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Overview Er

= Characteristics of PHIL simulation

= Stability, accuracy issues, interface topologies and stabilisation
methods

= PHIL tests that show the value of the approach: DER inverters
providing ancillary services, voltage-frequency control, microgrids,
etc

= Improved Hardware in the Loop (HIL) methods in the ERIGrid
project

= Live demonstration of HIL tests

= Discussion
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Introduction Ergrid-
What is Hardware-in-the-Loop?
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What is Power Hardware in the Loop

simulation?

@ Connecting European

Erigrid-

® Smart Grid Infrastructures

Simulator
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Controller
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Controller HIL

Power —s|
Interface |
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Power Device
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Power HIL

/Main Components:

Digital Real Time Simulator (DRTS)
Power Amplifier

A/D and D/A Converters

Sensors

Hardware under Test (HUT)

\

Ren, Wei, Michael Steurer, and Thomas L. Baldwin. "Improve the stability and the accuracy of power hardware-in-
the-loop simulation by selecting appropriate interface algorithms." IEEE Transactions on Industry Applications 44.4

(2008): 1286-1294.
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Full System Hardware Testing Erll o gude..

Network, Inverter PV arrays S T
Substation DuT

Component Hardware Testing Pure Simulation Methods

Grid Inverter PV array Full system digital simulation
Simulator DuT Simulator Numeric analysis
AC side DC side

Hardware in the Loop (HIL): System Testing

RTS: Comm. [ Power | Power([ Inverter | Power| Power | Comm. RTS:
Network, |<----- e K -----
: Amplifier DuT Amplifier PV arrays
Substation DC side

AC side

[=)

Experimental setups: low flexibility, cost, maintenance, damage

Standardised tests: predefined profiles, complex interactions are not
taken into account

Study of phenomena: digital simulations (flexibility, low cost), accuracy
of the models. Challenges due to the DG integration
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Why PHIL for Power System Analysis

Eri ‘_
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[
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Smart Grid Infrastructures

PHIL supports the development of prototypes and innovative methods and
technologies

Advantages and Issues of HIL Technologies

+

+

+

Combines the advantages of simulation and hardware testing
Lab-based investigations are closer to field testing

Supports the validation of simulations results. Can even show interactions
that are not visible in digital simulation

De-risks field testing

High implementation effort

Accuracy and realism of Hardware/Software interface has to be proven
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Stability of PHIL simulation
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Stabllity of PHIL simulation:
Evaluation Methods

Stability Evaluation Methods: kj
— Nyquist plot: easy to implement on software
— Bode stability criterion X
— Routh criterion: e.g. Pade approximation h-n.s
— Root Locus: graphical representation -‘
— Dynamic simulation circuit T
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PHIL Simulation: Stability Evaluations

immaginary part

N

— Z,<Z, (instable, encircled Nyquist point (-1,0j)

Simulation step time: 50 ps (Tp)

Nyquist plot of open loop TF for 2 cases:

.
U I i R
onnecting European
art Grid Infrastructures

— Z,>Z, (stable control system, hardware resistance bigger than
software resistance)

(Z,=R)/(Z,/R,)
T, = 50ps

—-Fo (W)
+ Nyquist point

[/
\

immaginary part

2
(Z,=R))/(Z,=R,) =

0.5 Lf Nyquist point
TD =50us 7-Fo(jw)
)
=

-Exampre or a Nyqust piot
for R; < R..

o

real part
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PHIL Simulation: Stability Evaluations |
Analysis: =1 . .

= Assuming advantageous assumtions as idealized used equipment
(voltage amplifier / current measurement; T,,(S) = T\e(S) = 1; ITM as PI)

= Stability cannot be guaranteed this discussed basic system (settings
R1>R))

Conclusions:
= No stability for this PHIL system (R;>R, Ts=50us)

= Countermeasures to achieve simulation stability (-> feedback current
filtering)

= Introducing complex load impedances (Z,/Z,) the simulation stability
depends on both impedances as well as the Nyquist criterion on stability

ftW d | (Zl'Rl)/(Zz'Rz) W)
SO are moae hardware Tp = 50us ist point
1
+ u analogous model for | dynamic model of | » 1 i
Uo —»0 » time discrete function » the voltage amplifier > 70 > g
_ e—sTD Tva(s) 2 ET .
£
-1
Zy(s) |«
Control theoretic depiction of system. real part

Nyquist plot for R,/ R,.=2
10
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PHIL Simulation: Current Filtering Erlarid-

— |
@ | i = |n case of a pure real impedances (R, R,), a
l simple first order low pass filter can be used in
777777777777777 T the current feedback closed loop (Tg 1er=
Re software hardware 1
| i 1+S/2T[fc)
UO GBI
|
,,,,,,,,,,,,,,, sl [ = Stability behaviour is modified due to this
introduction of a feedack filter!
software model hardware
+ u | analogous model for | dynamic model of u” 1 i
U +—0 > time discrete function —» the voltage amplifier —» - >
'S e—sTD Tua(S) Z,(3)
dynamic model of
Control loop depiction of PHIL ] Zl(S) < ‘ the anti aliasing filter |«
simulation with additional TAA,ME(S)

feedback current filtering.

