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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 (fsw) of these

power converters is generally limited to the range of few hundred Hertz (≈ 500-750

Hz). Limited fsw 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, fm, increases with the speed of the motor, P is sequentially

reduced in order to maintain fsw 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, fc and fm (P = fc
fm

). 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
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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 fc 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, P1, P2, may not remain equal unlike

in the conventional drive. The effective pulse number of the drive, P , is taken to

be the average of P1 and P2. When P takes odd-triplen values, P1 and P2 are kept

equal. However, a phase-shift is introduced between the two carrier signals. On the

other hand, for even triplen values of P , P1 and P2 take different values. P1 is kept

as the odd-triplen number higher than P and P2 is kept lower than P . For example,

for P = 6, P1 is kept at 9 and P2 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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सार (Abstract) 

यह शोधप्रबंध उच्च-शक्ति अनुप्रयोगों जैस ेरेलवे टै्रतशन, औद्योगगक पंख,े पंप और ब्लोअसस में प्रयुति 

इंडतशन मोटर (IM) ड्राइव से संबंगधि ववभिन्न चुनौतियों के समाधान पर कें द्रिि है। इन अनपु्रयोगों में 
क््तवरल-केज इंडतशन मोटर का उपयोग उनकी मजबूि और द्रटकाऊ संरचना के कारण व्यापक रूप से 

ककया जािा है। इन मोटरों की पावर रेद्रटंग कुछ सौ ककलोवाट (≈500 kW) से लकेर कुछ मेगावाट (≈2–3 

MW) िक होिी है, जबकक वोल्टेज रेद्रटंग 2–5 kV के बीच होिी है। 
 

इंसुलेटेड गेट बाइपोलर ट्रांक्ज्टर (IGBT) आधाररि टू-लेवल वोल्टेज सोसस इन्वटसर (2L-VSI) इन मध्यम-

वोल्टेज, उच्च-शक्ति मोटरों को चलाने के भलए सबसे अगधक उपयोग ककए जािे हैं। ड्राइव के संिोषजनक 

डायनाभमक प्रदशसन के भलए सामान्यिः रोटर-फ्लतस ओररएंटेड वेतटर कंट्रोल अपनाया जािा है। िथावप, 

ऐसे भस्टम कई चुनौतियों का सामना करि ेहैं। 2L-VSI में प्रत्येक IGBT ऑफ-्टेट में संपूणस DC-भलकं 

वोल्टेज को ब्लॉक करिा है, इसभलए इन उपकरणों की वोल्टेज रेद्रटंग 4.5 kV या उसस ेअगधक होनी 
चाद्रहए। इिनी उच्च वोल्टेज-ब्लॉककंग क्षमिा वाले सेमीकंडतटर उपकरणों की क््वगचगं ववशेषिाए ँ

(क््वगचगं गति और क््वगचगं ऊजास हातन दोनों के सदंिस में) प्रिाववि होिी हैं। पररणाम्वरूप, इन पावर 

कन्वटसरों की क््वगचगं फ्रीतवेंसी (fsw) सामान्यिः कुछ सौ हर्टसज (≈500–750 Hz) िक सीभमि रहिी है। 
सीभमि fsw, तलोज्ड-लूप तनयंत्रण के अिंगसि ड्राइव के हामोतनक िथा डायनाभमक प्रदशसन को प्रिाववि 

करिा है। 
 

संिोषजनक हामोतनक प्रदशसन सुतनक्चचि करन ेके भलए सामान्यिः भसकं्रोनस पल्स-ववथ मॉड्यूलेशन 

(PWM) िकनीकों का उपयोग ककया जािा है, क्जसमें एक मूलिूि चक्र में इन्वटसर के पोल-वोल्टेज में 
क््वगचगं पल्स की संख्या क््थर रखी जािी है। इस ेपल्स संख्या (P) कहा जािा है। जैस-ेजैस ेड्राइव की 
मॉड्यूलेशन फ्रीतवेंसी (fm) मोटर की गति के साथ बढ़िी है, fsw को तनधासररि सीमा में बनाए रखने के 

भलए P को क्रमशः घटाया जािा है। 
 

भसकं्रोनस साइन-ट्रायंगल (SST) PWM अपनी सरलिा के कारण अन्य भसकं्रोनस PWM िकनीकों में 
लोकवप्रय है। SST PWM में P को कैररयर फ्रीतवेंसी (fc) और fm के अनपुाि (P = fc/fm) के रूप में 
पररिावषि ककया जािा है। P केवल ववषम द्रट्रप्लेन पूणाांकों (जैस े21, 15, 9, 3) िक सीभमि रहिा है। अिः 
P = 9 के बाद SST PWM का हामोतनक प्रदशसन काफी हद िक खराब हो जािा है। इस शोध में एक हाइब्रिड 

भसकं्रोनस PWM िकनीक प्र्िाववि की गई है, जो SST PWM और भसकं्रोनस ऑक्प्टमल (SO) PWM का 
संयोजन है। उच्च P मान (जैस े21, 15, 9) पर SST PWM का उपयोग ककया जािा है, जबकक P = 9 पर यह 

SO PWM में पररवतिसि हो जािा है। प्र्िाववि िकनीक में P = 7, 5 जैसे ववषम गैर-द्रट्रप्लेन मानों को िी 
शाभमल ककया गया है। SO PWM की एक कमी यह है कक इसमें मॉड्यूलेशन इंडेतस के अनुसार ऑक्प्टमल 

क््वगचगं एंगल्स को लुक-अप टेबल में संग्रहीि करना पड़िा है, क्जसस ेमेमोरी पर िार बढ़िा है। इस शोध 

में ब्रबना लुक-अप टेबल के इस PWM िकनीक को लागू करने की ववगध िी प्र्िाववि की गई है। 
 



तलोज्ड-लूप संचालन में एक अन्य चनुौिी िब उत्पन्न होिी है जब P के बदलने के साथ 2L-VSI द्वारा 
लागू पल्स-पैटनस में पररविसन होिा है। यद्रद यह पररविसन तनयंब्रत्रि िरीके से न ककया जाए, िो लाइन करंट 

और ववद्यिुचुंबकीय टॉकस  में बडे़ ट्रांक्जएंर्टस उत्पन्न हो सकिे हैं। इस शोध में एक ऐसी रणनीति प्र्िाववि 

की गई है, जो न्यनूिम ट्रांक्जएंट सुतनक्चचि करिी है। यह रणनीति आउटगोइंग और इनकभमगं पल्स-

पैटनस के भलए ित्क्षण ्टेटर-फ्लतस टै्रजेतटरी के भमलान पर आधाररि है। 
 
इसके अतिररति, इस शोध में ओपन-एंड वाइंडडगं इंडतशन मोटर (OWIM) आधाररि एक संशोगधि रेलव े

टै्रतशन ड्राइव प्र्िाववि ककया गया है, क्जसमें दो 2L-VSI ्टेटर वाइंडडगं के दोनों भसरों से मोटर को शक्ति 

प्रदान करि ेहैं। इस प्रणाली में दो भसगंल-फेज एक्तटव फं्रट-एंड कन्वटसर (AFEC) होिे हैं, क्जनकी AC साइड 

एक िीन-वाइंडडगं ट्रांसफॉमसर की द्वविीयक वाइंडडगं से जुड़ी होिी है, क्जससे दो पथृक DC स्रोि प्राप्ि होि े

हैं। यह OWIM ड्राइव को इस अनपु्रयोग के भलए उपयुति बनािा है। 
 

इस ड्राइव के भलए एक SST PWM िकनीक प्र्िाववि की गई है, क्जसमें सम द्रट्रप्लेन (P = 6, 12…), ववषम 

गैर-द्रट्रप्लेन (P = 5, 7…) और ववषम द्रट्रप्लेन (P = 3, 9…) सिी को शाभमल ककया गया है। मध्यविी P 

मानों के उपयोग से fc में बडे़ बदलाव को रोका जा सकिा है। प्र्िाववि PWM िकनीक के हामोतनक 

ववचलेषण हेि ुडबल-फूररयर सीरीज़ (DFS) आधाररि गणणिीय ढांचा ववकभसि ककया गया है। साथ ही, 
्टेटर-फ्लतस टै्रजेतटरी और फूररयर-सीरीज़ आधाररि ववचलेषण िी ककए गए हैं। 
 

इसके पचचाि, OWIM ड्राइव के भलए एक अन्य SST PWM िकनीक प्र्िाववि की गई है, क्जसमें दो VSIs 

के भलए भिन्न कैररयर भसग्नल उपयोग ककए जािे हैं। इसमें केवल द्रट्रप्लेन (सम और ववषम) P मानों को 
ही भलया गया है। दोनों VSIs के भलए P1 और P2 समान नहीं होिे, और प्रिावी P को इनके औसि के रूप 

में पररिावषि ककया गया है। इस योजना से पारंपररक ववगध की िुलना में बेहिर हामोतनक प्रदशसन प्राप्ि 

होिा है, क्जस ेगणणिीय ववचलेषण, भसमुलेशन और प्रयोगों द्वारा सत्यावपि ककया गया है। 
 

उच्च-शक्ति IM ड्राइव में एक अन्य चुनौिी ्पीड-सेंसरलेस तनयंत्रण िकनीकों के तनम्न गति क्षेत्र में 
प्रदशसन से सबंंगधि है। इस शोध में एक मल्टी-इंडतशन मोटर ड्राइव भस्टम (MMDS) पर ववचार ककया 
गया है, क्जसमें दो या अगधक Y-कनेतटेड मोटर एक ही शाफ्ट पर जुडे़ होिे हैं। ऐस ेलोड में, कम गति पर 

कम से कम एक मोटर को टॉकस  उत्पन्न करने की आवचयकिा नहीं होिी। इस शोध में यह दशासया गया है 

कक शून्य टॉकस  उत्पन्न करने वाली मोटर के ्टेटर करंट पर आधाररि PLL, बहुि कम गति पर िी रोटर 

्पीड का सटीक अनुमान प्रदान करिा है। 
 

अंििः, प्र्िाववि PWM िकनीकों और तनयतं्रण एल्गोररद्म का सत्यापन MATLAB/Simulink के 

माध्यम से भसमुलेशन द्वारा ककया गया और ित्पचचाि कम-शक्ति प्रयोगशाला सटेअप पर प्रयोगात्मक 

रूप से प्रमाणणि ककया गया। भसमुलेशन और प्रयोगात्मक पररणामों से यह ्पष्ट होिा है कक प्र्िाववि 

ववगधया ँपारंपररक िरीकों की िुलना में बेहिर प्रदशसन प्रदान करिी हैं। 
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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, (md − ωm) characteristics of SCIM when directly connected to

the grid is shown in Fig.1.1. The figure shows the (md − ωm) 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).

Figure 1.1: Torque-speed characteristic of a SCIM with constant voltage
constant frequency supply

1
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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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Figure 1.2: General block diagram of an IMD.

Figure 1.3: Torque-speed characteristics of an IMD

Traditionally, a caged rotor induction motor with a Y/∆ 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 IGBTs 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.

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) (α − β) are presented. The various vector quantities associated in IM are

listed below.
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(a)

(b)

Figure 1.5: (A) Equivalent circuit of IM and (B) corresponding phasor diagram

−→v s = vsα + jvsβ stator voltage vector in stator FOR

−→v r = vrα + jvrβ rotor voltage vector in rotor FOR

−→v rs = vrsα + jvrsβ = −→v re
jϵ rotor voltage vector in stator FOR

−→
i s = isα + jisβ stator current vector in stator FOR

−→
i r = irα + jirβ rotor current vector in rotor FOR

−→
i rs = irsα + jirsβ =

−→
i re

jϵ rotor current vector in stator FOR

−→
ψ s = ψsα + jψsβ stator flux vector in stator FOR

−→
ψ r = ψrα + jψrβ rotor flux vector in rotor FOR

−→
ψ rs = ψrsα + jψrsβ =

−→
ψ re

jϵ 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).

−→v s = Rs
−→
i s +

d
−→
ψ s

dt

−→v rs = Rs
−→
i rs +

d
−→
ψ rs

dt
−→
ψ s = Ls

−→
i s + Lm

−→
i rs

−→
ψ rs = Lr

−→
i rs + Lm

−→
i r (1.2)

Here, Rs and Rr are the stator and rotor resistances respectively, Lm is the

magnetising inductance, Lls and Llr are the stator and rotor leakage inductances

respectively. The stator and rotor inductance, Ls and Lr, are given by, Ls = Lls+Lm

and Lr = Llr + Lm.

Since the rotor is short-circuited in a SCIM, −→v r = −→v rs = 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 (ωe). Transforming (1.2)

into d− q frame, separating the real and imaginary parts and using −→v rs = 0, the

following equations are obtained

vsd = Rsisd +
dψsd
dt

− ωeψsq

vsq = Rsisq +
dψsq
dt

+ ωeψsd

vrd = Rrird +
dψrd
dt

− (ωe − ωr)ψrq = 0

vrq = Rrirq +
dψrq
dt

+ (ωe − ωr)ψrd = 0

ψsd = Lsisd + Lmird

ψsq = Lsisq + Lmirq

ψrd = Lrird + Lmisd

ψrq = Lrirq + Lmisq (1.3)

The electromagnetic torque developed by the motor, (md), is given by

md = −2

3

p

2

Lm
Lr

Im[(ψrd + jψrq)(isd + jisq)
∗] (1.4)
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Here, Im refers to the imaginary part of a complex number. If the synchronously

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

vector,
−→
ψrs of the machine. The synchronous speed, ωe becomes equal to the speed of

the rotating vector
−→
ψ rs, denoted by ωmr. This results into the following mathematical

relationships,

irq = −Lm
Lr

isq

ωmr − ωr = −Rr
irq
ψrd

= Rr
Lm
Lr

isq
ψrd

ird =
1

Lr
(ψrd − Lmisd)

dψrd
dt

= −Rrird = −Rr

Lr
(ψrd − Lmisd)

ψsd = Lsisd +
Lm
Lr

(ψrd − Lmisd)

ψsq = Lsisq −
L2
m

Lr
isq (1.5)

The term ψrd

Lm
can be defined as the rotor-flux magnetising current and is denoted

by imr in this thesis. Similarly, the term Lr

Rr
is defined as the rotor time constant and

is denoted by Tr in this thesis.

