T EEE

LI RFLRE

FRESR 4 B ER R

Design of Power Conversion Interface for

Hundred kW Wind Generation System

3 %% : 1062001INERO12

XEFE: A3k A F
PHIAPFAL T RETR

PR - 07-3814526 ext.5519

E-mail address - hljou@mail.ee.kuas.edu.tw
ﬁkiﬁkiiﬁ%

SFEFL A AMEE 2R R E SRR
Prgse:? EA®106F 037 23p 3 106 & 127 31 p
FLE% L% 465~

PR BEA R XL BAS

FL pP P EAEI06E 112 15 P



T 3 R B i esccreereceeseeeeesneeeesasesesssessaesssesaseseesasessesassssesasesassnsesasenaennane 3
ﬁ\“pi 7 BT AR eevvreeeeeseeeeeensssssssssssssssesssssssssssssssssssssssssssssssssssssssssans 4

- FERG B RATARHAET AR T ANEHA S FH .4

(S) > DBET-Z M T NI B sssssssns 17
(EORE L IR - %S 20
By HEE R T covcereeneesnnesesnssessesesssesssesesssessssssssssssessssssssesesaese 24

() ETA R EHEYURF FTTRNEEAN P s 24
) ETH R 2B A F T T REEAP e 40
CH) ETPRAZERLYLIERFTTRAEE NP e 57
(B) ERRRBE 2B AIBRFRINEEA T cvrrerrrrrrernens 61
()~ T AT LRI N B ovevereerrerneeerensnesnesesesessessssessesesns 77

(A)~FERALTHFT AN HRUL mBMENTARENF e 8



(“h (o v
)‘ ff
L 2% R A “h
) 3 2!}
Jo R
R ;
,:‘. 54
,\Pb)
» H
.:t']
_E_';!I‘L
3\:
'a,i‘E
sk ~} % ﬁ;}.ﬁ-/‘ 9
IY}I
.10

|4

Eg )ﬁ JE ba u_. = I 28

A Y | t gl
| — Al ®ecccccce ®ccccccee

L P ‘!% Xy
LXXYYY)

I— %{:‘ 'f’ v % \ eeccccccce eecccccccccce CXIYYYYYY) 129

l‘ I h XYY Y YT Y Y Y YY)
XYY Y Y YYYYY YY)
+ LXTYYYYY Y 133

(._.
) ~
7
(R
EI R
.......... 133

(=
) >
&
[
dE@m
.......... 140



¢ R
AH 2 P FE- LR LT ZFT A2 E e N
T he L MEN T ERAS Bd - AR 4 FRAS
AHBRRAEI] s - BRT A e - AR DN T R E

s

2 s =+ & s
- e Er-E 0

}.
=3
!
3
W

)
pas
B2
ek
=i
=3
!
EzS
W
W
)
|l
B2
o

R EREEES o PR A FRTR S BRI T

PEABEIR-EREAERE LRI M-I A BB E

E-E R B BERADE Y B > % B R
Fi- 228 - R oA E R R PLE - o R R 2R

R REf P e AP R E e TR ERR G T EHE
W H B ERE Y BT A B R G E R IR T
HpBfh @2 FH 0 o CHRETFREZD AT
Fosttpdh @@ T2 w0 A3 REE TSR &R

AR RSP AT ESFH L0

Bi4ts T R4 > AHar o R RN Zonigs S



Abstract

A DC coupling power converter interface for integrating wind
power/ solar power/ battery energy storage is developed in this project.
The DC coupling power converter interface is composed of a small wind
generator, a solar cell array, a battery set, a boost DC-DC power
converter, a bidirectional DC-DC power converter, an AC-DC power
converter and a DC-AC inverter. The solar cell array, the small wind
generator and the battery set are coupled to the common DC bus through
a DC-DC boost power converter, an AC-DC power converter and a
bidirectional DC-DC power converter, respectively. The DC-AC inverter
converts the integrated DC power of the common DC bus to AC power
and then supply to the utility grid or loads. This DC coupling power
converter interface can operate in both the grid-connection and
stand-alone modes. In this project, the operation strategies of the
DC-coupling power converter interface for wind/solar/battery set power
under the grid-connected mode and stand-alone mode are studied. To
verify the performance of this DC coupling power converter interface
under the grid-connection mode and the stand-alone mode, computer
simulation is carried out. Simulation results verify that the performance
of the developed DC coupling power converter interface is as expected.
Keywords: wind power, solar power, battery energy storage, DC

