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I

ABSTRACT

Variable speed drive is the main requirement ofany industry. Among the various

AC/DC motors, the statically controlled d.c. motor easily achieves this capability and

hence it was a probable choice for the industry. The motor is powered from both d.c.or

a.c. supply, and variable d.c. voltage is applied to the armature through chopper or

converter, but because of mechanical commutators, high cost, noise and frequent

maintenance of carbon brushes; hence these motors are not reliable and economical for

industrial applications. Due to these limitations of d.c. drives, a.c. drives have gained

preference over the d.c. drives. Among the a.c. drives, variable speed squirrel cage

induction motor drive is preferred over the synchronous motor drive, because ofits robust

construction without slip ring and carbon brushes. Induction motor is having hard torque-

slip characteristics; hence only asmall range speed control is possible when it is operated

from aconstant frequency supply. The precise wide range speed control is possible only

with the variable frequency a.c. source. With the latest development in the semi

conductor technology, it is easily achieved with the variable frequency power semi

controllers. To operate the machine at rated flux, the terminal voltage is also controlled in

accordance with the frequency. Variable frequency operation of the induction motor is

possible with the help of either voltage source inverter or current source inverter. The

current source inverter is having the regeneration capability without an extra cost and it is

having inherent over current protection because of its controlled current operation. The

conventional CSI-fed induction motor drive line currents are stepped in nature and have

dominant low order harmonics. These harmonics give rise to torque pulsation, however

the line to line voltage is nearly sinusoidal with transient voltage spikes.



To overcome the problem associated with the conventional CSI-fed induction

motor drive, lots of work has been carried out such as: implementation of PWM

technique in front-end current source as well as in motor- end current source inverter, for I

better input displacement factor and line currents respectively. PWM operation in front-

end converter also reduces the size ofd.c.link inductor required.

In the light ofabove works, a modified self commutating CSI-fed induction motor

drive is designed and developed so that the motor line voltages and currents are nearly ^

sinusoidal over the wide range of the speed control, with smooth drive operation. The

input supply voltage and current offront-end rectifier is also sinusoidal and hence the size

ofd.c. link inductor is drastically reduced.

The modified current source inverter fed induction motor drives consists of two

converters coupled through a d.c. link inductor. The front-end converter is equal PWM

converter and it acts as a current source, with d.c link current feed back. The current

source inverter is space vector PWM inverter, and it regulates d.c. link current into a

variable frequency a.c. current. Both converter and inverter make use ofMOSFET as self-

commutating devices. At the terminals of induction motor, a 3-phase capacitor is

connected, which removes the harmonics from the machine voltages and currents at \

almost every operating frequency. For better dynamic characteristics of the drive two PI

controllers are used, one in outer speed feed back loop and other in inner current feed

back loop. The speed PI controller compares the reference speed with actual speed and

sets the reference slip speed (©„*). To maintain the motor flux at rated value a slip

regulator is also used in the feed back loop. The reference value of stator active current ^

(lac) and the stator reactive current (Ireact) are obtained, from slip regulator characteristics.

These characteristics are obtained experimentally at rated voltage and frequency, by
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loading the motor till rated load. Two characteristic curves (Iac, vs. ©,,) and (Ireact vs. ©,,)

are drawn. These characteristic curves are defined as slip regulator, characteristics in the

present work. The synchronous speed is obtained by adding actual speed and reference

slip speed. The desired capacitor current (Ic) is calculated at the operating frequency for

constant (V/f) control of the drive. The reference values of stator active current, reactive

current and capacitor current are used to obtain the reference d.c. link current (Iref). The

current PI controller acts on d.c. link current error between reference d.c. link current and

actual d.c. link current. The current PI controller sets the Ton/Toff periods of PWM pulses,

ofthe front-end converter and hence d.c. link voltage for regulating the d.c. link current.

To analyze the performance of drive in steady state and dynamic conditions, a

mathematical model of complete drive system is developed in synchronously rotating (qe

- de) reference frame, by considering only fundamental component and neglecting the

effect of core loss, saturation and switching transients. To study the steady state

performance, mathematical expressions are derived for torque developed, power output,

stator voltage per phase, stator current per phase, power loss, efficiency, d.c. link voltage.

The performance characteristics of the drive are drawn for different operating conditions;

(i) Variable capacitance at the motor terminals, fixed operating frequency, fixed d.c. link

current, (ii) Fixed capacitance, variable frequency, fixed d.c. link current, (iii) Fixed

capacitance, fixed frequency, variable d.c. link current, (iv) Without capacitance at the

motor terminals, fixed d.c. link current, variable operating frequency, (v) Fixed

capacitance, fixed d.c. link current, fixed load torque, (vi) Fixed capacitance, fixed d.c.

link current, linearly varying load torque. The simulated results and practical waveforms

decide the value ofcapacitor, which is to be connected across the motor terminals. With

the selected value ofcapacitance, simulated steady state curves shows that at some value
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of frequency resonance is taking place, and hence at the resonance frequency and in the

vicinity of resonance frequency experimentation is not possible.

To improve the performance of the front-end converter a 3-phase PWM converter

of equal pulse width modulation type is applied, which gives almost ripple free d.c. link

current with small d.c. link inductance, and input power factor is almost unity. Firing

signals for the converter are generated through a dedicated 8031 micro controller based

card, which relives the personal computer for processing the speed and current errors and

generation of pulses for the inverter. The control to the pulse width modulated rectifier is

applied through the personal computer, which serially communicates with the 8031 micro

controller. The personal computer serially send the pulse width information to control the

output voltage of the rectifier, and hence current. The 3-phase inverter connected to the

PWM rectifier through d.c. link is also pulse width modulated type and firing commands

for the PWM operation of inverter are generated using a space vector technique for the

different operating frequency ranges. At low value of operating frequency number of

crossing points of modulating signal and reference signals are more and at high value of

operating frequency the number of crossing points are less, due to the switching

frequency consideration of power devices. The firing pulses for pulse width modulated

inverter is generated through personal computer using Add, on cards. The reference speed

is given through keyboard of the personal computer.

The d.c. link current is measured through the Hall effect current sensor, and rotor

speed is measured through incremental rotary pulse encoder. The d.c. link current is

digitized through A/D converter for processing. The speed error PI processing is carried

out at every 10 ms, while the current error PI processing is done at every 1 ms. A timer is

used to generate the interrupt at an interval of lm sec for current and 10 m sec for speed

iv
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PI processing respectively. Both PI controllers are implemented through software. The

slip regulator characteristics are stored in the memory and used to read the stator active

and reactive currents.

The use of PI controllers in the speed loop and current feed back loop improves

the dynamic performance of the drive. With the proper design of controller parameters,

the response of the system is fast and over shoots within the defined limits of (5%

tolerance). Proper design of controllers also enable the drive to over-come external

disturbances. For the design of controller parameters D- partitioning technique is used.

The inner current loop is designed first and outer speed controller later as the electrical

time constant is much smaller than mechanical time constant. The system governing

equations are basically non-linear in nature; therefore these equations are linearized using

small perturbation method around a steady state operating point. The characteristic

equations are derived in terms of the current controller parameters for synthesis. The

probable stable region in parametric plane is obtained with the help of D-partitioning

technique. The stability of the region is confirmed by frequency scanning. To get the

region ofbetter stability, relative stability boundaries are drawn for the different value of

(a and $). As these values increase from their minimum values of zero, the better stability

regions are achieved which keep on shrinking. After certain values of (a and fc) relative

stability in parametric plane regions completely vanish. The final selection of current

controller parameters is carried out by the transient response of current loop. With the

pre-estimated parameters of current controllers, parameters of speed controllers are

designed with the help of D-partitioning technique, followed by frequency scanning.

Final decision of controller parameters is obtained by the transient response of the

complete drive.



The steady state and dynamic performance ofthe drive is thoroughly investigated in

steps. The performance investigation ofPWM rectifier is carried out first by operating it

alone with R-L load. Various signals, such as zero crossing, quantizers, and firing pulses i

ofswitching devices are recorded. Output voltage, output current, input voltage and input

current waveforms of rectifier are also recorded at the different duty cycles with R- L

loads. Fundamental current is found to be in phase with the input voltage. Performance of

PWM inverter is investigated by recording the firing pulses of the devices at the different

operating frequencies. Inverter output current, motor current, terminal voltage

waveforms, with/without capacitor at the motorterminals are also recorded.

With the selected value of capacitance, extensive experimentation is carried out in

open loop as well as closed loop. The open loop experiment is carried out at the various

operating frequencies at a fixed value of d.c. link current, and closed loop experiment is V

carried out at linearly varying load torque on the motorusing a coupled dc generator. The

experimental open loop and closed loop results are compared with the simulated results.

They are quite close to each other, except at the resonance frequency, and in the vicinity

of the resonance frequency. The transient performance of the drive is also investigated

experimentally for linearly varying load torque on the machine, and it is found to be quite

satisfactory.

To summarize a practical model of modified CSI-fed induction motor drive is

designed and developed. The equal pulse width modulated technique is employed in the

front-end rectifier and space vector PWM technique is employed in the inverter. Firing

signals for the converter is generated through a dedicated 8031 micro controller based m-

card, which serially communicates with personal computer. The open loop experiment is

carried out at the different operating frequency for a fixed value of d.c. link current and at
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the different values ofcapacitance connected across the motor terminals and the value of

capacitor is selected. Various voltages and current waveforms of the inverter and

converter are recorded. The line voltages and currents ofmotor are nearly sinusoidal at

each operating speed. The input power factor of the converter is almost unity and the size

ofcoupling d.c. link inductor is drastically reduced.

The mathematical model of complete drive system is developed and steady state

analysis of the drive is carried out at different operating conditions. D-partitioning

technique is applied to continuous-data drive model to obtain the controller parameters.

The closed control of the drive is implemented through personal computer. The

performance of the drive is investigated experimentally with the designed controller

parameters. Extensive experiments are carried out in the open loop and closed loop. The

performance characteristics are drawn at various operating conditions. The experimental

results are compared with the simulated results over the wide range of operating speed

and they are quite close to each other.
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CHAPTER -1

INTRODUCTION

I
1.1 GENERAL

The most outstanding features ofelectric drive is their amazing, almost universal,

ability to adopt to the widest possible variety of tasks. The spectrum ranges from the

miniature mechanism in a wrist watch to the motor in a pumped storage hydroelectric

station which is hundred million times powerful; from rolling mill drives running at

speeds of about 60 rpm to ultra centrifuges running at 100000 rpm. Unlike internal

combustion engines, electric motors are always ready for immediate services and can

withstand high over loads for short periods. Since they cause no environmental pollution

, at the point ofuse and produce very little vibration or noise, they are ideally suited for

integration into production mechanism [1].

Electric motors are the principal workhorse ofany electric drives system used in

the industrial application. Electric drive system provides a wide speed control range for

small as well as large size motors [2]. The rotating electric drive used in most of the

j industries is either a.c. or d.c. When these motors are operated directly from the normal

power supply, the inherent speed torque characteristic of the motor and load torque

characteristics decides the operating point. Motors are provided with control equipment,

to operate the motor at desired speed demanded by the load. The conventional control

techniques are slow, less efficient, limited range of control, noisy, poor transient

i response, less precise control. The latest demand of the modern industrial drives is fast

and smooth speed control, good transient behavior, less maintenance, high efficiency.



With the advances in both power electronics and microelectronics, the electric

drives have gained the new dimensions as a variable speed drives in the industrial

applications. Static control of the drives have been possible using power semiconductor

devices and it is preferred over the conventional control because of the less cost, space

saving, elimination of large audio noise, less maintenance, improved reliability, high

quality performance [3]. The statically controlled d.c. drives have been widely used as

variable speed drives due to easy implementation of torque control loop. The d.c. motor is

having a decoupled structure, hence the armature current and field current can be

controlled independently. Since at constant air gap flux, torque is proportional to the

armature current, fast acting armature current loop gives effective torque control .It also

protects the power converter and motor from over current during fast transient and steady

state over loads. The speed ofthe motor can be controlled statically either through phase

controlled converters or choppers [4], Precise and smooth speed control can be obtained,

by adoption ofclosed feed back loops. Inspite ofthe above advantages, it suffers from the

certain disadvantages, such as: higher cost, higher rotor inertia, maintenance problem

with carbon brushes and mechanical commutators. Commutators and brushes, in addition,

limit the machine speed at peak current, cause EMI problem and do not permit to operate

in dirty and explosive environments. Therefore the d.c. motor is not best-suited adjustable

speed drive for all the applications in the industries [5].

The induction motor, in particular the squirrel cage induction motor, has many

inherent advantages for industrial applications because of its, ruggedness, simplicity, low-

inertia rotor, low cost, robust construction, absence of sliding electrical contacts, high

power/weight ratio, maintenance free operation, availability in ratings over the wide

range, efficient operation, capacity to work in the hazardous environment. Inspite of the
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above merits, the motor possesses a hard torque speed characteristics, i.e. its speed is

almost constant with the torque, and hence it is normally a constant speed machine, and

its speed control over a wide range in smooth and step -less manner is a problem. Unlike

the d.c. motor, it is having a coupled structure therefore the separate control of the field

and armature is not easily possible. Its rotor current cannot be sensed. The researchers

have proposed the other methods to meet the requirements. These methods have been

discussed in the literature in detail T6- 131

The draw back ofalmost constant speed with the load torque associated with the

induction motor can be over come by varying the frequency ofa.c. power source. Due to

rapid growth in the technology ofpower semiconductor devices in the recent years, static

frequency converters are available at easily acceptable prices, therefore by feeding the

~i induction motor through static frequency converters, it can be easily used as a variable

speed drive. This method of speed control ofthe induction motor also helps in saving

energy losses in the large fans, pumps, blowers, and compressor etc. [7].

The static frequency conversion is achieved either in single stage using

cycloconverters or in two stages using d.c. link converters. Phase controlled

cycloconverters are best suited for very low speed operation as their output frequency is

limited to normally one-third of the supply frequency. However the output voltage of

cycloconverters contains large harmonics, which increases the losses and decreases the

efficiency ofthe drive therefore derating ofthe motor. The control and power circuit of

the cycloconverter is very complex; therefore drive is not much popular in general

applications [14]. The research in variable speed drive has shown that the d.c. link



converters, voltage source and current source can be effectively used for smooth and step

-less control of drive over a wide range.

Voltage source inverters based on thyristors requiring forced commutation, thus

limits the frequency ofoperation [15]. With the invention offast power semi conductor

switching devices as power transistors, MOSFET, IGBT, GTOs, the operating frequency

of the inverter has been increase to several kilo Hz and the problem of commutation is

also rectified. Various control techniques are proposed to maintain constant flux even at

low frequency of operation. However for regeneration, an essential requirement of the

drive system one extra converter is required, which increase the cost, and reduces the

reliability of the drive.

The other d.c. link converter is a current source inverter introduced by ward E.E.

in 1964 [16]. In which the adjustable d.c. voltage from phase controlled rectifier is

converted to an adjustable but load independent current source by connecting large

inductor. Unlike the voltage source inverter, the CSI is having the natural regeneration

capability without an extra cost and it protects the devices from over current, because of

its controlled current operation. The conventional, CSI has the six step output current

which is the dual of six step voltage waveform of VSI and having dominant lower order

harmonics. These harmonics give rise to objectionable torque pulsation and heating due

to harmonic losses under low speed operation of the drive. The motor terminal voltage is

nearly sinusoidal with superimposed voltage spikes due to commutation transients. The

CSI finds application in high power motor applications for pump and fan loads, stainless

steel recoiling lines, paper mills, traction etc. [17,18,19].

The performance of the current source inverters has been improved drastically in

the past several years. The state of the art has been reviewed indetail by Chattophadhyay,
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A.K. [20]. Inspite of the several advantages of CSI-fed induction motor drive, it suffers

with the certain limitations such as: complex commutating circuit, limited frequency

range ofoperation and it is unable to operate at no load. The commutation is affected by

machine leakage inductance. The response of the drive is sluggish because of large

inductance in series and tends to give astability problem at light load and speed.

The problem associated with the conventional CSI fed induction motor drive can

4 be over come by replacing the forced commutating devices by self commutating devices

at high switching frequencies such as, MOSFETs, IGBTs .PWM technique can be easily

employed for the better quality of line currents. The current source may employ PWM

technique can be easily employed for reduction ofd.c.link inductor. It will also improve

the transient performance of the drive. The digital control techniques such as

1 microprocessor, microcontroller and DSP must be employed for fast control ofthe drive.

To maintain the rated flux in the entire operating frequency region, slip regulator loop

must be incorporated in the feed back loop. The capacitor bank can be connected at the

terminals ofthe CSI- fed induction motor, so that the reactive power requirement ofthe

motor is met by the capacitor. Lots of researches have been carried out on PWM inverter

drives, which concerns one ormore ofthe following aspects.
4

A

• Different pulse width modulation techniques for inverter drives.

• Steady state and transient analysis of current source inverter fed induction

motor drive.

• Improvement in modulation and control techniques used in the inverter fed

drive.

• Micro computer and DSP based control schemes



• Closed loop analysis of the drive.

• Minimization of the size of inductor.

• Design of controller parameters used in feed back loop

The selected literature on the above aspect of conventional current source inverter

and PWM current source inverters is reviewed by the author.

1.2 LITERATURE REVIEW

%

During the past several years, several attempts have been made by the researchers

to improve the performance ofthe current source inverter. After the inception of current

source inverter in 1964, Philips [21 ] for the first time in 1972 introduced the concept of

Auto Sequentially Commutated Current Source Inverter (ASCI). Philips has introduced

the employment ofcurrent source concepts in thyristor converter to obtain the adjustable y

firing angle and adjustable current waveforms. He has also explained the use ofd.c. filter

cho k*and current feedback loop to produce a regulated current source. Simplified

inverter commutation circuit is made possible for the current source inverter is also

discussed.

After introduction of the concept of ASCI, research has been carried out in the ^

direction of analysis of ACSI. A simplified analysis neglecting stator resistance,

parameters of the d.c. link inductor and the variation of the motor back e.m.f. during

commutation interval was presented by Fairer and Miskin using per phase series

equivalent circuit of the induction motor [22]. It has been shown that if a squirrel cage

induction motor is fed with a quasi-sine wave current, the motor terminal voltage is near

to sinusoidal. The commutation was neglected in the analysis. A comparison of the ASCI

with an auxiliary commutated CSI fed induction motor was made in [23]. A new model of
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induction motor fed from the ASCI including saturation of magnetizing circuit and

leakage reactance was proposed in [24].

The research work has been carried out by the different authors for the suitable

design of the component of CSI and suitable guidelines were presented for the design of

component. For the ripple free current source, a large value of inductor is required at the

output of the converter. Large value of inductor makes the system costly and makes the

j transient response of the drive sluggish. The effect of inductor is investigated in [30] and

a design criterion is presented for inductor. The requirement of d.c. source applied to the

converter side for the reduction of size of induetO^ is discussed in [26, 27].

The steady state analysis of the controlled current source inverter fed induction

motor was done by the several authors. Lipo and Cornell [35] has analyzed the steady

state operating controlled current induction motor drive fed from an ideal current source

inverter. The equations, which have been derived, are also applicable for transient

analysis and can be extended to include the effect of source impedance. The effect of

saturation has been discussed. Investigation of operating points indicates that if the motor

is to remain unsaturated, feedback control is required to achieve stable operation. The

^ steady state characteristics and instability ofan induction motor driven by the current and

voltagesource are compared [29]. The analysis shows that the steady state characteristics

of an induction motor fed with the current source inverter for variable frequency differ

considerably from those for the some motor fed with the voltage source inverter some

experimental results are also presented, which show agreement with the simulated results.

A
A modified steady state analysis of the current source inverter fed squirrel cage

induction motor hasbeen given in [31]. The analysis includes the effectof the variation of



ac back EMF and the phase-shift of the fundamental component of the line current during

commutations but neglecting the rotor resistance and d.c. filter. It was shown that the

effective leakage inductance of the machine during commutation can be measured by

performing the block rotor test with low frequency square wave current from the CSI. All

the investigations are confined to the operation of the drive at low output frequencies.

In [32] Singh et al presented the operating principle as well as steady state

analysis of a three-phase induction motor fed by a d.c. link inverter commutated by *

machine induced e.m.f. The active power requirement of the motor is met by the d.c. link

while the necessary reactive power is supplied by a capacitor connected across the motor

terminals. A generalized analytical model is developed for no load as well as loaded

condition of the motor. The steady state performance of the motor is analytically

evaluated. The computed results are compared with the experimental results. The y

analytically obtained results are in good agreement with the experimental results.

SQhg et. al. [33] presented a systemajkstudy for the induction motor drive using a

load commutated current source inverter [LCCSI]. The steady state characteristics of

LCCSI are shown to be the intermediate characteristics between the voltage source

inverter (VSI) and the Auto Sequentially Commutated Current Source Inverter (ASCI) ^

system.

The steady state analysis of the current source inverted induction motor drive has

been carried out by Agarwal and Verma [34]. The stability analysis of CSI fed induction

motor drive shows that open loop stable operation of the drive is possible at a very low

value of slip. At high value of slip, the operation of the drive is inherently unstable and

leads to saturation^ increased losses, therefore, closed loop operation of the drive is



V

essential to operate the drive at high value of slip. Through closed loop the flux in the air

gap can be maintained to rated value in the entire range of operating slip. Rated value of

flux is maintained by incorporating the slip regulation characteristics in the closed loop. A

constant flux operation using air gap voltage as a feed back variable is discussed in [36].

At the low value of the operating frequency '- - . the pulsating

torque problem become serious in ASCI. Several techniques like pulse width modulation

A (PWM), multiple inverter scheme, current amplitude modulation are used to improve the

current wave form and eliminate the torque pulsation [37- 46] .The contributions made

by some of the researchers are presentedbelow.

HombU et al presented [3«|] a new current source GTO inverter to which PWM

control technique were applied was developed. The developed inverter has both output

voltage and output current sinusoidal. The commutating capacitor requirement is

considerably reduced than the conventional thyristor type current source inverter.

Nonka and Neba [40] presented a new GTO current source inverter, in which two

auxiliary GTO's are added to the basic inverter circuit, which consists of six GTO's and

three capacitors. The inverter can supply both sinusoidal output voltage and current. The

» experimental and analytical results have been presented by feeding the induction motor

through proposed CSI. The same author (s) have presented a new current source inverter

[43], employing GTO as a switching device. The inverter can supply both the sinusoidal

voltage and current to the induction motor. Experimental and analytical results are

presented when the induction motor is drive by this inverter. The experiment on the

induction motor shows that inverter can drive motor smoothly over a wide frequency

range.



Nabe et al [41] presented a high performance current controlled inverter, having

quick response in transient state and low harmonic current in steady state. Anovel control

scheme is proposed which is based on the current deviation vector. Experimental results

show good agreement with the theoretical results.

With the fast development in the power semiconductor devices and

microelectronics technology, lots of work has been carried out to improve the

performance of the current source inverter such as, replacement of line- commutating ^

devices thyristors with the self- commutating devices Power MOSFETs, IGBTs etc,

implementation of the PWM techniques in the front end converter to reduce the

requirement of d.c.link inductor, PWM operation in motor-end inverter for better quality

ofsupply to the motor and implementation ofmicro processor based control. The selected

research works are presented below: ^

The Konishi et al presents [5fi a digital speed regulator. They have given an

expression to calculate the sampling time required for a processor for a thyristor drive

microprocessor based regulator system. A software based speed regulator for motor

drives is proposed by Kumbo et al [58]. The regulator can be applied to any type of motor

drive by simply changing the software. Agarwal and Verma [61] have proposed a V

microprocessor based firing pulse generation for PWM current source inverter operating

under variable frequency, it requires less memory space and less computation time, the

response of the processor is fast*

The problem of reducing the pulsating torque in current source inverter fed

induction motor system is investigated by Chin and Tomita [52]. They have given the

general criteria forjudging the torque ripple.
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An analytical design is presented of the control system of slip controlled current i><s^y<x.

inverter induction motor drive by Bolognani and Buja [63]. The current and speed

controller are designed and their analytical expressions are given. Two function

generators are synthesized and incorporated in the speed loop to obtain constant rotor flux

operation.

An application of modern control theory for the control of current source inverter

x fed induction motor drive is presented by Prakash et al [64]. A linearly quadratic

Gaussian [L QG] control scheme is developed in which Kalman filter is tuned for high

robustness by a methodof Doyic and Stein.

Hombu and Ueda [42] presented a GTO based current source inverter capable of

producing sinusoidal input voltage and current. The pulse width modulation technique is

applied in the front converter and motor and inverter. The PWM control employed in the

front and converter greatly reduces the d.c. link inductor requirement.

A novel scheme is presented by Bolognani and Buja [67] to control the d.c. link

current of a current source inverter induction motor drive, which greatly enhances the

current response, and overall performance of the drive. The scheme incorporates the

function generator to compensate for the motor back emf seen by the d.c. link.

>

A

Bowes and BullO!Jglv[44] presented an optimal PWM switching strategies for the

CSI fed induction motor drive. The PWM strategies are designed to minimize rotor speed

ripple and rotor position error. The developed strategies are applicable in a closed loop.

X The optimal PWM strategies are dependent upon the motor operating conditions

principally slip frequency or phase angle between flux and current. Boost et al [54]

presented a critical evaluation of the state of art of the PWM techniques on the basis of

11



application, there by giving the guidelines for selection of the best techniques for each

area of application.

Mutho et al [66] have described a new control method that suppresses oscillations

generated when induction motor is driven by PWM inverters. The suppression is done by

correcting the power direction based on the period of the negative component of the

inverter input current.This system can be applied to individual motor drive systems driven

by general-purpose inverters because oscillation can be suppressed regardless of the type

of motors.

Zargari and Xiao [£|̂ ], proposed a simple control scheme for near input

displacement factor operation ofthe three phase current source type PWM rectifiers. The

rectifier is operated by a conventional Simple harmonic elimination (SHE) with 420 Hz

switching frequency, which is feasible for GTO switches used inhigh power applications.

The operation of proposed scheme is verified under various conditions including steady

state and d.c. link current / load transients.

A PWM pulse pattern optimization method using the pulse frequency modulation

(PFM) is presented by Iwaji and Fukuda in 1992 [72]. In the conventional PWM's, the

pulse frequency is kept constant. In the proposed PFM, pulse frequency is adjusted. The

technique improves the current distortion and torque pulsations of drive motors. A

method of realizing PFM by single chip microprocessor is described.

