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Introduction to Hardwaresin-the-keop Simulation

e Hardware-in-the-loop (HIL) testing is Conjrcl"(;er o hard""?_re
performed for testing and benchmarking | ™7 "= PPTERE
novel controllers and power hardware. v

* HILis performed in the following
industries Testing developed

_ models in software
o Automotive

o Aeronautics v
o Power electronics CHIL modeling and
testing
o Power systems.
e Different HIL l
o Controller-hardware-in-the-loop (CHIL) PHIL/CHIL testing

o Power-hardware-in-the-loop (PHIL)

) Typical controller/hardware
o Combined. vP /

development flow
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Simplified CHIL & PHIL Setup

e CHIL: Simple
e PHIL: Complex and can become unstable

Real time Comms/AIO/DIO | Controller

simulator — under test
AC simulator

Controller hardware in loop Power >
l connection

Power Controllable
Real time Analoga ACGrid |, Power . __ Power R
. . < . 2 hardware < ) > DC
simulator | output | simulator | connection connection
under test
¢ Analog
- Controllable
Input Power
: > load
connection

Simplified power hardware in loop
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Time Delay and Error.lntroducedsiniPHIL Testing

50 — 250 ps Time step

Power
Real time D-A. Analog s AD AC Grid < Power  hardware
simulator ~ CONVersion output conversion simulator |connection under
A-D test
conversion
t Analog
input

e Real time simulator runs at a time step of 50-250 pu
second time step.

e Delays are introduced by analog to digital and digital
to analog conversion.

* Noise is present in the signal carrier adding more
error in the testing.
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Modeling of Distribution. SystemgingPHiL

HW . Virtual
N
DC Source Eo Real-Time Simulator :
VBatr . I |
P/Qcmd : | - i — Power |
HUT Inverter |- | CortEllE: Sre Data |
; I
wr - WY : | A Sre Substation Bus |
Transformer V | |
Vv Pri : | Distribution < PPV |
I ) ; | System
Aj Lri ; | Real-Time <L |
i v!:‘S.S',J'fJLs' M Od e I |
AC Bus 480 Vac b POk, | ESS PCC Bus |
b I
: V /
Grid Simulator —E—l—h- o — L85 L |
' | PHIL |
* P Compensation — — |
P |

 HUT operates at 480 V 3-O®, with a power rating of 450 kVA,
* Distribution feeder PCC is 12kV at 3-MVA rating.
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Dynamic Modeling of PHIL,\eltage:and Current Loops

Virtual Feeder : PHIL Interface : Hardware Under Test
I |
Vet VEss ! Ve Vpii Vs
= kV GReg GComp —T > GGS I GTxfr ' N
+ | VPri,Ref
| |
| & Hesv 4 Hapc
| | Pri ] Ylnv
ZSrc I ng
|

| | — Tpn T
ESS kl_l ‘Prl HFBJ <

HADC
| PHIL Compensation

|p,-i i |Inv
HTxfr
PHIL voltage and current loop control model

* Virtual feeder corresponds to the modeled distribution
network.

* PHIL interface models the interface between RTS and power
hardware. The delays and the proposed compensation are
modeled here.

 Hardware under test models the hardware setup.
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Modeling of Major.Loop.Compoenents

e Distribution feeder model

VEss = Vsre + ZsrclESs
* Digital to analogue and analogue-to-digital converter

o Assumed to have unity gain. The delay introduced is
modeled

Gpac =1  Hapc = e 5'r1s

e Grid simulator — delay and a single pole filter

C, - Vout s 1
(35 — Vrﬂf — 5 ) 18

2w fas

e Hardware under test transformer
GT:{:f'r — HTIf?" — \/gNchfr‘

e Hardware under test inverter

A
YIH‘U — §SCI?1U'
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Uncompensated Stability.andsPerformance
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E Parasitic resonance -
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Voltage Tracking Error

 The uncompensated ESS PHIL have poor tracking at
the AC fundamental frequency (60 HZ)

14+ ZasHrefr YinoGrefr — HapcGas

VE rror —

Pri,Re
1+ ZasHrs i+ Yo GTefr ’
HapcZagsHr.¢r

B ADCELGSHL Tz f Ifﬂ,v (10)
1+ ZGSHT:Eer}n‘UGTEfT‘

 This function exhibits ~7% error under no load and
~11% under loaded conditions

* Itis desirable to compensate for the voltage error to
ensure that V,; accurately tracks Vp,; pes
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lllusionary Real and Reactive.PowerDue to PHIL Setup

