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Abstract

This thesis deals with addressing various challenges associated with induction motor
(IM) drives used for high-power applications like railway traction, industrial fans,
pumps and blowers. Squirrel-cage induction motors are generally used in these
applications because of their rugged and robust structure. Power rating of these
motors varies from few hundreds of kilowatts (/=500 kW) to a couple of megawatts
(~2-3 MW). Voltage rating of these motors varies in the range of 2-5 kV. Insulated gate
bipolar transistor (IGBT) based two-level voltage source inverters (2L-VSI) are most
popularly used to drive these medium-voltage, high-power motors. Rotor-flux oriented
vector control is generally employed to ensure satisfactory dynamic performance of
the drive. Such systems suffer from various challenges. In a 2L-VSI, each IGBT blocks
the complete DC-link voltage in off state. Thus, voltage rating of these devices should
be rated at 4.5 kV or higher. Semiconductor devices with such high-voltage blocking
capabilities exhibit compromised switching characteristics both in terms of switching
speed and switching energy losses. Thus, the switching frequency (fs,) of these
power converters is generally limited to the range of few hundred Hertz (= 500-750
Hz). Limited f, affects both the harmonic and dynamic performance of the drive
under closed-loop control. Synchronous pulse-width modulation (PWM) techniques
are generally employed in order to ensure satisfactory harmonic performance. Here,
the number of switching pulses in the inverter pole-voltages in one fundamental cycle
is kept constant. This is also referred to as the pulse number, P. As the modulation
frequency of the drive, f,,, increases with the speed of the motor, P is sequentially

reduced in order to maintain f, under the prescribed limits.

Synchronous sine-triangle (SST) PWM is popular among the other synchronous
PWM techniques because of simplicity of implementation. For SST PWM scheme,
P can also be defined as the ratio of carrier-frequency, f. and f,, (P = ]f—c) P is
restricted to be only odd-triplen integers, e.g. 21,15,9,3 in case of SST PWM. Thus,
beyond P = 9, the harmonic performance of SST PWM degrades considerably. This
thesis proposes a hybrid synchronous PWM technique which is a combination of
synchronous sine-triangle (SST) PWM and synchronous optimal (SO) PWM for
SCIM drives. For higher values of P (e.g. P = 21,15,9), SST PWM scheme is
employed. At P = 9, the proposed scheme shifts from SST to SO PWM. Odd
non-triplen values, such as P = 7,5 are also incorporated in the proposed PWM
scheme using SO PWM. SO PWM suffers from the drawback of increased burden on

the memory allocation of the digital control platform as optimal switching angles



are required to be stored in a look-up table as a function of modulation index. This
thesis proposes a method to implement the PWM scheme without using any look-up
table.

Another challenge faced by these drives, under closed-loop operation, comes due
to the transition in pulse-pattern applied by the 2L-VSI to the motor as the value
of P changes. Such a transition, if done in an unconstrained manner, can lead to
huge transients in the line current and electromagnetic torque developed. This thesis
proposes a pulse-pattern transition strategy to ensure minimum transient in the line
current. The strategy is based on matching the instantaneous stator-flux trajectory

for the outgoing and incoming pulse patterns.

Further, this thesis proposes a modified railway traction drive based on open-end
winding induction motor (OWIM) drive which consists of two 2L-VSIs feeding power
from both the ends of the stator winding of the IM drive. Railway traction drive
consists of two single-phase active front-end converters (AFEC) where the AC side
is connected to the two secondary windings of a three-winding transformer. Thus,
two isolated DC sources are formed which makes OWIM drive very suitable for this
application. A SST PWM scheme is proposed for this drive which incorporates
even triplen (P = 6,12..) and odd non-triplen integers (P = 5,7..) along with odd
triplen integers (P = 3,9..) as pulse numbers. With the introduction of intermediate
values of pulse numbers, large change in f, is restricted as the value of P changes. A
double-fourier series (DFS) based mathematical framework has been developed to
predict the harmonic profile for the proposed PWM scheme. Further analyses, such
as stator-flux trajectory based analysis, fourier-series based analysis are also done in

order to establish the harmonic performance of the proposed PWM scheme.

Following this, another SST PWM scheme for OWIM drive is proposed in this
thesis where dissimilar carrier signals are used for the two VSIs in the OWIM drive.
Only triplen values (odd and even) of P are considered in the proposed PWM scheme.
The value of P corresponding to the two VSIs, P;, P5, may not remain equal unlike
in the conventional drive. The effective pulse number of the drive, P, is taken to
be the average of P, and P,. When P takes odd-triplen values, P, and P, are kept
equal. However, a phase-shift is introduced between the two carrier signals. On the
other hand, for even triplen values of P, P; and P, take different values. P; is kept
as the odd-triplen number higher than P and P, is kept lower than P. For example,
for P = 6, P, is kept at 9 and P, is kept at 3. Through extensive mathematical

analysis based on double fourier series, simulation and experimental validations, it
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is shown that the proposed PWM scheme exhibits improved harmonic performance

than the conventional scheme.

Another challenge faced by high-power IM drives in terms of control techniques
is the performance of speed-sensorless control algorithms specially in the low-speed
operating region. This thesis considers a multi-induction motor drive system (MMDS)
wherein two or more Y-connected SCIMs are coupled together on the same shaft
driving a common load. The load under consideration has a specific torque-speed
characteristics wherein the torque-demand from the drive increases with increases in
speed, like industrial fans, blowers and pumps. For a MMDS driving such a load,
atleast one of the motor need not produce any torque at low speed. It may just rotate
and maintain its rated flux. It is established in this thesis that a PLL designed used
the stator-current of the zero torque producing motor gives accurate information

about the rotor-speed of the MMDS even at very low speed.

Performance of the proposed PWM techniques and control algorithms has been
validated on simulation using MATLAB/Simulink and then verified experimentally on
lower power laboratory set-up. Relevant simulation and experimental results establish

the improved performance of the propositions over the conventional methods.
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X (Abstract)

Ig ATTEer ITh-Lfec T S Yord EohreT, 3ieiaten 9, U9 R sell 3/ & Tl
SSeRIeT AT (IM) 3T5d & HeTtd faffiest YAl Tordl & FATUTH W hiod &1 37 3qaaai &
TEFaeT-shal S5l HICT T YN IeTehl Holgd IR T3 FITAT & HROT ATk &G
fonam SITelm €1 3e7 Ale & arer Aee1 FHws El fhelldre (500 kW) & A H© AIMEIE (v2-3
MW) ek BIciT 8, STaifeh dlecoT XTeaT 2-5 kV h ST glcT 8 |

SgeICS 1T ATSUIeR ToREeY (IGBT) JTHTRA E-oldel dlec sl HIF $eac (2L-VSI) 5o HETH-
drecot, 3TT-LATFd AN I Tellat o ol T T 3T 39T fhT ST 8 | 3189 & AAITSlelah
ST UG LTeT o TolT ATHTI T : T -Felehd TRUCS daFex el ATATIT ST ¢ | T,
U TEeH e YeAlaial T AT &d &1 2L-VS| H T IGBT 3Hih-Fee & HYUT DC-foieh
dlec ol Pl sclleh T g, SHTAIU 31 3URIOI T dlecol I 4.5 kV IT 30H IS gl
IIRT| ST 3T Alecol-salliehdl &THAT dTel HhsFel 3YHIUN st BRI [FAare
(Feafier aifq 31k Feafier Fat a1fe g1t & ot &) wenfad XY & | IRUTHETEY, 37 9T’
heact &l Eafeiar e (fsw) HTHI: HS 8l & (+500-750 Hz) e HITAT TGl 8
AT fsw, Follos-od fAAT0T & 3T 315 & FTAf TS AT ST HS YgLe i Fwenfad
AT

Heltsoteteh graffaeh Jedled AT il & forw AraAegd: [slea god-fay Alsgaere
(PWM) ceheiiehl ahT 3UATAT Tkl STl &, TSTa# Teh F e[l sk # Soac] & Urel-dlocol &
Eafier gog 6 dear 2R T S §1 38 o TEIAT (P) el SIdT &1 SH-od 315d &
ATSYRIRNST I (fm) HIeT & 1T & |1 Tl &, fsw I TR AT 7 9110 Tt &
foT P Fr spoAer: HeRTSATAT §

I ATST-SIITeT (SST) PWM 39eAT eI o hROT 3T [AhieTd PWM dehelienl H
SR 81 SST PWM & P &l HhRAT shrerd el (fc) 3R fm & 37T (P = fo/fm) & &9 &
AR fhar STAT g | P ehael Taw# fecolet quiient (o1& 21, 15, 9, 3) deh WA EAT & | 37T
P = 9 & §T¢, SST PWM o1 gTHI T TeeTeT 1l ¢ deh TS 81 ST | 5T M H TH gTsfes
ATE PWM dehelier SEdTfad T a8 §, ST SST PWM 3iR s 3iffeead (SO) PWM &7
TATSTT &1 3T P AT (& 21, 15, 9) 9T SST PWM &7 3TATT foraT ST, Ffeh P = 9 W TG
SO PWM # gRafdd g 1T § | 9EaTiad deheileh H P = 7, 5 S fawd IR-Fecala AT vy ofr
MRS fHATIRTE | SO PWM T Teh hiefl Ig § Tob SHA ATSZ IR0 5o o 3TeTER HTTCeHoT
TEafRIaT Tared 1 ofh-314 Coel A TG AT IS &, TTad AAN W AR Tecl &1 39 My
# T ofeh- 319 Colel & SH PWM Tehoiieh ohl o] et b Tafer 8ff sty hr arg |




Fello-ofd TlTelel H Teh 31 Fotlcll cId 3ot Bl & ST P & Serelad & HTY 2L-VS| EaRT
AT Tod-Ueet # IREd 8T ¢ | ITE T8 IR AT ol @ o a1 ST, at oirget e
3R faeg g eiech 7 93 CITSTUCH 3cewT 81 Hehcl & | 38 ATET H Teh VY T0TA T SecATiaed
Y 318 8, St 7T ZIfIve AR Fcll §1 Fg 0TI IMSCINGIT 3R SoAh AT Tod-
Yot o ToIT AcaToT TeeT-TFelard cotredl oh fellel IR MR &

g% TR, 5T AT H 3NTT-U3 a3 S5FereT AeX (OWIM) 3TenRd Teh nfard Yo
FRAT ST YEATIA oA IAT 8, THTH & 2L-VSI TeeT arsf3arah gt faRT & Arey &y efda
eI FI & | ST Tl 7 &l [aTeT-%hat Ufehed the-Us dhedc (AFEC) B &, ToleTehl AC TTSS
Teh AIeT-ATS TS STHIFR T Efaciaes arsfEar A ST gl 8, [ ed el gueh DC AT wred 8
&1 % OWIM 3739 1 SH 37I5rNeT & [eIT 3Uere] AT & |

S 15T o [olT Teh SST PWM Teheileh TETd T T 38 &, Toras &3 fevelsT (P =6, 12...), TAwaT
M-fearaT (P =5, 7...) 3R faws feeaeT (P = 3, 9...) Tt = anfAe fovam arar g1 Aegadt p
AT & 3TN fc H 93 S T UehT ST vl & | TEATTAT PWM dahaileh & Al
faeelvor & saer-gRIX WYt (DFS) 3menRd Mo e fasrfad fovar s g1 @ gy,
FECL-Felehd gotaredl 3 pRIAT-ARIGT e faeersor off fhu are 81

g% gATd, OWIM 3139 & foIT Uk 37T SST PWM deheileh YEATTAA 1 315 &, TTHa &I VSIs
& forT et HFRIX Teater 39T fovw I 8 1 36H dhael feTeled (FH 3R awH) P Al 1
&Y forRT T g1 it VSls & forw P1 3R P2 TATST 18T &1, 3R THTET P &l 3oioh 310 & &9
A ReT foham 71T § | 58 Aottt & IRUR e Tafer Y Jefell H dgcR g1 Toteh e Jred
BIaT &, TS 10Tl faaivor, fserers iR sl T Heanfad femar ar |

3T-UTFT IM Z18d & Teh 31 FoAll TNS-HEAT TAIA0T cTehatlent & et 1y &7 &
UeeTeT ¥ T &1 3T N H Teh Hel-53F2U Al 3159 [@TeH (MMDS) WX faar farar
AT 8, FSTHA 2 A7 HTAF Y-Sheterds AT Teh €1 AFE WSS 8l 8 | WA S H, FA T
FH T HH Teh AL Pl Tleh 3cTooT el sl ATl Ael 8ldT| ST MT H Ig 2T IR—AT &
o [ TTeh 3cTeT YT ATell AT o T FE T TR PLL, S§ HA T R & AeX
TS T AR AT YeTel AT |

3idd:, JEAIdd PWM deheiiehl 3R TAIF0T TealREH T HeATdel MATLAB/Simulink &
ATETH A TR RN SaRT T I1T 3R TTRAT She-ATFc TIIRITAT AT TR FANMcHb
&9 Q JATTO foham 71T | RAegereret AR T2Tcash aRUTAT & Ig Tase gielm & foh wediad
faferaT aRa e cient &l ettt 7 S5 TeLeT Falel e ¢ |
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Chapter 1

Introduction

1.1 Three-Phase Induction Motor Drives

Three-phase induction motors (3P-IM) are extremely popular for high power appli-
cations like industrial fans, pumps, blowers and railway traction propeller. Such
motors can be primarily classified into two categories, namely squirrel caged rotor
induction motors (SCIM) and wound rotor induction motor (WRIM). Out of these
two, WRIM offers more controllability due to the availability of rotor terminals.
However, they suffer from the disadvantage of reduced ruggedness and robustness
primarily due to the presence of slip-rings on rotor terminals. SCIM, on the other
hand, offers very high reliability and robustness due to its simple rotor structure.
Traditionally, these motors were operated by directly connecting them to three-phase
AC power grid which is essentially a constant frequency and voltage power supply.
The torque-speed, (my — wy,) characteristics of SCIM when directly connected to
the grid is shown in Fig.1.1. The figure shows the (mg — w,,) characteristics for two
cases that is when the motor is connected to the grid maintaining the phase-sequence
of the grid (positive sequence, RYB) or in the opposite phase-sequence of the grid
(negative sequence, RBY).

mq

positive sequence (RYB) fixed frequency fixed magnitude supply
negative sequence (RBY) fixed frequency fixed magnitude supply

FI1GURE 1.1: Torque-speed characteristic of a SCIM with constant voltage
constant frequency supply
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However, such operation where the motor is directly connected with the grid

suffers from several disadvantages. They are listed below,

1. The region of operation is restricted to a narrow speed zone below the syn-

chronous speed.

2. Speed regulation, defined as the percentage change in speed from no-load to

full-load, can be high.

3. Such a motor draws excessive reactive power from the grid, resulting in poor

voltage regulation of the grid.

4. Such a grid connected motor has zero degrees of freedom in terms of control of

both speed and torque.

However, with the advent of power electronic technologies, variable voltage and
variable frequency power supplies can easily be created from either a DC source
or a fixed frequency and voltage AC source. Thus, this lead to the possibility of
operating the 3P-IM over a wide range of speed with variable as well as constant
load-torque. 3P-IM when operated with a power electronics based power converter
is termed as 3P-IM drive (3P-IMD). Three-phase voltage source inverter (3P-VSI)
based induction motor drives are extremely popular for high-power industrial and
traction application. Three-phase voltages of variable magnitude and frequency can
be generated using 3P-VSI. Magnitude and frequency of the required voltage from
the 3P-VSI are decided based on the algorithm implemented in order to control
the motor. Generally, the motor currents and motor speed are taken as feedback
in order to implement the control algorithm. Finally, semiconductor devices like
insulated gate bipolar transistors (IGBT) are switched in accordance to a pulse-width
modulation (PWM) technique in order to generate to generate AC voltages from a
fixed DC source in the 3P-VSI. Thus, an induction motor drive broadly has three
units: the motor and power converter (configuration), PWM technique and control
algorithm. This is shown in Fig. 1.2. With a power converter which supplies variable
frequency and voltage to the SCIM, the torque speed characteristic of the motor

changes into a region as shown in Fig.1.3.
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Traditionally, a caged rotor induction motor with a ¥/A connected three-phase

winding on the stator fed with a three-phase two-level VSI (2L-VSI) had become

popular. Rotor-flux oriented vector control (RFO-VC) algorithm was developed to

ensure fast and decoupled control of the motor. Triangular carrier based sine-triangle

PWM or space-vector PWM were the popular modulation techniques. However, in

the last few decades, tremendous developments have taken place in all three units

of induction motor drives. Generally, the control algorithm and PWM techniques

are implemented on digital platforms like DSP/FPGA. New topologies pertaining to

both the power converter and induction motor have come up. New control algorithms

have been developed to ensure fast dynamic control and newer PWM techniques

have come up to enhance the performance of the drive.

With increasing power level, the rated voltage of the motor also increases. This
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is done in order to primarily limit the currents flowing through the machine. Lesser
winding currents lead to lesser losses, specially conduction losses in the motor. Thus,
for the power level in the range of few megawatts (1 — 2) MW, the rated voltage
of the motor goes into the range of few kilovolts (2 — 5)kV. This range is generally

termed as medium voltage range.

With increased voltage rating of the motor, the AC voltage required to be
generated from the 3P-VSI also increases. In a 2L.-VSI, increase in the output AC
voltage leads to increased DC voltage of the same. Further, the power semiconductor
devices block the entire DC voltage under off-state in a 2L.-VSI. Thus, with increasing
voltage level, IGBTs of higher blocking capabilities are required. The commercially
available IGBTs on the high-voltage spectrum are generally rated at 4.5kV. However,
they have limited switching capabilities both in terms of reduced switching speed
and increased switching losses. Further, if the DC bus goes beyond the rating of the

devices, they are required to be connected in series.

Series connected IGBTSs require very precise control in their gate-circuitry during
both turn on and off which requires complex gate driving circuitry. This paved the
way for development of multilevel converters like neutral point clamped (NPC) multi-
level converters where the converter topology is designed in a such a manner which
ensures that each IGBT block only a fraction of the total DC-link voltage. Further,
more advanced topologies like cascaded H-bridge (CHB) converter and modular
multi-level converters (MMC) were developed wherein several modules generating a
fraction of the required AC voltage are connected in series. Thus, multi-level power
converters are slowly becoming a very popular choice for high-power medium voltage

drive.

From the machine side, instead of using a Y-connected machine, the neutral point
of the stator winding can be opened up and both the ends of the stator winding can
be made accessible. Thus, voltage and power can be applied to the stator both the
ends. Thus, the voltage requirement from each end directly becomes half, reducing

the DC voltage requirement. This configuration of IM is also known as open-end
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winding induction motor (OWIM). A schematic representation of an OWIM drive is
shown in Fig.1.4.

1

7] i |3
L N

u

Inverter 1 Inverter 2

FIGURE 1.4: Schematic representation of an OWIM drive

Although RFO-VC is a very popular control technique and is extensively used in
industry, it suffers from several serious challenges. A major challenge in RFO-VC is
dependency on sensors. The motor currents and the speed are required to be sensed
in order to implement RFO-VC. Of these, speed sensors are generally expensive
which increases the overall cost of the drive. Further, information from the speed
sensors are extremely susceptible to noise and disturbances in practical situation.
For some applications, the machine is kept at distance from the power converter
and digital controller. Information from the speed sensor attached to the machine is
transmitted over the distance. Thus, such a practical challenge paves the way to the

development of speed-sensorless control algorithms.

Another challenge of RFO-VC is dependency on machine parameters like rotor
resistance of the machine. This parameter changes as the machine is run for a long
time due to its dependence on temperature. Thus, control algorithms involving
estimation and adaptation of rotor-resistance have been developed. Control algo-
rithms like direct-torque control (DTC) also have reduced dependency on machine

parameters along with faster dynamic response.

PWM techniques are an intrinsic part of an IMD. AC voltage is generated on a
volt-second average basis from the DC voltage using these techniques. However, an
instantaneous error in the desired AC voltage and the voltage output from the VSI
exits. Induction machine primarily being inductive in nature, the instantaneous volt-

second error manifests into switching ripple in currents of the motor. Consequently,
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this leads to ripples in the torque developed by the motor. One way of minimizing
this ripples is to switch the power converters at a higher frequency. However, as
mentioned earlier, semiconductor devices with higher power/voltage ratings have
poor switching characteristics. This limits their switching frequency. Hence, a
high-power, medium voltage 2L.-VSI is inherently switched at much lower frequencies
in comparison to their low-powered counterparts. This has a direct impact on the
harmonic performance of the drive. Thus, specialized modulation methods like
synchronous PWM techniques have been developed to ensure satisfactory harmonic
performance of the drive. Further more advanced techniques like optimal PWM

ensure considerably reduced harmonic distortion in motor currents and torque.

This thesis is primarily about high-power induction motor drives for industrial
and railway traction application and focusses on all the three aspects mentioned
before. Before delving into the discussions related the various PWM and control
algorithms employed for IM, it is important to briefly review the modelling and field
oriented control of the motor. Modelling of SCIM is generally done in a synchronous
(d-q) frame where the d-axis is aligned along the rotor-flux vector of the motor.
Field oriented control of SCIM is done either using a speed sensor or without one.
Modelling of SCIM along with both the control techniques are reviewed in the next

section.

1.2 Review of Modelling and Control of SCIM
1.2.1 Modelling

As mentioned earlier, modelling of SCIM can be done in various reference frames.
First, the equations governing the dynamics of the motor in stator frame of reference
(FOR) (v — 3) are presented. The various vector quantities associated in IM are

listed below.
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FIGURE 1.5: (A) Equivalent circuit of IM and (B) corresponding phasor diagram

75 = Ugq + JUsB stator voltage vector in stator FOR
77" = VUpq + JUrp rotor voltage vector in rotor FOR
Wm = Upsq + JUrsg = 7Tej€ rotor voltage vector in stator FOR
U= 1lsaq + Jlsg stator current vector in stator FOR
Uy = lpa + Jlrg rotor current vector in rotor FOR
- . = e :
Urs = bpsa T Jlrsg = 1 € rotor current vector in stator FOR
%
Vs = Vsa + Jsp stator flux vector in stator FOR
_>

r = Yra + 703 rotor flux vector in rotor FOR
— . R :
Vs = Yrsa + JUrsp = V€' rotor flux vector in stator FOR (1.1)

The equivalent circuit of IM and the corresponding phasor diagrams are shown

in Fig.1.5a and 1.5b respectively.
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The differential equations governing the dynamics of the motor are given by

(1.2).

%
D= R T+ LY

15+

_d}t
dy
77"3 = Rs_}rs =
1 yrs T+ L
— — —
djs:Lsis_'_LmZ.rs
—
wrs = Lr?rs + Lm?r (12)

Here, Rs; and R, are the stator and rotor resistances respectively, L,, is the
magnetising inductance, L;; and L;. are the stator and rotor leakage inductances
respectively. The stator and rotor inductance, Ly and L,., are given by, Ly = L;s+ Ly,

and L, = L + L,,.

Since the rotor is short-circuited in a SCIM, 7T = 7T5 = 0. Further, since
the mutual coupling between the coils continuously varies as the coils rotate. it is
convenient to transform the stator and rotor coils into two orthogonal coils rotating
in reference frame (d — q) rotating at synchronous speed (w.). Transforming (1.2)
into d — g frame, separating the real and imaginary parts and using Vs = 0, the

following equations are obtained
dwsd

Vsg = Rgigq + TR Welsq
Vsqg = Rsisg + % + Wetsq
Vrg = Rpipg + dzd — (We — wy)thpg =0
VUpg = Ryipg + dirg + (We — W )thpg = 0

dt
7vbsd = Lsisd + Lmird

wsq = Lsisq + Lmirq

77de = Lrird + Lmisd

qu - Lrirq + Lmisq (13)
The electromagnetic torque developed by the motor, (my), is given by
2p Ly, , . ok
Mq = — 55— Im[(Vrqg + jUrg) (isa + Jisq)"] (1.4)

32 L,
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Here, I'm refers to the imaginary part of a complex number. If the synchronously

rotating FOR is chosen such that 1,, = 0, the same gets aligned with the rotor-flux
—

vector, 1, of the machine. The synchronous speed, w, becomes equal to the speed of

_>
the rotating vector 9., denoted by w;,,. This results into the following mathematical

relationships,
. L,, .
lrqg = —L—Tlsq
1 L,, 1
Wnr — Wy = — R, - =R, -
wrd Lr wrd
. 1 .
lrd = L_(wrd - Lstd)
d¢rd . Rr .
= —Ryirg = ———(Yra — Linis
o ird I (Vra isd)
. L, ‘
,lvbsd = Lszsd + I (¢Td - Lm@sd)
. L2
7wbsq = Lszsq - L_qu (15)

The term %”l can be defined as the rotor-flux magnetising current and is denoted
by i in this thesis. Similarly, the term % is defined as the rotor time constant and

is denoted by T, in this thesis.

Using the notation of 4,,, and T, and substituting the expression of 154 and 1,
from (1.5) into expression of vy and v, in (1.3) and simplifying the torque expression
in (1.4), the dynamic equations of SCIM in d — ¢ FOR where the d-axis is aligned
with along E)m, are given by [2], [3],

di L? dipy ,
Vsd = Rsisd + ULs_d + T — _Ustersq

dt L, dt
dig L? L?
Vsq = Rslsg + 0L ;tq + L—Timrme + —0LgwWmpisqg where o=1-— Lszr
d.mr . L
i Tr;—t =i, where T, = E:
1 g
Wsl = Wmp — Wr = 7777
: Tr (20
2p Li1 o
=77 tmrls
¢ 32,
2 dw,
— d = mqg — My (1 6)



Chapter 1. Introduction 10

7
. abc /14 N el
Zryb B — . . S +
dal 7 1 7 . Wmr
q sd T mr - g J—pmr
m
Yorr
L ) -4*©T
_ e
. d * * '
-k ) ¥ —>G6
Zmr | st a@_,_(
#Q_' —4 —4 Tpmr
Tmr lsd T v{({

F1cURE 1.6: Control block diagram of RFOC of SCIM with speed sensor

Here, w,y,, is the angular synchronous frequency of ?rs, w, is the electrical rotor
speed, my is the developed electromagnetic torque, m; is the load torque and J
coefficient of mechanical inertia. vyy and vy, are the d-q axes components of stator
voltage, isq and 44, are the d-q components of stator current, ¢,,, is the rotor-flux
magnetising current. p is the number of poles of the IM.

1.2.2 Field Oriented Control with Speed Sensor

Fig.1.6 shows the block diagram of a sensored rotor flux-oriented control (RFOC)
scheme for a squirrel-cage induction motor (SCIM). The primary objective of RFOC
is to achieve independent control of rotor flux and electromagnetic torque by aligning
the synchronously rotating reference frame with the rotor flux vector. The measured
three-phase stator currents, denoted by 4,,, are first transformed into the stationary
af reference frame using the Clarke transformation and subsequently into the rotating
dq reference frame through the Park transformation. The transformation angle pmr
corresponds to the electrical position of the rotor flux and is obtained from the speed-
sensing and flux computation blocks. This transformation enables the decomposition
of stator current into the direct-axis component iy, which controls the rotor flux
magnitude, and the quadrature-axis component i,,, which governs electromagnetic

torque production.

The outer speed control loop compares the reference speed w; with the measured
rotor speed w,, acquired using a shaft-mounted sensor such as an encoder or resolver.

The resulting speed error is processed by a proportional-integral (PI) controller to
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generate the reference torque-producing current i7,. Simultaneously, the reference
flux-producing current 47 . is set according to the desired flux level, typically chosen
to ensure rated flux operation below base speed. The inner current control loops inde-
pendently regulate ¢5q and ¢, using PI controllers. To improve dynamic performance
and ensure effective decoupling between the d and g-axes, feedforward compensation
and cross-coupling terms (v/7, v!7) derived from the machine model are added to the

output of the PI controllers to generate the d and ¢g-axes components of the reference

voltages, vgqg and vs,. quf and Ui{ are given by,

quf = (1 - U)stmrimr + 0 LsWmpisa

di .
U;tc{ = (1 - U)LS = — Ustmrlsq (17)
The reference voltages vsy and v, are transformed back into the stationary

frame via inverse Park and Clarke transformations, yielding the three-phase voltage

*

- Further, these are normalized with respect to Yae o obtain the

references v )

*

+yb» Which further are applied to the voltage-source inverter

modulation indices, m,
(VSI) through a pulse-width modulation (PWM) block, which generates the gating
signals G1—Gg. The inverter supplies the SCIM, thereby closing the inner current

loop through feedback of the measured stator currents.

The rotor flux producing current 4,,, and slip angular frequency wy are computed
using measured variables and motor parameters. The synchronous electrical speed
is obtained as wy,, = w, + wy, and its integration yields the electrical angle p,,,
required for coordinate transformations. Owing to the use of direct speed feedback,
the sensored FOC scheme ensures accurate flux orientation, fast torque response, and
robust operation over a wide speed range, making it suitable for high-performance
SCIM drive applications.

