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ABSTRACT

Pulse-width modulated (PWM) three-phase (3-ph) voltage source inverter (VSI) fed 3-ph
squirrel cage induction motor (SQIM) drive has been evolved into a matured and widely accepted
technology through uninterrupted research works carried out over time. It has been widely used in
various domestic and industrial constant or adjustable speed drives where the motor drive has to
meet a constant or dynamic speed and torque demands of the load in a controlled manner based on
the application requirements. In recent time, the superior material properties of silicon-carbide
(SiC) over silicon (Si) have emerged the possibilities of using SiC power semiconductor devices
in place of the prolonged Si power semiconductor devices used in the VSI. The SiC power device
has the capabilities of blocking higher voltage, withstanding higher temperature, and switching at
higher switching frequency with lower switching losses than the existing Si power device and thus
it helps to increase the power density as well as efficiency of the VSI especially at medium and
high power drives and also to reduce the cooling requirements. However, the cost of the SiC
devices is still quite high as compared to the cost of Si devices and the power semiconductor device
manufactures are trying to reduce it as much as possible.

However, the fast turn on and fast turn off features of the SiC devices in such high switching
frequency operation make the design and printed circuit board (PCB) layout of dc-bus bar, gate
driving circuits, protection circuits, sensing circuits of the SiC VSI quite challenging because of
the presence of parasitic inductances and capacitances in different paths of the circuits. Therefore,
a 5 kVA SiC MOSFETSs based two-level 3-ph VSI have been designed, developed in-house as a
part of this research work. The developed VSI has mainly three parts such as Power and Sensor
Circuits (PSC), Gate Driver and Protection Circuits (GDPC), and Control Interface and Signal
Conditioning Circuits (CISCC). The developed SiC VSI been successfully tested with an open-
loop v/f controlled 3-ph SQIM with load at 5 kHz and 50 kHz switching frequencies and its
performance has been evaluated. TMS320F28335 has been used as a digital signal controller for
implementing the algorithm of open-loop v/f control. The steady-state temperature of the heat-sink
of the VSI with natural and forced cooling has been measured by a thermocouple while the VSI
continuously drives the SQIM for 90 minutes.

Space-vector pulse-width modulation technique is generally used in a two-level VSI fed SQIM

drive mainly for better dc-bus utilization. However, the PWM output voltages of the VSI mainly
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contain fundamental frequency component, higher-order harmonics in the sideband of the carrier
or switching frequency, and certain low order harmonics because of the dead-time used in the VSI
to prevent shoot-through. These higher-order switching harmonics mainly incur core losses
(hysteresis and eddy current loss) and temperature rise inside the motor, and thus reduce the overall
efficiency of the SQIM drive. The rate of rise (dv/dt) of the stator-voltages of the SQIM increases
significantly because of the fast switching transients of the device with high dc-link voltage. It
basically aggravates the chances of winding insulation failure, bearing current, electromagnetic
magnetic interference issues, etc. Therefore, sinusoidal LC filter network is used in between the
VSl and SQIM to make the motor input voltages sinusoidal by attenuating higher-order harmonics
present in the pulse-width modulated output voltages of the VSI. It also increases the life of the
motor by drastically reducing the fast switching transients of the motor input voltages. In this
research work, a new methodology of designing a sinusoidal LC filter is proposed for a PWM VSI
fed SQIM drive where the filter capacitance is chosen based on the reactive power demand of the
SQIM at its rated frequency. However, the calculation of filter inductance in the proposed filter
design method (PFDM) is similar to the calculation of filter inductance in the standard filter design
method (SFDM). The proposed LC filter serves the purpose of a sinusoidal filter, reduces the dv/dt,
and also supplies the reactive power demand of the SQIM and thus reduces the inverter output
currents. The impacts of the LC filter designed by SFDM and PFDM on the magnitude of switch
current, losses in the drive, temperature of dc-link capacitor, dv/dt at motor terminal, stator flux,
and air-gap torque of the SQIM are analyzed with apposite simulation and experimental results.
The experiments have been performed in an experimental set-up where the developed VSI is
switching at 50 kHz and driving a SQIM in open loop v/f control at different test conditions. The
proposed methodology can be used to design a sinusoidal LC filter for any VSI made of Si IGBTs
or SiC MOSFETSs switching at 5 kHz or 50 kHz.

