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Abstract-- This paper presents design and development of
a dc-distributed system with grid connection for residential
applications. The system configuration is first described,
including green power generator, energy storage element, dc
appliance & equipment, and monitor & control center. For
realizing the system, the kernel modules of bi-directional
inverter, bi-directional charger/discharger, MPPT and dc
appliance have been developed, and they are also introduced
in this paper. A virtual house has been built in the CCU
campus to demonstrate the system operation, from which
test data and the critical issues being worth further study
are presented.

Index Terms-- dc-distribution system, grid connection

. INTRODUCTION

Global warming crisis and fossil energy depleti@wéd
been driving the eager need of developing renewaie
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the usage of renewable energy to be higher tha¥h 20
their total power consumption by year 2020. Foruits
stable and unreliable properties, renewable enésgy
converted into dc and buffered with energy storalge
ments, and then it is inverted to ac and injected util-
ity grid. This approach can readily adapt to thesting
electrical facility and expedite the applicatiorfs@new-
able energy. However, the existing high efficieacyl/or
compact size of appliance, equipment, 3C produtts,
are supplied by the dc which is converted fromifgog
the ac source and with power actor correction. Thus
use the renewable energy more efficiently and dynart
the dc electricity should be directly supplied twege
loads. Such a supply scheme is far different frbat of
the conventional ac distribution and supply systém.
configuration of the dc-distributed system withdgydon-
nection is shown in Fig.1, in which a bi-directibmia-

ergy, which has been brought to many governmemts’ averter is introduced to regulate the dc-grid vadtagthin

tention worldwide. They have set the goal of inemeg

a certain range.
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Fig. 1. Configuration of the dc-distributed systesth grid connection
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Recently, dc-distributed systems were applied t@a da
centers [1]-[11], which can reduce power loss adotiffo,
save space 33 %, reduce facility investment abs&t 1
and increase reliability about 200 % [1]. Addititipa
low voltage (24 V) ceiling-grid applications, esjzdly
for lighting, were also developed [12]-[16]. Theage
several research groups [17]-[32] having extendesl t
high voltage (380 V) dc-distribution system to driv
home appliances, of which the elegant power apjdica
research center (EPARC) has built a demonstraiasén
for testing the overall system operation, as itatsd in
Fig.1. In this paper, the system configuration unahg
green power generator, energy storage elementpplé a
ance & equipment, and monitor & control center (MCC
will be introduced. Moreover, the developed kenmmeld-
ules for realizing the system including bi-direcib in-
verter (BDI), bi-directional charger/discharger (BD)
and MPPT will be described. A linear dc-grid vokag
regulation mechanism for reducing the frequencypmf
erational mode changes will be also presented.

1. SYSTEM CONFIGURATION AND OPERATION

As shown in Fig.1, the system configuration inckide
five major blocks, green power generator, energyagie
element, dc appliance & equipment, monitor & cointro
center, and dc-grid regulator. The green power igeoe
typically includes PV panels, wind turbines andl fuedls.
The fuel cells provide base power for the loadsxiMa
mum power point trackers (MPPT) are associated wit

PV panels and wind turbines to draw their maximun\3

power, which is injected into the dc grid. The qipla
ance & equipment are connected to the dc grid apd s
plied from the grid directly. If there is power stage, the
Li-ion battery will be first discharged to supplgwer for
a short time interval and if the shortage lastgéreg 2
min), the flywheel will start supplying power. lage, it
lasts even longerey). 5 min), the BDI will buy power
from the ac grid and it is operated in rectificatimode
with power factor correction (PFC) to regulate tleegrid
voltage within a certain range of 38@ 20 V. Note that
the battery discharger will be also responsiblediogrid
voltage regulation if the BDI is not in operatiddn the
other hand, if the BDI is in operation, the batteoyld be
charged.

If there is power residue at the dc grid, the battan
be charged depending on its status of charge)yivadel
can be accelerated to store more energy, and/oBEHe
can be operated in grid-connection mode to sell ggow
and regulate the dc-grid voltage to 380 20 V. The
overall system operation will be monitored and calfed

I1l.  KERNELMODULES

The kernel modules in the dc-distributed system in-
clude BDI, BDCD, MPPT and dc appliance and product,
and the design and development of each module-is de
scribed as follows:

()  Bi-directional Inverter

A single-phase bidirectional inverter is shown ig.R,
in which the inverter is a full-bridge topology eskted
with anL-C filter. The switches are realized with IGBTs
and anti-parallel ultrafast diodes, and the indudaon-
structed with an MPP core, in which the inductaveees
from 4.3 mH to 630uH when the current varies from
zero to the peak value of 32 A. This inverter ishwa 5
kW power rating, and with a predictive current coht
The control laws of the inverter in grid-connectiowde
and rectification mode are shown as follows:

