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Abstract-- This paper compares the experimental and simulation
results to improve the voltage sag ride through capability of an
adjustable speed drive using a supercapacitor as an energy
storage device. The supercapacitor maintains the ASD dc bus
voltage under voltage sag condition. Experimental results are
presented, which show the effectiveness of the mitigation
approach to voltage sags. The performance of ASD under healty
and abnormal condition is first simulated in MATLab simulink
and then the same are verified using designed hardware setup.
The LABView (8.5) software and DAQ board has been used to
record the generated waveforms during normal and abnormal
conditions.

Index Terms- Adjustable speed drive, Low voltage ride-
through capability, Voltage sag, Super capacitor, Ultracapacoitor.

I. INTRODUCTION

djustable Speed Drives (ASDs) used in a wide waoét

industrial applications. The benefits that might b
provided by the ASDs are the reason for their widead use
by the industry. Despite of its importance to thevcess
operation, the ASDs are sensitive
Undervoltage and overcurrent often follow voltaggswhich
may cause the ASD trip bringing about the halt bé t
productive process and revenue losses. The ASD atsy
operate inappropriately resulting on load torquel dmad
speed variations since the control of the current af the
output voltage are dependent on the inverter dtagellevel
which decays during voltage sag [1], as shown)n (1

V dcC dVdc= TLw r
dt ] mot/] inv

@)

Thus, the decrease rate of the dc bus voltdyg/dt
depends on the capacitan€g the voltage Vdc across the
capacitor at the beginning of the voltage sag,ltlae torque
T., the motor speed,, the motor efficiencyym; and the ASD
efficiencyna,sq - Different approaches to improve the ASD ridi
through by increasing the average voltage of théuwk have
been proposed [1], [6], [7], [8]. The methods imduthe
addition of capacitors to the dc bus [6], the

regenerativemitigation which converts the kinetiergy from
the motor and load into electric energy transferiinto the
ASD dc bus [1], the connection of the neutral cantduof the
supply source to the midpoint of the dc bus throwgh
controlled switch [8], and the application of boeshverters
[1], [7]- This paper presents a proposed topoldgyimprove
the low voltage ride-through capability of an adise speed
drive via experimental and simulation results. Hystem is
tested under symmetrical and asymmetrical voltagg s
conditions in order to assess the contribution bg t
supercapacitor as an energy storage device to umaptioe
ASD operation under voltage sags.

II. SUSCEPTIBILITYOFASD TOVOLTAGE SAGS

The tolerance of an ASD to voltage sags dependthen
eharacteristics of the voltage sag. Seven diffetgpes of
voltage sags, classified as A, B, C, D, E, F, Gy n@ne upon
the terminals of an ASD as a result of symmetriaat

to voltage sagsymmetrical faults. The voltage sags are class#iecording

to the number of phases affected and the phastadéspent,

which are associated to the fault type. Table lsgnés the
seven categories of voltage sags according to abl fype

(three phase fault, single phase fault, double glfiaslt, and

double phase-to-ground fault) and as seen by thegotoltage
and the line voltage terminals. The voltage sag @p has the
same pattern of the voltage sag type C [9]. Volsagtype A

is caused by symmetrical faults, whilst the rentajrcases are
due to asymmetrical faults.

TABLE |
THE CATEGORIES OF VOLTAGE SAG ACCORDING TO THE FAULTYPE.
FauliType
Voltage
Type three phase | single phase ‘ double phase double phase-to-ground
Voliage Sag Caiegories
Phase A B C D E F G
Line A Ccr D c F G H