11
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Shifting impedance method

.

U I i
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Shifting part of the software impedance on the hardware side. Stability can be
achieved without compromising accuracy: if necessary a “smaller” feedback filter
can be used

PHIL allows scaling of the software and hardware: A smaller hardware LV PV
inverter can be used to evaluate the integration of a large PV park connected to
the MV network

Software: MV

(optional)

Ktiranst- b/a

Rtransf‘ b/a []

o

V secondary

{1 L
-+ Rmv-b/a - Xmv-b/a - +
Rsh-a Xsh-a

Vcnis

Equivalent part of
the MV line

Hardware: LV

inuT V
”””” ; J a=—>"
"y - Viw
Rsh Xsh | +
EH EH b _ SHuT_ full
Venn B SHuT_red
T | B
G?.:rT(ls)
I
7777777777 J ]
S mpedance Mer 2%, (S) = S Z,,(s)—a-Z.(s)

P. Kotsampopoulos, F. Lehfuss, G. Lauss, B. Bletterie, N. Hatziargyriou, “The limitations of digital
simulation and the advantages of PHIL testing in studying Distributed Generation provision of
ancillary services”, IEEE Transactions on Industrial Electronics, Sept. 2015
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PHIL Methodology

Analysis of PHIL Interface Topologies

ErIOrr
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Accuracy of PHIL simulation Erlarid-

= PHIL simulations need to be accurate for producing valid results.

= The accuracy needs to be assessed in order to improve the system
accuracy if possible.

= The accuracy of PHIL simulation depends on:
— The time delay of the implementation.
— Any filtering used (for different purposes: stability, anti-aliasing, noise).
— The accuracy of the simulated models.
— The bandwidth of the simulation and amplifier.
— The gain introduced by the different components on a PHIL setup.

— The measurement accuracy.
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Accuracy of PHIL simulation Ergrid-

= The power interface is the main source of 1. Ideal Scenario
inaccuracies on PHIL, because of the power _ :
amplifier but also its interconnection with the (" Pure simulation or hardware test "\

other components.

— Linear amplifier: very low time-delay,
large losses at high powers, can have
bandwidth limitations.

— Switched-mode amplifier: large time-
delay, complex control can add
inaccuracies (filters, resonances), can

have bandwidth limitations. Rt ===
I
— Analog communication: large time- N Power
delay, filters required (anti-alising). g ovstem
— Digital communication: very low time-
delay.
— Measurements: Can add some delay and
gains.
— Filters: large time-delay. Inserted 7

Interface

© The ERIGrid Consortium _ )
EU H2020 Programme GA No. 654113 ERIGrid Webinar: 5 December 2017 15
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Accuracy of PHIL simulation umversnyof

Strathclyde
Glasgow

. . . Triph
An example of a PHIL implementation without ~ Ros p'f Modle

dealing with accuracy aspects is presented
below.

» Resistive HUT (V and | should be in phase),
« 5% and 7t harmonics present.

« Total Td=900us

* Notch filter used

V setpoint

DAC ADC
(GTAO) (EL3702)

ADC DAC
(GTAI) (EL4732)

| measured

Not Compensated PHIL
T T T T T T T *»» Therefore, each PHIL

implementation should be
assessed and these
inaccuracies should be
compensated.

¢ This can be done by
compensating time
delays or avoiding
unnecessary filters.

pu
o

—Va
—la

015 016 017 018 019 02 021 022 023
Time (s)

© The ERIGrid Consortium _ _
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AL

Improving stability and accuracy of Un;ve,sit,.,feg@

: - Strathclyde
PHIL simulation Glasgow y

= Accuracy improvements:

— Time delay compensation of the power interface reference signal
(pde(ay

/ Time to frequency
X(w) = [AL, @1; ...; An, @4 ] .

N
’
7 \
1
1
1

Compensated waveform

s Apparent phase difference is compensated with this method.
¢ Accurate during steady state and dynamic scenarios.
¢ Filtered transient behaviour due to DFT needs to be considered.

