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Methodology overview
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Methodology overview

Passivity-based-feedback as guideline for control design (choice of output plays a major role)

Consider the synchronisation example:
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Methodology overview

Passivity-based-feedback as guideline for control design (choice of output plays a major role)

Consider the synchronisation example:
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Mo =—-Dw+g(0)Tz—VS0)+ 1 I L
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Naive PBF: 7 = —Kvy and zero-state detectability

potential energy t.b.d.
would mean: z(t) — 0 as t — oo
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Methodology overview

Passivity-based-feedback as guideline for control design (choice of output plays a major role)

Consider the synchronisation example:
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Methodology overview
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Methodology overview

Passivity-based-feedback as guideline for control design (choice of output plays a major role)

Consider the synchronisation example:
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the zero dynamics become a cascade PO

0 = wpl £ = jwot assuming non-resonance,
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Methodology overview

Passivity-based-feedback as guideline for control design (choice of output plays a major role)

Consider the synchronisation example:
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Tz=—-Fz—g(0)w assume S = 0 —1 J(q) —R
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lossless energy exchange
Laplacian + damping vS(g)le—t q % )
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Methodology overview

Passivity-based-feedback as guideline for control design (choice of output plays a major role)

Consider the synchronisation example:
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Methodology overview

Passivity-based-feedback as guideline for control design (choice of output plays a major role)

Consider the synchronisation example:

9 = W ._,T <:>_> G _>®_> 1 p; M—l GT _._;y
S
M =—Dw+ g(0) "z —VS0) + 1 I L |
T:=—Fz—g(0)w —1 J(g) - R
y = W 1 A
lossless energy exchange
Laplacian + damping vS(g)le—t q % )
Suppose we choose PBF for: ¥ = w — wpl
the zero dynamics become a cascade
0 = wol B £ = jwol assuming non-resonance,

T:z=—-Fz—g(0)wyl N T:=—Fz— FE¢ admits SSL={(£,z) : z=m(0)}

Refine output: § = [j__:(oe:];] ... ultimately: Z ={(0,w,2) : w=wpl, z=m(A),VS(#) =0} needs to be gas.

— Passive error dynamics: T = Dwol — g(0) "7 (0) + % (%2TT5) , where Z = z — w(0)

controlled invariance passivation
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Feedback equivalence step
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Problem overview

Consider a network of synchronous machines (and DC/AC converters)
* Q: how to actuate both in a unified manner

* Q: how to define & achieve hierarchical specifications
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Problem overview

Consider the synchronous machine
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Main obstructions

* circle nonlinearity

1

° 1 0
modulated energy conversion element Jg2 - [ ]

EMF —» es = I, Rypgow

electrical torque —» 7, = —lmirgQTReTiS
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Multi-machine model: amplitude coupling
* first-principles
* dynamic stator
* dynamic lines

* multiple equilibria

* objective: angle

and amplitude

regulation

—I$ = synchronous machine or inverter

N\ = three-phase inductance

@ = AC-bus capacitance
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Multi-machine model: how to deal with excitation?
* first-principles
* dynamic stator

* dynamic lines

* multiple equilibria

* objective: angle

and amplitude

regulation

1

synchronous machine or inverter

N\ = three-phase inductance

@ = AC-bus capacitance
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Multi-machine model: augment amplitude coupling

Consider the quotient space R., = R2/S!

* define 7, = In,

e assign Y = V

* objective: angle
and log(amplt.)

regulation

ifa

y=v"  h=ol

di
L4

dv
Cat =

—I$ = synchronous machine or inverter
N\ = three-phase inductance

@ = AC-bus capacitance
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Ray-circle complementarity

Euclidean embedding z = exp(y + i) best reflects active and reactive power decomposition

* observed in the electromotive force expression

) ' i 0
€s = lerRH(% %"& + %gQ) g = [O] , B2 = [1]
z = Re(éh] ®g1)l 11 =
s
Ro(e @ gy)
g
(" © gy )Ry
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Ray-circle complementarity

Euclidean embedding z = exp(y + i) best reflects active and reactive power decomposition

* observed in the electromotive force expression
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Ray-circle complementarity

Euclidean embedding z = exp(y + i) best reflects active and reactive power decomposition

* observed in the electromotive force expression
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Problem overview
Consider the synchronous machine

* passive with storage

H=i;M"p*+3 [¢] T L(6)* [‘b]
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Tm — p=—Dw—"Tc+Tm
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Vg —p ¢S:—R8i8+vg
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0

0 [
mcosf [, sin6

[,,, sin 6

L,

[,,, coS 0}

generalized coordinate: 6

J independent on x

t=(J —R)VH + Gu
y=G'VH

ifa
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Ray-circle matching

Consider the synchronous machine

* passive with storage

-
H=3M"p"+3 [t” L(g)™! [:ﬂ
T r
( )
m—> Mwo=—Dw—T1T,+7, W
0 =w v = In i,
vy —»| P, =— Ryis +v, — i,
—> 77&7“ = — Tplp + Uy
_ J
e
Uy dynamic extension + positive
<+ Pm
feedback

t=(J —R)VH + Gu
y=G'VH

* passive with storage

H=IMv?+ i Mw® + %4, L,

s Ls R,
s v

LY

] { !

generalized coordinates: (6,~;.)