Voltage sag severities are normally measured byr the
magnitude and duration. The voltage sag magnitsidesually
measured by the smallest rms voltage among theedagg



phases, while the duration is often measured floaninstant
the rms voltage of any phase drops to less thap®@ntil no

phase voltage is under 0.9 pu. The drive is indégenof line

voltage sag as long as the dc bus holds up. Daringltage
sag or short interruption, the diodes in an ASDifiec bridge

will not conduct if the peak line voltage drops dselthe dc
bus voltage. While the ASD is still controlling theotor and
its load, energy is drawn from the dc-bus capasitarhich

will cause the dc bus voltage to decrease. Wherdthius
voltage drops below a pre defined set point betbee line

voltage returns, the control circuit will respondcarding to
the drive’s program, typically shutting down thever If the

supply voltage recovers before the dc bus voltegehes the
undervoltage protection level, a high charging eatiis drawn
from the supply which could end up in a shutdownthoe#

drive, due to the activation of the over-currentpction [1],

[2].

The typical duration of voltage sags are betweént®.30
cycles or 8ms to 0.5s. Voltage sags, classifietyjps A, are
the most severe ones as they cause the larger aofoemergy
withdraw from the dc bus, and are more likely tp the ASD
under voltage protection. The asymmetric voltaggs sesually
have at least one line supply voltage which keépsdt link
voltage above the under voltage protection leveléttheless,
voltage sag type A is the least severe as fares\hr current
level is concerned. On the other hand, voltage $gus B,
caused by one-phase faults, are accountable formbst
severe sags as far as over current are concermetharteast
severe as for the dc bus under voltage threshakl [£0]. It
has been withdrawn from [5] that tests with voltagg type A
can set the under voltage protection level ands tegth
voltage sag type B can set the over current priotedtvel of
an ASD.

The different ride-through require energy storagsicks
injecting power at the DC-link during voltage sags
described in the literature[5-6].

By adding capacitors to the DC-link, additional eyye
needed for full-power ride-through during voltagey <an be
provided to the motor. It is a simple and ruggegrapch,
which can provide limited ride-through for minostlirbances.
However, its cost is relatively high and a largbinat space is
required.

The load inertia may be utilized to provide ridbraugh
capability to ASD’s. The inverter control softwaoan be
modified such that when a power disturbance catlse®C-
link voltage to fall below a specified value, thevérter will
adjust to operate at a frequency slightly below thetor
frequency, causing the motor to act like a generdtioe drive
will absorb a small amount of energy from the riatatoad to
maintain the DC-link at a specified level and maim$ the
specified DC-link for few seconds during a sag ttha¢s not
exceed 20%. Here, no additional cost is includely emall
software modification is required but may not beeutable
for certain loads.

ENERGY STORAGE SYSTEMS

Since the DC-link current varies with the frequemndythe
drive for variable-torque loads, such as fans anthgs, a
reduction in the motor speed will result in a rethrein the
DC-link current. Therefore, a fan and pump systamming at
40 Hz will draw less current than a system runrahg0 Hz
and will, therefore, be able to operate for a langeriod
during a voltage sag situation. It provides ridestigh without
any additional hardware and cost but applicatiory mat
tolerate reduced speed operation.

A boost converter can be used between the recéifidrthe
DC-link capacitors to maintain the DC-link voltagkiring
voltage sag. Boost converter without energy stormgeides
ride-through with lower cost, upto 50% sag butsfaiuring
outages. Replacing the diode rectifier with anvactPWM
rectifier regulates the DC-link which offers immtynito
voltage sags and transients and low input curranibnics.
The range of ride through provided by this appraadimited
only by the current rating of the rectifier. Activectifier with
lower cost provides ride-through up to 50% sag fails
during outages [7].

Battery backup systems operate similarly to adding

capacitive energy storage, with the advantagetliigat energy
per volume ratio is much higher than standard dégrad6-9].

The batteries are easily available with low costiviile ride-
through for deep sags and full outages. These hawdife

and require additional space and maintenance.

