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Abstractd Most of modern contrbied electric drive applications, such as lifts, cranes, and tooling machines, are characterized by a
high ratio of the peak to average power. In addition, such applications have high demand for braking at the full rated gawer.
ordinary drives, the brakg energy, which represents 30%0% of the consumed energy, is dissipated on a brake resistor. Apart
from this fienergeticd issue, power supply interrupti®dme and
ultra capacitor with an interface of softswitched continuousconduction mode (CCM) boost converter suitable for higlower
applications such as power factor correction, hybrid electric vehicles, and fuel cell power conversion systems is presémted i
paper. Continuous Condudion Mode dédc converter is used to store and recover the braking energy. In addition, tiidodc
converter controls the rectifier current and reduces the drive input current tétatmonic- distortion factor down to 30%.
Moreover, the dc bus voltage is dsted and controlled to be constant and ripple free regardless of the load The proposed converter
achieves zeravoltageswitched (ZVS) turron of active switches in CCM and zemurrent-switched turnoff of diodes leading to
negligible reverseecovery los. The presented solution is theoretically analyzed and experimentally verified.

Keyword® CCM,Ultra capacitor, Soft Switching,electric drives, THRoss Free Transformer(LFT)

I. INTRODUCTION and resistor, are used in applications with a demand for
braking (hoisting and largmertia applications). The
Modern controlled electric drive applications, such as lifteraking enggy is dissipated in the brake resisRB via
industrial and ofport cranes, tooling machines, etc., arthe brake choppe8BDB. Basically, this is a disadvantage
characterized by low balance between the average poweisuch simple drive configuration and the most limiting
and peak power. Moreover, such applications have strdiagtor for application in highly efficient drive systems.
demand for braking at the rated power. In ordinai@ertain drive applications are cheterized by high ratio
variable speed drives, the meclwtienergy of the motor of the peak to average power. Typical examples are
load rotating mass is usually realized and wasted in a brddasting and lift applications. Fig. 2(a) shows a photograph
resistor. The energy losses in such applications go up frofnthe port rubber tyred gantry crane (RTGC). Typical
30% to 50% of the consumed energy. Nowadays, havingpoweii time profile is shown in Fig. 2(b). The drive power
mind the energy crisis, variable drive efficiency has highly positive whenever the drive accelerates and
become an issue that needs an urgent solution [1]. Modénighly negative whenever the drive deaccelerates. During
electric drives are sensitive to the mains supphoisting at constant speed, the power is positive or
disturbances. The most frequent disturbance is voltagegative, below 50% of the peak power. In lift applications,
dip/sag, which is defined as the instantaneous decreas¢hin peakto-averagepower ratio could bgreater than ten,
the rms voltage, where the decreasin the range of 10% as reported in [4]. Another application with high ratio of
to 90% of the nominal voltage, while the sag duration is dine peak to average power is industrial tolling
the order of a half cycle up to a minute [2]. Such a powsarachines with intermittent load. Typical examples are
interruption may cause interruption of the entire driveervo position toll carriers, which move the toll from one
system. The system interruptions are very costly atmanother positin. Fig. 3 shows the powiimme profile of
unaceptable when the drive is applied in critical processich a drive: 1) acceleration; 2) running at full speed; and
industry, oil pump systems, or glass industry. 3) deacceleration and positioning the toll at the target
The motor is powered from a power converteposition. Applications with high peak power require
socalled the drive converter. The drive converter igversized cabling, fuses, and contactorisTtype of
supplied from lowvoltage distributive threphase mais applications may also cause voltage variation fiokers
230690 V, 5060 Hz. The most common convertein weak supply network [5].
topology is a diode frortnd rectifier and voltagesource
pulsewidthmodulated (PWM) inverter (Fig. 1). The drive II.LULTRACAPACTIOR
converter consists of an input thypkease diode rectifier
(D11 D6), dc bus link with pasee filter (LBUS CBUS), Regenerative electric drives with arltra capacitoras
and PWM output inverterSli S6). An additional switch energy storage have been discussed in numerous
B, diode DB, and resistor&B, socalled brake chopper publications [4] [10]. This concephas become in focus

