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Conventional Power Systems

~68% energy from
fossil fuels in 2012

United States
transmission grid
Source: FEMA

Targets and renewable portfolio standards

" 40% electricity from renewables by 2030 (Hawaii)
= 632 GW of PV by 2050 (DOE SunShot Initiative)

= 1.5 Million EVs in California by 2025 (ca.gov)
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The New Interface
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Scaling
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Location

Generation Transmission Medium-voltage Low-voltage
distribution distribution
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Power System Architecture

“microgrid”
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Ouvur Building Block

Microcontroller

39 billion microcontrollers
Processor deployed in 2013, ~12%

memory
ADCs
PWM

annual growth projected
through 20201

Measurements
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[1] www.forbes.com/sites /greatspeculations/2014/09 /16 /tis-future-growth-likely-to-get-a-boost-from-an-
increasing-focus-on-microcontrollers
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Virtual Oscillator Control



Proposed Approach

control

" Virtual Oscillator Control Cr) 1

" |nverter emulates a nonlinear N\

oscillator circuit

= A time-domain controller ~
= This class of oscillator has been used iy
to model phenomena in physics, i
biology, neurology. R§ L% o—— ol /] v
O
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Virtual Oscillator Control Implementation

Digital Control

virtual oscillator
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Background: Harmonic Oscillator
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Background: Damped Harmonic Oscillator
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Lienard-Type Oscillator

9(v0) Yields self-sustaining
ve R§ L% C—_— o . .
/ ve oscillations

Parameter selection:

1
W' = » sets frequency

vVLC

1 :
(a — E) — sets amplitude
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Lienard-Type Oscillator

O
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Lienard-Type Oscillator
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Lienard-Type Oscillator
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Power Delivery and VOC

VOC

|m.0

load

< 4+ 0

@)
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Power Delivery and VOC

" How do real and reactive power delivery affect voltage and
frequency?

" Can a link between YVOC and conventional methods be
established?

7.0

load
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State of the Art

" Droop Controll!:2 3l L ontrol

® |nverter mimics synchronous machine k" K

= |imitations: GL) 1

o Assumes sinusoidal steady state

—

o Slow dynamics

V:V*—mpﬁ w:w*+mQ@
A A

V\\ w\\

Q

[1] M. Chandorkar, et. al, “Control of parallel connected inverters in standalone ac supply systems,” IEEE
Transactions on Industrial Applications, 1993.

[2] R. Lasseter, “Microgrids,” in IEEE Power Eng. Society Winter Meeting, 2002.

[3] J. Guerrero, et. al, “Hierarchical control of droop-controlled dc and ac microgrids,” IEEE Transactions on
Industrial Electronics, 2011.
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VOC Subsumes Droop Control

" Droop laws can be recovered from the complex dynamics of

nonlinear oscillators

------------ VOC stabilizes
NN arbitrary waveforms
Ss ‘\\\:\ \\‘ \“//V i )
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Droop control
only acts on
sinusoidal steady
state

Voltage
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Time-domain Response Comparison: Simulation

200
—VO-controlled inverters — Droop-controlled inverters
S 9200 — Droop-controlled inverters S 150 lj, —Inverter — VO-controlled inverters
E g l' Addition
g & 100
g s
: : Mﬂ Nh
% % 0 ‘hﬂ“mhuul“hnh i
= — =
& &
0001 02 03 04 05 06 07 08 0001 02 03 04 05 06 07 08
t[s) t[s]
Startup from random initial Adding 39 inverter at t = 0.1s

conditions
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Proposed Framework

]

—

+ diy 1. Cartesian To. polar
1 v L% = transformation
kR gL——C 1y load do ; . .
Vir : C’az—ow +ov—ip —1
Yy = (O ¥
ey
V2V
Tr = E’L'L
V =h(V,i,¢)