Flywheels, which store kinetic energy in a rotatimgss,
are also showing promise for ASD’s ride-throughywHeels
are suitable for 1kw-10 MW applications, and caaovjate
full-power ride-through for up to 1 hr. Supercontiug
Magnetic Energy Storage (SMES) is based on thecipia
that energy stored in the field of a large magnetit can be
converted quickly back to electric current as needer
various applications. A SMES unit can be applieceatly
connected to the DC-link of ASD’s or to a numberA8D’s
which share a common DC-link. SMES with little maimance
provides good ride-through for long duration butsitcostly
and
cryogenic temperatures and the associated powsr Aofuel
cell could be interfaced with the ASD’s DC-link pyovide
appropriate backup power for an individual. Howevee fuel
cells are costly and may be used in near future.

Supercapacitors are new generation energy stogees,
which are true capacitors in the sense that eniergiored via
charge separation at the electrode-electrolyterfade, and
they can withstand a large number of charge/digghaycles
without degradation. The major advantages of Sgparcitors
include higher capacitance density, higher chaigehdrge
cycles, reliable, long life, and maintenance-fregeration,
environmentally safe, wide range of operating terajee,
high power density and good energy density, so tieya
good alternative.[11-12]

Besides energy storage systems, some other dexwmebe
used to solve EPQ problems [13-17]. Using propéeriace
devices, one can isolate the loads from disturbaxegiving
from the grid constant voltage transformers (CVEyevone of

requires sophisticated cooling system to mainta



the first EPQ solutions used to mitigate the effegftvoltage A. AC/DC converter section: This unit consists of

sags and transients. If not properly used, a CMTasiginate uncontrolled three- phase diode bride rectifier.
more EPQ problems than the ones mitigated. It cadyze B. DC/AC inverter unit:This unit consists of IGBT based
transients, harmonics (voltage wave clipped on ttpe and inverter.
sides) and it is inefficient (about 80% at full d)a C. Energy Storage Device$hese devices may be capacitor

A dynamic voltage restorer (DVR) acts like a voltag banl_</ battery/ supercapacitor of 12qudules. THY 1
source connected in series with the load. The dwipitage of DC is converted to 220 V DC (for experimental pugp
the DVR is kept approximately constant voltage hat Ibad thttT1 thgcr:lel_lpkof boost converter and the powenjedted

at the DC-link.

terminals by injecting active and reactive powethia output
supply through a voltage source converter. A matomverter
may provide ride- through during power quality disance.
However, these topologies are not cost effectiVadéite and
are at research stage.

In this paper, the performance of ASD’s during &g# sag

D. Voltage Sag Generation:
The various types of faults were created in the Bgb
actually grounding/shorting the line terminals ider to
represent the true voltage sag condition as shoywn b
single Line Diagram(SLD) in Fig.2.

R
conditions has been simulated and experimentalljfiee L
using supercapacitor as an ride-through capabilitiy C C %
IV. PROPOSEDRIDE-THROUGH TOPOLOGIES = F
The proposed topology uses capacitors/ battery/ ASD

supercapacitor across DC-Link. The proposed matiba _
can be easily integrated into a standard adjustgi#ed drive. Fig- 2. SLD for voltage sag generation

V. MODELLING OF THE SYSTEM

1) Three-phase Converter
The first stage of proposed system is AC-DC conwaref
a 3-phase AC power supply to a smooth DC voltagegus
uncontrolled/controlled rectifiers. In the systemndar
consideration a simple 3-phase full bridge diodetifier is
used for AC-DC conversion as shown in Fig.3
Lp D
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Fig.3. Three-Phase commutation with a 6-pulseellmitige

Fig. 1. View of Designed Hardware ) )
1. Waveform in LabVIEW 9. AC/DC converter seatio 1he output DC voltage and operating sequence oditiie

