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Power Hardware-in—the-Loop (PHIL) Simulation Testbed for Testing
Electrical Interactions Between Power Converter and Fault Conditions of DC
Microgrid

Kyung-Wook Heo' and Jee-Hoon JungT

Abstract

Nowadays, a DC microgrid that can link various distributed power sources is gaining much attention.
Accordingly, research on fault situations, such as line-to-line and line-to-ground faults of the DC microgrid,
has been conducted to improve grid reliability. However, the blackout of an AC system and the oscillation of a
DC bus voltage have not been reported or have not been sufficiently verified by previous research. In this
study, a 20 kW DC microgrid testbed using a power HIL simulation technique is proposed. This testbed can
simulate various fault conditions without any additional grid facilities and dangerous experiments. It includes the
blackout of the DC microgrid caused by the AC utility grid’s blackout, a drastic load increment, and the DC
bus voltage oscillation caused by the LCL filter of the voltage source converter. The effectiveness of the
proposed testbed is verified by using Opal-RT’s OP5707 real-time simulator with a 3 kW prototype three—port

dual-active-bridge converter.

Key words: VSC (Voltage Source Converter), PHIL (Power Hardware-in-the-Loop), DC microgrid, Blackout,

DAB (Three—port Dual Active Bridge) converter
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Fig. 1. Conceptual structure of DC microgrid.

w49 Aol goldel W) A7 wet 2 At A

2 di/dt9] A3 AFE FPGA 7]REe]

Ao

| At

|

! r\r
>~



AEECIEE Fol AgeAl mabetglth. Fawd (2],
(317 &2 Fawd [l PV, ESS % vk DC
ot 4 fEeE 28=s £3sE DC vhelazae
=& ndgsigitt. 2agd DC vlojazag=9] 3t
wob ARl Aol Srstel vl Seks e
of W diRets aelmgh welste] MY fA2
T e ATl

et 9l AelA BasA gty DC vhela

2o Fis] AFEHA &S AL o] EA)
gty 71 FEYH agsdae e e BHRs)
EE AHow Qs ae=e Fuarst Hgto] Hast
o] A o2 & 9Pl 1) DC wlelaR1F]=
71E ey 2 dANEE dE 18ds o,
ol ATt Aot ol FHRE ZE|=9f Abal Ao
& gk DC mpolamae=ol W= @3 off <
THA ot [l = Ztd  WE
(Voltage Source Converter, VSC)¢] & tte] FAE =
LCL 2 E= LC BE < QIYEe] o3 5= +
Hhde] dH(RHPZ) o2 Q3] 12]= Al2=glo] &b
A F S %

Brow

A B3

rir

sl

(o
axr,
olN

oft
L
32
+
.
T
T
>,
iz
&
9,
2
o N
=
1o,

o

oX %
oloh
fo ot 2 Ho o > o (|f alo

o
ol
&
2
oot
2
o
f
29
i)
oX,
X ﬂl10

>
it
&
o
£
o
ME oX off

olggt AL 537 93te], Power Hardware-in-
the-Loop(PHIL) Al &0l 7jde] Alts A, 7423
o] AME RIS A3t Qxell AEdoldd &
2], PHIL AlEeolAde AA] AWE sl=go]= A3}

4y 20 AT F Ak

= e =]

ko)
o2

2 Ko Q
>
olet
Z i o it oo
ol
x

Ay
ge (g

o
ofk
o
! I
> > o
ol
4
3o,
Au)
o,
v
off
)
o 1 (o
E o
o

ENOES
R g
Mo
ot

(]

(]

b
roi
N
§2

(e3

i
i)
)