 For the uncompensated PHIL loop,
Sess = Prss + jQEess = VeEssIpsg

* Assuming unity magnitude for Gy and H, at
fundamental frequency
Prog = k;liif;l[Ppri cos 0 — ) p,; Sin (ﬂ

QEss = iifg_fliif;l[me- cos d + Pp,; sin ¢

e Where ¢ = —4£Gvyss(jwr) — £LH[(jwF)

* Introduction of the phase shift 6 by the PHIL loop at
the fundamental frequency skews the value of Pg.
and Qg. This introduces illusionary P and Q of 8%.
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Design Requirements

* The main issues that will affect the stability and
accuracy of the PHIL simulation are:
o Instability of the PHIL current loop due to resonance
and loop time delays

o Voltage difference between measured primary voltage
(Vpri) and the commanded reference (Vp,; ges) due to
the parasitic impedance Z4

o lllusionary effectin P and Q due to the time delay

o Parasitic resonance due to the interaction between
the grid simulator inductance Lsc and the inverter
filter capacitance C,,
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Proposed Compensation.Method

* Forward compensator (G,,,,) ensures stability of the
current loop and addresses the resonance issue.

* Feedback filter Hg  and Hygy, — accounts for the time
delays in the interface and also eliminate the
illusionary P and Q effect.

e Addition of the inner voltage regulation loop and

voltage compensator G, which will use a voltage
feedback signal to enhance the voltage tracking

capability
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Dynamic Modeling of PHIL,\eltage:and Current Loops

Virtual Feeder : PHIL Interface : Hardware Under Test
I |
Vet VEss ! Ve Vpii Vs
= kV GReg GComp —T > GGS I GTxfr ' N
+ | VPri,Ref
| |
| & Hesv 4 Hapc
| | Pri ] Ylnv
ZSrc I ng
|

| | — Tpn T
ESS kl_l ‘Prl HFBJ <

HADC
| PHIL Compensation

|p,-i i |Inv
HTxfr
PHIL voltage and current loop control model

* Virtual feeder corresponds to the modeled distribution
network.

* PHIL interface models the interface between RTS and power
hardware. The delays and the proposed compensation are
modeled here.

 Hardware under test models the hardware setup.
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Performance
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Hardware

NREL, 34513

NREL, 34526

NREL, 34519
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SDG&E CRADA: PHIL Stability.andsAccuracy Design

PHIL results without voltage regulation
TABLE I: Test Results for Compensated PHIL Current Loop

w/o Voltage Regulation

Plnv anv kV kl VPri,Rﬁf VPri VErr QErr
QEss
kW kVAr kVAr Vrms Vrms % %
99.6 9.3 il 2749 278.0 135 -13.4
199.8 11.0 40.5 275.0 279.3 18.3 -15.2
-102.8 -8.5 -16.2 274.7 215.5 15.8 -22.4
-205.5 -5.2 -30.6 274.6 274.0 19.2 -29.9

PHIL results with voltage regulation

TABLE II: Test Results for Compensated PHIL Current Loop
w/ Voltage Regulation

PInv anv kV kl VPri.Ref VPri VErr l(-;hilrr
Qgss
kW kVAr kVAr Vrms Vrms % %
99.8 7.3 59 2749 275.0 0.6 1.4
200.0 232 9.0 2750 2750 0.6 -34
-102.7 -5.6 -4.1 274.7 274.8 0.5 -3.3
-205.5 -5.0 -9.0 274.7 274.8 0.6 -7.8

Voltage error reduced to < 1%
Reactive power error reduce to < 7%
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Closed-loop PHIL Voltage .ControlFilter
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 Models for PHIL test setup was developed for hardware
ESS inverter and simulated distribution system.

 Uncompensated PHIL loop exhibited instability under
some operating conditions due to parasitic effects and
loop delays.

 Compensation method based around a voltage
regulation loop and forward and feedback compensators
was presented.

* The proposed method was validated both analytically
and experimentally to provide stable PHIL system with
improved accuracy.
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