1.2.3 Sensorless Field Oriented Control

Fig.1.7 illustrates the block diagram of a sensorless rotor flux-oriented control (RFOC)
scheme for a squirrel-cage induction motor (SCIM), in which the mechanical speed
sensor is eliminated and the required speed and rotor flux information are obtained

through estimation. Similar to sensored FOC, the fundamental objective is to
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FIGURE 1.7: Control block diagram of RFOC of SCIM without speed sensor

achieve decoupled control of electromagnetic torque and rotor flux by aligning the
synchronously rotating reference frame with the rotor flux vector. The measured
three-phase stator currents i,,, are transformed into the stationary a — g reference
frame and subsequently into the rotating dq reference frame using the estimated
electrical angle p,,,. This transformation yields the direct-axis current 7,4, associated
with rotor flux control, and the quadrature-axis current i,,, responsible for torque
production. The outer speed control loop compares the reference speed w; with the
estimated rotor speed w,. The resulting speed error is processed by a PI controller
to generate the reference torque-producing current ¢ . The reference flux-producing
current ¢ . is set based on the desired operating flux level. The inner current control
loops independently regulate 754 and 45, using PI controllers, producing the reference
voltages vy, and vg,. Feedforward decoupling and compensation terms are included
to mitigate the inherent cross-coupling between the d- and g-axis dynamics of the

induction motor, thereby improving transient response and current tracking accuracy.

A key component of the sensorless FOC scheme is the speed and flux estimation
block. a— 8 components of the stator flux vector, E: is first estimated by integrating
the a —  components of stator-voltage vector. Pure integration leads to several
challenges in practical implementation. Thus, a low pass filter with a very small

cut-off frequency is used. The transfer-function of the same is given by ﬁ a—pf
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components of the rotor flux vector is further estimated using machine model. The

corresponding unit vectors are then calculated as,

wTCM

coS (pmr) = \/2:77b2
+
ro rB

%5

SIN(pmr) = —W
_l_
ro rf3

(1.8)

Further, the synchronous angular frequency, w,,, is calculated from the unit-
vector information. wy is then estimated using is,, ¢, and 7,.. Finally, the rotor

speed is estimated from w,,, and wy.

Integration of w,,, yields the estimated electrical angle p,,., which is fed back
to the coordinate transformation blocks to maintain flux orientation. The reference

voltages vsq and v,, are transformed back into the stationary frame using inverse

*

Park and Clarke transformations, producing the three-phase voltage references vy, .

These voltages are applied to the voltage-source inverter (VSI) through a pulse-
width modulation (PWM) block that generates the gating signals for the power

semiconductor devices.

By eliminating the mechanical speed sensor, sensorless RFOC improves system
reliability, reduces cost, and enhances suitability for harsh operating environments.
However, the overall performance of the drive strongly depends on the accuracy
of the flux and speed estimation, particularly at low speeds and under parameter
variations. Despite these challenges, sensorless RFOC remains a widely adopted
control strategy for SCIM drives in industrial and traction applications due to its

favourable balance between performance, robustness, and cost.

A detailed literature review of various aspects of an IMD is presented next.

1.3 Literature Review

Based on the discussion from the previous sections, the various developments happen-
ing in the three aspects of high-power IMD is shown in Fig. 1.8. This list is a general

one and not exhaustive in any sense. Each aspect of the drive will be discussed in
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Ficure 1.8: Developments in high-power IMD.

details starting from the machine and power converter topology. A detailed literature
review on the various aspects of the IMD is presented next.

1.3.1 Configuration: Motor and Power Converter Topologies
As mentioned earlier, with increasing voltage level, power converter topologies shift
from conventional 2L-VSI to multi-level VSI [4]. Introduced in the 1980s, the
Neutral-Point Clamped (NPC) or diode-clamped topology [5] was the first significant
development in this domain, offering improved performance over traditional two-level
inverters by using multiple voltage levels to approximate a sinusoidal waveform. The
NPC converter uses clamping diodes to divide the DC-link voltage, enabling the
use of lower-rated power devices. This topology laid the groundwork for further

exploration into high-performance inverters for industrial applications.

Subsequent advancements led to the development of other popular multilevel
topologies such as the Flying Capacitor (FC) converter [6] and the Cascaded H-Bridge
(CHB) converter [7]. While FC topology offers redundant switching states and high
reliability, it suffers from complex voltage balancing and increased component count,
especially for higher voltage levels. The CHB topology, in particular, has gained
widespread attention due to its modular structure, ease of scalability, and the ability
to use isolated DC sources, making it well-suited for renewable energy integration
and motor drive systems. However, for application where a single high-voltage DC

source is available, CHB topology fails due to requirement of multiple isolated DC
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source. More recently, the Modular Multilevel Converter (MMC) [8] has become
the preferred choice in high-voltage direct current (HVDC) transmission systems
and other grid-connected applications. MMCs offer superior harmonic performance,
modularity, and fault tolerance, though at the cost of increased control complexity

and communication requirements.

From the perspective of electric machines, open-end winding induction motor
(OWIM) drives are well-known to reduce the line current distortion and z—g stress in
high-power systems. In general, OWIM drives are operated with VSIs having half VA
rating compared to equivalent SCIM drives. Both VSIs may have common [9], [10], [11]
or isolated DC bus [12]. To reduce line current distortions and losses in VSIs,

optimal [13], [14] and discontinuous PWM techniques [15] have been proposed.

Wound-rotor induction machines (WRIM) have become popular because of the
great freedom of control that the machine offers. With both the stator and rotor
windings accessible and connected to individual power converters, both rotor and
stator current can be controlled independently to some extent. Vector control [16]
and Direct Torque Control (DTC) [17] strategies have been applied to WRIMs,
offering precise dynamic responses and decoupled control of flux and torque. For
instance, research has demonstrated the efficacy of DTC in achieving fast torque and
flux control in WRIMSs, enhancing their performance in variable-speed applications.
New field oriented control techniques [18] and DTC techniques [19] based on current
reference frame have also been developed. Further, maximum-torque per ampere
(MTPA) control for WRIM has been reported in [20]. A new series connected topology
for WRIM drive has been presented in [21].

An inverse connected cascaded wound rotor induction machine (ICC-WRIM) is
one of the configurations of WRIM which completely eliminates the need of using
slip-rings. An ICC-WRIM consists of two WRIMs whose rotors are mechanically
coupled to a common shaft, as well as, electrically connected in reverse phase sequence.
Since the rotor terminals are not required to make electrical connection with any

static electrical circuitry, slip-rings or brushes are not required for [CC-WRIM which
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is a huge advantage over conventional WRIM. To make the machine size compact,
both the WRIMs can be designed to be held in one mechanical frame. A model of
cascaded doubly-fed induction machine in an arbitrary reference frame is presented
in [22]. A standalone generator application is presented in [23], wherein the stator of
WRIM 1 is connected to a power converter and the stator of WRIM 2 supplies an

isolated load.

The concept of multiple motors mechanically coupled to a common shaft intro-
duces modularity in the mechanical drive level. Each motor operates at the same
speed and collectively shares the load torque. Such a configuration enhances system-
level modularity by allowing selective motor redundancy, scalability in torque/power
capability, and improved fault resilience. Thus, multi-motor drive systems (MMDS)
are becoming popular for high power industrial applications like industrial pumps,
fans and blowers [24]. Cage-rotor induction motor (IM) drives are generally chosen
for such applications due to their ruggedness and low-maintenance. Each motor in
such an MMDS is driven by its dedicated power converter which can commonly be a
2-level voltage source inverter (2L-VSI). Further, rotor-flux oriented vector control
algorithm is implemented for the individual motor to control the torque produced
by them. Series-connected, multiphase, multi-motor drive with independent vector
control is presented in [25], [26].

1.3.2 Pulse-Width Modulation Techniques

As have been discussed earlier, switching frequency (fs,), for such high-power
converters, is maintained below 500Hz on account of high switching energy losses in
IGBTs [9], [10]. Due to such low switching frequency, harmonic distortion in motor
line-current [27], poor efficiency and degradation in overall performance of drive
becomes prominent. In such cases synchronous PWM techniques are employed in
order to ensure satisfactory harmonic performance. In such modulation methods, the
number of pulses in the inverter pole-voltage in one fundamental cycle is maintained
as an odd-triplen integer. This is termed as pulse number, P which can also be

defined as the ratio of f, and modulating frequency, (f,,).
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Further, Synchronous PWM techniques ensure that half-wave, quarter-wave and

P (1.9)

three-phase symmetry are maintained in the inverter pole-voltages. It is thus clear
that the constraint of low fs,, manifest as operation with low value of P. P is generally
maintained as odd integer. [28], [29]. Low pulse number operation leads to high
distortion in line current. Synchronized sine-triangle (SST) [30], selective harmonic
elimination (SHE), optimal [31], [32], [33] and space vector [29], [34], [35], [36] PWM

techniques are quite popular.

Due to simple and computationally efficient implementation of SST PWM, it
is preferred over optimal and SV PWM schemes. In case of SST PWM;j the gating
pulses are generated by comparing the modulating signals with a triangular carrier.
For a 2L-VSI, f,, becomes equal to the frequency of the carrier signal, f.. Thus, in
case of SST PWM, P can be defined as

Je

P= - (1.10)

However, P for SST PWM is restricted to only odd-triplen integers (e.g. 3,9,15..)

to ensure all waveform symmetries [37] and good line current quality [30]. Further,
the triangular carrier must be synchronized with modulating signals to have common
zero-crossings [30]. Restrictions on P and upper-limit on fy,, introduce sudden jumps
in fy, for SST PWM. Therefore, motor drive often suffers from huge transients
on line-current [38]. Fundamental current extraction based methods have been
proposed in literature for minimization of transients in line-current during pulse
transitions [27]. Further, these techniques impose additional computational burden
on micro-controllers. Multi-carrier sine triangle PWM has been proposed for 21-VSI
fed SCIM drive to reduce the common-mode voltage. However, differential mode

harmonics components increase significantly in magnitude [39], [40]. It may lead to

very poor current quality at low P.

Vector controlled high-power IM drives operated with SST or SO PWM, also suf-

fer from transients during transition in P [36], [35]. At the junction of P changeover,
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pulse-pattern (PP) applied by the 2L-VSI to the IM changes abruptly. An uncon-
strained change in PP may result into transients in line current and electromagnetic

torque (my) [38].

Several pulse transition techniques have been proposed in the literature for
mitigating the transients in motor drive. These techniques involve complex gain based
stator voltage vector compensation for stator flux matching [35], fundamental current
estimation based space vector to synchronous optimal PWM transition [27], sequential
transition of phases for synchronous to selective harmonic elimination PWM [38],
strategy considering sampling delays in space vector PWM [34] and optimal flux
trajectory based pulse transition for synchronous optimal PWM. However, these
techniques require complex offline and online computation [35] [27]. This increases
either the computational burden or the storage capacity of the digital platform to be
used to implement the strategy. Also, sequential transition of phases may lead to
loss of waveform symmetry in the output voltages. Most of the strategies, proposed
in the literature, are based on matching the fundamental output voltage of 2L-VSI.
However, it is interesting to note that as the pulse pattern applied by the 2L-VSI
changes, the magnitude and phase of harmonic voltages applied to the motor also
change significantly. This leads to a transient in the harmonic current which can be
extremely severe. The impact of transition in pulse pattern on the harmonic current
of the motor has not been analysed mathematically in literature.

1.3.3 Speed-Sensorless Motor Control Algorithms

Speed sensorless operation of these drives is preferred in order to improve the
overall reliability and robustness of the system [41]. Performance of sensorless field
oriented control (FOC) of induction motor is highly dependent on the accurate
estimation of stator flux vector, E)S, using the information of applied stator voltage
vector 73, stator-current vector, ?S and machine parameters. Simple integration of
motor back-emf, ?s, may not work due to issues like small DC-offset in measured
currents [42], [43], [44]. Hence, a low-pass filter (LPF) with a small cut-off frequency

(wo = 27 f,) is used to estimate the stator flux as shown below,
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1
(s 4+ wo)
Here,¥(s), and E(s),, where = € (a, ), are the s-domain transfer functions of

V(s)a +7W(s)s = [E(s)a + 7 E(s)s] (1.11)

_>
the two quadrature components of 1, and @ ,. This method works well when the
operating frequency of the motor, fs, is fairly higher than f,. However, at lower
_>
fs, the phase and magnitude error in the estimated 1), due to the LPF becomes

significant and degrades the over-all performance of the sensorless drive.

Several methods have been reported in the literature to improve the performance
of a sensorless IM drive at very low speed [45] [46]. Generally, most of these methods

can be divided into three categories:
1. Utilising anisotropic properties of the machine [47], [48].
2. Observer-based methods [49], [50].

3. Phase-locked loop (PLL) or Frequency-locked loop (FLL) based methods [51]
[52].

For the first category, high-frequency (HF) signals are injected in the motor along
with the fundamental voltage and the motor-speed is estimated by analysing the
response of the motor to these HF signals due to its structural non-idealities like slot
harmonics, rotor-saliency etc [53]. For the second category, popularly implemented
observers are full-order [54], [55] and reduced order adaptive observers [56], model-
reference adaptive schemes [57] [58], sliding-mode observers [59], extended-kalman
filter based observers [60]. However, both the kinds of techniques have their own
disadvantages. On one hand, speed estimation techniques using the machine non-
idealities may lead to unwanted torque ripples and excessive power-loss in the
machine [61] and on the other hand, machine-model based speed observer schemes

are complex and computationally intensive.

Implementation of PLL is extremely popular for grid-connected inverters. How-
ever, variable frequency operation makes PLL based angle estimation methods quite
challenging for motor drives. Moreover, PLL provides information pertaining to the

synchronous frequency of the drive. For synchronous machine based drives, the rotor
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speed is same as the synchronous frequency. However, for induction machine based

drives, the difference of slip speed has to be accounted in to estimate the rotor speed.

Sensorless algorithms for different configurations of induction motor apart from
the popular squirrel cage rotor structure are also explored in the literature. For
example, two such control techniques for double inverter fed slip-ring induction
machines are proposed in [16], [62]. Novel frequency profiles for the stator side and
rotor side converters are proposed in these papers which ensures that both stator
and rotor frequencies do not approach the filter-cutoff frequency even when the
machine operates at lower speed. A model-reference adaptive system observer is
proposed in [63] for stand-alone doubly fed induction generator. Speed estimation
using adaptive full-order observer for dual inverter fed open-end winding induction
motor is reported in [64]. Similarly, an adaptive speed observer for a dual-stator

winding induction generator is presented in [65].

This presents a broad literature survey of high-power induction drives. Based
on this literature survey, a few research gaps have been identified which became

motivation of the research problem. The same is discussed next.

1.4 Research Problem

From the literature review, it is clear that a lot of work has been done in all the
three aspects of a induction-machine based high-power drive. However, there are still
some significant research gaps. Though multi-level converters have gained extreme
interest in the research community, the industry is still reluctant to accept such
power converters for electric drive applications mainly because of issues like reliability.
Thus, the thesis focuses on different configurations of SCIM with 2L-VSI as the
power converter. Further, the focus is also on PWM techniques and the challenges
associated with these PWM techniques under closed-loop control of the drive. The

main research gaps identified in this thesis are enumerated below:

e High-power IMD are invariably operated using rotor-flux oriented vector-control
with synchronous PWM techniques. As mentioned earlier, P is restricted only to

be odd-triplen integer in case of SST PWM and transitions in P has significant
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impact on the performance of the closed-loop control of the drive. Particularly,
the transition from P = 9 to P = 3 is very critical. Sudden unconstrained
change in pulse number of the 2L.-VSI leads to severe transients in the motor
line-currents and torque. and invariably leads to very large transients in the
line-current. The instantaneous values of current can go to as high as three
or four times the rated current. This may activate the over-current protection
of the drive and stop the motor. This is a practical problem faced in many
industrial and traction drives. However, a theoretical study to identify the

cause of these transients is required to be done.

e Further, efforts should be made to incorporate intermediate values of P, such as
P =7 and 5. This will limit the change in f. as opposed to when the transition
directly from P =9 to P = 3 happens. A detailed theoretical and experimental
study is required to establish the performance of the drive operated with SST
PWM with odd non-triplen values of P such as 7&5.

e SST PWM is extremely popular for such applications due to ease of its imple-
mentation. On the other hand, optimal PWM techniques offer much superior
harmonic performance at the cost of increased computational and memory
related burden on the micro-controller. Thus, a combination of both SST PWM
and SO PWM wherein SST PWM is employed for higher values of P and SO
PWM is employed for lower values of P can be developed.

e OWIM drives with two 2L-VSI feeding power from both ends of the stator of
SCIM allows many flexibilities while implementing modulation methods. The
suitability of OWIM drives particularly for railway traction application should
be investigated. New SST modulation schemes can be developed for OWIM

drives.

e OWIM drive consists of two inverters and hence two sets of carrier signals in
case of SST PWM. Optimization of SST PWM schemes for OWM drives based

on creating phase shift between the carrier signals can be explored.

e From the perspective of closed-loop control, sensorless control techniques for
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caged-rotor induction motor drives have been clearly established in the literature.
However, performance of such control algorithms under low-speed operation is
still a challenge. It will be interesting to see if a sensorless control algorithm
can be developed for other topologies of IMD like the MMDS which can give

better performance at low-speed.

1.5 Objectives and Scope of Work

Based on the research gaps identified in the previous section, the broad objectives

and the scope of the work is presented below.

e A detailed theoretical and experimental study regarding the performance of

SCIM drive operated with SST PWM with P =7 and P =5 is done.

e A synchronous optimal hybrid (SOH) PWM scheme consisting of asynchronous
PWM (AST), SST and SO PWM has been developed for a high-power drive.
In this scheme, the drive is started with AST PWM, and then at f,, = 10H z,
the operation changes to SST PWM and finally at f,, = 28Hz, SO PWM
is used. A particularly interesting way of implementing SO-PWM has been
developed which ensures no extra computational and memory related burden

on the DSP.

e A pulse transition strategy for vector-control induction motor drive has been
developed which ensures transition between various pulse patterns in the 2L-VSI

with insignificant transient in the motor current and torque.

e Another method of tackling this problem of transient due to change in P is
by reducing the jump in carrier frequency by introducing intermediate pulse
numbers like even triplen and odd non-triplen. However, voltage waveform
symmetry with these pulse numbers is not maintained for 21-VSI. However, for
another topology like the OWIM drive, such pulse numbers can be implemented
with while maintaining waveform symmetry. Moreover, due to the presence
of two isolated active front end converters, OWIM can be a very suitable

substitute for 2L-VSI fed Y-connected IM drive for railway traction application.
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e Another SST PWM scheme employing triplen values of P for OWIM drive is
developed in order to further improve the harmonic performance of the drive.

Here, dissimilar carrier signals are utilised for the two VSIs in the drive.

e Finally from the control point of view, a sensorless control algorithm has been
developed for MMDS drive for applications which require low torque at low
speed, like fans and pumps. For such loads, atleast one of the motor does
not need to produce torque at low speed. Under no-load condition, the stator
current, stator flux and rotor flux vector of the non-torque producing machine
get aligned with each other. Thus, a PLL based on the stator current will
accurately give the angle and speed of the rotor flux vector. Further, the speed

of the rotor-flux vector becomes equal to the rotor speed under such condition.

1.6 Outline of the Thesis
Abstract

Table of Contents

Chapter 1 presents an introduction of the thesis with a detailed literature review
on all three-aspects of the IMD. Further, research gaps that have been identified will

also be presented and the motivation of the research work will be developed.

Chapter 2 initially discusses the issues regarding the operation of SCIM drive with
conventional SST PWM with odd triplen values of P under closed-loop control.
Further, it presents a detailed theoretical experimental study on the performance of
Y-connected SCIM drive with SST PWM for P =7 and P = 5. Following this, a
synchronous optimal PWM scheme for Y-connected SCIM drive with the a pulse
transition strategy in order to curb the transients in motor currents and torque will
be proposed. Necessary mathematical analysis using the fundamental and harmonic

model of the IM will be presented.

Chapter 3 introduces the suitability of using OWIM drive for railway traction
application. A modified topology based on OWIM machine will be presented for
railway traction application. Further, a SST PWM scheme will be developed for the
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OWIM drive where all triplen and odd non-triplen pulse numbers can be utilised
without affecting the waveform symmetries. A double-fourier series based mathe-
matical framework will be developed in order to predict the harmonic profile of the

motor phase voltages and currents.

Chapter 4 presents another SST PWM scheme for OWIM drive where the two
inverters in the OWIM are operated using dissimilar carrier configurations. The drive
is operated with triplen values of P only. For odd triplen values of P, the individual
pulse numbers of the two VSIs are kept the same but a phase-shift is introduced
between the two triangular carriers. For even triplen values of P, the two inverters
are operated with consecutive odd triplen integers. The harmonic performance of
the drive under the proposed PWM scheme is shown to be improved compared to

the conventional PWM method. .

Chapter 5 will focus on multi-motor drive used industrial applications here the
load torque demand from the drive is low at lower speed. This include loads such
as fans/pumps etc. A speed-sensorless control algorithm for such a drive will be
developed based on a PLL using the stator currents of the non-torque producing
machine. A torque-sharing algorithm for a dual-motor drive system will also be

developed with aim of reducing the copper losses.

Chapter 6 will present the final conclusions of the thesis and highlight the future-

scope of work.

Bibliography and Appendix



Chapter 2

Synchronous PWM Scheme and Pulse
Pattern Transition Strategy: Y-connected
SCIM

2.1 Introduction

High-power induction motors drives are employed for industrial applications, like
fans, blowers and pumps, and also for traction application like in railways. In
India, electric locomotives are driven by multiple two-level VSI fed SCIM drives
connected to a common DC bus. This DC bus voltage is maintained at 2.8 kV by
two interleaved single phase front end conveters (FECs). SCIMs are rated at 2.2kV,
850kW having a rated fundamental frequency of 65Hz [66]. Typically, IGBTS rated
at 4.5kV, 1000A are used in VSIs. Complete schematic of a traction converter is
shown in Fig. 2.1. Switching frequency (fs,) of IGBTSs, used in traction converter, is
restricted below 500Hz to curb switching energy losses [67], [28] [68]. Restrictions on
fsw reduces the number of PWM pulses generated within a fundamental cycle. This is
quantified as pulse number (P), i.e. ratio between fy, and the fundamental frequency
(fm). Operation of motor drive at low P leads to poor line current quality and

unsatisfactory dynamic response of induction motor (IM) drive. Hence, synchronous
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FIGURE 2.2: Variation of carrier frequency with modulating signal frequency
for SST PWM

PWM techniques are used for achieving reasonable line current quality [37], [69], [70].

Synchronous sine-triangle (SST) PWM is a very popular modulation scheme
employed for such applications. Since carrier signal frequency (f.) is the same as the
switching frequency, (fs,) in a two-level VSI, P is also defined as the ratio between,
fe and modulating signal frequency, f,, as given by (1.10). The variation of f, with
fm in case of SST PWM is shown in Fig.2.2. The corresponding values of P in

different range of f,, is also shown in the same figure.

Various conditions of waveform symmetry are required to be maintained in the
inverter pole-voltages during operation under low values of P. For example, half-wave
symmetry is maintained to ensure there are no even-order harmonic and three-phase
symmetry is maintained to ensure there are no triplen order harmonics. Further,
quarter-wave symmetry is also maintained by ensuring that the zero-crossing of the
modulating signal coincides with the zero-crossing of the carrier signal. This restricts

P to be limited only to odd-triplen integers like 21,15,9 and 3 as shown in Fig.2.2.

The objective of this chapter is to analyse the various issues regarding the
operation of two-level VSI fed SCIM drive operated with SST PWM, specially
under closed-loop control and then propose suitable solutions. First, the issue
which arises due to the adverse impact of sudden change in f. as P changes will be
demonstrated through results from simulation of such a drive. It will be established

that such transitions if done in an unconstrained manner leads to severe transients in
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line-current. The severity of these transients become significant particularly for the
transition from P = 9 to P = 3. Following this, a solution to incorporate intermediate
odd non-triplen pulse numbers such as P = 7 and 5 is proposed. However, with
suitable mathematical analysis it will be established that these values of P lead
to very high harmonic distortion in the line-current. The harmonic performance
improves significantly if these pulse numbers are implemented using synchronous
optimal (SO) PWM technique. Thus, a new PWM scheme, namely, synchronous
optimal hybrid (SOH) PWM scheme, which is a combination of SST and SO PWM
techniques, will presented. Implementation of the proposed PWM scheme will be
discussed in details. Moving forth, the issue regarding the transients in line current
due to transition in P will be revisited and a thorough analytical study will be done
for the same. From the findings of the study, a strategy to ensure smooth transition
in pulse-patten will be presented. The developed strategy is generalized in the sense
that the same can be used to ensure smooth transition between any two values of
P within SST PWM, from SST PWM to SO PWM and within different values of
P within SO PWM. Finally, the performance of the proposed SOH PWM scheme
with the proposed pulse-transition strategy under closed-loop control will be verified

through both simulation and experimental results.

2.2 Limitations in Performance of SCIM Drives

Employing SST PWM

As shown in Fig.2.2, SCIM drive operated with conventional SST PWM is started
with a constant value of f. (fixed at 210Hz here). This is referred to as asnychronous
PWM. At f,, = 10Hz, the modulation scheme is changed from asynchronous to
synchronous PWM, with P = 21. In this region of operation, the value of f, increases
with f,,. As f. reaches the maximum value of 500Hz, the value of P is changed to the
next allowable value, that is 15. This happens at about f,, = 24Hz. Further, f. again
reaches 500Hz when f,,, becomes 33Hz. At this point, P is changed to 9. Finally, at
fm = 55Hz, f. becomes 500Hz with P = 9. Thus, the value of P is changed to 3.

It can be observed that, at the value of f,, corresponding to which P changes it
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FIGURE 2.3: m, and normalised V,, during the transition between P = 9 and 3

value, the change in f. becomes equal to 6f,,. The value of f,, at which the transition
from P =9 to P =3 (i.e. f, = 55Hz) occurs, happens to be the highest among the
values of f,, at which other transitions happen (i.e. f,, = 10,24 and 33Hz). Thus,

the change in f. corresponding to the transition from P =9 to P = 3 is maximum.

When the drive is operated with this PWM scheme and under rotor-flux oriented
vector control, it is anticipated that such change in f. or pulse pattern if done in an
unconstrained manner will surely impact the performance of the drive. The impact
is expected to be severe for the transition corresponding to P = 9 and 3. Simulation
results demonstrating the performance of the drive with unconstrained pulse pattern

transition are presented next.

2.2.1 Impact of unconstrained pulse transition on the per-

formance of drive under closed-loop control
As the value of P changes in SST PWM, the pulse pattern (PP) applied by the 2L.-VSI

to the motor changes. Such transition in pulse pattern during the change of P from 9
to 3 is shown in Fig.2.3. The R-phase modulating signal and normalized pole-voltage
of 2L-VSI corresponding to P =9 and P = 3 are shown in this figure. The impact
of unconstrained transition in pulse pattern for a vector controlled traction drive
is demonstrated in this section. A 2.2kV, 850kW, 65Hz drive is operated in vector
control mode over complete range of f,,, having variable f. as shown in Fig.2.2. The
complete set of parameters of the motor is presented in Appendix 1. There are four
instances of pulse-pattern transition over complete range of f,,. Fig.2.4 presents the

performance of the drive as obtained over simulation in Matlab/Simulink. Rotor flux
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FIGURE 2.4: Performance of simulated vector controlled IM drive in terms of
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FIGURE 2.5: (a) Electromagnetic torque and (b) three-phase current through
the complete range of f,,, with SST PWM.

magnetising current (i,,.) and its reference (i7,.); d-axis current (isq) and its reference
(i%4); speed (w;) and its reference (w;); and q-axis current (i) and its reference (i3,
are shown in Fig.2.4a -2.4d, respectively. It is seen that these quantities are tracking
their respective reference values until the IM drive is operated with P = 9. At
t = 8.2s, an unconstrained transition from P =9 to 3 is initiated. It is evident from
these control quantities that the motor drive becomes unstable as P is changed from
9 to 3 and eventually the speed of the drive falls down to zero (Fig.2.4c). The same
is reflected in the electromagnetic torque (my) and three-phase currents (ig,iy,ip)
of the motor as shown in Fig.2.5. Such transients on hardware setup would result
into over current trip. Thus, it is clear that an unconstrained transition from P =9

to P = 3 has to be avoided.
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2.2.2 SST PWM scheme for SCIM drive with intermediate

non-triplen values of P

One possible way of to avoid a direct transition from P =9 to P = 3 is to incorporate
intermediate values of P such as P =7 and 5. However, with SST PWM, for these
non-triplen values of P, three-phase symmetry is lost in the inverter-pole voltages.
This can be remedied by using multi-carrier PWM technique. However, that degrades
the harmonic performance of the drive considerably. Performance of the drive with
the non-triplen values of P is analysed using double-fourier series in this sub section.