coupling
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Abstract. The operation strategy for a small-capacity grid-tied DC-coupling power
converter interface (GDPCI) integrating wind energy, solar energy and battery energy
storage is proposed. The GDPCI is composed of a wind generator, a solar module set a
battery bank, a boost DC-DC power converter (DDPC), a bidirectional DDPC power
converter, an AC-DC power converter (ADPC) and a five-level DC-AC mverter
(DAI). A solar module set, a wind generator and a battery bank are coupled to the
common DC bus through the boost DDPC, the ADPC and the bidirectional DDPC,
respectively. For venifying the performance of the GDPCI under different operation
modes, computer simulation is carried out by PSIM.

1. Introduction

The conventional fossil fuels have resulted in the problems of greenhouse emissions and climate
change and thus damaged the earth’s environment senously [1.2]. Paris agreement on global reduction
of greenhouse emissions to relieve the climate change has promoted to use the renewable energies
worldwide [3]. The wind energy and solar energy are the most attractive renewable energy sources
now. However, the wind energy and solar energy have the charactenstics of instability, intermittence
and hard to be predicted. Battery energy storage can be integrated to make the energies of wind
generator and solar module set more stable and reliable [4-7].

Power converter interface is one of the key technologies for the applications of the wind energy and
solar energy effectively. The power converter interface for integrating wind energy, solar energy and
battery energy storage can be divided into the AC-coupling topology [8.9] and DC-coupling topology
[8-12]. Figure 1 shows the diagram of AC-coupling topology. and the diagram of DC-coupling
topology is shown in figure 2.

As seen in figure 1, it consists of a wind generator, a solar module set, a battery bank, an AC-DC
power converter (ADPC), a DC-DC power converter (DDPC), a bidirectional DDPC and three DC-
AC inverters (DAISs). The output AC voltage of wind generator is rectified by an ADPC, and a DAI for
converting the DC power to AC power injecting into the gnd or supplying to the load. The module set
is connected to a DDPC and a DAI connecting in cascade for converting the solar power to AC power
injecting into the gnd or supplying to the load. A combination of a bidirectional DDPC and a DAI 1s

| Content from this work may be used under the torms of the Creative Commons Attribution 3.0 liconce. Any further distribution
l of this work must maintain attribution to the asthor(s) and the tithe of the work, journal citation and DOL
Published undet licence by 10P Publishing Ld 1
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used for charging or discharging the battery bank. In this circuit, three individual DAIs are needed to
couple the energies of wind energy, solar energy and battery energy storage at the AC gnd. It is known

as AC-coupling topology.

T = - =
o v sw1 sW3
by het PCDC DOAC swW2 o —— r:.r;or DC-AC  SW2 3 o

oz B ] E

Figure 1. Diagram of AC-coupling topology for Figure 2. Diagram of DC-coupling topology for
integrating the wind/solar/ battery. integrating the wind/ solar/ battery.

As seen in figure 2, it consists of a wind generator, a solar module set, an ADPC, a DDPC, a
bidirectional DDPC and a DAL The output of wind generator is converting to the DC power by an
ADPC. A DDPC has the function of regulating the voltage and the output power of sola module set.
The battery bank is connected to a bidirectional DDPC for charging or discharging the battery power.
The outputs of ADPC, DDPC and bidirectional DDPC are connected to a common DC bus of DAI
which is operated as an interface to the grid or the load. It is known as DC-coupling topology. In this
circuit, only a DAI is shared by three energy sources.

As can be seen in figures 1 and 2, it can be found that six power converters are required in AC-
coupling topology and only four power converters are used in the DC-coupling topology. Hence, it can
save two DAISs in the DC-coupling topology although the capacity of DAI should be enlarged slightly.
Moreover, the energy is only processed by two power conversion stages in the DC-coupling topology
but is processed by four power conversion stages in the AC-coupling topology when the charging
power of battery bank is from the output powers of wind generator and solar module set. Therefore,
the DC-coupling topology has the advantages of simplified hardware, lower cost and higher energy
efficiency.