G.P. Ramesh Page56



International Journal of

Emerging Research in Management &Technology Research Article | December
ISSN: 22789359 2012

recently with broad application of new electrochemicafariation of the load and the mains voltage. The proposed

doublelayer capacitors, soalled theultra capacitos [11]  boost converter can be applied in any type of tipiesse

[13]. The braking energy is stored into thkra capacitor rectifiers and is not related to m@jration of ultra

during the braking sequence. During the next motorirggpacitos.

seqence, the energy is restored from tiia capacitar

Generalpurpose electric drives with such an energysoft-switched CCM boost converter suitable for high

saving concept can be used in lift applications, tollingower applications such as power factor correction, hybrid

machines with a demand for fast start/stop sequence, atettric vehicles, and fuel cell power conversion systems.

many other applications with a denth for braking. The proposed converter has the following

Moreover, theultra capacitorcan provide energy for Advantages:

uninterruptible power supply function or extension of thg) ZVS turrron of the main switches in CCM

drive ridethrough capability in critical industrial 2) Negligible diode reverse recovery due to ZCS toff

applications, in which power interruptions are very costlyf the diode

[8]1[10]. 3) Voltageconversion ratio is almost doubled compared to
the conventional boost converter

I11.DC-DC CONVERTER 4) Significantlyr e duced ¢ o mp o tingMand 6

energy

A threelevel bidirectional didc converter used as the

interface between theltra capacitoland electric drive has A single-phase rectifier with a shunt active filter has been

been proposed.Contincgsnductioamode (CCM) boost proposed in [17]. The proposed solution is simple and cost

converters have been widely used as the femat effective because the filter is connected on the rectifier dc

converter for activenput current shaping The converteside. This approach could be extended to the thhese

controls the power flow between th#ra capacitoand the rectifiers, in which case the input current THD can be

drive whenever necessary. It can be braking as well resluced to approximately 30%. The electronic smoothing

motoring from the ultra capacitor [10]. CCM boost inductor has been presented in [18] and [19]. A single

converters are increasingly needed in higlwer switch boost rectifier operating in continuous conduction

applicaions such as hybrid electric vehicles and fuel cathode (CCM) is presented in [2@hd [21]. The rectifier

power conversion systems. High power density and higiput current THD can be reduced to 30%. The input

efficiency. CCM boost converter suffers from severe diodrirrent THD could be reduced to 10% if the sirglgtch

reverserecovery problem in higleurrent highpower boost rectifier operates in discontinuous conduction mode

applications. That is, when the [22], [23]. The key disadvantage of the singigitch
topologies $ the high stress of the switch and the diode.

INTERCONNECTION POWER The switch and the diode are rated to the full dc bus

CONVERSION UNIT

)

) 1 b the drive accelerates and highly negative whenever the
i B j drive deaccelerats. During hoisting at constant speed, the

=M =y PLUSEUS [ voltage and the full input current. It makes the single
|8 T switch boost rectifier inefficient and a bulky solution in the
‘ S A | ¥ highgr ~power hig#voltqge range. C_eiin drive
3 | g | applications are characterized by high ratio of the peak to
gE = e E _average power. Typical examples are hoisting and lift
23 M-G 2 |2 applications. The drive power is highly positive whenever
5 =

Y

power is positive or negative, below 50% of the peak

: PR mm— power. In lift applications, the ped&-averagepower ratio
bH)J M-Motoring mode could be greater than ten, as reported in [4]. Another
ENERGY STORAGE G-Generating mode application with high ratio of the peak tweaage power is
DEVICE industrial tolling machines with intermittent load. Typical

examples are servo position toll carriers, which move the
toll from one to another position. Efficiency of the drive
system equipped with the powemoothing function
main switch is turned on, a shothirough of the output depends on th ultra capacitor conversion efficiency.
capacitor to ground due to the diode reverse recovéMhen the main switch is turned on, a shitwoughof the
causes a large current spike through the diguke raain output capacitor to ground due to the diode reverse
switch. This not only incurs significant tunff loss of the recovery causes a large current spike through the diode
diode and turfon loss of the main switch, but also causg®ain switch so soft switching continuous domtion mode
severe electromagnetic interference (EMI) emission. TR i DC Boost converter is proposed in this paper.
rectifier input current total harmonic distortion can be