Using the notation of imr and Tr and substituting the expression of ψsd and ψsq

from (1.5) into expression of vsd and vsq in (1.3) and simplifying the torque expression

in (1.4), the dynamic equations of SCIM in d− q FOR where the d-axis is aligned

with along
−→
ψ rs, are given by [2], [3],

vsd = Rsisd + σLs
disd
dt

+
L2
m

Lr

dimr
dt

+−σLsωmrisq

vsq = Rsisq + σLs
disq
dt

+
L2
m

Lr
imrωmr +−σLsωmrisd where σ = 1− L2

m

LsLr

imr + Tr
dimr
dt

= isd where Tr =
Lr
Rr

ωsl = ωmr − ωr =
1

Tr

isq
imr

md =
2

3

p

2

L2
m

Lr
imrisq

J
2

p

dωr
dt

= md −ml (1.6)
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Figure 1.6: Control block diagram of RFOC of SCIM with speed sensor

Here, ωmr is the angular synchronous frequency of
−→
ψ rs, ωr is the electrical rotor

speed, md is the developed electromagnetic torque, ml is the load torque and J

coefficient of mechanical inertia. vsd and vsq are the d-q axes components of stator

voltage, isd and isq are the d-q components of stator current, imr 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 iryb, are first transformed into the stationary

αβ reference frame using the Clarke transformation and subsequently into the rotating

dq reference frame through the Park transformation. The transformation angle ρmr

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 isd, which controls the rotor flux

magnitude, and the quadrature-axis component isq, which governs electromagnetic

torque production.

The outer speed control loop compares the reference speed ω∗
r with the measured

rotor speed ωr, 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 i∗sq. Simultaneously, the reference

flux-producing current i∗mr 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 isd and isq using PI controllers. To improve dynamic performance

and ensure effective decoupling between the d and q-axes, feedforward compensation

and cross-coupling terms (vffsq , v
ff
sd ) derived from the machine model are added to the

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

voltages, vsd and vsq. v
ff
sq and vffsd are given by,

vffsq = (1− σ)Lsωmrimr + σLsωmrisd

vffsd = (1− σ)Ls
dimr
dt

− σLsωmrisq (1.7)

The reference voltages vsd and vsq are transformed back into the stationary

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

references v∗ryb. Further, these are normalized with respect to Vdc
2

to obtain the

modulation indices, m∗
ryb, which further are applied to the voltage-source inverter

(VSI) through a pulse-width modulation (PWM) block, which generates the gating

signals G1–G6. The inverter supplies the SCIM, thereby closing the inner current

loop through feedback of the measured stator currents.

The rotor flux producing current imr and slip angular frequency ωsl are computed

using measured variables and motor parameters. The synchronous electrical speed

is obtained as ωmr = ωm + ωsl, and its integration yields the electrical angle ρmr

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 iryb are transformed into the stationary α− β reference

frame and subsequently into the rotating dq reference frame using the estimated

electrical angle ρmr. This transformation yields the direct-axis current isd, associated

with rotor flux control, and the quadrature-axis current isq, responsible for torque

production. The outer speed control loop compares the reference speed ω∗
r with the

estimated rotor speed ωr. The resulting speed error is processed by a PI controller

to generate the reference torque-producing current i∗sq. The reference flux-producing

current i∗mr is set based on the desired operating flux level. The inner current control

loops independently regulate isd and isq using PI controllers, producing the reference

voltages v∗sd and v
∗
sq. Feedforward decoupling and compensation terms are included

to mitigate the inherent cross-coupling between the d- and q-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. α−β components of the stator flux vector,
−→
ψ s is first estimated by integrating

the α − β 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 1
s+ωo

. α− β
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components of the rotor flux vector is further estimated using machine model. The

corresponding unit vectors are then calculated as,

cos(ρmr) =
ψrα√

ψ2
rα + ψ2

rβ

sin(ρmr) =
ψrβ√

ψ2
rα + ψ2

rβ

(1.8)

Further, the synchronous angular frequency, ωmr is calculated from the unit-

vector information. ωsl is then estimated using isq, imr and Tr. Finally, the rotor

speed is estimated from ωmr and ωsl.

Integration of ωmr yields the estimated electrical angle ρmr, which is fed back

to the coordinate transformation blocks to maintain flux orientation. The reference

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

Park and Clarke transformations, producing the three-phase voltage references v∗ryb.

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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Figure 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 dv
dt

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 WRIMs, 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 ICC-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 (fsw), 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 fsw and modulating frequency, (fm).
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P =
fsw
fm

(1.9)

Further, Synchronous PWM techniques ensure that half-wave, quarter-wave and

three-phase symmetry are maintained in the inverter pole-voltages. It is thus clear

that the constraint of low fsw 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¡ the gating

pulses are generated by comparing the modulating signals with a triangular carrier.

For a 2L-VSI, fsw becomes equal to the frequency of the carrier signal, fc. Thus, in

case of SST PWM, P can be defined as

P =
fc
fm

(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 fsw introduce sudden jumps

in fsw 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 2L-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 (md) [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,
−→
ψ s, using the information of applied stator voltage

vector −→v s, stator-current vector,
−→
i s and machine parameters. Simple integration of

motor back-emf, −→e 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

(ωo = 2πfo) is used to estimate the stator flux as shown below,
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Ψ(s)α + jΨ(s)β =
1

(s+ ωo)
[E(s)α + jE(s)β] (1.11)

Here,Ψ(s)x and E(s)x, where x ∈ (α, β), are the s-domain transfer functions of

the two quadrature components of
−→
ψ s and

−→e s. This method works well when the

operating frequency of the motor, fs, is fairly higher than fo. However, at lower

fs, the phase and magnitude error in the estimated
−→
ψ s 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:

� 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.

� Further, efforts should be made to incorporate intermediate values of P , such as

P = 7 and 5. This will limit the change in fc 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.

� 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.

� 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.

� 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.

� 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.

� A detailed theoretical and experimental study regarding the performance of

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

� 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 fm = 10Hz,

the operation changes to SST PWM and finally at fm = 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.

� 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.

� 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 2l-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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� 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.

� 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 (fsw) of IGBTs, 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 fsw 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

Figure 2.1: Schematic of SCIM based railway traction drive

25
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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 (fc) is the same as the

switching frequency, (fsw) in a two-level VSI, P is also defined as the ratio between,

fc and modulating signal frequency, fm as given by (1.10). The variation of fc with

fm in case of SST PWM is shown in Fig.2.2. The corresponding values of P in

different range of fm 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 fc 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 fc (fixed at 210Hz here). This is referred to as asnychronous

PWM. At fm = 10Hz, the modulation scheme is changed from asynchronous to

synchronous PWM, with P = 21. In this region of operation, the value of fc increases

with fm. As fc reaches the maximum value of 500Hz, the value of P is changed to the

next allowable value, that is 15. This happens at about fm = 24Hz. Further, fc again

reaches 500Hz when fm becomes 33Hz. At this point, P is changed to 9. Finally, at

fm = 55Hz, fc becomes 500Hz with P = 9. Thus, the value of P is changed to 3.

It can be observed that, at the value of fm corresponding to which P changes it
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Figure 2.3: mr and normalised Vro during the transition between P = 9 and 3

value, the change in fc becomes equal to 6fm. The value of fm at which the transition

from P = 9 to P = 3 (i.e. fm = 55Hz) occurs, happens to be the highest among the

values of fm at which other transitions happen (i.e. fm = 10, 24 and 33Hz). Thus,

the change in fc 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 fc 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 fm, having variable fc 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 fm. Fig.2.4 presents the

performance of the drive as obtained over simulation in Matlab/Simulink. Rotor flux
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(a)

(b)

(c)

(d)

Figure 2.4: Performance of simulated vector controlled IM drive in terms of
(a) imr (b) isd (c) speed and (d) isq with SST PWM.
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(a)

(b)

Figure 2.5: (a) Electromagnetic torque and (b) three-phase current through
the complete range of fm with SST PWM.

magnetising current (imr) and its reference (i∗mr); d-axis current (isd) and its reference

(i∗sd); speed (ωr) and its reference (ω∗
r ); and q-axis current (isq) and its reference (i∗sq)

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 (md) and three-phase currents (iR, iY , iB)

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

(mR,mY ,mB)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 fc is maintained as fc = P ∗ fm, the angle

pertaining to the carrier signal, θc is related to the angle pertaining to the modulating

signal θm as

θc = P ∗ θm where θc =

∫
2πfcdθ and θm =

∫
2πfmdθ (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 120o leading the B-phase modulating signal by 120o 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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(a) (b)

(c) (d)

Figure 2.6: Modulating and carrier signal for (a) P = 7 (b) P = 5 with same
carrier and for (c) P = 7, (d) P = 5 with different carrier signals for three-phases.
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(a) (b)

(c) (d)

Figure 2.7: Normalised pole-voltages for (a) P = 7 and (b) P = 5 with same
carrier and for (c) P = 7 and (d) P = 5 with different carriers for three phases.
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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 = 7 (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 120o. 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, Vdc, 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 kth 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 5th, 7th and 9th order harmonics in

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

The case pertaining to 9th 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 (vRN , vY N , vBN) is related to the inverter

pole-voltages (vRO, vY O, vBO) as

vRN = vRO − vRO + vY O + vBO
3

;

vY N = vY O − vRO + vY O + vBO
3

;

vBN = vBO − vRO + vY O + vBO
3

(2.4)

The term vRO+vY O+vBO

3
is also called as the common mode voltage or vCM . Using

(2), for the case of using a common carrier, the expression for vCM corresponding

to k = 9 and P = 7 is given in (2.5). Thus, 9th harmonic component of vCM

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 9th harmonic present in the inverter

pole-voltages will also be present in the machine phase voltages leading to a 9th

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.

vCM |k=9 =
A2

1cos(9ωot+
π
2
) + A2

1cos(9ωot− 4π
3
+ π

2
) + A2

1cos(9ωot+
4π
3
+ π

2
)

3
= 0

(2.5)

However, for the case of using different carriers for P = 7 and k = 9, vCM is given

by (2.6). It can be inferred that in this case, the 9th harmonic component present in

vRO is also present in vCM in equal magnitude and phase. Hence, they get cancelled

in the vRN . 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.

vCM |k=9 =
A2

1cos(9ωot+
π
2
) + A2

1cos(9ωot− 4π
3
+ 7π

6
) + A2

1cos(9ωot+
4π
3
− π

6
)

3

= A2
1cos(9ωot+

π

2
) (2.6)

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

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

other hand, 7th harmonic component of vCM when different carrier signals are used,
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is given by (2.8). Thus, 7th 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.

vCM |k=7 =
A2

1cos(7ωot+
π
2
) + A2

1cos(7ωot+
π
2
) + A2

1cos(7ωot+
π
2
)

3

= A2
1cos(7ωot+

π

2
) (2.7)

vCM |k=7 =
A2

1cos(7ωot+
π
2
) + A2

1cos(7ωot+
π
2
− 2π

3
) + A2

1cos(7ωot+
π
2
− 4π

3
)

3
= 0

(2.8)

A similar analysis for 5th harmonic or k = 5 for P = 7 is also done. The expression

for vCM 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 vCM 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 5th 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.

vCM |k=5 =
A−2

1 cos(5ωot+
π
2
) + A−2

1 cos(5ωot+
π
2
) + A−2

1 cos(5ωot+
π
2
)

3

= A−2
1 cos(5ωot+

π

2
) (2.9)

vCM |k=5 =
A−2

1 cos(5ωot+
π
2
) + A−2

1 cos(5ωot+
π
2
− 2π

3
) + A−2

1 cos(5ωot+
π
2
− 4π

3
)

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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(a) (b)

(c) (d)

Figure 2.8: Simulation results pertaining to three-phase line current for (a)
P = 7, (b) P = 5 with common carrier and (c) P = 7, (d) P = 5 with different

carrier
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(a) (b)

(c) (d)

Figure 2.9: Simulation results pertaining to FFT of line current for (a)P = 7
(iTHD = 118.17%) (b)P = 5 (iTHD = 200.39%) with common carrier signal and
(c) P = 7 (iTHD = 248.41%) (d) P = 5 (iTHD = 354.31%) with different carrier

signals
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Table 2.2

P = 7 P = 5

Common Carrier Different carrier Common carrier Different Carrier

k = 5 Absent Present Absent Present

k = 7 Absent Present Absent Present

k = 9 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 fm = 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 (iR) 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 5th and 7th 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 iR are mentioned in the caption of the figure. From the THD values, it can be
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(a) (b)

(c) (d)

Figure 2.10: Experimental results pertaining to three-phase line modulating
and carrier signal for (a) P = 7, (b) P = 5 with common carrier and (c) P = 7,

(d) P = 5 with different carrier signals (x axis: 5ms/div)

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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(a) (b)

(c) (d)

Figure 2.11: Experimental results pertaining to three-phase line current for
(a)P = 7 (b) P = 5 with common carrier and (c)P = 7, (d) P = 5 with different

carrier signals (x axis: 5ms/div)

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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(a) (b)

(c) (d)

Figure 2.12: Experimental results pertaining to FFT of three-phase line
current for (a)P = 7, (b) P = 5 with common carrier and (c) P = 7 (d)P = 5

with different carrier signals

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, 5th and 7th 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 fm 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, αi, (i = 1, 2...q). These

angles are obtained by minimizing the weighted total harmonic distortion (THD) in

voltages (VWTHD) which is a measure of the line-current THD [1]. VWTHD is given
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(a) (b)

Figure 2.13: (a) Type A and (b) type B pulse pattern for P = 5

by

VWTHD =

√∑
F 2
n/n

2

F 2
1

(2.11)

Here, Fn is the magnitude of nth harmonic voltage and F1 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 Fn for type A and B pulse pattern is given by [1],

FA
n =

2Vdc
nπ

[1 +
N∑
i=1

(−1)i2cos(nαi)]

FB
n =

2Vdc
nπ

[−1 +
N∑
i=1

(−1)(i−1)2cos(nαi)] (2.12)

Thus, for a given P , αis are obtained by minimizing (2.11) under the constraints

[1],

F1

2Vdc
π

=M =M∗ and 0 < α1 < .... < αq <
π

2
(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 fm. Fig. 2.14 shows the variation of fsw as fm 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 θs, which is the angle associated with



Chapter 2: Syn. PWM Schemes and PP Transition Strategy: SCIM 45

Figure 2.14: Plot of fsw over complete range of fm for SOH PWM

stator voltage vector (−→v s), is very crucial for proper implementation of both SST

and SO PWM. However, θs is not directly available when the drive operates under

vector-control mode. Moreover, in case of SO PWM, αi, (i = 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 αi 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 fm ≤ 10Hz with a

constant fsw = 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 fm = 28Hz.

