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ABSTRACT
%_
Variable speed drive is the main requirement of any 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 of its robust
construction without slip ring and carbon brushes. Induction motor is having hard torque-
slip characteristics; hence only a small range speed control is possible when it is operated
from a constant 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
better input displacement factor and line currents respectively. PWM operation in front-

end converter also reduces the size of d.c.link inductor required.

In the light of above 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 of front-end rectifier is also sinusoidal and hence the size

of d.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 of MOSFET 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 (wq*). 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
(L) 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 (Tact vs. @51) and (TLreac Vs. 1)
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 (L) 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 (I..). 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/Tosr periods of PWM pulses,

of the 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 (q°
- d°) 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 of capacitor, which is to be connected across the motor terminals. With

the selected value of capacitance, simulated steady state curves shows that at some value

1ii



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 1m sec for current and 10 m sec for speed
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PT 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 of better stability, relative stability boundaries are drawn for the different value of
(o 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 (o and &) 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 of the drive is thoroughly investigated in
steps. The performance investigation of PWM rectifier is carried out first by operating it
alone with R-L load. Various signals, such as zero crossing, quantizers, and firing pulses
of switching 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 motor terminals 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
carried out at linearly varying load torque on the motor using 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 mbdel 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
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 of capacitance 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 of motor are nearly sinusoidal at
each operating speed. The input power factor of the converter is almost unity and the size

of coupling 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
1.1  GENERAL

The most outstanding features of electric 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 of use and produce very little vibration or noise, they are ideally suited for

integration into production mechanism [1].

Electric motors are the principal workhorse of any 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
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
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 of the motor can be controlled statically either through phase
controlled converters or choppers [4]. Precise and smooth speed control can be obtained,
by adoption of closed feed back loops. Inspite of the 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 [S].

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



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 [6- 13].

The draw back of almost constant speed with the load torque associated with the
induction motor can be over come by varying the frequency of a.c. power source. Due to
rapid growth in the technology of power semiconductor devices in the recent years, static
frequency converters are available at easily acceptable prices, therefore by feeding the
induction motor through static frequency converters, it can be easily used as a variable
speed drive. This method of speed control of the induction motor also helps in saving

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

The static frequency gonversion 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 of the drive therefore derating of the 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 of operation [15]. With the invention of fast 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 adjustabie 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 in detail by Chattophadhyay,



AK. [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 of operation 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 a stability problem at light load and speed.

The problem associated with the conventional CSI fed induction motor drive can
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 of d.c.link inductor. It will also improve
the transient performance of the drive. The digital control techniques such as
microprocessor, microcontroller and DSP must be employed for fast control of the 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 of the CSI- fed induction motor, so that the reactive power requirement of the
motor is met by the capacitor. Lots of researches have been carried out on PWM inverter

drives, which concerns one or more of the following aspects.

o 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 of the currentj‘ 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 of current source concepts in thyristor converter to obtain the adjustable
firing angle and adjustable current waveforms. He has also explained the use of d.c. filter
cho keand 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 Farrer 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



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
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 induct@¥ 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 of an induction motor driven by the current and
voltage source 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 modified steady state analysis of the current source inverter fed squirrel cage

“induction motor has been given in [31]. The analysis includes the effect of 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 perfor‘ma;lce of the motor is analytically
evaluated. The computed results are compared with the experimental results. The

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

SOhg  et. al. [33] presented a systematistudy 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 invertyfed 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



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 frequenc;; {77 nub. -2 o the pulsating
torque problem become serious in ASCI. Several techniques like pulse width modulation
(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 presented below.

HombtJ et al presented [39] 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, w1 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. A novel 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
of supply to the motor and implementation of micro processor based control. The selected

research works are presented below:

The Konishi et al presents [5}] 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
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 fasts

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 for judging the torque ripple.
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An analytical design is presented of the control system of slip controlled current bawycs

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

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 method of 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.

Bowes and Bullowmgl[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.

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
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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 Jhis 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 [lgq ], proposed a simple control scheme for near input
displacement factor operation of the 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 in high 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
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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
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.

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 nhtdmber

of Chops per 30° have been provided and discussed.