reduced to appximately 30%, while the dc bus voltage is

boosted, controlled, constant, and ripple free regardless of

Fig. 1. Regenerative controlled electric drive withudtra capacitor
basedenergy storage device.
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fsc, x *+| PLUSBUS — The electric drive may operate in several modes,
TERMINAL 0 _, N depending on the drive load and status of the mains supply.
\ Fig. 3 shows the powdlow block diagrams, and Fig. 4
shows the waveforms for different operating modes.
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a) Motoring modefrom the mains NIM ). The drive is
€ | running in motoring mode, being supplied from the mains.
AER / The input and output powers are eqBfll = POUT. The
_ power de s iPgimudates ibtwees theqgonverters

(a) e DC-DC2 and DGDCL1. The circulating power contributes
inec, Vs PLUS BUS 0 boosting and control of the dc bus voltagJS. The
* x+ ultra capacitopowr PCO is zero; no power flows between
the ultra capacitorand the drive. The dc bus voltage is
regulated by the DOCL1 converter.

THREE PHASE MAINS
VREC

+
H—

sEE [T 3

/1 Csus
Veus —

AND MOTOR

b) Braking mode B). The drive input power is zero. The
, ultra capacitorpower PCO is positive, referring to the
ARE o | < :’; £ diagram. Theultra capacitovoltage increases. The dc bus
/ voltage is regdted by the DEDC2 converter.

MINUS BUS

CE-PHASE PWM INVERTER

THREE PHASE MAINS
VREC
b

b
Fig. 2. (a) Regenerative thrphase \Ea}riable speed drive with the voItageC) Standby modeSTB). The drive is in standby mode, and
boosting function based on the thteeminal LFT with energy storage.  there is not any energy exchange between the input, output,
(b) Realization using two ddc converérs (CCM) and anltra capacitor  andultra capacitar The dc bus voltage is regulated by the
DC-DC2 converter.

IV. THREETERMINAL REGENERATIVE ENERGY

STORAGE AND PFC DEVICE d) Motoring and energy recome mode MCO0). The drive

operates in motoring mode. The energy for the drive

The basic principle of the proposed regenerative electgigceleration is recovered from thkra capacitobank via
drive is illustrated in Fig. 2. One can distinguish a thregne converter DA@C2. The powePCO is negative.
phase diode rectifier, a dc bus capac@BUS, the dc bus The ultra capacitovoltage decreases. The dc bus voltage
load, a storage capacit@CO, and a thre¢erminal power s regulatecby the DGDC2 converter.
converter designated as the b transformer (LFT).
The terminal 0 is connected between the rectifier and tfieRide through modeRT). The mains is interrupted, and
dc bus plus rail. The terminal 1 is connected in parallglerefore, the drive is supplied from thkra capacitovia
with the dc bus, while the terminal 2 is connected to thige power converter DOC2. The powePCO is negative,
storage capacito€CO. The capacitolCCO is an EDLC, referring to the diagram. Theiltra capacitorvoltage
well known as theultra capacitar The LFT is controlled decreases deeper. The dc bus voltage is controlled by the
by a control variablen(t). The internal structure of the DpC-DC2 converter.
LFT is depicted in Fig. 2(b). The OFis composed of two
dci dc converters, namely, DC DC1 and IDXC2, and two e) Ultra capacitorcharging modeNIM -CH). The mains is
series connected capacit@B1 andCB2. The role of DE recovered, and then, thdtra capacitoris charged to the
DC1 is to regulate the rectifier currdiREC and generate predefined minimum voltagddCOmin. The dc bus voltage
the voltagevO in order to boost the dc bus voltaggUS. s regulate by the DGDC1 converter.
The DGDC2 converter has two roles. The first one is to
assist the D&DC1 converter when the drive is supplied) Mains peak power filtering modeViPFM). The drive
from the mains [24]. More precisely, the HEC2 operates in the mains motoring mode. If the load is high
converter has the role to maintain tW€l to vC2 ratio during the short period, the drive input power is limited
constant and the drive load is supplied from thiétra capacitar
(vC1 =vC2 =vBUS2). The second role dhe DGDC2 Onee the load is reduced, theltra capacitorwill be
converter is to be an interface between uhea capacitor recharged from the mains.
CCO and the drive dc bus and to control the energy flow
between the drive and thdtra capacitorwhenever it is
necessary (the braking mode or thdtra capacitor
motoring mode )

