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Modeling and Control of a Two-Stage DC-DC-AC Converter
for Battery Energy Storage System

Dong-Yub Hyun1, Seok-Eon Jung‘, and Dong—-Seok HyunJr

Abstract

This study proposes a small-signal model and control design for a two-stage DC-DC-AC converter to
investigate its dynamic characteristics in relation to battery energy storage system. When the circuit analysis of
the two-stage DC-DC-AC converter is attempted simultaneously, the mathematical procedure of deriving the
dynamic equation is complex and difficult. The main idea of modeling the two-stage DC-DC-AC converter

states that this topology is separated into a bidirectional DC-DC converter and a single-phase inverter with an

equivalent current source corresponding to that of the inverter or converter. The dynamic equations for the

separated converter and inverter are then derived using the state-space averaging technique. The procedures of
building the small-signal model of the two-stage DC-DC-AC converter are described in detail. Based on the
derived small-signal model, the individual controllers are designed through a frequency—-domain analysis. The

simulation and experimental results verify the validity of the proposed modeling approach and controller design.

Key words: Two-stage DC-DC-AC converter, Bi-directional DC-DC converter, Single-phase full-bridge
inverter, BESS(Battery Energy Storage System), Small-signal model

.M B

Uz aHlE #H ZrkelE v AYe dAT
o] gl nAHI glov, oo W AT2us} e
FAEA S| T Az 3o o]2rh o]HE o]
2 Y, FY A"AA, AV 2 AR o
UAQEo] Babbdozy ufg- zhguta 9t} uhebA
AR AUAYL FoE FAA ket 9o, o
of g A7t s Fayww g

ey ol gh AR UAYES 27 g E
Ak ez So Hopd WA W st s A, b
7hed Zeo] AAsA gt dAzAA A= Rt

Paper number: TKPE-2014-19-5-5

Print ISSN: 1229-2214  Online ISSN: 2288-6281
Corresponding author: dshyun@hanyang.ac.kr, Dept. of
Electrical and Biomedical Eng., Hangyang University
Tel: +82-2-2220-0341 Fax: +82-2-2220-0570
1Dept. of Electrical Eng., HYPEC LAB., Hanyang University
Manuscript received May. 8, 2014; accepted Jun. 25, 2014

=

A4 B
it}
o o
o,

e
oft
o,
N

N
X
2
o 2
I
k)
=
e,
29
N
i
29

B
fr
(o,
on T
©

o 2
N

fr
ol =~
’E—E‘O

k

L g
:(l)L_"
o5 D)
7
e T
o o ¥°

—

2y
i)
o
N3O
e
=

r ©
By

o 2
o3
o

£
N
9
w
N
S
N

o3l
o
o

o

i m
0

i
1 o
tlo
o IR
ol
=
o
ol

r
L e
S
K
lﬂi:
M Sy

2

2
1%
i
¥ o =
YO i mll Jm Ok ol N o mo X

=

o fu
mj&

)
oft &,

fftl ol
e i
oxl et
% 12

fitl

o ndt
o
2
o3
o ﬂl?i
4r
;O
O,
=,
ML
2
Ju

2L ool 2 e

ol o offl n
o
o %

2

o]

H
2 850

L oof mot b @ m{ 4

olg] F7F9 ESS FollA wielg] oy
(BESS)7F Als A Al, wige7t S wrdm
DC-AC &+ AC-DC "3 Az 4 e o9

2
0% 2 oX

o & oo
RO

O
ian
ys9
=



WlE g YA A =

g7t Zestt 2y A% AAF AWEs 25t
7] 9% 8= AHgto] R3] AA @ Afde o
to] DC-DC AME S F7}3F 29 DC-DC-AC ZHH
= da AHeEa 9ot ™ o0 DC-DC-AC AHE A
»do) ok e FAEAS s daAe
Aﬂt‘;ﬁo] ucgaol yjrxqo] rﬂog}q, 3k x%il—z‘g} x11017]
Z AAE] e A8 mdye ol 7]
£ =R 2¢ DC-DC-AC AHEHE 279 EZ2
AR Yy Sg8or mdes 3 3 A7) AAS
kP 59 28 DC-DC-AC AMEE el

o

Azgola Aol BAs] Wi 7 EEsAS
adEe] 4Bl vAE G welsiel Gt wa
& ol BEY L HzaANS Astel ome way

8 A gao shA) ojel e Mol WA

wed] B oERA= 9olA dgd BAES H2
7] g8l SAAFYS ola: vy wy's o
DC-DC-AC ZWHe| HLAIA 25 EdES fk
a9, 01% = ﬁ Aol7] AAZ HATh ANE 2
da Wl sy 214 DC-DC-AC AWEHE S714d
7S ¥ gue DO-DC AMES B E-n
9 oluE ;u o] 2SR %, ol
AL dhte] EFA AHgAow frad. 1w
e g7t s gtle ojgsld anE pae @
i, AC Sweepl & ElFAS #HESIGH o3k
28 2AR Zzte] Aoj7|E AAEg T, AEol A
ARANE Ba ANE 2wy 2D Aojy] HA e
Bade AZaqn