In this paper, operation strategy for small-capacity grid-tied DC-coupling power converter interface
(GDPCI) integrating the wind energy, solar energy and battery energy storage is presented. The output
powers of wind generator, solar module set and battery bank are coupling to the common DC-bus of a
simplified five-level inverter through an ADPC, a boost DDPC and a bidirectional DDPC, respectively.
The performance of GDPCI under different operation modes is validated by the simulation of PSIM.

2. Circuit topology

Figure 3 is the power circuit for the proposed small-capacity GDPCI integrating the solar energy, wind
energy and battery energy storage. It is composed of a permanent magnetic synchronous generator
(PMSG), a solar module set, battery bank, an ADPC, a boost DDPC, a bidirectional DDPC and a
bidirectional five-level DAL The ADPC is connected to PMSG, and it i1s comprised of a three-phase
rectifier and a boost DDPC due to the consideration of cost in the application of small-capacity wind
power generator. The bidirectional DAI is a five-level inverter which can save two power electronic
switches as compared with the conventional five-level T-type power converter.

3. Operation strategy
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The operation of proposed small-capacity GDPCI can be divided into five operation modes based on
the charge/discharge of battery bank. Modes 1, 2, 3 are the charging modes, and modes 4 and 5 are the
discharging modes. Table 1 shows the conditions of different modes. The power flow diagrams for
five operation modes are shown in figures 4-8.

Table 1. Conditions of different operation modes.

mede  conditions charge/discharge
1 Puins® PiotarPra charge

2 PractPiosd”PuinatPils™Pre  charge

3 PrartPioad™ Puina™Piciar charge

4 PloadPuia* Protwt Prat discharge

5 Pioad  Paina*Pooin+Pra discharge
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Figure 3. Power circuit for proposed small- Figure 4. Power flow diagram for mode 1.
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Figure 5. Power flow diagram for mode 2. Figure 6. Power flow diagram for mode 3.
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Figure 7. Power flow diagram for mode 4. Figure 8. Power flow diagram for mode 5.
3.1. Charge
® mode 1:

The generated power of wind solar is smaller than the demanded power of battery bank. In this
condition, the msufficient charging power 1s supplied by the grid. The power flow diagram of the
GDPCI 1s shown in figure 4.

® mode 2:

The generated wind power r and solar power is larger than the demanded power of battery bank but
smaller than the demanded power of battery bank and the load. In this condition, the generated wind
generator and solar module set is charged to the battery bank, and the additional generated power is
supplied to the load. The insufficient demanded load power is supplied by the grid. The power flow
diagram of the GDPCI is shown in figure 5.

® mode 3:

The generated power of wind and solar is larger than the demanded power of battery bank and the
load. In this condition. the generated wind power and solar power is charged to the battery bank and
supplied to the load, and the additional power is fed to the grid. The power flow diagram of the
GDPCI 15 shown in figure 6.

3.2. Discharge
® mode 4:

The demanded power of load is larger than the generated power of wind and solar power and the
output power of the battery bank in this condition. The generated power of wind and solar as well as
the output power of the battery bank is supplied to the load, and the gnid supplies the insufficient
demanded power of load. The power flow diagram of the GDPCI 1s shown 1n figure 7.

® mode 5:

The generated power of wind and solar power and the output power of the battery bank are larger
than the demanded power of the load in this condition. The generated wind power, solar power and the
output power of the battery bank are supplied to the load, and the additional power is fed to the gnd.
The power flow diagram of the GDPCI is shown i figure 8.

4. Simulation results
Computer simulation by PSIM is used to validate the function of the GDPCI under different operation
modes. The battery bank is charged by the hybrid constant-current (CC)/constant-voltage (CV)
strategy. The value of CC is 15 A, and the value of CV is 270 V.

Figure 9 shows the simulation result during the transient from mode 1 to mode 2. The demanded
load power is 5 kW, the output power of wind generator is 1 kW and the output power of solar is 1.5
kW. It can be found that the battery bank is charged by 15 A before 3.47 5. The battery voltage reaches
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270 V at 3.47 s, and the battery bank is changed from the CC to the CV. The generated power of wind
and solar is charged to the battery bank when the generated power is small than the charging power of
battery bank. The current charging to the battery bank is decreased gradually when the battery bank is
charged by CV. The demanded power of the battery bank is then smaller than the generated power of
wind and solar at about 3.52 s. And then, the additional generated power is supplied to the load and the
grid supplies the insufficient load power. The operation of GDPCI is changed from mode 1 to mode 2.

