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Synchronization Engineering

Oscillating Systems in Science and Engineering

= Natural systems: spiking of neurons, metabolic chemical reaction systems, circadian
timekeepers, cardiac rhythms, auditory processing

= Medical applications: deep brain stimulation for Parkinson's disease and epilepsy, cardiac
pacemaking, tinnitus treatment, protocols for jet lag recovery

» Engineering applications: semiconductor lasers, vibrating systems, power electronics,
electrochemical reactors, neurocomputers, power grid design

A Zlotnik (T-5, LANL) LINGLASSIFIED 07/09/2018 4 /82




Synchronization Engineering

Oscillating Systems in Science and Engineering

= Natural systems: spiking of neurons, metabolic chemical reaction systems, circadian
timekeepers, cardiac rhythms, auditory processing

= Medical applications: deep brain stimulation for Parkinson's disease and epilepsy, cardiac
pacemaking, tinnitus treatment, protocols for jet lag recovery

» Engineering applications: semiconductor lasers, vibrating systems, power electronics,
electrochemical reactors, neurocomputers, power grid design

A Zlotnik (T-5, LANL) LINGLASSIFIED 07/09/2018 4 /82




Synchronization Engineering

Coupled Oscillator Models
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Synchronizalion Enginesring

Coupled Oscillator Models

Firefly synchronization (Buck 1937, Strogatz 1990), Kuramoto model (1975)
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Synchronization Enginesting

Coupled Oscillator Models

» Electrochemical oscillations (Kuramoto 1975, Kiss 2002)

1 27
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Synchronization Engineering

Coupled Oscillator Models

. Electrochemical oscillations (Kuramoto 1975, Kiss 2002)
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Synchronization Engineering

Coupled Oscillator Models

. Electrochemical oscillations (Kuramoto 1975, Kiss 2002)
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Synchronization Enginesring

Synchronization Engineering

» The design of coherent, spatially organized patterns in collections of heterogenous,
nonlinear oscillators under the action of weak periodic inputs

= A Challenging Problem:
Phase assignment: slable pallern in phases of entrained oscillators

relative to the forcing phase
Robustness: stability of phase structure with minimal sensitivity to model

parameter variation and unknown disturbances
No feedback: state information is unavailable or intractable

= Entrainment: the dynamic synchronization of one or more oscillators to an external periodic
forcing signal

A Zlotnik (T-5 LANL) LINGLASSIFIED 07082018 7132
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Synchronization Engineering

The design of coherent, spatially organized patterns in collections of heterogenous,
nonlinear oscillators under the action of weak periodic inputs

A Challenging Problem:
Phase assignment: slable pallern in phases of entrained oscillators

relative to the forcing phase
Robustness: stability of phase structure with minimal sensitivity to model

parameter variation and unknown disturbances
No feedback: state information is unavailable or intractable

Entrainment: the dynamic synchronization of one or more oscillators to an external periodic
forcing signal

Goal: robust inputs for nondestructive phase desynchronization of underactuated, noisy and
uncertain ensembles of oscillators that cannot be individually observed
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Synchronization Enginesring

Asymptotic Response to a Weak Periodic Input

w Input u(t) = v(Qt) where 0 = Qt is the forcing phase and v is 27-periodic
= When does u(t) = v(Qt) entrain an oscillator ¢» = w + Z(¢)u?
= Entrainment occurs when &(t) = ¢(t) — Ut — ¢
» Phase drift dynamics: ¢(t) = Aw + Z(¢ + Qt)u
» Call Aw = w — Q the frequency detuning.
u Define an averaging operator by
(m) = L + v(6)do
2w Jo

= Make the weak forcing assumption v = =1y with = << 1 where (u?) = 1.