(islanding mode)E & 24

AAE A AHE S FsAEs AF
HAE H=249 A8
of Af A s Al FEEEH 2
Al ARz AE7(OLTC)S] Ao Ui

@
o

2y

o to

fru rg_ o

ofN

o r
o b
£ &0 2

sty
k=l
Mo
[
— ol
— =
=

o re
olN
i,
=
_0|L

Ho

& AT A% AR A A EYold HAE W=

N

151

0

| Power Hardware(2-kw)
| DC Load

in Real-Time Simulator(20-kW)

Utility Grid

Voltage |«
Source
Converter [

VSO
Controller

i | Three-Port ;
DAB |
Converter |

ESS

Power Amplifier
(20 kw — 2 kw)

DC Bus
g =1
i1 —

100MW Steam  SOOMW
Turbine Generator Load

Programmable
Power Supply

Fig. 2. Conceptual structure of 20-kw DC microgrid PHIL
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Fig. 3. VSC HIL simulation model.
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Fig. 5. Block diagram of PI controller used to VSC.
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converter.
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TABLE I
THREE-PORT CONVERTER SPECIFICATIONS
Parameters Value
Turn ratio 30:30:16

Port 1 voltage

Ve pus = 380 [V]

Port 2 voltage Ve road = 330 [V]
Port 3 voltage Vs = 200 [V]
L, = 2378 [uH]

Coupling inductance L, = 91.36 [uH]
Ly = 157 [pH]

Switching frequency fow = 20 [kHz]

DC ¥, 712lal ESSe #5448 458 & gk 3
XE DAB ZAHHE 2y, 2,9 75, 237} #E 0] F0
50%9] AHj&E ArAow =3l o Y
XEO] dHH= AU 7Euke] dHE fd=HE
B4 18 99 FxE a9 103 o] ek AM9]

¥E

- -
wo r XE9 y

7hs 22 YERd 4 ik L

o XE 7t 57} QHEAE

o] ®dW} w3k 3 ¥E DAB

g dge A (6), (7), Q) 2o

= XEOA y YERE HEHE
A2 Aol v ¥xE 2 ¥ A

E ] g Aol g ¥E 3 ¢

= XE 3 2 A 3 X
A5 VFERATH

o) g, oy

2 @2 Agkel 914

L,=(L,Ly+L L+ L,L,) /L,

Ly =(L,Ly+ L, L+ L,L,)/ L,

Ly, =(L,Ly+ L L+ L,L,)/ L,

_ ¢12(7T*¢12)

12 9
27 L12 sw

DC _Bus VD(LLoad

(&)
4)
(6)

6)



e s} DC vlola2 2| = AbaL o] Fdaage ATs] A% 2z 48 Algdoldl HAE M= 155

" V, 50V/d i Vic_sus (10V/div)
360\") \ IDC 2 ((1 Al}d::)) A Ioc pus (1 A/div)
DC_Bus
‘ ————\WVWW/WW v/\ WWWWWAM

‘ Fal |l Start b

__;-4’5_“’3 4 (10V/div) i __\ﬁ,:id(zov/div)

8.4V 78V
less (5A/d|v)~ el — . “““ (S

i 1s/div 1's/div
(a) (b)

Voc_sus (100V/div) e Yeema (200Y/div)

f.ﬁﬁ'..ﬁ.. e i ﬁ..\\..ﬁ.]ﬁ.ﬁ..j

e Fault-Start. . I \\ ot ol
; ' 1y S ‘ :

... 3-phase Utility Grid R,S,T Voltage (50kV/div)

—lggyib—t e Ve g (10V/diV)

1..(5A/div)

ws|

V] (500V/di)
V, (500V/div)

..-3-phase Utility gtid R,S,T.Current {1000 A/div)

ility Grid Frequency (10Hz/div)

1, (50A/div)

1 s/div

(c)
Fig. 12. Experimental waveforms under fault conditions. (a) Drastic load increment, (b) Oscillation, (c) Utility grid blackout.