2. DAQ board 10. Capacitor bank(DC- link)rectifier above is dependent on the continuous gésiin the
3. DC isolation circuit 11. Adjustable speedvds  Supply line voltages and is not dependent on amtrab
4. |solation transformer 12. Boost convereter circuit. This type of converter is called an uncohiéd diode
5. Supercapacitor 13. DC- link rectifier bridge because the DC voltage outpubisaontrolled
6. 3-phase induction motor ~ 14. Function generator ~ and is fixed af..35 x Vs 2
7. Sag generator 15.3-phase Auto transformer!f the diodes are replaced with thyristors, it tHeecomes
8. 3-phase supply 16. Battery possible to control the point at which the thynistcare

triggered and therefore the magnitude of the D@uttoltage

The ASD is a Field Oriented Controlled (FOC) indmist C€an be controlled. This type of converter is cabiecbntrolled
motor (specifications are given in Appendix) .Thesigned thyristor rectifier bridgeand requires an additional control
hardware consists of: circuit to trigger the thyristor at the right insta

The three phase instantaneous input supply voltages,,
andvs. at PCC are expressed as:

Vgg = vmsin(a)t) (3)



(4)
Ve = Vpmsin(wt+ 277/ 3) (5)
Where, vy, is the peak value an@d = 2zf is the angular

frequency of the supply.
Instantaneous voltages at PCC can be calculated as:

Vgp, = Yin sin(wt - 277/ 3

diggy
2

6
o« (6)

Va =Vsa~ Relsa L

i,
Yo = Vs~ Risp™ L~ ™

dt

(8)

Ve = Ve~ Rglge L

Wherev,, W, andv. are three phase voltage at the input
terminal of 3-phase rectifiet,s and R; are per phase source

inductance and resistance respectively.

2) Field-Oriented Control of Induction Motoride

For the modeling and simulation of the IM drivetsys, the
basic equations of IM are used in instantaneoum.fdy
Park’s transformation, the equations of the IM istationary
reference frame, denoted by the superscepin“which d-axis
aligned with the stator winding of phase” “are shown in
terms of voltage and flux as follows .

s _Lr(,s S
o= (s dd (19)
m
L .
t5r = (Pes-Ld 59 (20)
Lm
s _ 1 S s
lgs = LL—LZ(LS¢ g~ L? &) (1)
str=Lm
'S 1 s S
lgs = 72(%!’j gs™L q; (22)
.S _ (L S “L s)
ldr = Ll -2 sPar mPds (23)
str~Lm
'S 1 s S
lqr =72(L5¢qr‘Lm¢qs) (24)
Lsky —Lm

These equations (16)-(24) reveal the internal iceiat
among voltage, current and flux of stator and rotdrich can
be directly modeled by using Simulink blocks. Hoeevhe
above equations are not perfect to build the wiibtg axes
motor model, another two equations to reflect trezmanical
dynamics should be added.

The electromagnetic torque equation is as

The stator voltage equation is as 3P s .5 s. s
d Te ==~ (9gsiqs~? qdqs (25)
S_-:S s 4
Vg =igRgt—¢ g (9) o
dt The torque balance equation is as
The rotor voltage equation is as Te - T
o diwm el (26)
0=i’R -~ °+—¢° (10) t Im . o
dt wheret load torque in the form of electric vehicle load.
The stator flux equation is as L
S_, :S .S
s =Lds*tLlnphy (11) 3) Modeling of Voltage Source Inverter:
The rotor flux equation is as The voltage source inverter (VSI) consists of iated gate
s .S .S i i -
85 = LiS+Lia (12) bipolar transistors (IGBT) based three-phase veltagurce

The explicit expression of the flux linkage candi®ained
from equation (9) and (10) are as

$S = [(ve-igR 9dt (13)
or = [(ar ¢°-ir R )dt (14)

By solving equations (13) and (14), the explicipessions
of currents are as

.S S S

R — (Ls¢s_|-n¢r) (15)

.S 1 S S

It :72(Ls¢r _Lm¢s) (16)
Lsbr —Lm

Resolving all space vector equations (13-16) ihtirtd-q
axes components are as:

bas = (Vas~igRs)dt
¢(§s = I(Vas‘ i 35 gdt

(17)
(18)

inverter. The inverter output voltage can be oladirby
following equations in terms of switching sign8ls S andS
and DC bus voltage, obtained from the current odietras

Va = (Vae/2) (2%~ 9 ¢) @)
Y = (Vao/3)(285- 8- 9) @0
Vo = (Voo/3) (2%~ - §) @)

whereS,, § andS are switching functions (which are either
one or zero).V, Vp, V. and V4 are the voltage of phase
winding a, b, c and DC link/ Battery voltage, respectively.