Chakrabarti et al [10{] 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.
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A new feed back current controller for three phase PWM inverter is presented by
Martins et al [104] 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 [10F] 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 [11Q] 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
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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 strafegy 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 c'onduction 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
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regular sampled HE PWM strategy has been presented which closely approximated the
switching angles of the offline of 0-90°. HE PWM family of switching angle solution sets.
Both HE PWM strategies can be implemented in real time on a DSP. This technique can
be applicable for drive application, uninterrupted power supply and static frequency

converter.

Loh, P.C.; and Holmes ,D.G. [101] presented an integrated approach to the closed-
loop control of output voltage for a VSI and output current for a current source inverter,
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, IGBTSs 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 (8083 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,
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employing space vector modulation technique .For the stable operation of the 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 is determined 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.clink 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.
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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 of the 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 determining the 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, where as 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 controller parameters 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

#

MATHEMATICAL MODELING OF MODIFIED SELF-
COMMUTATING CSI-FED INDUCTION MOTOR DRIVE

As reviewed from the literature survey the speed control of induction motor is
possible over a wide range by feeding the motor through 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 (d*-q°)

reference frame.
2.1 INTRODUCTION

With the help of variable frequency a.c. shpply 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 of speed ,

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, a three phase pulse width modulated inverter
using space vector technique, a dc link inductor, a three phase squirrel cage induction
motor and 3 phase 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
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 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

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 (w7).Using reference slip speed
(o5) and the slip regulator characteristics, the value of reference active stator current of

the induction motor (I, ) and reference reactive current (I, ) are determined.
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For the determination of reference current (I ), the stator active reference

current (I, ), the stator reactive reference current (I’,,..) and capacitor current (I.) 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 (I,),
capacitor r.m.s. current (I,) and stator reference reactive current (I, ), stator reference
current (I.) is determined. Which is transformed to the d.c link side to obtain the

reference d.c. link current (I ). The reference slip speed (o)) is added to the actual

rotor speed (©, ) to obtain the switching frequency of the inverter (. ).

2.3 MATHEMATICAL MODELING OF THE COMPLETE DRIVE SYSTEM

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

rotating q° — d° reference frame.

2.3.1 System Equations in MLK.S.

The mathematical modeling of the drive system is carried out for the following
component of the drive in q° — d° reference frame.
(1) Three Phase PWM Rectifier
(ii) Three Phase Pulse Width Modulated Inverter
(i) D.C. Link
(iv)  Three Phase Induction Motor With Load

(v) Three Phase Capacitor Bank
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(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 B width. Fig.2.2 shows the pulse width
modulated waveform for 60" period. The output voltage of the rectifier can be expressed

with the following expressions.

"/—2_ VLL a+f | +B+2a+p |
L= — [ L sin (ot + 7/3) +J.Z+B+2a sin (ot +7/3) d(wt) ] 2.1)
v, = % Vi (4sin 1—) sin % " 2)

Since is varied from 10% to 90% of g radians, it can be approximated as

ol o B
2 2

v = 3J§VLL(4S sm B
T 12 2

V, =5218V, g

where,

V.. is the line to line input voltage

(i)  Three Phase Pulse Width Modulated Inverter

If T, is the current in d.c.link , then the fundamental component of line currents of
the 3-phase pulse width modulated inverter i, i,, i, forms a balanced set of 3-phase

currents with a maximum value as I,
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Ias(mnx) = k Idc (23)

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

current waveforms and it is given by:

K _ maximum value of fundamental inverter line current
d.c.link current (I, )

(2.4)

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 ®,). 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 (q° —d°) is considered for the modeling of the drive. The q°axis of the

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

de,
dt

Fig. 2.3. It will advance by an angle 8, such that =®

e

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

reference frame, the transformed phase current equations in the q° —d° reference frame

are:
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i" =0 (2.5)

Applying the power invariance principle across the inverter i.e. no power loss in

the inverter.

Inverter input power = Inverter output power
V. I, = Vislas + Vil + Vi
- 3 ( e (] + (] e) 2 6
S W ia + vy, (2.6)

Substituting the values of i, and i,° from equation 2.5 with the value of

L, =1, , following equations are obtained.

Vil = 3/2kv 1,

C

Viw = 15kv,’ (2.7)

(iii)  D. C.link
The rectifier output votage V. is related with the PWM inverter input dc voltage

V. as:

nv

V, =V, +(rf +plf) L (2.8)

where,
p= d_t

I, =resistance of d.c. link inductor

l; =inductance of d.c. link inductor
Substituting the value of V,, from equation (2.7) into the equation (2.8)
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V, =15k V,,* +(r; +pl, ) I, (2.9)
(iv)  Three Phase Induction Motor With Load

The induction motor can be modeled in ( q° —d°) reference frame using the

following assumptions.