An induction motor drive system, which is composed of current output type

converter and current source inverter with sinusoidal input and output voltage is presented

by Nonka and Neba [73]. PWM strategies with GTO's are applied to the converter and

inverter section from the point of view of reduction of the current harmonics and

12
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suppression of the motor torque pulsations. A simple method for quick regulation of a.c.

output current amplitude is presented, which is applied to the PWM inverter section. The

experimental results of steady state and dynamic operations of the motor are shown.

A unified modulation algorithm for VSI and CSI has been discussed Holmes [55]

in 1992. The algorithm is based on a.c- a.c. matrix converter theory and algorithm is

equally applicable for current source as well as voltage source inverters. The proposed

r strategies capable of being computed on line by a single chip microprocessor at switching

frequencies up to several kilo Hz. The theoretical and experimental results are shown in

the paper.

A modified PWM current source inverter that can operate with varying

modulation index has been presented by Joos et al [77]. Any standard VSI PWM pattern

can be used with this inverter. This feature is obtained without comprising the converter

system efficiency and power factor, and at the cost of only one auxiliary switch. Steady

state performance equations have been derived. The performance of the inverter was

verified by experimental and analytical analysis.

A

A

Karshenas et al [83] have presented a generalized techniques for selective

harmonic elimination and current magnitude modulation for current source inverter and

converter. Generalized equations and tables which show the relationship of various

PWM-SHEM parameters to the shape and location of short circuit pulses and the ftUmber

of Chops per 30° have been provided and discussed.

Chakrabarti et al [10Q have presented a method of driving switching instants of

different space vectors in direct torque control of induction motor drives using pulse

width modulated voltage source inverter.

13



A new feed back current controller for three phase PWM inverter is presented by

Martins et al [\0i(\ in 1998. The scheme is based on a current loop with two non-linear

three level hysteresis controller. It requires the measurements of only two-phase currents

and with the accurate choice of the output voltage vectors, offers advantage over the types

of control without increasing significantly the hardware complexity.

Jacobina et al [10£] presented a digital PWM method based on scalar as well as

vector modulation approach. The paper shows the complete relation to obtain the

equivalence between vector and scalar digital modulation approach. From this

equivalence it was proposed a simple software algorithm to generate the space vector

modulation from the scalar implementation. The simulated experimental results are

presented for the validation of the method.

The relationship between regular sampled pulse width modulation (PWM) and

space vector modulation was defined by Bowes and Lai [110] and it was shown that

under certain circumstances the two approaches are equivalent. The various possibility of

adding a zero-sequence component to the regular sampled sinusoidal modulating waves is

explored. This approach simplifies the microprocessor implementation.

Espinoza and Joos [91] have presented an on line PWM pattern generators for

current source rectifiers and inverters, offer a number of control advantages over off line

optimized patterns. However when implemented using the principles which apply to

voltage source inverter, PWM pattern generators, the switching frequency equal to (i) the

carrier frequency in standard carried based implementation, (ii) a function of cycle

frequency, sequence of space vector and selection of zero space vector in space vector

implementations. The paper shows that this frequency can be reduced to one half of the

14
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respective frequencies. Espinoza and Joos [92], have proposed a PWM control strategy

for current source inverter fed induction motor drive. The control strategy allows the

operation of the inverter at constant modulation index in steady state regardless of the

load speed and torque. The strategy achieves this goal by minimizing the steady state d.c.

link current. In addition to the inherent advantages of current source topology (short

circuit protection, low output dv/dt and regeneration capabilities), the proposed control

schemes adds the advantages such as; fixed and reduced motor voltage distortion,

minimized d.c. bus and switch conduction loss, elimination of motor circuit resonance

through instant output voltage control. Experimental results based on a DSP

implementation confirm these features.

Yin and Yu [93] presented a new electric drive system topology, based on PWM

current source inverter. The purpose of the new drive system is to reduce both line and

load harmonics, as well as the voltage rate of rising due to the PWM high-frequency

switching based on the PWM - CSI drive, a further harmonic reduction is achieved by

modifying the drive rectifier control circuit. The new drive system based on the PWM-

CSI. currently has certain limitations due to the cost of components, however if the

industry became more concerned about the problem of harmonic and voltage rate of

rising, the concept of PWM CSI can be implemented to update the currently dominated

PWM-VSI fed drives.

Bowes and Grewal [97] proposed a novel space vector PWM control strategy.

They have review the (0-60°) regular sampled HE PWM strategy together with the space

vector modulation technique for the development of a novel SVM-based harmonic

elimination PWM [HE PWM] technique. The advantage of this method is that it uses

only space vector concepts for the calculations of the vector states and the vector times. A

15



regular sampled HE PWM strategy has been presented which closely approximated the

switching angles ofthe offline of0-90°. HE PWM family of switching angle solution sets.

Both HE PWM strategies can be implemented in real time on a DSP. This technique can H

be applicable for drive application, uninterrupted power supply and static frequency

converter.

Loh, PC; and Holmes ,D.G [101] presented an integrated approachto the closed-

loop control of output voltage for a VSI and output current for a current source inverter, i

using hysteresis with a rectangular bounding box in the synchronous d-q reference frame,

and a simple switching rules. The modulator is constrained to only select from the two

nearest active space vectors to the targeted reference, and hence achieves a significantly

improved harmonic performance compared to sigma-delta and other stationary frame

hysteresis modulators. ^

Bendre et al [ 95] presents a new PWM current source inverter topology using one

gate off switch and six SCRs is presented. The converter uses active commutation to

realize PWM techniques in a conventional SCR based current source inverter. Modulation

technique for the proposed inverter, simulation and experimental results are discussed.

From the literature survey it is observed that problem of sinusoidal voltage and

non sinusoidal line currents associated with the CSI can be overcome by implementing

the PWM techniques in the inverter and by connecting the capacitor at the terminals of

the inverter. By using GTOs as a switching devices and by putting the capacitor at the

terminals of the PWM inverter, several attempts has been made to make the voltage and

current of the inverter sinusoidal [40,42,43]. The purpose of the capacitor is to work as a

filter and to help in commutations. But due to switching frequency limitations of the
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devices, scheme is not applicable at high frequency. With the availability of fast self-

commutating switching devices such as: Power MOSFETs, IGBTs the above scheme can

be applied at high frequencies of operation. Here the requirement of the capacitor

connected across the terminals of the inverter is to act as a filter only. Therefore the

requirement of the capacitor is considerably reduced. Limited papers are available on the

PWM CSI having self commutating devices and capacitor at the terminals of inverter.

Proper selection of the capacitor and their effects on the steady state performance of the

drive is not discussed in detail. Closed loop is a mandatory requirement of the CSI -fed

drive, there is no direct method available to design the speed PI and current PI controller

parameters of the drive, a method is required for the design of the controller parameters.

The author has made an attempt to design and develop a modified self-

commutating PWM current source inverter, having capacitor at the output terminal,

feeding power to the induction motor. The closed loop control of the drive is

implemented digitally by using PC (808$ processor based ) and 8031 microcontroller.

1.3 AUTHOR'S CONTRIBUTION

After reviewing the literature on PWM current source inverter fed induction motor

drive, an attempt has been made in present thesis to design and develop a Modified self-

commutating current source inverter fed induction motor drive. The complete drive

system consists of a three phase PWM front - end converter, current source inverter,

coupled through d.c.link inductor, three phase induction motor, three phase capacitor

bank connected at the at the terminals of the induction motor. The front-end converter

operates in closed loop with d.c.link current feed back to maintain the d.c.link current

demanded by the load. The motor-end current source inverter is PWM inverter,

17



employing space vector modulation technique .For the stable operation ofthe drive under

all operating condition; drive is operated in closed loop. The two PI controllers are used;

one in speed feed back loop and other in current feedback loop. The rated air gap flux is

maintained at each operating frequency with the use of slip regulator. The synchronous

speed isdetermined by adding actual speed and reference slip speed.

The mathematical modeling of the complete drive system is developed in

synchronously rotating reference frame and is used for the steady state and transient

analysis of the drive. The steady state equations are derived for the steady state analysis

of the drive for the various operating conditions such as (i) Variable operating frequency,

fixed d.c.link current and fixed capacitance (ii) Fixed frequency, constant d.c. link

current and variable capacitance per phase (iii) Variable frequency, constant d.c. link

current, fixed capacitance per phase (iv) Variable d.c. link current, fixed frequency, fixed

capacitance per phase (iv) Constant load torque, fixed capacitance per phase, fixed d.c.

link current (v) Linearly varying load torque, fixed capacitance per phase, fixed d.c. link

current. The value of capacitor to be connected across the machine terminal is decided by

the analytically determined steady state performance of the drive and then confirmed by

experimental investigation.

The complete hardware of the drive is developed in the laboratory. Hardware

includes power, control, protection, quantizer, zero crossing, snubber, speed and current

measurement circuits The front- end PWM converter employs three self-commutating

devices as MOSFETs and three line commutated devices as thyristors. The motor - end

PWM inverter employs six self-commutating devices as MOSFETs.

18
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The software of the drive system is developed in 'C language, which consists of

the main program, ISS for timers and subroutines for firing pulse generation of converter

and inverter, current measurement, speed measurement, speed PI processing, current PI

processing etc. The details of the software are shown in the form of flow charts and

discussed. Equal pulse width modulation technique is used in the converter and space

vector pulse width modulation technique in the motor-end inverter. At low and medium

value of operating frequency the number of firing commands issued to the devices are

more than at high value of operating frequency due to the consideration of the switching

frequency of the devices. The PWM firing commands for the front-end converters are

generated through 8031 microcontroller based system, which communicates serially with

the PC-AT to get the firing commands. The firing pulses for the inverter are generated

using ADD-ON cards in personal computer (8088 processor based) and sent to the

switching devices after amplification.

The actual d.c.link current required for the PI processing of the inner controller

(current controller) is sensed, using Hall effect current sensor. The output of the Hall

effect current sensor is in terms of current and it is converted to voltage signal. A low

pass R-C filter is used to filter the ripples from the output current. The actual rotor speed

needed for the speed PI processing is measured through the rotatory incremental pulse

encoder. These signals are digitized through a 12 bit high resolution ADD-ON card for

digital control implementation. The developed hardware is tested using the software

developed and various control and power signals are recorded through X-Y recorder.

^ The transient stability ofthe system depends upon the speed and current controller

parameters. The mathematical model of the drive already derived is used for the design of

current and speed controller parameters. The system equations are non—linear. These
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equations are linearized for the small perturbations about the rated steady state operating

point in order to develop the characteristic equation. Using the characteristic equation of

the closed loop drive, the parameters of the speed and current controllers are designed.

The inner control loop, being fast is considered first to design current controller. Later,

the parameters of speed controllers are designed. Both the controller parameters are

designed for high degree of relative stability and good damping. This ensures the fast and

stable operation of the drive.

The D-partition technique is employed to determine the probable stable region in

parametric plane. The probable stable region is obtained by D- partition technique. The

frequency scanning technique is used for confirming the stability of the point. This

method of determiningthe controller parameters is superior to other conventional method,

because it requires less computational effort. Although root locus is the best method of

synthesis, but it selects a single parameter, whereas the D- partition method directly gives

a stable region in the parameter of the two planes. The final selection of the controller

parameters are decided by the transient response of the drive for 5% step change in

reference current and speed respectively using state equations of the drive. The parameter,

which gives minimum overshoot and minimum settling time, is finally selected.

The developed modified current source inverter supplies sinusoidal voltage and

current at almost each operating frequency. The input displacement factor of front- end

converter is found to be almost unity, therefore the d.c.link inductor requirement is

considerably reduced and transient response of the drive is found to be fast. An attempt to

made the digital closed loop control of the drive using 8088 processor /8031

microcontoller is found to be successful. All the experimental results are verified with the

simulation results and they are in good agreement to each other.
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The performance of the developed drive is investigated experimentally in open

loop under different operating conditions and compared with the analytical result

obtained in open loop through simulation. Both the performances are found to be in good

agreement to each other.

The performance of the developed drive is investigated experimentally in closed

loop for the designed value of the controller parameters. The performance of the drive in

closed loop is also obtained analytically. The transient response of the drive (d.c.link

current, speed) for the step change in reference speed is experimentally recorded and also

determined through computer simulation. Experimental results obtained in closed loop

and under transient condition are in good agreement to the analytically obtained results.

The conclusion of the developed system, D-partitioning and frequency scanning

techniques used for controllerparameters estimation, motor specifications and the various

components used for the development of the hardware are given in the appendices. A

detailed bibliography of literature related to this work is appended at the end.
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CHAPTER - 2

V MATHEMATICAL MODELING OF MODIFIED SELF-

COMMUTATING CSI-FED INDUCTION MOTOR DRIVE

>

A

±

As reviewed from the literature survey the speed control of induction motor is

possible over a wide range by feeding the motorthrough a variable frequency source.

Current source inverter converts the regulated dc link current into variable frequency ac

current. Due to controlled current operation of the inverter, slip regulated current source

inverter is preferred over voltage source inverter. The slip regulator maintains the rated

flux in machine at its rated value by regulating slip. The current source at the front end

makes the inverter converter arrangements naturally capable of power regeneration

[4,11,30,35]

This chapter deals with the mathematical equations describing the behaviour of

modified self-commutating CSI-fed Induction motor drive. The suitability of any drive

for an application depends upon its behaviour under steady state and transient conditions.

In order to study the behaviour of drive over a complete speed range, a mathematical

modeling of the drive is required. A closed loop control scheme incorporating speed and

current controllers for the modified CSI-fed induction motor is described. The

mathematical modeling of the system is developed in synchronously rotating (de-qe)

reference frame.

2.1 INTRODUCTION

With the help of variable frequency a.c. supply the speed of an induction motor

can be controlled very smoothly. The voltage source and current source inverter can give
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a variable frequency a.c. source. In the present work current source inverter is used for

variable frequency a.c. supply; the current source inverter is slip regulated. The slip

regulator maintains the flux in the machine at its rated value by regulating the slip.

The developed model is used in later chapters for steady state, designing ofspeed ,

current controller parameters and transient analysis.

2.2 SYSTEM CONFIGURATION

The system consists of a 3 phase a.c. power source, a 3 phase PWM rectifier

incorporating equal pulse width modulation, athree phase pulse width modulated inverter

using space vector technique, a dc link inductor, a three phase squirrel cage induction

motor and 3phase capacitor bank as shown in Fig 2.1. In the CSI-fed induction motor, air

gap flux saturates at a very low value of slip; motor can not be operated in this region j(

because ofexcess iron loss. To operate the machine at a normal value ofair gap flux, the

motor is operated in statically unstable region oftorque-slip characteristics. Hence closed

loop operation of the drive is mandatory. The present work makes use of speed and

current controllers of PI type.

The actual speed of induction motor is measured by pulse encoder and compared V

with the reference speed set via the computer keyboard. The speed error is processed in

the speed control loop to obtain the reference slip speed (ffl*,).Using reference slip speed

(co*) and the slip regulator characteristics, the value of reference active stator current of

the induction motor (1^,) and reference reactive current (1*^) are determined.
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For the determination of reference current (Iref), the stator active reference

current (C), the stator reactive reference current (1*^ ) and capacitor current (Ic) are

required as shown in the Fig. 2.1. The reference stator current vs slip speed and reference

reactive stator current vs slip speed plots are treated as slip regulator characteristics in the

present work and are experimentally determined. Using reference active current (C),

capacitor r.m.s. current (Ic) and stator reference reactive current (1^), stator reference

current (I*) is determined. Which is transformed to the d.c link side to obtain the \

reference d.c. link current (Iref). The reference slip speed (co*) is added to the actual

rotor speed (fflr) to obtain the switching frequency ofthe inverter (coe).

2.3 MATHEMATICAL MODELING OF THE COMPLETE DRIVE SYSTEM

The modeling of the complete drive system is carried out in synchronously

rotating qe - de reference frame.

2.3.1 System Equations in M.K.S.

The mathematical modeling of the drive system is carried out for the following

component of the drive in qe - de reference frame.

(i) Three Phase PWM Rectifier

(ii) Three Phase Pulse Width Modulated Inverter

(iii) D.C. Link

(iv) Three Phase Induction Motor With Load

(v) Three Phase Capacitor Bank

25

i

V



i

•

(i) Three Phase PWM Rectifier

Three phase PWM rectifier output voltage depends upon the number of pulses per

cycle and their width. The converter is modeled for twelve numbers of equal pulses per

cycle. It leads to a two pulse per 60° each of p width. Fig.2.2 shows the pulse width

modulated waveform for 60° period. The output voltage ofthe rectifier can be expressed

with the following expressions.

V - ^LL r {
tc/3

Ja sin (cot +ti/3) +ja+p+2a sin (cot +tc/3) d(cot)] (2.1)

v 3^' lA . 5tc, . pvr =— VLL (4 sin —) sin | (2.2)

X %Sincep is varied from 10% to 90% of - radians, it can be approximated as
6

• P P
sin— « —

2 2

3V2 . 57t. PVr= — VLL(4sin—) ^
71 12 2

V =5.218 V,.
2̂

•

where,

VLL is the line to line input voltage

X

(ii) Three Phase Pulse Width Modulated Inverter

If Idc is the current ind.c.link, then the fundamental component of line currents of

the 3-phase pulse width modulated inverter iM ibs ics forms a balanced set of 3-phase

currents with a maximum value as I.as (max)
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Fig.2.2. PWM Waveform of rectifier
over 60°period.
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^(max) ~^ I*. (2.3)

The value of k is obtained with the help of Fourier analysis of inverter line

current waveforms and it is given by:

k _ max imum value offundamental inverter line current
d.c.link current (Idc) ' '

The value of k depends upon the operating frequencies of the inverter and it

varies from 0.8485 to 0.9970 for variation in operating frequencies from 10 Hz to 50 Hz.

The line currents of three phase pulse width modulated inverter can be expressed

in terms of d-q variables, either in a stationary or a rotating d- q reference frame

> (rotating at a synchronous electrical angular velocity coe). The synchronously rotating

reference frame provides an advantage that with sinusoidal excitation the variables appear

as dc quantities in steady state condition. In the present work synchronously rotating

reference frame (qe - de) is considered for the modeling of the drive. The qeaxis of the

rotating reference frame is assumed to coincide with the stator a-axis at t = 0 as shown in

-4. Fig. 2.3. It will advance by an angle 0e such that —*• =co
dt

4

Since inverter output fundamental current peak is taken along the q- axis ofthe

reference frame, the transformed phase current equations in the qc - dc reference frame

are:

io,e=0

»♦' =k I*
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Applying the power invariance principle across the inverter i.e. no power loss in

the inverter.

Inverter input power = Inverter output power

vinvlinv - V«i«+vh,ita+v_i

-(v ei e+v ei e)n VVqs 'qs T vds 'ds / (2.6)

>
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Substituting the values of iqseand i„,' from equation 2.5 with the value of

!inv = Idc i following equations are obtained.

VinvIdc = 3/2kvqseIdc

Vinv = 1.5kvqse (2.7)

(iii) D. C. link

The rectifier output votage Vr is related with the PWM inverter input dc voltage

V.as:

Vr=Vinv+(rf+plf)ldc (28)

where,

d

P=dT

rf = resistance ofd.c. link inductor

lf = inductance of d.c. link inductor

Substituting the value of Vinv from equation (2.7) into the equation (2.8)
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V^l.SkV+fc+pl,)!,,. (2.9)

(iv) Three Phase Induction Motor With Load

The induction motor can be modeled in (qe-de) reference frame using the

following assumptions.

(i) The three phase stator windings of the motor are balanced and sinusoidally

distributed in space,

(ii) The d.c. link current is ripple free,

(iii) The switching transients in the inverter are ignored,

(iv) There is no core loss in the induction machine.

The motor can be described by the following fourth-order matrix equation

(qe - de) reference frame .

K
vi

0

0

rs+plss CO 1
e ss PL . 0.L

-®.i« r.+PL "0.L PL
PL 0j» rr+Pl„ WA

-0*1. PL "©A rr+pl

in

(2.10)

The slip speed (cosl) in electrical rad/sec is given by the following equation

fflsi =©,-©, (2.11)

The electromagnetic torque equation of the motor is given by the following
expression.

t =l£ | (i •; •_; •; A
2 2 (2.12)

Motional equation of the drive is given by the following expression.
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te=ti+Jir+B(0' (in)

| Neglecting the effect of viscous friction, and converting the angular speed from
electrical radian/sec. to mechanical radian/sec, following equation is obtained.

4

k

t.-t-faj/l*^ue M %) dt (2.14)

The induction motor is coupled to ad.c. generator (operated at rated field flux)
feeding power to afixed load resistance, decided by the rated load torque of the machine.
Therefore the load torque equation is given by:

V03 base 7
t,=tL.

(2.15)

where,

tL =Load torque equivalent to the rated torque of the motor.

cobMe =Rated angular speed in radian/second ofthe motor.

cor = Speed at which drive is running

P = No. of poles

^ (v) Three Phase Capacitor Bank

The capacitor current is related to stator voltage of induction motor as shown
below:

dv51 = r L

(2.16)

capacitor phase current

dvs
l. = c—-

dt
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c = capacitance/phase in star

v3 = stator phase voltage

Transforming the equation (2.16) in the synchronously rotating (qe-de)

reference frame as show below:

d_
dt

»* =c(pvl-coev;)

ic, =c(pv;+ffleVd5)

V'cd coscoct-iceq sinfflet)=c—(v^cosfflet-v; sincoet)

(2.17)

2.4 CONTROL STRATEGIES

The d.c.link current is regulated by controlling the pulse width of the PWM

rectifier pulses, which in turn controls the rectifier output voltage. Two proportional and

integral controllers (PI) are used for speed and current loop, respectively for controlling

the speed and current at different operating conditions. Hall effect current sensor is used

for measurement of actual d.c. link current needed for the current feed back. The pulse

encoder is used for measurement of actual rotor speed, which is needed for the speed feed

back. The slip regulator maintains constant flux in the machine at almost every frequency
(except at very low frequency).

(i) Slip Regulator

The slip regulator characteristics are experimentally determined by performing the

load test on induction motor at rated voltage and frequency The motor is loaded till rated

load and various readings are noted (power input, stator current, speed). From the noted

value of power input, stator current, stator voltage and speed, power factor and slip speed
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is calculated at each load. The stator active and reactive currents are calculated at each

value of load from stator current and power factor ofthe machine .Two curves are plotted

(i) stator active current vs slip speed (ii) stator reactive current vs slip speed as shown in

Fig 2.4 and 2.5 respectively. These curves are called slip regulator characteristics.

With the slope of slip regulator characteristics (I^vs cosl) and (Ireact vs fflsl), the

values of constants (k,) and (k2) are determined respectively, which are needed for the

calculation of (4) and (I*eact) respectively.

(ii) Speed Controller

The speed PI controller decides the reference slip speed (co*,), which is required

to estimate the reference stator active current (C) and reference stator reactive current

(C )of the induction motor. It is also used in the calculation of switching frequency

(coj of the inverter. The following mathematical expressions are used to obtain the

various operating variables.

0- =kp>ref-®r)+̂ I(coref-cor).dt (218)

Iact =k, co* + constant

Ireact = ^i, ®*i +cons tant

coe =cor+cosl

(iii) Determination of capacitor current

(2.19)

(2.20)

The stator reactive current (Ireact) of induction motor is constant over entire

operating frequency range; in order to maintain the rated air gap flux in the motor. This
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leads to fYj J operation of the drive; therefore capacitor rms current per phase is

determined from the following equations
r

Ic =kll ^e (2.21)

where,

k _ rated value ofcapacitor current per phase
-^ (rated angular frequency)2 ' '

(iv) Current Controller

The current PI controller is used to regulate the error between the reference d.c.

link current and actual d.c. link current. The output of current PI controller decides the

pulse widths of the PWM rectifier pulses and hence controls the output voltage of the

pulse width modulated rectifier, which in turn controls the d.c. link current. The output

voltage of the rectifier in terms of current controller parameter is given by the following
expression.

A

^

Vr =kPi (Iref - Idc)+-M (Iref - Idc ).dt (2.23)
T. o

The reference d.c. link current is determined using4.Cand Icaccording to the

following equation.

iref<V(cN(iL-02).ff (2.24)
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2.5 CONCLUSION

The mathematical modeling of the three phase PWM rectifier, three phase pulse

width modulated inverter, 3-phase induction motor, d.c. link, 3-phase capacitor, is

developed in synchronously rotating (d- q) reference frame. The overall control strategy

has been discussed, which consists oftwo PI regulators, one PI regulator for current loop,

and other PI regulator for speed loop. It also uses a slip regulator to maintain the rated

airgap flux in the motor at almost every frequency.

The current PI controller regulates the d. c. link current in such a way that it is

always equal to reference d. c. link current. The speed PI regulator processes the speed

error and gives the reference slip speed. This reference slip speed is used for the

determination ofreference active and reactive current components ofthe induction motor

current. The synchronous angular speed (coj in radian/sec. is obtained with the help of

actual speed of the rotor and reference slip speed.

The rms value of capacitor current is calculated as function of switching

frequency of the inverter. The reference d.c. link current is estimated with the help of

stator active, reactive and capacitor r.m.s. currents.
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CHAPTER - 3

STEADY STATE ANALYSISOF THE DRIVE

This chapter deals with the steady state analysis of modified self-commutating
current source inverter fed induction motor drive. Using mathematical model developed

in chapter 2, performance characteristics of drive under various operating conditions are
obtained.

3.1 INTRODUCTION

The use of variable speed cage rotor induction motor fed from variable voltage
and variable frequency source for aparticular application depends upon its steady state
performance over the complete speed range. The knowledge of the steady state behaviour

> of the drive is necessary, for improvement in its performance, and in optimization of the
system for meeting the desired specifications. Therefore, the steady state performance of

the drive is obtained before fabricating it. The steady state analysis of the CSI fed drive is
reported inthe literature [31-34].

In the present analysis pulse width modulated current supply is assumed as the

i input to the induction motor. Two PI regulators are used, one for speed loop and other for
current loop. The mathematical expressions are developed for torque, phase voltage,
phase current, d.c. link voltage, total loss, efficiency and power factor. Core loss is

neglected. Acomputer program in 'C language is developed to study the effect of

capacitance connected across motor terminals, stator frequency, d.c. link current, fixed
load and variable load.
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3.2 STEADY STATE PERFORMANCE EQUATIONS

The steady state performance of the modified self-commutating current source

inverter fed induction motor drive is obtained using the mathematical model of the drive

developed in chapter 2. The various mathematical equations used in the analysis are

derived using the assumptions, such as 3-phase balanced stator windings, ripple free d.c.

link current, rated flux and loss less capacitor connected across the terminals of the

stator. Further only fundamental components of winding currents are considered,

neglecting the effect of all the harmonics. The speed controller sets the reference slip

speed, that is required to calculate the reference stator active current (1*^) and reference

reactive current (I*eact). These currents determine the reference d.c. link current (Iref).

