National

[Ref. Prigogine] D. Kondepudi and 1. Prigogine, Modern Thermodynamics: From
@ Laboratories

Heat Engines to Dissipative Structures, John Wiley & Sons, New York, N.Y., 1999.
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}. Thermodynamics (cont.)

- Reversible Cycle Processes:

dU =TdS— pdV
dU=dE = internal energy
TdS=dQ

pdV =dw 5P~ pressure, V —volume
§ dU:o:§ Td5—§ pdV
=§ TdS=§ pdvV

T

b |4 | 4 ]
/
3 2 3 2

Work Done (area)

%

- A uniform temperature exists throughout the system.

S

)
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National
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Thermodynamics (cont.)

 Local Equilibrium — Thermodynamic quantities are well-defined concepts locally
(i.e., within each elemental volume)

— Temperature is not uniform, but 1s well defined locally

— Non-equilibrium systems: define thermodynamic quantities in terms of
densities

— Thermodynamic variables become functions of position and time
« Rate Equations

— Energy: E:Z Qj"'Z Wk+z m,(h, + ke, + pe, +...)
j k .
9,

— Entropy: S:Seq_sizz 7+Z mkSk+Si
A

J
S,=> FX, 20
!
— Exergy (Available work)

N . . T; . . - . o .
E=E-T,8=3, (1=20)+2, W =pJ)+ 2 mé " =15,
J J k !

Sandia
National _
Laboratories




MECHANICS

 Work, Energy, and Power

* Energy Diagrams and Phase Planes

» Hamiltonian Mechanics

« Connections between Thermodynamics and Hamiltonian Mechanics

* Line Integrals and Limit Cycles

Sandia
National
Lahoratories



Mechanics (cont.)

* Work, Energy, and Power
- Work:  dW=F-dr
W— Work
I — Force Vector
¥ — Position Vector

— Power: P:iW:E-iKZF-f
dt dt

P— Power

7"— Velocity Vector

— Kinetic Energy: ' =myp (Newton’s 2" law

dW=E~di_f=mf~dl_f=m_l*~di_f'=d(%mi_f'-i_f' =dT

1 . . ' ia
T = i Kinetic Energy @ Sandia

Laboratories
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} Mechanics (cont.)

— Potential Energy:

F(r)-dr=-dV(r)
V(r) =V (r) = [ E(r)-dr
V' — Potential Energy

—>  Conservative and path independent force field

§E'df=0

d
d_T:E,K:_d_V: —(T‘l'V):O
dt dt dt

—=T+V =FE= Constant
E— Total Energy (stored energy)

)

Sandia
National
Laboratories



}' Mechanics (cont.)

— Time Dependent Potential Field: F'(r,t)-dr=— V(I/' 1 )

i(T+V) = s
dt ot

Sandia
National
Lahoratories



Mechanics (cont.)

-Non-conservative Forces:

F=F

FNC

F' — Conservative Force (Potential Field)

—C

F ~c — Non-Conservative Force

dE _ d 14

dr

(T+V)=—+F 1

dt o0 ~—

)

Sandia
National
Laboratories
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} Mechanics (cont.)

* Energy Diagrams and Phase Planes

— Mass, Spring, Damper System

| 1— Control

X T = —mx
}—» 2 Force

k 1 cx— Damping
Force

. I|I
T

Sandia
National
Lahoratories



A

Mechanics (cont.)

a)Set Y =CX=0: conservative system, E=T+V = Constant

X

A E
T =—mx
\/ 2
X
@ Sandia
National
Lahoratories



Mechanics (cont.)

[
»

E= constant

v

s
J

—> The system path is constrained to the energy storage surface along
a constant energy orbit

E=dimizs Lo
2 2

Sandia
National
Lahoratories
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Mechanics (cont.)

b) Set =0 and ¢>0

H = 0.5%*x + 0.5*m*xdot’

1 i
—dissipate
—neutral
=
: z
sl =
E —dissipate
(1)  |=—neutral 031
0 0 -1 | |
| -0.5 0 0.5 1
Xdot (m/s) -l X (m) xm

— The system path is constrained to the energy storage surface as it
spirals down into the minimum energy state

Sandia
National
Lahoratories
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Mechanics (cont.)

 Hamiltonian Mechanics

— Lagrangian: [ =T (Q, Q, t)—

f— Time Explicitly

V(g,t)

g— N Dimensional Generalized Coordinate Vector

g — N Dimensional Generalized Velocity Vector

— Equations of Motion:

d JdL oL
a9g) "ag 2

O — Generalized Force Vector

Y dL .

— Hamiltonian: H = —

)

Sandia
National
Laboratories
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Mechanics (cont.)

— Canonical Momentum: p. = —
1 a q
N

H(zagat)zz piq.i_L(zaiat)

i=1

oL

— Hamilton’s Canonical Equations of Motion:

i = 0H
=
apj
oH
=——+

D, 3 0,

— Time Derivative of the Hamiltonian:
N oL oL oL

H = (p,q9,+p.,q,— - g, ———4q;)

JZ::1 J J J J at aq] J an J

= 0t Sandia
National
Lahoratories
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} Mechanics (cont.)

— For most natural systems:

oL _
ot

H(q.9) = Z 94,

0

Power (work/energy) flow equation

Sandia
National
Lahoratories
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Mechanics (cont.)

 Connections between Thermodynamics and Hamiltonian Mechanics

— Conservative Mechanical Systems:
a) H =0 and H = Constant

b) Conservative Force (storage device)

§ E-dg=§ E.g'dr=§ 0-¢dt=0

For any closed path

Sandia
National
Lahoratories
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} Mechanics (cont.)

— Reversible Thermodynamic Systems:

15
T
§d5=§ d—fzo

§ dS=§ [d,S+dS1=§ [S,+5dt=0

== =% and Si =(0 (Second Law)

— Irreversible Thermodynamic Systems:

for § dS:§ [S’e+$'l.]dt=0

then SeSO and Si > ()

)

Sandia
National
Laboratories
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Mechanics (cont.)

— Hamiltonian is stored exergy since potential and kinetic energies are
available work; Exergy rate relationship:

HZZ Qdr = E xc 1
k

. . N M +N
E=W—T0Si=z quj_z QIQIzﬂNC'i
j=1 [=N +1

a) W — Power flowing in (N generators)

b) T.S, - Power Dissipation (M Dissipators)
1
T

o

C) S'l. = Z ECX P = Z qu.k >( (Assuming Local Equilibrium)
k k

Sandia
National
Lahoratories



Mechanics (cont.)

d) Assumptions applied to exergy rate equation:

0,=0

I—TO = ()
Tj
p01720

Z mkészLOW _ O

k
¢) A conservative system is equivalent to a reversible system when

H =0 and S’e:O
thenSi:O andW:O

Sandia
National
Lahoratories
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Mechanics (cont.)

* Line Integrals and Limit Cycles

— Cyclic Equilibrium Thermodynamics:

§ dU=§ TdS—§ paV =0

|

dE=§ TdS—§ dW =0

—
E—

—
—

§ pdV =§ TdS
>§ dW:§ TdS

— Cyclic Non- Equilibrium Thermodynamics with Local Equilibrium

§ Hdt=§¢ [

§ Wt = § TS dt

—

§ [Z 0,4, 1dt =

TSdt 0

M+N

§ [ Qgar

k=N+1

)

Sandia
National
Laboratories



}i Mechanics (cont.)

— Sorting Power Terms:

a) Conservative Terms

§ E o th — () = Potential functions

b) Generator Terms

N
'[c F e 'th>0:>.[c[z quj]dt>0

j=1
c¢) Dissipator Terms

N+M

JF e gdt<0=[[> 0.4,1dr<0

k=N+1

Sandia
National
Lahoratories
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Mechanics (cont.)

— Limit Cycles:

b Wdt = T,S,di

p

— -
Z; 0,4,
= i

:38_

dt

)

Sandia
National
Laboratories
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State Xdot

Mechanics (cont.)
van der Pol Oscillator: Limit Cycle Identification

6,
5 41
c
L
E
T2
0
4
-4 2 0 > _4202
State X State Xdot
4 ; ; ; ;
- --generate
—neutral
20 |- dissipate 1
0, 4
2t ]
-3 - -1 1 3

State X

L0

Fle Edt view Insert Tools Desktop Window Help

DeHE keRaO®|E|0B8|=O0

Hamiltonian

05 x2+0.5 xdot.”

-Dissipative
-Neutral
-Generative

-Hamiltonian
surface

Sandia
National
Laboratories



Mechanics (cont.)

Linear Limit Cycles: Power Grid Applications

Goal Power Engineering
maximize real power flow:
match frequency and phase
of applied voltage and
resulting current

Exergy/Entropy Control
Design identifies stability
boundaries and improves
system performance with
nonlinear feedback by
providing robustness to
disturbances and adaptation
to parameter changes

Current Power Engineering
solutions “open loop” —
subject to changing load
variations and delays due to
manual operator set point
updates and approvals

Simple RLC circuit — Driven
with 60 Hz sinusoidal input
demonstrates variations and
changes in load and
frequency

H =0.5*1/C*" + 0.5*L*qdot”

0.15
x10° 01t
10
0.05¢
~34 B
E’ 3
_ ® 0f
E o
g 2 .05}
T 1 5
o
o
01f
-0.15¢
R 02 ‘ ‘ ‘
] 2 0 2 4
qdot (charge/s) 02 -4 q (charge) q (charge) <10*
H=0.5*1/C* + 0.5 *qdot?
x 104 ,,,,,,,,,,,,,, enee Linear
3.6 0.08r —L (90%) |
rrrrrrrrrrrrrrrrr 0.061 —C' (80%)| |
3.4~
,,,,,,,,,, 0.04}
3.2 g
7 % 0.02-
= ol TR N Y 2
g g
Eogf 5002
b=} o
E P 0.04¢
I 0.06
2.4~{—Linear e ING : 0.08}
5o | |TL (90%) '
i '0'13 2 A 0 1 2 3 4
,,,,,,,,,,,,,,,,,,,,,,,,,, 5 q (charge) x 10"

005 g
005 g

qdot (charge/s) q (charge)

Exergy/Entropy Distributed Control: Predicts
Performance and Stability for Power System

Sandia
National _
Lahoratories




STABILITY

e Static and Dynamic Stability
* Eigenanalysis
» Lyapunov Analysis

* Energy Storage Surface and Power Flow: Necessary and Sufficient
Conditions for Stability

Sandia
National
Lahoratories
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Stability (cont.)