X'(w) = [A1, (901 + €0delay)i .
AN, (@1 Paetay)] Phase Shift
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Improving stability and accuracy of Er

PHIL simulation

Other approaches have been proposed in literature:

Use of other interface algorithms (Damping Impedance Method)
Multi-rate simulation

Introduction of high pass filters parallel to the input and the output of the
power amplifier

Use of leading transfer functions

Other

2 Connecting European
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Limitations EN f

=  Some of the limitations of PHIL simulations are:

The bandwidth of the power amplifiers can limit the accuracy under
transient scenarios and high harmonic conditions.

The bandwidth of the real time simulators can limit the accuracy of
models with high switching frequencies.

Difficult mathematical assessment of the stability under complex
scenarios

Interactions between switched-mode power interface and HUT.

= However:

Only limited scenarios would require very high bandwidth .

Empirical assessment of the stability is possible for complex scenarios

— Advanced converter controls of switched-mode power interfaces can

reduce the interactions of the HUT with the interface.
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PHIL experiments of the ERIGrid partners
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Comparison Hardware Testing and Digital

Simulation

Hardware Experiment

AIT 3-phase
Inverter Test Stand I-AC Ch16
V-AC Ch15
I-DC Ch14
P V-DC Ch13
(1..3 PV Strings
Multiple I Power
PV Array | Analyzer
Simulators !
PVAS3 B S

HOOY .

AI I AUSTRIAN INSTITUTE
OF TECHNOLOGY

TOMORROW TODAY

Smart Grid Infrastructures,

V-DC Ch7/9/11

I-DC Ch8/10/12

Power | I-AC Grid
Analyzer Impedance
_ . Node b V-AC Ch7
Vi L1: Ch15/16 - :
- = :i'_#_"l Neutral voltage
= / CT L1 (Node a — b)
* "
/ — : -v ﬁ—#_“‘
DuT InvL1b ' :
DC: 4 (PV 4 Power I-AC Grid 3 ph AC
AC: 1 EL1-N‘; Analyzer Impedance simulator
P L1 ehirz ,IST L1 ~ Node a 1 L1, L2, L3
3 - N7 —
L2: Ch 3/4 ACTL2 -
i L L
T L3:Chsie CTL3
. | S, Y
-
DuTs V-AC Ch1/3/5
InvL1a,L2a,L3a I-AC Ch2/4/6

DC:1..3(PV1.3)

Inverter DC Side

Laboratory Test Stand:

AC / DC measurments (U, I, P, Q, S, f, ...)

Linear sources (AC: SPS; DC: PVAS)
Grid impedances (free programmable)

4-vjire
EU H2020 Programme GA No. 654113

| AC: 1.3 (L1..L3-N)

Inverter AC Side

Grid AC

grid impedance settings (hardware experiment)

- Parameter of Impedances
Name Location R(Q) X (Q)
Za123 grid — node a 0.24 0.15
Zan grid — node a 0.16 0.10
Zoi1 nodea—b 0.53 1.025
Zon nodea—b 0.427 0.549
21
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PHIL Experiment (Use case 1) AT

Reference
impedance @

e

Zal2

Zbl1l |— B SE—

AC
Sim

] .T

ZbN
Inv
2

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

{HUT / DuT

i INV L1a
! 1-ph, 4kVA

i
| INVL1b
1 1-ph, 4kVA

AUSTRIAN INSTITUTE
OF TECHNOLOGY

TOMORROW TODAY
Software Simulation Part:

— Entire LV grid topology and 3-ph
grid simulation

— Complete Grid impedances (Node
a/b) emulation of line and neutral
impedances

Hardware Part:
=  PVinverters
— 1-ph units (4kW, 230V/50Hz)

— PQ control method
implemented: Q(U)

— Sourced by PV array
simulators (PVAS3) in
hardware

— Conclusion:

only DUTSs (INV Lx) in_ hardware

required for PHIL compared to
numerical simulation 22
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PHIL Experiment (Use case 2) 0T

AUSTRIAN INSTITUTE

OF TECHNOLOGY
TOMORROW TODAY
Reference
impedance 2@ b
ZIN T T T T ZbN T
_ . Simulation :
Invl: linear Qset
ti .
f’n";ﬁaﬂ'ﬂiiﬁ;_ = Both inverters connected
band to linear area to the same node (Node-
a)

= No Coupling via grid
impedances

= |nvestigations on the
behaviour on different

Q(U) curves
© The ERIGrid Consortium

EU H2020 Programme GA No. 654113 ERIGrid Webinar: 5 December 2017 23

Typical Q(U) diagram of PV inverters connected at the same PCC
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AUSTRIAN INSTITUTE

PHIL Experiment (Use case 3) AT

OF TECHNOLOGY
TOMORROW TODAY
Reference
impedance @ b
—  zu ] L 2o
ZIN T T T T ILI ‘]
Invl: from dead- + Qset Simulation :
band to linear area
:)npv:r: ;:ir;za;rea = Both inverters connected
to the same node (Node-
a)

= Coupling via Zo~
(impedance Node a-b)

= |nvestigations on
interaction / interference of
Typical Q(U) diagram of PV inverters coupled via N-grid impedance the two PV inverters (PQ

control)

24
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Reactive Power (p.u.)

