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Center for Advanced Power Systems @ FSU

ELECTRIC SHIP RESEARCH
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Manager of the ONR funded Electric Ship Research and Development Consortium (ESRDC)

Contracted by PEO Ships PMS460 to derisk the DDG(X) Power System and conduct HIL based demonstrations and DT&E
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Clients and Collaborators
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Power Hardware-in-the-Loop (PHIL) Simulation

Create a Virtual yet Realistic Environment to
Rapidly Test and Demonstrate Equipment and
Interfaces.
 Couple Device Under test (DUT) to a Real
Time Computer Simulation using
amplifiers and/or actuators, preserving
natural coupling

Use of PHIL Simulation

* Testingin Realistic Environment

* Earlyintegration testing

* Flexibility to quickly change surrounding
system and conditions to test equipment
performance envelope

e Validate System Specification & Interfaces

* Testing with yet unrealized system

e Test extreme conditions within controllable

Plant

Reference [

\ 4

Signals

DC
Amp

Variable Voltage Source

Device
under
Test

Realtime /r{

. Emulated Electric

Simulator ) Signals

v

$| -« AC

Amp

r

11
-
1A
W ls
i 0
- |
- - i
| |
-
i

—

CAPS RT Simulators

« RTDS Novacore (9)
* SpeedGoat (2)
 Typhoon HIL (3)
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 Opal-RT(2)




5 MW PHIL Facility Overview
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Recent PHIL Testing Highlights at FSU-CAPS
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 Tested 3 MW, 13.8 kV
DG

 PHIL Interface
e DQ-frame DIM IA

e Optimus amplifier
configured for 13.8 kV
AC, current control
mode

e Use of load banks to
dissipate power over
600 kW

* Multiple load interfaces
using other PHIL
amplifiers

e Testing of DG w.r.t

* Increased power output

* Unbalanced loading

 Constant power load
behavior

3 MW DG PHIL Testing

4.16 kV
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416/480V
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Current (A)

Load Ramp Tests

RTDS detected overcurrent
and gracefully stopped the
experiment

150

100

50 |

\Measured Current
T \ T

CP-0.1puls

CP-0.3puls

CP-0.5puls

CZ-0.5puls

1

Time (s)

Frequency (Hz)

64

63 |

62 |

61 |

60 o

59 |

58 |

57 |

56

Computed Frequency

CP - 0.1 pu/s
CP-0.3 puls
CP - 0.5 pu/s

CZ-0.5puls

Time (s)

o L

8
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* Probing for limits: constant power load ramp rate of 0.5 pu/s caused by RTS based protection (current trip)
e Same setting feasible with constant impedance load



75% Block Load — Step Up

MeasuredPhase B Current Frequency

Voltage
— 120 63 . 11
() ‘
g MMMW &2 i
© 100 | .| 105 | F 4
© o |
Q. T 1 !
60 -
60 59
_ L 4 _ . 095
o < E 5
cC 2 RTDS > =
(0] 3 FAT 8 58 g
I ES q S
u ot PHIL § £ > e
c 57 i
RTDS
° 20 | i 0.85
U 56 FAT |
~— PHIL
F 0 55
LL.

Top — Repeated FAT condition using PHIL — DG stable, bottom — Constant power type load presented to DG - unstable

MeasuredPhase B Current Frequency Voltage

150 64 : 1.15
m RTDS
> FAT 11

Pt 1.05
L
Q ” 1
; w0 | A e
o 58 4 = 0.95
(a1 R =
E z g . S 09
P £ RTDS detected S
fd 50 | £ , .
7] overcurrent and ’ 1
| 0.8
o gracefully stopped .
(@) . r — FaT 1 075
the experiment e
AT 0 ‘ ‘ | ‘ 07 ‘ ! ‘ ‘
0 1 I 1 0 1 2 3 4 -1 0 1 2 3 4
4 0 1 2 3 4 Time (5) Time (s)
Time (s)

Load bank based testing inadequate to emulate data center loads




Electric Ships DOffice

NNAVSEA

Testing 200 MJ Energy Magazine (EM) for Shipboard Systems
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Testing of Energy Storage in Limited Inertia Syste VN SUISHE

* Model of Interest (MOI) T AC Load
* All components and controls, excluding @ e
the energy storage media
* Executed on real-time simulator using 50 Real-Time AFE DC Load
Ks time-step size Simulatio ~
« Hardware of Interest (HOI) " enes Mg —
* Battery module Control (BMC)
« 45 Ah Pe —>) _’; pC 1|~ =~ | pc2
e Air cooled SPC:; :Pf(ii
e 28 V nominal terminal voltage SoCop — — N .
e Ultra-capacitor module PHIL 1 b1 PHIL
Interface  '|JAmp|! 1[Amp] | Interface
*53F (CurrenftType IA)E = : E B : (Curren@Type IA)
* Water-cooled -1 17
* 170V nominal voltage 1 £
* PHIL Interfaces Physical T I
Hardware C
0 i ATIC OLO 0 & AGOU U 3 .




