This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed
in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.
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Introduction )=,

=  WEC technology transforms power from water to grid

= WEC components investigated support the performance, stability, and
efficiency as part of a WEC array

= AquaHarmonics, Inc. winner $1.5M grand prize in 2016 by US DOE Wave Energy
prize 18 month design-build-test competition

= Goal was to increase the energy capture potential of WECs

= AquaHarmonics intends to develop, build, and perform open ocean testing on a
1:7 scale device

= Preliminary wave tank testing at 1:20 scale yielded data-set for operational
conditions and performance

= HSSPFC employing data-set explored for electrical transmission of energy to
sore-side power grid

= Primary interest: ESS linking WEC to shore
= |nitial analysis results provide trade-off in ESS performance/design selection
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2am  Second Generation WEC Point Absorber () g
ichsanieen by AquaHarmonics

Electrical power determined from Mechanical motor/drive power:

 Efficiency estimated from power rating of inverter

Pm ou .
Nm = 100% ( B — t) Ndrive = 89.97 %

 Inverter/machine power limited and bi-directional defined as

Pwec,mech(t)nm Pwec.mech,(t) S 0 and Pwec,mech(f) > _Plim-it
Pyec,mec t )

chc.elec(t) = n—mh() chc.mech(f) >0 and Pwec,mech(’) < Plimit
Pl‘imit(sg”(Pwec.mcch(t))) Otherwise.

 The current from the inverter to the bus is

Pwec,elec (t)
Up

Lwee =




w%s  Circuit Model of the WEC System (@)=,

Shore Buoy
: Gnd-Tie Inverter \ UnderSea Cable Machine Drive/Inverter :
| . +J_ | | Ll iL y O +J_ Im. Oy v‘
‘ Gnd levid v ESS| 7 _\éw » imn: E-

NG <R, i - L Y2 NGy <Rp v Machine . |
| : | - T |
| | |

| |(__ ___,l
| 1 kom g o Pwec,elec(t)
MODEL VARIABLES wee vy
Variable Description « Mod
odel of the system
vp Bus voltage (V')
iL Undersea Cable Current (A) d Up . U .
vg Grid Invereter dc voltage (V') CbT = lwee — R— —Uu-—1L
fwee Current from motor/inverter drive (A) at b
fgrid Current draw into grid-tie inverter(A) di I
iess = u Current from ESS (A) LZT = vp — 1, RL — g
(i

MODEL CIRCUIT PARAMETERS (v (['l'g - I o I o 'l'g
Parameter  Description Value ‘9 1t 'L grid Rg
Ch Bus Capacitance 2 puF
Ry, Bus Parasitic Resistance 1000 2 e Matrix form for H PFC desian
L Undersea Cable Inductance  95.6 pH d g O SS C SIS
R Undersea Cable Resistance 2.5 §2 ) T T
Cy Grid Inverter Capacitance 2 uF Mx = Rx+D'v+B'u
Rg Grid Inverter Resistance 1000 ©2 . [R + R]X + DTV s BTu
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uASHA HSSPFC Controller Design )

A Feedback Control

Microgrid ROM (see [8] for details) in matrix form as
Mx = Rx +pTV +BTu
= [R+R|x+DTv+BTu
HSSPFC uses PI control 7
U = Uper — AU Au=-KpBx — K;B / xdr
Jo

Provides static stability and

n=tsrmass 3| [ sar
2 2 |LJg

4 t
BTK;B [ / xdf] V% # 0
0 B

Dynamic stability with transient performance determined from power
flow =
—x" [B"KpB-R]x <0 Vx+#0.