PHIL Experiment (PQ control)

Use case 1: slow raise of grid

voltage (controlled states)

Q(U) Diagram (EuT: InvL1a, Phase L1-N / Node a)

1

0.8

Control: Awg. Time=1 cyc., AQ/At=200% / s

0.6

0.4

/;—-“-- -

115

AI I AUSTRIAN INSTITUTE

OF TECHNOLOGY

TOMORROW TODAY

Inverter and Grid Voltage (EuT: InvL1a, Phase L1-N / Node a)
Control: Awg. Time=1 cyc., AQ/At=200% / s

0.2

o s s e g o s o e o o e

R S (R SR R Ao

09 0.95 1 1.05 11
Voltage (p.u.)

© The ERIGrid Consortium
EU H2020 Programme GA No. 654113

~ 1.05
=
e
[}
g
o
> 1
0.95
0.9
0 10 20 30 40 50 60
Inverter Active and Reactive Power
*— Q(U) Trajectory 1
Q(U) Characteristic 0.8 g - —
------ UMAX [1.09 0.91] 06
------- UDB [1.07 0.93] 04:.'_._. S R R U A N A
\A/‘W\/\-I"\f\\,\_\

0.2

-0.2

-0.4

— == [Quax®l

Active and Reactive Power (p.u.)
o

-0.6

-0.8

ERIGrid Webinar:

10 20 30 40 50 60
Time (s)

5 December 2017 25
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Reactive Power (p.u.)

PHIL Experiment (PQ control)

Use case 2: dynamic voltage
changes (uncontrolled states)

Q(U) Diagram (EuT: InvL2a, Phase L2-N / Node a)
Control: Avg. Time=32 cyc., AQ/At=50% / s
1

0.8

©
o

o

S

ANV I SRR R,
—

1
1
1
0.2 H\ *— Q(UV) Trajectory
! \" Q(V) Characteristic
o ]
: : \ ¥ 7| Upax [1.09 0.91]
0 : : ....... Upg [1.07 0.93]
i
o4 i
1 1
-0.6 i
1 1
Vg
-0.8 i
P
1 1

1
0.85 09 095 1 1.05 11
Voltage (p.u.)

© The ERIGrid Consortium
EU H2020 Programme GA No. 654113

Voltage (p.u.)

Active and Reactive Power (p.u.)

1.15

11

[y
=)
a

0.95

0.9

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

-0.8

AI I AUSTRIAN INSTITUTE

OF TECHNOLOGY

TOMORROW TODAY

Inverter and Grid Voltage (EuT: Inv L2a, Phase L2-N / Node a)
Control: Avg. Time=32 cyc., AQ/At=50% / s

ERIGrid Webinar: 5 December 2017

I i 1.
0 10 20 30 40 50 60 70 80 90 100
Inverter Active and Reactive Power
iouma ¥ o tawn MMM AAA AR pad
[ UV v Jd VWV LLJUULIVUL A -
0 10 20 30 40 50 60 70 80 90 100
Time (s)

26
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PHIL Experiment (PQ control) AIT

AUSTRIAN INSTITUTE
OF TECHNOLOGY

TOMORROW TODAY

Inverter and Grid Voltage (EuT: Inv L1b, Phase L1-N / Node b)
Control: Avg. Time=32 cyc., AQ/At=200% / s

115
Use case 3: instabilities of PQ
control (uncontrolled states)
~ 1.05
;ﬂ Yin
S I I e [Upgaxd
§ D s [ O A IUDBI
Q(U) Diagram (EuT: Inv L1b, Phase L1-N / Node b)
Control: Awg. Time=32 cyc., AQ/At=200% / s
1 i i
b i 0.95
0.8 i I IS SR B — eemmmmn —
.
- I - SOOI HMUORL UOUSORUU SO SYSPRSPUVSPISPVSOS SPRSPRSPRSPSPN NSRS DE—
0.6 ;! 0.9
}\ 1 0 5 10 15 20 25 30
_. 04 : : Inverter Active and Reactive Power
3 \ _ :
— 0.2 H | *— Q(U) Trajectory
% | \‘ Q(U) Characteristic
o 0 : : ------ Uppax [1.09 0.91] -
% 0.2 E : ------- UDB [1.07 0.93] %
3 b g
@ 1. 3
-0.4 H e
1! 2
1 1 Q
0.6 - g
! 2
1
-0.8 i i %
1 L <
08 09 09 1 1.05
Voltage (p.u.) -0.8
1
0 5 10 15 20 25 30