The current controller sets the d.c. link current, equal to the reference d.c. link current.

The slip regulator maintains the constant flux. Reference slip speed is added to the actual

steady state speed of the rotor ofthe motor to obtain the steady state synchronous speed

of motor and hence frequency.

Under steady state condition the machine, capacitor and d.c. link variables

(voltage and current) are constant in qe - de reference frame. Hence, differential terms in

the equations, derived in chapter 2, are set to zero. The various steady state equations are

as show below:

YrCO) ~ Xnv(O) +rf Idc(O) (3.1)

3

V,nv(0) =- kVqs(0) (3.2)
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Substituting (3.2) in (3.1), the steady state d.c. link voltage equation is as shown

below:

Vr(0)=1.5kv;(0)+rfIdc(0) (3.3)

The steady state inverter current, machine current and capacitor current are related

according to the following equations in (qe - de) reference frame.

'invdCO) =1dc(0) +1ds(0) (3.4)

MnvqCO) =1qc(0) +1qs(0) (3-5)

Since inverter output fundamental current peak is taken along the q-axis of the

reference frame, therefore,

iLd(o)=0 (3.6)

invq(O) ~ * ldc(0) (3-7)

Capacitor current is expressed in (qe - de) reference frame as shown below:

4 'llw= -ccoe v;(0) (3.8)

^(0)= ccoeVds(0) (3.9)

Substituting (3.6) to (3.9) in equations (3.4) and (3.5), the steady state stator

current equations in (qe - de) reference frame aregiven by the following expressions.

iJL(0)= ccoe v;(0) (3.10)

^,(0)= kIdc-ccoe v3,(0) (3.11)
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The steady state equation of the machine in (qe-dc) reference frame are as

shown below:

Vqs(0)

MO)

0

0

rs ©eL 0 ®Jm 'qs(O)

0.L r5 -®eL 0 'ds(O)

0 ®A rr •J* ie
'qr(O)

®Jm 0 "0jB rr _'dr(0)_

(3.12)

Under steady state condition, torque developed by the motor is equal to the load

torque hence,

t =2£ 1 (j« ie )- t
0 • ^ • 'm Vqs(O) ldr(0)J- l
2 2

From equations (3.1) to (3.12)

Vqs(0) = T,lqs(0) +COelSS Jds(O) +CUm '*<0)

Vds(0) - V*(0) ^e'ss 'qsCO) ~ ^eL iqr(O)

(")
0 =ffls,lmiL(o)+rri;(0) +oJni%

0 =-0Jmi»(O)+rri*(O)-0jlr> qr(0)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

Solving equation (3.14) and (3.17) and substituting the value of Vds(0) from

equation (3.11) result in

kIdc0jm =(l-cO-Ku^o) +(-ccoe2cosllm2 -cfflersrr)i qrW-^eWsllrrrsidrCO) (3-18)

Solving equation (3.14) and (3.16) and substituting the value v;(0) from equation

(3.10) result in:

0 =(co.al.-l)il(o)+c©ersi;(0)+cffle lmi;(0) (3.19)
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'dr(O)

Finally solving equations (3.17), (3.18), (3.19) results in

Udc®,! L(-C0.0J1«rr. ~CWe2 LTr +rr)
((-ceo^A rs +rr -ccoe 1„ rr )2 +(ccoe ffls,l, -cfflersrr -co,,!,)2)

Define,

1, =1 1 -r
1 ss rr m

-idrw^cOc^r.-cffl^co^.+co,,!.)
(-ccoecoJars-me lssrr+rr)

•e _ '"r'qrCO) ^sl^rr^O)
lds(0) - ,

•e _ i • e

.e _ VdrCO) ^sl'ir'qrW
lqs(0) - .

©A

2
2

V = r I +— k veVr(0) If1dc(0) T - N Vq,(0)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

Torque developed by the motor can be obtained by substituting the values

of i^(0) andiqS(0) from equation (3.20) and (3.23) in equation (3.13).

3 P , kIdc»si LH^©,,!^ -ccoe2 lssrr +rr)
{(c-cco.ffl,,^ r, +rr -ccoe\ rr )2 +(ccoe2fflsll, -ccocrsrr -fflsllj2}

f __ ;• _. i : e ^
Vqr(O) ^sPrT'drCO)

CO
si m

3_
2

Copper losses in induction motor stator = ^-. rs((iqS{0))2 +(i^)2)

Copper losses in induction motor rotor = —. rr((i°r(0))2 +(idr(0))2)

Losses in the d.c link = r I 2If1dc(0)
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Ignoring the core, friction and windage losses, total loss in the drive is given by

the following expression:

Total loss - Losses in induction motor stator + Losses in induction motor rotor

+Losses in d.c link

3 r=2Lr»((iU)2+(id,(0))2) +rr.((i;(O))2-f(idT(o))2)]+rfIdc(O)2 (3.29)

vqs(Q)

veVvM0)J

Power factor (lag) = cos (tan"

Define,

cor =coe-coe wsl

Power out put te.cor(mech)

f->\
= te. co r(elect).

V*V

-tan"

Efficiency of the drive = Power outPut
Power output + Losses

'qs(Q)

je
VM0)J

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

3.3 COMPUTATION, RESULTS AND DISCUSSIONS

3.3.1 Steady State Performance

The steady state performance under various operating conditions is obtained by

simulating the steady state equations 3.14 to 3.34 on digital computer. Computer program

is developed to get the performance of the drive. To check the validity of developed

program, the performance characteristics of the drive is determined for the following
conditions.
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(i) In the original program the value of c is substituted as zero and some of the

performance curves are drawn, as shown in Fig 3.1 to 3.4.

(ii) A new program is written for normal pulse width modulated current source

inverter drive (without capacitance at the terminals) and the same performance

characteristics are determined [34].

From both the programs similar performance characteristics are obtained. This

-/ partially confirms the validity of the developed program. The steady state performance of

the drive is studied for the following conditions and the performance curves are drawn

under all operating conditions.

(i) Fixed frequency, Constant d.c. link current, Variable capacitance per phase.

(ii) Variable frequency, Constant d.c. link current, Fixed capacitance per phase.

(iii) Variable d.c. link current, Fixed frequency, Fixed capacitance per phase

(iv) Constant load torque, Fixed capacitance per phase, Fixed d.c. link current

(v) Linearly varying load torque, Fixed capacitance per phase, Fixed d.c. link current.

t

3.3.1.1 Constant D.C. Link current, Fixed frequency, Variable capacitance per
Phase

The steady state performance curves for fixed value of d.c. link current, fixed

frequency and variable capacitance per phase can be obtained by computing the value of

torque developed by the motor, power output, stator voltage per phase, stator current,

power factor, power loss efficiency, d.c. link voltage by varying the slip from 0 to 1. The

d.c. link current is fixed at 4A.The operating frequency is fixed at coe =314 rad/sec. The

performance of the drive is obtained for four values of capacitance

c=90uF / phase, 150uF/phase,! 80uF/phase, 210uF/phase . From the calculation it is
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found that corresponding to full load slip and the rated operating frequency

coe = 314rad/sec, the resonance takes place in the machine at the capacitance

c = 55uF/phase . The magnetization and rotor current variation with torque are shown in

the Fig 3.5. These curves are drawn to explain some of the performance characteristics.

All the performance characteristics are drawn with respect to torque as shown in Figs.

(3.6 to 3.13). At the operating frequency coe =314rad/sec and c = 90 p.F/phase, slip-

torque characteristic shows that the torque developed by the machine is affected by the

resonance. At this value of capacitance only slip-torque characteristics is plotted, with

broken lines, other performance characteristics are not plotted at this value of capacitance.

(i) Slip vs Torque

Slip vs torque characteristic curves are drawn in Fig. 3.6. Each curve is

characterized by two regions, a stable region and an unstable region. In stable region as

the capacitance increases, the slip increases for any value of torque. The peak value of

torque decreases with the increase in capacitance while the slip corresponding to peak

value of torque increases with the increase in capacitance. The variation of slip with

torque is very clear from the rotor current vs torque variation curves drawn in Fig. 3.5

With the increase in capacitance, rotor current increases with the torque i.e. slip increases

with the torque. The value of starting torque is high at higher value of capacitance. As

obvious the torque at any value of slip in unstable region is less than the torque in stable

region at any value of slip, at each value of capacitance.

(ii) Power output vs torque characteristics

The power output vs torque curves are shown in Fig. 3.7. Each curve has two

regions, a stable region and unstable region. In the stable region at lower capacitance,
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higher torque occurs at small value of slip. Therefore corresponding power output is high.

The maximum value of power output reduces with the increase in capacitance. Power

f output decreases with decrease in torque, in unstable region at each value ofcapacitance,

because of low torque and high value of slip.

(iii) Stator current vs Torque

The relevant curves are plotted in Fig. 3.8. The stator current increases with

y increase in torque, in stable region, corresponding to each value ofcapacitance. The stator

current is the phasor sum ofthe magnetization and the rotor currents. As it is clear from

the curves drawn in Fig. 3.£the magnetization current is nearly constant with respect to

torque at any value of capacitance while rotor current varies widely with respect to

torque. In the stable region at low value of slip, magnetization current is large in

> comparison to the rotor current; therefore stator current varies according to the variation

of magnetization current. At high value of slip, rotor current is large in comparison to the

magnetization current, therefore stator current varies according to the variation of the

stator current. In the unstable region stator current increases with the decrease in torque

corresponding to each value ofcapacitance because of high value of rotor current.

^ (iv) Stator voltage Per Phase vs Torque

The variations of stator voltage vs torque curves are shown in Fig. 3.9. The stator

voltage depends upon the product of stator current and net impedance of the machine

(including stator impedance, magnetizing impedance, rotor impedance). As obvious the

net impedance of the machine decreases with the increase in the torque; while stator

current increases with the increase in torque. The product of the two vary in such a way

that in the stable region voltage decreases with the increase in capacitance. Corresponding
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to each value of capacitance the voltage is maximum at zero value of slip. In unstable

region at medium and high value of capacitance stator voltage increases with the torque

while at the low value of capacitance it decreases with decrease in torque.

(v) Power Loss vs Torque

Power loss vs torque variations plots are shown in Fig. 3.10. Each curve is

characterized by two regions, a stable region, and an unstable region. Corresponding to

each value of capacitance, the power loss is low in stable region, and high in unstable

region. In stable region power loss increases slowly with increase in torque because of

slow increase in stator and rotor currents ,while in unstable region power loss increases

rapidly with decrease in torque because of large increments in stator and rotor currents. In

unstable region, power loss is more due to increased rotor copper loss .

(vi) Percentage efficiency vs Torque

The plots are shown in Fig. 3.11. Each curve is characterized in the two regions,

stable and unstable. Efficiency of the drive is more in stable region, than in unstable

region at each value of capacitance. Efficiency of the drive is poor in unstable region

because of low power output and high loss. In the stable region at low value of torque

efficiency of the drive is almost same at each value of capacitance because of almost

same power output and same power losses; at high value of torque, efficiency increases

with the increase in torque. The maximum value of efficiency decreases with the increase

in capacitance. In unstable region efficiency decreases with the decrease in torque at each

value of capacitance.
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(vii) Power Factor vs Torque

The characteristics are shown in Fig. 3.12. The power factor variation depends

upon the machine parameters, slip and operating frequency. It does not depend upon the

capacitance connected across machine terminals. Hence the minimum and maximum

value of power factor are same for all the three values ofcapacitance. With the increase in

slip, power factor increases up to a certain value then it decreases with the increase in

slip. Since the slip, corresponding to torque changes with the capacitance connected

across machine terminals, hence the power factor of the machine also changes with

respect to torque at each value of capacitance. The variation of slip is more with torque at

high value of capacitance and hence the power factor variation is more at high value of

capacitance. In the unstable region power factor decreases with the decrease in torque .

(viii) D.C. Link Voltage vs Torque

The d.c. link voltage vs torque characteristics are shown in Fig. 3.13. Since the

d.c.link current is assumed constant, therefore, the poweroutput of the inverter is directly

proportional to d.c.link voltage neglecting the losses within the inverter. The power

output increases with the torque and hence d.c.link voltage also increases with the torque.

The d.c.link voltage increases linearly with the torque at each value of capacitance. In the

unstable region d.c.link voltage decreases with the torque at low value of capacitance,

while it increases with the torque at medium and high value of capacitance.

The performance characteristics show that at the machine terminals capacitance of

150 uF/phase, the performance of the drive is better. The experimental investigations are

also carried out in open loop with the different values of capacitance across motor

terminals, and it is found that the open loop performance of the drive is found to be the
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best at the capacitance value of 150pF/phase. Hence this value of capacitance is selected

for the simulation at the different operating conditions, discussed below, and for practical

investigations of the drive.

3.3.1.2 Fixed d.c. link Current, Variable Frequency, Fixed Capacitance per phase

After selecting the capacitance as 150 uF/phaseacross motor terminals, the steady

state performance characteristics of the drive are obtained by determining the torque,

power output, stator current, stator voltage, power loss, efficiency, power factor and d.c.

link voltage for variation in the slip from 0 to 1. The performance characteristics of the

drive are drawn with respect to torque at fixed Idc = 4.0A, variable frequency, and fixed

capacitance per phase c = 150 pF/phase. The magnetization and rotor current variation

with torque shown in the Fig 3.14. These curves are drawn to explain some of the

performance characteristics The performance characteristics are shown in Figs.3.15 to

3.22. At the operating frequencycoe =150rad/sec and c - 150 uF/phase, slip- torque

characteristic shows that the torque developed by the machine is affected by the

resonance. At this operating frequency only slip - torque characteristics of the drive is

shown with the broken line, other performance characteristics are not shown at this

operating frequency.

(i) Slip vs Torque

Slip vs torque characteristics are drawn at the operating frequencies,

ffle =62.8rad/sec,100rad/sec,150rad/sec,314rad/sec, as shown in Fig.3.15. Each curve

is characterized by the two regions, a stable and an unstable region. In the stable region,

slip increases slowly with the increase in torque at each operating frequency. At medium
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and high values of operating frequency, the peak torque is almost same and it occurs

almost at the same value of the slip. At low value of the operating frequency

/ ffle =62.8 rad/sec, the peak value of the torque occurs at high value of slip and its

magnitude is also less in comparison to values of peak torque at medium and high value

of the operating frequencies.

(ii) Power output vs Torque

A
The required characteristics are plotted in Fig. 3.16. Each curve is characterized

by the two regions, a stable region and an unstable region. As expected the power out put

at any value of torque is more at higher frequency of the operation. At any value of

operating frequency power output in unstable region is less in comparison to the power

output in the stable region because of increased rotor copper loss. Core friction and

windage losses are neglected.

(iii) Stator Current vs Torque

The stator current vs torque plots are shown inFig. 3.17. The stator current is the

phasor sum of the rotor current and magnetizing current. As shown in the Fig 3.14 ,the

-i value of magnetizing current is quite high in comparison to the rotor current at low and

medium value ofoperating frequencies and its variation is also very small with respect to

torque in the stable region. Therefore the stator current is almost constant with the torque

in the stable slip- torque region at low and medium values of operating frequencies. At

high value of operating frequency, as shown in the Fig. 3.14 the value of rotor current

varies rapidly with the torque in the stable region and after a certain value ofthe torque

rotor current exceeds the value of the magnetizing current. Hence the stator current
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variation with torque is mainly decided by the variation of rotor current with the torque

and it increases slowly with the torque. In the unstable region the stator current decreases

with the decrease in torque at low and medium value ofoperating frequencies, while it

increases with decrease intorque athigh frequency ofoperation.

(iv) Stator Voltage vs Torque

Stator voltage vs torque curves are shown in Fig. 3.18. The stator voltage depends

upon the product of stator current and net machine impedance. In stable region at low and

medium values ofoperating frequencies, net impedance ofthe machine is almost constant

because of small value of slip variation. At high value of operating frequency, the net

impedance of the machine is high and varies widely with respect to torque, the net

impedance of the machine decreases with the increase in torque. Therefore the stator

voltage in stable region at low and medium value of operating frequencies are almost

constant, while it decreases slightly with the torque at high value ofoperating frequency.

At all the operating frequencies the stator voltage decreases with the decrease in torque in

the unstable region.

(v) Power Loss vs Torque

Power loss vs torque characteristics are shown in Fig. 3.19. Each curve is

characterized by two regions, a stable region and an unstable region. Corresponding to

each value of operating frequency, the power loss is low in stable region, and high in

unstable region. In stable region power loss is almost constant with increase in torque, at

low and medium value of operating frequencies, while at high value of operating

frequency power loss increases slowly with increase in torque. At low value of operating

frequency, the power loss is same in both the regions. In unstable region at medium and
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high value of operating frequencies, power loss is more in comparison to the stable

region .At medium frequency of operation, power loss in both the regions are not much

different. A

(vi) Efficiency vs Torque

The efficiency vs torque characteristics are shown in Fig. 3.20. Each curve is

characterized in the two regions, a stable and an unstable. Efficiency ofthe drive is more
y

in stable region, than unstable region at each value of operating frequency. Efficiency of

the drive is poor in unstable region, because of low power output and high loss. As

expected in the stable region at each value of operating frequency, the efficiency

increases with the increase in torque. The maximum value of efficiency is obtained at

high frequency ofoperation because of high power output and low value of losses. In
A

unstable region efficiency decreases with decrease in torque at each value of capacitance

because oflow power output and increased copper loss.

(vii) Power Factor vs Torque

The plots are shown in Fig. 3.21. The power factor increases with the increase in

torque in the stable region at each operating frequency just like an ordinary induction *

motor. As the operating frequency increases the power factor decreases with the torque in

the stable region because of high value of stator and rotor reactance. In the unstable

region power factor is better than stable region at any value of torque at low and medium

value of operating frequencies. At high value of operating frequency the power factor is

poor than stable region at any value oftorque. -*!
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(viii) D.C. Link Voltage vs Torque

D.C. link voltage vs torque plots are shown in Fig. 3.22. At constant value of

d.c.link current the d.c. link voltage depends upon the power output of the inverter

neglecting the losses in the inverter. In stable region at each value of operating frequency

the power output of the machine increases with the torque, hence the d.c.link voltage

increases with the increase in torque in the stable region. As the operating frequency

increases the d.c.link voltage increases because of high power output. In the unstable

region the d.c. link voltage decreases with the decrease in torque at low and medium

value of operating frequencies, because of low power output. At high value of operating

frequency though the power output decreases with decrease in torque in the unstable

region, the d.c.link voltage increases due to high motorcopper loss.

3.3.1.3 Variable d.c. link current, Fixed frequency, Fixed capacitance per phase.

The performance characteristics for the above conditions are drawn in Figs. 3.23

to 3.30. The performance characteristics are drawn at the three values of d.c. link

currents, Idc = 2.0A, 4.0A, 6.0A, at a fixed operating frequency

coe =314rad/sec,and capacitance c=150uF/phase across machine terminals.

(i) Slip vs Torque

The slip vs torque characteristics for different d.c.link currents are shown in Fig.

3.23. At a fixed operating frequency, the rotor and magnetizing currents are directly

proportional to the d.c.link current at a slip and hence torque developed at any slip is

proportional to the square of the d.c.link current. Therefore as the d.c.link current

increases torque developed bythe machine increases in both the regions. At a fixed
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operating frequency the slip corresponding to peaktorque occurs at the same value of slip

in all the cases and its magnitude is proportional to the square of the d.c.link current. In

unstable region slip increases with the decrease in torque at each value of d.c.link

current.

(ii) Power Output vs Torque

Power output vs torque plots are shown in Fig. 3.24. Each curve has two regions,

a stable region and an unstable region.. At fixed operating frequency corresponding to

each value of d.c.link current, the power output increases linearly with the increase in

torque in stable region of slip-torque curve. In the stable region peak torque, occurring at

the same value of slip, is large at high value of d.c.link current than the low and medium

values of d.c. link currents ; therefore the power output is large at high value of d.c.link

current than the low and medium values of d.c. link currents. In the unstable region

power output decreases with the decrease in torque at each value of d.c.link current

because of high value of copper losses.

(iii) Stator Current vs Torque

-f The stator current vs torque characteristics are shown in Fig. 3.25. The nature of

stator current variation with torque is similar at each value of d.c.link current in the stable

region, although their magnitudes are different. The stator current is the phasor sum of

magnetization and rotor currents. Corresponding to each value of d.c.link current, in

stable region, at low value of torque, the magnetization current is very large than the rotor

A current and it is almost constant; hence the stator current is mainly due to magnetization

current and it is almost constant. After a certain value of torque, the rotor current is more

than the magnetization current and hence the stator current is mainly due to rotor current
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and it increases due to increase in torque. As the d.c.link current increases, the

magnetization and rotor both current increases, therefore the stator current at any value

of slip increases with the increase in d.c.link current. At each value of d.c.link current

stator current at any value of torque is more than its value in the stable region because of

increased value of rotor current at high value of slip.

(iv) Stator voltage per phase vs Torque

The stator voltages per phase vs torque characteristics are shown in Fig. 3.26. The

stator voltage per phase, depends upon the product of stator current and net impedance of

the machine. Machine impedance decreases with the increase in torque in the both the

region. At high value of d.c.link current the net impedance variation of machine with the

torque is slow. In the stable region at high value of d.c. link current, the stator current

increases very slowly with the increase in torque. The net effect is stator voltage

decreases with increase in torque. In stable region at low and medium value of d.c.link

currents the stator currents and net impedance of the machine varies faster with torque

than the high value of d.c.link current. The net effect is stator voltage decreases fast with

the torque at low and medium value of d.c.link currents. The stator voltage is less in

unstable region at any value of torque than the value in stable region at each value of -f

d.clink current. The variation of stator voltage with the torque is less at each value of

d.c.link currents in the unstable region.

(v) Power Loss vs Torque

The desired characteristics are shown in Fig. 3.27. At each value of d.c. link -$»

current, the power loss increases with the increase in torque due to increase in stator and

rotor currents. At high value of d.c. link current power loss is more because of higher
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value of stator and rotor currents. In the unstable region power losses are more than stable

region at each value of d.c.link current because of increased rotor copper loss.

(vi) Percentage Efficiency vs Torque

The relevant curves are plotted in the Fig. 3.28. Each curve is characterized by the

two regions, a stable and an unstable. As expected in the stable region with the increase in

torque efficiency increases up to a maximum value at each value of d.c.link currents. At a

fixed operating frequency the variation of efficiency and its maximum value with slip is

same at each value of d.c.link currents. Hence the maximum efficiency at each value of

d.c.link current is same , although it occurs at the different values of torque. As the

d.c.link current increases the torque corresponding to maximum efficiency increases. In

unstable region at each value of operating frequency, efficiency of the drive decreases

with decrease in torque. At each value ofd.c.link current efficiency of the drive is poor in

unstable region, because of low poweroutputs and high losses.

(vii) Power Factor vs Torque

Power factor vs torque plots are shown in Fig.3.29. The power factor of the

machine does not depend upon the input d.c.link currents; hence the minimum and +

maximum value of the power factor is same at each value of d.c.link current. For fixed

machine parameters and fixed operating frequency, power factor depends upon the slip

variation. At each value of d.c.link current slip- torque variation is different therefore the

power factor vs torque variation is different in all the three cases. In the stable region as

the torque increases power factor also increases at each value of d.c.link currents. As the ^

d.c.link current increases, the power factor vs torque variation decreases because of slow
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variation of slip with torque. In unstable region power factor decreases with the decrease

in torque at each value of d.c.link current.

(viii) D.C. link Voltage vs Torque

The d.c. link voltage variation vs. torque plots are shown in Fig 3.30. In the stable

region the d.c.link current increases with the input power demand by the drive increases

because of increased power output. To meet out the input power requirement of the drive

the d.c.link voltage increases with the increase in torque in the stable region at each value

of d.c.link current. In the unstable region corresponding to each value of torque input

power demand of the drive increases with the decrease in torque because of high copper

loss; therefore the d.c.link voltage increases with the decrease in the torque.

it 3.3.1.4 Constant Load Torque, Fixed D.C. Link current, Fixed Capacitance per
Phase, Variable Speed

The performance characteristics, of the drive at a constant load torque of 0.8 times

the rated value are determined. The operating frequency of the drive is increased from a

minimum value to the rated value, with the d.c. link current fixed at its rated value of

1^ = 5.5A. The performance characteristics of the drive are drawn with respect to speed

as shown in Figs. 3.31 to 3.38. Nearly at the angular speed (cor) = 135 rad/sec, the

phenomenon of resonance is observed. The effect of resonance is observed up to the

angular speed (cor) = 245 rad/sec, hence the performance characteristics of the drive are

discussed before the occurrence of the resonance. The performance characteristic of the

-V drive in the resonance affected region is shown with the dotted line.

64



(i) Torque vs Speed

The torque vs speed curve is shown in Fig. 3.31. Since the load torque is kept

constant, hence torque developed by the drive is also constant with respect to speed. The

torque required for friction and windage losses are neglected in the analysis.

(ii) Power Output vs Speed

Power output vs speed curve is shown in Fig. 3.32. Power output depends upon y

the torque and speed. Since load torque is fixed at all the operating speeds, hence power

output is proportional to speed.

(iii) Stator Current vs Speed

Stator current per phase vs speed variation is shown in Fig 3.33. With the increase >

in speed operating frequency increases and slip decreases. Therefore stator current

increaseswith the increase in speed.

(iv) Stator Voltage vs Speed

Stator voltage vs speed variation is shown in Fig3.34. Stator voltage depends upon

the product ofstator current and net impedance ofthe machine. At constant load torque,

the operating frequency and slip both changes; although the slip variation is small, hence

net impedance ofthe machine changes mainly due to change in operating frequency. As

the speed increases, the machine impedance continuously increases with the increase in

speed, stator current also increases continuously with the speed of the machine. Therefore

stator voltage continuously increases with the increase in speed.
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(v) Power Loss vs Speed

Power loss vs speed curve is shown in Fig 3.35. Power loss increases with the

increase in speed. As the speed increases, current drawn by the drive increases with the

increase in speed, resulting in higher copper losses. Iron, friction and windage losses are

not considered in the analysis.

(vi) Percentage Efficiency vs Speed

The plot is shown in Fig 3.36. The efficiency of the drive depends on power

output and losses. Initially the efficiency of the drive increase linearly with the increase in

speed because of linear increase in power output with the speed, while power loss is

almost constant with the increase in speed. After a certain value of speed, power loss

increases faster than the power output with the increase in speed; hence efficiency

decreases with the increase in speed.