SQIM drive without LC filter in rotor-flux oriented control (RFOC) is a stable closed-loop
system at different operating points if two inner-loop and two outer-loop controllers are designed
properly. However, the introduction of LC filter in between the VSI and the SQIM may make the
closed-loop system unstable at different operating points when the parameters of the previously
designed controllers for RFOC of SQIM without the filter are not changed. Therefore, the
instability of the closed-loop drive at different operating points has been analyzed with the same

controller parameters and it has been observed that such instability occurs due to high amplitude



resonance frequency oscillations. Therefore, four different active damping (AD) methods have
been proposed to stabilize those unstable operating points by damping out the resonance frequency
oscillations without incurring any active power loss. However, all these AD methods do not change
the basic control structure of RFOC of SQIM and the parameters of the previously designed
proportional-integral (P1) controllers of RFOC of SQIM without the filter.

The performance of the first two AD methods in RFOC of SQIM with LC filter is dependent
on the proper calculation of damping gain in AD Method I using inverter-currents or gain matrix
in AD Method Il using LQR. In these two AD methods, compensating terms have been subtracted
from the output voltage references of the inner-loop current controllers to damp out the resonance
frequency oscillations without incurring any active power loss. However, multiple high-pass filters
have been used for extracting resonance frequency components from the sensed state variables of
the drive and the compensating terms are formulated. Moreover, these AD methods require
additional sensors for sensing the inverter-currents or the voltages across the filter capacitors apart
from the sensors used in RFOC of SQIM without filter.

However, AD Method Il and Method IV, there is no need for additional sensors, tedious
calculation of damping gain or gain matrix, high-pass filters for resonance frequency extraction.
The AD Method 11 basically subtracts two feed-forward terms from two current references of the
inner stator-current loops in RFOC of SQIM with the filter to stabilize the unstable operating
points. The AD Method IV basically introduces time delay and modifies the inner stator-current
loops to stabilize the unstable operating points. The performances of the drive with these methods
have also been verified w.r.t the parametric variation of the system. Theoretical analysis, multiple
simulation results, and experimental results have been presented at different test conditions of the
drive to validate the effectiveness of four AD methods confirming satisfactory steady-state and
dynamic performance of the SQIM drive with the filter.
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AR

TR-dI8Ts Hiegacs (TSsUH) dH-aRUT (3-ph) dlees HId -aex (VSI) Raamar 3-ph
e fioR IR Aex (SQIM) 18T &I T URUSH 3R 0H FU § WHR Py 7
Wi W ety iy SEf § el feoar T 3 a8 e W 3R sienfie FRaR o
TR 3189 H U® U F IUANT fHar a1 € Sgl Jex I8d Bl URHIH
AHATSA & YR R FRIRAT R I A8 &1 T FRaR a1 fasiia i 3R i A &
R IRAT G| 8T & T |, Rifere = @re) ¥ $1fde Rifdiw (@) (sic) & 9% Hifae 1o
VSl H Tdd dd 0T dh Si UlaR e dex JUBIUN &b VM W SiC Tl b ader
JUSHRU BT FUANT B DI GHETSH DI SHRT B | SiC UTR fSa8d H I dleesl Bl HaeG
B, I AYAM DI THH, 3R Aiefal e & 9 HH R gt R Rag A 3t
& BT §, S AET Si Ui f3arey ! ga1 # 1 8kl § 3R 39 UHR I8 UIaR SRIct
3R T § VS| BT G&dl DI de H Hag drdl g AegH 3R I Mad $13d 3R Xidem
TARIH AT Bl HH B & fog | gTaifp, Sic IuHRul &t At faft ot St 3iftew §
Fifer si feargdl @t ArT iR TR JHiidrsdex fSasy Agheak 34 el ¥ STal &3
B P DI IR B T
BT, 39 ke & Iod AT 3A1gfy SITIRRE | Sic IUHRUN Bt ot 1 3R Ioft s
ghaeTd, SHft-a9aR, e SrRfd Aidhe, JRem Afdhe, Sic & Tde Aite H1 fewmg ok gfad
gfbe S (PCB) W33 T &1 Fibe & fAfts Ial & ureiidt iy iR g\rs @t
JUfRUTY & HROT TGS BT A guf ] | 3ARIE, 5 kVA SiC MOSFETS SHTUTRA al-%’ig
3-ph VSI B! fEos fvar mar g, S 39 MY 1 & U U & w0 | fasfyg foar mar 31
fawfid vsI # T TU § fF 4T 81d § O UTaR 38R JW Fide (PSC), e JER 3R
UIeaRM Afdhe (GDPC), 3R Feld Sexthy 3R RErd del=if- "fdhe (ciscc) | MR Tfthe
A dH-TRU1 AeR YR1SH B Ydad & fore 7 e IR 3R SRA-fie diees &l Yaed &
oy U dieest YR g1 8 | fawRid sic vsI &1 T 3it=-qU v / f Ffd 3-ph SQIM & a1y
5 kHz 31 50 kHz fafedT smgfual R die & 1 Twhaar gadb TRI&T fosar a1 § SR 39
TR &1 Yedich- fohdT 7T § | TMS320F28335 BT SUANT 3HIU--U v / f 0 & Tanied
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B! AN B & T U fefrea R deler & T0 § o T 31 Ufae iR AoR
e & 1Y AHSHTS & TH-Rid BT RR-TT A0 U YHIHId gRI AT 141 6, &b
T3S TAR T ag3MTs TH &1 90 e d& Jardr gl