Time (s)

© The ERIGrid Consortium
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PHIL Experiment (Ancillary Services)

Comparison PHIL and Numerical

1.03

1.02

vuilayc p.u.
=
o
=3

OLTC control

8

command:
tap change

)

measurement: V
€

A I I AUSTRIAN INSTITUTE
OF TECHNOLOGY

TOMORROW TODAY

#
¥

N

i \"
s

Simulation:
= OLTC transformer & PV inverter;
Concept for upscaling the power in
PHIL experiments
= Hardware inverter operating with et
Q(U) or cos(P) characteristic @% '
= Recurring tap-changes where
observed olage sout

nverter simuTtion

|

L

WV W“H )ju

s
MMW

| “UWW

Vsecgondary simulation
[

Y Vsecondary PHIL

5 10 15 20 25 30 35 40
time (s)

45 50 55

80

tap position

tap PHIL
*— tap simulation

80

transformer

110/30kV, 30 MVA
Ux=11.92%, Ur=0.37%

N
ac , TEm S
Software Hardware S S e
2 §" 2l £
— < z A
w oo S=2
- cﬁ
-
—— i
—
National Technical
University of Athens
MV line 10km
A—{ A A
DC+ +DC
B—{—mm—B
DC -DC
C—{—1+mm-C ©
u \—/ DC source

line impedance

R=0.253 Q/km
X=0.355 Qkm

grid-connected
PV inverter

— Conclusion: Differences between
PHIL and software simulation
detected!! Oscillations (due to
instability of the Q(U) controller) were
not visible at the software simulation

P. Kotsampopoulos, F. Lehfuss, G. Lauss, B. Bletterie, N. Hatziargyriou, “The
limitations of digital simulation and the advantages of PHIL testing in
studying Distributed Generation provision of ancillary services”, IEEE
Transactions on Industrial Electronics, Sept. 2015
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Innovative Testbed Design:

IWES

Implementation on RT-target

Real-Time
Network Simulation System

Load A Load B e

£2

28

= O

S«

ST
4 Lead HUT E.E Ill \
tha :a /

T

(=]

23

3=

Digieal_Cunt

Interface-

Algorithem T1
Signal- Loop_Controlfa—
Pracassing 1

Data
|| Acquisition . V.

2 —
m‘;:gor LA "l Analeg_lrpurt /

|
[

~

F— :

& "g;

-
1l
.
[

| DER |

\ J

Distributed Generator for
Network Stabilization

i

L

|

Implementation at laboratory

© The ERIGrid Consortium _ )
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Power System Stability Studies ~ Fraunhofer
Test Case 1: Virtual Inertia IWES

B |EEE 9-Bus System with extension of machine governors
B HUT is one unit of a simulated Windpark model
B Windpark Scaling as Genl replacement

Active Power Response
0

B By 0%, 10%, 20%, 30% S of Genl

B 25% Load shedding of Load A
@ Bus 5 (125MW / ~10% of Sg,;y)

Power [MW]

20 0 ) 80 o 20 40 60 80
Time [sec]
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Power System Stability Studies = Fraunhofer
Test Case 1: Virtual Inertia IWES

Power Over Frequency and Logarithmic Decrement of Frequency

Active Power over Frequency Damping Factor
350 0.8, . - :
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Virtual Inertia Improves Stability:
| Endorsement of virtual inertia for Power System Stability
| Higher impact/contribution shows higher frequency stability support
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Power System Stability Studies Z Fraunhofer
Test Case 2: Power Recovery Rate after LVRT WES

B |EEE 9-Bus System with extension of machine governors
B HUT is one unit of a simulated Windpark model

B Windpark replaces power of Genl

B Short Circuit at Bus 8 I g'

1. Without Windpark (Ref.) ol
Fast power recovery rate after LVRT

3. Slow recovery rate according

FGW-TR 3 grid code (10%/s) . H e

Voltage [V]
Fast

Slow
o
N =) [4,] —
N T
|
syl
S
|
|

Time [sec]
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Power System Stability Studies Z Fraunhofer
Test Case 2: Power Recovery Rate after LVRT IWES