4) Energy Storage Devices

(a) Battery

The battery is modeled using well-known Thevenin
equivalent circuit model as shown in Fig. 4. Thétdyg side
current is given as:

ibp = Vdc Vel ~Vod/ Ry
and, its internal voltage derivative can be expess:

(30)



V.. =(ihh-V, R C 31) Specified range in response to changes in the wgtage and
P chp (bb~Vety/ bz)/ g U the load current.
where, \; is the voltage across capacit@y, which gives ~ DC-DC converters is used in current mode control as
the status of the charge of the battefy.is the battery open shown in Fig.7 for a DC-DC converter is a two-losystem.
circuit voltage andRy is the internal resistance of the battergn additional inner current loop is added to thétage loop.

andR,;represents self-discharging of the battery. The current loop monitors the inductor current eothpares it
b2 ith i i
) - with its .reference value. The reference value lf@r inductor
b b1 L current is generated by the voltage loop.
o 1T |
R Il
Vdc b2 voc Vi Voltage Current ] Pulses
- v Regulator Regulator PV —>
Fig. 4. Equivalent circuit of battery ot
(b) Supercapacitor I

Energy stored in the supercapacitor is given by tisg.7. Current Control Mode
following equation: [13]
E=}/CV2 (32) VI. EXPERIMENTAL RESULTS ANDDISCUSSION

_ _ _ _ _ The improved performance of ASD’s was simulated in
Where,C is the capacitance in faradé,is the voltage in MATLAB Simulink Power System Block-set Toolbox. The

volts; E is the energy in joules. objective of this section is to investigate thefpenance of an

Usable Energy =E = }é C[\{LZ _ VZZ} (33) ASD's under various power system faults,(ERQ distoces).

Figs. 8-13 show the performance of ASD’s with theposed

Where, V; is the rated charging voltagé, is the rated scheme. The parameters,Wyp, Vi, ly, lyb, lorn Vac Show the

minimum operating voltage of supercapacitors. line-line voltages, line currents, and DC-link \age
respectively.

(c) Boost Converter

The boost converter, as shown in Fig. 5, converts gal
unregulated source voltagé, into a higher regulated load
voltage V... When the switch is closed as shown in Fig.6(a), Fi9s. 8-9 shows the theoretical and experimentallte of
the diode is reverse biased and the input voltagmlies ASD’s during a voltage sag when supercapacitoenasnergy
energy to the inductor while the capacitor discharito the Storage device are applied. It can be seen thatglarvoltage
load. When the switch is opened as shown in Fiy.Gfie Sa9 of 20%, no source current is being drawn siheeDC-
diode conducts and both energy from the input geitand link voltage remains higher than the line voltagéise DC —
energy stored in the inductor are supplied to tyacitor and link voltage shows more oscilliations as the sugpacitors
the load; thus the output voltage is higher thae itput &re faster in response. The ASD’s rides-throughrand with

voltage. During steady state operation, the ratiwben the desired torque and the speed with constant DCvaltage as

. 1 . shown in Fig. 12.
output and input voltage is . The output voltage is

1-D 1000 T T

! = o

-1000—— ! ‘
1— D 1000——

L~
1000 T T T T T T T T T T T T T T
\/in:: K ——V 5
—I out 1000 | | | I I I I I | I I I | l
IGBT
T

Fig.5. Boost Converter

Performance of ASD’s during balanced voltagg daring
anced three-phase fault
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Fig. 6(a). S=1 Figlt. S=0 B5 05 07 08 09 1 11 12 13 14 15 16 17 18 19 2