» The weak ergodic theorem for measure-preserving dynamical systems on the torus and
formal averaging eliminate dependence on time

= Kuramoto: If forcing is weak, ¢(t) is nearly constant over a single period [0, 7]

T
b= Aw + Z(op+ Qt) () ~ Aw + %/ Z(gp+ Qt)f(Qt)dt = Aw + (Z(0 + ¢)v(0))
0

m Examine averaged phase drift dynamics
p = Aw+ Av(yp)

m Ay(p) = (Z(60 + p)v(d)) Is the interaction function
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Synchronization Engineering

Example: Hodgkin-Huxley Spiking Neuron Model

Example: Hodgkin-Huxley Equations (1952)

Model of action potential propagation in a squid giant axon:
40
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o
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h = ap(V)(1 —h) — by (V)h,
1 = an(V)(1 —n) — bn(Vin,
am(V) = 0.1(V +40)/(1 — exp(—(V + 40)/10)),
by (V) = dexp(—(V 4+ 65)/18),
ap(V) e 0D.07 exp(—=(V + 65)/20),
bp(V) =  1/(1+ exp(—(V + 35)/10)),
an(V) = 0.01(V 4 B5)/(1 — oexp(—(V + BB)/10)),
bna(V) = 0.125exp(—(V L 65)/80).
Vg =580mV, Vi = —TTmV,Vy = —-b4.4mV,

TNa = 120 'irn.."!-'l,f"r"irnz,ﬁ_[.:' ="'aB rn."ﬂ'fr:rnz.
gr, — 0.3 mSjcmE. Iy = 10 p;’l.,.-"c:mi,c — =i, prcmE.

Here x = (V, m, h,n) and u = I are the state
and control, respectively.
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Synchronization Engineering

Minimum energy entrainment of a single oscillator

= Entrain an oscillator v = w + Z (¢)u to a frequency 2 with minimum energy {ﬁ)

m Requires Aw + A(p4) > 0and Aw + A(p- ) < 0, so the active constraint is
Aw+ Alpy) =0ifQ > w,or Aw+ A(p_) =0if Q < w.

» Adjoin frequency constraint to minimum energy objective by Lagrange multiplier A:

27T
min J[v] = (1:9) — AMAw + A1) = ,Zi / (@) (v(0) — AZ(0 + ¢+)) — AMw]|db
x Jo
m Solve Euler-Lagrange equation and use the constraint to solve for A.

Minimum energy control to entrain a single oscillator

Aw
(Z2)

v(0) = —

Z(0)

= This control is a re-scaling of the phase response curve
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Synchronization Engineering

Oscillating Systems and Phase Reduction

= In general, oscillation can refer to any repetitive activity.
» Oscillator: A smooth dynamical system
& = f(z,u)
where » € R™ and u € R are the state and control

m An attractive, non-constant limit cycle ~(¢) = ~(t + T') satisfying v = f(~, 0) on the periodic
orbitI' ={y e R™ : y=~(t), t € [0,T)}.

b
: 4
l
8 3
¥
" State space model | Phase model R 4= ayMPolG prase
& = f(z,u) U= w+ Z(W)u » w = natural frequency
State: z € R" phase: ¢ € [0, 27) = 7 = phase response curve (PRC):
control: u € R infinitesimal sensitivity to input « at a given

phase. | . : - |
07092018 9132
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Synchronization Enginesring

Asymptotic Response to a Weak Periodic Input

w Input u(t) = v(Qt) where 0 = Qt is the forcing phase and v is 27-periodic
= When does u(t) = v(Qt) entrain an oscillator ¢» = w + Z(¢)u?
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» Phase drift dynamics: ¢(t) = Aw + Z(¢ + Qt)u
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u Define an averaging operator by
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2w Jo

= Make the weak forcing assumption v = =1y with = << 1 where (u?) = 1.
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formal averaging eliminate dependence on time
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Phase-Selective Entrainment in Oscillalor Assemblies

Phase Patterns

b3
= Collection of phase oscillators
{y =w; + Z()upfori=1,.... P, with
Wi # W fori #£ j. \\//)

m Objective 1: Establish a fixed phase
relationship. If v»;(0) is unknown for all / m
H— | N, steer the oscillators to 10
;(T) = ¢° where ¢ are desired K l/

phasesfor:=1,.... P
w Objective 2. Maintain a fixed phase /\ r \
relationship. After Objective 1 is L 19

established, produce a repeated input that
ensures U, (kT) =, fori = 1.....N for
E” k = N, H’“Ean--