2.1 AIAE-II _—rLA-I
a9 18 A 9l E]F'/]

A A
HElX Qe R FAE 29 DC- DC AC 741HE19] 3
mEolth ot Y fak AME N PriE mE $3
Al ot & A A S, S S 7t WA, YE A9
A BE 294 985 v 9 2 53 A, 24~
AAE digle] gE-s ety AR/ 1A TR (Parasitic

ringing) o
4% @k A A QU LI LE W R
o

2 &4E Fo)7] Y8l AR dRA
= A

= AF9 53 dE(low-pass filter) 9HS &fn, Hx
il

E FHAAME F2E QHE 9E& s g
R,R,R= C<lYEle S7}2E A8 Equivalent series
resistance)|th. T e AFAIE G G = oA v H

ge Hth A QlHFHE WA fEe] A3 AE
2t ARz 23 A2 5 A v, a
Lom, Ry wiE e YAl He v E-
AV AL 2912 57} W9l A9 old,
é«m BE~YA e #v aem o
PWM 418 ALg37] wjito), ok ~9)3

2
o,

F

(» &z & ol
Aﬂr

Ao
o>"

o

g 27 DC-DC-AC ZIHE] 9] mda) uy 423

V=
— 11

s

=
- Sa,riﬁ} s,,,,-l(]} 5.

The three-phase interleaved
bidirectional de-de converter

Fig. 1. Circuit diagram of two-stage DC-DC-AC converter.
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Fig. 2. Separated converter and inverter with equivalent

current source.
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Fig. 3. Bi-directional DC-DC converter with two subintervals
for one phase-leg operation
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Fig. 5. Frequency response of inverter control to grid
current transfer function in open loop by MATALB.
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Crossover frequency: 500 /5
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Fig. 7. Bode plot of the loop gain 7, for bi-directional
DC-DC converter.

TABLE 1
TEST CONDITIONS FOR TWO-STAGE DC-DC-AC
CONVERTER
Parameter Description Value
P Rated Power 1 kW
Vgt Battery voltage 206 V
vy, DC-link Voltage 400 V
Iy Switching Frequency 20 kHz
L, mput one phase inductance 3 mH
ol mput capacitance 470 puF
G, DC-Link capacitance 1830 pf”
Ry Internal resistance of battery 0.01 2
R, ESR of input inductor 021 2
vy, DC link Voltage 400 V
L, Grid filter inductance 3 mHA
R, ESR of grid filter inductor 012 2
32 ik E HElx| 2AHEHL| Hof7| A
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E B3R JIME Y AojEExelth W F HElA <
HE A= AEHAFTE DC-link A9HS Alofstnz o
FrZe PARD ged YRTZdA A% ARE
Aotsta,  QF-FZo|A  DC-link HS  Aojdie}
Grpr 2 12} 2592~ ZH ]’“O]Eq AE G o2 HE
A5 7] F Z(phase locked loop)ol 9%+ =¢ o9}
DC-link HA7] Go 93] 71% Aedis waith
FElol o= ey gs ARt dHH SRS
A& & otk FEH D 04541 oM, ATHAFE
13.63Ams olth. WH-FZoA= AEsts 6 & AR
sfvte] 54 dAS Frkste] AorlE A 7413}3’1
PAFASE K2 AR ol s R
BREsT, AP REAE AR GE SAT A
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Fig. 8. Control diagram for single-phase full-bridge inverter.
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Fig. 9. Bode plot of the loop gain for single-phase
full-bridge inverter.
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Fig. 10. Frequency response of inverter control to grid
current transfer function in open loop by PSIM.

TABLE T
SIMULATION AND EXPERIMENT CONDITIONS FOR
TWO-STAGE DC-DC-AC CONVERTER

a—Input total current

nput phase current |

(\MMM(\(\W\M/\{\ﬂﬂﬂ(\ﬂl\ﬂ/\m’ﬁ_ﬁ'ﬂ(\ﬂ”ﬁﬂ
UUU VTV MWM

§i§§§§§

o 1¥; Grid voltage
200
o
= t
400 Grid current
03 [ 1 105 1 s 2

(a) In discharge mode

[

0 Input phase current
5
A0
a5 m

2 \Input total current

Parameter Description Value
P Rated Power 3 kW w0 311 Grid voltage,
v, Input voltage 206V m::
v, | DC link Voltage 0V, : _— =
Y Grid voltage 220 Vs (b) In charge mode
fs Switching Frequency 20 kHz
I input phase inductance 1 mH Fig. 11. Simulation waveforms of two-stage DC-DC-AC
I, Grid filter inductance 3 mH converter at 3kW.
e} mnput capacitance 470 pF
G, DC-Link capacitance 1880 pF o ¥ =
" : 13.14 a— Input total current
R, Input resistance 22 02 w 7.34
R, ESR of input inductor 0.07 £2 : i 444 W et phazicsrans
R, ESR of grid filter inductor 012 2 =
s -— DC-Link voltage
w4001
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Fig. 12. Simulation waveforms of two-stage DC-DC-AC
converter when load power changes form 1.5kW to 2.7kW.
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Fig. 13. Prototype of 3kW two-stage DC-DC-AC converter.
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Fig. 14. Experimental results of two-stage DC-DC-AC
converter in discharge mode at 3kW.
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Fig. 15. Experimental results of two-stage DC-DC-AC
converter in charge mode at 1.8kW.
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