(T yy) — @ ko] 360V olst& a}7als b 1 99} 2ol DC B
B orLyf,, PR 2 = TE 294 8, 8,8 #A DC lo]azag=gy
Bel d8S Augs Aol ESS7H 3-kwe Age
(¢ _Qb )(ﬂ'_((b _¢ )) ST
P32 _ 12 132 WQLBfS w12 13 D Loud VESS (8) SRz 01'71] lﬂ‘:}
5. A 3
B =RAs Aoksls 200kW vlo]a 213 = H A

E W=o) Aa4e A st Ak 48 A 4 AdsE 20-kW rlolazagse] 284S A%

ED

AB ZIHEfl] o) ESS7F UPS®E 7] #jste] 1d 113} o] AAIZE /\133%101E1(OP5707),

= 7H Z2adgwE Ay Fu A (PATH00-16T), 18]l

DC wlelazag|=7t 44 52 Aldl= 3 XE DAB ESS(MWBFP3 1250-C02)¢t DC F-at&5 £t 3 X
AvEe] 914 Alolo] o8 DC MAZTH 2kW 48 E DAB AWHE olgdle] 49e Fastdrh 12
o) DC Falz FUT BSSAl oJal 1kwel Weo] 3 TE AWHe| e nolz,
DC ¥ehz 5o} ¥ 3-kwel Aol 3tk 18 39 12 FAS Feh Skl ©E DC A4 4
o} A *J%H oa DC welazaE Ahow of A DC Wa A%, DC Wa A%, DC e A 2
oA A% DC Wz Agtel Fadsld THEE A ESS A% BBE noEh DC Haje Had sz
ol 73 Hrk o2 WA $lstel DC M2 A Qe DC W2 ARV A% Mz F7heT. aey DO



156 The Transactions of the Korean Institute of Power Electronics, Vol. 26, No. 2, April 2021

[V a00v7div | FE”;;;&:—\ . Vy:400V/div e
V,:400V/div - i S = LAk .
[ | I 1 [ Y
‘ (D3 £ = IR DU 1 DO
- [Var200vaiw | P ( V,: 200v/div | S
=N st e e e s == I Groe————
1,2 20A/div ] ] 112 20A/div Te b
et AP R aii ———— YTroaav——— | | T
.l 20A/d | e | | et ‘“‘—\’,/2,’; /\——1\//’,
I+ 20A/div ? P © 10 ps/div I3+ 50A/div——— T 10 ps/div

(a) (b)

Fig. 13. Experimental steady-state waveforms of leg voltage and coupling inductor current of the three-port DAB
converter. (a) Normal case, (b) Fault case.

W2 7gtel 360V(SF 5A)Nl % A DC Bl Agrel  melEth A4 4% A 14 23 24 = @ g
$35o] 20-kW DC wlolazaelse] Aol BAF S 3, 24 33 34 3 @3 Al kA
o ol2¥H mddd =F Aol A4 mde] oa 1628 JHAE 247 2kW, 1kwel 4Fe e 3
A7 ol AN mzadvE A9 FF AAE  FEvh 2ed Am A% A 14 3 e Ao 0o
E8 20-kWE26A) Aol 3-kWEA)N] H45E A8 A 5 AL vl A

B3 sAll 22 53 3
& g oAtk =R A exbel ESS Afi7F SAAA 162°014 487°= Fkske] ESSell ola 3-kWel d#o]
17AZ Z7bst, DC H-3aF #ske 84V SHFER  Iuds g9 & gk

BROVE §AHE HoR RHol 3 LE DAB ZHE
ols ESS7F UPSZA A4 2Hsdhe & 4 Stk 6. 2 E
a9 12(b)= DC W Aol AF 43 Al DC B