» Static and Dynamic Stability

— Static Stability: If the forces and moments on a body caused by a
disturbance tend initially to return (move) the body towards (away
from) its equilibrium state, the body is statically stable (unstable)
[Refs. Anderson, Robinett]

a) Equilibrium State- An unaccelerated motion wherein the sums of the
forces and moments on the body are zero (x,,x,)

b) Neutral Stability - Occurs when the body 1s disturbed and the sums
of the forces and moments on the body remain zero

[Ref. Anderson] J.D. Anderson, Jr., Introduction to Flight, McGraw-Hill, 1978.

[Ref. Robinett] R.D. Robinett III, A Unified Approach to Vehicle Design, Control, and @ Sandia

Flight Path Optimization, PhD Dissertation, Texas A&M University, 1987. Plaaﬁiﬂg?éries



Stability (cont.)

R .‘.
-* *.
Statically
Statically Statically Neutrally
Stable Unstable Stable

Sandia
National _
Lahoratories
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Stability (cont.)

c) The Energy Storage Surface is
H=T+V=E

d) A system is statically stable if
H>0 for V(x)>0Vx#x,,x#x,

H(x,,x,)=0
Statically unstable if
V(x)<0

And Neutrally stable if

V(x)=0

Sandia
National
Lahoratories



Stability (cont.)

*  Dynamic Stability: Defined in terms of the time history of the motion
of a body after encountering a disturbance

— A body is dynamically stable (unstable) if, out of its own accord, it
eventually returns to (deviates from) and remains at (away from) its
equilibrium state over a period of time [Refs. Anderson, Robinett] |

a) A dynamically neutral stable body occurs when a limit cycle
exists [Refs. Robinett2, Robinett3]

b) A dynamically stable body must always be statically stable, but
static stability 1s not sufficient to ensure dynamic stability [Refs.
Abramson, Anderson, Robinett]l ] Therefore, static stability is a
necessary condition for stability

[Ref. Anderson] J.D. Anderson, Jr., Introduction to Flight, McGraw-Hill, 1978.

[Ref. Robinett]l] R.D. Robinett III, A Unified Approach to Vehicle Design, Control, and Flight Path Optimization, PhD
Dissertation, Texas A&M University, 1987.

[Ref. Robinett2] R.D. Robinett III, What is a Limit Cycle?, Int’l Journal of Control, Vol. 81, No. 12, Dec. 2008, pp.
1886-1900.

Sandia
National _
Laboratories

[Ref. Robinett3] R.D. Robinett III and D.G. Wilson, Collective Systems: Physical and Information Exergies, Sandia
National Laboratories, SAND2007-2327 Report, March 2007 @

[Ref. Abramson] H.N. Abramson, Introduction to the Dynamics of Airplanes, Ronald Press, 1958.
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Stability (cont.)

c) The time derivative of the energy storage surface defines the power
flow into, dissipated within, and stored in the system
d) A system 1s dynamically stable if

. 1 oz .
HAVE:T—J; Hdt<0

dynamically unstable if

. 1 e .
HAVE:T_L Hdt > 0

and dynamically neutral stable if (Limit Cycle)

H,, :Tiﬁ Hdt =0

Sandia
National _
Lahoratories
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} Stability (cont.)

 Eigenanalysis: The goal is to relate/ extend eigenanalysis of linear
systems to nonlinear systems via the energy storage surface, power flow,
and limit cycles

— Mass, spring, damper system

—
g(x)

AN m 2,
7

mx+g(x)=—f(x)+u
H=F= lm)'c2 +V(x); gx)= oV (x)
2 ox @Sandia
Il\laat}:;]rg?tllries

DO
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Stability (cont.)

a) Linearized system
Vi(x) = ;—kx2 >0; f(x)=cx;m,c,k >0

Hzl—mx2+1—kx2>0
2 2

mx+ kx = —cx +u

H =[mx¥+kelx =[u—cx]x

b) Assume u =cx =0, H =0, Eigenvalue Problem

mx + kx =0
a)2:L
m

Undamped natural frequency (eigenvalue) of a statically stable and -
dlndia

dynamically neutral stable system National
Laboratories
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Stability (cont.)

¢) Assume y = —K ,x and ¢ >0

|

H =—mx +ka2>0
2 2

H =[miX+kx]x =—[c+ K ,]x°
This system 1is statically stable and dynamically stable if ¢+ K, >0

Dynamically unstable ¢+K, <0
Dynamically neutral stable if ¢+ K, =0

d) Extend results to nonlinear systems:

H = lmicz +V(x)= lm)'cz +lkx2 +lkNLx4 >0
2 2 2 4

Sandia
National
Lahoratories
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This system is statically stable and dynamically neutral stable (limit cycle) if

Stability (cont.)

: 1 . . 1 -
e =—{ [mi+gQolidr=—§ [u—f(}idr=0
with nonlinear frequency content of
mx+g(x)=0

and dynamically stable 1f
° 1 Tc . .
H = Z__J:) [u — f(x)]xdt <0

C

and dynamically unstable if

H e =2 [ = f()Lidt > 0
T o

C

Sandia
National
Lahoratories
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Stability (cont.)

* Lyapunov Analysis: The goal is to relate static and dynamic stability,
energy storage surface, and power flow to Lyapunov Analysis

— The definition of static stability is equivalent to the requirement placed
on a Lyapunov function: must be positive definite

7 (x,x)=H >0

— A statically unstable system is unstlable in the sense of Lyapunov.
Assume yy=cx=0 and V(x) :—Ekx2 for k > 0; pick Lagrangian

%=L=T—V=l '2+1kx2>0
2 2
7" =[x + kxx = 2k > 0

for mx—kx=0 which is unstable

Sandia
National _
Lahoratories



i Stability (cont.)

— The definition of dynamic stability is equivalent to the requirements
placed on a Lyapunov function. A system is asymptotically stable if
[Ref. Robinett] |

7 =H >0
—j — f(X)]xdt <0
— And unstable if
7 =H>0
~ f’ [u—f ()t >0

The limit cycle “defines the stability boundary between asymptotically
stable and unstable [Ref. Robinett2]

[Ref. Robinettl] R.D. Robinett III and D.G. Wilson, Exergy and Irreversible Entropy
Production Thermodynamic Concepts for Nonlinear Control Design, accepted for
publication, International Journal of Exergy, Feb. 2008.

[Ref. Robinett2] R.D. Robinett I1I and D.G. Wilson, What is a Limit Cycle?, @ Sandia
International Journal of Control, Vol. 81, No. 12, Dec. 2008, pp. 1886-1900. Laboratories
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Stability (cont.)

*  Energy Storage Surface and Power Flow: Necessary and Sufficient
Conditions for Stability

— Energy Storage Surface: Total energy; stored exergy;
paths/trajectories are constrained to this surface; infrastructure

a) Determines static stability which is a necessary condition for
stability

b) Proportional feedback affects static stability; assume
V(x)z—lkx2 +lchx4 for f,k,, >0 and u= —pr, c=0
2 2

m)'c'—kx+kNLx3:u:—pr
m)'c'+[Kp—k]x+kNLx3:O

| , 1 4
H=—mx"+—[K,—k]x"+—ky.x

2 2 4 @ Sandia
National
Lahoratories



Stability (cont.)

300 : : : : : 300 : :
K =-300, KP =0
200t ] I |
250 K =-300.K_ =310
S 100 : = 200 :
g g
= I ] g=
g 0 g 150 1
E —1oo ' E 100¢ :
—200} 1 50 |
-300 : ' : ' : , .
3 -2 - 0 1 2 3 9 ] 3 1 5
X (1m) m (x)
k > K H= 0.5*(Kp+k) *X2 + 0.5*m*xdot2+0.25*kNL*x4 CASE 10 PID Control Nonlinear System Phase Plane
8 ‘
p &
b 6 |
> ' 4 f
= - — 0L 4
= ® ol i
s
-4t _
-6 _
b 2 1 0 1 2
Xdot (m/s) 2 X (m) - - - X ) Sandia
r g | | National

Laboratories
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Stability (cont.)

» Power Flow: Exergy Flow; 3 types— into, dissipated within, and stored in
the system; determines the path/trajectory across the energy storage
surface

a) Determines the dynamic stability which is a sufficient condition

for stability
b) Sort Power Terms:
H=W-TS,

¢) Derivative Feedback: ©# =—K ch
= T S. =K, x°

d) Integral Feedback: u = — K, | xdt

=W =-K, | xdtk

Sandia
National
Lahoratories
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Stability (cont.)

mx + kx = —cx

H = 0.5*k*x> + 0.5*m*xdot” 1

—dissipate
—neutral
6 0.5 \
g4 <z
g £ .
2 e 3
= | =—dissipate s
(1)>"" " | =—neutral -0.5
0
Xdot (m/s) -1 X (m) 4 0.5 0 0.5 1

X (m)

¢ >0, [%wdt<|TS.dt
Dynamically Stable @ﬁ%ﬁﬂﬁ‘al

Laboratories



Stability (cont.)

mx + kx = cx

2 T T T
H = 0.5*k*x” + 0.5*m*xdot? —generate
—neutral
15- - 1
S Q
Fis H
E z 0
o5 ——generate
0-l.- 7 |==—jeutral | -1t
2 =l
2
_2 _2 _2 ! ! I
Xdot (m/s) X (m) =2 -1 0 1 2

X (m)

c>0, % Wdt>[*TS.dt
Dynamically Unstable @ﬁ%&ﬂi‘i‘al

Laboratories



Stability (cont.)

mx+kx=0
1

H= 0.5*1{*}(2 + O-S*m*XdOtz

A
III‘.
Xdot (m/s)
=)

C
N

Hamiltonian (J)
N

o
!

—1 T Xdot (m/s) -1 -0.5 0 0.5 1

c=0, [“Wwdt=|"TS.dt
Dynamically Neutral Stable @Sandia

National
Laboratories
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}j ADVANCED CONTROL DESIGN

*Distributed Parameter/PDE’s
*Fractional Calculus
*Optimal

*Robust/ Tracking

* Adaptive/Tracking

Sandia
National
Lahoratories
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Advanced Control Design (cont.)

* Distributed Parameter/PDE’s
— Vibrating String

MV

|

L

—

S

1 w(x,t)

t~

VMV

f — Tension in String

o) (x) — Mass/unit length

. ow
W=—
ot
ow
w.o=—
Y ox

w(0,2) =w(L,t)=0

Sandia
National
Lahoratories
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} Advanced Control Design (cont.)