(vii) Power Factor vs Speed

Power factor vs speed curve is drawn in Fig 3.37. With the increase in operating

frequency, power factor decreases.

(viii) D.C. Link Voltage vs Speed

D.C. Link voltage vs speed plot is shown in Fig 3.38. At constant d.c. link

current, the d.c.link voltage depends upon input power demand of the machine. With the

increase in speed, power input of the drive increases, hence d.c. link voltage increases

with the increase in speed.
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3.3.1.5 Linearly Varying Load Torque, Fixed d.c. link Current, Fixed Capacitance
per phase

The performance characteristics are drawn at a load torque

69

( T #1 CO
CO,

where TL= 3.93 N_m and cor =314 rad/sec, linearly varying with the speed at a fixed

d.c. link current 1^ =5.5Aandfixedc=150uF/phase. The motor is run at different

speeds by changing the operating frequency and the performance of the drive is

evaluated. The performance characteristics are plotted against torque. The phenomena of

resonance is observed in the speed range 130 rad/sec to 248 rad/sec corresponding torque

(1.6 N_m, to 3.10 N_m). The performance curves in this region of torque are shown with

the dotted line and the behavior of the performance curves are discussed before the

occurrence of the resonance. The performance curves are shown in Figs. 3.39 to 3.46.

(i) Speed vs torque

Speed vs torque curve is shown in Fig 3.39. Since load torque is varying linearly

with the speed of the motor, hence electrical torque also varies linearly withthe speed.

(ii) Power output vs Torque

Power output vs torque curve is shown in Fig 3.40. Power output depends upon

the torque and speed; hence power output increases in square proportion of the increase in

torque.

(iii) Stator current per phase vs Torque

The stator current vs torque plot is shown inFig 3.41. With the increase in torque

demand, there is increase in stator current.
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(iv) Stator Voltage vs Torque

The stator voltage vs torque curve is shown in Fig 3.42. Stator voltage depends

upon the stator current and net impedance of the machine. For fixed machine parameters,

the net impedance of the machine depends upon the operating frequency and slip. As the

load torque on the drive increases, the operating frequency increases and slip of the drive

decreases. The variation in slip is quite small with torque , hence net impedance of the

drive mainly depends upon operating frequency variation. The stator current increases f

with the torque and net impedance also increases with the torque; therefore stator voltage

increases with the torque.

(v) Power loss vs Torque

Power loss vs torque plot is shown in Fig. 3.43. Power loss increases with the £

increase in torque. As the torque increases, current drawn by the drive increases with the

increase intorque; hence ohmic losses increases with the increase intorque.

(vi) Percentage Efficiency vs Torque

Percentage efficiency vs torque curve is shown in Fig 3.44. Efficiency variation

depends upon the variation of power output and losses. Initially the power loss of the

drive varies very slowly with the increase in torque, while power output increases with

the increase in torque; therefore the efficiency of the drive increase with the increase in

torque and reaches to a maximum value. After a certain value of torque, power loss

increases faster with the increase in speed, in comparison to the increase in power output

with the increase in torque, hence efficiency of the drive decreases with the increase in

speed.
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(vii) Power factor vs Torque

Power factor vs torque curve is shown in Fig 3.45. The power factor decreases

with the increase in torque .

(viii) D.C. Link Voltage vs Torque

D.C. Link voltage vs torque curve is shown in Fig 3.46. With the increase in

torque power input of the drive increases; hence at constant d.c. link current d.c. link

voltage increases with the increase in speed to meet the increased input power demand of

the drive.

3.4 CONCLUSION

An analytical technique is described for determination of the steady state

performance of the drive under various operating conditions. The value of capacitor

connected across motor terminals has been finalized as 150 p,F/phase. Two regions were

identified in the performance characteristics, one stable and other unstable. At each

operating condition, the efficiency ofthe drive is found to be poor in the unstable region,

because of excess loss. The phenomenon of resonance and its effect has been observed at

some frequencies under loading condition of the drive. The performance results at some

operating conditions are described in the following paragraphs.

For fixed operating frequency, fixed d.c. link current and variable capacitance, the

torque developed by the drive increases, as the capacitance across motor terminals are

reduced, in the stable region .At low value ofcapacitance, the peak value oftorque occurs

at low value of slip. Stator current, stator voltage, power output, power loss, d.c. link
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voltage and maximum value of efficiency increase with the reduction of capacitance

connected across motor terminals in the stable region of torque- slip curve.

For fixed value of capacitance across motor terminals, fixed d.c.link current and

variable operating frequency, torque developed by the drive increases inthe stable region,

as the operating frequency of the drive increases. At high value of operating frequency,

the peak value of torque occurs at low value of slip. Stator voltage, power output, d.c. link

voltage and maximum value of efficiency increase with the increase in operating

frequency, while stator current, power loss and power factor decrease.

For fixed value of capacitance across motor terminals, fixed operating frequency

and variable d.c. link current, the torque developed by the drive increases in the stable

region, as the d.c.link current increases. At each value of d.c.link current, the peak value

of torque occurs at same value of slip. Stator voltage, stator current, power output, power

loss and d.c. link voltage increase with the increase in d.c.link current. The maximum

value of efficiency is same at each value of d.c.link current. The minimum and maximum

value of power factor is sameat each value of d.c.link current.
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CHAPTER - 4

SYSTEM DESCRIPTION AND HARDWARE
DEVELOPMENT

4.1 INTRODUCTION

Current source inverters are more popular as compared to the voltage source

b inverter for the speed control oflarge rating induction motor [17,18,19]. One ofthe main

advantage of a controlled current source at the front- end is to provide the natural

protection to the switching devices from the short circuit condition. In the present work a

3- phase modified current source inverter is designed and developed. Space vector PWM

technique is used to control the current source inverter. It reduces the harmonics present

+ in the output current of the inverter. Equal pulse width modulation technique is

employed to control the front-end input PWM converter used to develop a current

source. The induction motor drive is run in closed loop for better speed regulation and

dynamic performance. This above closed loop system is implemented with the help of a

personal computer, based on 8088 processor, and an 8031 microcontroller based system.

*" The present chapter deals with the development of hardware for the control of

modified self - commutating current source inverter fed induction motor drive. The

hardware of complete system includes a three phase pulse width modulated converter, a

three phase PWM inverter, an 8031 microcontroller based system, zero crossing detection

circuit, pulse amplification circuit for the converter and inverter devices and necessary

hardware for d.c.link current and speed measurement.
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4.2 SYSTEM DESCRIPTION

The schematic diagram of the complete drive system is shown in Fig 4.1. The

modified self- commutating current source inverter fed induction motor drive consists of

controlled current source, three phase PWM current source inverter, connected through a

delink inductor and a three phase delta connected squirrel cage induction motor. The

current source is developed using three phase PWM rectifier. A three phase capacitor

bank is connected at the terminals ofthe machine, so that the line currents and voltages of

the motor are almost sinusoidal at all values of operating frequency. The closed loop

system consists of two loops, outer speed loop and inner current loop. The outer speed

loop is used to obtain the reference d.c.link current from slip speed. A slip regulator as

described in chapter 2, is used to calculate the reference active and reactive components

of stator current. It also maintains the rated air gap flux in the drive. The inner current

loop regulates the d.c.link current according to the reference d.c. link current demand.

The PWM firing pulses for the inverter is generated using ADD- ON cards in personal

computer and sent to the switching devices after amplification. To remove the burden on

the personal computer (less interrupts handling), the pulses for the pulse width modulated

converter are generated using 8031 microcontroller. The d.c.link current is sensed using

Hall effect current sensor and digitized through a 12-bit analog to digital converter

(ADC). The rotor speed is measured using incremental rotary pulse encoder. Zero

crossing detection circuit generates short duration pulses at every zero crossing ofline to

line a.c.supply voltages and are used to synchronize the firing pulses ofthe pulse width

modulated converter with the supply line- line voltages. Three quantizer signals which

represents the positive and negative half cycles of each input line-line voltage are also

generated. These signals are phase shifted by 120'as the line voltages and are used to
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identify 60' intervals. Based on the status of the quantizer signals the microcontroller

generates the firing pulses for converter devices. A PC- AT with ADD- ON card is used

to read the reference speed, actual speed and d.c.link current. It processes the speed and

current errors, and computes the operating frequency of the inverter and pulse widths of

the pulse width modulated converter. The microcontroller communicates serially to the

PC-AT to get the pulse widths of the converter. Firing pulses for inverter are generated

through PC-AT. The various peripherals interfaced with PC-AT are 8255- Programmable

Peripheral Interface (PPI), 8259- Programmable Interrupt Controller (PIC), 8253-

Programmable Interval Timer (PIT) and 12- bit ADC are as shown in Fig 4.2. Provisions

are made to amplify the firing signals obtained from the microcontroller and computer to

trigger the converter and inverter semi-conductor power devices, as these signals are not

strong enough to trigger these devices.

4.3 DEVELOPMENT OF THREE PHASE PULSE WIDTH MODULATED

CONVERTER

The conventional phase-angle controlled converter has inherent shortcoming as

both the displacement factor and input power factor decrease at lower output voltage and

the converter introduces harmonics in the supply. To overcome these shortcomings the

pulse width modulated AC-DC converter has been developed which makes the

displacement factor near unity. The schematic diagram of three- phase fully controlled

pulse width modulated converter is shown in Fig 4.3. The three-phase pulse width

modulated converter consists of three MOSFETS as self - commutating switches in the

upper half. To provide the reverse voltage blocking capability of the self- commutating

devices, three fast recovery diodes are connected in series with the MOSFETS. Three
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line- commutated thyristors are used as switching devices in the lower half of the

converter.

The pulse width modulation can be achieved by several techniques such as equal

pulse width modulation, sinusoidal pulse width modulation, trapezoidal modulation and

square wave modulation. The commonly used modulation techniques are equal pulse

width modulation and sinusoidal pulse width modulation techniques. Although sinusoidal

> pulse width modulation reduces the input harmonics to agreat extent, its implementation

is complex using microcontroller. In the present work equal pulse width modulation

technique is employed to control the pulse width modulated converter used as a current

source. The input harmonics in this technique is more as compared to sinusoidal pulse

width modulation, but its microcontroller implementation is easier.

4.3.1 Development ofPower Circuit of the PWM Converter

The power circuit of PWM converter is designed on the basis of maximum

d.c.link current requirement for motor and the input supply voltage. Suitable rating all the

switching devices are selected. The ratings ofall the devices are shown in Appendix B.

h It is necessary to connect a snubber circuit across the thyristor and MOSFET to

protect the device from supply and load side transients. Snubber circuit reduces the off

state and reapplied dv/dt magnitude of peak reverse voltage and device switching loss.

Fig 4.4 shows the snubber circuit for the thyristor. The selection of R and C in the

snubber circuit ensures that the dv/dt across the capacitor during its charging is less than

the specified dv/dt rating of the thyristor and discharge current at the turn off of the

thyristor is within reasonable limit. The values ofRand Cselected for the snubber circuit

of the thyristor are given in Appendix B.
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PC- AT. The microcontroller with I/O activities performed by it and its serial

communication with the personal computer is shown in the Fig 4.6.

4.3.3 Quantizers and Zero Crossing Interrupts

To synchronize the firing signals of the front- end converter with the input power

supply, three quantizers are used along with zero crossing interrupts as shown in Fig 4.7.

The three-phase line to line voltage is stepped down and is fed to low offset voltage

comparator used as a zero crossing detector. The outputs of comparators are used to

trigger the positive edge triggered and negative edge triggered monoshots. Outputs of all

the monoshots are combined to achieve zero crossing signals (ZOI) at every 60". The

zero crossing signals are connected to an interrupt line of the microcontroller (INTO). The

comparator outputs are inverted to get quantizer signals (^r^y.^bX which are logic 1

during positive half cycle of input voltage and logic 0 in the negative half of the input

cycle. The status of the quantizer signals is read via a port. Using the status of these

quantizer signals, the controller issues the firing pulses through a port of microcontroller.

4.3.4 Pulse Amplification Circuit for MOSFET

The pulse amplification circuit for MOSFET is shown in Fig 4.8. The pulses

issued from the microcontroller port are not strong enough to turn on the MOSFETs.

Since MOSFET is a voltage operated device, the voltage level of the pulses are amplified

using pulse amplification circuit. The gate to source voltage is clipped to 12 volts by

zener diode. To protect the devices used in the microcontroller based system, an isolation

between power circuit and control circuit is provided with the help of opto-coupler MCT
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The Fig 4.5 shows the snubber circuit for MOSFET. When the MOSFET is turned

on, the energy stored in the capacitor is dissipated in the resistorR. At the turn-on instant,

^ the resistor should limit thepeak discharge current through MOSFET to a safe value.

Along with the snubber circuit, an additional device MOV (Metal Oxide Varistor)

is also connected across each MOSFET to protect it from the transient over voltage. The

selected values of R,C and MOV are given in Appendix B. All devices are mounted on

I heat sink, to dissipate the internally generated heat of the device.

4.3.2 Development of Microcontroller System

The firing pulses of PWM microcontroller are generated using microcontroller.

The use of microcontroller for the control purpose increases the reliability of circuit as

^ hardware requirement is drastically reduced. There is no drift problem and magnetic

interference associated with the controller.

The INTEL 8031 based controller has two in built timers, four input and output

ports, two external interrupts, and a 128 bytes RAM. An external program memory chip

(INTEL 2764 A, 8KB) is interfaced with the microcontroller to store the program. Port 1

y of8031 is used for issuing the firing pulses to the thyristors and MOSFETS offront-end

powerconverter. Timer 0 of 8031 is programmed in (model) to generate the interrupts at

the firing instants. Timer 1 is used as baud rate generator for serial communication. Zero

crossing signals are required by the microcontroller to identify the 60° period. INTO

interrupt is used for zero crossing interrupts and has the highest priority. INT1 is used to

2$ stopthe drive. Port 0 and 2 provide the multiplexed address bus to the EPROM. Port 3 is

used to read the status of the three-quantizer signals. An RxD line of microcontroller is

used to receive the information about the pulse widths of the power converter from the
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PC- AT. The microcontroller with I/O activities performed by it and its serial

communication with the personal computer is shown in the Fig 4.6.

4.3.3 Quantizers and Zero Crossing Interrupts

To synchronize the firing signals of the front- end converter with the input power

supply, three quantizers are used along with zero crossing interrupts as shown in Fig 4.7.

The three-phase line to line voltage is stepped down and is fed to low offset voltage

comparator used as a zero crossing detector. The outputs of comparators are used to

trigger the positive edge triggered and negative edge triggered monoshots. Outputs of all

the monoshots are combined to achieve zero crossing signals (ZOI) at every 60 °. The

zero crossing signals are connected to an interrupt line of the microcontroller (INTO). The

comparator outputs are inverted to get quantizer signals (^r^y^bX which are logic 1

during positive half cycle of input voltage and logic 0 in the negative half of the input

cycle. The status of the quantizer signals is read via a port. Using the status of these

quantizer signals, the controller issues the firing pulses through a port of microcontroller.

4.3.4 Pulse Amplification Circuit for MOSFET

The pulse amplification circuit for MOSFET is shown in Fig 4.8. The pulses

issued from the microcontroller port are not strong enough to turn on the MOSFETs.

Since MOSFET is a voltage operated device, the voltage level of the pulses are amplified

using pulse amplification circuit. The gate to source voltage is clipped to 12 volts by

zener diode. To protect the devices used in the microcontroller based system, an isolation

between power circuit and control circuit is provided with the help of opto-coupler MCT
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4.3.5 Pulse Amplification Circuit for Thyristor

The pulse amplification circuit for thyristor is shown inFig 4.9. The pulses issued

from the microcontroller ports are ANDed with high frequency signals and amplified.

The thyristor is a current operated device; therefore to ensure proper triggering of the

SCRs, sufficient magnitude gate current pulses are applied to the thyristors. To provide

electrical isolation between low potential control circuit and high potential power

converter, a pulse transformer is used. A diode is connected across collector resistor and

the primary winding of the pulse transformer to protect the transformer and to avoid the

saturation ofpulse transformer core. Gate- to- cathode junction ofthyristor should also be

protected for over voltage and over current. Adiode is connected in series with secondary

winding of the pulse transformer to prevent the reverse current flow through the gate

junction. When thyristor is reverse biased, the gate- to- cathode junction may be damaged

due to the reverse voltage. Therefore a diode is connected across gate to cathode to limit

the reverse voltage. A common problem in SCR circuits is spurious triggering of the

thyristor. These spurious pulses may be induced at the gates due to turn on and turn offof

neighboring SCR or transients in the power circuit. These undesirable pulses may turn on

the SCR, thus causing improper operation ofthe circuit. Gates are protected against such

spurious signals by connecting a capacitor and a resistor across the gate and cathode to

bypass the noise pulses.

4.4 DEVELOPMENT OF 3-PHASE PULSE WIDTH MODULATED
CURRENT SOURCE INVERTER

The conventional three-phase current source inverter has the short- coming of

introducing increased lower order harmonics in the output currents which give rise to

losses, noise and torque pulsation in the machine, specially at lower frequency of
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operation. To overcome these drawbacks, the drive is fed from the pulse width modulated

current sourceinverter. There are number of pulsewidth modulation techniques to control

the inverter output current. In the present work, space vector technique is employed for

the modulation of the pulse widths. This technique is a carrier less method to generate

PWM patterns for the entire range of operating frequency. In this technique the

synchronization of carrier to signal is not needed, which greatly facilitates the control

circuit. The number of output current pulses of the inverter depends upon its frequency of

operation. At low operating frequency of the inverter the number of output current pulses

of the inverter are more in comparison to its number at high frequency. In the present

scheme modulation index continuously changes with the change in the reference

frequency as shown below:

m =0.82 + .18*(ref_fq/50)

The minimum value of modulation index is 0.82 due to the consideration of the

switching loss and if the modulation index exceeds more than 1 it is clamped to 1.0.

To incorporate the PWM operation in a 3-phase current source inverter fast

switching devices are needed. Therefore in both the halves (upper and lower) of each leg

MOSFETs are used. To increase the reverse voltage blocking capabilities of each self-
>

commutating device, fast recovery diodes are connected in series with each MOSFET.

The protection and pulse amplification circuit of each MOSFET is same as in the three

phase pulse width modulated converter. The schematic diagram of three phase pulse

width modulated inverter is shown in Fig 4.10.

4.4.1 Schematic Diagram of the Inverter and Control

The system configuration is shown in Fig 4.11. The PWM firing pulses of the

current source inverter is generated through the personal computer using ADD- ON card.
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The PC internal timer TM0 of 8253, Timer '0' of ADD- ON card , PORT- A of 8255

are used for the firing pulse generation. The gate of the timer is permanently high

connecting them to + 5 V supply. PC timer output is connected to an interrupt IR0 and

output of ADD-ON card timer is connected to IRj of 8259 respectively. PC timer

generates interrupts at every 1 ms. At this instant ADD-ON card timer is loaded by the

respective count. The output of the external timer generates the interrupt on the

termination of the respective count and the required port bits are made high or low to

generate PWM pattern for any number of output pulses at anyoperating frequency.

4.5 DEVELOPMENT OF POWER CIRCUIT

The ratings of the MOSFETs of the inverter are selected on the basis of induction

motor rating. The power circuit of the three phase PWM current source inverter is

developed by selecting the proper ratings of the semiconductor devices on the basis of

induction motor rating, proper values of snubber circuit component, proper voltage rating

ofMOV. The ratings of the devices, snubber circuit components and MOV are given in

Appendix B.

4.6 MEASUREMENT OF SYSTEM PARAMETERS

The motor speed and d.c.link current is required for feedback purposes in closed

loop control ofthe developed drive. The d.c.link current is measured using the Hall effect

current sensor, and rotor speed is measured using rotary pulse tacho generator. The details

ofspeed and current measurement are discussed in the following sections.
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4.6.1 Speed Measurement

-♦ In the present closed loop control scheme, the synchronous speed of the machine

is obtainedby adding the reference slip speed with the actual rotor speed.

The operating frequency of the inverter depends upon the synchronous speed of the

machine. To operate the machine under rated flux condition, accurate measurement of

speed is necessary. A pulse tachogenerator is used for the measurement of the speed of

the machine. The pulse tachogenerator is coupled to the shaft of the induction motor. It is

supplied with +5 V supply. It generates square wave pulses. Frequency of the square

wave pulses generated by the tachogenerator depends upon the speed of the induction

motor. The actual speed of the induction motor is measured with the help of two timers,

one is internal timer of the PC and other is timer 0 of ACL-8112 DG/HG card. PC

internal timer is programmed in mode 3 (square wave mode) while the timer of the ACL-

8112 DG/HG card is in mode 0 (Interrupt on terminal count mode).

A computer program in C language is developed to measure the speed. A graph is

plotted between the actual speed obtained by tachometer and speed measured by the pulse

tacho generator through software. Thegraph is shown in the Fig 4.12. Both the curves are

closely matching and hence accurate measurement of the speed is possible with the pulse

encoder.

4.6.2 Current Measurement

The measurement of d.c.link current is needed for the successful operation of

^ inner current loop. Various methods are reported in the literature to measure the current.

In the present work Hall effect current sensor is used for the measurement of the current.

The main advantage of such a transducer is that it is non-contact device with high
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resolution and very small in size. The scheme to measure the current using Hall effect

current sensor is shown in the Fig 4.13.

The output ofthe sensor is current which depends on the number ofturns wound

on sensor itself and current flowing in the primary circuit. The output current is given by

the following equation:

= t *Io-IL

where,

NP - Number of turns in the primary

Ns - Number of turns in the secondary

lo " Output current

I, = Load current

Secondary of the sensor is wound for large number of turns, while primary is

normally wound for one or two turns. The output current of the sensor is converted to

voltage signal by passing it across the 100 KQ resistor. This output voltage is given to an

OP- AMP. To eliminate the ripples in d.c. current, a low pass R- C filter is used. A 10

KQ trimpot is used in the negative feed back path ofthe OP- AMP for gain adjustment

so as toobtain a maximum voltage of 5 volt corresponding to 10 Amp. Another trimpot is

used for the d.c. adjustment. Azener diode is connected across the output to restrict the

voltage at +5 volt.

To convert the voltage signal into digital signal ADC of ACL- 8112 HG card is

used. ADC is B.B. ADS 774 successive approximation type, having resolution of 12- bit.

This ADC can be programmed in both bipolar and unipolar mode. Since the current

obtained from 3- phase pulse width modulated converter is unidirectional, so it is
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programmed in unipolar mode. The conversion time is 8u, sec. For checking the

performance of the current sensor, the converter is loaded by the resistive load. The actual

current flowing in the load is noted by an accurate ammeter, and the current measured by f

the software using Hall effect current sensor is also determined.

A curve is plotted between the actual current and the measured current as shown

in Fig 4.14. The two curves are closely matching and hence accurate measurement of the

current is possible using Hall effect current sensor. m

4.7 CONCLUSION

The complete detail of the hardware ofvarious components of the electric drive is

described, it consists ofthree phase pulse width current source, three phase PWM inverter

circuit, speed and current measurement circuits, microcontroller based system, protection \

circuits, pulse amplification circuits of MOSFETS and thyristors are discussed.

Quantizers and zero crossing detection circuits essential for the generation of the firing

pulses for the front- end PWM converter are also discussed. The interfacing ofADD- ON

cards with personal computer is discussed. The timers, interrupts, ports, of the personal

computer, the serial communication of Rx D lines of microcontroller with PC-AT are
-y

discussed. Timer and interrupt details ofADDON cards and their interfacing with PC is

discussed. The speed is measured by the rotatory incremental pulse encoder and current is

measured by the Hall effect current sensor. The measured values ofspeed and current are

compared with the actual speed obtained by d.c.tacho generator and actual current

obtained by d.c. ammeter. The current and speed measured by the Hall effect current

sensor and rotatory pulse encoder are quite close to the actual current and speed;

therefore the accurate measurements of speed and current are possible.
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CHAPTER-5

CONTROL TECHNIQUE AND SOFTWARE
DEVELOPMENT

5.1 INTRODUCTION

The performance of any drive depends on the control technique and its

implementation. In the present drive, the control is implemented through 8088

microprocessor and 8031 microcontroller. Microprocessor based control reduces the

complexity of the hardware, increases the reliability and makes the control system fast.

Equal pulse width technique is used to control the front-end PWM converter and space

vector technique is used to control the motor-end PWM CSI.

I The system hardware of the induction motor drive has been discussed in chapter 4.

The complete drive is controlled using PC-AT. ADD- ON cards is used for speed and

current measurement and inverter firing pulse generation. An external microcontroller

8031 based system is used to generate the firing signal for the front-end converter.

Microcontroller communicates serially with PC-AT to get the converter command.

y For superior performance and fast response of the drive system, suitable software

has to be developed. The system software development consists of the main program of

the drive system in open and closed loop, current measurement, interrupt service

subroutine for converter and inverter firing pulse generation, subroutine for speed

measurement, current PI processing and speed PI processing. Only pictorial

-^ representation of the various software is given through flow charts.

The software is developed in two parts; one part is developed in assembly

language of 8031 for converter control and other part is developed in 'C language for
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inverter control and measurements. The developed software is implemented to control the

drive in open and closed loop.

The testing of front-end converter and motor-end converter has been carried out

separately. Control and power signals of the front-end and motor-end converters are

recorded. For the front-end converter; quantizer signals, zero crossing detection signals,

firing pulses, input line current and voltage waveforms, load current and voltage across

the load for the different duty cycles are recorded. For the motor-end converter; firing

pulses at the different operating frequencies, inverter line current and voltage waveforms,

motor line current and voltage waveforms, are recorded with and without capacitance at

the machine terminals. The d.c.link current and voltage waveforms are also recorded at

the different operating frequencies. All the power and control waveforms are recorded

using X- Y recorder.

5.2 CONTROL TECHNIQUE USED IN THE PWM CONVERTER

Equal pulse width modulated scheme [47] used in the front-end pulse width

modulated converter is described here. In this control technique a d.c. modulating signal

of variable amplitude A and a triangular carrier wave of fixed amplitude Amare

compared to get the switching instants of the upper- leg devices as shown in Fig. 5.1. The

frequency of the triangular wave is kept 12 times the input supply frequency, so that 12

output pulses per cycle are obtained. Thyristors TH2, TH4 and TH6 are triggered at the

lowest possible angle X as shown in Fig 5.1; each thyristor conducts for 120°duration.