Theoretically estimated VWTHD 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-2.15c

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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(a)

(b)

(c)

Figure 2.15: Theoretically estimated VWTHD for both Type A and type B
pulse pattern for (a) P = 5 (b) P = 7 (c) P = 9 [1]
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Figure 2.16: Variation of αi over the complete range of M

Table 2.3: Optimal Vector Sequence

P Vector Sequence

9A A− ZA − A− ZA − A−B − ZB −B − ZB −B

9B ZA − A− ZA − A−B − A−B − ZB −B − ZB

7A ZA − A− ZA − A−B − ZB −B − ZB

7B A− ZA − A−B − A−B − ZB −B

5A A− ZA − A−B − ZB −B

in other range. As seen in Fig. 2.15c, 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 fm = 36 Hz. Consequently, as shown in Fig. 2.14,

the pulse pattern is switched from type A to B at fm = 36 Hz for P = 9. Furthermore,

as fsw 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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(a) (b)

(c) (d)

(e)

Figure 2.17: Vectors A, ZA, B and ZB in sector I based on αi for (a) P = 9A
(b) P = 9B (c) P = 7A (d) P = 7B (e) P = 5A
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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 (αi) 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 ZA and ZB

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, αi can be mapped to the particular values of θs at which

the vector within the optimal sequence changes. Such a mapping is shown in Fig.

2.17 for pulse pattern P = 9A, 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 θs with the mapped value of αi.

2.3.2 Estimation of θs and M

It is stated in the last subsection that accurate information pertaining to θs is crucial

for proper implementation of both SST and SO PWM. Under open-loop operation

of IM drive, θs is readily available. However, the same is not true for RFO vector

control mode of operation. In this case, vsd and vsq are directly converted to the

sinusoidal three-phase reference voltages (vr, vy and vb) using ρmr which is the angle

associated with rotor-flux vector,
−→
ψ r.

Thus, an indirect way to estimate θs using ρmr, vsd and vsq 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 θs and ρmr is termed as γ as shown below

γ = θs − ρmr (2.14)
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(a) (b)

Figure 2.18: Phasor Diagram consisting of IM in (a) motoring and (b)
generating modes

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

ωr and ωsl are the rotor speed and slip speed, respectively.

ρmr =

∫ t

0

(ωr + ωsl)dt (2.15)

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

γ =
π

2
+ tan−1 |vsd|

|vsq|
(if vsd ≤ 0);

= tan−1 |vsq|
|vsd|

(if vsd ≥ 0);

(2.16)

Since the DC component of vsd and vsq is sufficient to generate the information

pertaining to fundamental component of −→v s, a simple low-pass filter can be designed

to extract that. Thus θs can be computed once ρmr and γ are known.

2.3.3 Implementation of SST PWM

As θs is accurately obtained, the same can be utilized to generate the triangular

carrier for SST PWM. A saw-tooth signal in time, θcr, can be generated from θs as

given using

θcr =
P (θs +

π
2
)

2π
− floor

(P (θs + π
2
)

2π

)
(2.17)

Here, floor denotes the nearest lowest integer function. Thus, zero-crossings of

θcr and modulating signals are always synchronized. With suitable manipulation,

θcr 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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Figure 2.19: Block diagram to implement SST PWM

2.3.4 Implementation of SO PWM

The optimal switching angles αi 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 αi 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 7A, first optimal angle (α1) becomes constant at 0o 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, α2 becomes constants at 0o 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 = 9A, 9B, 7A, 7B

and 5A.

α1 =



5M + 59.75 if0.43 ≤M < 0.52

12.5M − 1.75 if 0.52 ≤M < 0.58

0 if 0.58 ≤M < 0.64

0 if 0.64 ≤M < 0.76

0 if 0.76 ≤M < 0.88

0 if 0.88 ≤M

(2.18)
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α2 =



−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

−3.33M + 7.5 if0.64 ≤M < 0.76

0 if0.76 ≤M < 0.88

0 if 0.88 ≤M

(2.19)

α3 =



8.3333M + 75.08 if0.43 ≤M < 0.52

77.75 if0.52 ≤M < 0.58

−12.72M + 81.54 if0.58 ≤M < 0.64

30M + 53.5 if0.64 ≤M < 0.76

18.125M + 60.875 if0.76 ≤M < 0.88

−108.33M + 112.4 if0.88 ≤M

(2.20)

α4 =



−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

−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

(2.21)

The duration of the vectors A, ZA, B and ZB 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 αi and θs. Thus, the dwell time

computed for the vectors in sector 1 will be the same for the corresponding vectors

in the other sectors.

As θs varies in the other sectors, it can be mapped to sector 1 by obtaining θmaps

using (2.22) wherein S is the number of the sector in which −→v s is present. Thus, S
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(a) (b)

Figure 2.20: Change in PP (a) P = 9B to 7A (b) P = 7B to 5A

Figure 2.21: Block diagram to implement SO PWM

can take the value 1, 2, 3, 4, 5 and 6. θmaps remains in the range 0oto 60o as θs rotates

through 360o.

θmaps = θs − (S − 1)60o (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 αi with θ
map
s . 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: mr and normalised Vro during the transition SST P=9 to SO
P=9A

(a)

(b)

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

to Vdc and mr as P changes from SST P = 9 to P = 9A in SO PWM.

A 2.2kV, 850kW, 65Hz drive is simulated in MATLAB/Simulink in vector

control mode over complete range of fm with the proposed SOH PWM scheme. The

performance of the drive is evaluated in terms of the transients observed in d and

q-axis components (isd and isq) of the stator-current vector,
−→
i s, over the complete

range of fm. The same is captured and presented in Fig. 2.23. Further, both isd

and isq are captured at particular time instants corresponding to the transition from

P = 9 to P = 9A, P = 9B to P = 7A, P = 7A to P = 7B 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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(a) (b)

(c) (d)

Figure 2.24: isd and isq captured during transitions from (a) P = 9 to P = 9A
(b) P = 9b to P = 7A (c) P = 7A to P = 7b (d) P = 7B to P = 5A
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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 isd and isq 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 Vdc
2

whereas time-constant Td is considered

as 1
4fsw

. The parameters of current controller are designed by considering the worst

possible Td.

The voltage gain of the inverter deviated from Vdc
2

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 fm where 9 to 3 transition in

P is expected.

Open loop transfer function of current control (Gol) is given by (2.23). Fig. 2.27a

-2.27d present Bode plots of Gol at PWM transitions, AST PWM to SST PWM,

P = 21 to P = 15, P = 15 to P = 9 and P = 9 to P = 3, respectively.

Gol =
Ki(1 + sTi)

sTi

G

(1 + sTd)

1

(Rs + σLs)
(2.23)

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

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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(a) (b)

(c) (d)

Figure 2.27: Bode plots of loop transfer function (Gol) pertaining to transitions
in P from (a) Asyn to P=21 at fm = 10Hz (b) P=21 to 15 at fm = 23Hz (c)

P=15 to 9 at fm = 33Hz (d) P=9 to 3 at fm = 55Hz.
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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

vrn = vRN1 + ṽRN ; ir = iR1 + ĩR; (2.24)

where, vrn, vrn1 and ṽrn denotes R-phase to neutral voltage, its fundamental and

harmonic component, respectively. Similarly, ir, ir1 and ĩr are R-phase line-current,

its fundamental and ripple components respectively.

Due to low switching frequency, ṽrn consists of 5th and 7th order harmonics and

can be written as

ṽRN(t) =
∑

m=5,7..

Vmsin(mωt+ ϕm) (2.25)

At a given fm, change in P leads to a change in the magnitude and phase of

ṽrn. The response, ĩr to these changes in ṽrn can be computed using the dynamical

equation (2.26). This is obtained from the harmonic model [30] of IM as

d̃iR
dt

=
ṽRN −Req ĩR

Leq
(2.26)

Here, Req = Rs +Rr where Rs and Rr are per-phase stator and rotor resistances,

respectively of IM and Leq = Lls + Llr, where Lls and Llr are per-phase stator and

rotor leakage inductances , respectively of IM.

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

ĨR(s) = H(s)ṼRN(s) where H(s) =
1

Req + sLeq
(2.27)

The time domain expression of ĩr(t) consists of a transient response and a

steady-state response. It is is given by

ĩR(t) = C1e
−Reqt

Leq + ĩSSR (t) (2.28)

Here, time t = 0 is taken as the instant at which P changes its value. C1e
−Reqt

Leq is

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

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

ĩSSR (t) =
∑

m=5,7..

|H(jmω)|Vmsin(mωt+ ϕm + ∠H(jmω)) (2.29)
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Figure 2.28: Mismatch in ripple currents pertaining to P = 9 and 3 at
fm = 55Hz.

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

If the constant C1 in (2.28), can be made zero, the transient in the current can

be made zero. C1 is determined by using initial conditions. C1 can be made zero, if

time instant (t = 0) is chosen such that the following condition is true

ĩR(t = 0−) = ĩSSR (t = 0+) (2.30)

Here, ĩr(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

ĩSSr (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. ĩr, ĩy and ĩb, respectively) can be

represented in vector form in stationary α− β reference frame given in (2.31).

−→̃
is = ĩα + jĩβ = ĩR + ĩY e

j 2π
3 + ĩBe

j 4π
3 (2.31)

where,
−→̃
is is the ripple current vector and ĩα and ĩβ are components of

−→̃
is in

stationary α− β reference frame.
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Fig. 2.28 demonstrates ĩα and ĩβ for P = 9 and P = 3 under steady-state

operation for SST PWM. Peak-peak ripple in ĩα and ĩβ is found to be nearly 200A

and 300A for P = 9 and 3, respectively. It should be noted that instantaneous values

of ĩα and ĩβ 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 isq, isd and imr. Therefore, to minimize

the line current transients,
−→̃
is 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
−→
is for outgoing and incoming P

must be matched. However, estimation of
−→
is requires motor parameters and exact

solution of IM model. For SCIM,
−→
is can be represented in terms of stator flux vector

−→
ψs and rotor flux vector (

−→
ψr)as

−→
is =

(
−→
ψs − Lm

Lr

−→
ψr)

σLs
(2.32)

where, Lm, Ls and lr are magnetising, stator and rotor inductances, respectively

and σ is the total leakage coefficient.

It should be noted that
−→
ψr is sluggish in nature due to the involvement of

rotor-time constant [73]. So, an instantaneous change in
−→
is can be correlated to

instantaneous change in
−→
ψs. Hence, it is proposed in this thesis that values of

−→
ψs 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
−→
ψs for outgoing and incoming P are below

a specified limit as given in (2.33).√
(ψoutsα − ψinsα)

2 + (ψoutsβ − ψinsβ)
2 ≤ l (2.33)

Here, ψxsα and ψxsβ are α and β− axis components of
−→
ψxs ; x ∈ {out, in} and l is

a constant which can be chosen suitably to ensure pulse transition with minimum



Chapter 2: Syn. PWM Schemes and PP Transition Strategy: SCIM 62

(a)

(b)

Figure 2.29: Normalized
−→
ψ s trajectories pertaining to (a) SST (b) SO PWM
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transient.

ψxsα and ψxsβ can be computed from the stator voltage vector components vxsα and

vxsβ as shown below [73].

ψxsα,sβ(t) =

∫ t

0

(vxsα,sβ(t)− rsisα,sβ) dt (2.34)

vxsα and vxsβ 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
−→
ψ s 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.

2. The modulating signals are adjusted with a gain of 1
1.227

.

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,
−→
ψ s

estimation, comparison, latching and carrier selection. The first stage, involves

simultaneous estimation of α − β components of
−→
ψ s, ψ

αβ, 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,
−→
ψ in and

−→
ψ out are selected from all the

available estimated
−→
ψ s. The magnitude of difference vectors is compared with a

constant l using a comparator. Also, another comparator is used for comparing

fm with specified values, fminx . 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 fm and
−→
ψs 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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Figure 2.31: Complete control block diagram of the motor drive

signal v∗ryb, is obtained from the vector control algorithm. Following this, the angle

θs and the modulation index M are estimated using vsd and vsq and ρmr. The PP

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

constructed by generating the triangular carrier using θs and comparing it with v∗ryb.

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

are also constructed by comparing αi (which are obtained from M) and θmaps 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 isd and isq as obtained in simulation corresponding

to proposed SOH PWM technique with the proposed pulse transition strategy is

shown in Fig. 2.32. Further, both isd and isq are captured at particular time instants

corresponding to the transition from P = 9 to P = 9A, P = 9B to P = 7A, P = 7A
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(a)

(b)

Figure 2.32: Simulation results pertaining to (a) isd and (b) isq through the
complete range of fm with proposed SOH PWM with proposed pulse transition

strategy

to P = 7B and P = 7B to P = 5A and shown in Fig. 2.24. It can be clearly seen

that the transients in both isd and isq 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 fm. isd and isq 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) (b)

(c) (d)

Figure 2.33: Simulation results pertaining to isd and isq captured during
transitions from (a) P = 9 to P = 9A (b) P = 9b to P = 7A (c) P = 7A to P = 7b

(d) P = 7B to P = 5A with proposed pulse transition strategy
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(a)

(b)

Figure 2.34: Simulation results pertaining to (a) isd and (b) isq axis current
through the complete range of fm with conventional SST PWM with proposed

pulse transition strategy

(a) (b)

Figure 2.35: Simulation results pertaining to isd and isq captured during
transitions from (a) P = 15 to P = 9 (b) P = 9 to P = 3 with proposed pulse

transition strategy
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Figure 2.36: Experimental result showing synchronization of θs and Vro with
mr [x axis: 10ms/div ]

(a) (b)

Figure 2.37: Continuity in ψα and ψβ (5Wb/div) with the proposed strategy
during transition from (a)SST P=9 to SST P=3 (b)SST P=9 to SO P=9A [x axis:

10ms/div ]

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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(a) (b)

(c) (d)

(e)

Figure 2.38: Experimental results showing isd (5A/div), isq (8A/div), nor-
malised Vro and mr 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 θs which is the angle

associated with the stator-voltage vector is first validated experimentally. θs along

with R-phase modulating signal, mr and normalised R-phase pole-voltage as obtained

experimentally is shown in Fig.2.36. The case with P = 9A is considered here. θs

can be seen to be perfectly synchronized with mr in the figure.

The effectiveness of the implementation of the proposed pulse transition strategy is

established experimentally by observing the continuity in ψα and ψβ 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 = 9A .