3{AfRe-daer U-dISTs HISYURM ddb-id &1 ITANT THAR R al-TRd dugsrs
e T Y 313 TH 3139 H a1 ST § S J&7 ©0 ¥ 98aR SHl-a 3@ o g giar
21 gTdifs, ATHSMS & YTSsqUuH 3M3eyc dleedl # &I ¥U I Hifdd 3R] U, AH &
RS &8 H IT-HH & gRAMRT 3R RAfdT-3) I Ap & o7 vatwgais & I fovg U
Td-YHT & HRU $S HH HH & TR A g1 3 I=9-3pH Rt gy T &9
Y =T JHUM (R 3R TS ATe I M) 3R Alex & 3R d9qH H gfg avd 8, 3R
U UHR T T3 TH S13d &1 THUGETT Bl HH $Rd ¢ | SQIM Hccx-diecsl & 364 (DV
/ dt) B &R fEarza &1 ot AfkafiT giforer iR =1 A smgfy SRR & HROT ST
§¢ S 81 T8 Jd ¥U ¥ gHIER SGARH f[Awadl &1 SuTa-sil &f 9grar 8, aad, faggd
B gD 1T eXeT el 311G &1 THIfad HRl 8| ST, AT 3R TH 5 35 TH &
g AT ed UaN! ftheeR Aead &1 SUANT Hiex $YC diees g o dd &l 3-hH
eI B Iufyd 811 & forg faran ST §1 VS| &1 Ued-<heTs I=NfAd 33eyc dieesl| T8
TeR 3YC diees & doit 3 it & ThHu &1 HH FHRab HieR & oiia- & JeTaT g1 59
MY B T, sy dUHsE hles TH & 315 TH S13d & (oY A digsd Tad! theex
fEoTEA P & TP T Ul URATad @1 IS 8, 61 ¢S Mg W TH I, 3% TH B
gfafrareia fasTelt & A7 & YR W fheex HURICH g1 ST § | gTaifdh, URaTiad fhee”
f&omg= faf¥ (ProM) H fiFeer SSaRM @ TUFT A fheeR f&ome fafd (srom) & fibeeR
SSIH B! MUMT & A g | Uxaifad = ¥&1 fheer TH sinusoidal fheer & Ie2T HI
T HAT 8, DV / dt I HH BT 8, 3R SQIM BT Ufafchareiia facie &t A & smyfd off
HRAT | 3R 3T UHR R 3M3cYe YRIST & 1 Hdl ¢ IRaa die & YA WR SFDM
3R PFDM gRT f&SIIg fu 7Y LC fheer & UHTE, $12d H I, SRAY-fife wufieR &1
T, HeR SHTdA TR DV / dt, Tex Taad 31K SQIM & TIR-11T Tleh &1 fa=esuT {3t STt
21 Apposite RITARM 3R YRS TRUTHT 8Ty | TaRT Ueh YRS de-39 H fau g
& Tgt fasRid VS| 50 kHz TR g = T § 3R fafie oteror fRufaat o sftu= qu v / £ o
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T TP SQIM ST o |1 8 | URaIfdd SIAYUTe! ST SUTRT 5 kHz 3T 50 kHz TR &g &
9Tl Si IGBTs T SiC MOSFETs J & fabdt 4t vsi & ot Ueh wrg-raiged LC fihee &l feeirs
TR & foTe fara o waan g