Further, the analytical findings are validated through simulations and experiments.
2.2.2.1 Single Carrier V /s Multi-carrier Implementation

A triangular carrier signal is compared with the three-phase modulating signals
(mg, my,mpg)in order to generate the gating pulses in case of SST PWM. Quarter
wave symmetry in the inverter pole voltages is ensured by keeping the positive
zero-crossing of the modulating signals coincident with the positive or negative
zero-crossing of the carrier signal. Since f. is maintained as f. = P x f,,, the angle
pertaining to the carrier signal, 6. is related to the angle pertaining to the modulating

signal 0, as
.= P x0,, where 60,= /27rfcd9 and 0, = /27rfmd9 (2.1)

Thus, it can be inferred from (2.1), if P is maintained as an odd triplen integer,
the zero-crossings of the modulating signals of all the three phases can be ensured
to be coincident with the zero-crossing of the same triangular carrier. However, if
P is made an odd non-triplen integer, the same is not possible. This is illustrated
in Fig.2.6. For example, in case P = 7, the triangular carrier which is coincident
with the the R-phase modulating signal will be lagging the Y-phase modulating by a
phase-angle of 120° leading the B-phase modulating signal by 120° as shown in Fig.
2.6a. The same is shown for P =5 in Fig.2.6b.

Such condition leads to the loss of three-phase symmetry in the inverter pole
voltages and consequently triplen-order harmonics are introduced in the motor line-

current. One possible way to mitigate this is to use three different carrier signals for
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TABLE 2.1: Combination of (m,n) for dominant lower order harmonics

Harmonic Order | P=7 | P=5
k=5 (1,-2) | (1,0)
k=17 (1,0) (1,2)
k=9 (1,2) | (2,-1)

each phase of the modulating signal. Each carrier signal phase shifted with respect
to each other by 120°. In other words, three carrier signals can be used such that
their respective zero-crossings coincides with the zero-crossings of the three-phase
modulating signals. This is shown in Fig. 2.6c for P = 7 and for P =5 in Fig. 2.6d.
Three-phase pole voltages normalized with respect of DC bus voltage, V., for P =7
and 5 for both the cases, that is, with the same carrier and three different carrier
signals are shown in Fig 2.7. Three phase symmetry can be seen missing in Fig. 2.7a
and 2.7b whre the same carrier signal is used whereas the same is maintained in Fig.

2.7c and 2.7d wherein different carrier signals are used.

However, It is imperative to predict the harmonic profile of the inverter pole-
voltages and consequently, the machine line-current for both the cases, namely, with
a common carrier and with phase-shifted carrier for both P = 7 and P = 5. A
mathematical framework based on double-fourier series is utilised in this thesis.

Details about the basics of double-fourier series can be found in Appendix 7.
2.2.2.2 Harmonic analysis using Double-Fourier Expansion

Details of double-fourier expansion can be found in Appendix 7. The expression
for the various harmonic components present in the inverter pole-voltages is given
by (2). It is clear from (2), that a combination of (m,n, P) gives rise to k' order
harmonics in the pole voltages. Here, k = mP + n. Further, the values of (m,n)
only within the range of —3 < m,n < 3 are to be considered. Based on this, the
various combinations of (m,n) which gives rise to 5, 7" and 9" order harmonics in

the inverter pole voltages for P =7 and P =5 is given in table 2.1.

The case pertaining to 9 harmonic (k = 9) is first considered. It is established

in Appendix 7, that all odd order harmonics are present in the inverter pole-voltages.
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However, it will be interesting to examine if they are present in the machine phase-
voltages. The machine phase voltages (vgn,vyn,vpy) is related to the inverter

pole-voltages (vro, Vyo,VBo) as

Uro + Vyo + Upo

URN = VRO — 3 ;
Uro +Vyo + Upo
VyN = VUyo — 3 )
o Vro + Vyo + UBo

UBN = UBO — 3 (24)

The term w is also called as the common mode voltage or voys. Using
(2), for the case of using a common carrier, the expression for vy, corresponding
to k = 9 and P = 7 is given in (2.5). Thus, 9" harmonic component of vy,
becomes zero for P = 7 when a common carrier signal is used for all three phases.
Consequently, from (2.4), it can be said that 9" harmonic present in the inverter
pole-voltages will also be present in the machine phase voltages leading to a 9
harmonic component in the line-current. Thus, it is inferred that as three-phase
symmetry is lost when using the same carrier for odd non-triplen P, triplen harmonics

are introduced in the motor phase-voltage and consequently motor line-current.
Afcos(Iwot + 5) + Afcos(wot — 3 4 5) + Afcos(9w,t + 5 + %)
3

=0
(2.5)

Vem | k=9 —

However, for the case of using different carriers for P =7 and k = 9, voyy is given
by (2.6). It can be inferred that in this case, the 9 harmonic component present in
vgo 18 also present in veys in equal magnitude and phase. Hence, they get cancelled
in the vpy. It is thus inferred that when three-phase symmetry is maintained using
three-different carrier signals u for odd non-triplen P, triplen order harmonics are

absent from the motor line current.
Alcos(Iwot + Z) + Aicos(w,t — 2 + ) + Alcos(w,t + & — )
3

= A?cos(9w,t + g) (2.6)

Now the case of 7" harmonics or k = 7 is considered. When the same carrier

VoM | k=9 =

signal is used for P = 7, 7" harmonic component of voyy is given by (2.7). On the

other hand, 7" harmonic component of vy, when different carrier signals are used,



Chapter 2: Syn. PWM Schemes and PP Transition Strategy: SCIM 36

is given by (2.8). Thus, 7 harmonic gets cancelled due to common mode voltage
when a common carrier is used and it remains in the machine phase-voltage when

different carriers are used.
Aicos(Twot + 5) + Afcos(Twet + 5) + Afcos(Tw,t + 5)

Vom |k:7 =

3
= Alcos(Tw,t + g) (2.7)
Alcos(Tw,t + ) + A2cos(Twet + T — &) + Acos(Twot + 5 — 4)
VoM |k=7 = 3 =0
(2.8)

A similar analysis for 5 harmonic or k = 5 for P = 7 is also done. The expression
for veps for the two cases, that is same carrier and different carrier signals for three-
phases are given by (2.9) and (2.10) respectively. It can be that voys becomes zero
for the case of same different signal but it cancels the same in pole-voltages for the
case of same carrier signal. Thus, it can be concluded that that 5 harmonic will
be present in the machine phase-voltages for when different carrier signals are used

whereas they cancel when a common carrier signal is used.
AT?cos(bwot + F) + A7 cos(5w,t + §) + Ay *cos(Bw,t + )

VoM k=5 = 3
= A ?cos(5w,t + g) (2.9)
Arcos(Swot + §) + Ar*cos(bwot + 5 — 5F) + A *cos(5wot + 5 — )
VoM k=5 = 3 =0
(2.10)

The same analysis can be extended for P =5 for all the three harmonics. Table
2.2 presents the results obtained from this analysis and predicts the order of harmonics
present for P =7 and P = 5 for both when a common and different carriers are used.
This analysis is corroborated with results obtained on simulation and experiments in

the next section.
2.2.2.3 Simulation Results

The conclusions obtained from analysis done using the double fourier series regarding
operation of the Y-connected SCIM using SST PWM with P =7 and P = 5 are
validated by simulating a 850kW, 2.2kV, 65Hz SCIM drive on MATLAB/Simulink
and running it using SST PWM with P = 7 and 5 with constant V/f operation.
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TABLE 2.2
P=7 P=5
Common Carrier | Different carrier | Common carrier | Different Carrier
Absent Present Absent Present
Absent Present Absent Present
Present Absent Present Absent

Further, experiments are performed on a 3.7kW, 415V, 65Hz laboratory prototype
to verify the analytical findings. The parameters of the motor used for simulation

and experiments are mentioned in Appendix 7 (Table 1).

The three phase lines current obtained in simulation for the four cases of P =7
and 5 with common and different carriers are presented in Fig. 2.8. The operating
modulating frequency in the present case is f,, = 50Hz. The cases corresponding
to using same carrier signal for three-phases are shown in Fig. 2.8a and 2.8b for
P =7 and P = 5 respectively. Further, the cases corresponding to using different
carrier signal for three-phases are shown in Fig. 2.8c and 2.8d for P =7 and P =5
respectively. It can be clearly seen from Fig. 2.8a and 2.8b, the shape of the current
waveform for the three phases are quite distinct from each other. This is due to
the fact that three-phase symmetry is lost in the machine phase voltage. However,
upon using three different carrier signals, three-phase symmetry is restored in the
currents as shown in Fig. 2.8c and 2.8a. The harmonic spectrum corresponding to
the R-phase current (ig) corresponding to all four cases is shown in Fig. 2.9. The
harmonic spectrum of ir corresponding to the case of common carrier signal for
P =7 and P = 5 are shown in Fig.2.8a and 2.8b respectively, while the same for
the case of different carrier signals for P =7 and P = 5 are shown in Fig.2.8c and
2.8d respectively. Triplen-order harmonics are present in the line-current in Fig.2.8a
and 2.8b and they are absent in Fig.2.8c and 2.8d. However, the magnitude of other
lower order harmonics like 5" and 7¢" significantly increase for the case of different
carrier signals as can be seen in Fig.2.8c and 2.8d. The THD values corresponding

to 1z are mentioned in the caption of the figure. From the THD values, it can be
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inferred that harmonic performance with three different carriers is worse even though
three-phase symmetry is maintained. This is due to significant increase in other

lower order harmonics.
2.2.2.4 Experimental Results

Both the cases of having the same carrier and three different carrier signals for
the three-phases are implemented experimentally for both P =7 and P = 5. The

modulating and carrier signals for four cases is shown in Fig. 2.10. In case of having
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different carriers for the three-phases shown in Fig. 2.10c and 2.10d, only two phases
have been shown because of the restriction of four channels in the oscilloscope. The
experimentally measured three-phase current corresponding to the simulation results
in Fig. 2.8 is presented in Fig. 2.11. The overall shape of the current waveform as
obtained in simulation and experiment are similar. It is experimentally corroborated
that three phase symmetry is lost when the same carrier signal is used for all the

three-phases for an odd triplen value of P. However, the same is restored when
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three-different carrier signals are utilised. The experimentally FFT of the R-phase
current is presented in Fig. 2.12. The harmonic spectrum obtained experimentally
matches with that of simulation. Thus, all the inferences drawn from the simulation

results hold true for the experimental results also.
2.2.2.5 Inferences from Results

From the mathematical analysis, simulation and experimental results, it can be

inferred that for SCIM drive operated SST PWM with non-triplen values of P, using
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a common carrier signal, leads to the triplen order harmonics in the machine-phase
voltages and current. On the other hand, using three different carrier signals for
three-phases, while triplen order harmonic are cancelled, 5/ and 7" order harmonics
increase significantly in the machine phase-voltage and current. Harmonic distortion

for both the cases are quite high.

Thus, it can be concluded that simple implementation of non-triplen values of P
in SST PWM for Y-connected SCIM is not advisable. However, such values of P
can be implemented with more advanced PWM techniques like selective harmonic
elimination (SHE) or synchronous optimal (SO) PWM technique. Out of these, SO
PWM offers the best harmonic performance. For the range of f,, wherein the value of
P is high, such as P = 21, 15,9, implementation of SO PWM comes computationally
intensive and requires high storage memory in the digital controllers like DSP. SST
PWM in this region offers acceptable harmonic performance along with ease of
implementation. Thus, a hybrid PWM technique, combining SST and synchronous
optimal (SO) PWM, is proposed in the next section.

2.3 Synchronous Optimal Hybrid PWM Scheme

In the last section, it has been clearly established that implementation of odd non-
triplen value of P directly with SST PWM, both a common carrier and different carrier
signals for three-phases is not recommended from the point of view of the harmonic
performance for a Y-connected SCIM drive. However, as established earlier,a direct
transition from P =9 to P = 3 in SST PWM is also not recommended due to the
instability that comes in the closed-loop performance of the drive. Thus, this thesis
proposes a PWM scheme which is a combination of SST and SO PWM for such

drives.

The harmonic performance of SO PWM is found to be superior among the
other synchronized PWM techniques [71], [72]. In this case, the switching in the
pole-voltages of 2L-VSI are done at pre-determined angles, a;, (i = 1,2...q). These
angles are obtained by minimizing the weighted total harmonic distortion (THD) in

voltages (Viyrmp) which is a measure of the line-current THD [1]. Viyryp is given
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FIGURE 2.13: (a) Type A and (b) type B pulse pattern for P =5

VWTHD =

Z];—”;/"Q (2.11)

Here, F, is the magnitude of n'* harmonic voltage and F} is the magnitude of
the fundamental voltage. Two kinds of optimal pulse patterns are possible for any
given P, namely, type A and type B. This is depicted in Fig. 2.13. The expression

of F, for type A and B pulse pattern is given by [1],
N

2Vc
FA = e+ Z )2cos(nay)]

B 2Vdc = (i—1)
FEy = -1+ Z 2cos(na;)] (2.12)

Thus, for a given P, a;s are obtamed by minimizing (2.11) under the constraints

1],
R

2\/01C
s

=M=M"and 0 < oy < .. <ozq<g (2.13)

Here, M is the modulation index and M* is the desired modulation index.

A synchronous optimal hybrid PWM technique which is a combination of asyn-
chronous sine-triangle (AST), SST and SO PWM is proposed in this thesis for
high-power application. SST PWM is utilised when P is high (i.e. P = 21,15,9)
and SO PWM is utilised when P is low (i.e. P =9,7,5). Each PWM technique is

applied over suitable range of f,,. Fig. 2.14 shows the variation of f, as f,, varies.

The realisation and implementation of the PWM technique as the drive is
operated in rotor flux oriented (RFO) vector control mode is discussed in detail in

this section. Correct information pertaining to #,, which is the angle associated with
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FIGURE 2.14: Plot of f, over complete range of f,, for SOH PWM

oD

stator voltage vector (78), is very crucial for proper implementation of both SST
and SO PWM. However, 6, is not directly available when the drive operates under
vector-control mode. Moreover, in case of SO PWM, a4, (1 = 1,2..q) are usually
pre-calculated for discrete values of modulation index (M) and stored a look-up
table in the DSP /micro-controller. This requires additional memory. Since «; are
available corresponding to discrete value of M, the need to extrapolate these angles
arises as M varies smoothly with speed. This leads to under-fluxing or over-fluxing
the machine which impacts its performance.

2.3.1 Realisation of proposed SOH PWM scheme

As indicated in Fig. 2.14, the drive is operated using AST for f,, < 10Hz with a
constant fy, = 210Hz. Beyond 10Hz, a triangular carrier with P = 21,15 and 9 is
utilised sequentially to implement SST PWM. At higher values of P, SST PWM
exhibits satisfactory harmonic performance. However, its performance deteriorates
at lower values of P. Further, in case of SST PWM, the next allowed value of P after
P =9 is P = 3, which becomes substantially small. Thus, in order to incorporate
intermediate values, such as P = 7,5, a transition is made from SST to SO PWM

with P =9 at f,, = 28Hz.

Theoretically estimated Viyryp for both type A and B pulse patterns for P = 5,7
and 9 over the complete range of modulation index is shown in Fig. 2.15a-2.15¢
respectively. It is evident from the figures that for each value of P, type A offers

better harmonic performance over certain range of M, while type B outperforms
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TABLE 2.3: Optimal Vector Sequence

P Vector Sequence
9A |A—-Z4,—-A-Z4,—-A—-B—-Zg—B—-Z5—B
9B | Zy—-A—-Zy,—A—-B—-A—-B—-Zg—B—Zp

TA Ipy—A—Zy—A—-B—-Zg—B—-1p
B A-Zy—A—-B—-A—-B—-Z5—B
5A A—-Zy,—A-B—-Zp—B

in other range. As seen in Fig. 2.15¢, for SO PWM with P = 9, the harmonic
performance of the type B pulse pattern surpasses that of type A at approximately
M = 0.55, which corresponds to f,, = 36 Hz. Consequently, as shown in Fig. 2.14,
the pulse pattern is switched from type A to B at f,,, = 36 Hz for P = 9. Furthermore,
as fs, reaches its maximum value, P is sequentially reduced to the next allowed
values, namely 7 and then 5. Similar to the case of P =9, both Type A and B pulse
patterns have been employed for P = 7 within the modulation ranges where each
offers superior harmonic performance, as illustrated in Fig. 2.14. The change in
pulse pattern due to change in pulse numbers and also transition from type A to B

within a pulse number is highlighted by change of background color in Fig.2.14.
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FIGURE 2.17: Vectors A, Z4, B and Zp in sector I based on «; for (a) P =9A
(b) P=9B (c) P=7A (d) P=7B (¢) P =54
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SST PWM is realised by comparing the sinusoidal modulating signals with
triangular carrier. On the other hand, a space vector based approach is followed
to realise SO PWM. The variation of optimal angles (a;) with M considering the
different P applied over specific region is presented in Fig. 2.16. Further, each pulse
pattern leads to a specific sequence of voltage vectors applied by the 2L-VSI. This
sequence, termed as optimal vector sequence, is given in table 2.3 for a sector. Here,
A and B are the nearest active vectors associated with the sector, while Z4 and Zp
are the respective nearest zero-vectors. For examples, for P = 9A, the optimal vector

sequence in sector 1 is given by 10101 — 27272.

The switching in the pole-voltages of 2L.-VSI can be directly correlated to the
vectors applied by it. Thus, «; can be mapped to the particular values of 6, at which
the vector within the optimal sequence changes. Such a mapping is shown in Fig.
2.17 for pulse pattern P = 9A4,9B,7A, 7B and 5A for sector I. Thus, SO PWM
can be realised by applying the suitable vector from the sequence for the duration
obtained by comparing 6 with the mapped value of «;.

2.3.2 Estimation of 6, and M

It is stated in the last subsection that accurate information pertaining to 6, is crucial
for proper implementation of both SST and SO PWM. Under open-loop operation
of IM drive, 6, is readily available. However, the same is not true for RFO vector
control mode of operation. In this case, vs4 and vy, are directly converted to the
sinusoidal three-phase reference voltages (v;, v, and vy) using p,,, which is the angle

. . —
associated with rotor-flux vector, .

Thus, an indirect way to estimate s using p,,,, vsq and v, is proposed in the
chapter. The relation between these quantities becomes clear from the phasor-
diagram of the IM under RFO vector control mode. It is shown in Fig. 2.18a and Fig.
2.18b, for both motoring and generating modes, respectively. The angular difference

between 6, and p,,, is termed as v as shown below

v =05 — pmr (2.14)
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FIGURE 2.18: Phasor Diagram consisting of IM in (a) motoring and (b)
generating modes

For RFO indirect vector control drive, p,,,. is computed as shown in (2.15), where

w, and wg are the rotor speed and slip speed, respectively.

t
Prr = / (W + wg)dt (2.15)
0

Further, v is computed on basis of mode of operation as

= g + tcml% (if vsq <0);
51 (2.16)
= tan™" :zsz: (if vsq > 0);

Since the DC component of vyy and vy, is sufficient to generate the information
pertaining to fundamental component of 73, a simple low-pass filter can be designed

to extract that. Thus 6 can be computed once p,,, and v are known.

2.3.3 Implementation of SST PWM

As 6, is accurately obtained, the same can be utilized to generate the triangular
carrier for SST PWM. A saw-tooth signal in time, 0., can be generated from 6, as
given using

PO+ POs+ 7%
HCT:—< +2)—fl00r(—( *3)

2T 27

) (2.17)

Here, floor denotes the nearest lowest integer function. Thus, zero-crossings of
0., and modulating signals are always synchronized. With suitable manipulation,
.. can be converted into a triangular carrier. The block diagram to represent the

implementation of SST PWM is shown in Fig. 2.19.
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2.3.4 Implementation of SO PWM

The optimal switching angles «; are pre-calculated and stored in a look-up-table.
This burdens the micro-controller due to requirement of additional memory. It can
be seen in Fig. 2.16 that the «; vary almost as a linear function of M for a given
value of P. Thus these angles can be expressed as piece-wise linear functions of M.
In this present case, 4 optimal angles corresponding to each P have been defined. For
P =9A and 9B, all these 4 angles vary as linear-function of M. As the pulse pattern
changes from P = 9B to TA, first optimal angle («;) becomes constant at 0° and the
remaining 3 vary as a function of M. This is depicted in Fig. 2.20. Further, as the
pulse pattern changes to P = 5B, ay becomes constants at 0° as well. Thus, the four
optimal angles, expressed in terms of linear equations in (2.18)-(2.21), are used for
generating optimal PWM voltage waveforms corresponding to P = 9A4,9B8,7A, 7B
and HA.

p

S5M + 59.75 if0.43 < M < 0.52

125M —1.75 if 0.52 < M < 0.58

0 if 0.58 < M < 0.64

ay = (2.18)
0 if 0.64 < M < 0.76
0 if 0.76 < M < 0.88

0 it 0.88 < M
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(

—6.66M + 74.83 if0.43 < M < 0.52
21.25M +57  if0.52 < M < 0.58
9.09M +59.93  if 0.58 < M < 0.64
= (2.19)
—333M +7.5  if0.64 < M < 0.76

0 if0.76 < M < 0.88

0 if 0.88 < M
\

8.3333M + 75.08 if0.43 < M < 0.52

77.75 if0.52 < M < 0.58
—12.72M 4 81.54  if0.58 < M < 0.64

g = (2.20)
30M + 53.5 if0.64 < M < 0.76

18.125M + 60.875 if0.76 < M < 0.88

—108.33M + 1124 if0.88 < M

\

~7.5M + 90 if 0.43 < M < 0.52
10M + 80.5 if 0.52 < M < 0.58
8.18M + 81.81 if 0.58 < M < 0.64
ay = (2.21)

—1.25M + 83.75 if 0.64 < M < 0.76
11.87M +90.62 if0.76 < M < 0.88

—191.66M + 198.05 if 0.88 < M

\
The duration of the vectors A, Z4, B and Zp within each sector, remains same

for all the six sectors on account of symmetry. As mentioned earlier, the the dwell
time for each vector is determined by comparing «; and 6. Thus, the dwell time
computed for the vectors in sector 1 will be the same for the corresponding vectors

in the other sectors.

As 6, varies in the other sectors, it can be mapped to sector 1 by obtaining 67**”

using (2.22) wherein S is the number of the sector in which ', is present. Thus, S
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FiGure 2.21: Block diagram to implement SO PWM

can take the value 1,2,3,4,5 and 6. 62"? remains in the range 0°to 60° as  rotates

through 360°.
o =0, — (S —1)60° (2.22)
Thus,in a given sector, the vector to be applied is selected from the optimal
sequence and applied for their dwell time is obtained by comparing the mapped

values of a; with 07"?. Three-phase output voltages are generated on basis of voltage

vector generated by SO PWM.
2.3.5 Performance of the drive with proposed PWM tech-

nique during unconstrained pulse transition

As mentioned earlier, one notable aspect of synchronized PWM technique is the
transition in the pulse pattern (PP) applied by the 2L-VSI as P changes. The

transition in PP is illustrated in Fig. 2.22 by depicting vro normalised with respect
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FIGURE 2.22: m, and normalised V,, during the transition SST P=9 to SO
P=9A

FIGURE 2.23: (a) isq and (b) ig, axis current through the complete range of
fm with proposed SOH PWM.

to Vg and m,. as P changes from SST P =9 to P =94 in SO PWM.

A 2.2kV, 850kW, 65Hz drive is simulated in MATLAB/Simulink in vector
control mode over complete range of f,,, with the proposed SOH PWM scheme. The
performance of the drive is evaluated in terms of the transients observed in d and
g-axis components (isq and iy,) of the stator-current vector, i ,, over the complete
range of f,,. The same is captured and presented in Fig. 2.23. Further, both iy,
and ¢, are captured at particular time instants corresponding to the transition from
P=9toP=9A, P=9Bto P=TA,P=7TAto P=T7B and P=7B to P =5A

and shown in Fig. 2.24.Severe transients (2-3 times of steady state value) can be
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FIGURE 2.25: Experimental result corresponding to three-phase current during
the transition from SST P=9 to SO P=9A [x axis: 10ms/div, y axis: 20A/div]

observed in both 54 and iy, for both the cases despite synchronized PWM generation.
The same is reflected in the three-phase line-currents of the IM drive. This may
activate the over-current protection circuitry and stop the drive. The experimentally
observed transients in the three-phase current as the transition from SST P =9 to
SO P = 9A takes place is shown in Fig. 2.25. The over-current protection of the VSI
is deactivated and this result is captured. Severe transient in three-phase current

can be seen in Fig. 2.25.

Thus, it can be inferred from these results that the transients observed in line-
current during PP transition is not a problem just restricted to SST PWM scheme.
Introduction of intermediate pulse numbers like P =7 and P = 5 ensures that the
operation of the drive does get unstable but significant transients are still observed in
the line-current. Thus more detailed analysis, both from fundamental and harmonic
model perspective of the motor is required to be done to investigate the cause of
this issue. The same is presented in the section following which a generalized PP
transition strategy is proposed in this thesis which ensures such transitions happen

smoothly.

2.4 Pulse Pattern Transition Strategy

An analysis from both the perspective of fundamental and harmonic model of the
motor is done to identify the cause of the transients observed in current due to

transition in pulse-pattern in this section. Based on this analysis, a strategy to ensure
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FIGURE 2.26: Current control loop for traction motor drive.

minimum transient in line currents and electromagnetic torque as the pulse pattern
applied by the 2L-VSI to the motor changes is developed.
2.4.1 Analysis from fundamental model perspective
Block diagram of current control loop in vector controlled IM drive is shown in Fig.
2.26 [73]. Here, the inverter is modelled as a gain (G) with first-order delay. In case
of SST PWM, generally G is taken to be % whereas time-constant 7} is considered
as Mﬁ' The parameters of current controller are designed by considering the worst
possible Tj.

The voltage gain of the inverter deviated from % by a factor of 1.22 when the
inverter operates with SST PWM with P = 3. Therefore, the modulating signals

should be suitably adjusted in magnitude around the f,, where 9 to 3 transition in

P is expected.

Open loop transfer function of current control (G,;) is given by (2.23). Fig. 2.27a
-2.27d present Bode plots of G, at PWM transitions, AST PWM to SST PWM,
P=21toP=15 P=15to P=9 and P =9 to P = 3, respectively.
K;(1+ sT;) G 1

sT; (14 sTy) (Rs + oLg)

The magnitude plot is found to be nearly overlapping for previous and next

Gy = (2.23)

PWM scheme whereas phase plot is observed to have lower value at gain cross-over
frequency. The change in phase value is found to be most prominent in case of
transition from P =9 to P = 3 (see Fig. 2.27d). Thus, the phase margin of the
system changes abruptly with P transition. Since, the phase margin is always positive,
the current control loop stays stable. However, abrupt change in phase margin affects

the dynamic performance of control-loop without making it unstable.
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2.4.2 Harmonic Model Analysis

PWM output voltage of VSI comprises of harmonic components which leads to ripple

in line current. The same, for R-phase is represented in (2.24) as
Vpn = VRN, + DRN;  Gr = iR, + iR; (2.24)
where, vy, U, and v,,, denotes R-phase to neutral voltage, its fundamental and

harmonic component, respectively. Similarly, ¢,, 4,, and 7, are R-phase line-current,

its fundamental and ripple components respectively.

Due to low switching frequency, 9,, consists of 5* and 7** order harmonics and

can be written as
Upn(t) = Y Vsin(mwt + ¢p,) (2.25)

m=>5,7..
At a given f,,, change in P leads to a change in the magnitude and phase of

Urn. The response, i, to these changes in v,,, can be computed using the dynamical

equation (2.26). This is obtained from the harmonic model [30] of IM as
din ~ Opn — Regin
—_— = 2.26
dt Loy (2.26)

Here, R, = Rs; + R, where Ry and R, are per-phase stator and rotor resistances,
respectively of IM and L., = Lis + L;., where L;; and L, are per-phase stator and

rotor leakage inductances , respectively of IM.

In s-domain, (2.26) can be written as

Ta(s) = H(s)Vin(s) where H(s) — m (2.27)

The time domain expression of i,.(t) consists of a transient response and a

steady-state response. It is is given by

—Regqt

ip(t) = Cre Tea + 030 (t) (2.28)

—Regt
Here, time ¢ = 0 is taken as the instant at which P changes its value. Cie Zes is

the transient component of the total response and %fs(t) is the steady state response

of the current. The latter can be estimated using superposition theorem as,

B = > [H(jmw)|[Vimsin(mwt + ¢ + ZH (jmw)) (2.29)
m=>5,7..
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FIicure 2.28: Mismatch in ripple currents pertaining to P = 9 and 3 at
fm =5bHz.

Here, |H (jmw)| and ZH (jmw) are the magnitude and phase of H(s) at s = jmw.

If the constant C in (2.28), can be made zero, the transient in the current can
be made zero. (' is determined by using initial conditions. C; can be made zero, if
time instant (¢ = 0) is chosen such that the following condition is true

ir(t=07) =143t =0") (2.30)

Here, %T(t = (0—) corresponds to the instantaneous value of the steady-state ripple
current due to the pulse pattern before the transition (i.e. for the outgoing P) and
i23(t = 0%) corresponds to the instantaneous value of the steady-state ripple current
due the pulse pattern after the transition (i.e. for the incoming P). Thus, it can
be said, that the transient in the ripple current can be minimized if it is ensured
that the transition in P takes place at an instant when the steady-state value of the

ripple current matches closely for the incoming and outgoing pulse pattern.