PHIL Interfaces

* Gains for gradually engaging interface (k, and k)
 Scale factors for scaling current and voltage across the interface (k; and k)

* Low-pass filter on voltage feedback for stability and immunity to sensor noise (100
Hz cutoff frequency for battery interface)

* Current-type ldeal Transformer Model (ITM-IT) Interface Approach * Amplifiers
* High bandwidth (> 5 kHz)
« 750V, 100 kW

* Digitalinterface with RTS

* Operated multiple amplifier units in parallel for
each PHIL interface

ke k;
Model of

Interest (MOI) I
D

N

ITM-IT Interface
Approach with
Ramped Engagement
and Scaling

Hardware of
Interest (HOI
I (HOI)

Amplifie

Interface to Capacitor Module
» 2 amplifier units in parallel (280 A)

* Single capacitor module scaled to
represent 5s x 3p bank

« k,=1/3
C kV=5

Interface to Battery Module
« 3 amplifier units in parallel (240 A”)

* Single battery module scaled to
represent 28s x 7p bank

« k=1/7
. k, =28

—> o = =~ |rc2

PHIL
Interface 2
(Current-Type I1A)

Interface 1
(Current-Type |

* Current limited by battery voltage,
lower voltage limit of amplifiers, and
voltage drop across series resistors used
to facilitate current sharing between
amplifiers



PHIL Simulation Experiments: Baseline Scenario

* Loading profile intended to test system in several
modes of operation 9 | | |
—AC Load
* (0 s<t<50s)Base loading —DC Load
* (50 s<¢<100 s) Pulse loading 8
e Capacitor supplies load pulsations g
— 1 "
* (100 s <t< 150 s) Battery supplements support of DC g 1 Il
load 5 L
* Total load exceeds generator capacity 0.5
* (150 s <¢<200 s) Battery fully supports DC load L Il
* AC load at generator capacity 0 R Y |
0 50 100 150 200 250 300 350 400 450
* (200 s <t< 250 s) Battery supports DC load and Time (s)
supplements support of AC load 15 1 .
* AC load at 120% of generator capacity _Sznf;zzor
+ (250 s <7< 300 5) Load pulsations cease 't HHHWHWM """ —
* Battery supplied DC base load and supplements support of AC S 05 | [ AR “ ——PC1 (Cap)
B~
* (300 s <7< 350 s) Battery supports DC base load s 0 "wu HHI'HM
* (350 s <¢) Battery recharges : G "'“H HHHHI'I'HI -
200 3010




Results from PHIL

* Generator loading approximately
held constant (near full load)

* Capacitor SoC generally
maintained between 60% and
80%

* Voltage and current levels
maintained within normal bounds
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= 0.9 | ——Battery
208 ; |
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Simulation Experiments

—DC Load
—Capacitor

100 150 200 250
Time (s)

(a) Voltage

Generator
||=——=DC Load

I _§§; ECB’ZS) AN OAR A A

100 150 200 250
Time (s)

(c) State-of-Charge
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* Michael “Mischa” Steurer pioneered HIL and
initiated IEEE WG P2004. Developed general
linear formulation of PHIL experiment

e Collaboration: PSRC WG CTF-33; IEEE task
force (TF) on “Real-Time Simulation of Power
and Energy Systems”, chaired by Dr. Omar
Faruque, under IEEE WG 15.08.09 (within the
General System Subcommittee of the IEEE PES
T&D Committee)

* Sponsor: PELS, Co-sponsor: IAS, IES

* CAPS led one of the chapters (Execution of PHIL
Experiments)

* CAPS members made substantial contributions
to multiple chapters and annexes

Contributions: IEEE 2004-2025 Recommended Practice for
Hardware-in-the-Loop Simulation

< IEEE
pels

IEEE POWER

i_‘ ; F ELECTRONICS SOCIETY
Powering a Sustainable Future

IAS

[EEE INDUSTRY
APPLIGATIONS
SOCIETY




High Speed Generator for Air Force Application

* Tested 2 MW high speed generator

* Used 5 MW dynamometers and high
speed gearbox for 14,000 rpm
interface

* Used high-speed diode rectifier at
AC terminals of generator
e DC PHIL interface
* ITM-IT IA
e 2.5MW, 1 kV DC amplifier

* Verified operation of the generator
at full power

e Tested with constant-current ramp
loading

RTDS

Trigger/Synch
Voltage/
Current/
DutyCycle DAQ

VVS

Langston, J., et al. “Megawatt Scale Hardware-in-the-Loop Testing of a
High Speed Generator." 2012 ASNE.

=
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