1 ¢z 9
a) —_
T 5 jo o(x)w dx

1
V —TIL w dx
7 Jo

b) Non-conservative Distributed Force

= W = IOL F(x,t)wdx = work

Sandia
National
Lahoratories
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} Advanced Control Design (cont.)

c) Extended Hamilton’s Principle

I=[ [T-V+Wl

of 9 (or Y oo )_,
ow odx|ow. | drlow, |

F+ww_—-ow=0

—>ow—ww_ =F; w0,t)=w(L,t)=0

Sandia
National
Lahoratories
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} Advanced Control Design (cont.)

d) Static Stability
L1 ., 2
H=T+V=j — (0" +0w])dx >0

for 0,7 >0
¢) Dynamic Stability

. L
H =|[" [oWw+7w i, ]dx
o L

= low —Ttw __ |wdx

v 0

o] .
= Fwdx

v 0

. | L . o
— HAVE — —§ |:j Fwdx:|dt — O, Limit Cycle
Tc T, 0

)

Sandia
National
Laboratories
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} Advanced Control Design (cont.)

 Controller: F' = prxx _KI_[ wdlt —KDW

1 . 2 2
HC:T+V=J'O E[GW +(7+ K ,)w; ]ldx >0

oV — (T + K Iw,, ==K, [ wdt =K,

H. = jOL [oWit + (7 + K, )w b, 1dx

.L .o .
= |, [ow — (7 + Kp)wxx]wdx
=.'OL [-K, [ wdt — K ,w]ivdy

Sandia
National
Lahoratories
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* Fractional Calculus

dvanced Control Design (cont.)

— Differintegral: Derivative and Integral to Arbitrary order
a) Oldham and Spanier [Ref. Oldham]:

[x a
d’ li = I
L ) e 120
[d(x—a)]" N —eo F( q) = T+ N
q= Arbitrary real numbe; }
I'(j +1) = Gamma Function
b) Podlubny [Ref. Podlubny]°
D/ f(t)=1lim A Z =D C)f(—rh) |
"o h = small change in ¢
7y = q(¢ —D(g—2)---(g—r+1)
r r!

[Ref. Podlubny] I. Podlubny, Fractional Differential Equations, Academic Press, N.Y., 1999.

Sandia
[Ref. Oldham] K.B. Oldham and J. Spanier, The Fractional Calculus, Academic Press, N.Y., 1974. @ Il\laat}g]rg?tl)ries



}i Advanced Control Design (cont.)

c¢) First Order Fractional Difference approximation
[t/h]

DI f)=h" Y, w? f(t—kh)

q
W}({q) = (—l)(kj for k£ =0,1,2,...
qu) :1 and WI(CQ) :(l—qT_i_l)w](cq_)l for k — 1,2,3,...

d) Inhomogeneous Bagley-Torvik Equation

Aj(t)+ B D y(t)+ Cy(t) =u(t),Vt >0
y(0)=y(0)=0

Sandia
National
Lahoratories



}i Advanced Control Design (cont.)

¢) Generalized to
ME(0)+ K, , Dx(1)+ Kx(1) = u(t),Vt > 0
x(0) = %(0) =0

f) First-Order Approximation/numerical algorithm

x, =x, =0

o

m
. (2—q) (q)
Kh50) wihx,
j=1

_ hy(u,—Kx, )+M(Q2x,_ —x,_,) n
m M_I_K h(2—q) M+K h(z_CI)
q q

For m=273,...

Sandia
National
Lahoratories
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} Advanced Control Design (cont.)

g) Sort power terms:
Mx+Cx+Kx=u
U :_pr_KI _“th_KDx

H:Mx2+l(K+K )x> >0
2 P

: 1 . :
H :E[Mx+(K+Kp)x]x

=[-K, | xdt— K, x]x

)

Sandia
National
Laboratories
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-- Advanced Control Design (cont.)

d* d’
Storage: —f and il
dt dt’

Dissipat —1
1SS1pator.
P dtl

d'x
Generator: ;!
A | 9 i
| ] | |
Type: Storage Dissipator I Storage Generator
Coupled

(1)

)

Sandia
National
Laboratories
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dvanced Control Design (cont.)

4 q = 0,2 . Storage
— q . .
uq — —Kq ; Dt x(t) < 2> >0: Dissipator

\0 >qg 2—1: Generator
h) Lag — Stabilized Controller [Ref. Robinett]

Mx+Kx=u(t)=K x(t—1,)

For K ,7,>0

—> Equivalent to positive proportional and negative derivative
feedback

—> Shifted Sinusoids .
u=K x—Kpx

[Ref. Robinett] R.D. Robinett III, B.J. Peterson, J.C. Fahrenholtz, Lag-Stabilized Force Feedback @ Sandia
Laboratories

National
Damping, Journal of Intelligent and Robotic Systems, Vol. 21, Issue 3, March 1998, PP. 277-285. il
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| __ Advanced Control Design (cont.)

The Fractional Calculus Approach

* Fractional calculus compared with PID type controllers

8 ‘ ‘ ‘ 8 ‘ ‘ ‘ 2 | —y
—YPD Control p —¥p Control 15- yI Control
6 —YFC with o=1.0|1 —YEC with 0=0.0 ol FC with a=-10] |
4 |

4r _ 5t
g g7 £
=1
g2 g 2
Z = 0 Z -5y
o 1)
~ S 5| =8

0 ~ -2 -10F

-4r -15¢
2k
-6F -20r
“o 5 10 15 0 -8 ‘ ‘ ‘ -25 ‘ ‘ ‘
. 0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec) Time (sec)
8 15
_yPD Control —yPI Control
61 —YEC with 0=0.5 || 10¢ —YEC with a=-0.5 |

5,
2 ~
=t E o
2 : a=dq
IS Es

-107

-15¢

I%ar!dia |

-4 : ‘ ‘ 20 ‘ ‘ ‘ ationa

0 5 10 15 20 0 5 10 G 20 .
Time (sec) Time (sec) Laboratories
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}i Advanced Control Design (cont.)

» Optimal [Ref. Ogata] -

x=f(xu); u=g(x)
)_'C = f ()_c, g( E)) —> Asymptotically Stable to x=0

J=| Lxwd

H(x,u)=7"+L(x,u) 20
min 4 (x,u) =min[7" + L(x,u)] = 7| _, +L(x,u) =0

=7 u=u,— —L(x,u,)

Note: 7 (x(e2))=0=7"(x(0)) = [ L(x(®),u,())dt
7 (x(O0)= [ L), (1))dt
Sandial

[Ref. Ogata] K. Ogata, Modern Control Engineering, Prentice-Hall, Inc., N.J., 1970. @ Laboratories
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} Advanced Control Design (cont.)

a)Example #1: mxX+cx+hkx=u

T——H :—%[m)'cz T :%[micf e

= [ —tmit + kec)dr = [ —{u— et

7:[u—cﬂ)’c<0:>u<cfc

7 :lm)'c2 +lkx2
2 2

Sandia
National
Laboratories
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} Advanced Control Design (cont.)

b) Example #2: mx + kx =U

J = r [hX* + kyx® + kyu® 1dt
7" = —L(x,u) = ki —kyx® ki’

7 =%m5c2 +%kx2 = 7" =[m¥ + kx]x = ux
—ux :klxz +k2x2 +k3u2

. 1 .
o=k, =0: ulbu+x)=0u=-—x

3

U, = [ (1% =4y (ke X* + kyx)) ]
2k,

Sandia
National
Lahoratories
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}i Advanced Control Design (cont.)

~ Fixed Final Time: J = j tf %[(uxz)z +u?] dt

[0=t=w5=f(xu);H=L+A" f;x=(6,6)" |1
o o angle,

LM oo @8

~ ] 1 L
H:_(ux2)2+_u2+ﬂ1x2+ﬂzz [,mertla
2 2 1 Horizontal Link
oH

O:E:ux;+u+%ﬂ2 =u=-A,/1(x; +1)
A —0H / x, B 0 _ A, =4, =const.
12 —E)ﬁ/ax2 —u’x,— A, A =-u’x, —ﬂlo

1 - A
= Ve ()i

Laboratories
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-- Advanced Control Design (cont.)

* Homotopy from 1) min. energy to i1) hybrid min. energy plus min.
power, to 1i1) min. power cost functions

Horizontal Link Slew POWER opt Horizontal Link Slew POWER opt
T T T T T T T 4 T T T
\ ! \ ‘ ‘ ‘ Angle : ‘ ‘ Power
4l __4____4____4 —— —AngleRate || 3N L __ Loy ___ —— — Torque ||
. | | | | | | : L Torque | | | T
o ; ;
B
®-c —
e g
Py z
[0
5 -
3 5
S 2
E —
T =3
o [
i s
£ g
]
£
£
=
_4 | | | L | L L | L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec) Time (sec)

J=9($)= % ftf W awEx,) +w,0-ap @l (6= Q(f )= Besirea =0
X = Ax B \Pz (é:) :-e(tf) ~Y Sandia
(9(t0) = (9(t0) =0 @Il\laat}it?rg?tllries



}i Advanced Design Control (cont.)

* Robust / Tracking
— Nonlinear Model: y1.x + g(x) — —f(x) +u; g(x) =

1 L
a) Hamiltonian: H = Em(x —Xp )2 +V(x—xz)

oV (x)
ox

H =[m(i-3,)+ gx—xp )k —%p)

=[-m¥, + g(x—x)— g(x) = f()+uf(x—x)
U=Up. +Au
oV (x)

X

Au=-g(x—x,)—K, [(x=x,)dt — K, (X — %)

Uprr :]/hjéR _é(x_xze)+§(x)+]}(x); g(x)=

Robustness/Tracking addressed in the RLC example @ﬁgﬁgﬁm

Laboratories
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}i Advanced Design Control (cont.)

: . ~ 1 A
— Static Stability: H =5m(jc—ch)2 +V(x—x,)+V(x—x,)>0

~ Dynamic Stability: 7 = [m(¥—%,)+ g(x—x,)+ 8(x —x,) (i —x,)

= [—mi, + g(x—x,) + 8(x —xp) — g(x) = f (1) +ul(x - x,)
= |0h—m) &, +(g(r—x) — 8 (x = x ) +(E(0) — g (X)) +(F ()~ £ ()]
K, J(x=x)dt =K, (x—%,) Jx—5%,)
— Robustness:
Koy (=P K e G, (g (=)~ 8= ) +H2(0) ()

HFE =@ J=%0) s
@ﬁz%i?a. |



Adaptive/Tracking: Simple RLC Model

| z | " Advanced Design Control (cont.)

v

L
11

&

AL

EOM: R(q) L c(q)

L§+R(c7)+%(c7)=v:vocosﬂt
gR(g)>0for ¢ #0
¢C(g)>0 for ¢ #0

Hamiltonian and time derivative:

I
H =L +| C(nay

Goal:

Design applied voltage
that creates desired
limit cycle (e.g., 60 Hz)

$lLaq +C(@)gldr =0

Where storage terms matched

§[vi — R(})ildt =0

vi maximally used by load

H =[Lg +C()]g =[v—R@)|g = vi—R()i ()



}i Advanced Control Design (cont.)