Current ripples in R, Y and B-phases (i.e. 4,, i, and iy, respectively) can be

represented in vector form in stationary oo —  reference frame given in (2.31).
%

~ ~ i ~ Y g2m Y gAm

is =1lo+ Jig =1 +1ye’3 +ige’s (2.31)
ﬁ . . i = ﬁ .
where, iy is the ripple current vector and ¢, and iz are components of iy in

stationary a — [ reference frame.
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Fig. 2.28 demonstrates i, and z~5 for P = 9 and P = 3 under steady-state
operation for SST PWM. Peak-peak ripple in i, and Z~5 is found to be nearly 200A
and 300A for P =9 and 3, respectively. It should be noted that instantaneous values
of i, and z~5 may have mismatch for unconstrained transition in P. The same is
illustrated through a double headed arrow in Fig. 2.28. This mismatch leads to
transients in line-current and consequently in iy, 454 and ,,,. Therefore, to minimize

-
the line current transients, ¢, for incoming and outgoing P must also be matched.

Hence, to minimize the transients, both, fundamental and ripple components of

current vector must be matched for present and next P.

2.4.3 Proposed stator-flux trajectory based pulse-transition

strategy

It is well established in the previous subsection that i, for outgoing and incoming P
must be matched. However, estimation of i, requires motor parameters and exact
solution of IM model. For SCIM, i, can be represented in terms of stator flux vector

— —
1, and rotor flux vector (¢, )as

2.32
oL (2.32)

where, L,,, Ls and [, are magnetising, stator and rotor inductances, respectively

and o is the total leakage coefficient.

It should be noted that E is sluggish in nature due to the involvement of
rotor-time constant [73]. So, an instantaneous change in Z—; can be correlated to
instantaneous change in 11 Hence, it is proposed in this thesis that values of zz for
outgoing and incoming P must be matched to ensure minimum transient during P
transition. This can be ensured by enabling the pulse transition at an instant when
the difference between the components of @73 for outgoing and incoming P are below

a specified limit as given in (2.33).
Vst = win)? + (vest — win)? <1 (2.33)

% . .
Here, 15, and 97, are o and S— axis components of ¢; x € {out,in} and [ is

a constant which can be chosen suitably to ensure pulse transition with minimum
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FIGURE 2.29: Normalized 1, trajectories pertaining to (a) SST (b) SO PWM
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transient.

Vg, and 7, can be computed from the stator voltage vector components vg, and

v3s as shown below [73].

t
Vhaos(0) = [ (0505(0) = o) 234
0

vg, and vg can be determined from the machine -phase-voltages which are further

obtained from the inverter pole-voltages for a given P.
2.4.3.1 Required Compensation in SST PWM
%
Fig.2.29 presents the steady state 1 ; trajectories for both the PWM schemes namely,

SST (Fig. 2.29a) and SO PWM (Fig. 2.29b) schemes. It can be seen in Fig. 2.29a,
the trajectory for P = 3 is quite different from rest of pulse patterns. Thus, the
transition from P = 9 to P = 3 in SST PWM leads to most severe transient as
evident in Fig. 2.4. The trajectories for SO PWM in Fig. 2.29b are more-or-less

overlapping each other.

Thus, in order to ensure a smooth transition between P =9 and P = 3, the flux
trajectory pertaining to P = 3 must be brought closer to the other trajectories by
suitably compensation the PP pertaining to P = 3. Two step which are required to

be taken in that direction are listed below,

1. The synchronized carrier pertaining to P = 3 is inverted. That is, the carrier
is generated such that the positive zero-crossing of the carrier coincides with
the negative zero-crossing of the modulating signals.

1
1.227°

2. The modulating signals are adjusted with a gain of
With the above modifications, the flux-trajectory pertaining to P = 3 with
compensation is shown in Fig. 2.29a with the legend P = 3(comp). It can be seen
that the flux trajectory for P = 3 now has several points of intersection with the

remaining trajectories. Thus, compensating the pulse pattern for P = 3 with these

two steps would ensure a smooth transition form P =9 to P = 3.
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2.4.4 Implementation of the proposed strategy
Fig.2.30 represents the block diagram of the implementation of the proposed pulse

transition algorithm. The block diagram is divided into four stages, namely, E:
estimation, comparison, latching and carrier selection. The first stage, involves
simultaneous estimation of o — 3 components of E:, P corresponding to the
PP pertaining to all values of P. Following this, the comparison stage starts. The
variable K indicates the current state of the PP being applied by the 2L-VSI. For
example, K=0 indicates that the PP corresponding to asynchronous PWM is being
applied by the 2L-VSI. Similarly, K=1 implies synchronous PWM with P = 21 and
so on. Based on the present value of K, ?m and g"“t are selected from all the
available estimated ?S. The magnitude of difference vectors is compared with a
constant [ using a comparator. Also, another comparator is used for comparing
fm with specified values, fin,. The output of both the comparators are fed to
D-flipflop to latch the output to a specific value in the latching stage. Output of the
frequency comparator is fed as D input and that of the flux magnitude comparator
is fed as clock. Output Q of the flipflop latches to input D only when the clock
pulse is received else it holds its previous value. In other words, after the frequency
condition is met, the output of the flipflop becomes 1 only at the instant when the
flux condition is met and the then latches to the output 1. The outputs of all such
flip-flops are added to update the value of K. Updation of the value K would result in
the selection of the new incoming pulse-pattern in the selection stage. Thus, change
P happens only when the drive crosses a specified range of f,, and z for incoming
and outgoing P are nearly matching. This ensures a smooth transition between the

various pulse patterns as the IM drive operates in RFO vector control mode.

2.5 Validation of Proposed SOH PWM Technique

and Pulse transition Strategy
The complete block diagram of the proposed SOH PWM scheme along with the

pulse transition strategy is shown in Fig. 5.3. The reference three-phase voltage
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*

signal vy,

is obtained from the vector control algorithm. Following this, the angle
8, and the modulation index M are estimated using vy and vy, and p,,,. The PP

corresponding to SST PWM for all three pulse numbers i.e. P = 21,15 and 3 are

*

ryb*

Simultaneously, the PP corresponding to SO PWM for P =9A4,9B,7A,7B and 5A

constructed by generating the triangular carrier using #, and comparing it with v

are also constructed by comparing «; (which are obtained from M) and 07 using
the optimal vector sequence. Finally, as all the pulse patterns become available, the

suitable one is selected based on the proposed pulse-transition strategy.

The performance of the proposed SOH PWM technique and the effectiveness
of the proposed pulse transition strategy with proposed SOH PWM technique and
conventional SST PWM technique are validated using both simulation in MAT-
LAB/Simulink and experimental results. The parameters of the motor used for
simulation and experiments are mentioned in Appendix 7 (Table 1).

2.5.1 Simulation Results

The performance drive in terms of 754 and 74, as obtained in simulation corresponding
to proposed SOH PWM technique with the proposed pulse transition strategy is
shown in Fig. 2.32. Further, both i,y and i, are captured at particular time instants

corresponding to the transition from P=9to P=9A, P=9Bto P=TA, P=TA
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FIGURE 2.32: Simulation results pertaining to (a) isq and (b) is through the
complete range of f,,, with proposed SOH PWM with proposed pulse transition
strategy

to P=T7B and P =7B to P = 5A and shown in Fig. 2.24. It can be clearly seen
that the transients in both 754 and 4,4, are reduced with respect to the one obtained
without the strategy. The small transient observed in Fig.2.33d can be attributed to
the fact that these transitions do not occur exactly at the instant when the stator
flux trajectories intersect. However, the close proximity of the trajectories at the

instant of transition ensure every limited transient in current.

Further, the effective of the pulse transition strategy with conventional SST
PWM is also established through simulation by operating the drive through the
complete range of f,,. is,q and i for complete operation of the drive are shown in
Fig.2.34. Further, time instants specific to the transition from P =15 to P =9 and
P =9 to P = 3 are shown in Fig.2.35a and Fig.2.35b respectively. Stable operation
of the drive is achieved with the conventional SST PWM using the proposed pulse

transition strategy.

Thus, it is established that with the proposed pulse-pattern transition strategy,
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a high-power Y-connected SCIM drive can be operated smoothly upto P = 3 using
SST PWM. However, the proposed SOH PWM technqiue offers superior harmonic
performance as compared to conventional SST PWM specially at lower values of P
due to the optimal PWM technique.

2.5.2 Experimental Results

The performance of the proposed PWM technique and pulse pattern transition
strategy with closed-loop control is validated experimentally on a laboratory prototype
of a two-level VSI fed Y-connected SCIM drive. The experimental set-up is shown in

Appendix 7 (Fig.2). The detailed machine parameters are also presented in Appendix
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FIGURE 2.38: Experimental results showing i (5A/div), isq (8A/div), nor-
malised V,, and m, with proposed strategy at the instant of transition from (a)
P=9 to 9A (b) P=9A to P=9B (c) P=9B to P=7A (d) P=7A to P=7B and (e)

P=7B to P=5A [x axis: 10ms/div]
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7 (table 1) The method proposed in this thesis to estimate 65 which is the angle
associated with the stator-voltage vector is first validated experimentally. 6, along
with R-phase modulating signal, m, and normalised R-phase pole-voltage as obtained
experimentally is shown in Fig.2.36. The case with P = 9A is considered here. 0,

can be seen to be perfectly synchronized with m, in the figure.

The effectiveness of the implementation of the proposed pulse transition strategy is
established experimentally by observing the continuity in ¢, and 13 as the transition
in P takes place. The same is shown in Fig. 2.37 for the transition from SST P =9
to SST P=3 and SST P=9 to SO P =94 .

Further, the R-phase modulating signal, m, and the normalised inverter pole
voltages V,, are presented along with 7,4 and 4,4, in Fig. 2.38 in order to establish the
effective implementation of the proposed SOH PWM scheme. The transitions from
SSTP=9t0SO P=9A,SO P=9Ato P=9B, P=9Bto P=T7A, P=TA to
P=7B and P="TB to P =5A are shown in Fig. 2.38a-2.38e respectively. Almost
no transient in either i,4 or s, for all the pulse pattern transition under consideration.

This establishes the effectiveness of the proposed pulse transition strategy.

The effectiveness of the proposed pulse transition strategy during deceleration of
the drive as the pulse pattern changes from P =5Ato 7B, P=T7TB to 7TA, P=TA
to P = 9B and from P = 9B to 94 is shown in Fig. 2.39a-2.39d respectively. No
transients can be observed in Fig. 2.39 establishing the effectiveness of the proposed

pulse transition strategy during deceleration.

Overall dynamic performance of vector-controlled IM drive with proposed pulse
transition algorithm on the experimental prototype is shown in Fig. 2.40. A speed
reference is ramped up slowly from zero speed to the rated speed first and the speed
is ramped down from rated to zero. The load-motor is operated under current-control
mode to emulate a speed-dependant friction type of load on the test-motor. The

flux producing component of the current, i,,. is controlled at its rated value as seen

*

in Fig. 2.40a. The measured speed (w,) tracks the ramped reference speed (w) as

shown in Fig. 2.40c. d and g-components of the stator current vector, i;q and i,
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FIGURE 2.39: Experimental results showing isq (4A/div), isq (8A/div), nor-
malised V,, and m, with proposed strategy at the instant of transition from (a)
P=5A to P=7B (b) P=7B to P=7A (c) P=7A to P=9B and (d) P=9B to P=9A

during deceleration. [x axis: 10ms/div]

are found to be tracking their respective reference values as shown in Fig. 2.40b and
2.40d respectively. Proposed pulse transition strategy ensures negligible transients

on these quantities.

Validity of the approximation of the optimal angles «; by a linear function of M
is established by comparing the line current THD 4,4 obtained when the approximate
angles are used with respect to the actual values of «;. The drive is operated in
open-loop control with constant ¥ ratio. The line-current THD is measured for

f
both the cases and the same is presented in Fig. 2.41. It can be seen that the i,
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FI1GURE 2.40: Experimental performance of vector controlled IM drive in terms
of (a) imy [Scale: 5A/div, 5s/div] (b) isq [Scale: 5A/div, 5s/div] (c) speed [Scale:
600RPM/div, 5s/div]and (d) is, [Scale: 8A/div, 5s/div] with proposed strategy

under proposed SOH PWM scheme

in both the cases almost overlap each other over the complete range of f,,. This

establishes that the harmonic performance of the drive is not compromised when

«; are approximated as a linear function of M. In order to establish the superior

harmonic performance of SO PWM with respect to SST PWM, i7rgp corresponding

to SST PWM for the range of modulating frequency, f,, = 28Hz to F},, = 65Hz is
also shown in Fig. 2.41. In case of SST PWM, at f,, = 39Hz, the value of P changes

from 9 to directly 3 as odd non-triplen values of P (such as 7 and 5) cannot be

realised in SST PWM. Thus a steep increase in ;5,4 can be observed in Fig. 2.41.
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FIGURE 2.42: Rise in temperature of motor casing due to SST and SO PWM

Further, it is clear that the value of 44,4 corresponding to SO PWM is much lower
compared to SO PWM.
In order to establish the superiority of SO PWM over SST PWM, it is also

imperative compare the performance of both the PWM techniques in terms of the

losses occurring in the motor. However, it is difficult to directly measure the losses
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happening in the induction motor. An indirect method to compare the losses in the
motor due to the two PWM techniques is to measure the temperature of the stator
casing of the motor. Increased rise in temperature would indicate increased losses in

the motor.

In that direction, the motor is run for a long time (3 hours), at different funda-
mental frequencies with the both the PWM techniques. The fundamental frequency
is increased at an interval of 5H z, starting from 30H z going upto 55H z. The motor
is made to run at a given fundamental frequency for 30 minutes before the frequency
is changed to the next value. The rise in temperature of the motor casing is measured
using a infra-red thermometer. The same is plotted for both SO and SST PWM in
Fig.2.42. Tt can be clearly seen in the figure that the side in temperature due to SST
PWM is more than that due to SO PWM. This clearly indicates that the occurring
in the motor with the VSI operating with SO PWM is lower than when the VSI is
operated with SST PWM. The reduction in the losses in motor due to SO PWM can
be attributed to reduced harmonic distortion which directly impacts copper losses
occurring in the motor. This experiment has been done in a temperature controlled

environment where the ambient temperature is maintained constant at 25°C.

Further, the effectiveness of the proposed pulse-transition strategy with conven-
tional SST PWM scheme is established experimentally in Fig.2.43. 44, 55, m, and
V., are captured experimentally corresponding to the transitions from P = 21 to
p=>51, P=15to P=9and P =9 to P = 3 and presented in Fig.2.43a-2.43c
respectively. All the transitions can be verified to happen smoothly with no transient
in ¢5q and ¢4,. Further, overall dynamic performance of vector-controlled IM drive
with proposed pulse transition algorithm using conventional SST is shown in Fig.
2.44. A speed reference is ramped up slowly from zero speed to the rated speed first.
The load-motor is operated under current-control mode to emulate a speed-dependant
friction type of load on the test-motor. The flux producing component of the current,
imr 18 controlled at its rated value as seen in Fig. 2.44a. The measured speed (w,)

tracks the ramped reference speed (w¥) as shown in Fig. 2.44c. d and g-components
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FIGURE 2.43: Experimental results showing isqy (5A/div) and is (8A/div)

along with normalised V,., and m, with proposed strategy during the transition
from (a) SST P=9 to SST P=3 (b) SST P=9 to SO P=9A [x axis: 10ms/div]

of the stator current vector, i5q and 74, are found to be tracking their respective
reference values as shown in Fig. 2.44b and 2.44d respectively. Proposed pulse

transition strategy ensures negligible transients on these quantities.

2.6 Conclusion
Synchronous sine-triangle (SST) PWM scheme for Y-connected SCIM drive is initially

investigated in this chapter. Particularly, the harmonic performance of the drive
under operation with odd non-triplen values of P, that is P = 7 and P = 5 is studied
using double-fourier series based analysis. Two methods of implementing such values

of P are considered, that is, having a common carriers signal for all the three-phases
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FIGURE 2.44: Experimental performance of vector controlled IM drive in terms
of (a) imy [Scale: 5A/div, 5s/div] (b) isq [Scale: 5A/div, 5s/div] (c) speed [Scale:
600RPM/div, 5s/div]and (d) is, [Scale: 8A/div, 5s/div] with proposed strategy

under SST PWM.

and having phase-shifted carrier signals for the three phases. It is found that with
common carrier, triplen order harmonic appear in machine phase voltage and current
whereas with different carrier signals, the magnitude of 5" and 7*" order harmonics
increase significantly. Both cases, the harmonic distortion in motor-line current
becomes very high. Thus, a combination of SST PWM and synchronous optimal
(SO) PWM has been proposed in this thesis.

Proposed synchronous optimal hybrid (SOH) PWM consists of asynchronous
sine-triangle (AST), synchronous sine-triangle (SST) and synchronous optimal (SO)
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PWM techniques applied over 0 < M < 0.15, 0.15 < M < 0.43 and M > 0.43,
respectively. IM drive is operated under vector-control mode for desired dynamic
performances. Hence, stator voltage vector (U_g) angle 6, is required to be computed
for correct implementation of SST and SO PWMs. A method to estimate 65 by using
the rotor flux (m) angle, p,.,, and d- and - axis components of w7 s presented in
the chapter. Synchronized triangular carriers corresponding to pulse numbers 21, 15
and 9 are generated from 6. Switching angles pertaining to SO PWM are expressed
as a function of M through piece-wise linear equations which are generated from pre-
determined optimized switching angles. Hence, linear equation based implementation

of SO PWM, which does not require storage of optimal switching angles in look-up

tables, is also proposed in this chapter.

Since IM drive suffers from severe transients in line currents during abrupt change
in PWM pulse pattern, a stator-flux matching strategy is proposed for achieving
smooth transition between present and upcoming PWM pulse patterns. The proposed
PP transition strategy is independent of machine parameters and can be generalized
for any PWM scheme. The proposed PWM technique and pulse transition strategy
are thoroughly validated through simulations and experiments on motor drives
rated at 2.2kV, 850kW, 65Hz and 415V, 3.7kW, 65Hz, respectively, operated in

vector-controlled mode.






Chapter 3

Synchronous PWM Scheme: Open-End
Winding Induction Motor

3.1 Introduction

As discussed in the last chapter, limitations in switching frequency (fs,) of power
converters in high-power medium voltage drives arise in order to curb the switching
energy losses. Synchronous PWM techniques are popular for such applications. For
a Y-connected SCIM drive, operation with synchronous sine-triangle (SST) PWM
scheme were presented in the last chapter. It was seen that for SST PWM, at
higher speeds, transition from pulse number, P =9 to P = 3 had adverse impact on
the performance of the closed-loop control of the drive. Thus, it was suggested to
incorporate intermediate non-triplen pulse numbers, such as P = 7 and 5 to reduce
the change in carrier frequency, f.. However, it was established in the previous
chapter that with SST PWM, the harmonic performance of the drive when operated
with non-triplen values of P deteriorates significantly. Thus, it was proposed to
incorporate synchronous optimal PWM technique while operating with these values

of P. Hence,a synchronous optimal hybrid (SOH) PWM scheme was proposed.

It is, however, also important to point out here that the simplicity of imple-
menting SST PWM scheme makes it a very popular scheme. Thus, the methods
of incorporating non-triplen values of P in SST PWM with acceptable harmonic
performance are investigated in this chapter. It was established in the last chapter
that using multi-carrier SST PWM scheme, triplen order harmonics get cancelled
but the magnitude of 5 and 7" order harmonics increase significantly. If these
harmonics can be somehow eliminated, the harmonic performance of the drive can

improve significantly.

One method to eliminate these harmonics is to use the open-end winding induction

motor (OWIM) configuration. In OWIM drives, two VSIs feed power to the motor

81
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from both the ends of the stator winding. The particular order of harmonics which
are generated in equal magnitude and same phase from the two VSIs at both the
ends, will cancel each other and not appear in he machine phase-voltage. Thus, this
chapter explores the possibility of using an OWIM drive for high-power application
such as railway traction. However, it is established in literature that OWIM drives
need two isolated DC sources to ensure that no common-mode current flows through
the motor windings. In case only one DC source is available, specialized PWM
techniques are required to be implemented to ensure zero common-mode current.
Thus, it is imperative to first investigate if OWIM drive can be a suitable option for

applications such as railway traction.

Once, it is established that OWIM drive can be suitable option for such appli-
cations, a SST PWM scheme is proposed for the OWIM drive incorporating odd
non-triplen and all triplen values of P for OWIM drive is proposed in this chapter.
Double-series based analysis is done to predict the harmonic profile of machine
phase-voltage and current. Further, several other analyses, such as space-vector
based and stator-flux trajectory based analyses are done for the proposed PWM
scheme in this chapter. Finally, the performance of the PWM scheme is validated

both in simulation and experiments.

3.2 Proposed modification in traction drive to in-

corporate OWIM configuration

The existing railway propulsion system with Y-connected SCIM drive is shown in
Fig.3.1a. It consists of the induction motor connected to a two-level three-phase VSI.
The DC-link of the three-phase VSI is maintained at 2.8kV and is formed by two
single-phase front-end converters (FEC) connected in parallel. On the AC side, these
FECs are connected to the two secondary windings of a three-winding transformer.
Thus, in the present configuration two isolated DC sources are connected in parallel to
create the DC-link for the three-phase VSI. Thus, this configuration can be modified
to incorporate an OWIM drive without changing the input transformer and single

-phase FECs. Fig.3.1b shows the OWIM based modified traction drive with the
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FIGURE 3.1: (a) Conventional 2L-VSI fed SCIM and (b) proposed OWIM
based modified drives for railway propulsion system

input transformer and single phase AFECs. Both inverter 1 and inverter 2 are
connected to one AFEC each, which are fed from isolated secondary windings of the
input transformer. Thus, DC bus voltages of the OWIM are kept isolated from each
other to avoid circulating common-mode currents. DC bus voltage of each VSI is
maintained at 1.8kV to ensure controllability of AFECs without over-fluxing the
induction machine. The Reduction in DC link voltage consequently reduces the
voltage requirements for DC bus capacitors and IGBTs by at least 1kV as compared
to standard SCIM drive. Therefore, despite adding one extra inverter, proposed
OWIM drive does not impose a significant additional cost on the propulsion system.

Moreover, in case of failure of one AFEC, the corresponding terminals of OWIM can
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FIGURE 3.2: Plot of f, against f,, for standard SCIM and OWIM based
modified drives

be shorted and the motor can be operated as SCIM at rated torque up to half-rated
speed. It is to be noted that the current carried by the motor-side inverter remains

same as standard SCIM drive.

The resultant phase voltages (vgy, vyy, Vpy) corresponding to the OWIM drive

are given by,

UxXz = Uxo, ~ Vroy — Vosor (3.1)
where vx,, (X € {R,Y, B}) and v, (¢ € {r,y,b}) are the pole voltages of inverter
1 and 2 w.r.t. negative DC bus points o; and o0y, respectively (Fig.3.1b); vx,
(Xz € {Rr,Yy, Bb}) is the machine phase voltage and v,,,, is the voltage between
01 and oy which is computed as

_ (UROI + Vyo, + UBO1) (UTOQ + Uyoy + vb02) (3.2)

Yozor = 3 3
A suitable PWM strategy is developed in the next section to utilise odd non-

triplen and even triplen pulse numbers as well.
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3.3 Proposed Multi-Carrier based Synchronized

Sin-Triangle PWM Strategy for OWIM drive
Standard SCIM drive, operated with SST PWM, involves balanced three-phase

modulating signals and a common carrier. fy, is usually restricted below 350Hz

( max

mar) in traction converters. As stated in section I, P, is maintained at odd triplen

numbers (e.g. 3,9,15...) to retain all waveform symmetries [37]. Therefore, 2L-VSI
fed SCIM drive operates with a set of odd-triplen pulse numbers over complete range
of f,,. The variation of carrier frequency, f. with f,, over the complete range of
operation is shown in Fig.3.2. It should be noted that there are large transitions
in f. at the junction of two different pulse numbers. Since f. and f,, are equal
in a two-level VSI, a change in P leads to a large change in fs,. As mentioned
earlier, these transitions hamper the drive performance. So special provisions must

be included to mitigate this [38], [34].

One method to overcome this problem, is to incorporate intermediate values of P,
such as odd non-triplen (i.e. 5,7,11..) and even triplen integers (i.e. 6,12,18..). For
a conventional SCIM drive, even triplen values of P lead to even harmonics in the
machine phase-voltage and current. On the other hand, non-triplen values of P lead
to loss of three-phase symmetry in the inverter pole-voltages and consequently leads
to triplen-order harmonics in current. Another, way to incorporate these values of P
is to use multi-carrier PWM technique. However, at lower values of P, multi-carrier
PWM results in high magnitude of 5* and 7** order harmonics in the line current,
thereby deteriorating the harmonic performance significantly. This was established
in the last chapter analytically and through simulations and experiments. Thus,
operation of standard SCIM drive is limited only to odd triplen values of P when it
comes to SST PWM.

As it is established in the last section, that OWIM is suitable for railway traction
application from the point of view of topology or configuration of the drive, it is

interesting to investigate if an OWIM based configuration offers more flexibility in
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terms of implementation of PWM technique. For triplen values of P, a common
carrier is used for all three-phases. For, non triplen values of P, three different

carriers are considered for the three-phases.

(3.1) and (3.2) gives the expression of machine phase-voltage of an OWIM drive
in terms of the inverter pole-voltages. These relations hold true for individual order of
harmonics as well. It can seen from (3.1) and (3.2), if a particular order of harmonic
is generated in equal magnitude and same phase from the two VSIs in the OWIM

drive, the same will be eliminated in the machine phase-voltage.

Thus, it is important to predict the harmonic profile of the inverter pole-voltages
for even-triplen and odd-non triplen values of P. This is done using double-fourier

series based mathematical framework in the following sub-section.

3.3.1 Double Fourier Series based Analysis to Predict Har-
monic Profile of the inverter pole-voltages in an OWIM

drive

Details of the double fourier series are presented in Appendix 7. The mathematical
expression for harmonic components generated in the inverter pole-voltages for SST
PWM is given (2). As mentioned in the appendix, a combination of (m, n, P) decides

the order of k' harmonic voltage (v;) in (2). Here, k = mP + n.

The appropriate values of y3 to be used in (2) can be selected from Table 3.1
for inverter I (8 € R,Y,B) and inverter II (8 € r,y,b) for various values of P.
Here, P = 9 (odd-triplen integer), P = 7,5 (odd non-triplen integers) and P = 6
(even-triplen integer) are considered. It should be noted that 74 corresponding to

each phase for inverter I and inverter II are shifted by 7.

Further, ¢ assumes same values for triplen pulse numbers whereas it has a
phase shift of %’T between respective phases for non-triplen pulse numbers. Table 3.2
presents the values of for ¢z for inverter I (8 € R, Y, B) and inverter II (8 € r,y,b)
for P=9,7,6 and 5.

All harmonic components pertaining to |m/|, |n| > 3 are ignored in this analysis
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TABLE 3.1: ~g for Inverter I and II

TR | Ty YB | Vr | Yy o

_ 21 4 s 27
P=910 -5 |-F|7|35|—%
— _2m | _4m T _2m
P=710 3 = | T |3 3
_ 21 47 T 21
P=60 -5 |5 |7|5|%
_ 27 4m s 27
P=510 1 -F|-F |75 |—%

TABLE 3.2: ¢g for Inverter I and 11

Or | Ov | OB | Or | Oy | Dy

_ s s s ™ s ™
P=91 53| % | 2|3 |2
P=7| % | x| _ 5| = | __m| 57
- 2 6 6 | 2 6 6
_ ™ s ™ ™ s K
P=6|3 |3 |3 |32]%2 | %
P=5|® | _n| _5¢x | x| _7m | _b7
2 6 6 | 2 6 6

as their magnitude becomes insignificant (Appendix 7). The simplified expression for
the relevant harmonic component in the R-phase pole voltage for both the inverters
can be written as,

VRo, = Z Z (A”mcos (kwot + mg + (i + 1)n7r)) (3.3)

m=1n=-2

where ¢ = 1 and 2 correspond to inverter 1 and inverter 2 respectively.

Thus, the predicted harmonic components of pole voltages for inverter 1 and 2
are tabulated in Table 3.3 corresponding m = 1 and 2 only. Here, the magnitude
of the ¥g,, and ,,, have been presented. For all combinations of (m,n) for which,
m +n becomes and even integer, the magnitude of corresponding k™ order harmonic

becomes 0 in Table 3.3 (see (3)).