A. for grid connection (buck operation)

_Aif(n+ 1)) | V) | 1
dy (n+1)= LVdc(n)Ts L e 1)

where
i (n+1) = Gg (1, (M)~ 1 (M) + (1o (T +1)= 1,(m)

Ts is the switching period,«(i,) is the inductance func-
tioning of inductor current, , G¢ is the error current
compensator, and; is the ac source voltage.

h

for rectification mode (boost operation)

dH(n+1):[AiL(n+1)ELS(iL)+v3(n)j ©)
V(T v(n)
Or,
dL(n+1):1—[‘"L(”+1)ELs(iL)+Vs(”)j, €)
Vdc(n)Ts Vdc (n)

wheredy andd, denote the duty ratios of the upper arm
and the lower arm dég A respectively, andd, =d . In

fact, boost operation is just the complementaryratjn
of the buck. In (1) and (2), since inductanc§, ) is in-
volved, the control laws can take into account\hga-
tion of inductance at every switching cycle.

P —
[o} __YYm

Ls
¥ San S,
ﬂ Dan ﬂ Dy

by the MCC, so that each module in the system bas t A +

communicate with the MCC based on CAN or ZigBee ,, _L . Vi c.-L C"’ ve
communication protocol. The MCC will command the B -

modules when to operate and collect their operation Su Su

status. However, under emergency conditions, sich a 4 &ou 45}%

over current, over voltage and over temperature, th

modules will protect themselves without the command o

from the MCC, but the modules still have to infothe
MCC of their current status.
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Fig. 2. Circuit diagram of a single-phase BDI.



A single-phase inverter is only good for low povaper  charger/discharger with high power rating for dcSJP
plications. For high power applications, three-ghasapplications, as illustrated in Fig. 5.
bi-directional inverters have been also developasl, Recently, there was a request of providing reactive
shown in Fig. 3, in which the six-arm bridge typet@  power for the ac grid from the inverter with a powat-
pology is adopted and its connection to the accguan ing higher than 20 kVA. In fact, this is equivaleéntop-
be either aA-connection or a Y-connection. The control erating the inverter both in grid-connection anctifica-
laws, which can take into account the inductanagava tion modes within a line cycle. The proposed BDh ca
tion, for grid-connection mode and rectification des meet this request by simply changing the operationa

are derived as follows: modes according to the desired power factor.
A. for grid-connection mode
b (LetLs)Bivg +L & vy | [ Vs 4) “;! ‘*_'! “:! Ly %
RH
VdcTs Vdc ! + Up 1
P
Dy, |= 0 1 ik s TN
b (L +Lg)Ai p+L Qi g | | _Ver _ LT
" VdcTs Ve ur P N s
whereDgy, Ds. and Dy are the duty ratios of switches s,_J ;,“:‘3 ;'K‘B
S Ss.and Sy denoted in Fig. 3, respectlvely, and the Fig. 3. Circuit diagram of a three-phase BDI.
rest of them are set to zero. The control laws riteesd by
(4) is only good for the region of 0° ~ 60°, asigeated
in Fig. 4. Analogously, the control laws for othregions
can be also derived.
B. for rectification mode
Again, the inverter operated in grid-connection medts
like a buck converter, while that in rectificatiomode is
like a boost converter. Thus, the control lawstfe rec-
tification mode can be expressed as follows:

— L. +L.)Ai +L @I v 0° 60° 120° 180° 240° 300° 360°
Dru C S)V\(-?- ¢ % 5) Fig. 4. Six regions in one line period divided atting to the
. DOC .\ zc zero-crossing points of line curreisis andir.

SL -
(Lr*Ls)iyp +L & g | | _Vor
_Vst Vi —
Dr Voo T Voc _ MPPT_ Ve
|
Thus, equation (5) can be re-written as '____51__' \
- . . PV Panel __CID__
DRH 1 (LR+LS)AI\(R+L§I ¢T Vrs (6) L 3 :
Voc T Voc || ) | L
Dy [=| 1 |- 0 + 1 ; DC Load
. . | 1
—1 |1 (L LA +L N g | |V | || L___Ed T
Dry Vo T Vpe Low Power Rating
+
Or,
(Lg + Lg)Ai L Qi eV
+ | + v, V.
D R S R ¢r _VRs de
RL VooT 1 Voo | (7) A | _
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D