A. §/stem Operating Modes
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Fig. 3 The poweflow block diagrams

V. PEAKPOWERSMOOTHINGUSING AN
ULTRA CAPACITORAND A THREE-TERMINAL
INTERFACEDCi DC CCM CONVERTER

Significantvariation. Theultra capacitovoltage increases
toward the maximum voltagdCOmax.

. o Realization
Basic Principle

An electric drive with input powesmoothing function is
composed of three power converters, namely, the in
rectifier, the output inverter, and a thyeminal dédc
converter with anltra capacitar

The basic principle of the proposed electric drive . One can
Wgtinguish a threphase diode rectifier, a dc bus filter
capacitorCBUS, the dc bus load (inverter with a motor), a
storage capacitorCCO, and a thre¢erminal power
converter. The terminal Osiconnected between the
rectifier and the dc bus plus rail, the terminal 1 is
connected in parallel with the dc bus, and the terminal 2 is
connected on the storage capacito€0. The storage
capacitor CCO is anultra capacitar The thregerminal

. . . _power comwerter is controlled by a control variaba(t).
PDCH is controlled and adjusted_to a level that giv e converter is composed ):)f two ide con\t/)gt;rs
smoath Input p.owerTheuItra capz_icnowoltage decreases DC/DC1 and DC/DC2 and two seriesnnected capacitors
toward the minimum voltage/COmin. CB1 andCB2. The role of the DC/DC1 converter is to

. - regulate the rectifier currefREC and generatedhvoltage
2) Low-power demand mode is shown in Fig. 4(b). They'iy order to boost and control the dc bus voltebes.

drive runs in lightioad mode. The load is lower than thérpg role of the DC/DC2 convertds to be interfaced
I?]putl power. The _lc_jkl]fferince_ in the Fe)lggar'ls absorl?e(;:i Btween theiltra capacitolCCO and the drive dc buShis
the ultra capaitor. The charging pow Is controlled ¢, yerter controls power flow between the drive and the

ar_1d adjusted to such a level that gives smooth input POWfitta capacitor The DC/DC2 converter has an additional
without role to assist to the DC/DC1 converter.

1) The driveacceleration and higheakpower demand
mode. The load is higher than the input power. Theldc
converter discharges theltra capacitor with power
PDCH, where the discharge power

G.P. Ramesh Page59



International Journal of

Emerging Research in Management &Technology Research Article | December
ISSN: 22789359 2012
% DC DC PLOAD AC + Prmax
z. PiN 9: PLOAD
E A 2
= DC '~ : PIN
= Vi = e —
= | ac DC DC & y
»
3 0
2 = s S P— Vousne:__
'6- ULTRA- sosssllr o : 2 sisss : i VBUSREF)
O | CAPACITOR | RN R IR I R I VBUSin _ _
(a)
;! DC Pin DC PrLoap AC ﬁ
= A DC » =
2 v; =
= | ac DC DC =
-]
3 = .
=
g | ULTRA-
&) CAPACITOR |

(b) ©)

Figure 4(a) Ultra capacitordischarge when the load is higher than th¢ywo dd dc converters DC/DC1 ah DC/DC2 and two
input average power; the sector 1 in (). (ira capacitoris charged - g jagconnectedcapacitorsCer and Ce2. The role of the
when the load is lowehan the average input power; the sector 2 in (c). DC/DC1 converter iso regulate the rectifier curreiitec
and generate the voltage in orderto boost and control
the dc busvoltage veus [15]. The role o the DC/DC2
converter ido beinterfaced between thétra capacitor

the output inverter, and a thregrminal dédc converter
with an ultra capacitor These three cwerters are
connected as shown Fig. The thregerminal conerter is

controlled in a way tdulfill the system behavior specified.