As seen from Table 3.3a, for P = 9, the combination m = 1 and n = —2 generates
v7 (k = 7) in pole-voltages of both inverters, 1 and 2 as determined by (3.3). However,
the magnitude and and phase of v; are same for both inverters (see (3.3)). Thus, vy
gets cancelled out in machine phase voltage. Thus, the combinations of (m,n) for

which m + n is odd and n is even, the corresponding k' order harmonics appear in
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TABLE 3.3: Predicted harmonic profile of pole voltage for various P

(A) P=9, k=9m+n (B) P=T7,k=Tm+n
m ok vk | v | m ok vk | v |
2 7]A77] A7 2|5 A7 A7
1] 8| 0 0 1161] 0 0
10| 9| AY | A 1o 7] A | A
1110 0 0 18] 0 0
2 | 11| A2 | A2 2 19| A3 | A2
2[16] 0 0 2121 0 0
11T | AT AT 113 At A
210 |18] 0O 0 210 |14] 0 0
1]19] Al | —Al 1|15 A | —Al
2 20| 0 0 2 16| 0 0
(c) P=6,k=6m+n (D) P=5k=5m+n
Lm0 | k| vko | v | Lm0 | k| vko | v |
214 A7 A2 213 A7 A2
15| 0 0 1] 4] 0 0
1106 A | A 1105 A | A
1|70 0 1]6] 0 0
2 | 8 | A2 | A2 2 | 7| A2 | A2
2[10] 0 0 2181 0 0
-1 1| AT A 109 | At A
210 12] 0 0 210|10] 0O 0
1|13] Al | —Al 1|11 ] Al | —Al
2 14| 0 0 2 12 0 0

inverter pole-voltages but cancel in the machine phase-voltage. The same analysis
can be extended for other harmonics as well pertaining to P = 9. As highlighted
with blue color in Table 3.3, v17 and v19 are found to harmonics present generated in
opposite phase in the inverter pole-voltages. Thus, they will add up in the machine
phase-voltage and becomes the dominant harmonics in the phase voltage. Similarly,
the analysis is extended for P = 7,6 and 5 as well in Table 3.3. The resultant
dominant harmonics are highlighted with blue color in Table 3.3. For P = 7 and
P =5, the dominant lower order harmonics which appeared in the Y-connected SCIM
with multi-carrier PWM gets cancelled in OWIM. Thus, from the above analysis, it

can be concluded, that the harmonic performance of OWIM drive with multi-carrier
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PWM will for odd non-triplen values of P will be considerably improved with SST
PWM. Further, all even order harmonic will also be cancelled in the machine-phase
voltage for even triplen values of P.

3.3.2 Proposed Multi-Carrier SST PWM for OWIM Drive
Based on the above analysis, a multi-carrier SST PWM is proposed for OWIM drive.
Proposed PWM utilizes odd non-triplen (i.e. 5,7,11..) and even triplen pulse numbers
(i.e. 6,12,18..) along with traditional odd triplen (i.e. 3,9,15..) ones. The same is
plotted in Fig.3.2 in blue colored line. It is seen that the transitions in f,, have
reduced significantly compared to 2L-VSI fed SCIM drive due to the availability of

intermediate pulse numbers.

The proposed PWM method uses independent carriers (i.e. C'g,Cy and Cp) for
each modulating signals (i.e mg, my and mp, respectively). Carrier frequency is
maintained according to P and f,,. Further, each carrier is synchronized to have
same zero-crossing as the respective modulating signal. This is achieved by deriving
the carriers from the phase angles, 0, f#y and 6p corresponding to mg, my, and

mp, respectively, as represented in (3.4).
(

2003 0<0c, <73
Cr=12r—0o,);  §<bo,<% 3.9
%(HCR —2m); 37” <Oc, <2m
Here, 0c,, is obtained as éiven in (3.5).
Oc,, = mod(P x Og, 2m) (3.5)

Similarly, Cy and Cg are also generated from 6y and 6p, respectively.

Fig.3.3a-3.3d present the plot of carriers and modulating signals for inverter 1
corresponding to P = 9,7,6 and 5, respectively. It should be observed that Cp,
Cy and Cp overlap with each other for triplen P (i.e. 6 and 9) (see Fig.3.3a and
Fig.3.3c). Same set of carriers are used for inverter 2 as well. However, modulating

signals for inverter 1 and 2 are computed as

mx = —Mg = MSin(wmt - ’7)7 (36)



Chapter 3. Syn PWM Scheme: OWIM 90

() (D)

Fi1GURE 3.3: Three-phase modulating signals and triangular carriers for inverter

1 at (a) f=35Hz, M=0.5384 (P=9) (b) f,,,=45Hz, M=0.6923 (P=7) (c) f,=55Hz,

M=0.8461 (P=6) and (d) f,,=65Hz, M=1 (P=5) pertaining to proposed OWIM
drive.

where, X € {R,Y, B}, z € {r,y,b} and ~ € {0, 2?“, 4?“}; mg,my and mp are the
modulating signals for inverter 1; m,, m, and my, are that for inverter 2 and M is

the desired modulation index.

For open-loop constant V/f drive, M is computed as-

M = minimum(é—m, 1) (3.7)

r

where, f, is the rated fundamental frequency of the motor.

DC bus voltage is appropriately designed such that the rated phase voltage is
supplied to motor at M = 1. The proposed PWM scheme is compared with other
popular PWM schemes for OWIM drive on various factors in Table 3.4. Here, V. is
the required DC voltage for a 2L-VSI fed SCIM drive operated with SST PWM and
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TABLE 3.4: Comparison of various PWM schemes for OWIM drive

| Factor for comparison | [10] \ [12] \ [13] | Present Work |
DC Supply 1 1 1 2
Ve, 0.5V, Vie 0.5V}, 0.5V,
Ve, 0.5V 0.289V, 0.5V}, 0.5V
PWM technique Space-vector | Dodecagonal SV | Offline Optimal | Sine-Triangle
Non-triplen P NO NO YES YES
fsw of VSI 1 fow =1kHz fow < T20Hz fow < 400H z fsw < 350H z
fsw of VSI 2 fow =1kHz | fo, <1440Hz fow <400Hz | foo < 350Hz
us \7 11
Vs V2
A
"?i) » U 11T Vi3 I Vi—Vs
g Vis (vdc)
g
~
Ug
1 Vi Vi — Vi
ué ulz V4 (O5Vdc)
N \/
~ / /
*E - U7 uy IV v, Vis Vis — Vig
S o VI (0.866Vy.)
S
Vs
ug ug A%

FI1GURE 3.4: Voltage vectors corresponding to individual inverters and combined
phase voltages pertaining to OWIM drive.

Ve, and V., correspond to DC link voltages of VSI 1 and 2 respectively.

Further analyses, using the notion space vectors, fourier series and stator flux

trajectory for the proposed multi-carrier PWM for the OWIM are done in the next

section.

3.4 Further Analysis of Proposed PWM Technique

Space vector, fourier series and stator-flux vector based analyses for the proposed

PWM technique are performed in this section.

3.4.1 Space vector based analysis

Inverter states applied by two-level VSIs are represented as space vectors for proposed

OWIM drive [9], [37]. These are combined vectorially, as shown in (3.8), to determine
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FiGure 3.5: Illustration of voltage vector applied over sector I by individual
inverters and resultant voltage vector corresponding to (a) Fig. 3.3a (b) Fig. 3.3b
(c) Fig. 3.3c and (d) Fig. 3.3d
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the resultant voltage vectors applied on OWIM drive [9], [10]. Fig. 3.4 presents
all the possible voltage vectors applied from the individual inverters and resultant
voltage vectors.
V=T —u); 0<i,j<7and 0<k< 18 (3.8)
Individual and combined voltage vectors applied by proposed PWM technique
over sector I are identified through the three-phase pole voltages. Fig.3.5a-3.5d
illustrate the three-phase modulating signals and carriers of both the inverters for the
proposed PWM corresponding to Fig.3.3a-3.3d, respectively, over sector I. Applied
voltage vectors are identified and marked on the bottom of the same figure. For
clarity, middle of the sector is also marked with a broken vertical line. Vector sequence
pertaining to P=9 (Fig.3.5a) indicates that resultant voltage vector sequence starts
and ends with a zero-vector over sector I. It also shows that only the nearest voltage
vectors are applied to realize the desired voltage vector (see Fig.3.4). Further, voltage
vectors applied at sectors angle a (say, V1) and § — « (say, V2) are dual of each
other (see Fig.3.5) which establishes the condition of symmetry within a sector [37].
Fig.3.5b-3.5d also follow a similar pattern of voltage vectors. However, the vector
sequence starts and ends with an active vector lying at the boundary of the sector
(i.e Vi, Vo, V7 or V). It should be noted that proposed PWM applies some active
vectors which are beyond sector I (e.g. Vo, Via, V4, Vig) for P=7 (Fig.3.5b) without
violating the condition of symmetry. Thus, the proposed PWM technique ensures
symmetry within a sector for all pulse numbers considered in the PWM technique.
3.4.2 Analytical estimation of harmonic spectrum
Magnitude of the dominant harmonics present, in the machine phase voltages, are
analytically calculated in this sub-section through Fourier analysis of the pole voltages
generated by the individual inverters. Positive and negative zero-crossings [33] in the
pole voltage waveform of each inverter is identified from intersection of modulating
signal and corresponding carrier for the proposed PWM. For a particular P, these
zero-crossings will remain same irrespective of f,,,. This is illustrated in Fig.3.6 for

P =9
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FIGURE 3.6: R—}gﬁgse modulating signal, carrier and normalnggd pole voltages
of (a) Inverter 1 and (b) Inverter 2

From the general expression of Fourier expansion [37], the coefficient of k"

harmonic, By, of the inverter pole voltage can be expressed as given in (3.9).

By, Va ([i(—l)”lcos(k‘@?)] - 1) ye {I, 11} (3.9)

" i=1

where [ = 2P — 1 and 6; is the corresponding angle of intersection between
modulating signal and carrier (see Fig. 3.6). 5™, 7" 11" and 13" harmonics
normalized w.r.t V. are plotted in Fig.3.7 for P =9,7,6 and 5. Voltage harmonics
generated with same phase tend to cancel out whereas the harmonics with opposite
phase add up in the resultant phase voltage (see Fig.3.7).
3.4.3 Stator-flux Analysis
Tip of the stator-flux vector (@Z ) has a circular trajectory for a balanced three-phase
sinusoidal voltage. However, the trajectory deviates from the circle when a PWM
voltage is applied to motor. The amount of deviation correlates to the harmonic
distortion in the motor line current [31]. Thus, a good PWM technique would have

a nearly circular trajectory for the tip of the stator flux vector [31].
— T - 27 - 47
Vs = / (vRr + vyye' s + vppe’# ) di (3.10)
0

z is computed as (3.10) for a three-phase system. The trajectory of the tip of 1Z
is obtained by plotting real part of Jz i.e. (Vsq) against its imaginary part i.e. ¥sg.
Fig.3.8a-3.8d present the trajectory plot pertaining to proposed PWM technique
corresponding to Fig.3.3a-3.3d, respectively. Trajectories corresponding to P= 9 and

6 are found to be nearly circular, whereas, those for P =7 and 5 are observed to
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FIGURE 3.7: Magnitude of normalized (a) 13" (b) 11*" (c) 7% and (d) 5%
harmonic over the complete range of frequency

have some deviations within reasonable limits.

3.5 Validation of Proposed PWM Technique

3.5.1 Simulation Results
Performance of the proposed OWIM and standard SCIM drives are compared through

simulation on a 850kW, 2.2kV traction drive system. MATLAB/Simulink based
mathematical model of both drives are developed and operated in open loop constant
V/f mode with fy, as shown in Fig.3.2. DC bus voltage is maintained at 3.6kV for
standard SCIM drive whereas the same is maintained at 1.8kV (both inverters) for
proposed OWIM drive. The parameters of the motor are presented in Appendix 7
(Table 2).

Pole voltages of inverter 1 and 2 (vge,, Uro2) and the resultant machine phase
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FIGURE 3.9: Pole voltages of individual inverters (vgo,, vro,) and resultant
phase voltage (vg,) corresponding to (a) Fig. 3.3a (b) Fig. 3.3b (c) Fig. 3.3c and
(d) Fig. 3.3d
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TABLE 3.5: Ipgp under full load

2L-VSI SCIM | OWIM

fn=35Hz,P =09 32.49% 26.45%
fn=45Hz, P =17 64.% 21.63%
fn=55Hz,P =6 53.06% 20.62%
fn=65Hz,P =5 42.94% 18.64%

voltage (vg,) pertaining to proposed OWIM drive are shown in Fig.3.9a, 3.9b, 3.9¢
and 3.9d corresponding to f,,=35Hz (P =9), f,,=45Hz (P =7), f,=55Hz (P = 6)
and f,,=65Hz (P = 5), respectively. It is observed that all pole voltages, except
Fig.3.9¢ (f,n=5b5Hz, P = 6), possess half-wave and quarter-wave symmetries (HWS
and QWS). However, all phase voltages are found to retain HWS and QWS due to
cancellation of the even harmonics, if any. Harmonic spectra, shown in Fig.3.10a-
3.10d corresponding to Fig.3.9a-3.9d, respectively, confirm the presence of dominant
low-order harmonics in vg,, and v,,,. On the contrary, harmonic spectra of phase
voltage vg, show significant reduction in the magnitude of low-order harmonics. Even

harmonics are found to be cancelled in the phase voltage.

Fig.3.11a-3.11d present three-phase line currents (ig,iy,ig) corresponding to
Fig.3.9a-3.9d, respectively, under full-load conditions. Phase currents are found to
be balanced which reconfirms that resultant phase voltages retain all the waveform
symmetries. Harmonic spectra of i are presented in Fig.3.12a-3.12d corresponding
to Fig.3.11a-3.11d, respectively. Low-order dominant phase current harmonics are
seen to be suppressed significantly. Simulated ig, iy, and ip pertaining to SCIM
drive are shown in Fig.3.14a-3.14d corresponding to f,,=35Hz (P =9), f,,=45Hz
(P =3), fm=>55Hz (P = 3) and f,,=65Hz (P = 3), respectively, at full-load. Peak-
peak current ripple is found to be significantly high compared to proposed OWIM
based drive. Fig.3.15a-3.15d present the harmonic spectra of ig corresponding to
Fig.3.14a-3.14d, respectively. Dominant low order harmonics are observed in the

harmonic spectra corresponding to SCIM drive. The total harmonic distortion in

line current (Irgp), for SCIM and OWIM drives is mentioned in Table 3.5. OWIM
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is found to have lower Irgp compared to SCIM drive at the tabulated operating
conditions. Simulated torque ripple waveform pertaining to OWIM based traction
drive is shown in Fig.3.17a-3.17d. It is observed that peak-to-peak torque ripple is
confined within 3kNm.

A comparison of Iryp over complete range of f,, is presented in Fig.3.18 for
both the drives. A significant jump in Irzp can be observed at f,, = 39Hz for
SCIM drive due to change in pulse number from 9 to 3. Similar observation is made
at f,, = 23Hz due to the change in pulse number from 15 to 9. However, such
jumps, in I7gp, are not observed for the proposed OWIM based drive. SCIM is
found to have Iryp as high as 70% under full-load conditions whereas proposed
OWIM restricts Irgp within 25%. Both the drives are further compared in terms of
total inverter losses on PLECS software consisting of trial license. A 4.5kV Infineon
IGBT (FZ1200R45K L3) and 3.3kV Infineon IGBT (FZ1400R33H E4) are used for
simulation of the SCIM and OWIM based traction drive, respectively. Selection
of the devices are made on basis of DC bus voltage and line-current requirements.
The switching and conduction energy losses in the inverter pertaining to 850kW
IM drive are plotted in Fig.3.19 against f,,. It is observed that despite having
12 IGBT modules in modified drive, it outperforms standard drive significantly
in terms of converter losses. This is attributed to the reduced DC bus level and
line-current harmonics pertaining to the OWIM based traction drive. Thus, OWIM
based modified drive outperforms standard SCIM drive significantly in terms of I7gp
and inverter losses.

3.5.2 Experimental Results

The theoretical and simulation findings are validated experimentally in this section
on a scaled-down laboratory prototype. A 415V, 3.7kW, 50Hz IM is operated in
Y-connected and open winding configuration to realise standard SCIM and proposed
OWIM drives, respectively. The experimental set-up is shown in Appendix 7 (Fig.3).
The detailed machine parameters are also presented in Appendix 7 (table 2). DC bus
voltage of the VSIs are maintained, through three-phase diode-bridge rectifiers fed
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FiGURE 3.19: Comparison of total power converter losses under full-load
condition for 850kW traction system

from isolation transformers, at 600V and 300V (for each VSI) for SCIM and OWIM

drives, respectively.

Both the drives are operated in open-loop constant V/f mode using TI’s
TMS320F28379d DSP evaluation module. fy, is followed to be same as that shown
in Fig.3.2. Since, IM is rated at 50Hz, M is maintained at 1 for 50Hz < f,, < 65Hz.

Experimentally measured vg,,, vr0, and vg, pertaining to proposed OWIM
drive are presented in Fig.3.20a-3.20d corresponding to Fig.3.9a-3.9d, respectively.
As stated earlier, vg, seems to possess all waveform symmetries. Fig.3.21a-3.21d
present the harmonic spectra of vg,,, vy, and vg, corresponding to Fig.3.20a-3.20d,
respectively. Low order dominant harmonics present in vg,, and v,,, are found to be
suppressed effectively in vg,.. Fig.3.21c confirms that even harmonics pertaining to
P = 6 are also cancelled in the resultant phase voltage. The experimentally measured
harmonic spectra in Fig.3.21a-3.21d simulated and analytical findings presented in

the previous sections.

Measured ig, iy and ig, under no-load conditions, are captured in Fig.3.22a-

3.22d corresponding to Fig.3.20a-3.20d, respectively, pertaining to proposed OWIM
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FiGURE 3.27: Comparison of experimentally measured I;;4 under no-load
condition.

drive. These confirm that three-phase line currents are balanced as stated earlier.
Measured harmonic spectra of iz, corresponding to Fig.3.22a-3.22d, are presented in
Fig.3.23a-3.23d, respectively. It confirms the findings from simulation that low-order
current harmonics are significantly reduced for all pulse numbers. The phase current
under full-load is shown in Fig.3.24. Fig.3.25a-3.25d present measured ig, iy and
1 pertaining to a standard SCIM drive at no-load corresponding to Fig.3.14a. It is
found that line current is balanced but peak-peak current ripple is significantly higher
compared to proposed OWIM drive. Experimentally measured harmonic spectra of
tr is shown in Fig.3.26a-3.26d corresponding to Fig.3.25a-3.25d, respectively. The
presence of significant low-order harmonics is once again confirmed in the line current
waveform. SCIM and OWIM based drives are further compared in terms of measured
Iryp over complete range of f,,, in Fig. 3.27 at no-load condition. As seen, SCIM
drive results into I;,4 as high as 140% under no-load condition. However, proposed
OWIM drive restricts the same below 75% over complete range of f,,. Thus, proposed

OWIM drive outperforms SCIM drive significantly in terms of measured Iy p.
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3.6 Impact of Orientation of Carrier Signal with
respect to the modulating signal on the har-

monic performance of the drive

In the PWM scheme proposed in the previous sections, it was always ensured that
the zero-crossing of the carrier signal coincides with the zero-crossing of its respective
modulating signal. This is generally ensured in a Y-connected SCIM drive in order
to maintain quarter-wave symmetry in the inverter pole voltages. However, it will be

interesting to investigate is this remains a necessity for OWIM drive.

This section aims to investigate the impact of carrier orientation with respect
to the modulating signals of both the inverters on the line-current harmonics. It
has been established previously that all waveform symmetries are maintained even
when even triplen and odd non-triplen P are incorporated in SST-PWM for OWIM
drive. However, only one possible orientation of the carrier signal with respect to the
modulating signals was considered. The other possible carrier orientations are listed

below.

1. Positive quadrature-phase Carrier: Positive peak of the carrier coinciding with

the positive zero-crossing of the modulating signal (Fig.3.28a).

2. Negatwe quadrature-phase Carrier: Negative peak of the carrier coinciding

with the positive zero-crossing of the modulating signal (Fig.3.28b).

3. In-phase Carrier: Positive zero-crossing of the carrier coinciding with the

positive zero-crossing of the modulating signal (Fig.3.28¢c).

4. Qut-of-phase Carrier: Positive zero-crossing of the carrier coinciding with the

negative zero-crossing of the modulating signal (Fig.3.28d).

Keeping in mind that phase-shift due to a positive quadrature-phase carrier, ¢g
for R-phase modulating signal of inverter 1 is taken to be zero [40], the phase-shift

for other carrier orientations for all three-phases is given in table 3.6.

Further, it is to be noted that the contributions to the phase shift due to various
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TABLE 3.6: ¢p for different carrier configuration

Pos. Quad
Neg. Quad
In-phase

Out-of-phase
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carrier orientations are same for both the inverter 1 and 2. Hence, the impact of
this phase-shift is nullified in the machine phase voltage. Thus all the lower order
dominant harmonics identified for in-phase carrier remain dominant for all other
carrier orientations as well. Thus, it can be concluded from this analysis, that the
orientation of carrier signal with respect to the modulating signals has little impact
on the harmonic content of the voltage if same carrier signal is used for both the
inverters in DI-OWIM drive. On the contrary, carrier orientation plays an important
role for a 2L-VSI fed Y-connected SCIM drive. Thus, DI-OWIM offers an extra
benefit on the flexibility on the choice of carrier orientation.

3.6.1 Validation through Simulations and Experiments

The individual inverter pole voltages (vgo1, Vro2) and machine phase voltage (vg,) as
obtained in simulation is shown in Fig.3.29a-3.29d respectively. The corresponding
machine three-phase line currents are shown in Fog.3.30a-3.30d respectively. It is clear
from Fig.3.30 that wave-shape of three-phase currents have little difference for all the
four carrier-orientation. Thus, it can be argued that the harmonic content in all three
of them would be the same. The same is verified through the harmonic spectrum
shown in Fig.3.31a-3.31d. The harmonic spectrum for phase current remains exactly

the same irrespective of carrier orientation.

Experimentally measured inverter pole voltages and machine phase voltage for
same carriers for the two inverters is shown in Fig.3.32a-3.32d. The corresponding
machine phase currents under no-load are shown in Fig.3.33a-3.33d. The harmonic
spectrum of corresponding current in shown in Fig.3.34a-3.34d. The findings through

simulations are corroborated experimentally.

3.7 Conclusion

An open-end winding induction motor (OWIM) based modified traction drive is
proposed in this chapter. A multiple carrier based synchronized sine-traingle PWM
is proposed to operate OWIM drive at all triplen and odd non-triplen pulse numbers
(i.e. 5,6,7,9,11,12...). Performance of proposed drive is compared with standard

SCIM drive through simulations on a 850kW, 65Hz traction system, in open-loop
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FIGURE 3.29: Individual inverter pole volatges (vgo1, Uro2) and machine phase
voltage (vgy) at fm, = 35Hz for P =9 for (a)Positive quadrature phase (b)Negative
quadrature phase (c)In-phase (d)Out-of-phase carrier signals
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FIGURE 3.33: Experimentally measured three-phase current (ig,iy,ig) cor-
responding to (a)Fig.3.32a (b)Fig.3.32b (c)Fig.3.32¢(d)Fig.3.32d [Scale: 5A/div,
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constant V/f mode. Switching frequency (fs,) for both drives is restricted below
350Hz. Despite similar thermal performances, proposed drive outperforms standard
traction system significantly in terms of phase-current quality. Further, space vector
and fourier-series based analyses are presented to identify the dominant voltage-
harmonic components present in the proposed system. It is seen that the proposed
drive maintains all the waveform symmetries in the three output phase-voltages
at all pulse numbers. Further, the impact of orientation of carrier signal with
respect to the modulating signal on the harmonic performance of the OWIM drive
has been investigated. Simulations and analytical findings are established through

experimental results on a 3.7kW, 50Hz laboratory prototype.



Chapter 4

Dissimilar Carrier based Synchronous
PWM Scheme for Open-End Winding

Induction Motor

4.1 Introduction
It was established in the last chapter that, OWIM drive offers more flexibilities

in the implementation of carrier based SST-PWM as compared to Y-connected
SCIM drive due to the presence of two inverters. All the conditions of symmetry
can be maintained in the machine phase-voltage even if P takes the value of even
triplen integers. Further, multi-carrier based SST PWM has been implemented
when P becomes an odd non-triplen integer in case of OWIM. However, identical
carrier signals are used for corresponding phases of both the VSIs of OWIM drive in

literature.

In the present chapter, a SST-PWM scheme is proposed for OWIM drive which is
operated at only all triplen values of P wherein dissimilar carrier signals are utilised
for the two VSIs. The pulse number corresponding to each VSI, P, and P,, may
not necessarily remain the same. Effective pulse number of the drive is taken to be
the average of P, and Py, denoted by P. The range of modulation index, M, over
which P is maintained as an odd-triplen number, P, and P, are kept equal. Thus,
P, and P, become equal to P. However, a phase-shift is introduced between the
two carrier signals in this case. The phase-shit is decided in order to optimize the
harmonic performance of the drive. Although both P, and P, are equal in this case,

the dissimilarity in the carrier signal is manifested because of the phase-shift.

Further, for the range of M for which P is maintained as an even-triplen number,
P, and P, are kept as consecutive odd triplen integers. For example, in order to

implement P = 6, P, is maintained at 9 while P, is maintained at 3. Thus, for

127
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the proposed PWM scheme, P; and P, are maintained only as odd-triplen integers
whereas P can be both odd and even triplen integers. The mathematical background
for both the cases are developed on the basis of double-fourier series (DFS) based

analysis.

4.2 Proposed SST-PWM Scheme for OWIM Drive

Carrier frequency (f.) is shown plotted against the modulating frequency (f,,) in
Fig.4.1a for a conventional OWIM based high-power drive. Here, the value of f. and
P corresponding to the two inverters remain the same. The maximum allowable value
of f. is maintained at 400Hz. The drive is initially started with asynchronous PWM,
where f, remains fixed at 210Hz. At f,, = 10Hz, the PWM scheme is transitioned
from asynchronous to synchronous with P = 21. Subsequently, as f. reaches 400Hz
with increase in f,,, P is changed to the next allowable value. P is maintained at

18,15,12,9 and 6 through the complete range of f,,.

SST-PWM scheme for OWIM drive proposed in this thesis utilises different
carrier signals for the two inverters in OWIM drive. Similar to P, and Py, fi*!
corresponds to the carrier frequency profile of inverter 1 and f""? corresponds to the
same for inverter 2. f, denotes the average carrier frequency profile. Mathematically,

this can be depicted as
_ P P _ invl nv2
P — L ;— 2 fc = %

Variation of f7!, f2 and f, with f,, is shown in Fig.4.1b. Here, the maximum

(4.1)

value of f, is maintained at 400Hz. With the proposed scheme, f™!' may not
necessarily be equal to f*? due to difference in P; and P,. Table 4.1 shows the
different values which P;, P, and P take over different ranges of f,,. For the different
spans of f,,, where both P, and P, become equal (P being odd triplen), the plot
corresponding to f., £ and fi"™? coincide in Fig.4.1b. For the remaining values
of f,, (P being even triplen), the plot corresponding to f., f"' and f™? do not
coincide in Fig. 4.1b. Fig.4.1b can be correlated to table 4.1.

Double-fourier Series (DFS) based mathematical framework is utilised in this
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TABLE 4.1: Values of Py, P» and P for complete range of f,

Range of f,, P|P|P
0Hz < f,, <10Hz - - -
10Hz< f,, <19Hz | 21 |21 |21
19H2 < f,, <22Hz |21 | 15 | 18
22Hz < f, <26Hz | 15| 15| 15
2Hz< f,<33Hz |15 | 9 | 12
33Hz < f, <44Hz 919
44Hz < f,, < 65H=z

thesis in order to establish the effectiveness of the proposed PWM scheme in terms
of harmonic performance. First, an expression for the phase-voltage of OWIM drive
using DF'S is established and then the impact of phase-shift in both carrier and
modulating signals on the fundamental component of the voltage is analysed in the

subsequent subsections.

4.2.1 Expression of phase-voltage of OWIM using DFS
The results given in Appendix 7 for the pole-voltages of the 2L-VSI (see (1), (2)) can

be extended to obtain an expression for the resultant phase voltages (vg,, vy, Ups)
in an OWIM drive by considering inverter 2. In case of OWIM drive, the machine

phase voltage is related to the pole-voltages of the two inverters as

UXe = VX0, = Vz0, — V020, (4.2)
where X € {R,Y, B}, x € {r,y,b} and v,,,, is the voltage between the negative buses
of the two isolated DC sources, o; and 0y (Fig.3.1b), also referred to as common-mode
voltage. The same is computed as

o (URO1 + vyo, + UBO1) (vTOz + UyO, + UbOZ) (43)

Fozor = 3 3
For OWIM drive, the phase-displacement corresponding to the modulating signals

of inverter 1, that is, yg, 7y and yp are fixed at 0, 2?” and %’r respectively. In order to
obtain a generalised expression, a phase displacement of Ay is assumed between the
modulating signals of the two inverters. Thus,the phase-displacement corresponding

to the modulating signals of inverter 2, 7., v, and -, can be written as at Ay, Ay+ %’r
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FIGURE 4.2: R-phase modulating and carrier signal for both inverter 1 and 2
showing A¢ and A~y

and Ay + %’r. The phase-displacement corresponding to the carrier signal which is
denoted by ¢ is fixed at § for inverter 1. Thus, ¢p = ¢y = ¢p = 7. Assuming a
phase shift of A¢ between the carriers signals of two inverters, the value ¢,, ¢, and

¢y become 7 + Ag. The pictorial depiction of Ay and A¢ are shown in Fig. 4.2.