(1) The three phase stator windings of the motor are balanced and sinusoidally
distributed in space.
(i) The d.c. link current is ripple free.

(i)  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 in

(q° —d°) reference frame .

Ve, r,+pl, o]l pl, ol 54
Vi _ ol rn+ply el pl, i3 2.10)
0 pl, ogl, rn+pl. ol i,
0 -0l pl, ol +pl )

The slip speed () in electrical rad/sec is given by the following equation
Oy =0, -0, (2.11)

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

expression.
3 P . e e . (33 €
t, = E.E.Im (Iqs g —ig iy ) (2.12)

Motional equation of the drive is given by the following expression.
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t, =t,+Jdd—mt'+Bco, (2.13)

Neglecting the effect of viscous friction, and converting the angular speed from

electrical radian/sec. to mechanical radian/sec, following equation is obtained.
do
b oot = M/)_ 2.14

The induction motor is coupled to a d.c. generator (operated at rated field flux)

feeding power to a fixed load resistance, decided by the rated load torque of the machine.

Therefore the load torque equation is given by:

t, = tL{m“" J (2.15)
base

where,

t, =Load torque equivalent to the rated torque of the motor.
@y, = Rated angular speed in radian/second of the motor.

®, = 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:
dv
i, =c— 2.16
¢ at (2.16)
where ,
i, = capacitor phase current
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c = capacitance/phase in star

\% = stator phase voltage

Transforming the equation (2.16) in the synchronously rotating (q°-d°)

reference frame as show below:

A e d .
(lzd CoOs®, t-ig sin cnet)= ca(vgs Cos®,t— v sin met)

(2.17)

iq =C(pvg, +0,.vy)

ig =c(pvg —0.vy) }

24 CONTROL STRATEGIES

The d.clink 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 of the machine .Two curves are plotted
(1) stator active current vs slip speed (i1) 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 (Lavs @) and (I, vs o), the
values of constants (k,) and (k,) are determined respectively, which are needed for the

calculation of (I}, )and (I, ) respectively.
(ii)  Speed Controller

The speed PI controller decides the reference slip speed (), which is required
to estimate the reference stator active current (I..) and reference stator reactive current

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

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

various operating variables.

- ki =
Cosl = kp, ((oref —mr)+-T_. J‘((Drcf _mr)'dt (218)
o 0
I.. =k, o +constant
. ‘ (2.19)
Lo =k, @, +constant
0, =0, +0, (2.20)

(iii)  Determination of capacitor current

The stator reactive current ( I.w ) Of induction motor is constant over entire

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

determined from the following equations

I, =k, o] (2.21)

K = rated value of capacitor current per phase
n-

222
(rated angular frequency)? (2.22)

(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.

Vr = kpi (Iref - Idc )+ $J‘ (Ircf - Idc )dt (223)

The reference d.c. link current is determined using I ,I"__and I according to the

following equation.

1, = (\/(Im)2 +(, - Ic)’J . (ﬂj (2.24)
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25 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 of two 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 of reference active and reactive current components of the induction motor

current. The synchronous angular speed (o, ) 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 ANALYSIS OF 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 a particular 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 in the literature [31-34].

In the present analysis pulse width modulated current supply is assumed as the
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. A computer 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 (I.,) and reference

reactive current (I} ). These currents determine the reference d.c. link current (L)

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 of the 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 q° —d° 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:

vr(O) = Vinv(O) +1; Idc(O) (3.1
3, 5
va(O) = 5 k vqs(()) (32)
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Substituting (3.2) in (3.1), the steady state d.c. link voltage equation is as shown

below:
Vo =1.5kv;,(o) +1; Lo oy (3.3)

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

according to the following equations in (q° — d*®) reference frame.

ie e ce

Linvd0) = Laccoy F1as(o) (3.4)
ce _ e ce

Livg(0) = 1ge(0) T 1as(0) , (3.5)

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

reference frame, therefore,

(3.6)

‘e a
Limacoy =0

iicnvq(O) =k Idc(O) (3.7

Capacitor current is expressed in (q° —d°®) reference frame as shown below:

e _ e
ldc(O) = —COo, vqs(O) (38)