Mass matrix independent on ¢ = (6, 7,)

t=(J(q) — R)VH + Gu
y=G'VH

a feedback equivalence problem

ifa
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Ray-circle matching

Consider the three-phase inverter
* passive with storage

1 2 1T .
H — Cdcvdc —|_ 57/8 LSZS
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Cae == -l 4;[} -ld} nm_: vy 9 — W
1 4#} 1 B .
*——e 'Vr =V

R E

dynamic extension + model matching [¢— /m

t=(J(m)—R)VH + Gu
y=G'VH

* passive with storage

H=IMv?+ i Mw® + %4, L,

Te is LS RS
T
m%” MT“¢%% %%

generalized coordinates: (6,~;.)

Mass matrix independent on ¢ = (6, 7,)

t=(J(q) — R)VH + Gu
y=G'VH

a feedback equivalence problem

ifa
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Ray-circle matching

Target system: * passive with storage

e under-actuated H= M2+ LMw?+ LiT Lo
— o4¥r 2 9 bs Hsts
* constant mass-matrix

s L R
s Vg

AT et N T I £

Pe
“ T
Pm DT Mr v

q T _

VS(q)

A

0w | =

N——— generalized coordinates: (6, ;)

* potential energy t.b.d.

Mass matrix independent on ¢ = (6, 7,)

t=(J(q) —R)VH + Gu
y=G'VH

a feedback equivalence problem
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Cone-torus matching

Networked system:

* passive with storage H = %I/TMTV + %wTMaw + %iSTLSz'S + %vJTC’ffvf + %ilTLlil

T p y
NI, W ) I W ) s PR
T S
—1 L J(@) - R —
711
V§(q) — |
S
— generalized coordinates: (6,+,.)
* potential energy t.b.d. Mass matrix independent on q = (0, +,.)

= (J(q) — R)VH + Gu
y=G'VH
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Part 11l
Solution setup
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General strategy
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consensus zero-dynamics manifold
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General strategy
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General strategy
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consensus zero-dynamics manifold = steady-state response
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General strategy

Te ’l:s Zs B’l,l
- —m :
* initial specs: energy bias (lose passivit N N N N
P gy ( P Y) Tm Da, WO:I- és vy Yf IAl
* recover transverse passivity _ I - -
(40:6) Ynet
pu| _ [ 0 1., [o [V W
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s
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l
consensus zero-dynamics manifold = steady-state response
o . e L 1 . ““ T . s 1 A T A 1 . “ T . S
where: W, = 5(i5 —15) Ls(is — 25) + 5(vf — 0p) Cp(vy —0p) + 5(4 — %) Li(4 — 4;)
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General strategy

Te 1 ZS B’I,l
> < . 3
* initial specs: energy bias (lose passivity) i, %) 5 w+1%> (J‘:) + . A
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controlled-invariance passivation
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s
* . — — — —
Zi={x:v =0, w=uwyl, [‘ff] =x(v,,0), VS(v,,0) =0}
consensus zero-dynamics manifold steady-state response potential energy shaping

A
o

* where: We = %(’I,S — ’ZS)TLS(’iS — %S) -+ %(’Uf — ’lA)f)TCf(’Uf — ’lAJf) + %(Zl — ’Ll)TLl(’il — ’;/l)
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General strategy
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* initial specs: energy bias (lose passivity) o %) D w+1%> (l‘:) N Sy IA
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* recover transverse passivity _ _ _
e desi ial f ' ial | I Y et
gn potential energy function (tangential goal) (7.6)

stabilize the refined target set
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General strategy

> < L >
° + + +
Tm Dgl]wol €, Vr Yf IAl
. — - —

initial specs: energy bias (lose passivity) «

recover transverse passivity

design potential energy function (tangential goal) (,+6) Ynet

stabilize the refined target set

~
J

— V4, S JL . ] a +lePl_ 2—|—w2Ql
" synchronization torque
— VoS P+ =20y

2—|—w0 al —i—w

r
.

Zi={x:v =0, w=uwyl, [zS] =x(v,,0), VS(v,,0) =0}

(2

consensus zero-dynamics manifold steady-state response potential energy shaping

* where: We = %(’I,S — ’ZS)TLS(’iS — %S) -+ %(’Uf — ’lA)f)TCf(’Uf — ’lAJf) + %(Zl — ’Ll) Ll(?:l — ’;/l)

AT 4 R
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R AT o4
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Power system dynamics

* passive with H = %I/TM,,J/ + %wTMaw + %iSTLSiS + %v}rCffvf + %ilTLlil

* zero potential energy
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— %Maw:—Daw—Te—kTm
T :

VS(q) —
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%Ll’il = — Ry + BT’Uf
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Transient dynamics

~T - - ~T
* passive with H = %I/TM,,J/ + %(:JTMGCZJ + %is L1, + %’U}_Cf’vf + %zl Lty + S(~,.,0,)

~

« different energy exchange structure
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O —-B' R

1

i
,{Zf o gs

d ~ (iryiza)
EMTV - DTV —&r = V7T8 « _9(77‘797’)
— d ~ ~ ~ (v,w) =
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1
1 g (77"707“) ®
- 1
T »
V,YTS P
Vo, S o
T 11 7P
o—>®—> G —»@—» g Ny
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Concluding thoughts

Relationship between active and reactive power and the ray-circle complementarity

Control of the modulated energy transfer done via dynamic extension

Zero-dynamics refinement helps construct transverse coordinates

Circuit potential energy reveal inherent synchronization and optimal network flow
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Part V
Additional material
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Test case
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Test case
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