The impact of the two parameters, Ay and A¢ on the fundamental component

of the machine phase-voltage of an OWIM drive is analysed in the next subsection.

4.2.2 TImpact of phase-shift in modulating signals (Av) and

carrier signals (A¢) on fundamental phase-voltage

The impact of creating phase shift in modulating and carrier signals on the funda-
mental component of the machine phase-voltage (vg,,) is analysed for the OWIM
drive in this subsection. For a given value of P, fundamental component of the
pole-voltage of each VSI, vgo1, and v,.2,, can be obtained by putting m = 0 and
n = 1 and appropriate values of appropriate values for v and ~, in (2). Further,
substituting the expressions for vgo1, and v, in (4.2), the expression for vg,, can

be obtained as,

VR, = Ap[cos(wot) — cos(wot + AY)] (4.4)
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TABLE 4.2: (m,n) giving rise k for various values of P

k=5 | k=7 |k=11 |kE=13 | k=17 | k=19

(17_4> (17_2) (172) )
(17_1) (171) (2’_1) )

Y

2
3,

ol |

| ©

1
1

(
(

The magnitude of the coefficient A} can be obtained substituting the limit m — 0

in (3) as shown below

2Wie J,, Mm
AL = 27 gy (m5") (4.5)
7T m—0 m
Solving the above limit, A} becomes equal to % Thus, substituting this in
(4.4), we get
MV,
Vry = d [cos(wot) — cos(wot + A7) (4.6)

Thus, it is clear from (4.6) that A~y should be maintained at 7 for maximum DC
bus utilization. Further, A¢ does not impact the magnitude of vg,.,. Thus, A¢ can
be chosen based on other objectives. In the present work, A¢ is suitably chosen in
order to minimize the total harmonic distortion in the motor line current for lower

values of P such as P = 9. The same is explained in the next section.

4.3 Harmonic Optimization Using Phase-Shift in
Carrier Signals (A¢) for P =9

k*" order harmonic component present in the inverter pole-voltages is given by
k = 6g + 1 where g can be any natural number, for an OWIM drive. Among
these harmonic voltages, the magnitude of the lower order components, i.e. k =
5,7,11,13,17 and 19, play a significant role in the current and torque ripple of the
motor. The total harmonic distortion (THD) in the line current can directly be
correlated to the weighted THD in the voltage, Viyrgp. Considering the dominant
lower order harmonics, Viyrgp can be defined as

Viwrep = Y ('UL]C’JY (4.7)

k=5,7,11,13,17,19

Here, |vg,, | is the magnitude of the k™ order harmonic component of the machine
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phase-voltage. Taking Ay = 7 and considering a phase shift of A¢ between the
carrier signals, the expression for the & harmonic component of phase voltage, vg,,
is given as

Ve, =Ap, cos[kw,t + g] A% cos[kwot + nm + m(g + A¢)] —v0,0,, (4.8)

Here, V0,0,, 18 the k' harmonic component of the common-mode voltage. The

same is obtained from (4.3) as

n 2m 4 mm
vo.0s, = 3 1 (cos[kw,t + 7] + coslkw,t + N + 7] + cos[kw,t + N3 + T])
An
- ?’" (cos[kwot 4 n + m(g + A¢)] + cos[kw,t + n% + m(g + Ag)))
ATL
- ?m (cos[kw,t + n%T + m(g + Ag)))
(4.9)

It can be seen from (4.9), vo,0, becomes non-zero only if n is a multiple of 3.
Table 4.2 presents the various combination of (m,n) which gives rise to particular
k" order harmonics two values of P. It can be seen from table 4.2, n is never a
multiple of 3 for any value of k for P = 9. Thus, v, 0, can be taken to be becomes

zero for this analysis.

It is proposed in this thesis, that for P =9, A¢ should be decided in a manner
such that Viyrgp as given by (4.7), is minimized. Substituting the values of (m,n)
from table 4.2 for P = 9, the magnitude of lower order harmonics in the machine

phase-voltage, normalized by the factor 4‘%, is given by

7= TN i (—22) & T, Ad
Vi, = J4 ( 5 ) 51N ( 5 ) sin (5wot+ 5 5
7= M i (—22) & T, A
Vi = J 2 ( 5 ) sin ( 5 ) sin (7wot+ 5 5
vgmf = Jy <ﬂ) st (—%> st (11w0t + = T A )
2 2 2" ) (4.10)

L2
2
M A A
vﬁrlg = J4 (%) sin (_7¢) sin (13w0t + 72r T¢

vﬁrlg = wcos (—A¢) cos (1Twt + 7+ Ag)
Py _ J1(mM)

URng = — g €05 (—Ag) cos (19w,t + 7+ Ag)
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Modulation index —

FIGURE 4.3: Variation of optimal value of A¢ for P =9

Substituting the values of |vg,, | from (4.10) into (4.7) and simplifying, Viyrap

for P = 9 comes out to be

5 A
VibZh = Ozlsz'nQ(Tgb) + apcos® (Ag) (4.11)
Here, the constants o and 3 are dependent on the modulation index M as,
1 M 5 1 M 5 1 M 5 1 M 5
N _L[J_l(wM)]2 1 [J1(7TM)]2 ’
272890 2 3610 2

Minimizing (4.11), by differentiating V7%, , with respect to A¢ and equating it

=9
0 as, %%TT;D = 0, the optimal value of A¢ is obtained as

A= = cos_l(%.;) (4.13)

Thus, for P = 9, the optimal value of A¢ comes to be a function of M. Its
variation across the complete range of modulation index is shown in Fig.4.3. Thus,
varying phase-shift between the carrier signals as a function of M as shown in Fig.4.3
should lead to minimum harmonic distortion in current. The proposition regarding

the improvement in harmonic performance for P = 6 for the proposed scheme is

analytically validated using DFS in the next section.
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4.4 Harmonic performance pertaining to P =6
In the proposed PWM scheme, for even triplen values of P, P, and P, are kept at

different values. No phase-shift is introduced between the carrier signals. Thus, A~y
is taken to m and A¢ is taken to be 0. For P = 6, the the harmonic performance of
the proposed case where P = 9 and P, = 3, is analytically compared against the
conventional case where P, and P, are both kept at 6. In the following discussion,
case [ would refer to the conventional method and case IT would refer to the proposed
method. The metric for comparison is again taken to be the weighted THD of
machine phase-voltage Viyryp as given by (4.7).

4.4.1 Case I: Conventional PWM, P, =P, =6

The expression for Viyrgp when both inverter 1 and 2 are operated with P, = P, =6
with Ay = 7 and A¢ = 0 can be written by substituting the appropriate values of
m and n from table 4.2 in (4.8). An interesting thing to note from table 4.2 with
regards to P, = P, = 6 is that the value of m +n for k = 5,7,17 and 19 becomes
an even integer. It is clear from (3), the magnitude of A}, becomes zero if m + n is
even. Thus, for this case, the only harmonics under consideration is £ = 11 and 13.

The expression of the same normalized with respect to % is given by
P=6,casel _ —J1 (ﬂ-M)

VReys —————=cos (11w,t)
p (2 ) (4.14)
_ —Jp (7
gr—lg,casel - 5 cos (13w,t)
Thus, weighted THD for this case, Vi 7oa*" is given by
_ 1 1
P=6,casel 2 2

Vwrap = 191 [ (mM)]” + 169 [J1 (mM)] (4.15)

4.4.2 Case II: Proposed PWM, P,=9and P, =3

The second case where P =9 and P, = 3 is considered now. The harmonic profile
of the inverter 1 will be similar to the case of P, = 9 discussed earlier. However, in
case of P, = 3, a particular order of harmonics can appear due to more than one
combination of (m,n). For higher values of k, like, 17 and 19, either the value of m
or n becomes greater than 4. Thus, the magnitude of the bessel function becomes

insignificant and hence they can be neglected. The expression for various harmonic
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FIGURE 4.4: Comparison of Viyryp for the two cases corresponding to P = 6

components of the machine phase-voltage is given by

M M
U£Z6,ca362 - _ (J4 ( 2 ) 4 J2 ( 2 )) sin (5wot) —

2 2
J_ 4 (mM
%cos (Bw,t)
B Jﬁ _ (mM J, 3nM
£T_76,ca362 _ ( 2 2( 2 ) + 2 (6 2 )> sin (7wot) +
Jy (mM
MCOS (Tw,t)
gglfli,caseQ _ (_ 22( 2 ) + 2 (62 )> Sin(llwot) + ( )
J_1 2nM
%cas (11w,t)
B Jy (FM Ji (2m M
g;lg,casd _ 4 (22 ) Sin (13w0t) + Mcas (13wot)
_ J_1(mM
P=6.casc2 :#COS (17w,t)
_ Jy (mM
gr_lg,caseQ :%)COS (19w0t)

It can be seen from (4.16), there are three components corresponding to harmonic
expressions for £ = 5,7 and 11. The first component pertains to inverter 1 with
P, = 9 and the second two pertain to inverter 2 with P, = 3. There will be just

two components for k£ = 13, one for each inverter. Finally one only one component
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for k = 17 and 19, which comes from only inverter 1. Based on this discussion, the

expression for various harmonics normalized with respect to % can be written as

After simplifying these terms individually, the weighted THD in machine phase-
voltage can be calculated using (4.7). The expression for the same for second case of

P =6 is given by (4.17).
2
P=6,case2 1 J74 (%) JQ (%) Jfl (7TM) 2
Viwrip = =95 5 + + —

1 (Jg(%) M@))Z(M)g

2 6 4

ot
(\]

2 6

(
+% <J4—M> . J227TM>]
1 J_l(wM)rJrL{Jl(wM)r

289 | 4 361 4
The weighted voltage THD for both the cases of P = 6 is calculated and plotted

+
‘ -
N
~
no
—

nM) B Jy (3 ) J_q 27TM> (4.17)

for the complete range of modulation index in Fig. 4.4. It can be seen that for almost
the complete rage of modulation index, Viyryp for case 2, that is implementing
P =6 as an average of P, = 9 and P, = 3 yields better THD than implementing
P, =P =6.

4.5 Analysis based on Stator-flux ripple
Ripple in the stator flux developed in the motor, 1;8, due to PWM voltages is directly

related to the harmonic distortion in the motor current and torque. The analysis of
1, is generally done in the d-q domain where the d-axis is aligned with the voltage
vector axis. The expression for d-q components of stator-flux ripple, 15, and @qu,

can be written in terms of voltage ripple in & — 3 domain, 0, and U4, as

7;sd + ﬁzsd = /[(ijsa + ji}s,@)eijes]dt (418)

Here, 6, is angle pertaining to voltage vector. While the harmonic distortion
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FIGURE 4.5: (a) 9q (b) 1) for conventional PWM (c) 144 (d) b5, for proposed
PWM for P =9

in current is affected by both &sd and zﬁsq, the electromagnetic torque is primarily

affected by 1y, [74], [32], [33].

Normalized values of @st and @Z;Sq for P = 9 for both the conventional PWM
scheme and the proposed PWM scheme for one complete fundamental cycle is shown
in Fig. 4.5. 4,4 and ;Esq for the conventional PWM scheme is shown in Fig. 4.5a and
4.5b respectively while same for the proposed PWM scheme is shown in Fig. 4.5¢ and
4.5d respectively. It can be observed from the figure that while the peak-to-peak value
of 15, remains almost same for both the cases, the same for &Sq is much lesser for
the proposed PWM scheme than the conventional scheme. Thus, it can be concluded

that for P = 9, the ripple in q-axis flux is reduced in the proposed method.

Similarly, the normalized values of 1;5(1 and 1/~qu for P = 6 is shown in Fig. 4.6 for
both the conventional and the proposed PWM scheme. In this case, the peak-to-peak

value of both &Sd and @Sq can be seen to be reduced for the proposed scheme as
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FIGURE 4.6: (a) 1)4q (b) 1) for conventional PWM (c) 144 (d) b5, for proposed
PWM for P =6

compared to the conventional PWM scheme.

Thus, it can be concluded that the peak-to-peak value of atleast one of zzsd and
@/;Sq is reduced with the proposed PWM scheme as compared to the conventional
PWM scheme. Thus, the same will be reflected as an improvement in the THD in

current which is validated in the next section.

4.6 Validation of Proposed PWM Technique

Improvement of the harmonic performance of an OWIM drive with the proposed
PWM scheme is verified using MATLAB/Simulink based simulation of a 850kW,
2.2kV, 66Hz OWIM drive. Further, the findings of simulation are validated using
experiments performed on a laboratory prototype of 7.5kW, 415V, 50Hz OWIM
drive. The drive is operated using open-loop v/f control. The control algorithm and

PWM techniques are implemented on TMS320f28379d DSP from Texas Instruments.
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FIGURE 4.7: Variation of ipgp for P = 9 for various modulation indices as
A¢ is varied.

4.6.1 Simulation Results

For P =9, the effectiveness of creating a phase shift between the two carrier signals
is first verified for various modulation indices, in the region in which P = 9 is applied
(0.5 < M < 0.7). This is done by measuring the corresponding phase-current THD
(iryp) as obtained in simulation by varying A¢ from 0° to 180°. This is shown in
Fig. 4.7. The minimum value of irgyp for the different modulation indices comes

almost at the same value of A¢ as obtained in Fig.4.3.

Further, waveform and harmonic spectra corresponding to the inverter pole
voltages, vg,, and v,,,, machine phase-voltage, vy, and phase-current, i as obtained
in simulation corresponding to M = 0.7 are presented here. The simulation results
pertaining to A¢ = 0° are shown in Fig.4.8. vg,,, Vs, and vg, are shown in Fig.
4.8a, their corresponding FFT in Fig. 4.8b, the machine phase-current (ig) and its
corresponding FFT in Fig. 4.8c and 4.8d respectively. The same quantities pertaining
to A¢p = 74° for the same value of M are shown in Fig. 4.9. A¢ = 74° corresponds
to its optimal value for M = 0.7 as seen in Fig.4.3. The harmonic spectrum of phase

current for both the cases, that is with no phase shift and with the optimal value of
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phase shift, matches the harmonic spectrum of the respective machine phase voltage.

This can be seen in Fig. 4.8d and 4.8b, and Fig. 4.9d and 4.9b respectively.

Further, it can be seen in in Fig. 4.8b, the dominant lower order harmonics come
to be 17" and 19*" for A¢ = 0°. All the other lower order harmonics which appear
in the inverter pole voltages, that is, 7", 9** and 11", they get completely cancelled
in machine phase-voltage. However, 17" and 19"* order harmonics add up in the

machine phase-voltage which increases their magnitude significantly.

On the other hand, in Fig. 4.9b, for A¢ = 74° lower order harmonics like 7** and
11*" from the inverter pole-voltages do not get perfectly cancelled in the machine
phase voltage. Hence, 7" and 11** also appear in the machine phase-voltage. However,
17" and 19"* order harmonics from the inverter pole voltages also get cancelled in
the machine phase voltage. Thus, their magnitude is reduced significantly in this
case. Consequently, THD of phase current (izgp) with A¢ = 74° is lesser than the
case with A¢p = 0°

Discussion related to simulation results pertaining to P = 6 are presented
next. The waveform and harmonic spectra corresponding to individual inverter pole-
voltage vVgo, , Uro2, machine phase-voltage vg, and machine phase-current ig, iy, ip
corresponding to the conventional PWM wherein P, = P, = 6 are presented in Fig.
4.10. The same quantities corresponding to the proposed case wherein P, = 9 and
P, = 3 are presented in Fig. 4.11. It can be seen that from Fig.4.10a that even order
harmonics appear in the inverter pole-voltages. However, they get cancelled in the
machine phase voltage. Further, the dominant lower order harmonics in the machine
phase-voltage and current are 11** and 13" order harmonics. It can also be observed

that their magnitudes add up in the machine phase-voltage.

On the other hand, it can be seen in Fig.4.11a, no even order harmonics are present
in the pole-voltages of the individual inverters. However, for case 2, the voltage
waveform and harmonic spectrum corresponding to individual inverter pole-voltages
(Fig. 4.11a and 4.11b) are not identical. This is due to the different pulse numbers

at which both the inverters are operated. The magnitude of 11*" and 13" order
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harmonics in the machine phase voltage are significantly reduced. However, some
amount of 7" order harmonics appear in the machine phase-voltage and current.
Overall, the magnitudes of most of these harmonics are considerably smaller as
compared to the 11** and 13" order harmonics corresponding to the conventional

case. The ipyp corresponding to case 2 is considerably reduced as compared to case

1.

4.6.2 Experimental Results
4.6.2.1 Open-Loop Results

The findings of simulation are further validated experimentally on the laboratory
prototype of the OWIM drive. The experimental results corresponding to vge,, Vro,,
Ugr, i, iy and ig and their harmonic spectrum are presented here. For P = 9,
A¢ is first kept at zero and the drive is operated at M = 0.7 or f,, = 35Hz. The
corresponding results are presented in Fig. 4.12. It can be seen that waveform shape
and harmonic spectrum obtained through simulation match with the corresponding
simulation results. Next, the drive is operated at the same modulation index making
A¢ = 74°. All the results are presented in Fig. 4.13. The findings of simulation can

be directly correlated with the experimental results.

The results pertaining to P = 6 are verified experimentally next. Both the cases
are implemented and the corresponding results of case 1 and 2 are shown in Fig. 4.14
and 4.15 respectively. All the findings of simulation from Fig.4.10 and 4.11 can be
directly co-related with Fig. 4.14 and 4.15 respectively.

Further, the experimentally measured value of irgp for both conventional and
proposed PWM scheme upto f,, = 66Hz is shown in Fig. 4.16. Here the machine is
run at reduced flux to run the machine at rated voltage at f,, = 65Hz. It can be
clearly seen that the value of iryp is much lesser for the proposed PWM scheme as

compared to the conventional one.
4.6.2.2 Closed-Loop Operation
In order to establish the performance of the proposed PWM technique under dynamic

conditions, the OWIM drive is operated under closed-loop control, using rotor-flux
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FIGURE 4.13: Experimental results for P = 9 and A¢ = 74° (a) pole
voltages (VRo1, Uro2) and phase voltage (vg,) (500V /div, 5ms/div) (b) corresponding
harmonic spectrum (c) three-phase current (2A/div, bms/div) (d) corresponding

harmonic spectrum.

oriented vector control method with the proposed PWM technique. The direct axis
is aligned with the rotor flux vector in this case. The reference and actual values of
the magnetising component of the current (i}, ., ), direct axis component of the
stator current (i%,,7sq), speed of the drive (w},w,) and quadrature axis component
of the stator current (i, is) are shown in Fig.4.17a-4.17d respectively. The drive
is operated through the complete range of operating frequency by ramping up the
reference speed from zero to rated speed and then ramping is down back to zero
speed as shown in Fig.4.17c. This has been done to illustrate the performance of the
drive during both acceleration and deceleration. All the actual quantities are seen
to be tracking their respective reference values. Further, no unexpected transient
can be seen in any of these quantities in Fig.4.17 as the transitions between various

pulse-numbers in the proposed synchronous PWM takes place.

In order to further establish the smooth transitions between various pulse numbers,
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FIGURE 4.14: Experimental results for P = P = P, = 6 (a) pole voltages
(VRo1,Vro2) and phase voltage (vg,) (500V/div, bms/div) (b) corresponding har-
monic spectrum (c) three-phase current (2A/div, 5ms/div) (d) corresponding

harmonic spectrum.
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FIGURE 4.16: Comparison of ipp for conventional and proposed PWM over
range of fy,.

three-phase currents at the instants of transition between various pulse numbers,
namely from Asynchronous PWM to proposed SST with P =21, P = 21 to P = 18,
P=12to P=9and P =9 to P = 6 are shown in Fig.4.18a-4.18d, respectively. All
the transitions can be seen to be happening very smoothing. Only a small transient
cant be seen when the transition takes place between P =9 to P = 6. However, this

has little impact on the performance of the drive.

4.7 Conclusion

A synchronous sine-triangle (SST) PWM scheme for open-end winding induction
motor (OWIM) drive is proposed in this chapter, wherein, dissimilar carrier signals
have been utilised for the two inverters in the OWIM drive. The effective pulse
number, P is taken as the average of the pulse numbers of the two inverters, P, and
P,. For odd triplen values, such as P = 9, P, and P, are kept equal. However, a
suitable phase-shift, A¢ is introduced between the two carrier signals. The value of

A¢ is chosen such that the harmonic performance of the drive is optimized. This is
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FIGURE 4.17: Experimental performance of vector controlled OWIM drive in
terms of (a) im, [Scale: 3A/div, 20s/div] (b) isq [Scale: 3A/div, 20s/div] (c) speed
[Scale: 500RPM/div, 20s/div]and (d) is, [Scale: 3A/div, 20s/div] with proposed

PWM technique

done using double fourier series (DFS) based analysis. Further, for even-triplen values
of P, P, and P, are kept different. For example, for P = 6, P, is kept at 9 and P, at
3. It has been shown analytically, again using DFS based mathematical framework,
that implementing P = 6 using this method yields better harmonic performance
as compared to conventional method where both the inverters are operated are
P, = P, = 6. Further, an analysis based on the stator flux ripple in d-q domain is
done. It is found that with the proposed PWM scheme, the peak-to-peak value of
q-axis flux ripple is reduced for P = 9 whereas the peak-to-peak value of for both d

and g-axis flux ripple is reduced for P = 6. These analytical findings, pertaining to
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FICURE 4.18: Experimental results showing three-phase currents at the instant
of transition from (a) Asynchronous PWM to P = 21 (b) P =21 to P = 18 (c)
P=12to P=9(d) P=9to P =6 [y axis: 2A/div, x axis: 20ms/div]

P =9 and P = 6, are validated using both MATLAB/Simulink based simulations
on a 850-kW, 2.2 kV OWIM based traction drive and through experiments on a
scaled down laboratory prototype of 415V, 7.5 kW OWIM drive. Both simulation
and experimental results suggest that, the harmonic performance of the drive in

terms of line-current THD is improved with the proposed PWM scheme.






Chapter 5

Speed Sensorless Control of

Multi-Induction Motor Drives

5.1 Introduction

Modularity in power electronic systems provides several advantages like more relia-
bility and easy scalability of the system [75], [76]. Modular power converter based
high-power, medium voltage electric motor drives have gained high research interest
in the last few decades [77]. In conventional modular motor drive systems, such
as those employing cascaded H-bridge (CHB) [78] or modular multilevel converter
(MMC) [79] topologies, modularity is realized primarily at the power electronic
converter level. Although such configurations enhance scalability, fault tolerance
and maintenance flexibility, they are typically dedicated to driving a single electric
machine, resulting in a system where mechanical flexibility remains limited. On
the other hand, the concept of multiple motors mechanically coupled to a common
shaft introduces modularity in the mechanical drive level. Each motor operates
at the same speed and collectively shares the load torque. Such a configuration
enhances system-level modularity by allowing selective motor redundancy, scalability
in torque/power capability, and improved fault resilience. Thus, multi-motor drive
systems (MMDS) are becoming popular for high power industrial applications like
industrial pumps, fans and blowers [24]. Cage-rotor induction motor (IM) drives are
generally chosen for such applications due to their ruggedness and low-maintenance.
Each motor in such an MMDS is driven by its dedicated power converter which can
commonly be a 2-level voltage source inverter (2L-VSI). Further, rotor-flux oriented
vector control algorithm is implemented for the individual motor to control the
torque produced by them. Series-connected, multiphase, multi-motor drive with
independent vector control is presented in [25], [26]. An IM based dual-motor drive

system (DMDS) is shown in Fig. 5.1a wherein two motors are couple to the same

155
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FIGURE 5.1: (a) IM based dual-motor drive system. (b) Load torque-speed
profile and region of torque production of individual IM.

shaft in order to drive the load.

Speed sensorless operation of these drives is preferred in order to improve the
overall reliability and robustness of the system [41]. Performance of sensorless field
oriented control (FOC) of induction motor is highly dependent on the accurate

%
estimation of stator flux vector, ¢ g, using the information of applied stator voltage
vector U, stator-current vector, i , and machine parameters. Simple integration of
motor back-emf, o may not work due to issues like small DC-offset in measured
currents [42], [43], [44]. Hence, a low-pass filter (LPF) with a small cutoff frequency

(wo, = 27 f,) is used to estimate the stator flux as shown below,

1 .
m[E(S)s,a +]E(S)s’ﬂ] (51)

Here, ¥(s)s, and E(s)s ., where x € (a, ), are the s-domain transfer functions

\Ij(s)s,a + jq](s)s,ﬂ =

%
of the two quadrature components of ¢ and ¢ ,. This method works well when
the operating frequency of the motor, f,, is fairly higher than f,. However, at lower
_>
fs, the phase and magnitude error in the estimated 1, due to the LPF becomes

significant and degrades the overall performance of the sensorless drive.
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The present chapter focuses on developing a PLL based technique to accurately
estimate the mechanical speed of an MMDS driving loads such as a fan or a pump.
For these loads, the torque requirement from the drive becomes proportional to the
square of the speed. This is shown in Fig. 5.1b. Thus, all the motors in an MMDS
are not required to produce torque together at lower speed. In case of a DMDS, one
motor is sufficient to meet the torque demand from the load while the other motor
freewheels at lower speed. The proposed technique uses a PLL implemented on the
stator current vector 75 of the zero-torque producing machine to determine the
mechanical speed of the drive. Since mechanical speed is same for both the motors,
the accurately estimated speed is used for indirect FOC of individual motors in the
DMDS. Although, the speed estimation algorithm is developed for a DMDS in the

present article, it can be easily extended to an MMDS.

5.2 Sensorless Control Architecture for MMDS
Fig. 5.1a shows an IM based DMDS driving a fan load. The torque-speed character-

istics for such a load is shown in Fig. 5.1b. The electrical speed of the rotor in rad/s
is denoted by w,, in this chapter. Each motor is fed by separate three-phase VSIs
and can be independently controlled. The overall control philosophy of such a motor
drive is explained in this section.

5.2.1 Modes of Operation of the Drive

A speed-sensorless field oriented control algorithm is developed for the IM based
DMDS. This is based on the torque-speed profile of the load supplied by the drive.
For the load-torque characteristics shown in Fig. 5.1b, it can very clearly be observed
that both the motors are not required to produce torque together, from the beginning.
As the drive starts, only one motor is sufficient to meet the torque demand. The
second motor is controlled to just maintain its flux. However, as the speed builds
up and the torque demand from the load increases, the second motor starts sharing
the load-torque with the first one. The region in which each motor is controlled to
produce torque is marked in Fig. 5.1b. Based on this, two modes of operation of the

drive are defined in this work (a) Speed correction mode (SCM) when the operating
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FIGURE 5.2: Torque demand from motor 2 and the corresponding modes of
operation of the DMDS.

frequency is less than a pre-decided value w, (b) Torque sharing mode (T'SM) when

the operating frequency exceeds w..

Voltage model of motor 1 is initially used to estimate the mechanical speed, @,,,
of the drive. However, when the operating speed of the drive is low, accuracy of
Wy, will be compromised. This is discussed in detail in the next section. Thus, it is
proposed in this chapter that during this region of low-speed operation, the accuracy
of @,, can be improved by introducing a speed correction factor, w,, which is obtained
from a PLL. This PLL is implemented on the stator current vector ?3,2 of motor 2.
In the present article, this mode of low-speed operation, when the speed-correction
is done, is referred to as Speed Correction Mode (SCM). As the speed of DMDS
increases, the accuracy of w,, improves and beyond a predetermined speed, w.., speed
correction is no longer required. The mode of operation beyond w, is referred to
as Torque Sharing Mode (TSM) here. The two modes of operation are pictorially
represented in Fig. 5.2.