Ak DC W2 AR, DC %8k A3 2 ESS Zd% W B =RAE PHIL 79S¢ £8) DC nlolazaes

S HolErh BEHR A o] VSC7F 4 )9 AR o atu A4F8e mAE = e HAE H=E AQke
A4S FE38o] DC 2 o] 4V, 4Hzi AEsh= oh VSCet =F AlojE mEEsto] 380Ve] FAAEE
Ae & Qdvk &8 Fat S7F A A Fe Aol s 20-kW DC wholZRag|=E spto s 3
opde &= Eatal ZlEe] o3 360Vel =date] A rh wak DC WA s Ba 2712 Qe A
Aoz oA e AL el 4 gtk AA 10kHz A g2eE ael=e] 3Rt 93 Ad DC w2 A
olatel Aol glov mzadne Ae FF 4R g A% Alm gl mudnn RN A
e AR Qdsto] 4Hze] FE o HAFSHt BT}l HEAH O 3 XE DAB 7AHE A ZES E3

a9 12(0)E #EAEE 500MWel 2 Fa7 fE Aotels HAE uﬂ o] AgAL 7=37] 93 A9
B 2g|=o AZANE 3] AF 98S RAFET 1 o] £ =& Aojo] 7|uksle] DC B2 Mo
g 12(a), (b)e] A G 44 deledA DC vlola wWxE9lon 360V o]—a—} o] A

2P =R25E KW, ESSEHE 1kWel A8 T3 Aglo] AEE Ae ool :
ek e 2220 34 Ak AR, FoEE AN o4 nud g9y 2= 44 4ge A

b AEEolHEREH F9E Aol 500MWe F3t  malsle feaE aels Adoz 9% DC WA A
7F FEEE s AEE =3 fEHE 2EE gt gEe aFegth 1% g 49 A Rt
o Akt A7k d=Em Forh Aadth o= F Age] opdox Esla P o FHow oo
A [Blek AR DC W2 A2 AL Rl Qe selslginh w8 Al gl M ESS7E UPSEA
Bkl VSCel o Alojelol A B3I §lo]l o ExlelE oAE B AQEtE HAE WE7F AW

53 Ak
11V 29%)-4 E]—L‘:’]- -‘&élﬂ‘:} :LE]L}- /\]-Jj }b}%]. 4% 519]—9] }g‘iﬂ_% 3 ZI‘_ %%% LO]—%E}. O]E EJ/]—E
o] FEEE gt Fu7t 30Hz7FA EolA By Aors
DC ¥ Aol G €t olul, 3 XE DAB| 12k & o AgAo
d71 71gko] OV, ESS 57} 5ACIA 13A2 Z7ka 2
o7 Hol ESS7} UPSEA AA =282 o 4= 9t}
6o DC el 4ge B3Vl REE A 2 oims SRHTAIY 0189 A AT
3B0VE A Hth D J|FF TN oAFu|of ofsf XU, (T

¥ 132 A 4 % At 4Rl AW | Hus: RIBXAG-72
=

o
o o
ol [
)
@)
=)
©
14
fitl
I
AC)
I -
ko
é
i
)«
m
=

5 = 3 XE
Hel YW o Ay AZY Jd9y dF 3




ZAdE e DC vpolazae|E Al o] doad-s HEdr] 913 AAz 18 Algdeld HiE W=

References
[1] H Choi and J. Jung, “Enhanced power line
communication strategy for DC microgrids using

switching frequency modulation of power converters,”
IEEE Transactions on Power Electronics, Vol. 32, No.
6, pp. 4140-4144, Jun. 2017.

[21 D. Kumar, F. Zare, and A. Ghosh, “DC microgrid
technology: System architectures, AC grid interfaces,
grounding schemes, power quality, communication
networks, applications, and standardizations aspects,”
IEEE Access, Vol. b, pp. 1223012256, 2017.

[3] M. Vygoder, M. Milton, J. Gudex, R. Cuzner, and A.
Benigni, “A hardware-in-the-loop platform for DC
protection,” IEEE Journal of Emerging and Selected
Topics in Power Electronics, Aug. 2020.