Bus Frequency Hardware-under-Test
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Benefits of fast Recovery Rates:
u Faster rates improve short-term voltage stability
u DER can provide fast recovery rates
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CHIL/PHIL testing of off-grid microgrid
controller

» Testing of central controller of off-grid systems: Drversity of Athans
Diesel Generator-PV-loads

yeT

p
&
nrorleiv $ j’l
=g

» The controller activates damp loads in order to respect the minimum
load ratio (30% of nominal power) of the Diesel generator, due to high
PV penetration

Software Hardware

RTDS . Pdamp-HuT

Loac

Pdamp Pdamp-Set
Meter point

Ppv
Plond Controller

frequency

Psg
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C—IIL/PHIL testlng of off grld mlcrogrld controller
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PHIL simulation for laboratory education

M
£

[

National Technical
University of Athens

.............................. Amplifier 1

Network 1 PV invérter 1 PV simiulator 1

: Pé 1 -
« Hands on experience
for students (back to 1 .

the lab) At e

* Double PHIL
configuration (small
groups of students).
Equipment that was
not available was
simulated

Power analyzer

it AN [P Ethernet
_IDRTS - - - - Signal

Power exchange

a8 o . -
CER

P(_: 2 Network 2

PV simulator 2

p ”» P. Kotsampopoulos, V. Kleftakis, N. Hatziargyriou, “Laboratory Education of Modern Power Systems
© The ERIGrid Consortium
EU H2020 Programme GA No. 654113  using PHIL Simulation”, IEEE Transactions on Power Systems,  Sept. 2017 36
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15t Work bench

2" Work bench

o

£
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=
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National Technical
University of Athens
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Integration of DER and non- !
conventional loads to smart grid

Grenoble INP||I|

7!

Wind Energy Analogical Benchmark PHIL of Electrical Vehicle to Grid
REAL-TIME HYBRID SIMULATOR NC - Hardware
P - g __ANALOGICAL BENCEHNESSSSS (WA Software | [onc Physical
:g ‘mm DRT \: \'olmgc ', m GENERATOR \‘I i mm : ‘ interaction
E . P | DAC ‘_Se/;zo_l;r Pm\"cr C unem{ : ‘ . E E TURBINE s
: EJ Voltage measurement | 5 | amplifier sensor [ 1 E
E | i . 4N i Storage device,
] E‘I = \1 ' Real-Time : \J - 5 Fuel cell e Amﬁér
Loop - : .
i Control | Control strategy QN Control strategy dSPACE
(“::;b;ieﬁsk) E Edge electric car network Electrical loads Mission profile

— .
t ".:s‘
4 i

) L bk . e ﬂ"\
<4 AHTEAIES e [ﬂ
—g
| Supervisor ‘ Predictive Optimizer |

e

Intelligent-house energy management Expert:System
Supervisor Predictive
Optimizer

Socket

= w =)) a

< RT-Lab host screen

Thermal storage |/0 Ana[og measures
':::1;' Electrical
T source
behavior Household
loads
The test bench: 1 — RT-lab target (HILBox 4U), 2 — RT-Lab host screen (Simulink environment),
3 —PIC18F252 microcontroller (HUT).4 — microcontroller host (laptop). 5 — scope
i © The ERIGrid Consortium _ _
EU H2020 Programme GA No. 654113 ERIGrid Webinar: 5 December 2017
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Limit the impact of DER integration

to the grid via phase switching

Proposition: DER connection via a 3 positions commutator.

SO D
SRR

CAP

Vph 1
Vph 2
Vph 3

J

Patented by Grenoble INP

i
& _a
~

) RANAN RN RN AV RYAYAYIY DY)
- ’
h Connexions
2 t
¥ : )

Connexion .
phases

onduleur
)

—— Amortisseur
Fusibles

{—— Interrupteurs

Circuit logique

Connexions

Alimentation commandes

+5V/0V

5 |

A. MERCIER et al, Best phase connection for DGs using individual

Smart Meter data, IEEE PES General Meeting, July 2014

© The ERIGrid Consortium
EU H2020 Programme GA No. 654113

Monophase Inverter

Tableau de distribution maison "

e

"
Compteur intelligent maison =

Protection PV

Systeme CAP

Compteur intelligent

] triphasé
Ph1 — Y Y ) — 1]
Ph2 YY) — |
Ph3 Y Y% —
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N —— Y™ 1
E g

PHIL implementation
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Integration of DER and non-

conventional loads to smart grid

Study on impact of massive integration of DER and EV to the grid
Limiting the impact of installations through phase switching

déseéquilibre (en %)

déseéquilibre sans CAP

3r désequilibre avec CAP .
compteur de commutations Numerical
2 |- déséquilibre moyen sans CAP . H
----- desequilibre moyen avec CAP SI mu Iat|0n
limite de 2%
2

|
Grenoble)lNIP

/

Experiment Results

temps (el

PHIL
Experiment

Déséquilibre (en %)

déséquilibre sans CAP
désequilibre avec CAP
compteur de commutations

- - - - déséquilibre moyen sans CAP
- - - - déséquilibre moyen avec CAP
limite de 2%

temps (en heures)

\
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ERIGrid: Improved Real-time Eriarid-
Simulation and HIL Methods i

= Two main activities:
— 1) Improvement of RT simulation and HIL Methods.