During the initial part of TSM, motor 1 continues to supply the complete load-
torque and motor 2 free-wheels. However, after a certain speed, w;, the torque
demand becomes greater than the rated torque of a single motor, m’#*“¢ and both
the motors in the DMDS are required to share the load torque equally. The control
scheme of both the motors becomes identical during TSM. In contrast, the control
scheme of motor 2 is modified to obtain w,, during SCM. The control scheme of the
DMDS throughout its complete region of operation is shown in Fig. 5.3. Here a speed

PI controller gives the reference value of the total g-axis component of the stator



Chapter 5. Sensorless control for MMDS 159

i iy
. — 68t | ryb,1
i o : wa | T Y Wb pryy abc/ T
lryb,1| Proposed S wst calculation [Wsl.L = [wWmpdt [ lsq,1l
et | fgg 1> Pmr = mr T 1 dq |=224
v* Speed west|| * ) Lsd,
ryb,1 Esti . m || g1 - ff Usq,1  Vsd,1 ¥ AN J
g2, m;n e I T tsa.1 fVsaa dq /Lol oy pyyniFet N
, L
— | lechnique | ,L,sd,l - 7 Vsd, 1 Vsq,1 abce |
w* J::::::_i?%d:lz:::_:g&g'i::::::::::::::::::::::::J]\[()t(n l
m, it W — oot TSM| =
ﬁstT " jisq,2—> 1 calculation |¥sh2 o _L}m +c(ll;;Sl7 Pmr3fabe 3 : (i_TyW
Wy, 1sd, 2—» Ws Pmr = | Wmr - dq ‘Sq,Q:
ity = 0.50%|! —> i
_ I z
23‘1 2 0. 523‘1 | 292 Sq 2 dq 7}:ub 2 j -IQ
PASLAYS]
| g —)— ff Vsd2 vgg9| /abe SVPWM )J‘
! Gsd,2 fvsaa i [
AN |
—_— s sou|
bsgl = Tsq || 7 7 bryb2=>abhe T tsa.2 |
- Wy = WES = [wetdt| Pmr2
isg2=0 & mr 'y pmr = [ dq ~isd,2 Motor 2

FIGURE 5.3: Proposed control block diagram for the dual motor drive system.

current, ¢, at its output. In TSM, 77, is equally divided into i}, ; and 7, 5, which are

5q,2)
the g-axis component of the stator current of motor 1 and 2 respectively. However,

in SCM, 4%, ; becomes equal to iy, whereas i}, , is made to be 0. The control scheme

sq,1

employed during TSM is further explained next.

5.2.2 Control of DMDS in TSM

As the accurate mechanical speed of the drive is available, conventional rotor flux
oriented indirect vector control of IM is employed to control the torque and flux of
the two motors independently. The slip-speed, wy; as obtained using i5, and 7,,,, is
added to the estimated mechanical speed, w®", to obtain the synchronous speed, wy,.

The angle of the rotor flux vector, p,,, is obtained from w,,,. This is shown below.

Winr = Wyt + W o = /wmrdt (5.2)

Pmyr 18 further used for axes-transformation. The outer-flux controller generates
the reference d-component of the stator current, ¢%,. The reference q-component,
iy, 1s decided based on the mode of operation. The current controllers are designed

based on the following dynamic equations with suitable feedforward compensation.

di s d‘mr
Veqg = Rylgg + o Lg—— lsd + (1 —o0)Ls bnr_ 0 Lgwpmrisg
dt dt
di (5.3)
=R qu + oL dsq + o Lswmrisq + (1 - U)stmrimr

Pmr 18 again used to obtain the three-phase reference voltages, vy, , from v, and

ryb

vg,- Carrier based implementation of space vector PWM technique is used to generate
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FIGURE 5.4: Phasor diagram of IM under no-load

the desired pole voltages from the 2L-VSI. The complete control block diagram is
shown in Fig.5.3.

5.3 Proposed Speed Estimation Technique

The technique for accurate speed estimation of DMDS proposed in this chapter and
the related control scheme of motor 2 during both SCM and TSM are explained
in this section. Further, various aspects of the proposed scheme like design of the
PLL, its stability and its performance under parametric variation are also discussed.
Finally, an analysis regarding the power flow in the two machines both in SCM and
TSM has been done.

5.3.1 PLL Based Speed Estimation Scheme

At low speed, the drive is operated in SCM and the torque requirement from motor
2 is zero (Fig. 5.2). The phasor diagram of an IM under no-load is shown in Fig.
5.4. Under no-load, g-axis component of the stator current of motor 2, 7,2 becomes
zero. This implies that the vector ?5,2 will be aligned along its rotor-flux vector
E>7~872. Moreover, redthe q-axis component of the stator-flux ¢y, 9, as derived in (1.5),

is given by
2

Lm2 .
wsq,Q = (L8,2 - T)qu,Z (54)
r,2

Thus, 15,2 also becomes zero. Thus, the angle between the stator flux vector,
— — , - = —
) s2 and 1,59 will also be zero. Thus, all the three vectors, 7 59, ¥ 52 and ¥ 2

will be in the same direction. Further, since the slip of the motor is zero, wy,, 2 which
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is the frequency associated with gr&g will become equal to the rotor speed, w,,.
Consequently, their respective angles, that is p,,,2 and € also become equal. Thus,
the vector 75’2 aligns along the rotor axis, as shown in Fig. 5.4. Hence, under such
condition, a PLL designed to determine the phase and frequency of ?572 will give

wmy, and angle p,;-.

A general control block diagram for a PLL is shown in Fig. 5.5. In case of grid-
connected converters, a PLL is implemented on the grid voltage in order to extract
the grid frequency and voltage angle information. Further, it is well established
in literature that the performance of the PLL can be improved by adding the
nominal frequency of the grid at the output of the PI controller. This offers two-fold
advantages. Firstly, it gives an initial estimate of the frequency. Secondly, in this
case, the PI controller is required to act only on the small deviation in frequencies
rather than the full value [80]. However, in case of motor drives, the operating
frequency changes with the mechanical speed. Thus, adding a fixed value of the
nominal frequency of the motor at the output of the PI does not solve its purpose.
In some cases, it is suggested to augment the performance of the PLL by adding the
reference speed at the output of the PLL. Such an idea may work, when the reference
speed is ramped up gradually, where the actual speed is close to the reference speed.
However, in cases where a reference speed signal changes in a step manner, adding
the same to the output of the PLL may not serve the purpose of improving the

performance of the PLL.

Thus, the performance of the PLL is required to be improved in some other way.
It is proposed in this chapter, that the performance of this PLL can be improved by
adding an erroneous estimate of the operating speed, @,,, at the output of the PIL.
In this case, the PLL will be required to act on only the error between w,, and the
actual rotor speed, w,,. @,, can be obtained using the voltage model of motor 1 as
done in conventional speed-sensorless control. Estimation of the same is discussed in

detail in the next subsection.
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5.3.2 Estimation of Erroneous Operating Speed, @,

The erroneous operating speed, w,,, is found using the voltage model of motor 1.
This is done by estimating the o — 8 components of the stator-flux vector of motor
1, Y1 and 1hyg, from the motor back-emf, e, and ey, using (5.1). The cutoff
frequency of the low-pass filter, f, is kept at 5 Hz (w, = 275 rad/s). Following
this, the o — 8 components of the rotor flux vector referred to the stator for motor
1, 1/;,48&,1 and 1@55,1, are estimated from the stator-flux and current information as

shown below.

IL o Lr,l
rsr,l —
Lm,l

Further, the unit-vectors sin(p,1) and cos(pm,1) are calculated from 1;,“504,1 and

(r&sx,l - O-Lsisac,l) T e (Q{, 6) (55)

1;,“55,1. The d-q components of the current, Esd,l and %5%1, are obtained using the
three-phase currents and unit vectors. Further, the frequency of the rotor-flux vector,
Omr1, 18 also estimated from sin(pp,,1) and cos(pPmsr1)- %qu and Emr,l are used to
calculate the slip of the motor, &g ; using (5.6). Here, 7,1 is the rotor time-constant

of motor 1. Finally, @,, is obtained by subtracting @y from @,,,..

~ Z.sq,l ~ ~ ~
Wsl1 = ~ Wm = Wmyr,1 — Wsl1 (56)
Tr,llmr,l

Owing to the inaccuracies in stator flux estimation, w,,, will be inaccurate specially
in low-speed region. It is also to be noted that, not just w,, but all the quantities

pertaining to motor 1, estimated using this voltage model are inaccurate and are

1
S+wo

denoted by a over-head ~in this article. This inaccuracy is attributed to using

instead of % in flux estimation from the motor back-emf. The effect is more prominent
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in low-speed region. Thus, the impact of operating frequency on the accuracy of the

stator-flux estimation is analysed in the next subsection.

Fig.5.6 presents the block diagram of the proposed speed estimation scheme.
Estimation of @, is shown in the upper part of the figure. @, is added to the output

of the PLL in SCM. However, in TSM, the PLL is deactivated and &,, is taken to be

est
m -

the estimated mechanical speed, w

5.3.3 Impact of Operating Frequency on the Estimation of
Wiy
The impact of the operating frequency on the accuracy of @, is analysed by looking
at its impact on the estimated ?5,1. Since quantities pertaining to motor 1 are under
consideration, the o — 8 components of ?s,l, which is the input to (5.1), can be
considered to be sinusoidal signals with angular frequency, wy,,1. The same can be
denoted by e;(t)s, = Asin (w1t + @] u(t), where z € («, ). Here, the phase ¢ has
been included for generalization and u(t) is the unit-step function. Taking Laplace

transform, the corresponding s-domain transfer functions, Fi(s)s ., are given by,
S + W1 COL
100U0) ¢ (4, ) (5.7)

52 + w?
According to (5.1), the s-domain transfer function of output, W;(s)s, is given

mr,1
by,

El (S)s,x =A Sln(¢)

S+ Wmr1 cot(@)
Frat )6 tw) @) (58)

Taking the inverse laplace transform of Wy (s)s ., ¥1(t)s. in time-domain is given

by,

Uy(8)s. = Asin(og)

¢1 (75)87$ = # [SiIl (wmr,lt + QZS - 9) + A26_wot] (59)

/12 2
Wo + wmr,l

Here, A, is the constant pertaining to transient part of the solution. 6 is the
phase shift between the input and the output signal that comes as result of this

low-pass filtering and is given by,

f = tan~t T (5.10)
wO

Ideally, for a pure integrator, # comes out to be 7. However, for an LPF, 60
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FIGURE 5.7: Inaccuracy in p,, estimation

deviates from 7. This deviation depends upon the ratio,

Wmr, 1

as shown in (5.10).
Thus, the difference between the angle of actual flux and estimated flux can be

written as

v = 90° — tan~! 2L (5.11)
Wo

Thus, it can be inferred that for w1 >> w,, ¥ =~ 0. Thus, during higher
operating frequencies, 1 ¢ is more accurately estimated. Consequently, the accuracy

of w,, is fairly good.

On the other hand, when wy,,; is low, § becomes much lower than 7. The value
of ~y is significant when w,y,,; becomes lower than w,. Thus, it is preferred to keep w,
low. However, keeping a very low value of w,, would lead to a very slow decay of the
transient term in (5.9). This, too, leads to incorrect estimation of E)s,l. Moreover,
for any non-zero small value of w,, there will exist a phase-error in the estimated

flux during low-speed operation where wy,,1 < w,.

— —

The phase-error in estimation of 1 5 leads to subsequent phase-error in v, as
can be seen from (5.5). This is depicted in Fig. 5.7. The phasor quantities shown in
black are the actual positions of the respective quantities whereas those depicted in

red color are incorrectly estimated positions. It can be seen that due to incorrectly
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FIGURE 5.8: Variation in we, with wp,1

. ~ - .
estimated angle, pp,,1, the d and g-components of ¢ 5; would be wrongly estimated.

Thus, the slip-speed, @g 1 calculation using (5.6) will be incorrect and so will be the

estimation of @,,.

As flux developed in the machine settles down, 7,41 becomes equal to %y,.1. Thus,
the correct value of slip would correspond to the ratio between i, and iy, (Fig.
5.7). This ratio can be written as tan(d;) where §; is the angle between ?571 and
E}m,l. However, in case of incorrect value of slip, wy ; estimated using gqu and Esd,l,

the angle §; — v (Fig. 5.7) will be accounted. This is shown below.

tan(dy) . tan(d; — )
1= ; g1= —— 7 5.12
Wsl,1 Tm Wsi,1 T, ( )
Thus, the error in slip-speed, w,, can be simplified as
tan(d;) — tan(d; —
Wer = Wsl — (:Jsl - an( 1) an( ! 7) (513)

Tr,l
Substituting the value of 7 from (5.11) in (5.13) and using trigonometric identities,

Wer Can be written as

1 tand; + cot d;

er — w 5.14
v T,,«,l 1+ :Z—Z’l cot 61 ( )

The variation of w,, with w1 is shown in Fig. 5.8 for different values of 6,,

which is a direct indicator of the load on the motor. It can be seen that w,, falls
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steeply with w,,; which again indicates towards the improvement in accuracy of w,,

at higher operating frequencies.

Further, the inaccuracy in estimation of E)S is experimentally validated and
shown in Fig. 5.9. An SCIM is run at w,,,; = 8 rad/s using sensorless FOC using
W, = 107 rad/s. ¥(t)s. and e(t);, where z € (o, 3) are shown in Fig. 5.9a. It can
be seen that 1(t),, is nearly in phase with e(t),, which is highly inaccurate. e(t)s
shown in the figure is obtained by subtracting the stator resistance drop from the

stator voltages. Thus, the phase-shift between the two signals should be exactly

5 as the deviation due to resistance drop will be zero. The same setup is run at

Wir1 = 487 rad/s and shown in Fig. 5.9b. Here, 9(t)s, can be seen lagging e(t)s .
by almost 7. Thus, it is established that speed-estimation using the voltage model

of SCIM works fairly accurately at high speed whereas it is not so at low speed.

5.3.4 Design of the PLL

As stated earlier, the erroneously estimated speed, &@,, is added to the output of
the PI controller present in the PLL in order to improve the performance of the

PLL. Thus, it is imperative to include this variable in the design of this PLL. In this

est

oo, Wm can be obtained

direction, @, is required to be obtained as a function of w

est
m

by adding w,, and w (5.14) gives w,, as function of wy,,1. Thus, w1 can be

substituted as the sum of wey with wg in (5.14). Further, wy; can be written as

tan d1
T

T

. Thus, mathematically it can be represented as,
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tan 0
Wmr,1 = West + Wsl1 = West + T : (515)
Substituting this value of wy,, in (5.14), w,, can be written in terms of w®" as
shown below
1 tan d; + cot d;
Wer = ( 1 cot § ) (516)
Tr,l 1+ + 1 est

onr,l Wo m

est
m

1 tan 01 + cot d;
Tr 1 (1 + 1 + Mwest

onr,l Wo m

As, w,, is obtained as a function of wt", @,, can be then further written as

) (5.17)

Om = W +

(5.17) is a non-linear function of @,, in we*. However, since this PLL is operational

only in SCM, that is low-speed range, (5.17) can linearized about w2’ = 0 using
Taylor’s approximation as shown below.
Om = A+ (1 — B)we! (5.18)
The coefficients A and B are given as,
_ tand, + cot d; B Tr,lwocoseczél (5.19)

Tr,l + %o 7 - (]- + j“'r,lwo)2
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Using (5.18), Fig. 5.5 can be modified into Fig. 5.10. The constant A can be
eliminated using feedforward compensation. Thus, the small-signal model pertaining
to the PLL as shown in Fig. 5.11 is obtained from the block diagram of Fig. 5.10.

Further, iy, can be normalized with respect to the magnitude of the current and

PLL

27 and closed-loop transfer

I becomes equal to 1. With this, the loop-gain (G
function (GL*F) of the PLL are given by (5.20).

cl
Kp K;
GPLL _ Kps + K | QPLL _ BSTE
ol - ) cl - K )
e TR

The closed-loop transfer function given in (5.20) pertains to a second-order system

(5.20)

and the value of K, and K; can be obtained by choosing a suitable bandwidth, wp,,
and damping coefficient, (. Since the PLL under consideration is used to determine
the speed of the drive, wy, can be kept sufficiently low as mechanical quantities like
speed do not undergo rapid changes. Further, ( is kept high, in order to mitigate
any adverse effects of the ripple components of the current. Thus, ( is taken as 5

and wy,, is kept at 107 rad/s.

The parameter B is dependent on rotor time constant of motor 1, 7}.; and the
angle 0;. This angle is computed from the nominal values of i4,1 and 4,,.; while
designing the PLL. The value of d; comes around 70°. However, this angle changes
with load. Thus, the performance of the PLL has to be established as ¢; varies.
Further, effect of variation in 7); on the closed-loop performance of the PLL is

investigated next.

5.3.5 Impact of Variation in 7;; and ¢; on the Closed-Loop

Performance of the PLL
As stated earlier, the parameter B in the transfer function of the PLL is dependent

on both d; and 7, ;. 0, varies with load whereas 7). ; may vary because of variation in
rotor resistance, R, ;. As the drive is operated for long duration, rise in temperature
leads to change in R, ;. Thus, it is imperative to analyse the impact of the variation

of these parameters on the closed-loop performance of the PLL. The bode-plots

PLL

o, with different values of B corresponding to different

pertaining to the loop gain, G
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values of ¢; are shown in Fig. 5.12. The controller gains, K, and K; are kept to be
same in each case corresponding to the design specification. It can be seen in Fig.
5.12, as 67 reduces the magnitude plot shifts towards left. However, the phase-plot
remains the same. This indicates that the gain cross-over frequency reduces as ¢,
comes down. However, since the phase plot is almost flat in that frequency range, the
phase margin remains almost the same. This guarantees stability of the PLL as d;
reduces. However, the response of the PLL might get slower. However, since the PLL
tracks the speed of the drive which is a mechanical quantity, a slower response does
not significantly impact its performance. This is further verified through experiments

in a later section.

The rotor time constant, 7.1, is defined as the ratio between rotor inductance
and rotor resistance. Rotor resistance changes with rise in temperature as the
drive is operated for a long duration. Thus, impact of the variation in 7}.; on the
performance of the PLL is analysed next. The bode-plot of GZ'* corresponding to
three cases, with nominal value of 7, ;, half the value of 7, ; and twice the value of
T is plotted and shown in Fig. 5.13. As T, ; reduces, the gain cross-over frequency
comes down making the system slower. However, in this case the change in gain cross-
over frequency is so small, that it will have insignificant impact on the closed-loop

performance of the PLL.

Both the parameters, 7,.; and ¢; are varied and the bandwidth of the closed-loop
transfer function of the PLL, G is plotted in Fig. 5.14. It can be seen that the

cl

bandwidth reduces as both 7). ; and ¢; reduce. This aligns with the previously done

PLL

oY was reducing with both of these

analysis where the gain cross-over frequency of G

parameters.

Further, the loop transfer function pertaining to the PLL has no dependence on
the stator resistance, I?5; and parameters of the second motor like its stator and
rotor-resistance. Thus, it is expected that any variation in these parameters will
have insignificant impact on the performance of the PLL. The impact of variation

in both rotor and stator resistance on the performance of the drive is validated
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experimentally later.

5.3.6 Control of DMDS in SCM

The conventional method of maintaining iy, 2 at zero is to use a PI controller with

*

22 = 0. However, if the stator of motor 2 is supplied with

reference g-axis current, ¢
a three-phase voltage of frequency, w,,2 which is maintained same as the mechanical
speed of the rotor i.e. wy,, then wy o will become zero. As a result of this, 759 will
also be zero as shown below,

L a2 (5.21)

Wmr2 — Wy = W12 = :
Tr,2 Zmr,2

The total current flowing through the stator of motor 2 will be used to establish
the flux. 4542 can be controlled at its rated value using a PI controller which gives
the d-component vy, 5, of the voltage vector, 7572. The corresponding g-component
Usq,2, should be equal to the magnitude of the back-emf due to the developed flux.

This is equal to the feedforward terms as shown below;
Vsg2 = quf’z = 0L wiggo + (1 — 0) Lo ipn (5.22)

Thus, the required modifications to be done in the control algorithm of motor 2

in SCM are



Chapter 5. Sensorless control for MMDS 173

1. The stator frequency of motor 2 is set to be same as the estimated mechanical

frequency by making wy,,» = we.
2. The qg-axis voltage, vs,2 for motor 2 should just be equal to the feedforward

terms.

3. The d-axis voltage, vsq2 for motor 2 is obtained as usual using a PI controller

with suitable feedforward compensation.

5.3.7 Transition from SCM to TSM

As the mechanical speed of the drive becomes greater than 1.5-2 times w,, the accuracy
of @, improves. Thus a cutoff frequency, w. = 1.5w, is set. Beyond w,., the mode of
operation of the drive is changed from SCM to TSM. This is achieved by making
Wy, = 0 in the speed estimation algorithm as shown in Fig. 5.6. Simultaneously, the
PI controller pertaining to 44,2 is modified to give voltage as output. Moreover, slip
of motor 2, wg o is included in the estimation of wy,,2 and py,, 2. As this happens,
isq,2 1s made zero by controlling vy, 2. The output of 44,2 controller is added to the
feedforward terms to get the g-axis voltage, v 2. After this transition, if, , may
remain zero for a while. As the speed increases beyond w;, motor 2 is required to
produce torque and i}, , becomes non-zero. All the changes required to be done in
the control algorithm of motor 2 are highlighted by a change of color in Fig. 5.3 and
Fig. 5.6.

5.3.8 Power Flow Analysis

It is also imperative to analyse the flow of electric power through motor 1 and motor

2 when the drive operates in SCM. The input electric power, P;,, is divided into

Pstatm"

oator and air-gap power, P,4, which is further divided into rotor losses,

stator losses,

Protor and mechanical output-power, Pmech (5.18). Pmech also consists of all the

mechanical losses occurring in the drive.

_ stator
]Din - Ploss + Pag

(5.23)
Pag _ protor + Pmech

loss out

However, Pm¢eh for motor 2 will be zero when the drive is in SCM. This is because

it neither produces any output mechanical torque nor it supplies to any mechanical
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losses. This is because of the fact that, the torque angle d, for motor 2, is made zero.
Moreover, the rotor speed and stator-supply frequency of motor 2 are kept the same
during SCM. As a result, there will be no EMF induced in its rotor and consequently
rotor current in motor 2 will be zero. As a result, P/2%" for motor 2 will also be zero.

Thus, P,, will be zero for motor 2 and the P, drawn by motor 2 will just be used

supply its P as shown below.

P2 = Pty (5.24)

l0ss,2

Although a dual motor drive system is discussed in this chapter, the proposed
speed estimation technique can easily be extended to an IM based multi-motor drive.
In an MMDS; the stator current of any one of the freewheeling motors can be used
to implement the PLL to correct the speed estimated using the voltage model of
any one of the torque producing motors. Thus, the proposed technique works for a

multi-induction motor drive.
5.4 Torque-sharing strategy for minimum copper

loss

During TSM, a suitable torque-sharing strategy is required to be developed in order
to distribute the total load torque demand into the two individual motors in a DMDS,
specially under reduced load conditions. The objective for the torque-sharing strategy
developed in this section is to reduce the total copper losses occurring in the DMDS.
The core-loss occurring in an IM drive mainly depends on its operating frequency [38],
which further depends on the speed of the drive. Thus, the core loss becomes nearly
constant at a certain speed. However, the total copper losses can be minimized by

optimally distributing the load torque between two motors.

The copper-loss occurring in the individual IM, Pt ;. can be divided into rotor
copper loss and stator copper loss. Thus, the same can be estimated using the
d-q components of the stator (isq; and is,; ) and rotor current (i,q; and 4,,;) of

individual motors as shown below,

lf)qés,i = RS,i(igd,i + i?q,i) + Rr,i(izd,i + izq,i)v (S 17 2 (525)
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Here, R;; and R,; are the stator and rotor resistance of the individual motors
respectively. However, for a rotor flux oriented vector controlled drive, ¢,4; = 0 and

isq,i and i,,; are related to each other as,

Lm i.
irq,i L 7 lsqi (526)

Here, L,,; and L, ; are the mutual and rotor inductances of the individual motors

respectively. Using these relations, (5.25) can be further simplified as
2

, L,
Ploss i RS,ilid,i + (RS i T RT% L2 )Ziq,i (527)
The total copper-loss, P, ,,, can be modelled as
L2
Plf;;s ,tot Z s lst i s K + Rr 7 L2 )qu,i] (528)

i=1,2

The motors are generally operated at rated flux below the base speed. This is
done in order to achieve maximum torque per ampere (MTPA) operation of the
motors [81]. Thus, is4; for the individual motors is kept constant. Hence, in order to
minimize Pg, ., the term pertaining to is,,; has to be minimized. Moreover, the

minimization of this term must happen under the torque constraint as explained

next.

The total torque demand, m}, from the multi-motor drive system comes as the
output of a speed controller. This torque reference is then divided into the torque
reference of individual motors, my;, ¢ = 1,2. Thus, the torque produced by the
individual motors must satisfy the constraint

my = Z my, (5.29)

i=1,2
Here, my ; is the torque produced by individual motors and is given by
2P Lui.
Mg, = 39 L., Tmrilsq,i

Since, i,,,; remains constant, the constraint presented in (5.29) can directly be

(5.30)

written in terms of i, ; as

i=1,2

2
_ 2Pl
Here, 5; = 5 -
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FIGURE 5.15: Flowchart depicting the torque sharing strategy.

Thus the torque sharing strategy can be framed as a minimization of a loss
function, L, under the torque constraint as shown below

Coe e o 2
Minimize: L = g Qilg, ;

i=1,2

(5.32)
Constraint: my = Z Bitsq,i
i=1,2
L2
Here, a; = R, + Rnﬁ:-

The loss function, L can be written in terms of only 44,1, and a minima can be
obtained by differentiating it with respect to 5,1 and equating the result to zero as

shown below

d[Oqu + O‘—S(m* — /Blis ’1)2]
b T T T e ] (5.33)

dZSqJ dlqu

Solving the above equation, the optimal ratio, k, between 44,1 and 4,2 for

minimum copper loss under the torque constraint is thus obtained as

lsg1 _ o _ 2P (5.34)

isq,2 Q‘IBQ
If the two motors in the dual-motor drive are identical, then k becomes 1 which

CUu

implies equal torque sharing would lead to minimum P, ,, in a dual motor drive.

However, if the motors are non-identical, the individual g-axis current reference can

be written as
* *
<% k mgy <% my

_ __Ma 5.35
fsa1 B2 + k1 50,2 Ba + kB ( )
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FIGURE 5.16: Experimentally obtained (a) w},, w&" | isy1 and isq2 (b) iy1 and
iy,2 and igq1 and igq9 for motor 1 and 2 for a positive speed command of w;,, =
600 r/min followed by reversal command upto w}, = —600 r/min.

The flowchart presented in Fig. 5.15 elucidates the torque sharing strategy
developed above. When the load-torque demand is less than the rated torque of
individual motors, m/#“? only one of the two motors supply the load torque. This
happens in SCM and initial part of TSM. However, when the torque demand becomes

rated

greater than m/**, it is divided among the two motors as per the ratio obtained

before.

5.5 Validation of Proposed Algorithm

The proposed speed estimation technique is experimentally validated on a drive
system where two induction motors are coupled together in the same shaft. The

complete experimental setup is shown in Appendix 7 (Fig.4). The two motors are
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TABLE 5.1: Controller parameters

K, K;
PLL 5.7523 | 1.8071

Speed Controller | 1.7767 | 3.4885

Current Controller | 11.7698 | 102.22

marked as IM-1 and IM-2 in the figure. The dual-motor drive is coupled with a DC
machine which can be operated as generator in order to load the complete drive.
The parameters of both the IMs are given in Appendix 7 (Table 3). Although both
induction motors have the same power rating and manufacturer, their parameters
differ slightly. Both the motors are connected to separate IGBT based 2L-VSI from
SEMIKRON marked as VSI-1 and VSI-2. A common DC bus is created using a
three-phase diode bridge rectifier connected to a three-phase auto-transformer. The
complete control algorithms for both the motors and speed estimation technique
are implemented on TI based TMS320F28379D digital launchpad with inbuilt ADC
and EPWM modules. LEM based current sensors (LA-55) are utilised to measure
the motor currents. An external four-channel DAC (MAX5250B6APT) is used to
visualize the internal signals. Two 4-channel oscilloscopes from KEYSIGHT have

been used.

At lower operating speed, IM-1 is controlled to meet the load torque demand
and IM-2 freewheels. An LPF with w, = 275 rad/s is used to estimate @,, using the
voltage-model of motor 1. Keeping this in mind, the drive is operated in SCM up to
w, = 278 rad/s. Beyond this frequency, the mode is changed to TSM. However, the
load torque is shared equally between the two motors when the operating frequency
crosses w; = £2715 rad/s. The complete control algorithm consists of four PI
controllers, one for the PLL, two for the current loops and one for the speed loop.
The values of the proportional constant (K,) and integral constant (K;) for these

controllers are given in Table 5.1.
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FI1GURE 5.17: Experimentally measured w,, wﬁft, isq,1 and isq 2 for motor 1 and
2 for a initial speed command of w}, = 200 r/min followed by a speed command of
600 r/min in (a) positive and (b) negative direction.

5.5.1 Smooth Starting and Speed Reversal

In order to establish the smooth starting of the drive, a speed command of 600 r/min

*
m

est
m

is given to the drive. The reference (w?,) and estimated speed (wS"), and q-axis
currents of both the motors, is,; and 4,2 are shown in Fig. 5.16a for w;, = 600
r/min. The y-phase currents, i, ; and 4,5 and d-axis currents for both the motors ¢4
and 7442 are shown in Fig. 5.16b. It can be observed, that as the speed command
is given, i4, reaches an initial high value and 755 is 0. In this zone, the drive is in
SCM and the complete load-torque is supplied by motor 1. Very quickly, i, falls
and 74 rises and both of them become equal and the load torque is shared between

the two motors. This establishes that the drive starts smoothly as it receives a speed
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FIGURE 5.18: Active power-flow as the mode changes from SCM to TSM and
vice versa.

command. Next, the operation of the drive in negative speed region is established.