When the two devices (one from upper half and other from lower half) belonging to

different legs conduct, then output voltage is equal to the line to line voltage and supply

current is equal to the load current. If two devices of the same leg conduct then free
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wheeling action takes place, and output voltage and current become zero. Fig 5.1 also

shows the firing pulses (M) for MOSFETs and (T) for thyristors, load current (IR),

supply current and output voltage (V0).

5.3 CONTROL TECHNIQUE USED IN THE PWM CURRENT SOURCE
INVERTER

The space vector PWM modulation technique [92] is used for the control of 3-

phase PWM current source inverter. It is a carrier less method of generating PWM pattern

for the entire range of operating frequency. The space vector technique has the advantage

that harmonics from the line currents are drastically reduced. This technique can be

employed on-line with a single chip processor. The synchronization of carrier to

modulating signal is not needed, which reduces the burden of control and firing circuits.

In the present scheme six space vectors are defined, for each sector of 60 °over a cycle.

The zero vector is not considered in the analysis. The current space vector ( i~) is

obtained by transforming the three line currents of a non PWM current source inverter as

K=3 Or +ai"Y +a2 iB ) (5.1)

.271

where, a= e 3

If the current in d.c.link is a constant (Idc), and inverter frequency is coe. Then

the three line currents are expressed as:

71
»R • Idc

( 1 1 "l
cos©e t — cos5coe t +— cos7oo„ t-

I 5 7 e J (5.2)

2^3 T ( , 2tc. 1 _, In. 1 _. 2tcx \,m ,x
cos(oet ) — cos5(coet ) + -cos7 (coet )- (5.3)»Y " Idc

K J
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7C

2j[. 1 _, 2tc. 1 _ , 27t.cos(fflet +—)--cos5(coet +Y)+-cos7(coet +Y)-. (5.4)

The switching sequences [6,1], [1,2], i. [2,3], [3,4], [4,5], [5,6], [6,1] will give six

space current vectors i ~,, i ~2, i ~3, i ~4, i ~5, i ;6 in sectors 1 to 6 respectively. For designing

the PWM switching sequences, the time average of three switching current state vectors,

located adjacent to the reference vector (i~ = Ir eja) is considered over a sub cycle Ts

(half carrier period) .T, is defined as

>

T

*

T, =^*TC (5.5)

where,

T c = carrier time period

Reference current vector i^ is shown in a 60" sector (between dotted lines) as

shown in Fig 5.2 along with the three current state vectors. Referring to Fig 5.2 the

reference current vector i ~ is defined as:

I, Za T5 -irttj+irtU+i^tj (5.6)

= Irl t, +Irl Z60°t2 + IrlZ-60° t3 (5.7)

Where, I ris the fundamental peak value of reference current vector, while Irl is

the fundamental peak value of line currents shown in the equations 5.2, 5.3, 5.4 and it is

defined as:

I„ -*£l. (5.8)
7t
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*

I, (cosa+jsina)T, - Irl [t, +0.5t2 +0.5t3]+jlrl [ t2 V3/2 -SJ2 t, ]

Equating the real and imaginary parts of equation (5.9)

t, +0.5t2 +0.5 t 1 ,Jr%, = —(—) cos a
T I

1 2 Ir .
t, -t3 = — -f= — sin a
23 Ts V3 I„

t, + t,+ t3 = T.

Solving equations (5.10), (5.11) and (5.12)

f

2 —^-cosoc-l

\

1 2 I, . ,7t »
1- -7= —sin(—a)

V3 Irl 3

i 2 Ir ,n s
1—= -J-sin(— +a )

V3 Irl '3

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

The above expressions can be represented in terms of modulation index (m)

defined as:

m

T 2M (Fundamental) _ J

s*
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Substituting equation (5.16) in (5.13 ), (5.14), (5.15 ), the value of —, —, —
• i i

can be expressed as:

T.
(V3mcosa-l) (5.18)

ta = (l-msin(60-a )) (5.19)

h. = (l-msin(60+a )) (5.20)

The modulated line currents of the 3- phase current source inverter employing the

space vector modulation technique obtained through simulation over a cycle for (N-cmds

= 2) in a period of 30°, are shown in the Fig 5.3 (a), 5.3 (b), 5.3(c) for R, Y and B lines

respectively .

The above three switching timings of state current vectors are used for the

calculation of timercount for the timer of the ADD-ON card shown in Fig. 4.11. Timer

of the ADD- ON card is used for the generation of PWM firing pulses in different

sectors 1 to 6. The firing commands generated by the ADD- ON card timer depend upon

the timer_ count and it depends upon the number of switching commands (N_cmds) over

a period of 30' and the sector numbers. Expressions for the timer_ count of ADD- ON

for different sectors are given below.

For sector 6 and 1

tmr_ count =(l-msin(— +a))*T_Aa

For sector 2 and 5

tmr_ count = (-1 +m V3 cos (a)) *T_ Aa
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For sector 3 and 4

tmr_ count =(l-msin(— -a))*T_Aa

where,

Aa = (7t/6)/N_cmds

a = -(7i/6)+5a/2.0

T _ Aa = (PC_fq * Aa)/ ( ref_ freq. * 2 n )

5.4 OPEN LOOP PROGRAM OF THE CONVERTER

Open loop converter software program consists of main program, interrupt service

subroutine for zero crossing interrupt, timer interrupt and serial interrupt. The desired

T0N period of firing pulses for the PWM operation of the converter is sent serially from

PC-AT to microcontroller.

5.4.1 Main Program for Converter Control

The flow chart for the main program is shown in Fig 5.4. The program starts with

the initialization of various input , output ports, timers and serial port etc. After

initialization all interrupts have been disabled and only serial interrupt have been enabled. -a

Indices I, J are also initialized. The micro controller continuously monitors the R x D line

to check for any character or data received from the personal computer. Index I is made

' 1' in serial subroutine to indicate that microcontroller has received a character or data.. If

the character received is 'G ' then program sets the index J to receive the count for T
on

period of PWM pulses. The PC-AT sends, the lower and higher byte of Ton one by one *

serially. If the character received is 'R' then processor enables all other interrupts to
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generate the firing pulses. If the character received is 'S' the processor disables the

interrupts and stops generating the firing pulses.

5.4.2 Serial Subroutine

The flow chart for the serial subroutine is shown in Fig.5.5. The control is

transferred to this ISS, whenever microprocessor receives a character or data serially. The

received character or data is read from the serial buffer and stored as 'char'. Before

y returning to the main program the registers have been retrieved and interrupts are enabled.

5.4.3 Zero Crossing Interrput Service Subroutine

The flow chart for zero crossing interrupt service subroutine is shown in Fig 5.6.

Zero crossing signal goes to INT '0' of the micro controller from the synchronization

circuit and it interrupts the processor, at every zero crossing of line to line a.c. supply

voltage. The zero crossing occurs at an interval of every 60°. The timer '0' is loaded with

half of the off time period (T0FF) and is triggered .The two variable indices I and J are

initialized to ' 1'. The variable index I is used to check whether the timer is to be loaded

with T0N or T0FF. The variable index J checks whether the half cycle of the input wave is

> completed or not. After loading the timer, the quantizer signals are read from port . The

memory address is obtained, where the firing commands are stored. The firing command

is read from the table and stored, to be issued at appropriate instant.

5.4.4 Timer Interrupt Service Subroutine

"t The timer interrupts the processor at the end of TON and TOFF. The flow chart is

shown in Fig 5.7. In this servicesubroutine, the firing command is issued at the port 1 of
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the micro controller. The index I is checked to load timer '0' with TON or T0FF. If I is 1,

timer '0' is loaded with TON and I is set to zero. If I is 0, then timer '0' is loaded with

TOFF and I is set to T. The index J is also incremented at every timer interrupt for

counting the number of pulses in the output voltage. After restoring the registers, the

interrupt structure is enabled.

5.4.5 Main Program for Open Loop Operation of the Converter

y

The flow chart for open loop control of the PWM converter is shown in Fig 5.8.

All the variables are initialized and baud rate is set at 2400. A look up table for control

voltage vs T0N „„ is prepared. The program checks for any key pressed. If key pressed

is 'm' then menu is displayed. If key pressed is 'c' then reference control is read and if it

is accepted, TON value is obtained from look up table. The lower and higher bytes are

sent, in a sequence to microcontroller after sending a char 'G'. To start the converter

operation character 'R' is send. To stopthe converter character'S' is send.

5.4.6. TON Count Table for the Converter Firing Pulses

y

1

Flow chart for the program is shown in Fig 5.9. This program is used for

calculating the T0N period of the firing pulses of the PWM converter. Since the internal

clock frequency of the microcontroller is 12 MHz and count corresponding to 1.667 ms is

1667.Therefore to calculate count for any time period control voltage Vc is used. It is

assumed that control voltage varies from 167 to 1667.Hence the TON can be calculated

from the following equations:

TOND] =vcD]
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V

i

where,

j varies from 0 to 1667.

5.5 OPEN LOOP OPERATION OF CSI-FED INDUCTION MOTOR

DRIVE

To investigate the performance of the inverter, the drive is operated in open loop,

i.e. without speed feedback .The front-end PWM converter is operated in closed loop with

d.c.link current as a feedback so that it acts as a current source, however the inverter is

operated in open loop .The software consists of main program for inverter control,

interrupt subroutine for PC Timer_0, ExtJTimer, subroutines for current error and current

PI processing. The converter is controlled in the same manner as discussed in section 5.4,

by sendingthe Ton period serially to the microcontroller-based system.

5.5.1 Main program

The flow chart for the main program is shown in Fig.5.10. Program starts with the

initialization of I/O ports, PC_ Timer and Ext_ Timer. After initialization, reference

current is inputted through the keyboard. Setting actual current to be zero, the d.c.link

current measurement and current PI processing is carried out at 1 ms interval, to calculate

T0N period of PWM converter and it is send to micro controller serially. The actual

current of the d.c. link is sensed using Hall effect current sensor. Analog voltage obtained

from the Hall effect current sensor corresponding to actual current is directly converted

into digital value using 12-bit ADC. Starting frequency of the inverter is set at 2.5 Hz and

corresponding to this frequency modulation index is set at a minimum value of 0.82 and

number of switching commands are set at 4 for 30° of inverter output frequency. Six

sectors each of 60°are defined. An index start of sector (Sos) is set at 1, which indicates
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beginning of a 60° sector. To change the operating frequency and modulation index under

running condition, an index new_ data is used. It is set to ' 1' whenever there is a change

in operating frequency and after implementing the change it is reset to '0'. Ext_ Timer 0 ^

is used for generating the interrupt at the desired instants for inverter firing pulse

generation. Therefore switching command per 30° over a cycle are calculated and new_

data index is set to '1'. Ext_timer 0 is loaded with an arbitrary value and it is triggered to

get the first interrupt. Char 'R' is send to microcontroller to start the drive. The current

measurement and current PI processing is done at every 1 ms interval. Therefore the

internal timer of PC is initialized and triggered to generate interrupt at 1 ms interval. In

every sampling interval, actual d.c.link current is read and current PI processing is carried

out to calculate T0N of the converter and sent to microcontroller. Reference current and

reference frequency are inputted via the keyboard of the computer, if key pressed is 'c'

and 'f' respectively.

5.5.2 ISS PC_ Timer'0'

The ISS PC_ Timer '0' subroutine is shown in the Fig 5.11. The PC timer

generates interrupts at every 1 ms interval. The index KK is set to 1, to indicate the

beginning of 1 ms interval and it is reset to '0' after PI processing in main program. -^

5.5.3 ISS Ext_ Timer _0

Flow chart for the ISS Ext_Timer 0 is shown in the Fig 5.12. The index Sos is

checked first. If it is 1, then program calculates the modulation index M.I. for the

operating frequency and if it is more than 1.0, it is clamped to l.O.The program calculates ^

the switching angles of the inverter and timer_count corresponding to the switching
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k

angles for the different sectors in a sequence 1,2,3,6, using the expression given by the

equation (5.21 to 5.23) .The firing commands for the different sectors are also obtained

from the look up table stored in the memory of the computer. Firing command is issued

from port A and Ext_ timer is loaded with timer count and triggered. A sector index is

incremented every time, timer interrupt is generated. If sector index is more than 6, it is

set to 1. If new data index is ' 1' then indices Sos and new_data are reset to '0'.

5.5.4 Current Error Subroutine

The flow chart is shown in Fig 5.13. This subroutine calculates the error between

reference current obtained from the PI processing of the speed loop and actual d.c.link

current. If current error is more than a positive current error then it is clamped to

maximum positive current. Similarly if it is more than a maximum negative error, it is

clamped to a maximum negative error defined in the program.

5.5.5 Current PI Sub routine

The electrical time constant of the drive is less, than mechanical time constant

therefore current PI is done at every 1ms i.e. 20 times in a supply period to regulate the

y d.c.link current. The current PI processing can be expressed mathematically as:

Vr(n) =Vr(n-l)+kPi(ei(n)-e,(n-l))+kliei(n)

Since the rectifier output voltage is directly related to the Ton period of firing

pulses, therefore the T^time period of the PWM converter can be obtained directly with

y
the rectifier output voltage as:

TON(n)=Vr(n)
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Fig. 5.13. Current Error Processing
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e,(n) - Current error betweenreference d.c.link current and actual d.c.link

Current at nth sampling instant

ei(n -1) = Current error betweenreference d.c.link current and actual d.c.link

Current at (n-1) th sampling instant

Vr (n) = Rectifier output voltage at n th sampling instant

Vr (n-1)= Rectifier output voltage at (n-1) th sampling instant

-4 ToN(n) = On time period offiring pulses at nth sampling instant

Tt| = Sampling rate ofcurrent loop (1ms)

If the calculated value of TON time is less than a minimum value defined in the

program, it is clamped to a minimum value of T0N defined in the program. If the

^ calculated value of TON time is more than a maximum value defined in the program, it is

clamped to a maximum value of T0N time and stored otherwise calculated T0N is stored

as TON at a particular memory location. Turn off time is calculated by subtracting the

TON time from T5. (sampling instant). The flow chart ofthe program is shown in the Fig.

5.14.

V
5.6 CLOSED LOOP OPERATION OF CSI-FED INDUCTION MOTOR DRIVE

The system software is developed when the inverter is operating in the closed

loop. The software consists of main program, current measurement, interrupt service

subroutines for converter and inverter control, subroutines for current PI processing,

speed measurement, speed error, speed PI processing and slip regulator. The current error

and current PI processing is already discussed in the section 5.5.
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Fig. 5.14. Current PI Processing
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5.6.1 Main Program

The flow chart for the main program is shown in Fig 5.15. All the variables are

initialized and baud rate is set as 2400. Various timers and ports are initialized. (TON vs

Vr) table is prepared and store in the beginning after interrupts are enabled. Software

waits for the command input through keyboard. If key pressed is 'm' then menu is

displayed. To input the reference speed key 's' is pressed, followed by the reference

speed and it is accepted when key 'a' is pressed. If key pressed is 'r', then the actual

speed of the machine and actual d.c.link current are set to zero, because machine is at rest.

Speed loop and current loop PI processing is done to calculate T0N time of the PWM

converter and starting operating frequency of the machine. The Ton period is sent

serially to microcontroller and char 'R' is send to start the motor. After sending the start

y command to the motor, PC_ Timer '0' is initialized to generate 1ms interrupt. An index

KK is used which is set to '1' in the beginning of1ms interrupt. And it is set to 2at every

10 ms interval. IfKK is 2, then the actual speed is measured and speed loop processing is

done to obtain the new reference slip speed and hence the reference active and reactive

currents of the stator. The capacitor current is calculated. The reference d.c.link current is

obtained using stator active reference current, stator reference reactive current and

capacitor current. The actual d.c.link current is measured and the current PI processing is

done to calculate the control voltage. This control voltage is used to calculate theT0N

time ofthe firing pulses and transmitted to micro controller. If KK = 1only current loop

processing is carried out.

5.6.2 Timer Interrupt Subroutine

The flow chart for this subroutine is shown inFig. 5.16.The speed measurement of

the motoris carried out with the help of PC internal timer '0' andtimer of ADD-ON

V
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I
Initialize variables

Set baud rate = 2400, Flag = 1

Disable interrupts
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Fig. 5.15. Main Program in close loop
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Reference speed = speed

1 r

Actual speed = 0

i r

Speed PI processing

1 f

Actual current = 0

Current PI processing

Calculate Vr (n) & obtain T0N

Transmit ' G' and T0n to microcontroller
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y
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Spd_meas

Speed PI processing to calculate
slip_speed

Calculate Capacitor current (Ic)

Calculate Ref current = Ir,

KK= 1

d.c. link cur meas

Current PI processing to calculate Vr

Obtain T0n count from table

Transmit G' and T0n count

I
KK = 0
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Enable Interrupt
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Fig. 5.16. PC Internal Timer Interrupt
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card. The PC internal timer '0' is used for the generation of 1ms interrupt. These

interrupts are used to identify the instants of speed and current error processing. An index

KK is initialized to one every time, timer interrupt comes. Speed measurement is done at .+

every 10 ms, by down counting the ADD - ON card timer '0' for a period of 8 ms and

rest 2 ms time is used for PI processing. If spd_ms index is zero then timer '0' is loaded

with FFFF and this index is incremented when first interrupt of PC timer comes on ADD

ON card . Timer '0' starts down counting and at 8th interrupt from PC timer it stops down

counting and returns.

5.6.3 Speed Measurement Subroutine

The actual speed of the motor is obtained by down counting the ADD - ON card

timer '0'.Lower and higher byte of speed obtained from timer interrupt subroutine is used

-y
to calculate the speed in RPM. One bit of speed obtained from measurement corresponds

to 1 RPM. SPDMSO index is set to zero when speed measurement gets over. The flow

chart is shown in Fig. 5.17.

5.6.4 Speed Error Subroutine

This subroutine calculates the difference in reference speed (co*) and actual speed -^

(cor). If the difference in the error is more than a defined positive speed error, then it is

clamped to maximum positive speed error ((o„). Similarly if it is more than a maximum

negative speed error, it is clamped to a maximum negative speed error defined in the

program. The flow chart is shown in the Fig. 5.18. The speed error is stored in the

memory of the computerand returns to the calling program.
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Fig. 5.17. Speed Measurement
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Clamp Speed Error to
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I

Store the Speed Error

Return

Fig. 5.18. Speed error sub routine
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5.6.5 Speed PI Processing

The speed of the motor is measured at every 10 ms, reference speed is inputted to

the PC via keyboard. Since the mechanical time constant of the motor is large, therefore

the speed is measured only twice in a supply period. The speed PI processing is done to

obtain the reference slip speed co*,. It can be expressed as

co*, (n) =co*,(n-l)+ kPi(cosl(n)-co5,(n-l)) +\*\* co,(n)

where,

cosl (n) = Speed error at nth sampling instant

cosl (n -1) • Speed error at (n-1) th sampling instant

Tti = Sampling rate of the speed loop (10 ms)

co*, (n) = Reference slip speed at nth sampling instant

co*, (n -1)= Reference slip speed at (n-1) th sampling instant

The reference slip speed (co*, ) after PI processing is limited to a maximum and

minimum value. By using reference slip speed (co*, ), the stator reference active current

m (1*^) and stator reference reactive current (1*^,) are calculated using look up table of 1*^

vs. co*, and 1*^vs. co*, . Using 1*^, 1*^and rms current of the capacitor (Ic), the d.c.link

reference current is calculated as discussed in Chapter 2. The flow chart for speed PI

processing is shown in Fig 5.19.

y 5.6.6 Slip Regulator Subroutine

Slip regulator maintains the rated flux in the machine at each value of the

operating frequency. The flow chart for speed regulator subroutine is shown in Fig 5.20.
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Fig. 5.19. Speed PI Processing
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Slip_speed > ^ [MM]
si

Motor_act_current A Ic [MM]

Motor_react_current A Id [MM]

Slip_ speed <
co .[MM]

si

Enter

MM = MM+1

MM = MM-1

Yes

No

Slip_ speed = a [MM]
si

Motor_act_current A Ic [MM]

Motor_react_current AId [MM]

Return

Motor_act_current A Ic [MM]

Motor_react_current A Id [MM]

Return

Fig. 5.20. Flow chart for speed regulator
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Avariable MM is initialized in the beginning of the main program, which points to

maximum slip speed. This value is modified by comparing the actual speed and reference

speed. The stator active and reactive current of the motor is read from the lookup table ^

(I vs co , I vs co ,) stored in the memory of the computer.
V act si react si *

5.7 TESTING OF THE DEVELOPED DRIVE

Testing of the developed drive is carried out experimentally by recording the current

and voltage waveforms of various power and control signals through X- Yrecorder. First

the testing of front-end converter is carried out. Once it is found to be satisfactory the

performance of the load- end converter is carried out in open loop by using the front-end

converter as a current source.

5.7.1 Testing of the Front- end Converter. y

Testing of the Front- end converter is carried out by recording the line voltage,

quantizer signals, zero crossing interrupts, firing signals of the devices, input line currents

and voltages, output line currents and voltage at the different duty cycles for low

inductance R-L load and high inductance R-L load. Fig 5.21 shows the line voltage

waveform of R-Y line, quantizer signal of RY line voltage. As desired zero crossing $

signals occur at every 60° in a cycle, quantizer signal ofRY line voltage is synchronized

with RY line voltage. Fig 5.22 shows the three quantizer (<t>R,<t>R,<|>B) and zero crossing

interrupts signals. The quantizer signals are exactly at a phase difference of 120° from

each other. Fig 5.23 shows the firing signals for the upper leg device MOSFET (M,) and

the lower leg device (T4). Fig 5.24 shows the zero crossing signals, firing signals for the

upper leg devices, MOSFETs M,, M. and M,. Twelve numbers ofpulses per cycle are
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Fig 5.21. Line voltage, quantizers and zero crossing interrupt
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Fig 5.22. Quantizers and zero crossing interrupt

f—f I ! I ! i I j W^x i M ! ! ! :

Zcl-Ki Ii Ij |-i|%|-^i \fr\ \j
r

250

1
Mi

V \. j / !\ j Iy/l

nnnn: ! nnnn i ! nnnn ! nnnim

: : ••; i ;. i : • I : ; i • : .

No. 13 MEMORV
2 ms/DIU

CHfiNHEL=fl,H,H»D
TRIG=OFF HIOKI 8801 MEMORV Hi CORD

Fig 5.23. Line voltage, zero crossing interrupt, and firing pulses for
MOSFET and THYRISTOR of PWM converter
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Fig 5.24. Zero crossing interrupt, and firing pulses for
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Fig 5.25. Zero crossing interrupt, and firing pulses for
THYRISTORS of PWM converter
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issued to each MOSFET. Fig 5.25 shows the zero crossing signals, firing signals for the

lower leg devices, Thyristors, T4, T6 and T, .Each thyristor is fired for aperiod ofl20°.

Firing pulses to all the upper and lower leg switching devices are generated using single -+

chip microcontroller 8031.

Figs 5.26 to 5.28 show the output voltage and current for the (20%, 50%, 80%)

duty cycles for R-L load having low value of inductance. The output voltage increases as

the duty cycle increases. The output current is discontinuous because of low value of

inductance. Figs 5.29 to 5.34 show the output voltage, output current, input voltage, and

input current at R-L load having high value of inductance and at a duty cycle of (20%,

50%, and 80%) respectively. At each duty cycles output current is continuous because of

high value ofinductance. From these Figures it is clear that the fundamental component

ofthe input supply current is approximately in phase with the supply voltage. Thus the

fundamental power factor is very close to unity. This is the main feature of the PWM

converter that the power factor remains unity irrespective of the load.

5.7.2 Testingof the 3 phase Current Source Inverter in open loop

Testing ofthe load-end 3 phase current source inverter is carried out by recording

the firing pulses at the different operating frequencies, inverter line current and voltage

waveforms, motor line current waveforms with capacitor at the machine terminals. The

d.c.link current and voltage waveforms are also recorded at the different operating

frequencies. All the power and control waveforms are recorded through X- Y recorder.

Fig 5.35 shows the firing pulses at an operating frequency of 10 Hz, for two devices of

the upper leg and two devices of the lower leg. Fig 5.36 shows the firing pulses at the

above operating frequency for all the three devices ofthe upper legs ofthe inverter. Firing

4
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Fig 5.29. Output voltage, output current of PWM converter for R-L load
having high inductance (Duty cycle =20%)
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Fig 5.30. Input voltage, input current ofPWM converter for R-L load
having high inductance (Duty cycle =20%)
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Fig 5.36. Firing pulses ofswitches of PWM inverter (Frequency = 10 Hz)
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pulses of any upper two-leg devices are at a phase difference of 120° from each other.

The firing pulses of any two successive devices are at a phase difference of 60°. Figs

5.37 shows the firing pulses at the operating frequency of 25 Hz for two devices of the

upper leg and two devices of the lower leg. Figs 5.38 shows the firing pulses at the

operating frequency of 25 Hz for two devices of the upper leg and two devices of the

lower leg. Fig 5.39 shows the firing pulses at the above operating frequency for all the

three devices of the upper legs of the inverter. Figs 5.40 shows the firing pulses at the

operating frequency of 50 Hz for two devices of the upper leg and two devices of the

lower leg. At low (10Hz) and medium (25Hz) operating frequencies the number of firing

pulses are more in comparison to the high operating frequency (50Hz), because number

of switching commands of the devices are less at high operating frequency than at low

and medium operating frequencies. Figs 5.41 to 5.46 show the inverter line currents and

the line voltage respectively at an operating frequency of 10Hz, 25 Hz and 50 Hz. From

these figures it is observed that the line voltages are almost sinusoidal at each operating

frequency, while line currents are not sinusoidal at any of the operating frequency. The

motor line current waveforms are recorded with capacitor at the terminals of the motor at

the operating frequencies of 10Hz, 25 Hz, 50Hz and shown in the Figs. 5.47 to 5.49.