Supports WEC array integration




HAROMES
mumze  F€€0DAck Control of ESS Current

7| Netora

= Feedback control law regulates bus voltage to reference value

~

Up = Ub,ref — Up

= Control gains are selected in accordance with HSSPFC

|

u

= Control parameters are given as

Parameter  Description Value
Vb, ref Bus voltage reference 400 V.
UL, ref Cable Current Reference

Vg, ref Grid Voltage Reference

kp Feed-back proportional gain 1
k; Feed-back integral gain 10
P out Machine Rated Output Power 55.53 kW
P in Machine Rated Input Power 56.52 kW
Piimit Inverter Power Limit 60 kW
Ndrive Estimated Inverter Drive Efficiency 0.95




Feedforward Control - Current to Grid (@)=

Power export command significantly impacts bus/line voltage/current

Continuous update power command ideal, impractical (inverter and
communication limitations)

Therefore update rate on power (current) to grid should be explored
Reference current into grid-tied inverter found from feedforward

. : : Uy,
process: iLref = fwee — }gef

b

Vg,ref = Ubref — 4L,ref R

,[: f — ZL f . /Ug,/ref

g,ref — ,re
RQ
=1 I+ — | —v
wec < Rg> b,ref ( RbRg

Grid reference current is updated at the rate of T4
T greatly impacts the ESS design




w=s \Wave Tank Data and PTO Simulations ()&,

IWighiganiech

* Mechanical torque and speed of PTO scaled from wave tank data with
Froude scaling factor

A = (1/7)/(1/20)
« Then speed and torque at e-machine for simulation is
_ —0.5
Wscaled = WdataA
torqueéscaled = tOrquedata)\4

» Scaled mechanical power used for model and electrical PTO simulation

Pwec,mech = Wscaled (tarquescaled)

« Simulation Based Parameter Sweep Study for t; from 5s to 30s in 1s steps
« ESS Capacity
* Bus voltage ripple and ESS power
« Power to the grid
« ESS frequency content



22 \Wave Tank Data and PTO Simulations ()&=,
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#2s \Wave Tank Data and PTO Simulations (@) &

e i

70

l_h O\
= =
T T

Max ESS Whr
o
=)

<
1)
h

Max ESS Ahr
=
o

e
O

o

ESS required energy capacity (kW-Hr)
vs grid power export rate update 1

ESS required energy capacity (A-Hr)
(assuming 200 V battery) vs grid power
export rate update 1




o= Wave Tank Data and PTO Simulations @&

Laboratories
200 T r

195+

(A)

ess

Max ESS current vs grid power export

rate update 1
190

Max i

185

Bus voltage ripple vs grid power export
rate update t;




42%s \Wave Tank Data and PTO Simulations

« Max ESS power vs grid power export
rate update 1

‘70 1 1 1 1
5 10 15 20 25 30

« Max power export vs grid power export
rate update

(kW)




mﬁw Wave Tank Data and PTO Simulations (@) &=,

Michigan Technological

» Average frequency content of ESS
current for all simulation tests

S
- (rms)
()

i

0 200 400 600 800 1000 1200
Frequency (Hz)




w=s  ESS Analysis and Discussion @&
ot

= (QObservations from analyses and simulation results
1. Total required ESS capacity is small < 50 W-Hr
2. Average required frequency response ESS current low < 200 Hz
3. Peak ESS current is high approximately 200 A

= 1 and 2 suggest single small battery for ESS would suffice
= However, peak current in 3 is problematic
= Example: 200 V batty 2 A-Hr Li-lon battery would work

= However, violates manufactures limit discharge rate 100 C> 10 C

= Therefore, a 20 A-Hr battery works, but life of battery may be
shortened with high discharge rate




AOUA

s Conclusions ) S,
sty

Presented HSSPFC method to explore design space for electrical transmission of
energy to shore-side power grid from WEC device

Presented approach and preliminary analysis that highlighted some of the design
trade-offs in ESS configurations

Single ESS is just one of many possible configurations

Other potential configurations to meet all the specs:
= Use battery for energy capacity and super capacitor to meet maximum current
*= However super capacitor bank volume is large and require 2" DC/DC converter

= Could place super capacitor/converter at buoy to supply high peak currents and
battery/converter on shore to regulate cable and bus voltages

= May prevent excessive losses under-sea cable due to large current variations

Future investigations would need to be performed to realize optimal design;
multiple rows of devices, bus integration, ESS, shoreline interface, etc.