A Zlotnik (1-5, LANL) LUINGLASSIFIED 07/09/2018 14 / 32




Phase-Seleclive Entrainment in Oscillator Assemblies

Interaction Function Design

Entrain F = {¢; = w; + Z(¥;)u, i = 1,..., P} using u(t) = v(Qt)

¢pi(t) = () — 2 are relative to forcing phase 6 = Qt

Goal: Assign ¢;(t) = Ag;

Averaging: (F) = {¢i = Aw; + Av(@i), i =1,..., P}, 7 = limt 00 @i(t)
Attractivity: A;(¢°) C [0,2m) is the region that attracts to (2°

Design Criteria: Fori = 1,.... P,

() Av(Agi) = —Aw;, (i1) Ay(A¢i) <0, (i) Ai(A¢;) = [0, 27)

AdY)
i _'\'\\ A Ay )

— i - * -
| N\ Aa(Adn)

TA T i > =< -

“ i N }
| Ax(B) |
; T :
() Ay Ao At 25

n Key Idea: Design interaction function, reverse-engineer control using PRC

A, Zomik (T-5, LANL) LINGLASSIFIED 07/09/2018 157132




Synchronization Enginesring

Minimum energy entrainment of a single oscillator

w Entrain an oscillator ¢ = w + Z (¢)u to a frequency 2 with minimum energy {-u""-')

p ass
- = o
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Synchronization Engineering

Minimum energy entrainment of a single oscillator
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Phase-Selective Entrainment in Oscillator Assemblies

Coherent Phase Pattern Control Waveform

= Represent Z and » using truncated Fourier series expansions

Z(Q) o~ Z:r*(g) - ET?U 4+ Z[uﬂ_ c{)s(nﬁ) + by, Siﬂ(ﬂg)],

n=1

r
i o Z lcn cos(n@) + dy, sin(nd)],

v(0) = v"(0) =

n=1

w Series for A, (p) = (Z(0 + »)v(0)) obtained using trigonometric angle sum identities and
the orthogonality of the Fourier basis

A% (p) = & — Z Jn cos(ng) + — Z gn sin(ny),
1 rr=1
| agCo |
where [y = o+ [fn=ancn + bndn, gn =bnen — andy.

n Coefficients of truncated Fourier series for the control waveform v"(0) are

L g(f"'an + bngn)X[a2 +b2 £0] i J(fﬂ'b - Ij"‘rm""”)"‘f[ﬂf +b2 #0]
€O =% y Cn =, : — , = !
o g et a? + b2 a% + b2

where x4 = 1if Ais true, and yva = 0 otherwise.

==
|-
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Phase-Seleclive Entrammment in Oscillalor Assemblies

Hodgkin-Huxley Spiking Neuron Model

Example: Hodgkin-Huxley Equations (1952)
Model of action potential propagation in a squid giant axon:

eV _l'b_|_j(f;}—ENE_h.{V—Vﬁﬂ_}mﬂ—EH (V = V&_}nd

4l .'ﬂ# T
= gLV = V) 2 =
m — @ rn '[VHI 'm-] b-rJL{V}m- -2
h =  ap(V)(1 — h) — by (V)h, i o - '
=== 1 = I.- { | = l;II':I Tllj e

1 an(V)(1l—n) — bn(Vin, 80, e % 30 yr = 0
lon Concentranan
am{V) = 0.1(V +40)/(1 — exp(—(V + 40)/10)), ffe——y i T
b (V) = dexp(—(V 4 85)/18), —n
ap (V) = 0.07exp(—(V + 65)/20), ast N o] o omd [ e h
bp(V) = 1/(1 g exp(—(V +35)/10)), : \ \
an(V) = 0.04(V | 55)/(1 — exp(—~(V 4 55)/10)), %  w = w4 = & @0 &
ba(V) =  0.125exp(—(V 4 65)/80). e
VNg = 50mV, Vg = —TTmV,Vp = —54.4mV, 05 :
TN = 120 nr.."?l,f"r'.?n.z, T = 36 rn."’i'fr.?nz_ 04 N e : :
2 = 2 2 S
gr, =0.3mS/fem™, I, = 10 pAfem™,c =1 pF/fem=. 034.. o i b g
“ na. H“"‘**—-._ "---._H,_____
Here & = (V, m, h,n) and u = I are the state 014 A o s T
and control, respectively. -mul']}"““-:h,,__x s S