) ) Fig. 5. Circuit diagram of the BDI acting like harger/discharger.
In the above equationB,, andD._ denote the duty ratios

of the upper arm and the lower arm, respectivety] a

D., =D. - Note that again they are only good for region ) _ _ _ _
0° ~ 60°. For other regions, the control laws canatso The BDCD is designed for charging/discharging
. ' Li-ion battery. Its circuit configuration is shovim Fig. 6

derived b_y f°'!°W”.‘9 the same procedure and based %or high power applications. The low voltage sideai48
those derived in grid-connection mode.

i . o V battery, while the high voltage side is the ddgA
The thre_e phase BDI can function as a dc-grid eequl flyback snubber is introduced to absorb the curdsfit
tor or a driver for the flywheel to draw or storeeegy.

. . ference between those of the primary inductor dred t
Moreover, for reduc_mg cost, the BDCD can be design leakage inductance. In addition, the flyback snuldam
with low power rating, and the BDI is operated as

%e used to pre-charge the high side bulky capauiider

(I)  Bi-directional Charger / Discharger
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UPS mode, which can prevent the switches at the lofactor corrector located in front of the power prssor
side from inrush current. and rerouting the protection wire and circuitry. this
For Charging mode, the BDCD acts like a step-dowrstudy, we have modified the following products: @in-
converter, in which switchels ~ Mg are operated with ditioner, TV, refrigerator, washing machine, ovéan,
phase-shift manner to achieve ZVS turn on, Bhd- M,  computer, LED driver and electronic ballast. Thaszall
are operated with synchronous rectification to oedu done by the manufacturers and the researchersAREP
conduction loss. Leakage inductariggandL, can help The input bulky capacitors are removed and combined
to limit the reverse recovery current from the bditydes  with the dc grid capacitors which are packed iz ff-or
of My ~M,. control and monitoring, each dc product is equippéd
For discharging mode, the BDCD acts like a step-um CAN or ZigBee communication port. Additionalliet
boost converter, in which switchd$, ~M, are all turned products are classified into two types. One is gula
on to magnetize primary inductds, andMs ~ Mg act  type, the other is an emergency type. When ac sasrc
like a full-bridge rectifier and with synchronouectifica-  available, these two types of dc products can ipplsd
tion. When switchedVl; ~ M, are operated in diagonal from the dc grid. While, if the ac is in black cand the
position, the energy stored li, will be transferred to the power available in dc grid is only from the greeurse
high side. However, at the transition, there exéstgent and battery, only are the emergency type of dc yotsd
difference between, and i, resulting in high voltage can operate. This will help to reduce inrush currenen
spike. Thus, capacitd€, and dioded, are introduced to the ac source comes back to supply power again.
absorb this current difference and clamp the raitage. As mentioned previously, all of the input bulky ca-
The energy stored I8 is then discharged by the flyback pacitors are removed from the dc products. To reduc
snubber and transferred to the high side. Thisafiio transient voltage fluctuation, each dc productésigned
snubber will process about 2 % of the full powdinga  with soft start and soft shutdown. Without the lyuta-
(1.5 kW), and clamp the capacitG¢ voltage to a desired pacitors, when the power plug is unplugged from the
value around/py - Ny / N, socket, the input EMI filter capacitor can be degfed in
The BDCD can be also adopted to boost the fuel cell short time interval. Thus, even though thereoisnput
output voltage and connect to the dc grid whenteted  blocking diode, as illustrated in Fig. 8, elecstoock can
isolation is required. be avoided readily, and power loss to the diode lwan

(1 Maximum Power Point Tracker saved.

In this system, the MPPT for PV panels is realibgd
a boost converter associated with flyback and passi ° J

snubbers, as shown in Fig. 7, in which didgleand ca-
pacitor Cs provide a path for absorbing the current dif- +
ference between inductor currents andi .. The flyback ’“]

snubber will then transfer the energy storedCinto ca-
pacitor C, which can help to reduce turn-off loss and |,
voltage stress of switc§,. Moreover, with this configu-
ration, the discharging current of capaci@y will not Fig. 6. Circuit configuration of a bi-directionetharger/discharger
circulate through main switch,. Thus, the snubbers can with isolation.

achieve near ZVS turn-on and near ZCS turn-offSgr

and can reduce its voltage and current stressedolyi

the highest efficiency of 98.5 %.