IS0 = CO, Vi (3.9)

Substituting (3.6) to (3.9) in equations (3.4) and (3.5), the steady state stator
current equations in (q° —d°) reference frame are given by the following expressions.
IS0y = CQ, Vi (3.10)

g = klg—co, Vi, (3.11)
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The steady state equation of the machine in (q° —d°) reference frame are as

shown below:

e
V:s(o) I (Delss 0 Cl)elm lqs(O)
e
V:s(o) _ -O)c]ss I -Cl)elm 0 Laso) G 12)
0 0 ol r oyl i '
sl'm r sl qr(0)
e
0 _msllm 0 (Dsllrr rr ldr(O)

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

torque hence,

t, =

P ..
.5.1m(1qs(0) iS0)= 1, (3.13)

N | W

From equations (3.1) to (3.12)

Vo) = Tiggoy + 0l Laoy @l 150y (3.149)
Vioy = Ligo — 0.1, ity — @1, g0 (3.15)
0 =ayl,ige +§,i:,(0) + @yl ig o (3.16)
0 =- cos,lmi:s(o) +T, if,,(o) =gl i;,(o) 3.17)

Solving equation (3.14) and (3.17) and substituting the value of Vi, from

equation (3.11) result in
e 2 ie 2 2 ce .o
kI, oyl = (l—ccoc b Pal X s +(—cme oyl —cmer,r,)lq,(o) —co 04l rig, (3.18)

Solving equation (3.14) and (3.16) and substituting the value Vi) from equation

(3.10) result in:

_ 2 e ‘e 2 .
D = (ccoe 1 —1)1d5(0) +CO T, dggy + 0, 1, i (3.19)
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Finally solving equations (3.17), (3.18), (3.19) results in

ie — kId&:msl lm(_cmemslln'rs _cmez lssrr + rr) (320)
B ((—cmcmslln' rs +rr -cmezlss rr )2 +(cme2mslll —C(Dersrr —o‘)slln)z)
Define,
L, =11_-1_2
ic = _i;(O) (cmcrsrr -cmezmslll +mslln) (3 21)
o (_cmemsllnrs - ccoezlssrr + rr) -
‘e —iflq () —O)slln'i:h'(O)
gy = £ ol (3.22)
sl®m
‘e rri:r(O) -msllrri;r(o)
1oy = ol (3.23)
sl®m
3. e
Vo = Tlac o +—2- k Ve (3.24)

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

of 1§, andig,, from equation (3.20) and (3.23) in equation (3.13).

t _3 P 1 kIdt:(Dsllm(_(;(‘oc(‘osllrrrs_C(‘De2 lssrr+rr)
* gam {c-co,oyl, r, +r, -co’l r ) +(co, ol —co, r,r, -0, )%}

B . (3.25)
« ~ oo _msllnldr(o)
® sll m
Copper losses in induction motor stator = % r,(( ;(o))z - (if,s(o))z) (3.26)
Copper losses in induction motor rotor = % L ((50y)’ +(G0y)?) (3.27)

Losses in the d.c link 2

= Iely o (3.28)
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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

= % [rs (@ ::(0) )+ (i:.c.(O))2 )+, '((i:r(O))z F (i;:(O))2 )]+ I Idc(O)2 (3.29)

Ve =
Power factor (lag) = cos | (tan™| —= | tan™ #J ) (3.30)
Vasc0y Lascoy
Define,
0, =0, -0, (3.31)
Power out put = t,.®, (mech) (3.32)
2
= te.m,(elect).(F) (3.33)

i i P tput
Efficiency of the drive = oW oun

(3.34)
Power output + Losses

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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1 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.

(i) 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.