J
il
JII|‘

A k
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Phase-Selective Entrainment in Oscillator Assemblies

Pattern Complexity

» Complexity of phase patterns is limited by information/complexity in the PRC
m Consider theoretical example of a PRC with sawtooth shape
u Interaction function AZ () designed using a » = 20 order Fourier series fit

= 10 oscillators with frequencies on [0.995w, 1.005w], where w = 27 /T with 1" = 25.

wiE)
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Phase-Seleclive Entrainment in Oscillator Assemblies

Interaction Function Design
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Phase-Selective Entrainment in Oscillator Assemblies

Coherent Phase Pattern Control Waveform
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Phase-Seleclive Entrainment in Oscillalor Assemblies

Phase Selection with Electrochemical Reactions

w Electrochemical oscillation: dissolution of nickel electrodes in concentrated sulfuric acid
solution

|
il
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Phase-Selective Entramment in Oscillator Assemblies

Phase Selection with Electrochemical Reactions

w Electrochemical oscillation: dissolution of nickel electrodes in concentrated sulfuric acid

solution
input signal . A vamwww.ﬁ
— B Alp) I :
E' ..-"f":/ 0.2 250
potentiostat f* i &0 3 Q
CE WE E ) J{_; [ = 150
g |« 71 jo
——— s
0 2 + ) 0 2 4 €& B8 10
(o {rad) Time (s}
| .
Alip) mi” st s
0.2
'.g 0.4
L o
% e
0.2
0 2 4 o
{(p(rad
Aap)
_ 0
o
=)
8 0
§
-0
0 2 4 &
q{rad) Time (a) ipirad
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Phase-Seleclive Entrammment in Oscillalor Assemblies

Hodgkin-Huxley Spiking Neuron Model

Example: Hodgkin-Huxley Equations (1952)
Model of action potential propagation in a squid giant axon:
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Phase-Selective Entrainment in Oscillator Assemblies

Pattern Complexity

» Complexity of phase patterns is limited by information/complexity in the PRC
m Consider theoretical example of a PRC with sawtooth shape
u Interaction function AZ () designed using a » = 20 order Fourier series fit

= 10 oscillators with frequencies on [0.995w, 1.005w], where w = 27 /T with 1" = 25.

wiE)
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Phase-Selective Entramment in Oscillator Assemblies

Phase Selection with Electrochemical Reactions

» Pattern switching control
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Phase-Seleclive Entrainment in Oscillalor Assemblies

Phase Selection with Electrochemical Reactions

w Electrochemical oscillation: dissolution of nickel electrodes in concentrated sulfuric acid
solution

|
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Phase-Selective Entrainment in Oscillalor Assemblies

Phase Selection with Electrochemical Reactions

Zlotnik, Anatoly, Raphael Nagao, Istvn Z. Kiss, and Jr-Shin Li. “Phase-selective entrainment of nonlinear
oscillator ensembles.” Nature communications 7 (2016): 10788.
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Phase-Selective Entramment in Oscillator Assemblies

Phase Selection with Electrochemical Reactions

w Electrochemical oscillation: dissolution of nickel electrodes in concentrated sulfuric acid
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Phase-Selective Entramment in Oscillator Assemblies

Phase Selection with Electrochemical Reactions

» Pattern switching control
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Phase Selection with Electrochemical Reactions
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Zlotnik, Anatoly, Raphael Nagao, Istvn Z. Kiss, and Jr-Shin Li. “Phase-selective entrainment of nonlinear
oscillator ensembles.” Nature communications 7 (2016): 10788.
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Phase Selection with Electrochemical Reactions