[1] S.E.Tuna, “Synchronization analysis of coupled Lienard-type oscillators by averaging,” Automatica, vol. 48, no. 8,
pp. 1885-1891, 2012.
[2] H. K. Khalil, Nonlinear Systems. Prentice Hall, 3 ed., 2002.
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Proposed Framework

]

Lo
. 1. Cartesian to polar
+ dZL . P
N v L% = transformation
Rgl—C v load dv .
7 — C— = —av’ +ov—17 —1
VL p L
vk originall nonlinear y = vk

"""" o .
- S 2. Averaging!2l
[/ w averaged
' b P = ()i(t) dt

KJ 5 T =0 o ziL
— 1 /7 s
__ SN = — t— —) ) t dt

Q= / v (1= 3 )it |

dV — _
o ~hvP) _0 V =hi(V,i,9)
0 _ = ha(V,i,
Ccil_f - f2 (VawaQ) ¢ 2( Z gb)

[1] S.E.Tuna, “Synchronization analysis of coupled Lienard-type oscillators by averaging,” Automatica, vol. 48, no. 8,
pp. 1885-1891, 2012.
[2] H. K. Khalil, Nonlinear Systems. Prentice Hall, 3 ed., 2002.
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Proposed Framework

]

—

: 1. Cartesian to polar
dZL

| Ld_ =0 transformation
§R L——C v load dt
iy

v . .
' — C— =—avd+ov—ip—i

e 4+ o0

dt

o

vk original nonlinear

y = v
2. Averaging!l2
averaged < Tg 9 /‘%
— 1 2V
- P = ()i(t) dt k V2

e

dV — — =0 2 :

— = (V. P) V'="m(V:i,9)
dg — ¢ — h2(V37’7¢)
E — f2 (V,CU, Q)

3. Evaluate qnd. . VOC Droop
compare equilibria L _
of VOC to droop > 0= fi (Veq, Peq) Vs Veq =V - mp Peq

0=fo (Veq’ weqv@eq) Weq = W™ + mQ@eq

[1] S.E.Tuna, “Synchronization analysis of coupled Lienard-type oscillators by averaging,” Automatica, vol. 48, no. 8,
pp. 1885-1891, 2012.

[2] H. K. Khalil, Nonlinear Systems. Prentice Hall, 3 ed., 2002.
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Comparison of VOC and Droop

Veq — V — mP?eq
Weq = w* —+ mQ@eq

A

What is the link?¢

\ 4
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) —_ — Ve — —V — —_Pe ’
—= 0 2C ( 19 eq) WV eq

1 —
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20V,
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Comparison of VOC and Droop

° Veq — V* — mpﬁeq

¢ Woq = W + mQ@eq

frequency c:mpli’rudle
NI 1 LT 20 (Vg - 872
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Practical Outcomes

= Backwards compatibility

Droop parameters VOC parameters
1 1
e v v 7T om
_ P
20 (Vea = 5720 e
1 1
mg = —5 C = —
QC’Veq QvamaX
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Practical Outcomes

Ac Performance Specifications

Vmin S Veq S Vma,x
Wmin S Weq S Wmax

Prated7 Qrated

trise < tma,x

— Yrise

" Closed form design
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Experimental Setup

Digital Control

virtual oscillator

___________________________

| — Ki = System parameters

Iv_qﬂ;%li ADg Vrms = 120V

microcontroll(?/r / 'f — 60 HZ
A ' RLC Load P g = 750W

B. Johnson, M. Sinha, N. Ainsworth, F. Dorfler, and S. Dhople, “Synthesizing virtual oscillators to control islanded
inverters,” IEEE Transactions on Power Electronics, 2015, In Press.
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Voltage vs. Real Power

132
126
120 }
>~ 114

108

0 250 500 750

X = Experimental Trial
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Frequency vs. Reactive Power

605 _lératedl w* + \Aw!max |@rated|

—750—-500—-250 0 250 500 750

Qeq) [VAR]

X = Experimental Trial
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Rise Time