[
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Figure 9. Simulation result during the transient
from mode 1 to mode 2, (aA)vm. ®)igw.
(©ivverser_ac, (d) Tioaa, (€) Truens_ac, (f) Trotz. () frar,
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Figure 10. Simulation result simulation result
during the transient from mode 1 to mode 3, (a)
Vin, (0) igraa, (€) Timeerser ac, () fioas, (€) TRemi ac, (£)
Isciar, () foer, () Vaar, (1) Ve b,

Figure 10 shows the simulation result duning the transient from mode 1 to mode 3. The demanded
power of load 1s 1 kW, the output power of wind generator is 1 kW and the generated power of solar is
1.5 kW. It can be found that the battery bank is charged by CC 15 A before 3.47 s. The voltage of
battery bank reaches 270 V at 3.47 s, and the battery bank is changed from CC to CV. The battery
current is decreased gradually when the battery bank is charged by the CV. The demanded power
charged to the battery bank is smaller than the generated power of wind and solar at about 3.52 s. Then,
the additional generated power t 1s supplied to the load. The charging power of the battery bank 1s still
decreased gradually, and the additional generated power after absorbing by the load is fed to the gnd
at about 3.6 s. The operation of GDPCI 1s changed from mode 1 to mode 3.

Figure 11 shows the simulation result for mode 4. The demanded load power is 5 kW. The output
power of wind generator and solar module set are respectively 1 kW and 1.5 kW and the power
discharging by the battery bank 15 2 kW. The generated wind power, and solar power as well as the
discharging power of battery bank are supplied to the load, and the grid supplies the insufficient load
power. The power of battery bank is turned off while the voltage of battery bank reached 200 V for
protecting over-discharging of battery bank.

Figure 12 shows the simulation result during the transient form mode 1 to mode 5. The demanded
load 1n this condition 15 2 kW. The output power of wind generator 1s 1 kW, and the output power of
solar module set is 1.5 kW. The battery bank is charged by a constant current of 15 A before 2.6 5, and
the GDPCI is thus operated in mode 1. The battery bank is changed from CC charging of 15 A to
constant power (CP) discharging of 2 KW at 2.6 s. The operation of GDPCI is changed from mode 1
to mode 5.
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Figure 12. Simulation result during the transient
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5. Conclusions

The number of power converters using in the grid-tied AC-coupling GDPCI for integrating wind
energy, solar energy and battery energy storage is six, and that using in the GDPCI is only four.
Besides, the number of power conversion stages for charging the battery bank by the wind energy or
solar energy is four in the AC—coupling topology, and that is only two in the DC-coupling topology.
Therefore, the DC coupling topology is supenior to the AC-coupling topology due to the advantages of
simplified hardware, lower cost and higher energy efficiency.

The operation of GDPCI integrating small-capacity wind energy, solar energy and battery energy
storage are divided into five operation modes based on the charge/discharge of battery bank. Three
modes are for charging battery bank, and two modes are for discharging battery bank. Computer
simulation verifies the operation strategy of the GDPCI under different operation modes.
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Abstract

A DC coupling power converter mterface for wind
power/ solar power/ battery energy storage 15 developed for
converter interface 15 composed of a small wind generator,
2 solar cell amay, a battery set. a boost DC-DC power

ter, a bidirechonal DC-DC power converter, an
AC-DC power converter and a DC-AC inverter. The solar
cell amray, small wind generator and battery set are coupled
to the DC bus through the DC-DC boost power
converter, AC-DC power converter and bidwectional
DC-DC power converter, respectively. The DC-AC mverter
converts the integrated DC power of the common DC bus
to AC power and then supply to the loads.  In this paper,
the operation strategies of DC—oupling power converter
mterface for the application of wind and solar energies
under the g stand-alone mode are studied To valhdate the
performance of this DC coupling power converter mterface
under the stand-alone mode, computer simulation by PSIM
15 camed out.
Keywords: wind power, solar power, battery energy storage,
DC coupling
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