Zlotnik, Anatoly, Raphael Nagao, Istvn Z. Kiss, and Jr-Shin Li. “Phase-selective entrainment of nonlinear
oscillator ensembles.” Nature communications 7 (2016): 10788.
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Demand Response lor Power Distribution

Demand Response

» Increasing penetration of clean, renewable energy (20% renewables by 2030)
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« Distributed generation, microgrids, new technology - “smart grid”

= Demand Response provides "ancillary services” to balance loads on the grid
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Demand Response lor Powsr Distribution

Demand Response

= Bonneville Power Administration Balancing Authority Load and Total Wind, Hydro,
Fossil/Biomass, Nuclear Generation, and Net Interchange

= We want responsive regulation using deferable loads

= Thermostatically Controlled Loads (TCLs), e.g. air conditioners, refrigerators
= The control policy should be open loop (no state feedback)

= The control policy should avoid synchronization

=
- L
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Demand Response lor Powsr Distribution

Modeling TCL as an Oscillator

® Consider air conditioner units

* Hybrid-states dynamical model

R
RC

O lf H(” < Hmin
s(t) = 1 if (1) > O

0(t) = 6(t) — 6, + s(t)PR]

s(t) otherwise

Parameter Meaning Value

v, temperature setpoint 20°C

0, ambient temperature 32°C

& thermostat deadband 1.5°C

R thermal resistance 2°C/kW

L thermal capacitance |[1.8kWh/"C

r energy transfer rate 14 kW

n cocflicient of performance 2.5

UNGLASSIFIED
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Demand Response

» Increasing penetration of clean, renewable energy (20% renewables by 2030)
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« Distributed generation, microgrids, new technology - “smart grid”

= Demand Response provides "ancillary services” to balance loads on the grid
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Demand Response lor Power Distribution

Modeling TCL as an Oscillator

* Use phase coordinate transformation
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Demand Response

= Bonneville Power Administration Balancing Authority Load and Total Wind, Hydro,
Fossil/Biomass, Nuclear Generation, and Net Interchange

= We want responsive regulation using deferable loads

= Thermostatically Controlled Loads (TCLs), e.g. air conditioners, refrigerators
= The control policy should be open loop (no state feedback)

= The control policy should avoid synchronization

=
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Demand Response lor Power Distribution

Modeling TCL as an Oscillator

* 2-D TCL continuous model (FitzHugh-Nagumo neuron model)™

3 (a)
2lt) =n ((é + o)z — =TT 6‘,.,)+ v 0

3 —
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E(f)-—“—-(ﬂ Oa + 5(L)PR) + v, = ‘Mﬂ
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Modeling TCL as an Oscillator

® Consider air conditioner units

* Hybrid-states dynamical model

R
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s(t) = 1 if (1) > O

0(t) = 6(t) — 6, + s(t)PR]

s(t) otherwise
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Demand Response lor Power Distribution

Control design for TCL ensemble regulation

» We want to track the regulation signal for modulating the aggregate power, sent from the
balancing authority

* Open-loop control P
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u,(t) : Control signal to the plant
0.(t) : Ref. temperature
A(t) : TCL temperature

local controllers
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Demand Response lor Power Distribulion

Modeling TCL as an Oscillator

w Filter the regulation signal by frequency bands, and use loads with different natural cycling
frequencies to track each band
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Demand Response [or Power Distribulion

Modeling TCL as an Oscillator

» Good tracking performance for each frequency band, and overall < % RMSE
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RMSE % | 231]1.92)| 3.09 | 1.38 | 2.92 | 3.39 | 5.890

Bomela, Walter, Anatoly Zlotnik, and Jr-Shin Li. “A phase model approach for thermostatically controlled load
demand response.” Applied Energy 228(15), 667-680 (2018).
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Modeling TCL as an Oscillator
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Demand Response [or Power Distribulion

Modeling TCL as an Oscillator

» Good tracking performance for each frequency band, and overall < % RMSE
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