As the speed reaches the reference value, a speed reversal command is given in a
ramp manner as shown in Fig. 5.16. The reference is set at w, = —600 r/min. Fig.
5.16a shows that the estimated speed tracks the reference speed which is ramped
down. As the speed falls below w,, the drive automatically goes to SCM from TSM.
This can be observed from 74,5 as it becomes zero. As the speed rises in the negative
direction, the mode of operation of the drive again changes from SCM to TSM. The
phase currents and d-axis currents for both the motors remain stable throughout as
seen in Fig. 5.16b.

5.5.2 Smooth Operation in SCM and Transition to TSM

Smooth operation of the drive both during SCM and during the transition between
SCM and TSM is established in Fig. 5.17. In order to establish the efficacy of the
speed estimation algorithm, the actual speed (w,,) of the drive is measured using an
encoder of METRONIX make and shown in Fig 5.17. A low speed command of w}, =
200 r/min is given initially so that the drive operates in SCM (Fig. 5.17a). During

SCM, 7442 can be seen to be maintained at zero in Fig. 5.17a with the PI controller

est

ot overlap each other. This

pertaining to iy, o deactivated. Both speed, w,, and w
establishes the accuracy of the speed-estimation algorithm. Following this, in order

to initiate the transition to TSM, the speed command is increased to w;, = 600 r/min.
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FIGURE 5.19: (a) Experimentally measured w},, wS, is, 1 and isg 2 during load

dynamics at low speed (b) Wy, WE, is,1 and isy2 during speed reversal command
at low speed.

As the transition from SCM to TSM happens, i4,2 increases. The transition happens
very smoothly with no disturbance in speed or g-axis current as seen in Fig. 5.17a.
It is also imperative to establish the effectiveness of the same in negative direction
of speed. The same is shown in Fig. 5.17b. The same sequence of operations are
performed but in negative direction and the performance of the drive can be seen to

be smooth.

In order to validate the analysis done regarding the active power flow through
the two machines during SCM and TSM, the drive is operated first with w}, = 200
r/min (SCM mode) and then with w’, = 600 r/min (TSM mode) and then again
setting w;, back to 200 r/min. The three-phase active power flowing through each
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machine is measured using a power analyser from HIOKI (PW6001). The total active
power (Pja3) and power through each phases (P, P, P;) for both the motors under
steady-state are shown in Fig. 5.18. It can be seen that at low speed (SCM), the
power flowing through IM-2 (= 25 W) is smaller compared to motor 1 (=~ 90 W).
However, at higher speed (TSM), power flow through them becomes equal (~ 200
W). Thus, this validates the conclusion that during SCM, most of the active power
flows through motor 1 and motor 2 only draws the small power pertaining to the
stator resistive losses. While, in TSM the active power is almost equally shared.
5.5.3 Low-Speed Operation of the Drive

Since the proposed algorithm improves the low-speed operation of the drive, extensive
experiments have been conducted to establish its effectiveness in the low-speed region
as shown in Fig. 5.19. The performance of the drive under load dynamics while it
operates in SCM is shown in Fig. 5.19a. For a speed command of 200 r/min (SCM),
a load torque of 0.2 pu is initially applied and then later removed. It can be seen in
Fig. 5.19a, that in this region of operation, complete load torque is developed by
motor 1 as the drive is in SCM. This is clearly established in Fig. 5.19a as only 7441
rises and falls with the load. 74,2 is controlled at zero throughout. Further, another
interesting aspect to be noted is that as the drive is loaded in SCM, the angle 4,
changes. Thus, the performance of the PLL with change in §; remains satisfactory

as established analytically in previous section.

Another aspect of interest during the low speed region is the performance of the
drive during speed reversal from a low positive value of speed to a low negative value
of the speed. The same is shown in Fig. 5.19b. Here, the drive is initially started
with a positive speed reference of w’, = 200 r/min. Then after sometime, a speed
reversal command is given for w’, = —100 r/min. The measured speed using an
encoder is shown along with the estimated speed in Fig. 5.19b. This is done in order
to further establish the accuracy of the speed-estimation technique mainly in the low
speed region. 74,1 can be seen to be changing from positive to negative. However,

isq,2 1s maintained at zero throughout.
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FIGURE 5.20: Performance of the drive with successive low speed command.

In order to experimentally determine the lowest speed upto which the performance
of the PLL remains satisfactory, the drive is started with w}, = 200 r/min and then
its value is successively reduced to 100 r/min, 50 r/min and then finally to 25 r/min.
Estimated and actual speed of the drive and g-axis currents of both the motors are
presented in Fig. 5.20. It can seen in the figure that the performance of the speed
estimation technique remains reasonably well till 100 r/min. However, the same
deteriorates at about 50 rpm and 25 r/min with disturbances in both actual and
estimated speed. Thus, it can concluded that the speed estimation technique works
satisfactorily till about 100 r/min which is quite low.

5.5.4 Comparison with Conventional Sensorless Algorithm

The performance of the proposed algorithm is experimentally compared with the
performance of conventional sensorless algorithm and the result is presented in Fig.
5.21. Here, the speed of such a dual-motor drive when operated with conventional
sensorless algorithm where the speed is estimated using just the voltage model of one
of the motors is shown in the upper half of Fig. 5.21. The reference wy,, estimated

we and actual w,, speeds are shown in the same figure. It is observed that with the

est

. . .
et can seen to be tracking the w;,, wy, is not

conventional algorithm, even though w
building up in any direction. In the experimental set-up, the motor just vibrates
without rotating in any direction. On the other hand, with the proposed algorithm,

Wy and we* both follow each other and they track w?,. In the experimental set-up,
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FIcURE 5.21: Experimental comparison of performance between proposed and
conventional sensorless algorithm in low speed of operation.

TABLE 5.2: Code execution time

Conventional sensorless control for one motor | 8 us

Conventional sensorless control for DMDS 13.6 ps

Proposed sensorless control for DMDS 14.2 ps

the motor rotates in negative direction and then in positive direction. This clearly
establishes the superior performance of the proposed algorithm over conventional

sensorless algorithms specially in low-speed region.

Further, it is also important to compare the execution time of the program in one
interrupt cycle for the proposed speed estimation algorithm with the conventional
speed sensorless algorithm of a single motor and multi-motor drive. Table 5.2 presents
the same for all three cases that is, for conventional sensorless control for a single
motor and for DMDS and the proposed control algorithm for a DMDS. A difference of
about 0.6 us is observed between the conventional sensorless control and the proposed
sensorless control for the DMDS. This can be attributed to the implementation of
the PLL which is the only extra feature in the proposed control.

5.5.5 Performance of the Drive Under Load Dynamics
The performance of the drive under load dynamics at near rated speed is shown
in Fig. 5.22. This is done to establish the performance of the drive during TSM.

The drive is operated at 1000 r/min and almost half rated load is applied and then
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FIGURE 5.22: Experimentally obtained w,, w&, is,1 and isq2 during load
dynamics in TSM.

TABLE 5.3: Error in wf,ft with variation in R,

Percentage Variation in R,; | Error in wg

100% 25 r/min
50% 10 r/min

removed by electrically loading the coupled DC machine. Since the drive is in TSM
at this speed, both i, ; and iy, 2 can be seen to be increased with the load and then
reduced as the load is removed as shown in Fig. 5.22.

5.5.6 Impact of Parameter Variation on Drive Performance
Impact of the variation in machine parameters, namely, stator and rotor resistances
of both the motors, on the performance of the proposed speed estimation technique
is experimentally studied in this subsection. It has been established analytically that
the effect of variation in R, ;, Rs1, R.2 and R, is insignificant in the performance
of the PLL. For all these cases, the drive is first operated with no external load with
a speed command of 200 r/min, where the mode of operation is SCM and then the
speed command is increased to 600 r/min, which changes the mode to TSM. The
performance of the drive with variation in R, is shown in Fig. 5.23. In a practical
situation, the actual values of resistances may increase due to thermal effects, while
the values of these parameters used in the control algorithm may remain lower at

their respective nominal values. Thus, in order to emulate a similar situation, the
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FIGURE 5.23: Performance of the drive with (a) 100% (b) 50% variation in
Re..

value of R, used in the control program is reduced to 0.5 times the nominal value.
This leads to a 100% variation in the value of the parameter. The response of the

drive is shown in Fig. 5.23a. The accuracy of the speed estimation technique is not

est

st closely tracks wy,. A small error of about 25 r/min

significantly compromised as w

est

can be seen between w>

and w,, in Fig. 5.23a.

In order to further validate the impact of the change in R, ;, the same experiment

is conducted with a 50% change in the value of R, ;. This has been done to see if

est

the error in wg

reduces with reduction in magnitude of variation in R, ;. This is
shown in Fig. 5.23b. It can be seen that with 50% change in the value of R,.;, the

error has reduced significantly. Experimentally the measured error comes out to

est

be only 10 r/min. The error found in wg?

with various degrees of variation in R, ;
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FIGURE 5.24: Performance of the drive with 100% variation in Ry

has been tabulated in Table 5.3. Moreover, it also interesting to note the change
in dynamic behaviour of the drive with increased mismatch in R, ;. It can be seen
that the dynamic response of the drive becomes relatively slower as the error in R, ;

increases, as is expected in indirect vector control.

Similar studies have been conducted for R, ; as well. R, is utilised in the voltage
model of machine-1 to estimate @,,, which is added as a feedforward term in the PLL.
The value of R;; used in the control program is reduced to 0.5 times of its nominal
value. The response of the drive under such a situation is shown in Fig. 5.24. It can
be clearly seen from the figure that the impact of such a variation is insignificant in
performance of both the speed estimation technique and overall dynamic performance

of the drive.

As stated earlier, the stator resistance of machine 2, Ry 5 is not used in the control
algorithm. Thus, only the rotor resistance of machine 2, R, 5 is varied and its impact
is studied experimentally. Similar to the other parameters, 2, 5 is varied to 0.5 times
its nominal value in the control algorithm and the performance of the drive is shown
in Fig. 5.25. The performance of the speed estimation scheme is satisfactory even

with the variation as can be seen in the figure.
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FIGURE 5.26: Accuracy in speed estimation with w, = 2 Hz.

5.5.7 Impact of LPF Cutoff Frequency, w, on Drive Perfor-

mance

It has been stated earlier that the operating speed of the drive is incorrectly estimated
(@m) using the voltage model of machine 1 and added to the PLL as a feedforward
term. This involves a low-pass filter with a cutoff frequency w, which is kept at 275
rad/s in the present work. Keeping a lower value of w, improves the accuracy of @,
but makes it more susceptible to practical issues like offset in current measurement.
The performance of the drive with w, = 272 rad/s is shown in Fig. 5.26. For a speed
command of 200 r/min, @,, seems to be actually following the measured speed, wy,.

Thus, the accuracy of @, itself is very good.

However, with such a low value of w,, any offset in the measured current can
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FIGURE 5.27: Performance of the drive with w, = 2 Hz with offset in R-phase
current

lead to error in flux estimation and impact the performance of the drive. In order to
validate this, a small offset of 0.05 pu is added to the measured current of R-phase in
machine 1. The response of the drive in terms of estimated flux and speed is shown
in Fig. 5.27. A clear offset can be seen in the estimated v, in Fig. 5.27a. The offset
can be seen to be present even in steady-state. This is translated into a sustained

oscillation in @, and wS" as seen in Fig. 5.27b.

The drive is operated with the same value of offset in R-phase current with
w, = 107 rad/s. The response of the drive in terms of estimated flux and speed is
shown in Fig. 5.28. It can be seen in Fig. 5.28a, that the offset in 1, slowly decays
down with negligible offset in steady-sate. The oscillations in @,, and wt" are also

reduced as shown in Fig. 5.28b.
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F1GURE 5.28: Performance of the drive with w, = 5 Hz with offset in R-phase
current

Further, the performance of the PLL without @,, as the feedforward term is
shown in Fig. 5.29. For a speed command of 400 r/min, the PLL is unable to track
the speed which increases in a ramp manner. Thus, it is clear that adding this
feedforward term is crucial for satisfactory performance of PLL.

5.5.8 Experimental validation of torque sharing strategy

The torque sharing strategy developed in the chapter is experimentally validated
by gradually loading the dual-motor drive at rated speed. This is shown in Fig.
5.30. In the first case, the torque is shared equally between the two motors which is
optimal for the dual-motor drive under consideration as shown in Fig. 5.30a. Then,
in the next case, an unequal sharing (60-40 percentage) of load torque between the

two motors is done. This is shown in Fig. 5.30b. The total copper loss, ﬂ{jgsm is
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FIGURE 5.29: Performance of the PLL without &, as feedforward

estimated using (5.28) in both the cases and plotted in Fig. 5.30c. It can be clearly
seen that the copper loss for equal sharing of load torque is less than the unequal
sharing for all operating points. This establishes that the copper loss is reduced
when the load-torque is shared in the ratio obtained in the chapter as opposed to
when the ratio is kept arbitrary.

5.5.9 Simulation based validation

Some simulation (MATLAB/Simulink) based validation of the proposed algorithm
under extreme conditions has also been done to to test the limit of the proposed

estimation method without damaging the hardware setup. The results are presented

in Fig.5.31.

First the simulation result pertaining to the performance of the conventional
sensorless method at low speed is shown in Fig.5.31a. The conventional method is
not effective to estimate the speed of the drive at low speed range. Then the speed
of the drive is ramped up and down at much faster space in Fig.5.31b. It can be
seen in the figure that during deceleration, the performance of the speed controller is
poor. However, the estimated speed closely tracks the actual speed. Finally, instead
of using the inaccurately estimated speed from the open-loop estimator to augment
the output of the PLL, the reference speed can also be added to augment the output
the PLL because in case the reference, if increased in a slow ramp manner closely

tracks the actual speed. However, in extreme cases, such as when a step change is
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given, the reference speed and actual speed may not necessarily remain close to each
to other and thus the reference speed cannot be used to augment the output of PLL.
This condition is simulated and results are shown in Fig.5.31c. As expected, the

performance of the drive is severely impacted in this case.

5.6 Conclusion

A speed sensorless vector control scheme is proposed for a multi-induction motor
drive for applications wherein the torque demand from the drive is low at lower
speed. For such applications, atleast one of the motors in the multi-motor drive
systems is not required to produce torque when the operating frequency is low. A
phase-locked loop (PLL) based on the stator current of the non-torque producing
machine is used to estimate the speed of the drive. The performance of the PLL
is enhanced by adding a factor, @,,, as a feedforward term. @, is basically the
speed of the drive estimated from the voltage model of the torque producing motor.
As the operating frequency increases, accuracy of @, improves. Thus, beyond a
specific value of operating frequency, w., the PLL is no longer required. As the
operating frequency exceeds w,, all the motors can contribute to meet the torque
demand from the load. Thus, based on this, the operation of the drive can be
divided into two modes- speed correction mode (SCM) and torque sharing mode
(TSM). Detailed analysis regarding the design of the PLL and impact of variation in
machine parameters on the performance of the speed-estimation scheme has been
done in this present work. Further, a torque sharing strategy for a dual-motor drive
system for reduced copper loss has been developed. Finally, the proposed speed
estimation algorithm is validated experimentally on a drive system consisting of two
3.7-kW induction motors coupled together. The performance of the drive during
low-speed, during transition between SCM and TSM , under load dynamics and
with variation in machine parameters and the torque sharing strategy have been
studied experimentally. Although, the algorithm is developed and validated for a
drive consisting of two induction motors coupled together to drive a common load,

the same can be easily extended to a multi-induction motor drive system.
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Chapter 6

Conclusion and Future Scope

6.1 General

Various aspects of a high-power induction motor drive are investigated in this thesis.
Three configurations of induction motor drives are considered in this thesis, namely, Y-
connected SCIM drive, open-end winding induction motor drives and multi-induction
motor drives. For high-power application, the switching frequency of the voltage
source inverter is kept low. This is done to curb the switching energy losses occurring
in the drive. Synchronous pulse-width modulation techniques are employed for such
cases. For a Y-connected SCIM drive, the transition from P =9 to P = 3 was first
investigated. It was found that under closed-loop control, such transition made the
operation of the drive unstable. Thus, a synchronous optimal hybrid PWM scheme is
proposed. Along with that, a pulse transition strategy is also proposed which ensures
smooth transition from one pulse number to the next. Next, a multi-carrier based
synchronous sine-triangle PWM scheme is proposed for open-end winding induction
motor drive which incorporates all triplen values of P along with odd non-triplen
values of P also. Double-fourier series based analysis has been done to predict the
harmonic profile of the resultant machine phase voltage and current. Next, a PWM
strategy for OWIM drive is proposed wherein dissimilar carrier signals have been
utilised for the two inverters in the OWIM drive. Finally, a PLL based technique
is developed for a multi-induction motor drive which results in improved low-speed

operation of the drive.

6.2 Major Conclusions

1. For a SCIM drive, operation with non triplen values of P, such as P = 7 and
P =5 is not feasible with simple SST PWM scheme. A combination of SST
PWM and SO PWM works best for such a drive. For higher values of P, SST
PWM is employed whereas for lower values of P, SO PWM is implemented.

195
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2. The transients observed in the current during pulse pattern transition arise
mainly due to the mismatch in the instantaneous current vector for the incoming
and outgoing pulse patter. If the transition is ensured to happen at an instant
where the current vector for the incoming and outgoing pulse pattern match,

the transients will be diminished.

3. Since the stator current is difficult to estimate, matching of stator-flux trajectory

based pulse transition strategy also gives satisfactory performance.

4. In the present structure of traction drives in Indian Railways, two single phase
active front-end converters are present. On the AC side, these converters are
connected to the grid through a three-winding transformer. Thus, essentially,
on the DC side they can be considered two isolated DC sources. Thus, it
concluded in this thesis, that, double-inverter fed open-end winding induction
motor drive is very suitable choice for this application. Thus, OWIM based

modified railway traction drive has been proposed in this thesis.

5. Further, a multi-carrier based SST PWM technique has been proposed for
a double inverter fed OWIM drive which incorporates all triplen values of
P and odd non-triplen values of P. It was shown analytically that for such
drives, all conditions of the waveform symmetry are maintained in the machine
phase-voltage for even triplen values of P and odd non-triplen values of P,

along with odd triplen values of P.

6. The two VSIs present in the OWIM can operate independent of each other.
It was mathematically shown that, for maximum DC bus utilisation, the
phase-shift between the modulating signals of the two VSIs should be kept at
7. However, the phase-shift between the carrier signals of the two VSIs has
no impact on the fundamental component of the phase-voltage. Thus, this

parameter can be utilised to achieve some other objective.

7. For odd triplen values of P, the phase shift between the triangular carriers of the
two VSIs has been optimized in order to improve the harmonic performance of

the OWIM drive. This is done using a double fourier series based mathematical
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framework.

8. For even triplen values of P, it is proposed in this thesis that the two VSIs
can be operated at different values of P. They can be mainatined at two
consecutive odd triplen values and the resultant average pulse number will be a
even triplen integer. Thus, a SST PWM scheme for OWIM drives is proposed
where dissimilar carrier signals are utilised to operate the drive at all triplen

values of P.

9. Another configuration of high-power drive, which is multi-induction motor drive
is considered next. It is observed that for particular loads like fans and pumps,
all the motors in a MMDS are not required to produce torque at low speed.
The non-torque producing motor just rotates to maintain its flux. Under such
situation, it has been shown, in the present thesis, that the stator current
vector of the non torque producing motor aligns with the rotor reference frame.
Thus, a PLL designed to obtain the angle and phase information of the stator
current would also give the information pertaining rotor speed. Thus, a speed

sensorless control algorithm has been developed for a IM based MMDS.

6.3 Future Scope

PWM techniques and control methodologies for three configurations of induction
motor drives, namely, Y-connected SCIM drive, OWIM drive and multi-induction
motor drives have been discussed in this thesis. The possibility of further research

exist in this area. Some of areas that can be explored in future work are

1. The closed-loop control technique employed for SCIM drives while operating
with SST and SOH PWM techniques were sensored field-oriented control. The
sensorless control algorithm developed for the MMDS worked well with switching
frequency at 1.5kHz. Challenges associated with speed-sensorless control
algorithms at low switching frequency, (fs, < 500H z) can be investigated and

suitable solutions can be proposed.
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2. Applicability of Direct torque and flux control for induction motors under low

fsw can be explored.

3. Control aspects like field-weakening control with low f, of the VSI can be
studied further.

4. Optimal PWM techniques for OWIM drives can be explored further.

5. The impact of non-linearities on the performance of the PLL for speed estimation
of induction motor drives and the design of the PLL using geometric large

signal stability based concepts can be explored.

6. Total loss minimization in multi-induction motor by considering the core-losses

and using a Lagrangian formulation can be explored.
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Appendix A: Double Fourier Series

For naturally sampled PWM, the double-Fourier expansion for the pole voltages for
a 2L-VSI is given by (1), where O is the reference point on the negative DC bus.
Here, n and m are two integers which represent the order of harmonic frequency
band due to the modulating signal and carrier signal respectively. Further, in (1), v5
is the phase shift of the modulating signal of a particular phase with respect to the
position zero-crossing of the mp. Similarly, ¢z is the phase shift of the carrier signal
with respect to the mpg. ¢3 is taken to be zero when the positive zero crossing of
mp coincide with the positive peak of the carrier [40]. In case, the zero-crossing of
the carrier signal and mp coincide, ¢3 becomes equal to 7. w, and w, in (1) refer
to angular frequency in electrical rad/s for the modulating signal and carrier signal
respectively.

Vgo(t) = A78 + Z Z (Afncos(n(wot +v5) + m(wet + qbg))),ﬁ € {R,Y,B,r,y,b}

S 0

In case of SST PWM, w, and w, are related with pulse number P as w. = P * w,.
Thus, considering this relation, (1) is simplified to (2).
Ag o oo .
Vgo(t) = 74—2 Z (Amcos((mP—l—n)wot—knw—quﬁlg)), g e{R,Y,B,ry,b}
(2)

The coefficient A7 in (2) is given by (3) where J,, is the bessel function of first

m=0n=—o0

kind of order n.

an — 2Vae ;. (%M) sm(M) (3)

mi

It can be seen from (2), a combination of (m, n, P) gives rise to k' order harmonics
in the pole voltages. Here, k = mP + n. The value of .J,, in (3) becomes very small
as both |n|,|m| > 3. Thus, the values of m,n only in the range of =3 < m,n <3

leads to harmonics of significant magnitude in the pole voltages.

Further, it can be seen from (3) that the combination of (m,n) for which m + n
becomes an even integer, A" becomes zero and the corresponding order to harmonics

disappear from the inverter pole-voltages. Since, P is maintained as an odd integer,
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it can be established that for any combination of (m,n) for which k is an even integer,
the sum corresponding to m + n will always be an even integer. Thus, even order
harmonics are not present in the inverter-pole voltages. On the contrary, all odd

order harmonics (triplen or non-triplen) are present in the inverter pole-voltages.



Appendix B: Controller Design

The design of the inner current controllers, namely, 54 and i,, and the outer speed
controller is discussed in this Appendix. Both the inner and outer controllers have

been designed according to the method presented in [73].

Design of Inner Current Controllers

With suitable feed-forward compensation, the induction motor can be considered as
a simple R — L circuit with the resistance being equal to R, and inductance being
oL, while designing the inner current loop. Thus, the transfer function of the motor

can be written as
1

Gru(s) = J@ (4)

For applications where the switching frequency of the 2L-VSI is considerably
high (2 — 5kHz), the power converter can simply be modelled as as gain. However,
for applications with reduced switching frequency, the delay caused by the 2L-VSI
becomes significant to be considered in the design of the current controllers. The

time delay of the inverter, Ty, is taken to be %Tsw where Ty, is the complete switching

period [73]. Thus, the transfer function pertaining to the 2L-VSI can be written as
1

G = 5

vsi(s) 1+ 5Ty (5)

Generally, a PI controller is used for the inner current control loop. The transfer

function of the same is given by,

ch(]- + s,I‘ic)
T (6)

The control loop for the current controller is shown in Fig.1a. The time constant

Gc<8) =

of the controller, T;. is chosen such that the largest time constant in the control loop

is cancelled.

oL
T, = 7" 7
s @
With such a choice, the closed-loop transfer function, for say d-axis current loop
becomes
isa(s) K;
,8 = - = Gic S 8
st(S) (82 + STld —+ RSIT{—ECCTd)RSECTd ( ) ( )
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i/t (N [eesma |0 1 ) I A
Q‘Tj sTe Q}J 1+sT4 +_ 1+s”R—L;

vﬂ/quf Uféc/vﬂ
) ) (a)
« O [ P O~
=
: T+sT;

(B)

FIGURE 1: (A) Inner current control loop (B) Outer speed control loop

It is to be noted, that the transfers function becomes a second order transfer

function with natural frequency w, and damping coefficient { given by

KZ‘C
“n =\ R.TLT, ©)

1
2Cwn == Td (10)

Further, the bandwidth of a second order system, wy,, is related to w, and ( as

s = wn[[1 = 22 + /T [1 = 207 (11)
The value of ( is chosen first to decide the value of K., which is given by
1 R
4¢2 Ty

Further, using the chosen value of ( and K., the natural frequency, w, and

K =

(12)

bandwidth of the system, wy,, are calculated for the system. In most of the work
presented in this thesis, the bandwidth of the current controller is kept low, in the
range of 50-60 Hz. This is done because of reduced switching frequency constraint in

the chosen applications.

Design of Outer Speed Controller

The outer speed loop is designed using the popular symmetric optimum method. The

inner g-axis current loop is approximated using a first order transfer function, as,

'* 1 2 R,T;.
—Z.Sd(s) = Gic(s) = where 7. = % =
isa(s) a + STic Wn, K.

(13)
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The control loop is shown in Fig.1b. A low-pass filter with a time constant T is

placed in the feed-back loop and K,,; is a constant given by

2p L?
= 2B Tm 14
17321, (14)

The open-loop transfer function is given by
wi(s) Kulp . 1 1 (1.8T,) (15)

we(s)  TpJ2 mdtmr '3 (14 sT%) (14 s7c)
The gains K, and T, as decided using symmetric optimum method as described

in [73]. The bandwidth of the speed controller is kept very low (1-2 Hz) because of

the high-inertia of these high-power motor drives.






Appendix C: Experimental Setups and

Parameters

Experimental setup and parameters of Y-connected

SCIM Drive

Control Card WAl oad Motor

b =

FIGURE 2: Experimental setup of Y-connected SCIM

TABLE 1: Machine parameters for Y-connected SCIM

Simulation | Experiments
Rated Power Py 850kW 3.7kW
DC-Bus Votage Ve 3600V 600V
Rated Voltage Viated 2200V 415V
Rated Frequency fr 65 H =z 65 H =z
Pole Pairs P 6 6
Stator Resistance R, 0.0727Q2 4.950
Rotor Resistance R, 0.0693%2 4.82€)
Mutual Inductance | L, 0.03667H 0.55582H
Stator Inductance L, 0.037979H 0.58642H
Rotor Inductance L, 0.037945H 0.58642H
Mechanical Inertia | J 20kgm? 0.2kgm?
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Experimental setup and parameters of OWIM Drive

 Test Motor |
—— _ . ‘ N
FiGURE 3: Experimental set-up for OWIM drive

—

TABLE 2: Machine parameters for OWIM Drive

Simulation | Experiments
Rated Power Py 850kW 7.5kW
Rated Frequency | f. 65H 2 50H z
Stator Resistance | R, 0.0727¢2 4.95Q
Rotor Resistance | R, 0.0693€2 4.820
Mutual Inductance | L,, | 0.03667H 0.55582H
Stator Inductance | L, | 0.037979H | 0.58642H
Rotor Inductance | L, | 0.037945H | 0.58642H
Mechanical Inertia | J 20kgm? 0.2kgm?
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Experimental setup and parameters of Multi-induction

motor drive

Aux. Power Supplles

Y
im' RV

urrcnt Scnsors

§ Oscill

€S

I Autotransformer

FIGURE 4: Experimental setup for MMDS

TABLE 3: Machine parameters for MMDS

Motor 1 Motor 2
Rated Power P. 3.7 kW 3.7 kW
Rated Voltage V, 415V 415V
Rated current I, 72 A 72 A
Rated speed W | 1440 r/min | 1440 r/min
Rated Frequency | f. 50 Hz 50 Hz
Poles P 4 4
Stator Resistance | R, 2 Q) 1.9 Q
Rotor Resistance | R, 2.9 Q 2.8 Q)
Mutual Inductance | L,, | 0.5761 H 0.5458%3 H
Stator Inductance | L, 0.5952 H 0.56424 H
Rotor Inductance | L, 0.5952 H 0.56424 H
Mechanical Inertia | J 20kgm? 0.2kgm?
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