200 151 ms, _

___________ 1HHEH-0-9Vmax
100]
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- —200 e
0 0.5 1 0 0.10.20.3
t, [S] t, [S]
0.5
~ 04+
TS 0.3
202
0.1
5 10 15 20 25 30
¢, [m0)
X = Experimental Trial

NATIONAL RENEWABLE ENERGY LABORATORY



Part 2

f VOC
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Van der Pol Oscillator

7.0

< 4+ 0O

load

Q
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Deadzone Oscillator

7.0

< 4+ 0O

load

Q
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System-Level Behavior

= Condition for global asymptotic synchronization:
2t (Jw) Zosc (Jw)
Zf(jCU) + Zosc (J(U)

o<1
2

sup
weR
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System-Level Behavior

= Condition for global asymptotic synchronization: Advantages:
: : = Modul
2t (Jw) Zosc (Jw) oerer
sup , , o<1 = Robust
weR || 2e(jw) + Zosc (Jw) ||

= Resilient
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Established Techniques

Z N\

™) L

= Existing framework: Resistive networks

" Analysis: Storage function proportional to
signal differences

%

[1] M. Arcak, “Passivity as a design tool for group coordination,” IEEE Transactions on Automatic Control, 2007.
[2] G.-B. Stan, R. Sepulchre, “Analysis of interconnected oscillators by dissipativity theory,” IEEE Transactions
Automatic Control, 2007.

[3] A. Pogromsky, H. Nijmeijer, “Cooperative oscillatory behavior of mutually coupled dynamical systems, IEEE
Transactions on Circuits and Systems, 2001.
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Established Techniques

7 N
© L
7 " Existing framework: Resistive networks
e ||
—W\— m

Analysis: Storage function proportional to

signal differences

= Power systems: Storage elements pervasive
in network

= Consequences: Formulation of storage
function is difficult

[1] M. Arcak, “Passivity as a design tool for group coordination,” IEEE Transactions on Automatic Control, 2007.
[2] G.-B. Stan, R. Sepulchre, “Analysis of interconnected oscillators by dissipativity theory,” IEEE Transactions
Automatic Control, 2007.

[3] A. Pogromsky, H. Nijmeijer, “Cooperative oscillatory behavior of mutually coupled dynamical systems, IEEE
Transactions on Circuits and Systems, 2001.
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Our Approach

original system: flifbeaf
w— F(s) 2z
1) Compartmentalize linear and
—g(z) - nonlinear subsystems
\ 2) Perform coordinate
) transformation
nonlinear

3) Prove stability

[1] A. Homadeh, Constructive Robust Synchronization of Networked Control Systems. PhD thesis, Cambridge
University, UK, June 2010.

[2] B. Johnson, S. Dhople, A. Hamadeh, P. Krein, “Synchronization of nonlinear oscillators in an LTI electrical
network,” IEEE Transactions on Circuits and Systems, 201 4.
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Our Approach

. . coordinate
differential system: transformation

o~

Hw = w—={ F(s) z =1z

1) Compartmentalize linear and
-9 nonlinear subsystems

2) Perform coordinate
transformation

3) Prove stability

Stability in coordinate : Synchronization in

transformed system original system

[1] A. Homadeh, Constructive Robust Synchronization of Networked Control Systems. PhD thesis, Cambridge
University, UK, June 2010.

[2] B. Johnson, S. Dhople, A. Hamadeh, P. Krein, “Synchronization of nonlinear oscillators in an LTI electrical
network,” IEEE Transactions on Circuits and Systems, 201 4.
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Network of Oscillators

Network: Y (s)

Zf —

Zf

Zosc il.
*igl
— 9(’01)
Zosc 7;2 |
*iQQ
— 9(’02)
ZOSC [ ZN
‘figN
g(vn)

-

{ VOC
S B fa
U1 —_—
U7
L
{ VOC
NN .
V9 7 lEL..
e v +
l | Vload
[ ] I :
g VOC | |
NN N
| |’UN 2 e
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Establishing Conditions for Synchronization