* Goal: 60Hz Limit Cycle

ﬂ h§+c@ﬂ@ﬁ=£:h—R@ﬂ@h:O

for matched storage terms and maximal real power

c¢) Specific Nonlinearities:

.. 1 1 ) )
Lg+| —g+——a° |=v—Rg—R. sion(q
q {Cq CNLQ} q — R, sign(q)

d) Tracking Hamiltonian with controller and information potentials:

— 1 . . 1(1 IV T T
H=—L(qg-g,)+—| —=+K —q,) +——I(q -
S L@ =) 2(C CAp)(q qx) AC. (7 — )
LSO
2

=T+V+V_+V i
cap I @ ﬁggolr?al _
Laboratories



aptive PID Control Strategy: Improve Performance

i
| z ! Advanced Design Control (cont.)

H=T+V+V_+V,

cap
1

H=lreelly +1Kca &+ TH
2 2C 2 2

: . 1 . ~ ~
H =[-Lg, _E_R +K,,e—Rg+v]+PI"®

e=(q9—qz)

Controller V=v,+Av
selected as: i

VR :LéR +Rq;+_?R

C Sandia
National
Lahoratories



One Wants to Design for Ideal 60 Hz Condition

|
P ‘ " Advanced Design Control (cont.)

i Ideal a)z - = Qz

* Then qu;R — qu

» Requires feedback control if

1
W =—#Q°
LC
* To maintain a power factor of 1
* Select feedback portion as
t []
Av=-K, e—K,, : edt—K , e

Sandia
National
Lahoratories
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} Advanced Design Control (cont.)

Incorporate into Hamiltonian Time Derivative

H=[-K,,[ edt—K, éle+® [V e+T"P]

Where

O (S SN
Y¢:(L_L)QR+(E_E)QR+(R_R)q
1 1

¢ =[(L-L) (E E) (R—R)]
'LT_;\T_ A i A

BT =" =[L — R

Y=[q, qp q]

Sandia
National
Lahoratories



y Advanced Design Control (cont.)
Identlfy Adaptive Parameter Update Equations

Sandia
National
Lahoratories
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2 i Advanced Design Control (cont.)
erfect Parameter Matching: Nonlinear Stability Boundary

§[K ., [ edtledt < K, §é*dr

Results 1n asymptotically stable
(passivity) solution

Sandia
National
Lahoratories



Robustness/Tracking vs Adaptive/Tracking

}i Advanced Design Control (cont.)

Gain Robustness Adaptive
K_cap 10000 750

Higher
controller
gains
achieved
Robustness
at expense of
K_gen 5e6 5e6 increased
power usage

K_diss 500 10

Sandia
National _
Lahoratories



Advanced Design Control (cont.)
Llnear RLC Network w/ PID Numerical Results

0.4

—
b

o)

Charge (mA-sec)

—
[

wn

o

Error (WAmp-sec)

_q'ref |

1
W

— 9

0.1
Time (sec)

P
(e

o)

Time- (sec)

Charge rate (mAmp)

|

)

0.2

_qdot )
ref |

Yot

Error ot (mAmp)

R = O = N W

Time (sec)

VVU

|

1
N

Time (sec)

015 02 '
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Advanced Design Control (cont.)
inear RLC Network w/ PID/Adaptive Numerical Results

Charge (mA-sec)
o

0.2 -
0.4 —
0 0.05 0.1 0.15 0.2
Time (sec)
200
=y
5 100
)
&é 0
L
20
= -100; — ot
O I
200 _qdot
0 0.05 0.1 0.15 0.2
Time (sec)

2

Y
T

Error (WAmp-sec)
— o

1
N

3 005 01 015
Time (sec)
3
Vet 2’
g
g |
30
o
g
Mo
_2 | 1 |
0 0.05 01 0.15

Time (sec)

e (7

Sandia
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i Advanced Design Control (cont.)

Linear RLC Network Energy & Power Flow Results

—
[

o

Energy (mJoules)

o

<
(8]

b

o

[\

I

Energy (uJoules)

1
N

1
OOO

0
1,
5l _deissdT
— P drx
0 0.15
Time (sec)
_deissdT |
—Jp drz |
gen
0.15

Time (sec)

1

<

Power Flow (mWalts)

PID /adaptive

PID Controller

information

Time (sec)

015

Power Flow (mWalls)

Time (sec)

015

flow more
efficient than

PID with
physical flow

PID/Adaptive

Laboratories



2 | ‘ Advanced Design Control (cont.)
Next Model Includes Nonlinearities

Lg+Rg+—q+—q° +R,,sign(q)=v
C Cy,
ADDED: Nonlinear Capacitance and Nonlinear Resistance
ALY i — 1 —3 3 N— n . -
Vier = Lgy+—qy+—(q —e’ )+ Rqg+R,, sign(q)
C Cy
L — _7/4[q_3 _63]6
Cy
R = _7551gn(Q)e

ez(q—qR) e:(q_q;R) @Lﬁgé:g'r??l
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—d .. Advanced Design Control (cont.)
Nonlinear RLC Network w/ PID Numerical Results

10

—
~

go.z ﬂﬂnﬂﬂﬂnﬂ 20000000000
< o
% o/\f I
soz VYUYV V=0 E-UUUUUUUUUUUL
—q
U 005 01 015 02 9 gos 0T o015 02
Time (sec) Time (sec)
100 20
.
50 .= I
2 E
g o EL 0
gl) _qdot s—c
,f::d -50 et 5 _ L
S ey, T
100, 005 01 o.ig : uo.z 220

Time (sec) 0 005 01 015 02 Sandia
Time (sec) National
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Advanced Design Control (cont.)
onlinear RLC Network w/ PID/Adaptive Numerical Results

0.4

Charge (mA-sec)
o
2 ©

S
[\

I |

4

- q'ref

01

0.15

0 0.05 0.2
Time (sec)
200
=)
E 100+
E
% 0
L
S q
,.C.' —100' - dOtl'ef
S :
_qdot
'2000 0.05 0.1 0.15 0.2
Time (sec)

20

Yk
o

Error (WAmp-sec)
o

0 005 0.1 015 02
Time (sec)

0 005 01 015 02 Sandi
Time (sec) m National
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i Advanced Design Control (cont.)

onlinear RLC Network Energy & Power Flow Results

Energy (mJoules)
[¥)]

0} [P 47
—[P d=x
gen
-15 ; : :
0 0.05 0.1 0.15 0.2
Time (sec)
0.1

—

o

Energy (mJoules)
&

=
2

=
L
o

005 01 015 02
Time (sec)

0.5
5 0
J
£.05
=
)
E -17 — diss|[]
I gen
1.5 : ' :
0 0.05 0.1 0.15 02
Time (sec)
0.1 ‘
w0 .l||llll||ll. Lt
& 'I'llll'lll'l H
=
~-0.1
=
2
% 0.2
= T diss
£ 0.3 _
gen
0.4 ‘ ‘ ‘
0 0.05 0.1 0.15 0.2
Time (sec)

-

=

=)

—

~

=

c .

O  PID /adaptive

A  with

H . .

B« information
flow more
efficient than

o PID with

.E physical flow

o, alone

<

=

<

-

o

=W
@Sandia
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._ Advanced Design Control (cont.)
PID/Adaptive Parameter Update Responses

N
[}
ol
=)

1/c, (1)

005 01 015
Time (sec)

005 01 015
Time (sec)

0.2

005 01 015
Time (sec)

0.2

Linear RLC Model

0 0.05 0.1 0.15 02
Time (sec)

0 005 01 015 02
Time (sec)

0 005 01 015 02
Time (sec)

Nonlinear RLC Model

)
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Adaptive/Tracking Conclusions

| z g ’ c Advanced Design Control (cont.)

* Applied new nonlinear power flow control
design to power engineering

* Used to design adaptive PID control
architecture

* The power flow and energy responses
demonstrated the required energy consumption
of each controller

* Adaptive PID control showed to be more
efficient than just PID control alone

* Future work to extend apply to power grid
control problems

Sandia
National _
Lahoratories



Case Study #1:

Control Design Issues




|
P ‘ Case Study #1:
Control Design Issues
1) Sinusoid Damping/ Nonlinear Feedback
1.) Model  mXx + kx = u = sin(x)

i —sin(x)+x =0

1 . 1
H = Exz + Exz > () = Statically Stable

H =|mx + x5 = [sin (3)]x

Limit Cycle Bounds

L1m1t Cycles:
H,..=§ sin@)idi=0

Where X =Xn7x
for 1 =13,...

Power (W)

T T T T T T T

. ‘ . ‘ , Sandia
q5 0 s 0 5 10 15 National
Xdot Laboratories
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g Case Study #1:
Control Design Issues

ii.) Nonlinear second-order model — responses for initial limit cycle

H = 0.5%x> + 0.5*xdot”

{ —(enerate
20  |=—Generate| 4 — Neutral |
o e—Neutra] L. , —Diussipate

[—
N
!

—Dissipate

Xdot (m/s)
o

Hamiltonian (J)
o

2k
5“"'
A+
18}””
'§5 Xé 5
Xdotms) 0 X(m) )
3D Hamiltonian 2D Phase Plane
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Case Study #1:
Control Design Issues

A

* Dynamically unstable, neutral stable, stable

Generate Case Neutral Case Dissipate Case

10 2 . 2
= S ( —Power Flow D
= 8 B —ZEnergy O
5 = T 20
S 6 2 &
5 -2
e —Power Flow = -
= 4r —Energy = 0 5 4 P Tl
S ~ o —Power Flow
< 2 % ] % 6! —Energy
2 -1
g 2 3
= 0 a3 i
[&] | 3~
SARRRRRRNED
= VIV VTVEVT 2

-4 : ‘

-3 : : -12 ' :
0 10 20 30 0 10 20 30 0 10 20 30
Time (sec) Time (sec) Time (sec)
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g Case Study #1:
Control Design Issues

* Nonlinear second-order model — responses for second limit cycle

H = 0.5%x> + 0.5*xdot>

15 :
—— P —~@Generate
—Generate| .. 1ol —Neutral |
80~ —Neutral — Dissipate
—_ - l==Dissipate[ . |
- 5-
= 60 =
= <
£ = 0
g 40 :—)%
- 5
20
20 1ol
_1 I I I I ]
Xdot (m/s) 200 -20 X (m) j 5 -10 -5 0 5 10 15

X (m)

3D Hamiltonian 2D Phase Plane
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Case Study #1:

} Control Design Issues

* Dynamically unstable, neutral stable, stable
(second limit cycle)

Generate Case

[T ]
o=

[\
wh
T

N
[
T

—
wn
T

—

Power Flow (W) and Energy (J)
<

il

b o W

—
o)