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

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 ®_ =314 rad/sec. The

performance of the drive is obtained for four values of capacitance

c=90uF/phase,150uF / phase,180uF / phase, 210uF / phase . From the calculation it is
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Characterstic curves without capacitance at the machine terminals
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found that corresponding to full load slip and the rated operating frequency

®, =314rad/sec, the resonance takes place in the machine at the capacitance
¢ = S5uF/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®, =314rad/secand ¢ = 90 pF/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
output decreases with decrease in torque, in unstable region at each value of capacitance,

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
increase in torque, in stable region, corresponding to each value of capacitance. The stator
current is the phasor sum of the magnetization and the rotor currents. As it is clear from
the curves drawn in Fig. 3.4.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 of capacitance 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 of capacitance. 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 power output of the inverter is directly
proportional to d.clink 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 150 uF /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 pF / phase across 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 I,, =4.0 A, variable frequency, and fixed
capacitance per phase ¢ =150uF/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 frequency ®, =150rad/secand ¢ = 150 pF/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,

o, =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

o, =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

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 in Fig. 3.17. The stator current is the
phasor sum of the rotor current and magnetizing current. As shown in the Fig 3.14 the
value of magnetizing current is quite high in comparison to the rotor current at low and
medium value of operating 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 of the 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 of operating frequencies, while it

increases with decrease in torque at high frequency of operation.
(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 of operating frequencies, net impedance of the 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 of operating 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.
(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 of the drive is more
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 of operation because of high power output and low value of losses. In
unstable region efficiency decreases with decrease in torque at each value of capacitance

because of low 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 of torque.
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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 motor copper 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, I,, =2.0A,4.0A,6.0A, at a fixed operating frequency

®, =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.clink current. Therefore as the d.c.link current

increases torque developed by the machine increases in both the regions. At a fixed
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operating frequency the slip corresponding to peak torque 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.clink

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

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.clink current, in
stable region, at low value of torque, the magnetization current is very large than the rotor
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.clink 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

d.clink current. The variation of stator voltage with the torque is less at each value of

d.clink 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.clink 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 of d.c.link current efficiency of the drive is poor in

unstable region, because of low power outputs 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.

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
I, =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 (®,) = 135 rad/sec, the
phenomenon of resonance is observed. The effect of resonance is observed up to the
angular speed (®,) = 245 rad/sec, hence the performance characteristics of the drive are

discussed before the occurrence of the resonance. The performance characteristic of the

drive in the resonance affected region is shown with the dotted line.
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(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
the torque and speed. Since load torque is fixed at all the operating speeds, hence power

output is proportional to speed.
(iti)  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

increases with 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 of stator current and net impedance of the machine. At constant load torque,
the operating frequency and slip both changes; although the slip variation is small, hence
net impedance of the 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 (tl= TL*((OA D
b

where T, = 3.93 N_m and o, = 314 rad/sec, linearly varying with the speed at a fixed
d.c. link current I, =5.5Aandfixed c=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 with the speed.

(i) 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 in Fig 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
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 in torque; hence ohmic losses increases with the increase in torque.
(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 pF/phase. Two regions were

identified in the performance characteristics, one stable and other unstable. At each
operating condition, the efficiency of the 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 of capacitance, the peak value of torque occurs

at low value of slip. Stator current, stator voltage, power output, power loss, d.c. link

73



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 in the 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 occur.s 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 same at each value of d.c.link current.
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CHAPTER - 4

#

SYSTEM DESCRIPTION AND HARDWARE
DEVELOPMENT

41 INTRODUCTION

Current source inverters are more popular as compared to the voltage source
inverter for the speed control of large rating induction motor [17,18,19]. One of the 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
d.clink 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 of the 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 of line to
line a.c.supply voltages and are used to synchronize the firing pulses of the pulse width
medulated 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.
43 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 tﬁe self — commutating

devices, three fast recovery diodes are connected in series with the MOSFETS. Three

78



@

. A |—%—=PAy-PAy
RAM C:,-'> C:> 8 -
8255 C PH—+—=PCy~PCy

B —S+—=PByPBy

™ le—————CLK
Processor PIT 0 =———Gate
goss K= K= 8253 [t™Mq | ° Out
...1 .
TM2 |
v
b
0
3
W
I+
o ; =emn- CLK
a PI 0 [C——=Gate
ROM K= K= 8253 |1y | ¢ L
...2 .
TMo |

SENSSEE—— |
Monitor C::> <:> BZISCQ IR

e—— IRy

12~ bit <———Channel 0

Keyboard C:D <:> ADC
\} Channel 15

Fig.l.,z. PC- AT Microcomputer system.

79



D1 D3 Ds

>

a

=1

u:)J Y O N—

|

(92]

BO /TN /T

N D A

Fig.4.3. 3-@Front-end converter .

80

—o+



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 a great extent, its implementation
is complex using microcontroller. In the present work equal pulse width modulation
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