 Extending HIL capacity:

— Integration of HIL to Co-simulation framework.

* Improving Power-HIL testing performance:

— Stability analysis of PHIL experiments.

— Time delay assessment and compensation for improving PHIL
experiments.

— 2) Standardization and Interoperability of HIL Experiments.

 Definition of a general framework for smart grid testing using
Hardware-in-the-loop methods.

« Contribution to IEEE Workgroup on Hardware-in-the-loop.

V.H. Nguyen et al, Real-Time Simulation and Hardware-in-the-Loop Approaches for Integrating Renewable Energy Sources into Smart
Grids: Challenges & Actions, Inproceedings of the IEEE PES ISGT Asia 2017, Auckland, New Zealand, Dec 2017.
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ERIGrid: Extending HIL Capacity Eriarid-

Integration of HIL to co-simulation framework:
= Why?

— Need for understanding mutual impact of communications and power
systems.

— Testing multi vector energy scenarios.

— Compatibility with larger models or different software running in different
time steps.

— Holistic simulation must consider continuous and discrete event
aspects.

= |ntegration of HIL to co-simulation framework allows us to have a complete
view of the behavior with different domains.

V.H. Nguyen et al, Using Power-Hardware-in-the-Loop Experiments together with Co-simulation for the Holistic Validation of
Cyber-Physical Energy Systems, Inproceedings of the IEEE PES ISGT Europe 2017, Torino, Italy, Sep 2017
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ERIGrid : Extending HIL Capacity

% 3 approaches for integration of HIL to co-simulation framework

1. « Offline » Cosimulation Approach

= Offline simulation is converted to FMU and integrated directly to the RT
simulator’s model -> forced to run at RT simulators time steps.

= Need of comptability verification (some RT simulators require to compile the

FMU)

....................................

£ MASTER ALGORITHM |- K

FMU

6.*?&4—» |

(D oo )
_E_} A Amplification
: —

--------------------------------------------------

OFFLINE
SIMULATION

....................................

OPAL-RT
J

\__EMU

RT SIMULATOR

D < Measurement
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A B

..............................................
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<
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ERIGrid : Extending HIL Capacity Eriarid-

2. « Online » Cosimulation Approach — Without Synchronization

= Lab-link Architecture. Sample rates of subsystems

Offllne ----------- -------- I’eal-tlme tsox -.. offline sample rate I|nked Via Iab'link:
simulation i simulation tarx ... real-time sample rate )
[ rabtink | a) offline tasks: t; o) >
task 1 softwlareZ power inter Pl hz-:lrdware 1 100 ms; operafing
t : [t el i
— ’ sample rates [100 ms; 2
o UO‘II g U1¢Y1YI16<“ ><>1U1"| [Vm Zy, S]
tas H
ts 00 (ofﬂ:ntg and torms | b) lab link:: ts > 1ms;
real-time : )
i | simulation | i operating sample rates
task 2 i | interface) | : software | || power interface PI, || hardware 2 [100 ms: 2 S]
H : H ) ’
tsos| ly £ | 2 f . . .
- : _ c) real-time simulation:
E L I "
| AR “% 1S Dl [V Zn ts gy < 1ms (up to 100ns);
task N ' :
i Tamre? operating sample rates
fson [100 ns; 1 ms]

F. Lehfuss et al , A Novel Approach to Couple Real Time and Co-Simulaton to Evaluate the Large Scale Grid Integration of
Electric Vehciles, IEEE Vehicle Power and Propulsion Conference, Belfort, France, Dec 2017.
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ERIGrid : Extending HIL Capacity Eriarid-

3. « Online » Cosimulation Approach — With Synchronization
=  OPSIim Solution

Echtzeit/beschleunigte Verteilnetz- Ubertragungsnetz- FTP-Server mit Zeitreihen
Netzsimulation Optimierung Optimierung und Prognose-Daten
e i T « Synchronization via
: ‘ B conservative
NS .
. l , & l'| approach.
Proxy Proxy Proxy - h =  The environment
Chegs Client Client | maybe extended
| 1 | . .
| Message Bus ' with phySICaI
1 | ) g -
e = | s, Icc'laborqtory based
= = = =, Standardisierte
Proxy VHPready : - __: Schnittstellen omains. .
I o ,___IZ___I « Can communicate
ey : : | with OPAL RT via
: | asynchronous
.
Mastercontrol- Virtuelles Regelungskonzepte, Interface-