[}

Neutral Case Dissipate Case
8 —— 10 w ; ; ;
—Power Flow -
= 6 —Energy S 5
B B
g 2
5 4r 1 g
5 A0
—Power Flow| | o 2 L
—Energy | 5 8 |
3 0 % /\,\]
B ol | B
2 = -10r —Power Flow| -
p 41 | B —Energy
2 5
E £ -15¢
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‘ 8 ‘ ' | | | 2% 5 10 15 20 25 30
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X
y /[y Case Study #1:
Control Design Issues

* Nonlinear second-order model — responses for BOTH limit cycles

H=0.5% + 0.5*dot? s |
— Initial
—Second
10 |
60 -
< 5¢
40 %
§ g
2 = 0
z E
T —Initial | sl
0 @ —Second
20 ; Ll
0 0 1 | | | | |
Xdot (mfs) 2020 X (m) I X(my 10 15

3D Hamiltonian 2D Phase Plane
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Case Study #1:
Control Design Issues

2) Multiple Input Multiple Output (MIMO)

1.) model:

Fxp m 1272 m IEE
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' Case Study #1:
Control Design Issues

H, = mlxlxl — F1 _F12 ]561

Hy= myx,x, =|F,+F, ]562
1 1
), = 5’””15612"'5’””15622

T

2= [mljél ]).Cl T [mzjéz ]562 = Fx +Fx,+F, (562 _).Cl)

i

bJI —_

N-1

N
Z X+ Fim [xjﬂ —xj]

i=1 Jj=1
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Case Study #1:
Control Design Issues

i1.) Decoupled (Neutral Stability) — Linear System Controller Design

Decoupling controller defined as:

t . — 2
uz—KPx—K,joxdT—KDx—{ e

| Ky ki, | Ky o | K, 0
= kT e, k, M T 0k
12 P, 12 D, )

Sandia
National
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Case Study #1:
Control Design Issues

H1 and Hdot 1

100
. Decoupled (Neutral Stability) >
>
g 50 ]
5
2 0 |
E —Diss
= 50 —Gen |
E _Dissclot
~ —Gen
100 dot ‘ ‘
0 10 20 30 40
—~ Time (sec)
E H 2 and Hdot 2
o ~ 200 : . :
! =)
>
9 %” 100t 1
~=d =
. a 43
o g 0 ]
Q—1 E —Diss
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o - r e 1
% —Diss ot
A —Gen
200 dot ‘ ‘
0 10 20 30 40
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e
> 200} ]
B
[5 100+ ]
z 0 |
E —Diss
k.+K K 5 e |
2 1 P Ii g 200+ —Diss, ]
¥

@, = - = for 1=1,2 —Gen, Sandia
m. c; + K D. 0% 10 20 30 o | National
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. Decoupled 2
(Asymptotically Stable)

Case Study #1:
Control Design Issues

Position (m)
o

-1F
_2 I I I
0 10 20 30 40
Time (sec)
H1 and Hdot 1 H 2 and Hdot 2 H12 and Hdot 12
10 ‘ 40 - \ 40 ; ; ‘

S S S

’ — < 20
@ & 20 5
: : :
=0 —Diss H o) 5 0
% —Gen % § 20
g 5 —Diss |- 2 20 5
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) _Gendot % Fe 407
g 10 1 240 g
& £ 2 -60+
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. Decoupled (Unstable) 20

Power Flow (W) Energy (J)

Case Study #1:
Control Design Issues

lxl04 | H1 and‘Hdotl
—Diss
—Gen
0.5¢ :
—Diss ot
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0 10 20 30 40

Time (sec)
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Case Study #1:
Control Design Issues

. Decoupled Energy Responses (neutral, stable, unstable)
40 ‘ . . 40 . \ \ 2500
_H1 _H1
—H L
20l 7 2ol | 2000/,
~ P - _Hl')
Z - 150071 =
320 —H, 520 5
2 —H, g £1000/
—H
10 . 10 500l
% 10 20 30 40 % 10 20 30 40 % 10 20 30 40
Time (sec) Time (sec) Time (sec)
. Decoupled Power Flow Responses (neutral, stable, unstable)
1 ‘ ‘ ‘ 500 \
0 400 —Hdoty
\VAVAYASA o,
Zero power flow for g, [
dynamically neutral 2 2 -
o o) = 200
stability decoupled : . ]| E oo
control case a —Hdot, a
4 —Hdot12 | 0
"0 10 20 30 40 -100, 10 20 30 40

Time (sec) Time (sec)



X
Y~ Case Study #1:
Control Design Issues

111.) Coupled — Linear System Controller Design from combined Hamiltonian

1 1
H, =5xTMx+5xT[K+KP]x

H,=x"|Mxi+|K+K,]x|= xT[— [C+KD]X—K,j;xdT}

Which matches up eigenvalues of system when (coupled integral gain matrix)

K, = [C+KD]M_1[K+KP]

Eigenvalues and eignevectors:

[k +k,]-o*Mlo =]k, -e*[C+K, D=0

Sandia
National
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Energy (J)

Position {m)

Case Study #1:
Control Design Issues

3 ‘ ‘ ‘
0 10 20 30 40
Time (sech
24
_H12
235 1
23
225
22+
215 10 20 30 40
Time (sec)

» System effectively decoupled into eigenspace:

Power Flow (W) Energy (I)

500

H12 and Hdot 12
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05

Power Flow (W)
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Time (sec)
10 20 30 40
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Modal Velocity

Decoupled in
phase plane:
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X
4 __ Case Study #1:
Control Design Issues

H12 and Hdot 12

. Similar results (Dissipative):
2

20

Position (m)
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Power Flow (W) Energy (J)
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Case Study #1:

Control Design Issues

Similar results (Generative):

10
5,

g of
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1v.) Coupled — Linear System Controller Design where

Case Study #1:
Control Design Issues

m >m, wu=u 0| and F,=0

With a single PID controller
t
u =—Kpx,—K, Oxla’Z'—KDlx1

The coupled Hamiltonian

1 ., 1 ., 1 |
H, :Emlxlz "'Emzxz2 +§(k1 +K, )xlz +§k12(x2 _xl)z

Resulting time derivative

° . t . . .
H, = |:_ (Cl +K), )xl -K; 0 x1d7:|x1 —Cp (xz X )2

Sandia
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Case Study #1:
Control Design Issues

H12 and Hdot 12
. Coupled (Neutral) 40 ‘ . ‘
e
2 =
_X1 %D 20,
1 2 ,‘i
—X
2 o Z
= 2 »
£ 0 = —Diss
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Case Study #1:
Control Design Issues

Coupled (Asymptotically Stable) H12 and Hdot 12

10
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_Xl . 5
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€ s 3
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Case Study #1:
Control Design Issues

Coupled (Unstable)
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P Case Study #1:
Control Design Issues

v.) van der Pol / Nonlinear Controller:

Mx+ Kx=—f(x,x)+Au

1. Nonlinear MIMO system
2. Van der Pol damping treated as controller

: (Kq — K, xlz)xl _(KG -K, sz)M
f(X,X): 1 1 ) 12 12 ) .
(KG2 _KD2x2 )X, +(KG12 _KDlex )Ax

Ax =x, — X,

AM —_ {_ E2}
F,
3. Combined Hamiltonian

Time derivative H, =x"|[Mi+Kx|=x"|- f(x,%)]
5. Neutral stability condition i; le d =0 ing[_ 7Gx, x)] 7 @ S
r T ationd

Laboratories

H, = L Ly i
2 2
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Case Study #1:
Control Design Issues

. Two-body dynamically neutral stability coupled control van der Pol system
4
—Xl
3 —x
L —X _—
- *Positions
-
£ *Energy and
-1t
power flow
2¢
0 10 20 30 40
50 Time (sec)
“H. 200 : : :
50¢ ol
S 200} ]
L“;3400

0 10 20 30 40
Time (sec)

-600f

-8000

National
Laboratories
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X
4 __ Case Study #1:

Control Design Issues

. Two-body dynamically neutral stability coupled control van der Pol system

Phase Plane 1 Phase Plane 2

8 8
6r 6r
4r 4t
z 2 g 2 *Phase plane
e g projections
4 4t
) J *Power flow
N 4~ partitioned into
X, (m) . . .
dissipation and
15 1500 H12 and‘Hdot 12 .
generation for
10+ I
S 100 coupled 12
~ I %n 500¢
i : system
-5y % 5001 |—Diss
g —Gen
-10r 7 ‘:?‘ -1000+ _Dissdot —
N | | | —Geny, @ ﬁa?dia I
4 2 ) 2 4 2% 10 20 30 40 Laboratories

12 Time (sec)



Case Study #1:

£
% Control Design Issues

3) Noncollocated Control
1.) Model

7
X1 X9
> 0y > U,
p— p—

g,(x) g12(X%y) 2(x,)
M m P m, A

1 2

£() f,(%5%) 1(x))

-

MMMDMIMMUMIII



Case Study #1:

} Control Design Issues

m X, =—g,(x)— f,(%)— g (% —x,) — fi, (%, —x,) +u,
M, X, =—g,(x, = x)— f1,(X, — X)) +u,
2,(x,) = f,(x,)=0

|
H, = Emlxlz +V(x))

Hl — [mljél +g1(x1)]x1 = [_ﬂ(xl)_ﬂz(xl —X,)— &g (x _x2)+u1]xl

1 :
H, = §m2x§

H, = [mzjéz]xz = [_flz(xz — X)) — &, (X, —xl)+u2]5c2
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' Case Study #1:
Control Design Issues

1
H, = Eml'xl +2m2x2+V(xl)+V12( _xz)

le = [mljél T 4 (x1)]5c1 + [mzjéz ]5C2 + g, (X —x,)(X; —X,)

=|mX, +g,(x)+g,(x _xz)]jﬁ + [mzjéz +g,,(x, _x1)]5€2

= :_ﬁ(xl)_ﬁz(xl _x2)+”1]x1 +[_f12(5cz _x1)+u2]x2

:_ Si(x) +uy, ]xl + [”2 ]562 + [_ Jia (X, — xz)](xl —X,)
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11.) Design Controller

Case Study #1:
Control Design Issues

A) Pick V(x,) >0 and ¥, (x, —x,)>0
— Driveto (0,0) !