. i Network: Y (s)
Osl T Linear fractional
$$ — <>g(v1) transformation
_—— 'R 1. Compartmentalize linear J
i 42 i H _
$$ L <>g(v2) ﬁ”;’_;d and nonlinear subsystems igr— F (Zose (5),Y (s)) v
= ' —g(v)]<
ZOSC Z_]\’>
Fion 2 \
$$ — <> ) Nonlinear
= 2. Perform coordinate subsystem
transformation
<
iy = igr—~{ F (Zosc (5),Y (s)) —Mv =70 multiply by II
—J |

3. Prove stability ) o
» loop gain <1 = synchronization
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Condition for Synchronization

iy = igr—| F (Zosc (s),Y (5)) Iy =7o

|
Q
A

= Sufficient condition for synchronization

sup #t(J0) Zosc (Ju) o<1 = lim 9(t),i,(t) =0,

1) Compartmentalize linear and nonlinear
2) Perform coordinate transformation

3) Prove stability

B. Johnson, S. Dhople, A. Haomadeh, and P. Krein, “Synchronization of nonlinear oscillators in an LTI electrical
network,” IEEE Transactions on Circuits and Systems, 2014.
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Time-Domain
Experimental Results




Multi-Inverter Experimental Setup

VOC
—

-+ ~ Ly Ry
00v(?) F tfamuvv»

" Various loads

= System parameters

V._ =60V
Vload f — 60 Hz

163

NN T
100\/@? l@ tfzjm\;/f\/\/\,

" Chose virtual oscillator parameters such that

| F (2ose (jw), 2;  (jw) HOO o =0.77 <1 = synchronization

B. Johnson, S. Dhople, A. Hamadeh, and P. Krein, “Synchronization of parallel single-phase inverters with virtual
oscillator control,” IEEE Transactions on Power Electronics, 2014.
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Resistive Load (2:2:1 Sharing)

100V

experiment experiment
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Nonlinear Load nverier Add/Remove

100V

100V

18 Q

1800 yF =

experiment

Tel PreVu M 40.0ms
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Inverter Removal Inverter Addition
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Recent Extensions

" Three phase systems!']

zOSC

| =  Systems with renewables!!]

|
+ |
{ RS 13 ==, |9(vc) o
ve ! ) I o ® VOC k1 =k
_ VL | ve Tl L, p1_ 208V 208V
| YN >

| batteries T

A Al i a—
) S S e ]
fer] L T /1
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[1] B. Johnson, S. Dhople, J. Cale, A. Hamadeh, P. Krein, “Oscillator-based control for islanded three-phase microgrids,” IEEE
Journal of Photovoltaics, 2014.

[2] S. Dhople, B. Johnson, F. Dérfler, A. Hamadeh, “Synchronization of nonlinear circuits in dynamic electrical networks with
Y Y
general topologies,” IEEE Transactions on Circuits and Systems, 201 4.
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What is Next?



Evolution of the Grid

Future A
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Evolution of the Grid

From grid-following
controls

%

Future

A
L
_._. g

beiy a##( rr
aﬁéﬁ [ =

To next-generation
grid-forming controls
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A New DOE-Funded Project

ARDUINO

iiNREL
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Analysis

& Design

Y (F (Zose(s), Y (5))) = 7 (F (C(s)1, B(s)T))
= [IF () B()D) o

— qup LI €GBT (i () |2

wER I i) 12
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ARDUINO
Hardware / Tech to Market /,
Development / ((Schneider Hawaiian| )

. Electric
a Electric
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U.S. Department of Energy
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Tunable Droop Relations
Digital Control

virtual oscillator .
, ' = 2.D rotation
) micro-
. = K~V
Ril controller Yy T ¢
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Ongoing Experiments

Power electronics

Communications

Microcontroller for
switch-level control