Programm Kraftwerk operative Software

* -
. *
* *
oy w
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ERIGrid : Improving PHIL testing
Performance $ ot

= Determining marqginal parameters for to achieve Stability of PHIL test

Considering Bode stability criterion, a stable PHIL simulation the

following conditions should be satisfied: /
d(s)

Input — Gamp(s)e " ———sO— OQutput
1. |Gs($)Gamp(s)e™T4Gp(s)| < 1 | '

2. LGS(S) + LGamp(S) + LGh(S) — a)Td =T Gi(s) Gi(s)

*» Method successfully applied to the shifting impedance method and
feedback filter.

A. Markou, V. Kleftakis, P. Kotsampopoulos, N. Hatziargyriou, “Improving existing methods for stable and more accurate Power
Hardware-in-the-Loop experiments”, 26th IEEE International Symposium on Industrial Electronics (ISIE), 2017
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ERIGrid : Improving PHIL testing Eriarid-
Performance $ ot

= Time delay an important cause of inaccuracies and stability issues in
PHIL.

o
P

= Effect on Accuracy
Re |

0.4 T

T T - T T T
ooy CIce o3 *  PHIL simulation -
—Voltage L
2 0.1 0.1
g 0 2 o
s = —Voltage
§ -0.1 —Current

-0.1+

o
)

-0.2-

o
w
s

o

w

0.4

1 1 1 1 1 1 . a 1 1 L 1 1 1
0.68 0.682 0.684 0.686 0.688 0.69 » 0.68 0.682 0.684 0.686 0.688 0.69
Time (s) Time (s)

= Effect on Stability

— Td=700us
— Td=400us

TaJ100ue] | When the time delay is increased the
stability margin is reduced, being
closer to encircle the instability point
(-1,0).

Nyquist £=0.7

Imaginary axis
Q

-1 -0.5 1] 0.5 1
Real Axis
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ERIGrid : Improving PHIL testing Erigrid-
Performance $ merstian

= Time delay compensation in PHIL tests

« Improves stability and
accuracy of PHIL.

* Relatively low
s computation using
Under Test parallel DFT.

Simulator
Reconstr Amplific .
uction ation Compensation of

fundamental and

components.

POWER INTERFACE

Real Time

(HUT)

E. Guillo-Sansano, A. J. Roscoe and G. M. Burt, "Harmonic-by-harmonic time delay compensation method for PHIL simulation of low
impedance power systems," 2015 International Symposium on Smart Electric Distribution Systems and Technologies (EDST).

© The ERIGrid Consortium ) )
EU H2020 Programme GA No. 654113 ERIGrid Webinar: 5 December 2017 48
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ERIGrid activities on standardization .
of HIL approach ? ST

« The methodological and technical improvements of ERIGrid workgroup
are formalized and presented in various research papers.

« The group works closely with the IEEE Task force on hardware-in-the-
loop.

* A« yellow paper » on Hardware-in-the-loop technique is being prepared
by ERIGrid to propose to the Task force.

P. C. Kotsampopoulos et al, Laboratory Education of Modern Power Systems Using PHIL Simulation, IEEE Transaction on Power
Systems, vol 32 (5), 2016.

M. Maniatopoulos et al, Combined control and power hardware in-the-loop simulation for testing smart grid control algorithms, IET
Generation, Transmission & Distribution, vol 11 (12), 2017.

R. Brandl, Operational Range of Several Interface algorithms for different Power Hardware-In-The-Loop setups, Energies, vol 10
(1946), 2017

V.H. Nguyen, On Conceptual Structuration and Coupling Methods of Co-Simulation Frameworks in Cyber-Physical Energy System
Validation, Energies, Vol 10, 2017.
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Conclusions Er)

= Research on smart grids require advanced testing and simulation
methods for its validation.

= PHIL de-risks field tests by enabling reality-close testing in
controlled laboratory environments.

= At some cases PHIL simulation can reveal interactions which are not
visible at pure digital simulations.

= More research is needed on the stability and accuracy of PHIL
simulation.

= Standardized approach for performing PHIL is required.

= Combining HIL and co-simulation can be an important step towards
the holistic testing of smart grid systems.
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Project website: www.erigrid.eu

Educational-training material: www.erigrid.eu/education-
training
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