Further, the R-phase modulating signal, mr and the normalised inverter pole

voltages Vro are presented along with isd and isq in Fig. 2.38 in order to establish the

effective implementation of the proposed SOH PWM scheme. The transitions from

SST P = 9 to SO P = 9A, SO P = 9A to P = 9B, P = 9B to P = 7A, P = 7A to

P = 7B and P = 7B to P = 5A are shown in Fig. 2.38a-2.38e respectively. Almost

no transient in either isd or isq 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 = 5A to 7B, P = 7B to 7A, P = 7A

to P = 9B and from P = 9B to 9A 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, imr is controlled at its rated value as seen

in Fig. 2.40a. The measured speed (ωr) tracks the ramped reference speed (ω∗
r) as

shown in Fig. 2.40c. d and q-components of the stator current vector, isd and isq,
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(a) (b)

(c) (d)

Figure 2.39: Experimental results showing isd (4A/div), isq (8A/div), nor-
malised Vro and mr 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 αi by a linear function of M

is established by comparing the line current THD ithd obtained when the approximate

angles are used with respect to the actual values of αi. The drive is operated in

open-loop control with constant V
f
ratio. The line-current THD is measured for

both the cases and the same is presented in Fig. 2.41. It can be seen that the ithd
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(a) (b)

(c) (d)

Figure 2.40: Experimental performance of vector controlled IM drive in terms
of (a) imr [Scale: 5A/div, 5s/div] (b) isd [Scale: 5A/div, 5s/div] (c) speed [Scale:
600RPM/div, 5s/div]and (d) isq [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 fm. This

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

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

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

to SST PWM for the range of modulating frequency, fm = 28Hz to Fm = 65Hz is

also shown in Fig. 2.41. In case of SST PWM, at fm = 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 ithd can be observed in Fig. 2.41.
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Figure 2.41: iTHD for actual and approximated values of αi.

Figure 2.42: Rise in temperature of motor casing due to SST and SO PWM

Further, it is clear that the value of ithd 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 5Hz, starting from 30Hz going upto 55Hz. 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. It 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 25oC.

Further, the effectiveness of the proposed pulse-transition strategy with conven-

tional SST PWM scheme is established experimentally in Fig.2.43. isd, isq, mr and

Vro are captured experimentally corresponding to the transitions from P = 21 to

p = 51, P = 15 to P = 9 and 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 isd and isq. 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 is controlled at its rated value as seen in Fig. 2.44a. The measured speed (ωr)

tracks the ramped reference speed (ω∗
r) as shown in Fig. 2.44c. d and q-components
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(a) (b)

(c)

Figure 2.43: Experimental results showing isd (5A/div) and isq (8A/div)
along with normalised Vro and mr 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, isd and isq, 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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(a) (b)

(c) (d)

Figure 2.44: Experimental performance of vector controlled IM drive in terms
of (a) imr [Scale: 5A/div, 5s/div] (b) isd [Scale: 5A/div, 5s/div] (c) speed [Scale:
600RPM/div, 5s/div]and (d) isq [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 5th and 7th 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 (−→vs ) angle θs is required to be computed

for correct implementation of SST and SO PWMs. A method to estimate θs by using

the rotor flux (
−→
ψr) angle, ρmr, and d- and q- axis components of −→vs is presented in

the chapter. Synchronized triangular carriers corresponding to pulse numbers 21, 15

and 9 are generated from θs. 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 (fsw) 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, fc. 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 5th and 7th 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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(a)

(b)

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 fsw against fm 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 (vRr, vY y, vBb) corresponding to the OWIM drive

are given by,

vXx = vXo1 − vxo2 − vo2o1 (3.1)

where vXo1 (X ∈ {R, Y,B}) and vxo2 (x ∈ {r, y, b}) are the pole voltages of inverter

1 and 2 w.r.t. negative DC bus points o1 and o2, respectively (Fig.3.1b); vXx

(Xx ∈ {Rr, Y y,Bb}) is the machine phase voltage and vo2o1 is the voltage between

o1 and o2 which is computed as

vo2o1 =
(vRo1 + vY o1 + vBo1)

3
− (vro2 + vyo2 + vbo2)

3
(3.2)

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. fsw is usually restricted below 350Hz

(fmaxsw ) 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 fm. The variation of carrier frequency, fc with fm over the complete range of

operation is shown in Fig.3.2. It should be noted that there are large transitions

in fc at the junction of two different pulse numbers. Since fc and fsw are equal

in a two-level VSI, a change in P leads to a large change in fsw. 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 5th and 7th 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 kth harmonic voltage (vk) in (2). Here, k = mP + n.

The appropriate values of γβ to be used in (2) can be selected from Table 3.1

for inverter I (β ∈ R, Y,B) and inverter II (β ∈ 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 γβ corresponding to

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

Further, ϕβ assumes same values for triplen pulse numbers whereas it has a

phase shift of 2π
3

between respective phases for non-triplen pulse numbers. Table 3.2

presents the values of for ϕβ for inverter I (β ∈ R, Y,B) and inverter II (β ∈ 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: γβ for Inverter I and II

γR γY γB γr γy γb

P = 9 0 −2π
3

−4π
3

π π
3

−2π
3

P = 7 0 −2π
3

−4π
3

π π
3

−2π
3

P = 6 0 −2π
3

−4π
3

π π
3

−2π
3

P = 5 0 −2π
3

−4π
3

π π
3

−2π
3

Table 3.2: ϕβ for Inverter I and II

ϕR ϕY ϕB ϕr ϕy ϕb

P = 9 π
2

π
2

π
2

π
2

π
2

π
2

P = 7 π
2

−π
6

−5π
6

π
2

−π
6

−5π
6

P = 6 π
2

π
2

π
2

π
2

π
2

π
2

P = 5 π
2

−π
6

−5π
6

π
2

−π
6

−5π
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,

˜vRoi =
2∑

m=1

2∑
n=−2

(
Anmcos

(
kωot+m

π

2
+ (i+ 1)nπ)

)
(3.3)

where i = 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 ṽRo1 and ṽro2 have been presented. For all combinations of (m,n) for which,

m+ n becomes and even integer, the magnitude of corresponding kth 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 v7 are same for both inverters (see (3.3)). Thus, v7

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 kth 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

m n k ˜vRo1 ˜vro2

-2 7 A−2
1 A−2

1

-1 8 0 0
1 0 9 A0

1 A0
1

1 10 0 0
2 11 A−2

1 A−2
1

-2 16 0 0
-1 17 A−1

2 −A−1
2

2 0 18 0 0
1 19 A1

2 −A1
2

2 20 0 0

(b) P = 7, k = 7m+ n

m n k ˜vRo1 ˜vro2

-2 5 A−2
1 A−2

1

-1 6 0 0
1 0 7 A0

1 A0
1

1 8 0 0
2 9 A2

1 A2
1

-2 12 0 0
-1 13 A−1

2 −A−1
2

2 0 14 0 0
1 15 A1

2 −A1
2

2 16 0 0

(c) P = 6, k = 6m+ n

m n k ˜vRo1 ˜vro2

-2 4 A−2
1 A−2

1

-1 5 0 0
1 0 6 A0

1 A0
1

1 7 0 0
2 8 A−2

1 A−2
1

-2 10 0 0
-1 11 A−1

2 −A−1
2

2 0 12 0 0
1 13 A1

2 −A1
2

2 14 0 0

(d) P = 5, k = 5m+ n

m n k ˜vRo1 ˜vro2

-2 3 A−2
1 A−2

1

-1 4 0 0
1 0 5 A0

1 A0
1

1 6 0 0
2 7 A2

1 A2
1

-2 8 0 0
-1 9 A−1

2 −A−1
2

2 0 10 0 0
1 11 A1

2 −A1
2

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 fsw 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. CR, CY and CB) for

each modulating signals (i.e mR,mY and mB, respectively). Carrier frequency is

maintained according to P and fm. 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, θR, θY and θB corresponding to mR, mY , and

mB, respectively, as represented in (3.4).

CR =


2
π
θCR

; 0 ≤ θCR
≤ π

2

2
π
(π − θCR

); π
2
≤ θCR

≤ 3π
2

2
π
(θCR

− 2π); 3π
2
≤ θCR

≤ 2π

(3.4)

Here, θCR
is obtained as given in (3.5).

θCR
= mod(P ∗ θR, 2π) (3.5)

Similarly, CY and CB are also generated from θY and θB, 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 CR,

CY and CB 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 = −mx =M sin(ωmt− γ), (3.6)
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Figure 3.3: Three-phase modulating signals and triangular carriers for inverter
1 at (a) fm=35Hz, M=0.5384 (P=9) (b) fm=45Hz, M=0.6923 (P=7) (c) fm=55Hz,
M=0.8461 (P=6) and (d) fm=65Hz, M=1 (P=5) pertaining to proposed OWIM

drive.

where, X ∈ {R, Y,B}, x ∈ {r, y, b} and γ ∈ {0, 2π
3
, 4π

3
}; mR,mY and mB are the

modulating signals for inverter 1; mr, my and mb 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⟨fm
fr
, 1⟩ (3.7)

where, fr 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, Vdc 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
Vdc1 0.5Vdc Vdc 0.5Vdc 0.5Vdc
Vdc2 0.5Vdc 0.289Vdc 0.5Vdc 0.5Vdc

PWM technique Space-vector Dodecagonal SV Offline Optimal Sine-Triangle
Non-triplen P NO NO YES YES
fsw of VSI 1 fsw = 1kHz fsw ≤ 720Hz fsw ≤ 400Hz fsw ≤ 350Hz
fsw of VSI 2 fsw = 1kHz fsw ≤ 1440Hz fsw ≤ 400Hz fsw ≤ 350Hz

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

Vdc1 and Vdc2 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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90 100 110 120 130 140 1

(a)

(b)

(c)

(d)

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.

−→
Vk =

−→ui −
−→
u’j; 0 ≤ i, j ≤ 7 and 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 α (say, V1) and π
3
− α (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 V1, V2, V7 or V8). It should be noted that proposed PWM applies some active

vectors which are beyond sector I (e.g. V9, V12, V14, V18) 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 fm. This is illustrated in Fig.3.6 for

P = 9.
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(a) (b)
Figure 3.6: R-phase modulating signal, carrier and normalized pole voltages

of (a) Inverter 1 and (b) Inverter 2

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

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

Bk =
Vdc
kπ

(
[
i=l∑
i=1

(−1)i+1cos(kθyi )]− 1

)
y ∈ {I, II} (3.9)

where l = 2P − 1 and θi is the corresponding angle of intersection between

modulating signal and carrier (see Fig. 3.6). 5th, 7th, 11th and 13th harmonics

normalized w.r.t Vdc 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 (
−→
ψs ) 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].

−→
ψs =

∫ T

0

(vRr + vY ye
j 2π

3 + vBbe
j 4π

3 ) dt (3.10)

−→
ψs is computed as (3.10) for a three-phase system. The trajectory of the tip of

−→
ψs

is obtained by plotting real part of
−→
ψs i.e. (ψsα) against its imaginary part i.e. ψsβ.

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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(a) (b)

(c) (d)

Figure 3.7: Magnitude of normalized (a) 13th (b) 11th (c) 7th and (d) 5th

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 fsw 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 (vRo1 , vro2) and the resultant machine phase
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(a) (b)

(c) (d)

Figure 3.8: Trajectory of tip of normalized
−→
ψs corresponding to (a) Fig. 3.3a

(b) Fig. 3.3b (c) Fig. 3.3c and (d) Fig. 3.3d
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(a) (b)

(c) (d)

Figure 3.9: Pole voltages of individual inverters (vRo1 , vro2) and resultant
phase voltage (vRr) corresponding to (a) Fig. 3.3a (b) Fig. 3.3b (c) Fig. 3.3c and

(d) Fig. 3.3d
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(a) (b)

(c) (d)

Figure 3.10: Harmonic spectrum of vRo1 , vro2 , vRr corresponding to (a) Fig.
3.9a (b) Fig. 3.9b (c) Fig. 3.9c and (d) Fig. 3.9d
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Table 3.5: ITHD under full load

2L-VSI SCIM OWIM

fm = 35Hz, P = 9 32.49% 26.45%

fm = 45Hz, P = 7 64.% 21.63%

fm = 55Hz, P = 6 53.06% 20.62%

fm = 65Hz, P = 5 42.94% 18.64%

voltage (vRr) pertaining to proposed OWIM drive are shown in Fig.3.9a, 3.9b, 3.9c

and 3.9d corresponding to fm=35Hz (P = 9), fm=45Hz (P = 7), fm=55Hz (P = 6)

and fm=65Hz (P = 5), respectively. It is observed that all pole voltages, except

Fig.3.9c (fm=55Hz, 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 vRo1 and vro2 . On the contrary, harmonic spectra of phase

voltage vRr 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 (iR, iY , iB) 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 iR 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 iR, iY , and iB pertaining to SCIM

drive are shown in Fig.3.14a-3.14d corresponding to fm=35Hz (P = 9), fm=45Hz

(P = 3), fm=55Hz (P = 3) and fm=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 iR 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 (ITHD), for SCIM and OWIM drives is mentioned in Table 3.5. OWIM
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(a) (b)

(c) (d)

Figure 3.11: Three-phase current (iR, iY , iB) pertaining to proposed OWIM
based modified drive under no-load corresponding to (a) Fig. 3.9a (b) Fig. 3.9b

(c) Fig. 3.9c and (d) Fig. 3.9d
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(a) (b)

(c) (d)

Figure 3.12: Harmonic-spectrum of iR corresponding to (a) Fig. 3.11a (b)
Fig. 3.11b (c) Fig. 3.11c and (d) Fig. 3.11d
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(a) (b)

(c) (d)

Figure 3.13: Three-phase current (iR, iY , iB) pertaining to proposed OWIM
based modified drive under full-load corresponding to (a) Fig. 3.9a (b) Fig. 3.9b

(c) Fig. 3.9c and (d) Fig. 3.9d
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(a) (b)

(c) (d)

Figure 3.14: Three-phase currents (iR, iY , iB) pertaining to standard SCIM
drive at (a) fm=35Hz (P=9) (b) fm=45Hz (P=3) (c) fm=55Hz (P=3) and (d)

fm=65Hz (P=3) under no-load
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(a) (b)

(c) (d)

Figure 3.15: Harmonic-spectrum of iR corresponding to (a) Fig. 3.14a (b)
Fig. 3.14b (c) Fig. 3.14c and (d) Fig. 3.14d
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(a) (b)

(c) (d)

Figure 3.16: Three-phase current (iR, iY , iB) pertaining to proposed SCIM
based modified drive under full-load corresponding to (a) Fig. 3.9a (b) Fig. 3.9b

(c) Fig. 3.9c and (d) Fig. 3.9d
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(a) (b)

(c) (d)

Figure 3.17: Simulated torque ripple waveform corresponding to (a) Fig. 3.3a
(b) Fig. 3.3b (c) Fig. 3.3c and (d) Fig. 3.3d

Figure 3.18: Comparison of ITHD under full-load pertaining to 850kW
standard SCIM and proposed OWIM drive
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is found to have lower ITHD 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 ITHD over complete range of fm is presented in Fig.3.18 for

both the drives. A significant jump in ITHD can be observed at fm = 39Hz for

SCIM drive due to change in pulse number from 9 to 3. Similar observation is made

at fm = 23Hz due to the change in pulse number from 15 to 9. However, such

jumps, in ITHD, are not observed for the proposed OWIM based drive. SCIM is

found to have ITHD as high as 70% under full-load conditions whereas proposed

OWIM restricts ITHD 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 (FZ1200R45KL3) and 3.3kV Infineon IGBT (FZ1400R33HE4) 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 fm. 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 ITHD

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. fsw 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 ≤ fm ≤ 65Hz.