HSSPFC optimization determines trade-off between centralized, local, and
decentralized ESS locations, most efficient use/requirements for ESS, etc.

Tool for developers to evaluate WEC systems; optimal power and efficiency
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DOE and DoD Focus Energy Surety @,

= Energy Surety— provides cost effective supplies of energy that are
reliable, safe, secure, and sustainable.

= Requires - forward-looking energy surety; development of novel

intelligent grid architecture in order to be robust, effective, and
efficient.

= Desirable metrics SSM:

= Unlimited use of renewable energy
power sources

Power Distribution
Connections

e Ve o a4

= |
FOMBN UORRIUNWILIOD

= Reduced fossil fuel-based power
generation

= Reduced energy storage system (ESS)
requirements

= Balanced control of generation,
storage, and loads in an efficient and

secure paradigm 19




Summary )
Nonlinear Power Flow Control Design Steps

- -eneration Cohort L(_)ffohoft 1. Define Reduced Order Model (ROM)
. cleadl |5 2 Formulate K.E. and P.E.
: . Connection - [RL .-' ] !
: Cohort Tload |- 3. Formulate Hamiltonian (Energy surface)
. . . Conneotion |— 4. Hamiltonian rate (Power flow)
X g to other MGs|
il eofroeas 5. Design nonlinear control laws
Storage || Storage
. [High BW|| Low BW 6. Determine static stability conditions
Storage Cohort ~ "~ """ """’ '
/. Determine dynamic stability conditions
MG MG
1 3 8. Optimize control (Controller gains)
9. Perform enterprising optimization
10. Minimize information flow and energy

storage

Microgrid and Collectives of
Microgrid Configurations 20



Distributed HSSPFC Configuration Architecture UL

« Agent based
implementation /
Optizelle I/F
through host BN | E—
computer (slowest i Hamiltonian sy
update rate) ’ Energy

* Hamiltonian ESS

Navy Ship (Plant)
Dynamic o Sy 2
Optimization - :

Planner |

o Storage
control realized : Controller
in the RT-control ;
level | Servo |

« Servo Controller

Controller [ 1 e ‘ ]"

[
I |
. . II .
realized in RT- " ﬁ tLocal !
controller level I . :Regulation Q
with faster | I ,and m
computation | ﬁ Performance  \jigh-pandwidth |
capable at the : | ! . . |
Mid- bandwidth

FPGA level ! " | !

i I R . I T T e —

Lower_- bandwidth |




Utilized to Design and Specify ESS

= Requirements matched to
specific ESS (Device Examples)
= Power -
= Energy
= Frequency

= Flywheel ESS Example:

i
Magnitude Plot of —”
Iref

-10F

Mag (dB)

-15}-

-20H

-250 it !
104 0.01 1

100 104

Freq (rad/s) H

Derive:

Closed loop Bode plot — determines
frequency characteristics contrast
with specifications and requirements

Vi

Flywheel i‘,(’

Vbus

1) National
Laboratories
Converter
Riy L }"u PM Machine
_M_IVVY‘_\ +
l 1',,;:(‘“3
-

Converter

Fhwheel
Super Capacitor

Super
Capacitor | 7,

Vbus

Battery he

Rpy | - A.u IE 2 1
+/
C L +Rc2 1 Ll
RFor | o Roo
Conveiter Bfmen-‘
RI_u Lu )\v\l “_ib“‘} L S (
' +/7 + R
RL% R
il
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EXAMPLE: ESS Flywheel Energy Storage Transfer

Function First-Order Band-Limited ESS Design
= Monolithic Flywheel ESS '}° r— Derive:
Rio Ly Ay PM Machine Closed loop
y + Bode plot —
. I ""’(u%% determines
= Transfer function = frequency
= characteristics
Gls) = o = Vuo ($ kp+k;) ((B+s J¢) (s Lom (s C, Rea+1)+s C, Rew Rom+ Reut Rom ) +47 (s C,, Reu+1)) contrast with
(S) - ; o ("uo ('Sl‘-p+ki)+s (SL1(+RLu’,) (,RCu(—(B+‘S‘Jf”"(S Cu RCu+1’((B+5JfHSI.pm+Rpm]+kr2” SpeC|f|Cat|OnS
Iy Fhywheel and
Magnitude Plot of — _
iref - requirements