[4] V. Nougain and B. K. Panigrahi, “An integrated power
management strategy of grid-tied DC microgrid
including  distributed  energy  resources,” IEEE
Transactions on Industrial Informatics, Vol. 16, No. §,
pp. 5180-5190, Aug. 2020.

[5] M. B. Djukanovic, D. P. Popovic, D. J. Sobajic, and Y.
H  Pao, “Prediction of power system frequency
response after generator outages using neural nets,”
IEEE Proceedings on Generation Transmission and
Distribution, Vol. 5, pp. 389-398, 1993.

[6] L. Li, P. Wei, H. Xiao, W. Deng, and L. Kong,
“Analysis of DC voltage oscillation mechanism in
AC/DC hybrid distribution system,” 7Zhe Jownal of
Engineering, pp. 1511-1517, 2019.

[7] T. Strasser, M. Stifter, F. Andrén, and P. Palensky,
“Co-simulation training platform for smart grids,”
IEEE Transactions on Power Systems, Vol. 29, No. 4,
pp. 1989-1997, Jul. 2014.

[8] V. Salas, P. J. Debora, and E. Olias, “Field analysis of
commercial PV inverters in the 5 kW power range
with respect to MPPT effectively,” in 2009 13th
Furopean Conference on Power Electronics and
Applications, Barcelona, pp. 1-7, 2009.

[9] J. Wang, Y. Song, W. Li, J. Guo, and A. Monti,
“Development of a universal platform for hardware
in-the-loop testing of microgrids,” IEEE Transactions
on Industrial Informatics, Vol. 10, No. 4, pp. 2154-2165,
2014.

157

[10] A. F. Hoke, A. Nelson, S. Chakraborty, F. Bell, and
M. McCarty, “An islanding detection test platform for
multi-inverter islands using power HIL,” I[EEE
Transactions on Industrial Electronics, Vol. 65, No. 10,
pp. 7944-7953, Oct. 2018.

[11] M. V. Gururaj and N. P. Padhy,
decentralized coordinated voltage control scheme for
distribution system with DC microgrid,” IEEE
Transactions on Industrial Informatics, Vol. 14, No. 5,
pp. 1962-1973, May 2018.

[12] A. Werth, N. Kitamura, and K. Tanaka, “Conceptual
study for open energy systems: Distributed energy
network using interconnected DC nanogrids,” IEEE

6, No. 4, pp.

“A novel

Transactions on Smart Grid Vol
1621-1630, Jul. 2015.

[13] Y. W. Kim, M. H. Kwon, S. Y. Park, M. K. Kim, D.
K. Yang, S. W. Choi, and S. J. Oh, “Development of &0
kW  hi-directional hybrid-SIC boost-buck converter
using droop control in DC nanogrid,” 7he Transactions
of the Korean Institute of Power Electronics, Vol. 22,
No. 4, pp. 360-368, Aug. 2017.

[14] H. J. Choi and J. H. Jung, ‘“Practical design of
dualactive bridge converter as isolated bi-directional
power interface for solid state transformer applications,”
Journal of Electrical Engineering & 7Technology, Vol.
11, No. 5, pp. 1266-1273, Sep. 2016.

S E S (FrEM)

ZakE T 20194~ #A SAIDFE|

MIIRRB o2t A S B2

R E(

o

2
o (m8

o= @
Ny
8
o

O i

©
N
[

A0 Hr 2o,

s OF

3
stel o

b. 20062 = tist
1(SH)). 20062 ~20094

<
d\'/& 2 . 20094 ~2010 Texas
& a BE ABM  University at Qatar HHAIR AT,

2011d~2012d S=T7|AFY Mg 2013E~8H =
3

il
Hnperled M7|MAS S fus g sta| shEolAL

k=1
=)

ol

o

2
C

e I
=
>

2

20024
.I

-

MmN
o
(o]

0x m¥ Of oM

r2 ge Job g
o M

-

J
qr
kA

e

2
ne
e
rlo