Experimentally measured vRo1 , vro2 and vRr pertaining to proposed OWIM

drive are presented in Fig.3.20a-3.20d corresponding to Fig.3.9a-3.9d, respectively.

As stated earlier, vRr seems to possess all waveform symmetries. Fig.3.21a-3.21d

present the harmonic spectra of vRo1 , vro2 and vRr corresponding to Fig.3.20a-3.20d,

respectively. Low order dominant harmonics present in vRo1 and vro2 are found to be

suppressed effectively in vRr. 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 iR, iY and iB, 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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(a) (b)

(c) (d)

Figure 3.20: Experimentally measured pole voltages of individual inverters
(vRo1 , vro2) and resultant phase voltage (vRr) corresponding to (a) Fig. 3.3a (b)

Fig. 3.3b (c) Fig. 3.3c and (d) Fig. 3.3d [Scale: 200V/div, 5ms/div]
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(a) (b)

(c) (d)

Figure 3.21: Experimentally obtained harmonic spectra of voltages (vRo1 ,
vro2 , vRr) corresponding to (a) Fig. 3.20a (b) Fig. 3.20b (c) Fig. 3.20c and (d)

Fig. 3.20d
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(a) (b)

(c) (d)

Figure 3.22: Measured three-phase currents (iR, iY , iB) under no-load corre-
sponding to (a) Fig. 3.20a (b) Fig. 3.20b (c) Fig. 3.20c and (d) Fig. 3.20d [Scale:

2A/div, 5ms/div]
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(a) (b)

(c) (d)

Figure 3.23: Measured harmonic-spectrum of iR corresponding to (a) Fig.
3.22a (b) Fig. 3.22b (c) Fig. 3.22c and (d) Fig. 3.22d
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(a) (b)

(c) (d)

Figure 3.24: Measured three-phase currents (iR, iY , iB) under full load
corresponding to (a) Fig. 3.20a (b) Fig. 3.20b (c) Fig. 3.20c and (d) Fig. 3.20d

[Scale: 10A/div, 10ms/div]
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(a) (b)

(c) (d)

Figure 3.25: Measured three-phase currents pertaining to 3.7kW SCIM drive
(a) fm=35Hz (P=9) [Scale: 7A/div, 5ms/div] (b) fm=45Hz (P=3) (c) fm=55Hz

(P=3) and (d) fm=65Hz (P=3) under no-load [Scale: 10A/div, 5ms/div]
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(a) (b)

(c) (d)

Figure 3.26: Measured harmonic-spectrum of iR corresponding to (a) Fig.
3.25a (b) Fig. 3.25b (c) Fig. 3.25c and (d) Fig. 3.25d
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Figure 3.27: Comparison of experimentally measured Ithd under no-load
condition.

drive. These confirm that three-phase line currents are balanced as stated earlier.

Measured harmonic spectra of iR, 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 iR, iY and

iB 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

iR 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

ITHD over complete range of fm in Fig. 3.27 at no-load condition. As seen, SCIM

drive results into Ithd as high as 140% under no-load condition. However, proposed

OWIM drive restricts the same below 75% over complete range of fm. Thus, proposed

OWIM drive outperforms SCIM drive significantly in terms of measured ITHD.
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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. Negative 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.3.28c).

4. Out-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, ϕR

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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(a) (b)

(c) (d)

Figure 3.28: Various carrier configuration for 2L-VSI fed SCIM (a)Positive
quadrature phase (b)Negative quadrature phase (c)In-phase (d)Out-of-phase

Table 3.6: ϕR for different carrier configuration

ϕR

Pos. Quad 0

Neg. Quad π

In-phase π
2

Out-of-phase −π
2
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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 (vRo1, vro2) and machine phase voltage (vRr) 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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(a) (b)

(c) (d)

Figure 3.29: Individual inverter pole volatges (vRo1, vro2) and machine phase
voltage (vRr) 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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(a) (b)

(c) (d)

Figure 3.30: Three-phase line-currents (iR, iY , iB) under full-load correspond-
ing to (a) Fig.3.29a (b) Fig.3.29b(c)Fig.3.29c(d)Fig.3.29d
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(a) (b)

(c) (d)

Figure 3.31: Harmonic spectrum of line-currents (iR) corresponding to (a)
Fig.3.30a (b) Fig.3.30b(c)Fig.3.30c(d)Fig.3.30d
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(a) (b)

(c) (d)

Figure 3.32: Experimentally measured Individual inverter pole volatges
(vRo1, vro2) and machine phase voltage (vRr) at fm = 35Hz for P = 9 for (a)Positive
quadrature phase (b)Negative quadrature phase (c)In-phase (d)Out-of-phase carrier

signals [Scale: 200V/div, 5ms/div]
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(a) (b)

(c) (d)

Figure 3.33: Experimentally measured three-phase current (iR, iY , iB) cor-
responding to (a)Fig.3.32a (b)Fig.3.32b (c)Fig.3.32c(d)Fig.3.32d [Scale: 5A/div,

5ms/div]
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(a) (b)

(c) (d)

Figure 3.34: Experimentally measured spectrum of line-current (iR) corre-
sponding to (a)Fig.3.33a (b)Fig.3.33b (c)Fig.3.33c (d)Fig.3.33d.
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constant V/f mode. Switching frequency (fsw) 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, P1 and P2, may

not necessarily remain the same. Effective pulse number of the drive is taken to be

the average of P1 and P2, denoted by P . The range of modulation index, M , over

which P is maintained as an odd-triplen number, P1 and P2 are kept equal. Thus,

P1 and P2 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 P1 and P2 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,

P1 and P2 are kept as consecutive odd triplen integers. For example, in order to

implement P = 6, P1 is maintained at 9 while P2 is maintained at 3. Thus, for

127
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the proposed PWM scheme, P1 and P2 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 (fc) is shown plotted against the modulating frequency (fm) in

Fig.4.1a for a conventional OWIM based high-power drive. Here, the value of fc and

P corresponding to the two inverters remain the same. The maximum allowable value

of fc is maintained at 400Hz. The drive is initially started with asynchronous PWM,

where fc remains fixed at 210Hz. At fm = 10Hz, the PWM scheme is transitioned

from asynchronous to synchronous with P = 21. Subsequently, as fc reaches 400Hz

with increase in fm, P is changed to the next allowable value. P is maintained at

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

SST-PWM scheme for OWIM drive proposed in this thesis utilises different

carrier signals for the two inverters in OWIM drive. Similar to P1 and P2, f
inv1
c

corresponds to the carrier frequency profile of inverter 1 and f inv2c corresponds to the

same for inverter 2. fc denotes the average carrier frequency profile. Mathematically,

this can be depicted as

P =
P1 + P2

2
fc =

f inv1c + f inv2c

2
(4.1)

Variation of f inv1c , f inv2c and f c with fm is shown in Fig.4.1b. Here, the maximum

value of f c is maintained at 400Hz. With the proposed scheme, f inv1c may not

necessarily be equal to f inv2c due to difference in P1 and P2. Table 4.1 shows the

different values which P1, P2 and P take over different ranges of fm. For the different

spans of fm, where both P1 and P2 become equal (P being odd triplen), the plot

corresponding to fc, f
inv1
c and f inv2c coincide in Fig.4.1b. For the remaining values

of fm (P being even triplen), the plot corresponding to fc, f
inv1
c and f inv2c 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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(a)

(b)

Figure 4.1: Variation of (a) fc for conventional scheme and (b) f inv1c , f inv22

and f c for proposed scheme with fm
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Table 4.1: Values of P1, P2 and P for complete range of fm

Range of fm P1 P2 P

0Hz ≤ fm < 10Hz - - -

10Hz ≤ fm < 19Hz 21 21 21

19Hz ≤ fm < 22Hz 21 15 18

22Hz ≤ fm < 26Hz 15 15 15

22Hz ≤ fm < 33Hz 15 9 12

33Hz ≤ fm < 44Hz 9 9 9

44Hz ≤ fm < 65Hz 9 3 6

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 DFS 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 (vRr, vY y, vBb)

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

vXx = vXO1 − vxO2 − vO2O1
(4.2)

where X ∈ {R, Y,B}, x ∈ {r, y, b} and vo2o1 is the voltage between the negative buses

of the two isolated DC sources, o1 and o2 (Fig.3.1b), also referred to as common-mode

voltage. The same is computed as

vo2o1 =
(vRO1 + vY O1 + vBO1)

3
− (vrO2 + vyO2 + vbO2)

3
(4.3)

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

of inverter 1, that is, γR, γY and γB are fixed at 0, 2π
3
and 4π

3
respectively. In order to

obtain a generalised expression, a phase displacement of ∆γ is assumed between the

modulating signals of the two inverters. Thus,the phase-displacement corresponding

to the modulating signals of inverter 2, γr, γy and γb can be written as at ∆γ, ∆γ+ 2π
3
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Figure 4.2: R-phase modulating and carrier signal for both inverter 1 and 2
showing ∆ϕ and ∆γ

and ∆γ + 4π
3
. The phase-displacement corresponding to the carrier signal which is

denoted by ϕβ is fixed at π
2
for inverter 1. Thus, ϕR = ϕY = ϕB = π

2
. Assuming a

phase shift of ∆ϕ between the carriers signals of two inverters, the value ϕr, ϕy and

ϕb become π
2
+∆ϕ. The pictorial depiction of ∆γ and ∆ϕ are shown in Fig. 4.2.

The impact of the two parameters, ∆γ and ∆ϕ on the fundamental component

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

4.2.2 Impact of phase-shift in modulating signals (∆γ) and

carrier signals (∆ϕ) 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 (vRr1) is analysed for the OWIM

drive in this subsection. For a given value of P , fundamental component of the

pole-voltage of each VSI, vRO11 and vro21 , can be obtained by putting m = 0 and

n = 1 and appropriate values of appropriate values for γR and γr in (2). Further,

substituting the expressions for vRO11 and vro21 in (4.2), the expression for vRr1 can

be obtained as,

vRr1 = A1
0[cos(ωot)− cos(ωot+∆γ)] (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 k = 13 k = 17 k = 19

P = 9 (1,−4) (1,−2) (1, 2) (1, 4) (2,−1) (2, 1)

P = 6 (1,−1) (1, 1) (2,−1) (2, 1) (3,−1) (3, 1)

The magnitude of the coefficient A1
0 can be obtained substituting the limit m→ 0

in (3) as shown below

A1
0 =

2Vdc
π

lim
m→0

Jn
(
mMπ

2

)
m

(4.5)

Solving the above limit, A1
0 becomes equal to MVdc

2
. Thus, substituting this in

(4.4), we get

vRr1 =
MVdc
2

[cos(ωot)− cos(ωot+∆γ)] (4.6)

Thus, it is clear from (4.6) that ∆γ should be maintained at π for maximum DC

bus utilization. Further, ∆ϕ does not impact the magnitude of vRr1 . Thus, ∆ϕ can

be chosen based on other objectives. In the present work, ∆ϕ 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 (∆ϕ) for P = 9
kth order harmonic component present in the inverter pole-voltages is given by

k = 6q ± 1 where q 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, VWTHD. Considering the dominant

lower order harmonics, VWTHD can be defined as

VWTHD =
∑

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

(
|vRrk |
k

)2

(4.7)

Here, |vRrk | is the magnitude of the kth order harmonic component of the machine
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phase-voltage. Taking ∆γ = π and considering a phase shift of ∆ϕ between the

carrier signals, the expression for the kth harmonic component of phase voltage, vRrk

is given as

vRrk =Anmcos[kωot+
mπ

2
]− Anmcos[kωot+ nπ +m(

π

2
+ ∆ϕ)]− vO1O2k

(4.8)

Here, vO1O2k
is the kth harmonic component of the common-mode voltage. The

same is obtained from (4.3) as

vO1O2k
=
Anm
3

(
cos[kωot+

mπ

2
] + cos[kωot+ n

2π

3
+
mπ

2
] + cos[kωot+ n

4π

3
+
mπ

2
]
)

− Anm
3

(
cos[kωot+ nπ +m(

π

2
+ ∆ϕ)] + cos[kωot+ n

5π

3
+m(

π

2
+ ∆ϕ)]

)
− Anm

3

(
cos[kωot+ n

7π

3
+m(

π

2
+ ∆ϕ)]

)
(4.9)

It can be seen from (4.9), vO1O2k
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

kth 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, vkO1O2
can be taken to be becomes

zero for this analysis.

It is proposed in this thesis, that for P = 9, ∆ϕ should be decided in a manner

such that VWTHD 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 4Vdc
π

, is given by

vP=9
Rr5

= J−4

(
πM

2

)
sin

(
−∆ϕ

2

)
sin

(
5ωot+

π

2
+

∆ϕ

2

)
vP=9
Rr7

= J−2

(
πM

2

)
sin

(
−∆ϕ

2

)
sin

(
7ωot+

π

2
+

∆ϕ

2

)
vP=9
Rr11

= J2

(
πM

2

)
sin

(
−∆ϕ

2

)
sin

(
11ωot+

π

2
+

∆ϕ

2

)
vP=9
Rr13

= J4

(
πM

2

)
sin

(
−∆ϕ

2

)
sin

(
13ωot+

π

2
+

∆ϕ

2

)
vP=9
Rr17

=
J−1 (πM)

2
cos (−∆ϕ) cos (17ωot+ π +∆ϕ)

vP=9
Rr19

=
J1 (πM)

2
cos (−∆ϕ) cos (19ωot+ π +∆ϕ)

(4.10)
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Figure 4.3: Variation of optimal value of ∆ϕ for P = 9

Substituting the values of |vRrk | from (4.10) into (4.7) and simplifying, VWTHD

for P = 9 comes out to be

V P=9
WTHD = α1sin

2(
∆ϕ

2
) + α2cos

2(∆ϕ) (4.11)

Here, the constants α and β are dependent on the modulation index M as,

α1 =
1

25
[J−4(

πM

2
)]2 +

1

49
[J−2(

πM

2
)]2 +

1

121
[J2(

πM

2
)]2 +

1

169
[J4(

πM

2
)]2

α2 =
1

289
[
J−1(πM)

2
]2 +

1

361
[
J1(πM)

2
]2

(4.12)

Minimizing (4.11), by differentiating V p=9
WTHD with respect to ∆ϕ and equating it

0 as,
dV p=9

WTHD

d∆ϕ
= 0, the optimal value of ∆ϕ is obtained as

∆ϕP=9 = cos−1(
α1

4α2

) (4.13)

Thus, for P = 9, the optimal value of ∆ϕ 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 , P1 and P2 are kept at

different values. No phase-shift is introduced between the carrier signals. Thus, ∆γ

is taken to π and ∆ϕ is taken to be 0. For P = 6, the the harmonic performance of

the proposed case where P1 = 9 and P2 = 3, is analytically compared against the

conventional case where P1 and P2 are both kept at 6. In the following discussion,

case I would refer to the conventional method and case II would refer to the proposed

method. The metric for comparison is again taken to be the weighted THD of

machine phase-voltage VWTHD as given by (4.7).