Recorded waveforms show that the line currents and voltages are almost sinusoidal at

each operating frequency at the selected value of capacitance at motor terminals. To

observe the effect ofcapacitor on the line currents and the line voltage of the machine, the

line currents and voltage are also recorded without capacitor at the machine terminal, at

an operating frequency 10 Hz. The recorded waveforms shown in Fig 5.51 and 5.52 show

that neither the line currents nor the line voltage are sinusoidal without the capacitor at

the machine terminals. Recorded waveforms in Figs 5.52 to 5.54 show the d.c. link

152



A

*

iuiMrn™iiii_^ iMMrrraum

II lMiraram
l«-60^

MIELTOlMli UUM

m\m juMitiriiiiiuj 11M

No.05 MEMORV CHflNNEL-B.Q.O.O
5 ms/DIU TRIG=OFF HIOKI 8801 MEMORV h

Fig 5.37. Firing pulses ofswitches ofPWM inverter (Frequency = 25 Hz)

'tinnm i jjirimmnniaii ; ; umnm
:L^_4120«i „

3^nnnnrrrnn nnn11 i lirtiinitfffliM i :

No.09 MEMORV CHRNNEL-H.H,•
5 rns/DIU TRIG = OFF

mimttmmi

HIOKI 8801 MEMORV H

Fig 5.38. Firing pulses ofswitches ofPWM inverter (Frequency =25 Hz)

153



CI
: nJecf

iur LET! i

u
-(60°

nn i 11 nn o i ; arm

m T

unru 1LO0I J]rrm__HE

No. 07 MEMORV CH0NNEL=U, Q, H, CI
5 ms/DIU TRIG=0FF HIOKI 3801 MEMORV 1

Fig 5.39. Firing pulses ofswitches of PWM inverter (Frequency =50 Hz)

n in n
-120

u in i n

No.88 MEMORV CHRNNEL=H,H,Q
5 ms/DIU TRIG=0FF

1

MDJ.

HIOKI 8801 MEMORV I

Fig 5.40. Firing pulses ofswitches of PWM inverter (Frequency - 50 Hz)

154



A

^

Mo. 34 MEMORV CHRMNEL=Q.- 0, •
20 ms/DIU TRIG=OFF HIOKI 8801 MEMORV Hi CORDEF

Fig 5.41. Inverter line currents with capacitor at the motor terminals
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Fig 5.43. Inverter Ime currents with capacitor at the motor terminals
(Frequency = 25Hz)
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voltage and the d.c. link currents at the operating frequencies 10Hz, 25 Hz and 50Hz

respectively with the capacitor across the machine terminals.

1
5.8 CONCLUSION

The PWM techniques used in the front-end converter and motor-end inverter are

described. The flowcharts for the open and closed loop operation of converter and

inverter are discussed in detail along with interrupt service subroutine. Other subroutines

k such as: speed measurement, speed PI processing, current PI processing, firing pulse

generation of front- end converter using microcontroller and its serial communication

through PC are also discussed.

For smooth operation of the induction motor, it is fed from the PWM current

source inverter, which gives the better quality of the input line currents to the induction
4

motor. The number of firing pulses issued to the switching devices are more at low and

medium value of the operating frequencies for PWM operation of the inverter, while it is

less at high value of the operating frequencies. This is due to the consideration of the

switching frequency limitation of the devices.

The speed of the induction motor is controlled by controlling the operating

frequency of the current source inverter, by maintaining the rated air gap flux through the

slip regulator, stored in the memory of the computer. The operating frequency of the

inverter is obtained by adding the reference slip speed with the actual speed of the motor.

The testing of the PWM rectifier alone and PWM rectifier as a current source and

the inverter in the open loop has been done experimentally. The various power and

control signals are recorded. The experimentally recorded waveforms show that the input
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power factor of the front-end converter is almost unity at any value of the duty cycle. The

input line currents and voltages of the motor are near sinusoidal at each value of the
t

operating frequency. The recorded waveforms show that the developed hardware is

working satisfactorily.
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CHAPTER -6

DESIGN OF CONTROLLER PARAMETERS
*

6.1 INTRODUCTION

The performance ofa closed loop drive depends upon its controller parameters.

The present drive, modified self-commutating CSI-fed induction motor drive consists of

speed and current controllers for smooth speed control. Slip regulator is also incorporated

in the drive to operate the induction machine at rated value of flux under variable

frequency conditions. The transient and dynamic stability of the drive is analyzed for

variation in controller parameters.

In the present chapter, a parametric plane synthesis method (D- partition

technique) is used for finding the stable region in a plane of controller parameters for a

drive modeled as a continuous data system. Both the parameters of speed and current

controls obtained by this method decide the steady state and transient response of the

drive.

For the determination of regulator parameters by the D-partition technique, the

mathematical model of the drive developed in chapter 2 is considered. The small

perturbations about steady state operating points are considered to develop the

characteristic equation of speed and current loop. The controllers are designed on the

basis of system relative stability and response of the drive. The probable stable region

obtained is checked by frequency-scanning technique to confirm stability. Using

controller parameters obtained by this method, the speed and current response of the drive
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is determined for step variation in reference speed and current, and best set of parameters

are selected.

6.2 TECHNIQUE FOR DESIGN OF CONTROLLER PARAMETERS

With small perturbation in machine operating variables about a steady state

operating point, a linear relation in drive variables could be obtained. The steady state

operating point is rated operating condition as shown below:

vs(L_L)=400V,is=3.27A,te=3.93N_m,Idc =5.5A,oe =314rad/sec,Ic =6.0A

This approach is called the small displacement theory. The stability of the system

with the help of D- partition technique [121,122] can be obtained with the help of this

linear model of the drive. The controllers of present drive are designed by neglecting the

effect of harmonics, i.e., the effect of only fundamental components are considered for

applying small displacement. The mathematical equations of machine stator voltages in

(qe- de) reference frame are given below.

vL ="©. L iqs +(rs +Pl» )i* -©e lmi; +plm i% (6.1)

v; =(r. +P1, )i; +0,1, is, + pim i; +Qe im i; (6.2)

Combining both these equations, the machine stator phase voltage v~ can be

expressed as shown below:

vs" = vL + j v; (6.3)
Hence,

vj =zs (p)i: +jcoe lss is" +lm (p + joe )i" (6.4)

where,
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z, (P) = r, +pL

Perturbing both sides of the equation (6.4) thefollowing equation is obtained

4 Av:=[zs(p) + jcoelM]Ai:+lm(p + j(oe)Ai;+jH/; Acoe (6.5)

where,

y;=u; + Li;

Considering the rotor voltage in (qe-de ) reference frame, as described in

A
chapter 2,

v; =plmieqs +«<l.i*+fc +pljieqr +cosllr il (6.6)

vedr=-cosllmi;+plmied5-osllrri;+(rr+plri)iedl (6.7)

Combining above equations, the rotorphase voltage is obtained as givenbelow:

v;=zr (p)i" +lm(p + jcosl)i: +jos, KK (6.8)

where,

v;=o

Perturbing equation (6.8), following perturbed rotor voltage equation is obtained

Av^ = [ zr (p) + j ©„ 1J Ai; + lm ( p + j co5, ) Ai- + j xp- Aqs1 = 0 (6.9)

where, zr(p ) = rr +pl„

*7 =KK+LK

~t From equation (6.9), the value of Ai~ is obtained as
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Ai" - nm(p +jcos, )Ai;+jv)/; Acosl]
(zr (P) + J©sl 1^ )

Separating the real and imaginary part of Ai"

Ai;=-lm[F3(p) + jF4(p)]Ai;+[F2(p)-jF1(p)]vj/;Aco,1 (6.11)

where,

Fl (P) =T< / NX2 2,2-, (6.12)[(zr (p))2+cos2,l^] '

Fj (p) =Ti—/ "w " 2,2 -, (6.13)[(zr (p))2+co2 1^ ] v ;

F3(P) =PF, (p)-cosl F,(p) (6.14)

F4(p) =coslF, (p) +pF2(p) (6.15)

Substituting the value of Ai^from equation (6.11) in equation (6.5), following

perturbed stator voltage (Avs~) is obtained

Av; =[F3 (p) +jF6 (p)] Ai; +[F7 (p)+jF8 (p)]v|/r- Acoal +jm/5- Aae (6.16)

where,

F5(p) =zs (p)-pl^ F3 (p) +l2n F4 (p)coe (6.i7)

F6(p) =coJs-coel2nF3(p)-pl2nF4(p) (6.18)

F7(P)= lm[pF2(p)+coeF,(p)] (619)

F8(p)= lm[-pF1(p)+coeF2(p)] (620)

Consider the capacitor current equation in (qe - de) reference frame

idc:=c(-v;coe+pv^) (621)
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4

i;=c(v>e+pv;) (6.22)

where, c = capacitance/phase. The capacitor banks are connected in star across

the motor terminals. Combining equation (6.21) and (6.22), capacitor phase current is

given as:

i;=iSc+ji; (6-23)

Hence,

i; =cpv; +jccoe v; (6.24)

The inverter, machine and capacitor currents are related to each other according to

the following equations in (qe - de) reference frame.

ie =ie +ie, (625)'d(irw) 'ds T 'dc v '

ie =ie +ie (6.26)•qCinv) 'q» V

Since the inverter output fundamental current peak is taken along the q- axis of

reference frame, hence

ie =0 (6.27)^(inv) u v '

ie =kL (628)'q(inv) K xdc v '

Combining the equation (6.25) and (6.26), following equation is achieved.

(i'w +Jiqcnv) )=OL +ji'¥ )+Oi +Ji; ) (6-29)

Substituting equations (6.27), (6.28) and (6.24) in equation (6.29),i; is given

below:

i;=jkldc-c(p + jffle )v; (6.30)
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Perturbing both sides of the equation (6.30)

Ai," =jkAIdc-c(p + jcoe )Av;-jcv; Acoe (6.31)

Substituting the value of Ai;, obtained from equation (6.31) in equation (6.16),

following equation is achieved.

[l + c(p+j©e)(F5(p) + jF6(p))]Av;=jk[F5(p) + jF6(p)]AIdc

+ J[M/;-cv;(F5(p) + jF6(p)]Ao)e

+ [F7(p) + jF8(p)]v);;A(osl (6.32)

Consider the torque balance equation of the motor

J p(P©r) =t.-t, (6.33)

where,

J= Moment of inertia

P= Number of poles

and,

3 P
l« =2--21m('dr iqS -iqWl ) (6.34)

Substituting equation (6.34) in (6.33) yields

Jp(p»r) =--im (i; i; -»; £ )-1, (6.35)

Separating the real and imaginary parts of the perturbed rotor current (Ai; )

equation (6.10), the following expressions of Ai^ , Ai°r are achieved.

A\: =F9 ( p) AiS, +F„ (p) Ai; +F13 ( p) Aos, (6.36)
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>

Ai; =F10 (p) Ai^ +F12 (p) Ai; +F14 (p) Aqs1

where,

F9 (P) = - lm F3 (p)

F10(p) = -lmF4(p)

F„(P)= lmF4(p)

F12 (p) = - lm F3 (p)

F13(p) = [F2(p)v|/;+F1(p)M/eqr]

">

>

f14(p)=[-f,(pX+f2(P)v|/;] J

(6.37)

(6.38)

Perturbing both sides of equation (6.35) and neglecting the variation in load

torque,

At, =0 (6.39)

and substituting the value of Ai*, Ai; obtained from equation (6.36) and (6.37)

in equation (6.35), following equation is achieved.

J-(pAcor) =F15(P)Ai; +F16(P)Ai;+F17(p)Acosl

where,

F15 (P) |.|^.[i;+HiCp)*;-^cp)ii] ^

3 PF.« (P) sf71- t" Kr +F9(P) i; - F10(P) i'a. i y
2 2

3 PF„(P) =f|U F13(p)i;-F14(p)ieds ]
J

169

(6.40)

(6.41)



Separating the real and imaginary parts of equation(6.30)

Ai^ = " c ( p AvJ, - ©e Aveqs ) + c v; A©e

Aiq:= kAI(ic-c(pAv;+©eAvL)

(6.42)

(6.43)

Substituting the value of Ai^, Aiq" and A©e =A©sl +A©r, in equation (6.40),

following equation is obtained.

F21 (p)A©r =F„ (p)Av^ +F19 (p)Av;

+ [ F20 (p) + F17 (p) ] A© e + k F15 (p) AIdc

where,

F18 (p) = -c[F15(p)©e +pF16(p)]

FI9 (p) = -c[pF15(p)-©eF16(p)]

F20(p) = -c[F15(p)v^-F16(p)V;]

F2, (P)= FI7(p) + J-.p

(6.44)

A

(6.45)

>

J

Separating the real and imaginary parts of equation (6.32), following equations

are achieved.

[F24 (p)AvL - F25 (p) Av;] = -[F7 (p) ij4 - F,(p) ^ -F22(p) ]A©r
-kF6(p)AIdc+ F22(p)A©sl

[F25 (p) Av; +F24 (p) Av;]=- [ F, (p) < 4- F7 (p) v^ - F23 (p) ]A©r
+ F23(p)A©sl+kF5(p)AIdc
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where,

F22(p) =[-vi/;+cF5(p)v;+cF6(p)veds+F7(p)v)/dr-F8(p)v(/;]

FB(p) =[< -cF5(p)v; +cF6(p)v; +F8(p)t|/dr +F7(p)<]

F24(p) = l +c[pF5(p)-©eF6(p)]

F25(p)=c[©eF5(p) + pF6(p)]

*\

>

J

(6.48)

The parameters of speed PI controller are k^andk,, while the parameters of

current PI controller are knandk( . The rectifier output voltage Vrand inverter input
Pi H

voltage (Vinv) are related according to the following equation.

V^Crf + pLJIfc+V, (6.49)

where,

v,nv =-.k.v; (6.50)

V is obtained by the power invariance theorem, as discussed inchapter 2

Substituting equation (6.50) in equation (6.49) the following equation is obtained.

V,=(rf+plf)Ide+-kv; (6.51)

Vr may be expressed in terms ofcurrent controller parameters as shown below

k
Vr=(kPj+^)(Iref-Idc)

P

From equations (6.51) and (6.52)

171

(6.52)



k; 3
(kp* +~T)(I'rf "Ifc) =(Ff +plf)I* +^ kv» (6-53)

Perturbing equation(6.53)

k, 3
(kpi +"7)(AI^ -AI<*) =fc +P1f) Aldc +^ kAv; (6.54)

where,

iref2 =[(C)2+(Ccl-ic)2]x(^)2
k

Perturbing equation (6.55) following equation is obtained.

(6.55)

I„r lclref k

where,

C =ki<»s*i+ constant (6 57^

Perturbing the equation (6.57) following equation is obtained.

AC=k,A©: (658)

Since lm* is almost constant, hence AI^ =0 (6.59)

Capacitor r.m.s. phase current is related to the machine voltage and frequency
according to the following equation:

*• ='*•*. (6.60)

where, Vs =r.m.s. value ofstator voltage/phase.
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k

For the yf control operation of the drive the equation (6.60) may be expressed

Ic = k„ ©e2 (6-61)

where,

, ^c(rated)
k,, =

(^e (rated))

Perturbing equation (6.61) following equation isobtained.

AIC = 2k„ ©e A©e (662)

Substituting k12 = 2k„ ©e (6.63)

Equation (6.61) may be expressed as

AIc=k12 A©e (6-64)

From the proposed control structure as shown inFig. 2.1

(6.65)

where,

«;, =(kPiA)(©ref-©r) (6.66)
P

Perturbing equation (6.66) following equation is obtained.

A®;, =-(kP|+^)A©r (6-67)
4

Perturbing equation (6.65) following equation is obtained.

A©e=A©r+A©;, (6 68)
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Substituting the value of A©*, from equation (6.67) in equation (6.68) following

equation is obtained.

A©e = (l-kp<-^)A©r (6.69)
P

Substituting the value of A©c, equation (6.64) may be expressed as

KAIc=k12(l-kPi-^)A©r (6.70)
P

Substituting the value of AI^.AI^ and AIcin equation (6.56), following

equation is obtained.

[-Ck1(kPi+-^-)A©r-(i;eact-Ic)xk12(l-kPi-k^)A©r] r-
AIref= P- 2 xA2 (6.71)

Jrrf k

Defining,

Ilxk, x2

Hence,

_ act *vlA,=
k2 Iref

. -(C-Ic)xk12x2
A2 -

k^ref

(6.72)

(6.73)

k k
AIref =-A,(kPi+^)A©r+A2(l-kp -^-)A©r

P ' P

ki
= -(A,+A2 )(kp+—=-)A©r+A2A©r (6.74)

Substituting the value of AIref from equation (6.74), in the equation (6.54)
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a

£

4

v k 3(k +^i)[{(k +-^-)(-A1-A2)}A©r +A2A©r-AIdc]=(rf+plf)AIdc+-kAv;
v p' p *• p *•

(6.75)

Rearranging the equation (6.75) following equation is achieved.

1 L- 1(k A)[{(kp +^)(-A1-A2)}+A2]A©r-(kPi+-^+rf+Plf)AIdc--kAv;=0
Pi p • p P

(6.76)

Equation (6.44), (6.46), (6.47) and (6.76) are used for the design of speed

controller parameters and equations (6.46); (6.47) and (6.76) are used for the design of

current controller parameters. First the inner current loop is considered for the design of

current controller parameters and then outer speed loop is considered for the design of

speed controller parameters.

6.2.1 Design of Current Controller

The PI speed controller sets the reference slip speed (©*,) which in turn sets the

reference d.c. link current (Iref). The current error between Iref andldc is processed in the

current PI controller. The current controller controls the pulse widths of PWM pulses,

hence the output voltages of PWM rectifier. For the design of current controller

parameters (kPi andk1(), the speed of the motor is assumed constant, as mechanical time

constants ofmotor is much higher than the electrical time constants, and hence reference

slip speed (©;,) and (©e) are also considered as constants for the design of current

controller parameters.

Since,

A©e =A©sl =A©r=0
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Hence equations (6.46), (6.47) and (6.76) may be expressed as.

F„ (p)Avl -F23(p)Av; + kF6(p)AIdc = 0

F25 (p)AVd5 + F24 (p)Av; -kF5 (p)AIdc = 0

(k^+^+r.+pl^AI^ +̂ kAv; =0
p 2

(6.77)

(6.78)

(6.79)

The above equations are expressed in matrix form to obtain the characteristic

equation of current regulator.

1.5k (kPi+—+rf+plf)
P

24 (P) -F25(p) kF6(p)

25 (P) F24(P) -kF5(p)

Av;

Ave

Aide

= 0 (6.80)

The characteristic equation of above matrix is given by.

D(p) =0

whereD (p) is the characteristic polynomial, statedbelow in matrix form :

0 1.5k (kPi+-^+rf+plf)
P

D(p) F24(P) -F25(p) kF6(p)

F25(P) F24(p) -kF5(p)

(6.81)

Substituting (6.81) in (6.80) and expanding it, following equation is obtained.

l-5k2[FM (p) F5 (p) +F6 (p)F25 (p)]+(kpi +-^+rf +plf )[{(F24 (p))2 + (F25 (p)}2]= 0

.(6.82)

The equation (6.82) is used to obtain the D-partition boundary of current

controller parameters.
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Define,

c1=[F24(p)F5(p) +F6(p)F25(p)]

c2 = rf+plf

c3 =[(F24 (p))2 + (F25 (p)]2

4

Substituting c,,c2 ,andc3 in equation (6.82) following equation is obtained.

k
(k +-^-+c2)c3+1.5k2c1 =0 (6.83)

P

Rearranging the equation (6.83), the final characteristic equation of current

regulator matrix is available for the designing ofcontroller parameters

pkpic3+kic3 +pc2c3+1.5pk2c1 =0 (6.84)

Define,

c4=pc3

c5 =p(c2c3+1.5 k2c,)

Substituting the value of c4 andc5 in equation (6.84) following equation is

obtained.

kPiC4+kiiC3 +c5=0 (6-85)

Upon substituting p=(a+jffl)orp =(-£©+j© ^/T^in equation (6.85),

c3,c4 and c5 assume complex values and can be written as

c3=c3r+jc3i

c4=c4r+jc4i

c5=c5r+jc5i
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Separating the real and imaginary parts of the equation (6.85) yields following

two equations:

kPlc4r+k.c3r+c5r =0

kPic4i+k,iC3i+c5i=0

Solving equation (6.86) and (6.87) for kp andkj

kP,=

k; =

where,

~C5r C3r

-cSi c3i

c4r "C5r

-4i

A= c. c, —c c,4r v3i ^41 ^3r

(6.86)

(6.87)

(6.88)

(6.89)

(6.90)

Substituting p= (-o +j©)in the equations (6.88), (6.89) and (6.90) and varying

© from -oo to +oo, for a constant a, the D-partition boundary is plotted in (k ,k{,)

plane. For a= 0.0, the D-partition boundary is shown in Fig.6.1. For obtaining the region

having maximum number ofroots in the left half ofp-plane, the D-partition boundary is

shaded according to the sign ofthe denominator term A, as given by the equation (6.90).

Facing the direction in which © is increasing, the boundary curve in (kp ,ki ) plane is

shaded twice on the left hand side if A>0 and right hand side if A<0. Spatial line is

plotted for ©=0.0, using equation (6.86) and shaded in the matching manner as shown in

Fig 6.1;the spatial line is along the real axis. The inner most region in the sense of

shading is the probable stable region. It isthe region having maximum number ofroots in
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A Most probable stable region

-1000

Fig. 6.1. D-partition boundary for current controller design for absolute stability

4
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the left half of p-plane. The stability of this region having maximum number of roots in

the left half ofp-plane is checked by frequency scanning technique. In the Fig.6.1 all the

points in the hatched region Aare the stable points.

Relative stability boundaries curves are also plotted, to get the stability region in

parametric plane for better performance. Using equations (6.88) and (6.89), for the

different values ofa and varying ©from -oo to +00, the D- partition curves are obtained

as shown in Fig 6.2.

Another set of relative stability boundaries curves are also plotted by substituting

p=(-£© +j© fi^Z2) with different values of damping ratio (£) and are shown in Fig

6.3. The probable stable region in the parametric plane is identified and point check for

stability is done by frequency scanning technique.

From the Figs.6.2 and 6.3, it is clear that as the o and £are increased from their

minimum value ofzero, smaller regions in parametric plane are achieved.

For checking the stability using frequency-scanning technique, a point

X(kp. =1.0, k- =300.0)is considered in the probable stable region (k ,k.), and

corresponding kPi, kt) values are substituted in the left hand side of equation (6.85). This

yields.

D(p) = kPic4 +kliC3+c5

For fixed a , the locus of the vector D (-o +j© ) is plotted in the real and

imaginary plane with the variation in ©. The characteristic curve is shaded once on its

left hand side as ©increases from -co to +00. The system is stable at the chosen
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Fig 6.2. Relative stability boundries for current controller design
for different values of o
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Fig 6.3. Relative stability boundries for current controller design
for different values of £,
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operating point, if the origin lies in the inner most shaded region. If so then the

entire probable stable region (A), determined earlier is the stable region. The locus of D

(-o + j© ) foro= 0.0 is shown in Fig (6.4). The curve of characteristic vector encloses

the origin. Hence, the operating point X is a stable point and the entire region A is the

stable region. To further confirm the stability of this region, another point Y

(k =20.0, k =800.0) is considered out side this region and the characteristic vector D

(p) is plotted. As shown in Fig. 6.5, the curve does not enclose the origin; hence Y is an

unstable operating point and the region outside A is unstable.

For checking the stability of a point for variation in \, the relative stability

boundary curve shown in Fig 6.3 is selected. To check the better relative stability in a

region two points are considered, one U (kp. =6.0, k;. =400.0) at \ >0.08 and other V

(kp. =9.0, kj. =550.0) at £<0.08. Substitute the value of kp. andkj. in the equation D

(p)= k c4 +kj c3 + c5. Corresponding to both these points D (p) variation is plotted with

p=(-£© +j© -y/!^£2) and t, =0.08 by varying ©from -co to +co, as shown in Figs

6.6,6.7 respectively. The curve, Fig 6.6 corresponding to the point U, in the region

(£>0.08) includes the origin in the sense of shading, while the curve, Fig 6.7

^ corresponding to the point V, in the region (£, <0.08), does not include the origin in the

sense of shading. This confirms that the point U in the region {t> 0.08)is having better

relative stability than the point V in the region (£ < 0.08). Exact decision of controller

parameters is taken by determining the transient response of current loop for step

variation in reference current from 1.0 to 1.05 of rated current, using the following

machine dynamicsand regulator equations.
*
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a =0.0, Kp= 1.0,K^= 300.0

Fig 6.4. Frequency scanning for current controller parameters a =0.0
(Stable)
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1.0

o = 0.0,K =20.0,K = 800.0
Pi 't

Fig 6.5. Frequency scanning for current controller parameters at a - 0.0
(Unstable)
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-400 L

£ £ 0.08, Kp - 6.0, K^= 400.0

Fig 6.6. Frequency scanning for current controller parameters having £ £ 0. 08
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500

-90) 1800

y

-500 L

£< 0.08, Kp= 9.0, K^= 550.0

^
Fig 6.7. Frequency scanning for current controller parameters having £ < 0.08
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.e_[(»el1+corlm2)i;-(rslJil+(©rlmlrr)i;+(lmrr)idj+liiVdj]
P1*- ~ j (6.91)

r|,_[H.'Ji;-(a.l, +^lm2)id, +(rrlm)i; -(©rlm 1. )i; +1. vj, ]

Pi- J(-(°r1.n1.)i; +(r,iJiL+Ki1-c0riMirr)i;-(iMrr)i;-imv^]
F'dr j (6.93 )

M

Die _((1mOi; +(corlsslm)i;-(lssrr)i;-(©ei,-©rissi[r)i;+im v;)
F qr —j (6.94)

pvi =i(c©.v;-i;) (695)

pv; =̂ (kidc-c©eV;-i;) (696)

Pldc =f(Vr-rfIdc-kv;) (697)
'f

vr =kPi(iref -idc)+ -iLj (iref -i^ >
i o

(6.98)

where.

1, = LL-L21 ss

To determine the region in the parametric plane ensuring minimum over shoot and

minimum settling time, relative stability curves are drawn for different values of oand £

in the (kPi .k^) plane by varying ©from -co to +co, as shown in Fig 6.8. Ahigh value of

oand£ gives the most probable stable region of better performance. Acommon region

B, having high value of oand £ is selected; it is shown as hatched region in Fig 6.8.
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Fig. 6.8 shows that in the shaded region B, current loop controller

has o > 12.0and %>0.29.

The transient response of the current loop are plotted for different sets of

kp.and k;. values chosen from the region B of Fig 6.8. (o>12.0 and £>0.29), using

Runga Kutta fourth order integration method. The transient response curves are shown in

Fig 6.9, correspond to some values of kp.and ki(. Percentage over shoot and settling time

corresponding to these chosen values of k and k, are shown in the Table 6.1.
ri M

Table 6.1

Case kP, k>, % overshoot Settling time
(ms)

1 0.9 264 0.68 143

2 1.0 275 3.33 137

3 0.7 272 3.21 139

4 0.1 255 0.27 150

The comparison ofvarious transient response curves, drawn in Fig 6.9, shows that

for (kp. =1.0 and k- =275.0), the response is fastest and overshoot within the limit of

±5% tolerance. Hence the selected transfer function of current controller is given by

275
(1.0+—).