—> Statically Stable
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P Case Study #1:
Control Design Issues
B) Pick

u ==K, x, —K; Jxdt—Kpx | colocaed

. s
— _ _ y Control

N

1 | 1
le — Eml’xlz+5m2x22+5Kp1x12+5Kp1x22+1/1(x1)+1/12(’x1_x2)

lmljc'l +g,(x,)+ K, x, 1721 + lmzjc'z +K, x, 1722 +g,(x, —x)(x, —x,)
lml)'c'l +g,(x,)+ g, (x —x2)+Kplx1 Lvl + lmzjéz +g,(x,—x)+K, x, 15(2
= fiG) - K, % — K, [xdel, +|- K, 5, K, Ix,dels,
= £ G = )G = %,)
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P Case Study #1:
Control Design Issues
C) Pick
u,=-K,x,—K, fxzdt—KDljcz; U, = O} Norggrlllt(r’gf‘ted
I T S
H, = 5m1x1 +5m2x2 V(%) + V(% —x;)

H, = X+ g (X)) + g, (X, — xz)]xl T [mzjéz +81, (X, — x1)]x2

= ;_fl(xl)_fu(xl _).Cz)'l'”l]xl +[—f12(562 _x1)]x2
== f1G) o+ = £, 0 =)0 = %,)
= __fl(xl)_Kplxz _K11 szdt_KDlxzkl +[_f12(x1 _xz)](xl —562)
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P Case Study #1:
Control Design Issues

*

Ax=x,—x, = x,=x+Ax

Hy= |- f,G0) =K, (n+A0—K, [(x,+A0di-K, (i +AD) |,
+[_f12(A5C)]M

= l_fl()ﬁ) _Kp1x1 _Kll ledt_KDlxl 17(1 T [_ flz(Ax)]Ax

rl-K, Ax—K, [ Axdi— K, Aili

1 | 1
= H,, = i Emlxlz +§m2x22 +V,(x) + 1V, (x, _x2)+§Kp1x12

Hy, =| = £ —Kp % =K, [x —(K, Ax+ K, [ Axdt + K , Ax) |3,

. J
Vo

Aup, ]

i N [_ flz (Ax)]AX How big 1s this? @Sa“dia
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Case Study #1:
Control Design Issues

A

i11.) Collocated vs. NonCollocated (Unstable)

4 ‘ ‘ : 10 ‘
—_ J— 5
E2 2| 0
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g 2 g o
g0 :
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5 2007 .
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Case Study #1:
Control Design Issues

i11.) Collocated vs. NonCollocated (Unstable)
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Power Flow (W)
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_le
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Time (sec)
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— Hdot1 5
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X
y /[y Case Study #1:
Control Design Issues

i11.) Collocated vs. NonCollocated (Unstable)

—Au

_ 4 ‘ 10 ‘
Z —4 ~ |
52 —u, € 57"
= 2 E
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g = V VY
@) 2 4
= =
A~
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i11.) NonCollocated (Neutral) vs. NonCollocated (Stable)
4 . T T : T

Case Study #1:
Control Design Issues

4 :
_Xl
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Case Study #1:
Control Design Issues

i11.) NonCollocated (Neutral) vs. NonCollocated (Stable)

50
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—H, 12
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X
y __ Case Study #1:
Control Design Issues

i11.) NonCollocated (Neutral) vs. NonCollocated (Stable)
4 ‘ ‘ ‘ 4 ‘ ‘ ‘

AN

PID Control Effort (N)
o o
-
B
I
I
B
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o o
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Case Study #1:

< '
} Control Design Issues

4) Stable / Unstable Systems

1.) Model : Nonlinear Linear Oscillator

?
- X
Z }_’ Equation of motion:
e mi+g(x) = u— £ (%)
% WA om | g
_—3
r
|
H = 5 mx” +V (x)

H =[mi+g(x)pi=lu—- £k

Sandia
National _
Lahoratories



X
y /[y Case Study #1:
Control Design Issues

i1.) Pick Functions:

1 1
V(x) = Ekxz +ZkNLX4

f(x)= cx+c,,sign(x)

u= —K, x—K, [ xdt—K,x

mx + (k+Kp )x+kNLx3 =—(c+ K, )i—c,,sign(x)—K, | xdt

Sandia
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1i1.) Evaluate Control Design | i i
A.  Static Stability: H=> mx” + S (k+ K )x* + ZkNLx“

Case Study #1:
Control Design Issues

—> Stable for m,k,, >0 and k-I-Kp >0

4 Nonlinear System At =1 msec

4 ¥ 10
= Pick [+ K , < 0 : Unstable at (0,0) mﬁ: o[- Nonineark
E . Linear KI =42
B. Dynamic Stability: cg‘: 2
H = {— (c+K,)x—c,,sign(x)—K, detli <
R R R P TR

Initial Condition Xo (m)

Limit cycle: Gain Scheduling

[(c +K, )x +Cy; Si gn(x)]x =— [K / J xdt]i(dt o
[ ﬂ .

National _
Laboratories



Case Study #1

A

S N
w - -om
=
N i -
N |
e
=
=1 ) o v & v o
o i - _ I
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*pp 2 * * 4
+0.5*m*xdot”+0.25 kNL X
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CASE 5 PID Control Nonlinear System Phase Plane
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A

5) Many popular coupled dynamical systems: (robots,
spacecraft, etc.) can be modeled as
T=M(q)g+C(q,9)+G(q) Work rate of the gyroscopic or

centripetal/Coriolis terms are
zero [Ref. Slotine, Robinett]

Case Study #1:
Control Design Issues

7= External torque

_ . o Dynamical
9= Generalized position systems in
4= Generalized velocity this form can

be shown to
M(g)=  Symmetric mass matrix be designed as
N : . - decoupled

C(¢,9)= Centripetal/Coriolis vector SISO systems

G(¢q)=  Gravitational vector

[Ref. Slotine] J..-J.E. Slotine and W. Li, Applied Nonlinear Control, Prentice-Hall, Inc., N.J., 1991

[Ref. Robinett] R.D. Robinett, G.G. Parker, H. Schaub, J.L. Junkins, Lyapunov Optimal Saturated Control for

Nonlinear Systems, J. Guidance, Control, and Dynamics, Vol. 20, No. 6, pp. 1083-1088, Nov.-Dec., 1997 I%gggir?al
Laboratories



EOM and PID Control Law:
H(q)qg+C(q,9)=7

A A ~ r o ~
T = HQref T CQref o KPq o K] j‘O da o KDq

1=y — 4 s

Laboratories



Case Study #1: Lyapunov Function/
Hamiltonian Based on Error Energy

|

1 op - -
7 =AH =—§ " Hj +—§" K ,§
2 2
7 =—gTK Tk | ad7 (assumes perfect
Dq 1 J- 1 parameter matching)
[A W]ave — [];Asi ]ave
(G Kyl =[-G"K, [ GdT,,, | Applied per DOF

Nonlinear stability boundary
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Case Study #1: Planar Robot w/ PID Control
Numerical Simulation Results - Case 1

Position (rad)
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se Study #1: Planar Robot w/ PID Control
Numerical Simulation Results - Case 2

NEUTRAL STABILITY

(%)
o
o

—T_ASDOT |

—A WDOT
—T0 AS

Position (rad)

DOF 1

4

=)

Time (sec)

Diss\Gen Exergy (J) and Exergy Rate (W)  Diss\Gen Exergy (J) and Exergy Rate (W]

|

Time (sec)
—T_ASDOT | DO‘F 2 “
—A WDOT
T AS
RO A
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|

(@)
oo

2
Time (sec)

3 W
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'
| "o UC€ase Study #1: Planar Robot w/ PID Control
: Numerical Simulation Results - Case 3

B 6X 11U ‘
- DOF 1
GENERATIVE 5 }h
£ 2 ’m ,h
15 E NN W W I
—irer é-z —T_ASDOT
= —A WDOT
10+ _ql E-4— 7 As
O
B = AW
—_ q2ref .ng % ‘ | | |
o) 0 1 2 3 4 5
S 5 q2 Time (sec)
\5; § 8xlO4 ‘ | | |
S _AIAeE f) /A, \ ¢, =101 DOF 2
3 O/ \ L{ fa Y > —A WDOT
O - - o
Q—i \\_—" J E 4+ —TOAS |
22 l |
_5— E 0 1
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10 8 4
- | O -4
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(52 ] == [T
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Case Study #2

Collective Plume Tracing:
A Minimal Information Approach
to Collective Control




—
., ' Case Study #2:
: Collective Plume Tracing

* Problem: Track a chemical plume to its source; find buried landmines

C(x,1)

A

« Characteristics: 1- Nonlinear time/spatially varying plume field

2-Complicated model-turbulence

3-Difficult to correlate model to data in time/space
4- Can’t count on wind or water flow direction

5- Sensor Latency

. Sandia
Solution ?? @National _
Lahoratories




' ' Case Study #2:
: Collective Plume Tracing

Possible solution: Person with a chemical sensor and a GPS receiver

Time—spatial correlation issues
Sensor latency/dynamic range issues
No redundancy

L=

Leads to exhaustive search

/

-
.

L

Sandia
National
Lahoratories



—
., ' Case Study #2:
: Collective Plume Tracing

* Collective Solution: Team of simple robots performing a collective search

— Distributed sensing

— Decentralized control (optimization/Newton update)

— Simple model of plume
— Redundant

— Independent of latency for stability (Performance?)

— Minimize processing, memory, and communications

— Beat down noise

Quadratic Fit

Concentration

la

Sandia
National _
Lahoratories



—
., ' Case Study #2:
' Collective Plume Tracing

* Emergent Behavior: Quadratic fit w/o memory

Exact Fit
Surface
Fit Minimum
Index Norm Least squares
|
|
6 # of robots

» Evaluate Resource Utilization: Trade-off between processing,
memory, and communications

— Baseline: Minimize all three simultaneously
« 8 bit processor, no memory, broadcast 3 words

Sandia
National _
Lahoratories



Case Study #2:
Collective Plume Tracing

et

* Goal of DARPA Distributed Robotics [Ref. Byrne]
Program: build smallest, dumbest robot that
couldn’t do anything other than random motion

 As a team of like robots - could solve complicated
problem

* N land-based robots whose task to localize a
source that emits a measurable scalar field F(x)

* Robots evaluate the field with a sensor and
communicate locations and sensor measurements
to neighboring robots

* Robots shared sensor information, but individually

decided course of action based on their own

estimate of plume field 0.75x0.71x1.6 inches

Onboard temperature sensor

* Robot samples its environment, broadcasts 8-bit RISC processor
information to others CSMA radio network
50 Kbits/sec data rate
[Ref. Byrne] Byrne, et. al., Miniature Mobile Robots for Plume Tracking and @ﬁgggiﬁm
Source Localization Research, J. MicroMech., Vol. 1, No. 3, 2002. Laboratories
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Case Study #2:
Collective Plume Tracing

Hamiltonian
| ] ] ! !
Lyapunov Statistical | | Quantum | [Chemical Calculus of
Functionals Mechanics| | Mechanics| | Kinetics Variations
Nonlinear Equations State Chemical Equations
Control of State Functions| |Potential of Motion
Theory
Shannon Fisher L
— | Information Information