4.4.1 Case I: Conventional PWM, P1 = P2 = 6

The expression for VWTHD when both inverter 1 and 2 are operated with P1 = P2 = 6

with ∆γ = π and ∆ϕ = 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 P1 = P2 = 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 Anm becomes zero if m+ n is

even. Thus, for this case, the only harmonics under consideration is k = 11 and 13.

The expression of the same normalized with respect to 4Vdc
π

is given by

vP=6,case1
Rr11

=
−J−1 (πM)

2
cos (11ωot)

vP=6,case1
Rr13

=
−J1 (πM)

2
cos (13ωot)

(4.14)

Thus, weighted THD for this case, V P=6,case1
WTHD is given by

V P=6,case1
WTHD =

1

121
[J−1 (πM)]2 +

1

169
[J1 (πM)]2 (4.15)

4.4.2 Case II: Proposed PWM, P1 = 9 and P2 = 3

The second case where P1 = 9 and P2 = 3 is considered now. The harmonic profile

of the inverter 1 will be similar to the case of P1 = 9 discussed earlier. However, in

case of P2 = 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 VWTHD for the two cases corresponding to P = 6

components of the machine phase-voltage is given by
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(4.16)

It can be seen from (4.16), there are three components corresponding to harmonic

expressions for k = 5, 7 and 11. The first component pertains to inverter 1 with

P1 = 9 and the second two pertain to inverter 2 with P2 = 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 4Vdc
π

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).
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The weighted voltage THD for both the cases of P = 6 is calculated and plotted

for the complete range of modulation index in Fig. 4.4. It can be seen that for almost

the complete rage of modulation index, VWTHD for case 2, that is implementing

P = 6 as an average of P1 = 9 and P2 = 3 yields better THD than implementing

P1 = P2 = 6.

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

related to the harmonic distortion in the motor current and torque. The analysis of

ψ̃s 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, ψ̃sd and ψ̃sq,

can be written in terms of voltage ripple in α− β domain, ṽsα and ṽsβ, as

ψ̃sd + jψ̃sd =

∫
[(ṽsα + jṽsβ)e

−jθs ]dt (4.18)

Here, θs is angle pertaining to voltage vector. While the harmonic distortion
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(a)

(b)

(c)

(d)

Figure 4.5: (a) ψ̃sd (b) ψ̃sq for conventional PWM (c) ψ̃sd (d) ψ̃sq for proposed
PWM for P = 9

in current is affected by both ψ̃sd and ψ̃sq, the electromagnetic torque is primarily

affected by ψ̃sq [74], [32], [33].

Normalized values of ψ̃sd and ψ̃sq 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. ψ̃sd and ψ̃sq 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. 4.5c and

4.5d respectively. It can be observed from the figure that while the peak-to-peak value

of ψ̃sd remains almost same for both the cases, the same for ψ̃sq 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 ψ̃sd and ψ̃sq 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 ψ̃sd and ψ̃sq can be seen to be reduced for the proposed scheme as
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(a)

(b)

(c)

(d)

Figure 4.6: (a) ψ̃sd (b) ψ̃sq for conventional PWM (c) ψ̃sd (d) ψ̃sq 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 ψ̃sd and

ψ̃sq 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, 65Hz 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 iTHD for P = 9 for various modulation indices as
∆ϕ 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

(iTHD) as obtained in simulation by varying ∆ϕ from 0o to 180o. This is shown in

Fig. 4.7. The minimum value of iTHD for the different modulation indices comes

almost at the same value of ∆ϕ as obtained in Fig.4.3.

Further, waveform and harmonic spectra corresponding to the inverter pole

voltages, vRo1 and vro2 , machine phase-voltage, vRr and phase-current, iR as obtained

in simulation corresponding to M = 0.7 are presented here. The simulation results

pertaining to ∆ϕ = 0o are shown in Fig.4.8. vRo1 , vro2 and vRr are shown in Fig.

4.8a, their corresponding FFT in Fig. 4.8b, the machine phase-current (iR) and its

corresponding FFT in Fig. 4.8c and 4.8d respectively. The same quantities pertaining

to ∆ϕ = 74o for the same value of M are shown in Fig. 4.9. ∆ϕ = 74o 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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(a) (b)

(c) (d)

Figure 4.8: Simulation results for P = 9 with ∆ϕ = 0o (a) pole voltages
(vRo1, vro2) and phase voltage (vRr) (b) corresponding harmonic spectrum (c)

three-phase current (d) corresponding harmonic spectrum.
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(a) (b)

(c) (d)

Figure 4.9: Simulation results for P = 9 with ∆ϕ = 74o (a) pole voltages
(vRo1, vro2) and phase voltage (vRr) (b) corresponding harmonic spectrum (c)

three-phase current (d) corresponding harmonic spectrum.
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(a) (b)

(c) (d)

Figure 4.10: Simulation results for P1 = P2 = P = 6 (a) pole voltages
(vRo1, vro2) and phase voltage (vRr) (b) corresponding harmonic spectrum (c)

three-phase current (d) corresponding harmonic spectrum.
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(a) (b)

(c) (d)

Figure 4.11: Simulation results for P = 6, P1 = 9, P2 = 3 (a) pole voltages
(vRo1, vro2) and phase voltage (vRr) (b) corresponding harmonic spectrum (c)three-

phase current (d) corresponding harmonic spectrum.
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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 17th and 19th for ∆ϕ = 0o. All the other lower order harmonics which appear

in the inverter pole voltages, that is, 7th, 9th and 11th, they get completely cancelled

in machine phase-voltage. However, 17th and 19th order harmonics add up in the

machine phase-voltage which increases their magnitude significantly.

On the other hand, in Fig. 4.9b, for ∆ϕ = 74o,lower order harmonics like 7th and

11th from the inverter pole-voltages do not get perfectly cancelled in the machine

phase voltage. Hence, 7th and 11th also appear in the machine phase-voltage. However,

17th and 19th 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 (iTHD) with ∆ϕ = 74o is lesser than the

case with ∆ϕ = 0o

Discussion related to simulation results pertaining to P = 6 are presented

next. The waveform and harmonic spectra corresponding to individual inverter pole-

voltage vRo1 , vro2, machine phase-voltage vRr and machine phase-current iR, iY , iB

corresponding to the conventional PWM wherein P1 = P2 = 6 are presented in Fig.

4.10. The same quantities corresponding to the proposed case wherein P1 = 9 and

P2 = 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 11th and 13th 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 11th and 13th order
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harmonics in the machine phase voltage are significantly reduced. However, some

amount of 7th 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 11th and 13th order harmonics corresponding to the conventional

case. The iTHD 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 vRo1 , vro2 ,

vRr, iR, iY and iB and their harmonic spectrum are presented here. For P = 9,

∆ϕ is first kept at zero and the drive is operated at M = 0.7 or fm = 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

∆ϕ = 74o. 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 iTHD for both conventional and

proposed PWM scheme upto fm = 65Hz is shown in Fig. 4.16. Here the machine is

run at reduced flux to run the machine at rated voltage at fm = 65Hz. It can be

clearly seen that the value of iTHD 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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(a) (b)

(c) (d)

Figure 4.12: Experimental results pertaining to P = 9 and ∆ϕ = 0 (a)
Individual inverter pole voltages (vRo1, vro2) and machine phase voltage (vRr)
(500V/div, 5ms/div) (b) corresponding harmonic spectrum (c) three-phase current

(2A/div, 5ms/div) (d) corresponding harmonic spectrum.
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(a) (b)

(c) (d)

Figure 4.13: Experimental results for P = 9 and ∆ϕ = 74o (a) pole
voltages (vRo1, vro2) and phase voltage (vRr) (500V/div, 5ms/div) (b) corresponding
harmonic spectrum (c) three-phase current (2A/div, 5ms/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∗mr, imr), direct axis component of the

stator current (i∗sd, isd), speed of the drive (ω∗
r , ωr) and quadrature axis component

of the stator current (i∗sq, isq) 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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(a) (b)

(c) (d)

Figure 4.14: Experimental results for P = P1 = P2 = 6 (a) pole voltages
(vRo1, vro2) and phase voltage (vRr) (500V/div, 5ms/div) (b) corresponding har-
monic spectrum (c) three-phase current (2A/div, 5ms/div) (d) corresponding

harmonic spectrum.
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(a) (b)

(c) (d)

Figure 4.15: Experimental results for P == 6, P1 = 9 and P2 = 3 (a) pole
voltages (vRo1, vro2) and phase voltage (vRr) (500V/div, 5ms/div) (b) corresponding
harmonic spectrum (c) three-phase current (2A/div, 5ms/div) (d) corresponding

harmonic spectrum.
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Figure 4.16: Comparison of iTHD for conventional and proposed PWM over
range of fm.

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 = 12 to P = 9 and 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, P1 and

P2. For odd triplen values, such as P = 9, P1 and P2 are kept equal. However, a

suitable phase-shift, ∆ϕ is introduced between the two carrier signals. The value of

∆ϕ is chosen such that the harmonic performance of the drive is optimized. This is
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(a) (b)

(c) (d)

Figure 4.17: Experimental performance of vector controlled OWIM drive in
terms of (a) imr [Scale: 3A/div, 20s/div] (b) isd [Scale: 3A/div, 20s/div] (c) speed
[Scale: 500RPM/div, 20s/div]and (d) isq [Scale: 3A/div, 20s/div] with proposed

PWM technique

done using double fourier series (DFS) based analysis. Further, for even-triplen values

of P , P1 and P2 are kept different. For example, for P = 6, P1 is kept at 9 and P2 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

P1 = P2 = 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 q-axis flux ripple is reduced for P = 6. These analytical findings, pertaining to
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(a) (b)
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Figure 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 = 12 to P = 9 (d) P = 9 to 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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(a)

(b)

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,
−→
ψ s, using the information of applied stator voltage

vector −→v s, stator-current vector,
−→
i s and machine parameters. Simple integration of

motor back-emf, −→e 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 cutoff frequency

(ωo = 2πfo) is used to estimate the stator flux as shown below,

Ψ(s)s,α + jΨ(s)s,β =
1

(s+ ωo)
[E(s)s,α + jE(s)s,β] (5.1)

Here, Ψ(s)s,x and E(s)s,x, where x ∈ (α, β), are the s-domain transfer functions

of the two quadrature components of
−→
ψ s and

−→e s. This method works well when

the operating frequency of the motor, fs, is fairly higher than fo. However, at lower

fs, the phase and magnitude error in the estimated
−→
ψ s 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
−→
i s 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 ωm 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 ωc (b) Torque sharing mode (TSM) when

the operating frequency exceeds ωc.

Voltage model of motor 1 is initially used to estimate the mechanical speed, ω̃m,

of the drive. However, when the operating speed of the drive is low, accuracy of

ω̃m 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 ω̃m can be improved by introducing a speed correction factor, ω̂m which is obtained

from a PLL. This PLL is implemented on the stator current vector
−→
i s,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 ω̃m improves and beyond a predetermined speed, ωc, speed

correction is no longer required. The mode of operation beyond ωc 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, ωt, the torque

demand becomes greater than the rated torque of a single motor, mrated
d , 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 ω̂m 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 q-axis component of the stator
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Figure 5.3: Proposed control block diagram for the dual motor drive system.

current, i∗sq at its output. In TSM, i∗sq is equally divided into i∗sq,1 and i∗sq,2, which are

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

in SCM, i∗sq,1 becomes equal to i∗sq whereas i
∗
sq,2 is made to be 0. The control scheme

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, ωsl as obtained using isq and imr, is

added to the estimated mechanical speed, ωestm , to obtain the synchronous speed, ωmr.

The angle of the rotor flux vector, ρmr is obtained from ωmr. This is shown below.

ωmr = ωsl + ωestm ; ρmr =

∫
ωmrdt (5.2)

ρmr is further used for axes-transformation. The outer-flux controller generates

the reference d-component of the stator current, i∗sd. The reference q-component,

i∗sq is decided based on the mode of operation. The current controllers are designed

based on the following dynamic equations with suitable feedforward compensation.

vsd = Rsisd + σLs
disd
dt

+ (1− σ)Ls
dimr
dt

− σLsωmrisq

vsq = Rsisq + σLs
disq
dt

+ σLsωmrisd + (1− σ)Lsωmrimr

(5.3)

ρmr is again used to obtain the three-phase reference voltages, v∗ryb from v∗sd and

v∗sq. 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, q-axis component of the stator current of motor 2, isq,2 becomes

zero. This implies that the vector
−→
i s,2 will be aligned along its rotor-flux vector

−→
ψ rs,2. Moreover, redthe q-axis component of the stator-flux ψsq,2, as derived in (1.5),

is given by

ψsq,2 = (Ls,2 −
L2
m,2

Lr,2
)isq,2 (5.4)

Thus, ψsq,2 also becomes zero. Thus, the angle between the stator flux vector,
−→
ψ s,2 and

−→
ψ rs,2 will also be zero. Thus, all the three vectors,

−→
i s,2,

−→
ψ rs,2 and

−→
ψ s,2

will be in the same direction. Further, since the slip of the motor is zero, ωmr,2 which
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is the frequency associated with
−→
ψ rs,2 will become equal to the rotor speed, ωm.

Consequently, their respective angles, that is ρmr,2 and ϵ also become equal. Thus,

the vector
−→
i s,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
−→
i s,2 will give

ωm and angle ρmr.

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, ω̃m, at the output of the PI.

In this case, the PLL will be required to act on only the error between ω̃m and the

actual rotor speed, ωm. ω̃m 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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Figure 5.5: Control block diagram for stator current based PLL

5.3.2 Estimation of Erroneous Operating Speed, ω̃m
The erroneous operating speed, ω̃m, is found using the voltage model of motor 1.

This is done by estimating the α− β components of the stator-flux vector of motor

1, ψ̃sα,1 and ψ̃sβ,1 from the motor back-emf, esα,1 and esβ,1 using (5.1). The cutoff

frequency of the low-pass filter, fo is kept at 5 Hz (ωo = 2π5 rad/s). Following

this, the α− β components of the rotor flux vector referred to the stator for motor

1, ψ̃rsα,1 and ψ̃rsβ,1, are estimated from the stator-flux and current information as

shown below.