. time(s)
Control of DC-DC Converter: The output VOItage bet Fig. 8 Simulation results of ASD coupled with sugapacitor as an energy

switch-mode DC-DC converters are regulated to bimvia storage device during balanced volsagecondition
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Fig. 9 Experimental results of ASD coupled witlpsicapacitor as an
energy storage device during balanced voltagesadition

B. Performance of ASD’s during unsymmetrical fault
condition
Figs. 10-11 show the theoretical and experimeesllts of
ASD’s with an unsymmetrical fault (single phase rapien)

with supercapacitors as an energy storage devitimgac ~

separately. With the application of an energy gferdevice as
a ride-through, the performance of the machine awps
keeping the DC-link voltage almost constant as showFig.
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Fig. 10 Simulation results of ASD coupled wittpstcapacitor as an energy
storage device during voltage unbadazandition
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Fig. 11 Experimental results of ASD coupled witlpsicapacitor as an
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VII. .CONCLUSIONS [11] N.R. Raju, “Improving Voltage Sag Tolerance of Téré&hase ASDs
Through Addition of a Neutral Connection”, in IEEEth Industry

From the discussion it is clear that Super-capesidue to Application Conference, 2002.
high power density and low ESR, are a very converéaergy [12] N. X. Melo, R. P. T. Bascopé, R. P. S. Ledo antl.®. Antunes, “A
storage component to be used in power quality eiiins. A Boost Converter Design to Improve ASD Ride-throtigivoltage Dip

. . in IASTED on Power and Energy Systems, 2007.
proposed topology using Supercapacitors as an eS&MHRJIe giandards:

devices is developed and tested. The proposeddgpas [13] IEC61000-4-34 “Electromagnetic compatibility (EMG) Part 4-34:
capable of providing ride through for deep voltaggs. All Testing and measurement techniques-Voltage dipst &fiterruptions

this, while maintaining the dc link voltage levebnstant and voltage variations immunity tests for equipmeith input current
! more than 16 A per phase”, July 2004.

during the duration of the .tranSient diSturlbanceheT[M] IEC 61000-4-11, Ed.2, Voltage dips, short interioms and voltage
effectiveness of the proposed ride through topolisgghown variations immunity tests, March 2004.
by means of simulations based on MATLAB and experital [15] SEMI F-47-0706, Specification for semiconductor qassing

. equipment voltage sag immunity.
results obtained on a |aboratory prototype. Froesé¢hresults [16] IEEE Recommended Practices on Monitoring Electoevét Quality,

it is clear that the supercapacitor’'s dynamic respois fast IEEE Std.1159, 1995.

enough to respond to the load transient requiresraamd avoid [17] IEEE Recommended Practices for Evaluating Eled®asver System
Compatibility With Electronic Process Equipment,EE Std.1346,

1998.
APPENDIX

Induction Motor rating and parameters: BIOGRAPHIES
5 H.P, 415 volts(L-L), 3- Phase, 4 Poles, 50 HZ4l¢pm.
DC-link capacitor(supercapacitor ) =5F/185 S.SDeswal received his B.Tech degree in Electrical
(Supercapacitor 05 No's connected in series of 23K each) 9 Engineering from R.E.C, Kurukshetra ,Haryana, Iridia998,
DC-link voltage (fOI’ experimental studies) = 221ty = the M.E degree in Electrical Engineering(Power Appas and

. ) Systems) from Delhi College of Engineering, Delmilérsity,
LabView measurement scale: «@ 01 Delhi, in 2005, and is currently pursuing the PrdBgree from
Source Voltage and Current :1:300 N.LT, Kurukshetra . Currently, he is working aéssistant Professor in EEE
DC-link Voltage - 1:36 Department with the Maharaja Agrasen Institute etchinology, Rohini,

) ’ Delhi. His research interests include ASD’s , powaality, motor drives,
Renewable energy .
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