1) The drive acceleration and higleakpower demand i"’f; N e

mode is shown in Fig. 4(a). The load is higher than tl +4 I I +

input power. The dac converter discharges thdtra TERMINALY /.

capacitorwith power PDCH, where the discharge power [~ | ZS 25 25 3

PDCH is controled and adjusted to a level that give: m—H LFT g 8 ‘ \

smooth input power. Theltra capacitor g E G

voltage decreases toward the minimum voltaffeOmin § | _ B —

[Fig. 4(c)]. z g TERMINAL 2 ™ & — :
(Y EY

2) Low-power demand mode is shown in Fig. 4(b). Th E __Iﬁ }

drive runs in lightoad mode. The load is lower than the \h

input power. The diffenece in the power is absorbed by | | A A & ULTRA-CAPACITOR

the ultra capacitor The charging powelPCH is controlled N

and adjusted to suchnlevel that gives smooth inppower T

WithOUt significan Variatio_n' Theultra CapaCitorVOIta}ge Figure 5.(a) Regenerative thrphase variablepeed drive with the
increases toward the meaxwum voltage UCOmax [Fig. voltage boosting function based on the theveninal lossfree
4(c)]. transformer (LFT) with energstorage

VI. ULTRA CAPACITORDESIGN
ovme ultra capacitodesignand selection is based on three
¢ Parameters: 1) rated vole@f theultra capacitomodule;
' 2) theultra capacitorated capacitance; an@®) the ultra
capacitorlosses.

B. Realization

The basic principle of the proposed electric drive is sh
in Fig. 5. One can distinguish a thypkase diode rectifie
a dc bus filter capacitoCsus, the dc bus load (inverter
with amotor), a storage pacitorCco, and a threg¢erminal
powerconverter. The terminal 0 is connected between the .
rectifier and the dc bus plus rail, the terminal 1 i%‘ Voltage Rating

connected in parallebith the dc bus, and the terminal 2 is he ultra capacnormodgle rated voltage iselected as
connected on the storageapacitor Cco. The storag closeas possible to maxinmu of the dc bus voltage. As the

capacitor Cco is an ultra capacitar The threeterminal uItra_ capaC|rt]0Isdqhargeg \Qll.hen ﬂ;]e dlrlve de bu§ voltage S
power converter is controlled by a contrariable m(t). maximum (the drive is breing), theultra capacitorate

The internal structure of thethreeterminal power voltageUcomaxis U OV 1
converteris stown in Fig. 6. The converter éiomposed of comaxOVusmax (1)
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Figure 6.Definition of the reference voltages. (#usmax VBUS(REF) and
VBusmin (b) Ucomin, Ucoinm, andUcomax

The ultra capacitor minimum operating voltage
determined

by the d&édc converter current capabilitgomaxand the
conversion powePco.

. FPeo
[ Clmin = 7 T . (2)
OO masx
Normally, the mininum operating voltage is 40%0% of
theultra capacitorated voltage.
The intermediate voltagdcoinv is defined as

'II.E' L 2 + F L
T | ECHY DCH i
I ClinM = \I C0 max [l

min

{ E;:‘_H -+ EDC-H

where charge and discharge enerdiesandEbcHdepend

extension [10]. Irthis case, thelltra capacitoicharge and
discharge energies are

&

tg

Ecy=Ep = ?}B/P[.I:f:le'ff
0

T
1
Foog = Ejr = i'}_ f Falt)di (4)
M

wheretB andtRT are braking and riddrough timesdB
and dM are the efficiencies of the conversion system in
braking and ridehrough modes, anéO0(t) is the drive
shaft power.

B. Capacitance

The capacitance selection depends on the drive
application. In a general case, assuming that ute
capacitoris a linear capacitor without internal resistance
[10], the capacitanc€ocan be computed as

2

Cn = (Een + Epcul- 2
c

whereEcHandEbcHare charge and discharge energies,
which depend on the application.