ψ̃rsx,1 =
Lr,1
Lm,1

(ψ̃sx,1 − σLsisx,1) x ∈ (α, β) (5.5)

Further, the unit-vectors sin(ρ̃mr,1) and cos(ρ̃mr,1) are calculated from ψ̃rsα,1 and

ψ̃rsβ,1. The d-q components of the current, ĩsd,1 and ĩsq,1, are obtained using the

three-phase currents and unit vectors. Further, the frequency of the rotor-flux vector,

ω̃mr,1, is also estimated from sin(ρ̃mr,1) and cos(ρ̃mr,1). ĩsq,1 and ĩmr,1 are used to

calculate the slip of the motor, ω̃sl,1 using (5.6). Here, Tr,1 is the rotor time-constant

of motor 1. Finally, ω̃m is obtained by subtracting ω̃sl from ω̃mr.

ω̃sl,1 =
ĩsq,1

Tr,1ĩmr,1
ω̃m = ω̃mr,1 − ω̃sl,1 (5.6)

Owing to the inaccuracies in stator flux estimation, ω̃m will be inaccurate specially

in low-speed region. It is also to be noted that, not just ω̃m but all the quantities

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

denoted by a over-head˜in this article. This inaccuracy is attributed to using 1
s+ωo

instead of 1
s
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 ω̃m is shown in the upper part of the figure. ω̃m is added to the output

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

the estimated mechanical speed, ωestm .

5.3.3 Impact of Operating Frequency on the Estimation of

ω̃m
The impact of the operating frequency on the accuracy of ω̃m is analysed by looking

at its impact on the estimated
−→
ψ s,1. Since quantities pertaining to motor 1 are under

consideration, the α − β components of −→e s,1, which is the input to (5.1), can be

considered to be sinusoidal signals with angular frequency, ωmr,1. The same can be

denoted by e1(t)s,x = A sin [ωmr,1t+ ϕ]u(t), where x ∈ (α, β). Here, the phase ϕ has

been included for generalization and u(t) is the unit-step function. Taking Laplace

transform, the corresponding s-domain transfer functions, E1(s)s,x, are given by,

E1(s)s,x = A sin(ϕ)
s+ ωmr,1 cot(ϕ)

s2 + ω2
mr,1

x ∈ (α, β) (5.7)

According to (5.1), the s-domain transfer function of output, Ψ1(s)s,x, is given

by,

Ψ1(s)s,x = A sin(ϕ)
s+ ωmr,1 cot(ϕ)

(s2 + ω2
mr,1)(s+ ωo)

x ∈ (α, β) (5.8)

Taking the inverse laplace transform of Ψ1(s)s,x, ψ1(t)s,x in time-domain is given

by,

ψ1(t)s,x =
A√

ω2
o + ω2

mr,1

[
sin (ωmr,1t+ ϕ− θ) + A2e

−ωot
]

(5.9)

Here, A2 is the constant pertaining to transient part of the solution. θ is the

phase shift between the input and the output signal that comes as result of this

low-pass filtering and is given by,

θ = tan−1 ωmr,1
ωo

(5.10)

Ideally, for a pure integrator, θ comes out to be π
2
. However, for an LPF, θ
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Figure 5.7: Inaccuracy in ρmr estimation

deviates from π
2
. This deviation depends upon the ratio, ωmr,1

ωo
as shown in (5.10).

Thus, the difference between the angle of actual flux and estimated flux can be

written as

γ = 90o − tan−1 ωmr,1
ωo

(5.11)

Thus, it can be inferred that for ωmr,1 >> ωo, γ ≈ 0. Thus, during higher

operating frequencies,
−→
ψ s is more accurately estimated. Consequently, the accuracy

of ω̃m is fairly good.

On the other hand, when ωmr,1 is low, θ becomes much lower than π
2
. The value

of γ is significant when ωmr,1 becomes lower than ωo. Thus, it is preferred to keep ωo

low. However, keeping a very low value of ωo, would lead to a very slow decay of the

transient term in (5.9). This, too, leads to incorrect estimation of
−→
ψ s,1. Moreover,

for any non-zero small value of ωo, there will exist a phase-error in the estimated

flux during low-speed operation where ωmr,1 < ωo.

The phase-error in estimation of
−→
ψ s,1 leads to subsequent phase-error in

−→
ψ rs,1 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 ωer with ωmr,1

estimated angle, ρ̃mr,1, the d and q-components of
−→
i s,1 would be wrongly estimated.

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

estimation of ω̃m.

As flux developed in the machine settles down, isd,1 becomes equal to imr,1. Thus,

the correct value of slip would correspond to the ratio between isq,1 and isd,1 (Fig.

5.7). This ratio can be written as tan(δ1) where δ1 is the angle between
−→
i s,1 and

−→
ψ rs,1. However, in case of incorrect value of slip, ω̃sl,1 estimated using ĩsq,1 and ĩsd,1,

the angle δ1 − γ (Fig. 5.7) will be accounted. This is shown below.

ωsl,1 =
tan(δ1)

Tr,1
; ω̃sl,1 =

tan(δ1 − γ)

Tr,1
(5.12)

Thus, the error in slip-speed, ωer can be simplified as

ωer = ωsl − ω̃sl =
tan(δ1)− tan(δ1 − γ)

Tr,1
(5.13)

Substituting the value of γ from (5.11) in (5.13) and using trigonometric identities,

ωer can be written as

ωer =
1

Tr,1

tan δ1 + cot δ1
1 + ωmr,1

ωo
cot δ1

(5.14)

The variation of ωer with ωmr,1 is shown in Fig. 5.8 for different values of θ1,

which is a direct indicator of the load on the motor. It can be seen that ωer falls
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(a) (b)

Figure 5.9: Experimentally obtained α− β components of −→e s and estimated−→
ψ s when the drive operates at (a) fs = 4 Hz [x-axis scale: 100 ms/div] (b) fs = 24

Hz [x-axis scale: 20 ms/div].

steeply with ωmr,1 which again indicates towards the improvement in accuracy of ω̃m

at higher operating frequencies.

Further, the inaccuracy in estimation of
−→
ψ s is experimentally validated and

shown in Fig. 5.9. An SCIM is run at ωmr,1 = 8π rad/s using sensorless FOC using

ωo = 10π rad/s. ψ(t)s,x and e(t)s,x where x ∈ (α, β) are shown in Fig. 5.9a. It can

be seen that ψ(t)s,x is nearly in phase with e(t)s,x which is highly inaccurate. e(t)s,x

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

π
2
as the deviation due to resistance drop will be zero. The same setup is run at

ωmr,1 = 48π rad/s and shown in Fig. 5.9b. Here, ψ(t)s,x can be seen lagging e(t)s,x

by almost π
2
. 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, ω̃m 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

direction, ω̃m is required to be obtained as a function of ωestm . ω̃m can be obtained

by adding ωer and ωestm . (5.14) gives ωer as function of ωmr,1. Thus, ωmr,1 can be

substituted as the sum of ωest with ωsl,1 in (5.14). Further, ωsl,1 can be written as

tan δ1
Tr

. Thus, mathematically it can be represented as,
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Figure 5.10: Control block diagram for PLL with ω̃m

Figure 5.11: Small signal model for PLL

ωmr,1 = ωest + ωsl,1 = ωest +
tan δ1
Tr

(5.15)

Substituting this value of ωmr in (5.14), ωer can be written in terms of ωestm as

shown below

ωer =
1

Tr,1
(

tan δ1 + cot δ1

1 + 1
ωoTr,1

+ cot δ1
ωo

ωestm

) (5.16)

As, ωer is obtained as a function of ωestm , ω̃m can be then further written as

ω̃m = ωestm +
1

Tr,1
(

tan δ1 + cot δ1

1 + 1
ωoTr,1

+ cot δ1
ωo

ωestm

) (5.17)

(5.17) is a non-linear function of ω̃m in ωestm . However, since this PLL is operational

only in SCM, that is low-speed range, (5.17) can linearized about ωestm = 0 using

Taylor’s approximation as shown below.

ω̃m = A+ (1−B)ωestm (5.18)

The coefficients A and B are given as,

A =
tan δ1 + cot δ1
Tr,1 +

1
ωo

; B =
Tr,1ωocosec

2δ1
(1 + Tr,1ωo)2

(5.19)
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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, isq can be normalized with respect to the magnitude of the current and

Î becomes equal to 1. With this, the loop-gain (GPLL
ol ) and closed-loop transfer

function (GPLL
cl ) of the PLL are given by (5.20).

GPLL
ol =

Kps+Ki

Bs2
; GPLL

cl =
Kp

B
s+ Ki

B

s2 + Kp

B
s+ Ki

B

(5.20)

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

and the value of Kp and Ki can be obtained by choosing a suitable bandwidth, ωbw

and damping coefficient, ζ. Since the PLL under consideration is used to determine

the speed of the drive, ωbw can be kept sufficiently low as mechanical quantities like

speed do not undergo rapid changes. Further, ζ is kept high, in order to mitigate

any adverse effects of the ripple components of the current. Thus, ζ is taken as 5

and ωbw is kept at 10π rad/s.

The parameter B is dependent on rotor time constant of motor 1, Tr,1 and the

angle δ1. This angle is computed from the nominal values of isq,1 and imr,1 while

designing the PLL. The value of δ1 comes around 70o. However, this angle changes

with load. Thus, the performance of the PLL has to be established as δ1 varies.

Further, effect of variation in Tr,1 on the closed-loop performance of the PLL is

investigated next.

5.3.5 Impact of Variation in Tr,1 and δ1 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 δ1 and Tr,1. δ1 varies with load whereas Tr,1 may vary because of variation in

rotor resistance, Rr,1. As the drive is operated for long duration, rise in temperature

leads to change in Rr,1. 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

pertaining to the loop gain, GPLL
ol , with different values of B corresponding to different
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Figure 5.12: Bode plot of GPLLol for variation in δ1

Figure 5.13: Bode plot of GPLLol for variation in Tr,1
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values of δ1 are shown in Fig. 5.12. The controller gains, Kp and Ki are kept to be

same in each case corresponding to the design specification. It can be seen in Fig.

5.12, as δ1 reduces the magnitude plot shifts towards left. However, the phase-plot

remains the same. This indicates that the gain cross-over frequency reduces as δ1

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 δ1

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, Tr,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 Tr,1 on the

performance of the PLL is analysed next. The bode-plot of GPLL
ol corresponding to

three cases, with nominal value of Tr,1, half the value of Tr,1 and twice the value of

Tr,1 is plotted and shown in Fig. 5.13. As Tr,1 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, Tr,1 and δ1 are varied and the bandwidth of the closed-loop

transfer function of the PLL, GPLL
cl is plotted in Fig. 5.14. It can be seen that the

bandwidth reduces as both Tr,1 and δ1 reduce. This aligns with the previously done

analysis where the gain cross-over frequency of GPLL
ol was reducing with both of these

parameters.

Further, the loop transfer function pertaining to the PLL has no dependence on

the stator resistance, Rs,1 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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Figure 5.14: Variation in bandwidth of the GPLLcl with δ1 and Tr,1

experimentally later.

5.3.6 Control of DMDS in SCM

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

reference q-axis current, i∗sq,2 = 0. However, if the stator of motor 2 is supplied with

a three-phase voltage of frequency, ωmr,2 which is maintained same as the mechanical

speed of the rotor i.e. ωm, then ωsl,2 will become zero. As a result of this, isq,2 will

also be zero as shown below,

ωmr,2 − ωm = ωsl,2 =
1

Tr,2

isq,2
imr,2

= 0 (5.21)

The total current flowing through the stator of motor 2 will be used to establish

the flux. isd,2 can be controlled at its rated value using a PI controller which gives

the d-component vsd,2, of the voltage vector, −→v s,2. The corresponding q-component

vsq,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;

vsq,2 = vffsq,2 = σLsω
est
m isd,2 + (1− σ)Lsω

est
m imr,2 (5.22)

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

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

frequency by making ωmr,2 = ωestm .

2. The q-axis voltage, vsq,2 for motor 2 should just be equal to the feedforward

terms.

3. The d-axis voltage, vsd,2 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 ωo, the accuracy

of ω̃m improves. Thus a cutoff frequency, ωc = 1.5ωo is set. Beyond ωc, the mode of

operation of the drive is changed from SCM to TSM. This is achieved by making

ω̂m = 0 in the speed estimation algorithm as shown in Fig. 5.6. Simultaneously, the

PI controller pertaining to isq,2 is modified to give voltage as output. Moreover, slip

of motor 2, ωsl,2 is included in the estimation of ωmr,2 and ρmr,2. As this happens,

isq,2 is made zero by controlling vsq,2. The output of isq,2 controller is added to the

feedforward terms to get the q-axis voltage, vsq,2. After this transition, i∗sq,2 may

remain zero for a while. As the speed increases beyond ωt, motor 2 is required to

produce torque and i∗sq,2 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, Pin, is divided into

stator losses, P stator
loss and air-gap power, Pag, which is further divided into rotor losses,

P rotor
loss and mechanical output-power, Pmech

out (5.18). Pmech
out also consists of all the

mechanical losses occurring in the drive.

Pin = P stator
loss + Pag

Pag = P rotor
loss + Pmech

out

(5.23)

However, Pmech
out 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 δ2 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 rotor
loss for motor 2 will also be zero.

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

supply its P stator
loss as shown below.

Pin,2 = P stator
loss,2 (5.24)

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, P cu
loss,i, 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 (isd,i and isq,i ) and rotor current (ird,i and irq,i) of

individual motors as shown below,

P cu
loss,i = Rs,i(i

2
sd,i + i2sq,i) +Rr,i(i

2
rd,i + i2rq,i), i ∈ 1, 2 (5.25)
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Here, Rs,i and Rr,i are the stator and rotor resistance of the individual motors

respectively. However, for a rotor flux oriented vector controlled drive, ird,i = 0 and

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

irq,i =
Lm,i
Lr,i

isq,i (5.26)

Here, Lm,i and Lr,i are the mutual and rotor inductances of the individual motors

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

P cu
loss,i = Rs,ii

2
sd,i + (Rs,i +Rr,i

L2
m,i

L2
r,i

)i2sq,i (5.27)

The total copper-loss, P cu
loss,tot can be modelled as

P cu
loss,tot =

∑
i=1,2

[Rs,ii
2
sd,i + (Rs,i +Rr,i

L2
m,i

L2
r,i

)i2sq,i] (5.28)

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, isd,i for the individual motors is kept constant. Hence, in order to

minimize P cu
loss,tot, the term pertaining to isq,i has to be minimized. Moreover, the

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

next.