* Universal Mathematical Approach
— Nonlinear control design via exergy/entropy thermodynamic concepts
— Hamiltonian (universal function) is the key element
— Each column has the ability to work on collective systems @.ﬁzﬁﬂi‘:‘m

Laboratories



» Kinematic Control — No dynamics; assume tight autopilot loop; control velocity
(speed)
1- Need to measure plume field: C (1, t) — concentration at a point in time

Case Study #2:
Collective Plume Tracing

2- Convert concentration measurements to range and bearing to target
— Fit a quadratic surface to distributed sensor measurements
= Perform decentralized Newton updates for feedback control

c(x,1)

_ A=l A
ac, ¢, +x,

3- Shape the “virtual potential” with a minimum (maximum) at X~ = —C, C;
for Hamiltonian to meet static stability requirements for the " robot:

1
_ _ A-14
H, =V, (x,)= clczcl+clx+ c,x, >0

— 2 Sandia
National _
Lahoratories



y | Case Study #2:
Collective Plume Tracing

And collective robots

N
H=) H, =
i=1

N
V. >0

=1

4-Design the power flow, time derivative of the Hamiltonian, to meet the
dynamic stability requirements for the feedback controller

X‘l —C'ZI[C’1 +C‘2 ]_ —62_161 — X, = x*—x (Linear tracker)
Hl.zf[ +C, X, ]— [cl+czx] Cy [cl+czx ]<O
N
H:Z H, <0
i=l
Xem = 77 X, jzcm _Z [_ T X ]__zcm_l_x

Sandia
National _
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Case Study #2:
Collective Plume Tracing

A

* Kinetic Control — dynamics included: m. X, = U,

1 —1

1-Shape the Hamiltonian surface to meet the static stability requirements for the
th

, 1
i robot ]—[l_:Tl_-|-VCi:§)_'cl.TMl.)_'ci+Vci>O

and the collective of robots [} = i H, = i [Tl + Vci ]> 0

=1 =1

2- Design the power flow, time derivative of the Hamiltonian, to meet the
dynamic stability requirements for the feedback controller

%14
U, =- aq _Klb_cid[_KDf.i %
x .
Hi:x?|:Mijéi+ CI:|:x?[_KIIxidt_KDxi]<O
dx

N
) - Sandia
H,' - Z H,' < O @National
i=1

Laboratories



X

Robot X Positions (m)

Case Study #2: Collective Robots
Numerical Results

Collective Responses

“0 2 4 6

Time (sec)

10

y (m)

Collective Responses

Collective Convergence to Source (0,0)

\

N
6 \/

Robot Y Positions (m)

2 4 6

Time (sec)

—8 , |
% -1 0 1 2
x (m)
Convergence:
1»—.— . . . .
—2 | Dissipative > Generative
3 )
= for the collective
. @San_dia
: National
80 Laboratories



Case Study #2: Collective Robots
Stability Boundary

F2

Robot X Positions (m)

1
[a—

1
o

1
(Y]

* Collective robot oscillations at the limit cycle

Collective Responses

3
+ 1
—2
2 _3'
—4
1 —55
+++'I-'i 6(
0 r’ ++ + ' _7-
% y/ + _8/P
V
0 10
Tlme (sec)

Collective Responses

Robot Y Positions (m)

)

+ 1
—2
o ++++ _3_
+
+ _'/'_1
+f 2
6
—7
—38
+
* o, +
et +++
2 4 6 10
Time (sec)
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A
P Case Study #2:
Collective Plume Tracing

 Information Theory Applied To:

1- Kinematic Control: Shannon information /entropy

a) Fundamental trade-off: processing, memory, and communications
— minimize all three simultaneously
= 8 bit processor, no memory, 3 words to communicate

b) Stability: latency independent due to no dynamics; stop until next

update/command

c) Performance: the limitation is the sensor update rate; 60 sec

— Channel/system capacity of an equiprobable source

_ information _ 1 bits 7
Cave R time - ; 10g2 n g _ Have
COMM. Link — 50 n= (T e — Liow )/ AT =40/0.5 = 80bits; T — temperature
Kbits/sec 1 bit
= C, =—1log,(80)<0.1—

ave Sandia
60 SCC @National _
Lahoratories
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Case Study #2:
Collective Plume Tracing

Kinetic Control: Fisher Information

a) Fisher Information — Measure of how well the receiver can estimate the
message from the sender.

Shannon Entropy — Measure of the sender’s transmission efficiency
over a communications channel

b) Hamiltonian is exergy; portion of energy that can do work; physical and
information exergies

c¢) Fisher Information:

_(onpx)Y i1 (pm™Y , _ (g™
=1 jp(x)d’“‘jm( 07 de=a 252

q ’ (x) = p(x)— “Real Amplitude” function of the probability

density function
@ Sandia
National
Laboratories



Case Study #2:

-~ &
} Collective Plume Tracing

d) ‘Mean Kinetic Energy” interpretation of Fisher Information

1=4Iq2dt=413Tdt

m

From Quantum Mechanics in the “Classical Limit” of the expectation of
the momentum squared

(')

O (x,1)

_hzj

_2m

0x

2

dx

Sandia
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~ &
4 e Case Study #2:
Collective Plume Tracing
/i - Dirac’s constant
WY(x,?) -wave function

< > - expectation operator

The classical limit is reached when

), =m ), == ) =(r ),

dt dt dx

Is equivalent to
d’ dV (x
m—sX =—

classical) _
d t2 classical ~— dx =F (x

classical

classical )

Sandia
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X
P Case Study #2:
Collective Plume Tracing

Which occurs when
xclassical — <x>

(Ax)* = <(x — <x>)2> is small

and

This occurs when

F(x) = F((x)+ (e = )E () = (o= () F7 ().

2!

which leads to



X
4 e Case Study #2:
Collective Plume Tracing

e) Fisher Information Equivalency and Exergy

- - - - - N
H=T+V+V +V,=) iHl.
i=1 M,

1

where T

~
Il

N
Il
—_

V. = potential

U
I
M=

~
Il
—_

~.

control potential

S‘r—a &S‘r—a N§‘v—t

b

A
Il

AN
[l
M=

=~
LK

V, = information potential

1
(]
M=

~
UL
3 |~
~

~

)
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Case Study #2:

} Collective Plume Tracing

~~/

[+J=8] Hdt=8I|T +([7+V +V )t

C

J+J=H>0

i+Ji=H<0

(Static stability)

(Dynamic stability)

Where J =& I(V + VC + V] )dt = Bound Fisher Information

[Ref. Frieden] B.R. Frieden, Physics from Fisher Information: A Unification, @ ﬁa?dia |
ationa

Cambridge University Press, 1999.
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A 4
P Case Study #2:
- Summary and Conclusions

 Analyze and design “emergent” behaviors to enable a team
of simple robots to perform plume tracing with assistance of
information theory

 Demonstrated fundamental nature of Hamiltonian function
in design of collective systems

* Equivalences between physical and information-based
exergies shown for Shannon information, Fisher
information, and virtual fields

* Fisher Information Equivalency developed that can serve as
an 1deal optimization functional to measure performance and
stability of collective system with respect to required
information resources

Sandia
National _
Lahoratories



Case Study #3

Nonlinear Aeroelasticity
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l
- ‘ Case Study #3:
Challenging Engineering Problem

Aero-Servo-Elasticit

Coupling

Controls
» Classical/Modern
»Nonlinear

» Safety
»Reliability

» Intelligent

Sandia
National
Laboratories



' Case Study #3:

Challenging Engineering Problem

Exergy/Entropy Nonlinear Power Flow Control:
 Rigid Torque Controller Region II & II 7
* Hybrid Pitch and Active Aero Controller Region III

* Include: Dynamic Stall, Classical Flutter, etc.

1600 250
1400 //
1200 P | + 20.0
77 E
g 10 /] 1 150 %
< 800 — ¥
[ / H
® 600 = Electrical Power | 10.0 %
/ == Rotor Speed || «
400 7 i,
200 / :
0 i T T T T 0.0
0 5 10 15 20 25 30
Wind Speed mps

WINDPACT 1.5 MW WT: @ Sandia

Region III starts around 12 m/s Il\laa[}it?rgiltl)ries



' Case Study #3:

ctive Aero Load Control Architecture Analysis/Design

Optimized Energy Capture
* Region II

* Region II '2

» Region III

e Conventional * MicroTabs

(PD,PID,PIDA)  ° Morphing Wing
« Rate Feedback » Conventional Flaps .
o Feedback
« SMC
* State-Space

e Nonlinear Power Flow

Sandia
National
Lahoratories



Case Study #3:

-~
} | Nonlinear Aeroelasticity

* Wind tunnel model experienced stall flutter over its entire flight envelope M=0.4-0.9;
-10° to -3°and 10° to 3° angle of attack [Ref. Guiterrez]

*The wings broke and cracked at the 1/3 span position due to
fatigue; first torsional mode ~ 450 Hz

b=26in. i
—_ -
' Fuselage 150 . — :
b A “ap S
/ S 15+
| Glove ] s
B A . N 100+
L=45in —— NI . < . e
[ _§ 75+
ﬂ -
ks S0 1 Fiutter a Boundaries E
[, |——Start in 4 ft Tunnel
W 25-+Sartin1ft Tunnel
- {~e-End in L ft. Tunnel 9
- : — 00 —
[Ref. Guiterrez] W.T. Gutierrez, R. Tate, H. Fell, Investigation of a 04 05 08 07 08 09 10
Wind Tunnel Model High Aspect Ratio Wing Fracture, AIAA 94- Free Stream Mach Number, M,

2558, 18" ATAA Aeropsace Ground Testing conference, June 1994, @ Sandia

Colorado Springs, CO. IL\Iaat}It?rg?tllries



A

 Nonlinear aecrodynamic and structural model

Case Study #3:
Nonlinear Aeroelasticity

— Nonlinear stall flutter model
— Single DOF model

Center of Torsion

— LM.M,

K, Ky1..C.Cyp

Sandia
National
Lahoratories



X 4
P 4 Case Study #3:
Nonlinear Aeroelasticity

- Equations of motion derived from Lagrange’s equation:

d(oL) oL
dt(adj_aa_Q“
where
L=T-V
r=114°

2

1 |

4 =51<oz2 +ZKNL054

Qa' — Qdamp + Qaero + Qcontrol
Qdamp = _Ca a CNLSlgn(a)
Qaero — Ma (a) + Ma (aﬂ a)

% % t K g @ ﬁa?dia I
—_ — — _ odT — ationa
Qconlrol U pa 1 jo T Da Laboratories
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Case Study #3:
Nonlinear Aeroelasticity