The MPPT for the wind turbine will have two choices L
One is to track the rectified maximum power poantd
the converter shown in Fig. 7 still can be useck ®ther
is to adopt the BDI shown in Fig. 3, which can krdlce C"‘)
maximum power point of the wind turbine and fulfill T
power factor correction to achieve high power facto

For simplifying control complexity and reducing the

sensitivity to sampling noise, the perturb & o0bServ rig 7. Boost converter with flyback and passivetbers functioning

scheme is implemented in a micro-controller fockrag as an MPPT for PV panels.
the maximum power point.
(IV) DC-Appliance and Product — —% J_ % J_J__%_

The dc appliances and products were modified from— PO =N SV, I N PDC'
the existing ac ones. Typically, high efficiencyogucts, — T ( roduct
such as electronic ballast, variable speed air idondr, %

refrigerator, washing machine, fan and computee ar Fig. 8. Conceptual illustration of an input seatif the dc products.
supplied with dc source which is converted from ac

source with power factor correction. Thus, the dodp

ucts can be simply modified by just removing theveo
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(V) DC-Grid Regulation

To reduce the dc-grid capacitance and the frequeficy

mode changes, a linear dc-grid voltage regulatigo-a
rithm is implemented, as illustrated in Fig. 9the BDI
sells a higher power level which means less nurabdc
products in operation, the dc-grid voltage is ratpd to a
higher value. The reason is that if there are ddpects
turned on suddenly, the voltage will not drop bel®80
V right away and it will not charge the operatiolndas
from grid connection to rectification. On the othend,
when the BDI buys a higher power level, the dc gsid
regulated to a lower voltage level, reducing moldange
frequency.

Ve
400 V4 ----mnemmmv
390 Vooonom- i sell
: ipower
BRSNS
buy | 1 (0 A, 380V)
power;  J------ 1370V

A 4360 V

Fig. 9. Plot oV vs.is for illustrating a linear dc-grid voltage regula-

tion algorithm.

IV. DEMO. HOUSE ANDMEASUREDRESULTS

For the demo. house, as shown in Fig. 10, the manu-
facturers from SAMPO, TECO, Eulife, Jamicon, Fego,
etc, have helped to modify their ac products to the dc
ones. Additionally, a set of dc power plug and sbck
connected with the dc products, which can elimirzate
ing, has been supported by Fujitsu. We have celtetiie
operational data from the system, which showsttieatic
products supplied from the dc grid can save 8.5% of
power consumption over their ac counterparts. The
measured voltage and current waveforms from theeker
modules are shown in Figs. 11~14, which have corefit
the discussions.

An infrastructure of the dc-distributed system with
grid connection for residential applications hasrbero-
posed. However, there are still a lot of detailsdesl to
be figured out further, as listed in the following:

1) short-circuit protection at both dc grid and praduc
sides,

2) EMI filter and capacitor discharging circuit for dc
products,

3) pre-charge and protection for the bulky capacitor
pack,

4) communication protocol among the kernel modules,

5) features of dc products, and

6) safety codes for the system.

Fig. 10. Photographs of the dc products in the EPARRMo. House.
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low current stress.

N\
\ i
Vs 14l ds
= 4
near ZVS turn-on
(200 V/div, 10 A/div, 0.5us/div)
@)
low voltage stress Vs
ids
i /\ near ZCS\|turn-off
(200 V/div, 10 A/div, 0.5us/div)
(b)
Fig. 11. Measured waveforms from the proposed thodigback

converter shown in Fig. 7.

No currentcirculation

Ven

Fig. 12. Measured waveforms from the BDCD illusirg clamped
rail voltage and no current circulation throughtstvesM; ~

My in Fig. 6.

~ L
s

(i 1 10.0A/div,vg 1 200 V/div, 2ms/div)
@

(i
(b)
Fig. 13. Measured waveforms from th@BDI in (a) grid-connection
mode, and (b) rectification mode with 5 kW poweina.
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0 1004/ @ 1004/ @ 1004/

(). 22.75A
div; time: 2ms/div)
(b)
Fig. 14. Measured waveforms for thee BDI in (a) grid-connection
mode, and (b) rectification mode with 10 kW poweting.

V. CONCLUSIONS

A dc-distributed system with grid connection fosire
dential applications has been introduced in thipepa
Design and development of the kernel modules, dinty
bi-directional inverter, bi-directional chargerischarger,
MPPT for PV panels and wind turbines, and dc appba
and product has been also presented. Additiorallin-
ear dc-grid voltage regulation scheme has beenogeap
to reduce mode-change frequency. Measured resaits f
the developed kernel modules have verified theudisc
sion. In the paper, several issues needed to lkefur
studied have been also pointed out.
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