The total torque demand, m∗
d, 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, m∗
d,i, i = 1, 2. Thus, the torque produced by the

individual motors must satisfy the constraint

m∗
d =

∑
i=1,2

m∗
d,i (5.29)

Here, m∗
d,i is the torque produced by individual motors and is given by

m∗
d,i =

2

3

P

2

L2
m,i

Lr,i
imr,iisq,i (5.30)

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

written in terms of isq,i as

m∗
d =

∑
i=1,2

βiisq,i (5.31)

Here, βi =
2
3
P
2

L2
m,i

Lr,i
imr,i.
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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

Minimize: L =
∑
i=1,2

αii
2
sq,i

Constraint: m∗
d =

∑
i=1,2

βiisq,i

(5.32)

Here, αi = Rsi +Rri

L2
m,i

L2
r1

.

The loss function, L can be written in terms of only isq,1 and a minima can be

obtained by differentiating it with respect to isq,1 and equating the result to zero as

shown below

dL

disq,1
=
d[α1i

2
sq,1 +

α2

β2
2
(m∗

d − β1isq,1)
2]

disq,1
= 0 (5.33)

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

minimum copper loss under the torque constraint is thus obtained as

isq,1
isq,2

= k =
α2β1
α1β2

(5.34)

If the two motors in the dual-motor drive are identical, then k becomes 1 which

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

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

be written as

i∗sq,1 =
km∗

d

β2 + kβ1
i∗sq,2 =

m∗
d

β2 + kβ1
(5.35)
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(a)

(b)

Figure 5.16: Experimentally obtained (a) ω∗
m, ω

est
m , isq,1 and isq,2 (b) iy,1 and

iy,2 and isd,1 and isd,2 for motor 1 and 2 for a positive speed command of ω∗
m =

600 r/min followed by reversal command upto ω∗
m = −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, mrated
d , 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

greater than mrated
d , 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

Kp Ki

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 ωo = 2π5 rad/s is used to estimate ω̃m using the

voltage-model of motor 1. Keeping this in mind, the drive is operated in SCM up to

ωc = ±2π8 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 ωt = ±2π15 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 (Kp) and integral constant (Ki) for these

controllers are given in Table 5.1.
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(a)

(b)

Figure 5.17: Experimentally measured ωm, ω
est
m , isq,1 and isq,2 for motor 1 and

2 for a initial speed command of ω∗
m = 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

is given to the drive. The reference (ω∗
m) and estimated speed (ωestm ), and q-axis

currents of both the motors, isq,1 and isq,2 are shown in Fig. 5.16a for ω∗
m = 600

r/min. The y-phase currents, iy,1 and iy,2 and d-axis currents for both the motors isd,1

and isd,2 are shown in Fig. 5.16b. It can be observed, that as the speed command

is given, isq1 reaches an initial high value and isq2 is 0. In this zone, the drive is in

SCM and the complete load-torque is supplied by motor 1. Very quickly, isq1 falls

and isq2 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 ω∗
m = −600 r/min. Fig.

5.16a shows that the estimated speed tracks the reference speed which is ramped

down. As the speed falls below ωc, the drive automatically goes to SCM from TSM.

This can be observed from isq,2 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 (ωm) of the drive is measured using an

encoder of METRONIX make and shown in Fig 5.17. A low speed command of ω∗
m =

200 r/min is given initially so that the drive operates in SCM (Fig. 5.17a). During

SCM, isq,2 can be seen to be maintained at zero in Fig. 5.17a with the PI controller

pertaining to isq,2 deactivated. Both speed, ωm and ωestm overlap each other. This

establishes the accuracy of the speed-estimation algorithm. Following this, in order

to initiate the transition to TSM, the speed command is increased to ω∗
m = 600 r/min.
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(a)

(b)

Figure 5.19: (a) Experimentally measured ω∗
m, ω

est
m , isq,1 and isq,2 during load

dynamics at low speed (b) ωm, ω
est
m , isq,1 and isq,2 during speed reversal command
at low speed.

As the transition from SCM to TSM happens, isq,2 increases. The transition happens

very smoothly with no disturbance in speed or q-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 ω∗
m = 200

r/min (SCM mode) and then with ω∗
m = 600 r/min (TSM mode) and then again

setting ω∗
m 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 (P123) and power through each phases (P1, P2, P3) 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 isq,1

rises and falls with the load. isq,2 is controlled at zero throughout. Further, another

interesting aspect to be noted is that as the drive is loaded in SCM, the angle δ1

changes. Thus, the performance of the PLL with change in δ1 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 ω∗
m = 200 r/min. Then after sometime, a speed

reversal command is given for ω∗
m = −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. isq,1 can be seen to be changing from positive to negative. However,

isq,2 is 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 ω∗
m = 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 q-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 ω∗
m, estimated

ωestm and actual ωm speeds are shown in the same figure. It is observed that with the

conventional algorithm, even though ωestm can seen to be tracking the ω∗
m, ωm is not

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,

ωm and ωestm both follow each other and they track ω∗
m. In the experimental set-up,
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Figure 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 µs

Conventional sensorless control for DMDS 13.6 µs

Proposed sensorless control for DMDS 14.2 µs

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 µs 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 ω∗
m, ω

est
m , isq,1 and isq,2 during load

dynamics in TSM.

Table 5.3: Error in ωestm with variation in Rr,1

Percentage Variation in Rr,1 Error in ωestm

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 isq,1 and isq,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 Rr,1, Rs,1, Rr,2 and Rs,2 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 Rr,1 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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(a)

(b)

Figure 5.23: Performance of the drive with (a) 100% (b) 50% variation in
Rr,1.

value of Rr,1 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

significantly compromised as ωestm closely tracks ωm. A small error of about 25 r/min

can be seen between ωestm and ωm in Fig. 5.23a.

In order to further validate the impact of the change in Rr,1, the same experiment

is conducted with a 50% change in the value of Rr,1. This has been done to see if

the error in ωestm reduces with reduction in magnitude of variation in Rr,1. This is

shown in Fig. 5.23b. It can be seen that with 50% change in the value of Rr,1, the

error has reduced significantly. Experimentally the measured error comes out to

be only 10 r/min. The error found in ωestm with various degrees of variation in Rr,1
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Figure 5.24: Performance of the drive with 100% variation in Rs,1

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 Rr,1. It can be seen

that the dynamic response of the drive becomes relatively slower as the error in Rr,1

increases, as is expected in indirect vector control.

Similar studies have been conducted for Rs,1 as well. Rs,1 is utilised in the voltage

model of machine-1 to estimate ω̃m which is added as a feedforward term in the PLL.

The value of Rs,1 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, Rs,2 is not used in the control

algorithm. Thus, only the rotor resistance of machine 2, Rr,2 is varied and its impact

is studied experimentally. Similar to the other parameters, Rr,2 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 5.25: Performance of the drive with 100% variation in Rr,2

Figure 5.26: Accuracy in speed estimation with ωo = 2 Hz.

5.5.7 Impact of LPF Cutoff Frequency, ωo on Drive Perfor-

mance

It has been stated earlier that the operating speed of the drive is incorrectly estimated

(ω̃m) 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 ωo which is kept at 2π5

rad/s in the present work. Keeping a lower value of ωo improves the accuracy of ω̃m

but makes it more susceptible to practical issues like offset in current measurement.

The performance of the drive with ωo = 2π2 rad/s is shown in Fig. 5.26. For a speed

command of 200 r/min, ω̃m seems to be actually following the measured speed, ωm.

Thus, the accuracy of ω̃m itself is very good.

However, with such a low value of ωo, any offset in the measured current can
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(a)

(b)

Figure 5.27: Performance of the drive with ωo = 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 ψsα in Fig. 5.27a. The offset

can be seen to be present even in steady-state. This is translated into a sustained

oscillation in ω̃m and ωestm as seen in Fig. 5.27b.

The drive is operated with the same value of offset in R-phase current with

ωo = 10π 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 ψsα slowly decays

down with negligible offset in steady-sate. The oscillations in ω̃m and ωestm are also

reduced as shown in Fig. 5.28b.
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(a)

(b)

Figure 5.28: Performance of the drive with ωo = 5 Hz with offset in R-phase
current

Further, the performance of the PLL without ω̃m 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, PCu
loss,tot is
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Figure 5.29: Performance of the PLL without ω̃m 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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(a)

(b)

(c)

Figure 5.30: Experimentally obtained isd,1, isd,2, isq,1 and isq,2 for (a) equal and
(b) unequal sharing of torque as the load is increased sequentially. (c) Estimated

copper loss using (5.28) for both the cases.
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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, ω̃m, as a feedforward term. ω̃m is basically the

speed of the drive estimated from the voltage model of the torque producing motor.

As the operating frequency increases, accuracy of ω̃m improves. Thus, beyond a

specific value of operating frequency, ωc, the PLL is no longer required. As the

operating frequency exceeds ωc, 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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(a)

(b)

(c)

Figure 5.31: ω∗
m, ω

est
m and ωm obtained through simulation to (a) validate

the performance of conventional sensorless algorithm at low speed (b) to test the
proposed algorithm with faster rates of change of speed (c) to test the performance

of PLL with reference speed added to the output of PLL
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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



Chapter 3. Syn PWM Scheme: OWIM 196

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

π. 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, (fsw ≤ 500Hz) 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 fsw 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), γβ

is the phase shift of the modulating signal of a particular phase with respect to the

position zero-crossing of the mR. Similarly, ϕβ is the phase shift of the carrier signal

with respect to the mR. ϕβ is taken to be zero when the positive zero crossing of

mR coincide with the positive peak of the carrier [40]. In case, the zero-crossing of

the carrier signal and mR coincide, ϕβ becomes equal to π
2
. ωo and ωc in (1) refer

to angular frequency in electrical rad/s for the modulating signal and carrier signal

respectively.

vβo(t) =
A0

0

2
+

∞∑
m=0

∞∑
n=−∞

(
Anmcos

(
n(ωot+ γβ) +m(ωct+ ϕβ)

))
, β ∈ {R, Y,B, r, y, b}

(1)

In case of SST PWM, ωo and ωc are related with pulse number P as ωc = P ∗ ωo.

Thus, considering this relation, (1) is simplified to (2).

vβo(t) =
A0

0

2
+

∞∑
m=0

∞∑
n=−∞

(
Anmcos

(
(mP+n)ωot+nγβ+mϕβ)

)
, β ∈ {R, Y,B, r, y, b}

(2)

The coefficient Anm in (2) is given by (3) where Jn is the bessel function of first

kind of order n.

Anm =
2Vdc
mπ

Jn

(
mπ

2
M

)
sin

(
(m+ n)π

2

)
(3)

It can be seen from (2), a combination of (m,n, P ) gives rise to kth order harmonics

in the pole voltages. Here, k = mP + n. The value of Jn 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, Anm 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, isd and isq 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 Rs and inductance being

σLs, while designing the inner current loop. Thus, the transfer function of the motor

can be written as

GIM(s) =
1
Rs

1 + sσLs

Rs

(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, Td, is taken to be 3
4
Tsw where Tsw is the complete switching

period [73]. Thus, the transfer function pertaining to the 2L-VSI can be written as

GV SI(s) =
1

1 + sTd
(5)

Generally, a PI controller is used for the inner current control loop. The transfer

function of the same is given by,

GC(s) =
Kic(1 + sTic)

sTic
(6)

The control loop for the current controller is shown in Fig.1a. The time constant

of the controller, Tic is chosen such that the largest time constant in the control loop

is cancelled.

Tic =
σLs
Rs

(7)

With such a choice, the closed-loop transfer function, for say d-axis current loop

becomes

i∗sd(s)

isd(s)
=

Kic

(s2 + s 1
Td

+ Kic
RsTicTd

)RsTicTd
= Gic(s) (8)
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(a)

(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 ωn and damping coefficient ζ given by

ωn =

√
Kic

RsTicTd
(9)

2ζωn =
1

Td
(10)

Further, the bandwidth of a second order system, ωbw is related to ωn and ζ as

ωbw = ωn

√
[1− 2ζ2] +

√
1 + [1− 2ζ2]2 (11)

The value of ζ is chosen first to decide the value of Kic, which is given by

Kic =
1

4ζ2
RsTic
Td

(12)

Further, using the chosen value of ζ and Kic, the natural frequency, ωn and

bandwidth of the system, ωbw 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 q-axis current loop is approximated using a first order transfer function, as,

i∗sd(s)

isd(s)
= Gic(s) =

1

a+ sτic
where τic =

2ζ

ωn
=
RsTic
Kic

(13)
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The control loop is shown in Fig.1b. A low-pass filter with a time constant Tf is

placed in the feed-back loop and Kmd is a constant given by

Kmd =
2

3

p

2

L2
m

Lr
(14)

The open-loop transfer function is given by

ω∗
r(s)

ωr(s)
=
Kw

Tw

1

J

p

2
Kmdi

∗
mr

1

s2
1

(1 + sTf )

(1+sTw)

(1 + sτic)
(15)

The gains Kw and Tw 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

Figure 2: Experimental setup of Y-connected SCIM

Table 1: Machine parameters for Y-connected SCIM

Simulation Experiments

Rated Power PN 850kW 3.7kW

DC-Bus Votage Vdc 3600V 600V

Rated Voltage Vrated 2200V 415V

Rated Frequency fr 65Hz 65Hz

Pole Pairs P 6 6

Stator Resistance Rs 0.0727Ω 4.95Ω

Rotor Resistance Rr 0.0693Ω 4.82Ω

Mutual Inductance Lm 0.03667H 0.55582H

Stator Inductance Ls 0.037979H 0.58642H

Rotor Inductance Lr 0.037945H 0.58642H

Mechanical Inertia J 20kgm2 0.2kgm2
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Experimental setup and parameters of OWIM Drive

Figure 3: Experimental set-up for OWIM drive

Table 2: Machine parameters for OWIM Drive

Simulation Experiments

Rated Power PN 850kW 7.5kW

Rated Frequency fr 65Hz 50Hz

Stator Resistance Rs 0.0727Ω 4.95Ω

Rotor Resistance Rr 0.0693Ω 4.82Ω

Mutual Inductance Lm 0.03667H 0.55582H

Stator Inductance Ls 0.037979H 0.58642H

Rotor Inductance Lr 0.037945H 0.58642H

Mechanical Inertia J 20kgm2 0.2kgm2
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Experimental setup and parameters of Multi-induction

motor drive

Figure 4: Experimental setup for MMDS

Table 3: Machine parameters for MMDS

Motor 1 Motor 2

Rated Power Pr 3.7 kW 3.7 kW

Rated Voltage Vr 415 V 415 V

Rated current Ir 7.2 A 7.2 A

Rated speed ωm 1440 r/min 1440 r/min

Rated Frequency fr 50 Hz 50 Hz

Poles P 4 4

Stator Resistance Rs 2 Ω 1.9 Ω

Rotor Resistance Rr 2.9 Ω 2.8 Ω

Mutual Inductance Lm 0.5761 H 0.54588 H

Stator Inductance Ls 0.5952 H 0.56424 H

Rotor Inductance Lr 0.5952 H 0.56424 H

Mechanical Inertia J 20kgm2 0.2kgm2
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