P

6.2.2 Design of Speed Controller

The speed controller sets the reference active and reactive currents of stator

current (is) and hence reference current (Iref). The parameters of speed controllers are
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also selected with the help of D-partitioning technique, followed by frequency scanning.

For the design of speed controller parameters, current controller parameters are pre

selected and assumed to be constant. For the design of speed controller parameters,

perturbed equation (6.44) is considered.

F21 (p)A©r = F18 (p) Av; +F19 (p) Av; + [ F20(p) +F„(p) ]A©e + k F15(p) AI^

(6.44)

Substituting A©efrom equation (6.69) in equation (6.44), following equation is

obtained.

F„ (p)Avl + F19 (p) Av; +k F15(p) AI^ + [-F26(p)(kPi +^)-F27(p) ]A©r =0

where,

F =F + Fr26(p) r17(p) ^ r20(p)

*,27(p)-F2i(p) F26(p)

.(6.99)

.(6.100)

Considering small perturbation in equation (6.99), together with perturbed

equations for machine stator voltage equations (6.46) and (6.47) and perturbed regulators

equation (6.76), following equations in matrix form are obtained.

k.
F FM8(p) r19(p) (-F2«P>(kp.+-^)-F27(p))

F24(p) "F25(p) (F7(p)M/dr-F8(p)vl/; +(kPi+-^--l)F22(p))

F25(P) F24(p, (F8(p) yl +F7(p) v; +(kp< +-i- -l)F23(p))

kF,15(p)

kF,
6(P)

-kF.
5(P)

0 -1.5k (k^-^Uk^+^M-A.-A^HAJ -(kft+-A.+rf+plf)
P P p
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Av ds

Av
qs

A©

AI
dc

= 0

.(6.101)
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k

Accordingly the characteristic equation is given by

D(p) =0 (6.102)

where D (p) is the characteristic polynomial stated below in matrix form:

D(P) =

18(p) A19(p) (-Wk*+-T>-W

24(p)

*25(p)

0

-F25(p) (F7(p) Mf\ -F8(p) V; +(kpi +-*- -l)F22(p))

F24(P) (Fs(p)v|/dr+F7(p)vt/;+(kpi A-l)F23(p))

-1.5k (kn +-*-)[{(kP| +-i-) (-A, -A,)} +A2 ]
P P

Interchanging the 1st and 3rd column of D(p)

D(p) =

( F26(p)(kPi + ) F27(p)) FI9(p) F18(p)

k;(F7(P, vSr -F,(p) K+(kp, +y -1)F22(P)) - F25(p) F24(p)
k;(F,(p) V** +F7(p) M/; +(kpi +y -l)F23(p)) F24(p) F25(p)

(kPl+^)[{(kPi+-^)(-A,-A2)}+A2] -1.5k 0
P P

The characteristic equation can be written in the following form

193

kF,
15(p)

kF,
6(p)

kF,
5(p)

(kPl +— +rf+plf)
P

.(6.103)

kF,
15(p)

kF,
6(P)

kF

k,

5(P)

(kp, +—^ +rf+plf)

(6.104)



D(p) =

C3(kp<+^) +C4
P

C9(kp. +-^-l) +C8 C7 C6 C
P

c.4(kPi+-^-l)+C13 C12 C„ C15
ki.^ig (kp + -)+C19 C17 C16 C20
P

C2 C, C5

10

where,

C, = •|8(p)

C, = F,19(p)

26(p)

C4 = -F27<p)

C5 = kF,
15(p)

c6 = 24(p)

C7= F.25(p)

c8 = • 22(p)

c9 = F7(p)M4-f8(p)vj/;

'10 kF,
6(P)

c„ = • 25(p)

'12 124(p)

C,3 = -23(p)

C,4 = F8(p)M/dr+F7(p)\J/;

c15 = -kF
5(P)
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c,.= o

C,7= -1.5k

^ C.8= -(kPi+^)(A, +A2 )

C»- (kPi+^")A2

C20= -(kpj+-^+rf+plf)F. p

After expanding equation (6.105), following equation is achieved.

kB CM +k, C31 +CM =0 (6-106)

where,

^34 —P^32

C33=pC31

C32 = C24 + C25 + C27 +c29

C3, = C23 + C26 + C28 +C30

C30 =-C5 (C9 (C12 C16 -C„ C17 )-C7 (C14 C16 -C„ CM )
+ C6 (Cj4 C17 -C12 L18 ))

C29=-C5(C21(C12C16-CnC17)-C7(C22C16-CnC19)
+C6 (C22 C17 -C12 C19))

C28 =C1(C9(C12C20-C15C17)-C7(C14C20-C15C18)
+ C10 (C14 C17 —L12 C18 ))

C27 =C, (C21 (C„ c20 -C15 C„ )-C7 (C22 C20 -C15 C19)
+ C10 (C22 C17 —C12 C19))

C26 =- C2 (C9 (Cu C20 -C15 C16 )-C6 (C14 C20 -C15 C18)
+c10 (C14 C16 -C„ C18) +C10 (C22 cM -cH C19))
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C25 - C2 (C21 (Cn C20 -C15 C,6 )-C6 (C22 C20 -C15 C19)

+ ^10 (^22 ^16 —C,, C,9 ))

^-24= C4 (C7 (Cu C22 -C15 C16 )-C6 (C12 C20 -C15 C17)

+ ^10 (^12 ^16 —CU C,7 ))

C23 = C3 (C7 (Cu C20 -C15 CI6 )-C6 (C12 C20 -C15 C17)

+ *-io (Cjj C16 -Cn C17 ))

C - r - c^22 ^13 ^14

c = c - c^21 ^8 *"9

Separating equation (6.106) in real and imaginary parts for any complex value of

the p operator.

kp.C33r+kliC31r+C34r=0

kp.C33l+kliC31i +C34i=0

(6.107)

(6.108)

where, real and imaginary values for complex terms c31, c33 andc34 are written

with a further suffix r and i respectively.

Solving equations (6.107) and (6.108), kpand kif are obtained as shown below:

K.=

k, =

C C^34r ^31r

'^34i C3U

^33r CJ4f
C -C^33. *-34i

(6.109)

(6.110)
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^

where,

A=C33rC31i-C31rC33i (6.111)

As earlier, substituting p=(-o + j©), and varying © from -coto+co, for a fixed

value of o =0.0, the D- partition boundary is obtained in (kp_, kSi) plane using equations

(6.109) and (6.110), as shown inFig. 6.10.There is a spatial line along real axis for

© = 0. It is obtained using equation (6.107) for© = 0.0 and it is shaded as shown in

Fig.6.10.

By substituting p=(-o+j©) and p=(-£)© +j©>/(l^^2) ), two sets of relative

stability boundaries curves are obtained by varying o and £ over a wide range and

regions of better stability are obtained in both the case; regions are shown in Figs. 6.11

and 6.12. For checking the stability of region for (o=0.0) in the D-partition plane, the

frequency scanning method is applied by considering a point (kp_ = 0.5,klt =1.0) inside

the probable stable region and a point outside (kPi = 2.0,kif =3.0) this region.

Corresponding to these points, the curves for characteristic vectors are plotted in the

complex plane by varying © from-coto+oo as shown in Figs. 6.13 and 6.14

respectively. The curves show that for the first case, the origin lies in the inner most

region, and in the second case, origin lies out side the inner most region. This confirms

that the operating point (kp< = 0.5, kig =1.0) is stable, while the

point(k =2.0,kj =3.0) is unstable.
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Fig. 6.10. D-partition boundary for speed controller design for absolute stability
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o = 0.0

K
p,

Fig 6.11. Relative stability boundries for speed controller parameters
for different values of o
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*>.

Fig 6.12. Relative stability boundries for speed controller parameters
for different values of H,
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For the relative stability curves of (£), two points are considered, one

(k =0.4,ki=.8) at £>0.2, other (kp> =0.8,^ =1.6) at £<0.2. The frequency

scanning is applied to these points, by varying ©from -ooto+co. The frequency

scanning curves corresponding to these points are shown in Fig. 6.15 and 6.16

respectively. The curve shown in Fig. 6.15 includes the origin in the sense ofshading of

the curve, while the curve shown in Fig. 6.16 does not include the origin. This confirms

that the point in the region £> 0.2 is having better relative stability than the point in the

region %< 0.2.

Relative stability boundary curves plotted for different values of oand£, show

that the stability regions keep on shrinking, for higher values of oand£. The stability

regions almost vanish for (o> 2.0 and£,>0.9 ).

The final selection of speed controller parameters (k^andk^) is made by

comparing the transient response ofthe speed loop for step variation in reference speed

froml.O to 1.05 ofrated speed, using equations (6.91 to 6.98) and following equations.

pcor=(^)(te-t,) (6112)

t -!P_i (ie ie -ie ie) (6.113)

t,=tL(^-) (6114)

where,

05 base =314 rad/sec

coi, =kPi(©ref-©r) +̂J(coref-©r)dt (6.115)
Xs 0
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c> =0.2, K^OAK, =0.8

Fig 6.15. Frequency scanning curve for speed controller parameters having E, > = 0.2
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5<0.2,1^=0.8,1^= 1.6

* Fig 6.16. Frequency scanning curve for speed controller parameters having E, <0.2
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©„ =©r +©. (6.116)

To get the parametric region of minimum over shoot and minimum settling time,

relative stability curves are drawn for different values ofo and E, in the(kp ,k, )plane by

varying ©from -oo to +qo, as shown in Fig 6.17. Ahigh values ofo and %gives the

stable region ofbetter performance. Acommon region C, having high value of oand E, is

selected; it is shown as shaded region in Fig 6.17. Fig 6.17 shows that in the shaded

region C, speed loop controller has o >2.0 and £ >0.9 .

The transient response of the speed loop are plotted for different sets of

(kp> andki§) values chosen from the region Cof Fig 6.17. The transient response curve

shown in Fig 6.18,correspond to some values of (kPi andk,, ). Percentage over shoot and

settling time corresponding to these chosen values of (kp§ andk^) are shown in Table

6.2.

Table 6.2

Case K k.. % over shoot Settling time
(Seconds)

1. 0.18 0.25 3.28 0.437

2. 0.18 0.27 4.14 0.406

3. 0.15 0.29 3.19 0.391

4. 0.16 0.29 4.01 0.387

5. 0.17 0.29 4.76 0.383

6. 0.19 0.25 4.08 0.432
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Fig. 6.17. Relative stability boundaries for speed controller parameters
for different values ofo and E,
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The transient response curves, drawn in Fig. 6.18 show that for

(k = 0 16 and k = 0 29), the overshoot is within the permissible tolerance limit of
v pf ••

5%, and the settling time is near fastest. Hence, the transfer function of the speed

controller is

(0.16+ )
P

6.3 CONCLUSION

The modified current source inverter fed induction motor drive has two

proportional and integral type controllers, one in current feedback loop, and another in

speed feedback loop. These controllers are used to realize the variable speed operation

with zero steady state error.

The speed PI controller in the outer loop processes the speed error and hence sets

the reference slip speed (©*,) which is required to calculate the reference active (C) and

reference reactive (1^) currents of the machine and hence reference d.c. link current

(Iref). The inner PI current regulator sets the pulse widths of firing pulses of the pulse

width modulated rectifier and hence the output voltage of the rectifier.

The transient response of the drive depends upon the choice of speed and current

controller parameters. The determination of speed and current controller parameters is

done by the D-partition technique. The non - linear equations ofthe system are linearized

by the method of small perturbation about the steady state operating point and the

characteristic equations are developed in terms of controller, both for current and speed

controller loops. D-partition boundaries are plotted in the parametric plane and stable
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regions are identified in the plane of proportional and integral gain parameters ofboth the

controllers. The stability of the identified region is confirmed by the frequency scanning

technique for a point inside and outside this region.

For better performance of the drive, constraints of less settling time and good

damping are incorporated in the design and the controller parameters are selected from

the stable region of high degree of relative stability and good damping ratio.

The final selection of controller parameters is done by comparing the transient ^

response of the driveat different points in the stable region.

To study the transient behaviour of the system, state equations of current loop,

speed loop are considered. The selected controller parameters ensure that the response of

the system is fast and overshoot within the permissible limit.
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CHAPTER-7

EXPERIMENTAL INVESTIGATION OF THE DRIVE

7.1 INTRODUCTION

The current source inverters are more popular as compared to voltage source

inverters for the speed control over awide range, because ofcontrolled current operation.

> The current control loop does not allow the machine current to exceed the rated value,

thus provide inherent over current protection. The pulse width modulated firing pulses of

the converters are controlled in closed loop manner to regulate the d.c.link current. The

inverter is also operated in PWM mode for reduction of harmonics in the output voltage

and current.

* This chapter deals with the experimental performance investigation of the drive

and its comparison with the analytical steady state performance for both open and closed

loop operations. The experimental performance of the drive is investigated based on slip,

power output, stator voltage, stator current, efficiency, inverter output power factor,

d.c.link voltage, rectifier power factor vs. torque developed by the motor. These

characteristics are drawn for both open and closed loop operation and are compared with

the analytical results. The transient performance of the drive is determined

experimentally.

7.2 OPEN LOOP PERFORMANCEOF MODD7TED CSI-FED INDUCTION
MOTOR DRIVE

As discussed in chapter 2, the CSI - fed induction motor should be operated in

unstable region ofthe natural torque-speed characteristic to avoid saturation and to reduce
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losses. This needs closed loop operation of the drive. The closed loop operation of the

drive is expected to give better performance of the drive; however the drive performance

is first investigated in open loop at fixed d.c.link current and different operating v

frequencies to ensure the proper operation of the drive in closed loop.

The machine is made to run in open loop by neglecting the speed PI processing.

However the reference d.c.link current is fixed at a desired value in the software. The

current PI processing is carried out at every 1ms to maintain the d.c.link current by
~4

adjusting the firing pulses of the pulse width modulated converter. The operating

frequency is inputted through keyboard of personal computer to operate the machine at

the desired frequency.

To investigate the performance of the drive in open loop the machine is run at

variable operating frequencies and fixed d.c.link current and load test is performed. The r

various performance characteristics such as slip, power output, stator voltage, stator

current, efficiency, inverter output power factor, d.c.link voltage, rectifier power factor

are determined and plotted against developed torque at different operating frequencies.

The performance curves for operating frequencies 62.8 rad/sec, 125.6 rad/sec, 188.4

rad/sec, 314 rad/sec at fixed d.c.link current of 3.0 Amp are shown in Figs 7.1 to 7.32.To
V

confirm the validity of the mathematical model of the drive, the performance

characteristics of the drive at the above operating frequencies and above d.c. link current

are compared with the computed performance. The computed performance curves are

also shown in Figs 7.1 to 7.32. The analytical performance curves are drawn by

considering the following assumptions such as no core loss, ripple free d.c.link current, A

no switching transients, loss- less inverter. The various performance curves are discussed

below. The performance curves obtained experimentally and analytically are almost
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identical at each operating frequency except at the operating frequency 188.4 rad/sec, due

to resonance effect.

(i) Slip vs Torque

The experimental and analytical slip vs torque performance curves are shown in

Figs 7.1,7.2,7.3,7.4 at different operating frequencies and at a fixed value of d.c.link

current. The experimental and analytical curves are quite close to each other. Slight

deviation in the two curves is because of various assumptions taken in the determination

of analytical curves. For the same value of torque, slip obtained experimentally is more in

comparison to the slip obtained analytically, since due to various power losses motor is

not able to generate the same amount of torque at any speed as determined analytically.

The difference in slip at low operating frequency is high, because at low value of

operating frequency the exact estimation of speed is difficult. In both the cases slip

increases with the increase in torque.

(ii) Power output vs Torque

Power output vs torque curves obtained experimentally and computed analytically

are shown in Figs 7.5 7.6,7.7,7.8 at different operating frequencies and at a fixed value of

d.c.link current. Both the curves are almost identical at each operating frequency. For any

value of torque, power output obtained experimentally is less in comparison to the power

output obtained analytically because the slip corresponding to any value of torque

obtained practically is more than the analytically obtained slip. The power output

increases with the increase in torque in both the cases.
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Fig 7.1. Slip vs. torque characteristics Fig 7.2. Slip vs. torquecharacteristics
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Fig 7.3. Slip vs. torque characteristics Fig 7.4. Slip vs. torque characteristics
(Idc = 3.0A,<we= 188.4 rad/sec,c = 150 pF/phase) (Idc =3.0A,cve= 314 rad/sec,c = 150 pF/phase)
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(iii) Stator current per phase vs Torque

The experimentally obtained stator current variation with respect to torque and

analytically obtained stator current vs torque curves are shown in Figs. 7.9, 7.10,

7.11,7.12. The stator current in both the cases are almost identical and very near to each

other at each operating frequency. At each operating frequency, the stator current

variation with respect to torque is very small. As discussed already in chapter 3, with

capacitance at the machine terminals the magnetization and rotor currents are adjusted in

such a manner that their phasor sum i.e. stator current varies very slowly with the torque

at each operating frequency.

(iv) Stator voltage per phase vs Torque

Stator voltages per phase vs torque curves obtained analytically and determined

experimentally at the different operating frequencies are shown in Figs.

7.13,7.14,7.15,7.16. Both the curves are almost matching at each operating frequency.

The variation ofstator voltage with respect to torque is very less in each case because of

slow variation ofstator current and net impedance (including stator leakage impedance,

magnetizing impedance and rotor leakage impedance) with the torque developed.

(v) Efficiency vs Torque

Percentage efficiency vs torque curves obtained experimentally and analytically

are shown in Figs. 7.17,7.18,7.19,7.20. At each operating frequency the analytical and

experimental curves are quite close to each other except at low operating frequency ©e =

62.8 rad/sec. At low value of operating frequency, the effect of losses not considered in

analytical estimation is more prominent in comparison to high value ofoperating
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frequency, hence efficiency obtained practically is quite less than analytical value. Inboth

the cases at each operating frequency the efficiency increases with the increase in torque

till maximum efficiency is achieved. At any value of torque experimentally obtained

efficiency is less than the analytically obtained efficiency because of negligence of core,

friction and windage losses.

(vi) Inverter output power factor vs Torque

The analytical and experimental inverter output power factor vs torque curves are

shown in Figs 7.21,7.22,7.23,7.24. Both the curves are quite close to each other at

different operating frequency. In both the cases as usual the power factor of the machine

increases with the torque. Hence power factor of the inverter also increases with the

increase in torque at each operating frequency.

(vii) D.C. Link voltage vs Torque

The analytical and experimental d.c.link voltage vs torque curves are shown in

Figs 7.25, 7.26, 7.27, 7.28. Both the curves are quite close to each other. The d.c.link

voltage increases with the increase in torque at each operating frequency. For fixed value

of d.c.link current the d.c link voltage depends upon the input power demand of the

machine. As the torque increases the power demand of the drive increases; hence d.c.link

voltage increases with the torque at each operating frequency.

(viii) Rectifier power factor vs Torque

The rectifier power factor obtained analytically and experimentally and their

variation with respect to torque are shown in Figs 7.29,7.30,7.31,7.32. Both the power

factors are quite close to each other at each value of operating frequency and torque. The
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analytically obtained power factor of pulse width modulated rectifier is always unity,

while the experimentally obtained power factor is found to bevery close to unity.

A good co-relation is found between analytical and experimental performance

curves. The slight difference in some of the performance curves is found due to certain

assumptions and difficulty in speed measurement because the operating slip is very small

over the entire operating region. The good agreement between the analytical and

experimental performance curves in open loop confirms the validity of the developed

model considering various assumptions.

7.3 TRANSD2NT PERFORMANCE OF MODD7IED CSI-FED INDUCTION
MOTOR DRIVE

The transient performance of the drive is investigated experimentally by

implementing the designed value of controller parameters obtained by continuous data

approach. To obtain the transient performance of the drive the induction motor is loaded

by connecting afixed resistance across the separately excited d.c.shunt generator coupled

to the induction machine .The fixed resistance is selected for full loading of the induction

machine at rated speed when operated from rated voltage and rated supply frequency.

Therefore the load torque on the machine increases linearly with the speed. The transient

performance is obtained by implementing the software through personal computer.

In order to show the validity of the designed controller parameters obtained by the

continuous data approach, the transient response of the drive for steps change in reference

speed are recorded experimentally by aX-Y recorder as shown in Fig 7.33.The change in

reference speed is made via the keyboard of the personal computer. The experimental X-

Yrecording is carried out by coupling a3- phase a.c. tacho generator to the induction
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motor. The output voltage of tacho generator is rectified in a three-phase diode bridge

rectifier. The output voltage ripples are filtered out in a low pass R-C filter, to get the

better quality of d.c. output voltage. The R-C filter is selected such that it should filter out

the ripples from the output voltage at the same time it should not delay the transient

response of the system. The selected value of R-C component of the filter is shown in the

Fig 7.33. The maximum value of filtered output voltage is adjusted to 10 volts for rated

speed and connected to channel 1 of X-Y recorder. The transient responses for changes in

reference speed are shown in Figs 7.34 to 7.39.The Fig 7.34 shows the transient response

of the drive for change in reference speed from 0 to 400 rpm. The Fig 7.35 shows the

transient response of the drive for change in reference speed from 600 to 1500 rpm.

Figure 7.36 and 7.37 show the transient response of the drive for change in reference

speed from 400 rpm to 600 rpm and 600 rpm to 400 rpm respectively. Figs 7.38 and 7.39

show the transient response of the drive for change in reference speed from 600 rpm to

800 rpm and 800 rpm to 600 rpm respectively. The recording of the speed transient of the

drive is carried out with the help of X - Y recorder, using 3 - phase a.c. tachogenerator.

Due to that there are ripples in the recorded speed, an attempt has been made to dies out

the ripples with the help of conventional R-C filter, but it is not much effective to filter

out ripples from the output voltage. To verify the experimentally recorded transient

response, it is compared with the analytically obtained transient response of the drive.

The analytical response of the drive is obtained through software program developed for

the transient simulation of the drive. To get the analytical transient response of the drive

the same load- torque is applied as in experimental recording and the same change in

reference speed is applied as in the experimental recording through the software program.

When the drive settles in the ± 5% of speed tolerance limit, the settling time is noted.

The transient responses for changes in reference speed obtained analytically are
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shown in Figs 7.40 to 7.45.The Fig 7.40 shows the transient response of the drive for

change in reference speed from 0 to 400 rpm. The Fig 7.41 shows the transient response

of the drive for change in reference speed from 600 to 1500 rpm. Figs 7.42 and 7.43 show

the transient response of the drive for change in reference speed from 400 rpm to 600 rpm

and 600 rpm to 400 rpm respectively. Figs 7.44 and 7.45 show the transient response of

the drive for change in reference speed from 600 rpm to 800 rpm and 800 rpm to 600 rpm

respectively.

The settling times obtained for step change in reference speeds recorded

experimentally and obtained analytically are shown in Table 7.1

Table 7.1

Change in Reference
speed (rpm)

Experimentally recorded
settling time (sec)

Analytically obtained
settling time (sec)

0 to 400 1.00 0.692

600 to 1500 1.75 2.27

400 to 600 0.50 0.38

600 to 400 0.83 0.765

600 to 800 1.50 1.227

800 to 600 1.44 1.31

The settling time of the transient response of the drive recorded experimentally

and determined analytically for the step change in reference speeds at the selected value

of controller parameters, shows that the settling times in both the cases are almost

matching at most of the reference change in speed. This confirms the validity of the

design approach of the drive. The settling time in all the cases are very small; this shows

the effectiveness of the closed loop operation at the selected value of controller

parameters and it is found to be satisfactory.
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The transient response of d.c. link current is also recorded at the selected

controller parameters experimentally for the step change in speeds with the help of X- Y

recorder. The experimentally recorded transient response of d.c.link current is shown in

Fig 7.46 to 7.49. Figs 7.46 and 7.47 show transient response of the d.c.link current of the

drive for change in reference speed from 400 rpm to 600 rpm and 600 rpm to 400 rpm

respectively. Figs 7.48 and 7.49 show the transient response of the d.c.link current of the

drive for change in reference speed from 600 rpm to 800 rpm and 800 rpm to 600 rpm

respectively. The analytically determined current transient responses of the drive for the

step change in reference speeds are also obtained through computer simulation. . The

analytically determined transient responses of d.c.link current are shown in Fig 7.50 to

7.53. Figs 7.50 and 7.51 show transient response of the d.c.link current of the drive for

change in reference speed from 400 rpm to 600 rpm and 600 rpm to 400 rpm respectively.

Figs 7.52 and 7.53 show the transient response of the d.c.link current of the drive for

change in reference speed from 600 rpm to 800 rpmand 800 rpm to 600 rpm respectively.

The change in d.c.link currents for the step change in reference speeds for both the cases

are shown in Table 7.2

Table 7.2

Change in
Reference speed

(rpm)

Experimentally determined
change in d.c.link current

(Amp)

Analytically obtained
change in d.c.link current

(Amp)

400 to 600 2.81 to 2.39 2.84 to 2.58

600 to 400 2.81 to 3.4 2.91 to 3.245

600 to 800 2.25 to 1.9 2.21 to 1.76

800 to 600 2.1 to 2.27 2.560 to 2.5025
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The Table 7.2 shows that the changes in d.c.link current for the step change in

reference speeds are almost same. The transient curves obtained from the above data

show that the d.c.link current also settles very fast with the change in speed. This shows

the effectiveness of design approach at the selected controller parameters.

7.4 CLOSED LOOP PERFORMANCE OF CSI- FED INDUCTION MOTOR
DRIVE

After studying the performance of the drive in open loop, it is operated in closed

loop. In open loop as the load on the machine changes, the slip of induction motor

changes; hence it is difficult to operate the machine at a set value of reference speed and

at the same time it is difficult to operate the machine at rated value of flux in open loop

for each operating frequency. To improve the performance of the drive it is operated in

closed loop by providing the speed feed back loop and slip speed regulator loop. The

speed controller processes the speed error and sets the reference slip speed (cosl). The slip

regulator loop calculates the stator reference active current (I*ct) and stator reference

reactive current (1*^), needed for the determination of reference current (Iref). The inner

current controller adjusts the firing pulses of pulse width modulated converter to regulate

the d.c.link current. The system tries to minimise the steady state error between the

y
reference speed and actual speed.