T2 i
0 max - U C0 min /

C. Ultra capacitorCurrent Stress and Losses

The ultra capacitorcurrent can be decomposed in two
different frequency ranges: 1) very low frequency current
and 2) high switchingrequency current. Very low
frequency current corresponds to the transfer of the energy
between the drive and the ult@pacitor. It could be

IS praking and motoring from theltra capacitoand the peak

power smoothing. Considering that thiéra capacitois a
linear capacitor [10] and neglecting the internal series
resistanceRco, one can find thailltra capacitorcharging
current as

Cy
\ CDL COmin T QPC‘D'L"'

ion = pr_'.j

where the irial ultra capacitor voltage isUcomin.

(3)Discharging

current has similar form

on the application requirement. This is discussed shortly f Ch

after in the followingsection.

1) Braking and Rid& hrough Capability Extension is the
Main Role of the Applicationtn certain applications, the
mainrole of theultra capacitois to store the drive braking

energy and/or provide energy for the ridlerough

ico = —|Peoly | ==
| |\,'I i i} [.:60 — QPCE.EL

where the voltag&cois theultra capacitoiinitial voltage.
ultra capacitocharging/discharging pow@rois constant.

Theultra capacitotosses are computed as

G.P. Ramesh
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3) C: The input poer and load are equal. The dc bus
voltage is regulated by the DC/DC1 converter to the
) ﬁriﬂm CHARGING referencev/sus(rer) Theultra capacitocurrent is zero, and
Pe(t) = ReoPéy S the voltage is regulated ttJcoinv. Fig. 12(b) shows the
Collz—2Font DISCHARGING waveforms in case the load is perioditermittentload.

. Four regions can be identified: A1, A2, Bind B2.
High-frequency losses can normally be neglected because

the current ripple at high frequency is quite smaller in
comparison to theltra capacitoaverage current.

Proap

PN

VIl. CONTROLASPECTS = .
A. Control Objectives i ;e —— D R ———
The objective is to asymptotically regulate theebus S T e
voltage to a desired reference, where the reference depe - =%

ico

on the systeroperating mode. The secondary control
objective is to smooth the drive input power, regardless ¢
variation of the drive load. Control objective is to control

theultra capador state of the charge, including control of ==-===========" === --m-moo oo Lwmes

theultra capacitocurrent. Ucoinmt
uco //_/- U

B. Control Scheme o E > <> .

The two control blocks: 1PC/DC1 CONTROLand 2) ° '

DC/DC2 CONTROL The first control block consists of e

two cascaded controlleiGirec and Gveus. The controller
Girec regulates the rectifier current (to be constant 519
guasiconstant [15]), while the controller Gvsus -

ure7.(ajThe waveforms in case the load is periodic intermittent.load

asymptotically regulates the dc bus voltage to the referet L P
VBusRer) The block denoted a®C/DC2 CONTROL S i N [ S—
consists of thaultra capacitorcurrent contrber Gico, the ‘ (— -
ultra capacitorvoltage controllerGuco, and two dc bus p: S— —
voltage controllers designated @susmaandGueusmin. e o i . E—— ___L =
To explain the control scheme, let us recall Fig. 12(a) tt —— .
shows waveforms of the input and load powens and + ico
PLoap, the dcbus voltagevsus, and theultra capacitor a| L e
voltage uco and currentico. The drive loadPLoap is N —~ |
assumed as a singbellse load. The drive input powemn ~ ------ oot oo bt e O
is assumed as a smodfibnction. Three regions can be —— Ucoinmt
identified: A, B, andc. | I e SIS SR B T

_ QADCAZS B> B> ‘.,
1) A: Whenever the lad is greater than the input power “

(b)

the ultra capacitoris discharged. The input converter
DC/DC1regulates the input power to be smooth, wtiike
DC/DC2 converter (via the controll&veusmin) regulates
the dc bus voltage at lower referentgismin. Since the dc
bus voltage is lower than the referenésismax the upper
voltage controllerGveusmaxis saturatedand its output is
uz2Rer) = Ucoinm. Thus, thecontroller Gvsusmax can be
dropped from the control

scheme.

Fig. 7(b) shows the waveforms in case the load is periodic
intermittent load. Four regiorean be identified: A1A2,
B1,and B2.