- The aerodynamic moments are generated based on the following hysteresis logic:

( A

CMaa for ‘04 < &y
M a (a) = 0 for ‘CZ‘ > astall

0 for the return hysteresis cycle

: C, & f
Md (a, a) — Md or ‘a‘ < astall

0 fOI' ‘a‘ > astall

- Applying Lagrange’s equation yields the EOM :

Ia+Ka+K,,a =—Ca-C,,sign(&)+u+M (a)+M ,(¢&,x)

)

Sandia
National _
Laboratories



Case Study #3:
Nonlinear Aeroelasticity

A

A) Linear Region

For ‘04 <a,,, themodelis linear with K, =C,, =0 or

1a+lc-¢, p+lk-¢, lr=u

which produces typical linear aeroelastic behavior. Divergence occurs when

N

CM > K for u=0

where éMa = KMan = KMa A(% ,Osz

~ A

Torsional flutter occurs when (' v, 2 C for K-C,, >0

o

and u=0

where éM =K,,,qA4d.

o

Sandia
National
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e
— ' Case Study #3:
> Nonlinear Aeroelasticity
B) Nonlinear Stall Flutter
When the motion reaches ‘0( ‘ >, 1> the model becomes nonlinear where

[G+Ca+Ka=M (a)+ M (¢,a)

with

H=11a2+11<a2
2 2

H=|lad+Kalg=|-Ca+M (a)+ M (¢, o)l

which produces

§ (M, (e)+ M, (¢a)ladi = § [Calou

Sandia
National _
Lahoratories



Results

Case Study #3

Nonlinear Stall Flutter Linear Dynamics

+0.5%k*a® +0.25%k, o
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Power Flow (W) and Energy (J)

angle (deg) angle rate (deg/sec)
\S)

Case Study #3:

Nonllnear Stall Flutter Linear Dynamics Results

CASE 1 Passive

(o)

£

o

~__
2 5 10 15 20
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Case 1 Dissipative
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CASE 3 Generative
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-~ O
-- Case Study #3:

Nonlinear Stall Flutter Linear Dynamics Results

Aero Moments

Case 1 Dissipative: Nonlinear Hysteresis Case 2 Neutral: Nonlinear Hysteresis Case 3 Generative: Nonlinear Hysteresis
0.8 ‘ ‘ ‘ 2 ‘ ‘ ‘ 10 ‘ ‘

A
—M
_M(x o /] —M

{ o

_MOL dot (l

/ Stall @ + 10° 7 / Stall @ £ 10° /UJ Stall @ + 10°

0 2 4 20 e andmdot [deg® o 20 0 20 40
o (deg) and o dot (deg/s) cg) an ot{degrs o (deg) and o dot (deg/s)

e
o

a dot

—_
94

a dot

N
~

Aero Moments (N-m)
=]
b

—_
1
(941

Aero Moments (N-m)
=]

Aero Moments (N-m)
o

=]

=)
IL)N
[@)}
)
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V
| ' Case Study #3:
} Nonlinear Aeroelasticity

C) The nonlinear stall flutter can be further modified by adding the nonlinear
stiffness and damping

Ia+Ca+C,,sign(@)+Ka+K, &’ =M _(a)+M (&, )

with

H:llo‘z2+lKa2+lKNLa4
2 2 4

H=|ld+Ka+K, & la=[-Ca-C,, sign(é)+ M (a)+ M (&, )
which produces a limit cycle when

i (M _(a)+ M (¢, )]t = 58 [Ca+C,, sign(a)]odt
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Case Study #3

onlinear Stall Flutter NonLinear Dynam

Results

1CS

0.5*T*q dot® + 0.5*k*a” + 0.25%k, o
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Case Study #3:
Nonlinear Stall Flutter NonLinear Dynamics Results

CASE 1 Passive CASE 2 Neutral

—
—oadot

CASE 3 Generative
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Case Study #3:
Nonllnear Stall Flutter Linear Dynamics Results

Aero Moments

Case 1 Dissipative: Nonlinear Hysteresis Case 2 Neutral: Nonlinear Hysteresis Case 3 Generative: Nonlinear Hysteresis
0.8 ‘ ‘ ‘ 2 ‘ ‘ ‘ 6
0.6¢ _Ma 1 _Moc 41 _Moc ﬂ
/é 04 o dot g 1 o dot /é o dot
& & Z 2
£ g 0 £ 0 !
o 0Ot o o
s / s : M
2 = 2 -4
202 21 2
04 Stall @+ 10°| | Stall @ 10 4 Stall @ £ 10°
) 0 2 4 6 D0 -10 0 o 20 % 20 0 20 40
o (deg) and o dot (deg/s) o (deg) and o dot (deg/s) o (deg) and o dot (deg/s)
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V
~ ' Case Study #3:
} Nonlinear Aeroelasticity

D) The nonlinear system can be modified by feedback control to meet several
performance requirements. A PID controller is implemented to show the
effects of feedback control. The model becomes

I+ |K+K, o+ K o8 ==[C+K, Y- Cy, sign(é)+ M, (@) + M (¢, @)~ K, jo adt

with

H=Lie+lkex 2 +1a

2 2 P g
H=la+(K+K )o+K,,a o
t
- [— (C+K )= Cysign(d) + M, (@) + M, (¢.a)- K, | a’dT}OZ

which produces a limit cycle when

§ [Ma((x) +M (¢, 0)—K, jo adrl}o'm’t =§ [(C+K,)a+C,y,sign(cr)adi
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Case Study #3:
“Dynamic Stall Control System Results

* Nonlinear Power Flow Control Design Dynamic Stall: Limit Cycle Identification

H=0.5%I* dot” + 0.5*k*a.” + 0.25%ky, o

R T Phase Plane
i T R T B U 100 ‘ —
g A e LT T —Case 1

; —Case 2

! 50 —Case 3

6 R \
= Q
Z 5 2
R ~—
5 P
E 4
E S 0

=
3 o
uo!
2 3
1 -50¢
Diséipate :

0. < Neutral

100 Generate | |
60 _10 | | |
-100 -50 0 50 100
00 0 o (de
o dot (deg/s) % ( g)
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A

angle (deg) angle rate (deg/sec)

Power Flow (W) and Energy (J)

Case Study #3:
“Dynamic Stall Control System Results

CASE 1 Passive

30
—a
—o dot
3% 5 10 15 20
Time (sec)
Case 1 Dissipative
—P
gen
—E
gen
T diss
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0 5 10 15 20
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40
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'
4 __ Case Study #3:
Dynamic Stall Control System Results

Aero Moments

Case I Dissipative: Nonlinear Hysteresis Case 2 Neutral: Nonlinear Hysteresis Case 3 Generative: Nonlinear Hysteresis
2 ‘ ‘ ‘ 10 ‘ ‘ ‘ 20 : :
1 157 V
E o L E S £}
1 ] ] 1 0 [
Z & &
S Al | 3 S A
=2 " = v = 0 V
o — o
E -3 Ma 1 § 5 —Ma E -5t _M(x
T odot ) _M(x dot _Moc dot
4 — 10/ —
Stall @ + 10° Stall @ + 10° Stall @ £ 10°
30 20 0 20 20 Yo 20 0 20 20 oo =0 0 50 100
o (deg) and o dot (deg/s) o (deg) and o dot (deg/s) o (deg) and a dot (deg/s)
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V
~ ' Case Study #3:
}' Summary and Conclusions

* Nonlinear power flow control was applied to a
nonlinear stall flutter problem (dynamic stall)

* Nonlinear structural and discontinuous aerodynamic
models were directly accommodated

* The limit cycles were found by partitioning power
flows

* The limit cycles were shown to be stability boundaries

* Flutter suppression controllers were initially assessed
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Case Study #4

Power Engineering
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P Case Study #4:

Power Engineering - OMIB

L. Model (Simple one-machine infinite bus swing equation):
S=w
.1 :
W= H[Pm ~P,,, sin(6)- Do)
S=d
S=w
M +P,,, sin(6)=P,—DJ

. 1 .
II.  Controller Design: H= > M’ +P, AX[I —005(5)]

- F=[M8+ Py sin( @)= D6+ P, +ulp
u=-K,sin6-6)-K,6-K, [ (6-8)dr|  _ ;1

0, =1.0547 = {l-Dé+B, +up<0

KP = KD =0 Sandia
National
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Case Study #4
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' Case Study #4:

Power Engineering - 2MIB

L. Model (Two-machine infinite bus swing equations):
6=,

0, =,

W, = [Pm1 - (), Siné‘lZ_Cl?a Siné‘l_Dla)l]
|

1
M
-1

w, [Pm —C,,8in0,, —C,;8in 0, — Dza)z]
M,
II.  Controller Design:
1 ) 1 )
H,, :EMlé'1 +§M252 +C|1—cosd, |+ C[1-cosd, |+ C,[1—cos 8, ]
le = [Pm1 _D151 +”1]51 +[Pm2 _D252 +”2]52

For: M0, +C,sind, = P, ~D,6,—C,,sin(8, -5, )+u,

National
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' Case Study #4:

Overview of Lanai “Like” Model

 Real World Microgrid — “Lanai and Kauai”
« “Like” Model of Real World Microgrid

» Advanced Controls on Distributed Generation

Lanai “Like” Model Parameter Characteristics:

* 12470 V, 5.5 MW peak load

* 4 Diesel Generators (2 —2.2 MW, 2 — 1.0 MW) with controls

* 1.2 MW High Level PV controls

 Switchable Loads

* Distribution lines (series RL) calculated for 350kcmil under 5 miles

* 3-phase faults at each bus
Model Courtesy: Ben Schenkman @ﬁg{}gﬁm
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Case Study #4:

Lanai ”’Like” MicroGrid Model

i | [}»_w s —

o o W g
GENERATORS

e R =
f g e

= R o
= P AT
) ey @M o E
e
S

1.0 MK Q 1

= Model Courtesy: Ben Schenkman

C e HaE

Diesel Genset L1 L

] P
S ] P

Sandia
National
Lahoratories









50| dh =)







Case Study #4:
Lanai “Like” Control Model

*Nonlinear Power Flow Control Design:

o
. z =
al.
4 = m
E — . I
7 —_— = + PV
+ di= - -
1 ! = T - .
U ' Generation
generators - - function (sun)

~ o T

Loads setup similar to
Lanai “like” model
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Case Study #4:
Lanai “Like” Control Model
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Case Study #4:

}‘ Summary and Conclusions

* Investigated OMIB model — Limit cycles and control

design options
* Investigated 2M

model

* Identified microgrid model based on actual Lanai
“like” electric power grid system

* Evaluated Exergy/entropy control design for
simplified Lanai “like” model
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