To investigate the closed loop performance of the drive the machine is coupled

with separately excited d.c. generator and loaded exactly in the same manner as in the

case of transient investigation. The closed loop operation is controlled by implementing

the software through the personal computer. The various tests were performed to

determine the steady state performance of the modified CSI-fed induction motor drive in

239



closed loop condition. The steady state performance of the drive is determined

experimentally at the selected value of controller parameters. The reference speed is

varied through keyboard of personal computer. When the speed of the machine settles in

the tolerance limit of ± 5% the various performance parameters such as speed, power

output, stator voltage, stator current, efficiency, power factor of the machine, d.c.link

voltage, d.c.link current are noted and plotted with respect to torque as shown in Figs 7.54

to 7.61. The analytical performance curves are obtained by putting the different reference

speed, in the simulation program and when the actual speed is equal to the reference

speed the various performance parameters are noted. At each set of reference speed the

steady state error is found to be zero. The analytical performance curves are also shown in

the same figure for comparison. The different experimental and analytical performance

characteristics are discussed below.

(i) Speed vs torque

The closed loop speed vs torque curves determined experimentally for load torque

varying linearly with speed on the machine and analytically obtained speed vs torque

curve for the same load are shown in Fig 7.54.As obvious the performance of the

experimentally determined speed vs torque curve in closed loop is found to be better than

the open loop. The experimental and analytical curves are quite close to each other. The

slight difference in two curves is because of instrumental error and assumptions made in

the simulation model.

(ii) Power output vs torque

The power output vs torque curves determined experimentally and obtained

analytically are shown in Fig 7.55 for same load on the machine. The power output in
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closed loop found experimentally is higher than the power output in open loop and motor

is able to deliver the rated power output. The power output corresponding to each value of

torque found experimentally is less than the power output obtained analytically because

of negligence of core loss and other losses in the estimation of analytical curves. In both

the cases power output increases with the increase in torque.

(iii) Stator voltage per phase vs torque

The stator voltage vs torque characteristics determined experimentally and

obtained analytically are shown in Fig 7.56. With the increase in speed of the drive, load

on the motor increases because load is varying linearly with the speed, resulting in higher

reference voltage and rectifier output voltage. Hence stator voltage ofthe induction motor

increases. The experimental and analytical characteristics are quite close to each other. In

both the cases with the increase in torque demand, stator voltage increases.

(iv) Stator current per phase vs torque

The stator current vs torque characteristics determined experimentally and

obtained analytically are shown in Fig 7.57. Both the characteristics are quiet close to

each other. With the increase in the load torque load on the motor the stator current is

near constant at lowvalue of torque and then slowly increases with the load torque.

(v) Percentage efficiency vs torque

Experimentally determined and analytically obtained percentage efficiency

characteristic curves are shown in Fig 7.58. Both the curves are almost same for most

values of torque. Practically obtained efficiency is found to be poor than analytically

obtained efficiency because of negligence of the core loss and other assumptions in the
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estimation of analytical curves. In both the cases efficiency increases till maximum

efficiency is not achieved.

(vi) Power factor vs torque

The power factor vs torque characteristics determined experimentally and

obtained analytically are shown in Fig 7.59. Both the curves are quiet close to each other.

The power factor initially decreases with the torque because of resonance effect. The

moment, the effect of resonance dies out the power factor of the machine increases with

the increase in torque just like an ordinary induction motor.

(vii) D.C.Link voltage vs torque

Experimentally determined and analytically obtained d.c.link voltage vs torque

characteristic curves are shown in Fig 7.60. Both the curves are almost matching at most

of the values of torque. The practically obtained d.c.link voltage increases almost linearly

with the increases in torque, while the analytically obtained d.c.link voltage is not linear

in the resonance affected region. The analytically obtained curves show that in the

resonance affected region, the d.c.link current decreases with the increase in torque, while

power demand increases with the increase in torque. To meet out the power demand

d.c.link voltage increases with the increase in torque in the resonance affected region.

Once the effect of resonance dies out d.c.link voltage increases with the increase in torque

just like an ordinary CSI-fed induction motor drive.

(viii) D.C.Link current vs torque

The d.c.link current vs torque characteristics determined experimentally and

obtained analytically are shown in Fig 7.61. Both the curves are almost identical at each
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operating torque. Initially with the increase in torque the d.c. link current decreases. This

is because of resonance effect. Once the effect of resonance dies out the d.c.link current

increases with the increase in torque like an ordinary CSI - fed induction motor drive.

7.5 CONCLUSION

The steady state performance of the modified CSI-fed induction motor in open

and closed loop is investigated experimentally for designed controller parameters (using

continuous data approach) experimentally. An exhaustive experimentation has been

carried out in both open and closed loop conditions. The open loop experiment is carried

out by employing only the inner current PI controller loop. Open loop experiment is

carried out by varying the load on the induction motor, at a fixed value of d.c.link current

and for the variable operating frequency. The change in operating frequency is done via

the computer keyboard. The closed loop experiment is carried out by employing both the

speed and current PI regulators. The closed loop experiment is carried out at different

reference speeds for load torque varying linearly with the speed. The reference speed is

given via the keyboard of the personal computer. The various performance parameters are

noted and performance characteristics are plotted with respect to torque in all the cases.

To verify the experimentally determined open and closed loop performance

characteristics of the drive, analytical performance characteristics of the drive are also

obtained for the same operating conditions using computer simulation of the drive with

the help of developed computer program. A comparison of the two sets of characteristics

shows a close match between them at each operating frequency. It confirms the validity

of the analytical approach for modeling and design of the drive.
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The transient performance of the drive for step change in reference speed is also

examined experimentally for designed value of the controller parameters. The

experimental transient performance of speed and current loop is recorded by X-Y

recorder. The speed transient is recorded by coupling a 3- phase a.c. tacho- generator at

the shaft of the motor, and the output of the 3-phase a.c. tacho-generator is rectified using

diode bridge rectifier and filtered, using R-C filter. The current transient is recorded by

recording the d.c.link current. The transient performance of the controller is also

determined from computer simulation for changes in reference speed. The experimental

and analytical transient response of both the controllers are almost matching for step

changes in reference speed. The settling time corresponding to step changes in reference

speed is very small. Corresponding to step changes in reference speed d.c.link current of

the drive also settles fast. This confirms the satisfactory performance of the drive and the

validity of the analytical approach for modeling and design of the drive.
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CHAPTER-8

CONCLUSIONS AND SCOPE FOR FURTHER WORK

8.1 CONCLUSIONS

Variable and smooth speed control is the mandatory requirement of any industrial

drive. Over the years, the d.c.motor fed from converter or chopper have been used for the

industrial applications. The d.c.motor is having decoupled field and armature winding.

Therefore by controlling the armature or field voltages only, the speed of the machine can

be controlled. Because of mechanical commutators and carbon brushes, the motor is

bulky in comparison with induction motor of same rating and is not suitable for dusty and

explosive atmosphere. The motor is also not suitable for high-speed applications and high

power ratings .On the other hand the induction motor, specially cage rotor induction

motors, having robust constructions, high power/weight ratio, no mechanical

commutators and carbon brushes are more efficient and reliable. With the latest

development in the power semiconductor technology these motors are preferred as a

variable speed drive over d.c. in industrial applications. Variable and step- less speed

control of the induction motor is possible by supplying it with the variable frequency

power supply through voltage source and current source inverters. Due to controlled

current operation of the current source inverter, it protects the power semiconductor

devices and machine from over currents. The current source inverter is having another

advantage of natural regeneration capability. Therefore the current source inverter is a

better alternative to supply the induction motor than the voltage source inverter for speed

control. Inspite of the above advantages, conventional current source inverter fed

induction motor drive suffers with some of the disadvantages such as: low speed torque
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pulsation due to non sinusoidal current, large value of d.c.link inductor, large

commutating capacitor, sluggish response and stability problem at light load.

Lots of research work has been carried out to overcome these problems, such as

implementation of PWM techniques, incorporation of self- commutating devices, PWM

techniques in front-end converter, digital control using fast processor, stability and

transient analysis.

In the light of the above work, it was felt to develop a CSI fed induction motor

drive with sinusoidal current and voltage. The present thesis deals with the design,

analysis, development and performance investigation of the modified self-commutating

current source inverter fed induction motor drive. The modified CSI-fed drive is having

capacitor bank at the terminals of the motor, which supplies the reactive power demand of

the motor at almost each operating frequency, therefore the motor line voltage and

currents are almost sinusoidal at each operating frequency of operation. The drive also

employs PWM techniques to control both front-end and converter, motor-end inverter.

The steady state and transient performance of the drive are investigated experimentally

and determined analytically in open and closed loops.

The modified self-commutating current source inverter consists of two converters

connected through d.c.link inductor. The front-end converter is a three-phase pulse width

modulated converter and acts as a current source with d.c.link current feedback. It

provides a controllable d.c. link current. Equal pulse width modulation technique is

employed to control the output of the front-end converter and input power factor. The

other converter at load end is a three-phase pulse width modulated current source inverter.
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At the terminals of the inverter three-phase capacitor bank is connected. Space vector

PWM technique is employed in the current source inverter.

In the CSI-fed induction motor, air gap flux saturates at a very low value of slip;

motor can not be operated in this region because of excess iron loss. To operate the

machine at a normal value of air gap flux, the motor is operated in statically unstable

region of torque-slip characteristics. Hence closed loop operation of the drive is

mandatory. The closed loop operation is also required for fast and stable operation of the

drive as well as better speed regulation. The closed loop scheme employs two PI

controllers, one in outer speed feed back loop and other in inner current feed back loop.

The outer speed controller compares the reference speed and actual rotor speed and

processes the speed error to obtain the reference slip speed. The reference slip speed is

used to obtain the reference stator active and reactive currents and hence the reference

d.c.link current. The speed PI processing is done at every 10 ms. The speed PI controller

makes the steady state speed error zero. The inner current PI controller processes the

current error in reference d.c.link current and actual d.c.link current and adjusts the turn

onperiod ofPWM pulses and hence the output voltage of the converter. The inner current

PI processes the current error at every 1 ms. The synchronous speed of the machine is

obtained by adding the actual rotor speed and the reference slip speed. The synchronous

speed decides the operating frequency of the inverter and the number of switching of the

devices overa cycle for the PWM operation of the inverter. At low and medium values of

the switching frequencies the number of switching of the devices per cycle are more as

compared to the high valuesof the switching frequencies.
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The mathematical modeling of the complete drive system has been developed in

synchronously rotating qc- de reference frame. Modeling of the complete drive system

has been done considering certain assumptions. This mathematical model is developed in

terms of the machine parameters and the value of capacitance per phase connected across

machine terminals. The developed mathematical is used later to design the parameters of

speed and current PI controllers. The steady state performance characteristics of the drive

are determined by computing the various parameters such as torque, slip, power factor,

power output, power loss, stator voltage, stator current, efficiency and d.c.link voltage.

The steady state performance characteristics are drawn with respect to torque. The

performance characteristics of the drive is determined for the different operating

conditions, namely (i) fixed frequency, constant d.c. link current, variable capacitance per

phase (ii) variable frequency, constant d.c. link current, fixed capacitance per phase (iii)

variable d.c. link current, fixed frequency, fixed capacitance per phase (iv) constant load

torque, fixed capacitance per phase, fixed d.c. link current (v) linearly varying load

torque, fixed capacitance per phase, fixed d.c. link current. The value of capacitor to be

connected across the machine terminals for the different operating conditions is

determined by observing the steady state behavior of the drive at different values of

capacitance connected across the machine terminals and its open loop performance

investigated experimentally at different values ofcapacitance.

The steady state analysis shows that in the unstable region the efficiency of the

drive is poor in comparison to the stable region at each operating condition. The power

factor of the motor is unaffected by the values of capacitor connected across motor

terminals. The phenomenon of resonance is observed in a definite frequency range of
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operation. The performance of the drive is not described in the frequency range, where

resonance is occurring.

The performance of the current source inverter depends upon the number of

switching commands per cycle. As the number of switching commands increases per

cycle, the output current of the PWM inverter is near to sinusoidal. But due to switching

frequency limitations ofthe devices, nine switching commands per 90 degree is employed

in a cycle at the low and medium values of the operating frequencies, i.e. from 5 Hzto 40

Hz, At high values of the operating frequencies, the five switching commands per 90

degree is employed in a cycle. The modulation index ofthe inverter also changes with the

change in operating frequencies. Its minimum value is kept at 0.82 and the maximum

value is limited to 1.0.

The Hall effect current sensor is used to sense the actual d.c.link current. A low

pass R-C filter is used to filter the ripples from the output current. The actual speed ofthe

machine is measured through the rotatory incremental type pulse encoder. The closed

loop response ofthe drive depends upon the properly designed PI controller parameters of

the speed and the current feed back loop. The D- partitioning technique is applied for

designing of the speed and current controller parameters. This technique is based on the

linearized characteristic equation in terms of the controller parameters. The mathematical

model of the developed drive in qe -de reference frame is highly non-linear. Therefore

to design the controller parameters using D- partitioning technique, the system equations

are linearized around a steady state operating point by applying small perturbation theory.

The current loop is designed first because the current loop is faster than the speed loop.

While designing the parameter of the current loop, the perturbation in the speed is
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neglected. Once the parameters of the current loop are finalized, designing of the

parameters of the speed controller loop is done. The linearized characteristic equations of

the current and the speed loop areused to plot the stability curves in the parametric plane.

By shading the D - partition contours the most probable stable region is found in each

case. A point check for the stability of this most probable region is carried out by

frequency scanning technique and by selecting the parameters from this region. For fast

and stable operation of the drive, the D- partition curves are plotted for different values of

degree of stability (o) and damping ratio (£,), and the parameters are selected from the

region having higher degree of stability and good damping ratio. The final selection of the

current and speed PI controller parameters of both the loops are carried out by

determining the transient response of the drive for 5% change in reference current and

speed respectively. The system equations are expressed in terms of state variables to

obtain the transient response of the current loop and the complete drive system.

The proto-type model of modified self-commutating current source inverter fed

induction motor drive is developed for 1 HP induction machine. The designed parameters

of the PI controllers obtained from the D- partitioning technique are incorporated to

operate the drive in closed loop manner. The control of the drive system is implemented

through the PC- AT computer based system based on 8088 microprocessor. Control

implemented through the personal computer reduces the hardware complexity to a great

extent and makes the system fast controllable, more reliable and more flexible. To

implement different control schemes only software has to be changed, no change in

hardware is required. The hardware of complete system includes a three phase pulse

width modulated converter at the front- end, a three phase PWM inverter at motor-end, an

8031 microcontroller based system, zero crossing detection circuit, pulse amplification
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circuit for the converter and inverter devices and necessary hardware for d.c.link current

and speed measurement. Three phase PWM converter acts as a current source and it

employs self- commutating devices (MOSFETS) in the upper legs and line commutated

devices (thyristors) in the lower legs. The firing pulses for the front- end converter is

generated through the 8031 micro controller. Six zero crossing signals are required each

at 60°for synchronization of firing pulses of the converter. The actual speed of the

induction motor is measured through the rotatory incremental pulse type encoder The

d.c.link current is measured through Hall effect current sensor and it is digitized through

12 bit ADC. Use of 12 bit ADC increases the resolution. Both the PI processing is

implemented through software. The complete softwarefor open and closed loop operation

of the drive is written in C language. The software for the operation of the drive in open

and closed loop consists of main program, interrupt service subroutine for zero crossing

signal program, serial subroutine program, initialization of port and timer subroutine,

open loop program, speed and current PI processing subroutine program, closed loop

program. The software enables the implementation of change in pulse widths of the firing

pulses of the converter depending upon the load requirement and hence controls the

output voltage of the converter. The slip regulator characteristics are stored in the

memory of the personal computer, which makes the implementation of the slip regulator

fast. The synchronous speed, obtained by adding the actual rotor speed and reference slip

speed, decides the operating frequency of the inverter and hence the number of switching

commands for the PWM operation of the inverter. The PWM firing pulses of the current

source inverter is generated through the personal computer using ADD-ON card.

The performance of the three phase current source and three phase PWM inverter

is checked by recording the various current and voltage waveforms of the control and
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power circuit. The closed loop operation of the front-end converter maintains the d.c.link

current at a set value. The actual waveforms of the converter input voltage and current,

voltage across load, load current at the different duty cycles are recorded and it is found

that converter input displacement factor is almost unity at different duty cycles. The

actual waveform of the motor line voltages, line currents, inverter line current, d.c.link

current and voltage, at the different value ofthe operating frequencies are recorded under

steady state condition. The actual motor line voltages, line currents waveforms are also

recorded without having any capacitance at the machine terminals, at an operating

frequency 10 Hz, under steady state condition. The recorded line current and voltage

waveforms of the motor show that, the harmonics in the output currents and voltages in

presence of capacitor at the motor terminals are quite less than the harmonics present

without any capacitance at the motor terminals. The output current and voltage

waveforms are almost sinusoidal at each value of operating frequency in presence of

capacitor at the machine terminals. An exhaustive experimentation has been carried out in

open and closed loop to obtain the performance characteristics of the drive. The

experimentally obtained performance characteristics are compared with analytically

obtained performance characteristics. Both the performance characteristics are found to

be very close to each other, thus justifying the mathematical model of the drive. The

transient performance of the drive is investigated by recording the speed and d.c.link

current for step change in reference speed. The transient performances obtained

experimentally are compared with the analytically obtained performance characteristics.

Both the characteristics are almost matching, hence justifying the designed controller

parameters.
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The proposed drive is designed and developed in the laboratory. The mathematical

model of the drive has been developed in synchronously rotating reference d- q frame.

< The steady state analysis ofthe drive is carried out for different operating conditions. The

drive is operated in closed loop using PI controller in speed and current both the loops.

The control of the drive is implemented using 8088 microprocessor and 8031

microcontroller.. The controller parameters are designed using D- partitioning technique,

followed by frequency scanning. The steady state performance ofthe drive is investigated

^ experimentally and verified by the analytical performance obtained through simulation.

The transient performance ofthe drive is also determined experimentally, using designed

value of the controller parameters and it is verified analytically. The performance of the

developed drive is investigated experimentally.

The experimental results are almost matching with the analytical results obtained
4

from simulation. The line currents and line voltages of the motor are found to be

sinusoidal at each operating frequency. Therefore the performance of the developed drive

is found to be satisfactory.

8.2 SCOPE FOR FURTHER WORK

y The steady state analysis and transient performance of the modified self-

commutating CSI-fed induction motor drive obtained analytically are in good agreement

with the experimentally investigated results. However, certain gaps are observed which

needs to be fulfilled for the improvement of the drive performance. The steady state and

transient analysis of the drive can be carried out by considering the modeling of the

power semiconductor devices, ripples in d.c.link current, saturation effect. The PI

parameters ofthe current controller and speed controller are designed in continuous data
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system. Since the implementation of the control has been done through the personal

computer and the speed and current PI processing have been done at the predetermined

instants of the supply period, therefore the controller parameters need be designed in the

sampled data system.

The phenomenon of resonance is observed at some values of the operating

frequency, at the chosen value of capacitor at the machine terminals, hence

experimentation has not been possible in the entire operating region. Further research is

required to avoid the resonance from the operating frequency region at the chosen value

ofcapacitance at the terminals ofthe machine, so that the operation of the drive could be

possible in the entire operating frequency region.

In the present work micro controller is used for the generation of firing pulses to

the converter, this could be replaced by the fast processor such as DSP for entire

processing.

The PI controllers are used in both the feed back loops for drive implementation.

Fuzzy and ANN based control techniques may be used for the drive implementation.
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APPENDIX A

PARAMETER PLANE SYNTHESIS METHOD

Any control system is said to be stable, if for any small disturbance in the steady

state condition of the system, it restores steady state operating condition which it was

having before the occurrence of the disturbance. For a linear system, if the system is

stable for small disturbance, than it is stable for any disturbance. The necessary and

^ sufficient condition for the stability of a linear control system is that all the real roots of

the characteristic equation ofthe system, must benegative while the complex roots ofthe

characteristic equation should have a negative real part.

Theconventional control techniques, normally used in the control systems such as

Routh. Harwitz's criterion, Nyguist method and root locus are used to study the effect of

only one parameter on the effect of system performance. D-partition method [121, 122]

an improved technique isused to study the effect of two parameters onthe control system

on stability and transient performance, with regard to stability analysis, the method

provides a possibility ofdefining the relative stability ofcontrol system with the roots of

the characteristic equation lying within a specified p- plane contour ofgeneral shape. The

fl p plane with the two adjustable parameters as coordinate axis is termed as 'parameter

plane'. The parameter plane method can also be extended in case of non-linear and

sample data system.

PARAMETER MAPPING

/ Parameter plane method is based on mapping procedure that transform points

from the complex p (a, co) plane to the parameter y-6 plane. Considering a general

mapping of nth degree algebraic equation.
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D(p) = aopo + aipi + a2p2+ + a„p„ = 0

where,

p is a complex variable defined as p = -a+jco

and ao a„ are the function of two real parameters y, 8 i.e.

ak = ak(y, 5) k = 0,1,2,3,4, n

If for a given pair of number (ai, ©0 there corresponds a pair of parameter (yi,

Si). So that the mapping equation D (p) = 0 is satisfied, then for yiand 5i, the equation

has a root pair.

Pi - -ai +j©i

Therefore, the defined mapping can be regarded as a transformation ofthe points

(a, co) for the complex p-plane, which represent the root values ofthe algebraic equations

where D (p) = 0, to certain points of parameters of y - 8 plane. The same theory is

applicable to other complex plane defined as p=- c>„ +jcon -yjl-Z,2 in (£ , con) plane.

Consider that the two parameters y, 8 entering linearly into the characteristic

equation so that the characteristic equation canbe reduced to the form.

D(P) = YS(p) +8Q(p) +R(p) (A.l)

Substituting p = - a +j co , in equation (A. 1)

D(-a+jco)= yS(-a+jco) +8Q(-a+jco) +R(-a+jco) (A.2)

The equation (A.2) is a function ofa, co, y, 8 and can be expressed as:
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U(a, co,y,8)+jV(o, co,y,8) = 0 (A.3)

Separating the real and imaginary parts ofthe above equation results in.

U(a, co,y, 8) = 0 (A4) ^

V(a, co, y, 8) = 0 (A 5)

For the determination of D-partition boundary, the value of y, 8 is required for

each value of co, therefore, separating the term containing y, 8. Results in the following
equations.

U(a, co, y, 8) = yS, (o, co) +8 Q, (a, co) +R, (a, co) = 0 (A.6)

V(a, co, y, 8) = yS2 (o, co) +8 Q2 (o, co) +R2 (a, co) = 0 (A.7)

Solving A.6, A.7 for the determination ofy, 8, for each co give.

M-QiR2-QaR,
"" S, Q2 - S2 Q, (A-8)

§ _ S2 R, -S) R2
" S, Q2 - S2 Q, (A-9)

Equation (A.6) and (A. 7) give one value of y, 8as given by (A.8) and (A.9) for

each co, only ifthey are linearly independent.

If for any value of co, say coc, the numerator and denominator becomes, zero, then

for this value of co, the two equations are linearly dependant to each other and astraight

line is obtained in the y-8plane. This line is known as aspatial line. In this case, any of

the two equation (A.6) and (A.7) is the equation of straight line, this value of co, is

>
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substituted. If the coefficient of the highest term of the characteristic equation depends on

the parameter y, 8, then by equating this coefficient to zero a spatial line at co = oo is

obtained. Similarly a similar line at co = 0 is obtained by equating the coefficient of the

lowest (free) term of the characteristic equation to zero.

In order to find the number of roots in the various regions obtained in the

parameter plane by the plotted boundaries it is necessary to know whether a root is

leaving or entering the p-planecontour as shown in Fig. (A.l) and (A.2) at the instant that

point goes over a boundary in the parameter plane. In order to know whether the roots are

leaving on entering the p-plane contour, the boundary to be shaded is determined

according to sign of the denominator of A where A = Si Q2 - S2 Qi.

Facing the direction in which co is increasing the boundary curve in the y - 8 plane

is shaded on the left side if A > 0 and on the right side if A < 0. Usually, the curve is

traversed twice, once when co goes from - oo to 0 and next when it changes from 0 to +

oo. It is shaded both the times on the same side, as the sign of A changes with change in

sign of co (A is an odd function of co). After the complex root boundaries are shaded, the

spatial lines (for co *0 or oo) are simply oriented in accordance with the shading of

complex boundaries. The shading of such a spatial line must be done twice on the same

side as that on the complex root boundary at their point of intersection. The spatial lines

at co = 0 and co = oo are also shaded with this rule but they are shaded only once. The root

leaves the contour if it goes from a shaded region to the unshaded region and enters the

contour if it goes from unshaded to shaded region. After the boundaries are appropriately

shaded, the relative number of roots in each bounded region is easily determined. The

region with maximum number of roots on the left side in the p-plane is established by
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inspection ofthe plot. For ascertaining stable region a point in the region with maximum

number ofroots is selected and the stability ofthe system is checked by the Frequency

Scanning Technique. Ifthe system is stable at this point then this entire enclosed region is

also stable region.

FREQUENCY SCANNING TECHNIQUE

The frequency scanning test is used to confirm the stability region, obtained from

the parametric plane. Let D(p) =0 be the characteristic equation ofthe system, where M

D(p) may be polynomial in por may include terms which are functions of p. Frequency

trajectories which are the result of plotting the imaginary part of D(jco) against its real

part as frequency is varied from zero to infinity, are drawn. The frequency trajectory

along with its mirror image is shaded on the left side for q =- oo to co = oo. If the origin

is contained in the inner-most region (in the sense of shading), the system is stable. ^
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APPENDIX B

SPECIFICATIONS OF SYSTEM ELEMENTS

B.1 INDUCTION MOTOR SPECD7ICATION

Vol. 400/230 connection : star/delta

H.P. : 1 phase 3

Frequency : 50 Hz

RPM 1400

B.2 INDUCTION MACHINE PARAMETERS

rs = 3.52 fi

fr = 2.78 a

lss = 0.165 H

U = 0.165 H

lm = 0.15 H

J = 0.01289 kg-m2

B.3 D.C. LINK PARAMETERS

rf = 0.250 Q

If - 0.04 H

/ B.4 D.C. MACHINE SPECULATION

Volt = 220 V H.P. = 1
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Current = 4A RPM =1500 Connection: shunt

B.5 DEVICE SPECIFICATIONS

(a) THYRISTOR

Grade : Converter PIV : 1200 V

Current: 16A

(b) MOSFET

Voltage : 500 V

Current: 20/13 Amp

B.6 PROTECTION CIRCUIT SPECIFICATION

(a) SNUBBER CIRCUIT FOR THYRISTOR

R = 50 Q, 5W

C = 0.1 uF, IkW

(b) SNUBBER CIRCUIT FOR MOSFET

R = 33 a, 10 W

C = 0.1 pf, IkW

B.7 CAPACITOR SPECIFICATION

Capacitance = 50 u.F

Voltage - 600 V

Tvpe = Electrolytic
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