1) Al: The load is greater than the input power, ghd
ultra capacitor voltage is greater than the reference
UCOInM. The DC/DC2 converter discharges thdtra
capacitorand regulates the dc bus voltage to the upper
referenceVBUSmax. Sice the dc bus voltage is higher
than the referenceBUSmin, the lower voltage controller
GvBUSmMiIn is saturated, and its outputu%(REF) = 0.
Hence, the controlleevBUSmin can be dropped from the
Lontrol scheme.

2) B: During the complementary statethen the input
power is greater than the load power, tittea capacitois
charged. The input converter DC/DC1 regulatesitipeit
power to be smooth, while the DC/DC2 convert
regulates the dc bus voltage at lower refer&fesmin
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2) A2: Once theultra capacitorvoltage reaches the 4) B2: The load is lowethan the input power, and the
referenceUCOinM, the controllerGvBUSmIin goes out of ultra capacitor voltage is greater than the reference
saturation, and the DC/DC2 converter starts to regulate th€0inM. The upper controlleGvBUSmaxis now out of
dc bus voltage to lower referen&BUSmin. The upper sauration,and it takes control ovehe dc bus voltage. The
controllerGvBUSmax is now saturated and, as that, couldwer controller GvBUSmin is sturated. Theultra

be dropped from theontrol scheme. Theltra capacitois capacitor is charged, and the voltag&iCO is still
still being discharged. increasing.

3) B1: The load is lower than the input power, and the
ultra capacitor voltage is lower than the reference
UCOInM. The DC/DC2 converteregulates the dc bus
voltage to lowerreferenceVBUSmin. The ultra capacitor .
is chargedand the voltageiCO is increasing toward the
reference.
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Fig. 8 Block diagram of experimental setup e ,g,,,’.][:]
TABLE-1
SPECIFICATION cF THEULTRA CAPACITOR-BASED Pars
CONTROLLED ELECTRIC DRIVE BUS
| Rated power || P || 5500 W |
| Maximum de bus voltage || Vo sy ” A | X
IyAIN:
Reference de bus voltage Vousiriry l G50V MAINS
Minimum de bus voltage Vit simin 640V
The system efficiency M Nt RB5%
Braking time I 155
Ride-through time Fre 2.5
The ultra-capacitor MAX voltage [/ GeOY
The ultra-capacitor min voltage Ulotinin 250V
The ultra-capacitor rated voltage Clenimng ERTIAY M2 AT M MATE B
IR Loerbings | 0 Lowhws () &
¥ AL 14
The u_]1m—capﬂt:i1ur rated Cl 0.4F I;;'-J"mw fﬂé?ﬂﬁz | &:.::‘ ~
capacitance (@)

Fig. 9. (a) Experimental waveforms of the mains curféAINS [20
A/div] and the dc bus voltageBUS [100 V/div] when ordinary diode
front-end rectifier is used.
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E -«»---LE%M. The core resistance was computed from the loss
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Fig Ab) Zoom of the wavierms. The dc bus load is cycling between no
load and 5500 W.

(h)

control

model [16] and the manufacture datasheet [28]. The
algorithm, pulse width modulation, and all
VBUS protection functions were implemented in a fixgoint 32
NN N SIS NN b digital signal processor. The control algorithm is
executed at 50 kHz. The controllers were implemented as
proportional integral controllers.

YOROGAWA & 2010/05/31 14:96:14 Ml (@i
Stoppad 150 | -
o 57 | —m : gure 10(b) The dc bus load is cycling betweerD%hd 5000 W
‘ VeuUs
[
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Figure 10 (a) Experimental waveforms of the dc bus voltayg]AINS
[100 V/div], the mains curreniMAINS [10 A/div], and theultra
capacitorcurrent [5 A/div] and voltage [100 V/div] wherhné rectifier
with the new boostectifier and the powesmoothing function is NO.

VIIl. EXPERIMENTAL VERIFICATION

A 5.5kW threeterminal energy storage and PFC device
for controlled electric drives was designed and
experimentally verified. The convertespecification is
given in Table I. The specifications of the X1 and
DC-DC2 converters are given in Tables Il and Ill. The
resistanceRoc is the inductor winding resistance at low
frequency, andRac is the winding resistance at the
effective switchingrequency. The resistan&e is the core
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