* Frequency Design Requirement

Required Baseline Storage Spectrum of Pulse Load

1400
1200
1000
Z 800
= 600
400

S 1 A -8 l A A A A A

il | .‘. 1 L |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
1074 0.01 1 100 104 108

Freq (Hz)
Freq (rad/s)
Flywheel Frequency Response Meets Design Requirement I 46




Ongoing/Future Work 7l

= Tri-level HSSPFC architecture for Navy All-electric Ship and EPG
networked Secure-Scalable Microgrid (SSM) Applications

= Trade off and selection ESS Rapid Prototyping Controller:
. : : Vs i)  Coupled models (EMT)
RT, HIL, PHIL integration/validation i) Controller validation

= Coupled generator/bus networked microgrids

. ' Host PC ‘

‘| RT Simulator Ethernet

i feliallidld Electric Ship Plant } .
D-’rna mic . 1 7 s == Based on SSM Mlﬂﬂsﬂd Testbed PC-Based Architecture — PCl-Express bus
Optimization | Model JH I
PIanﬂEf ‘ : RT Comm. PelExpress bﬂf@ Sha:ed_}{'
w = (52 7] Jriz LB
‘ Hamiltonian ... Paiand Lo i L 1L wicrogna1 ! J
P SOQW | Energy - s , | J—| [ FPGA “ow ]|
rd Storage | storage 1 o m%m_lﬁ%glw
Controller Mcrgua - Energy Miswerk S - -
' Emergy I - Stme : I . ”:'c“:':ﬂ Physical Device
Servo mlné | m "W‘ under test
controller e = « OPAL-RT System Architecture
Local . .
Regultion (standard configuration)
and .
Performance  {1ish bandwidth « SNL Architecture custom
I configuration (OPAL-RT)

* Prototype control Matlab/Simulink/
RT-Lab environment 24

Lower- ban ::Irwidth




AC/DC Microgrid ROM Details B,

Mx = Rx+D'v+Blu
= [R+R]x+DTv+BTu
where R = R + R is composed of a symmetric and skew-symmetric matrices, respectively.

M =diag[Ls; Cyet Lact Lact Ls2 Cacr Loz Laca L Cea Loz Loz Cp Cgl

" =R —=Aal 0 0 0 0 0 0 0 0 0 0 0 07
M —Fg ~Yda %t O 0 0 0 0 0 0 0 0 0
0 Yogot =Roey wleg O 0 0 0 0 0 0 0 -1 0
0 Yai =wleg =Rey O 0 0 0 0 0 0 0 0 -1
0 0 0 0 —Rsa =)\ 0 0 0 0 0 0 0 0
0 0 0 0 A2 — R.L, —Yede2 —Yde2 O 0 0 0 0 0
B a 0 0 0 0 0 Yede2 —aqr2 Whige2 0 0 0 0 -1 0
0 0 0 0 0 Va2 —wloy —Raw O 0 0 0 D =1
0 0 0 0 0 0 0 0 —Rsg =X 0 0 0 0
0 0 0 0 0 0 0 0 A3 - RLS ~Yede3 —VYedez3 0 O
0 0 0 0 0 0 0 0 0 “Yodes —Raz wlag -1 0
0 0 0 0 0 0 0 0 0 Yig —wWhes —Rg 0 -1
0 0 1 0 0 0 1 0 0 0 1 0 G C
0 0 0 1 0 0 0 1 0 0 0 1 =C G |
where Yo d4ck = B(AC)dc ks Vsdek = B(A8)ack for ... k=1,..3,G= —,+B,C' = (', the matrix
25




AC/DC Microgrid ROM Details (2)

?

and the matrix BT =