RAeR-TART 3RUC Sheld (RFOC) H LC fheer o farT sQim S1gd fafla sifarfe
fadgall IR U AR 9 qU Ried 8 A1 &1 R-U 3R &l I6-qU FAd! &1 31 I fSormsA
foam T g1 gTal, VSI 3R SQIM & &9 LC flheex &t TafTd, s 99 Ried &1 fafid
S{ToRfET foigsif IR SRR T Al & o flhreer & faHT SQIM & RFOC & fore ga 9 faairga
for U FrEe! o IR 78! 9ad oid | g9, fafir sifuRfe fagsit ok o qU g1=5d &
SRR F1 fa=zeivor U g1 e Hucs! o A1y fosan a1 § SR I8 o4& M1 & &6 9=
SITRRaT gfaeaf gfy e & RO U SRURAT Bl §1 SHIIY, TR {THT- 3T |ichd
fARTHT (AD) faftrf 3 SRR Tarer fagsil & RR &3 & e wxarfad @t 78 € S fam
forelt wfera =ifad g1 & Tfa @l siafy el o1 STeR Fdbrad 8 | gTaiie, I At AD fafirat
SQIM & RFOC ! Ha 01 TRemT 3R fiheer & faH1 SQIM & RFOC & Ugd ¥ fSuzA
foru T U -2 (PI) FrEe! & AT St &) Y 9ead o

LC fiheex & WY SQIM & RFOC & Ugd &l AD fafiral &1 ue= AD fafd & gadk-
e BT IUUNT A T LQR HT SUTNT HRh AD Hiea H @y Afeay o1 gt uHT wR faR
2159 31 AD IRl & et +ft Tfcha faorelt & ToaM & fom 3rTe SMafRy et & 78
R & AT 3aRe-ou gaqH ! & 33eye dieest YT I aifagfd ot 2raf o gemr
T ]| gTdifeh, TT3d & Haa! a1 IR § fIAIE SR ged! &I fHAdhIe & o &3 3=-
I fheex &1 ITANT o 7T § iR affdgfd &1 31 daR &1 718 81 39 S(adl, 37 AD
P! T gAaCR-He a1 ARITT HURTE & fATaT dlecsl & SHTTAT SQIM & RFOC H ZXAATA
fhT U AR & 3rarar Hfafead YR &1 TaadHdr gl g

gTaiites, AD Method Ill 3TR Method IV, 3ifafRRad SR &) sawgedr 721 8, i i
7 A1 AR BT YBTS; UM, TS Mgy sy & forg 3=a-ure fheex | AD fafd ga
Y ¥ SRR Farad fagsil &1 fRR oA & o fibeek & 1Y SQIM & RFOC T 3HiaRe
WeR-FC U & & A e U & Bis-hiRae sal I gerdl g1 AD fafyr v q@ &u
T BI &3 BT U= a1 § 3R IfRR Tamer fagaht o fRR 337 3 g siafe Rez-
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Vinvd , Vinvg

iinva , iinvb, iinvc
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Kdamp
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Gain of the speed P1 controller

Time constant of the speed P1 controller

a and B components of inverter-current in SR frame
a and g components of inverter-voltage in SR frame
d- and g-axis components of inverter-current

d- and g-axis components of inverter-voltage

a, b, and c phase inverter-currents

a, b, and c phase inverter-voltages

Value of damping gain

Critical value of damping gain

Damping factor of LC filter
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