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(ABSTRACT) 

Over the years, dc motors have been widely used for variable speed drives for numerous 

industrial applications despite the fact that ac machines are robust, less expensive, and 

have low inertia rotors. The main disadvantage of the ac machines is the complexity in 

control and the cost of the related circuitry. With the advent of vector control, ac machines 

have overcome this disadvantage and are being employed in different applications where dc 

motors were traditionally used. The d-q modeling, simulation and analysis of the different 

vector control strategies are presented with the results for different configurations of the 

drive system. A Computer Aided Engineering (CAE) package has been developed to serve 

as a modeling tool for the entire drive system including the motor, converter, controller 

and the load. This package provides a user friendly environment to perform an interactive 

dynamic simulation to assess the torque ripple, losses, efficiency, torque, speed, and posi- 

tion responses and their bandwidth and evaluates the suitability of the drive system for a 

particular application. By utilizing the similarity between the vector controlled induction 

motor drive and the separately excited dc motor, a method for the design and study of the 

speed controller for the speed/position drive is formulated. This results in the simplicity of 

the design approach and helps in improving the performance of the drive system. Finally, 

a novel sensorless vector control scheme which eliminates the position transducer is formu- 

lated. The only input for this control scheme is the stator current measured by current 

transducers. The modeling, simulation and analysis for the different schemes is performed 

using the CAE package and experimental verification is performed with the aid of a DSP 

based drive system.
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Chapter 1 

INTRODUCTION 

1.1 OVERVIEW 

Variable speed motor drives are essential in a variety of applications ranging from textile 

mills, rolling mills, paper mills, traction, coal industry to robots, machine tools, and fan 

and pump applications. Over the years, dc motors have been predominantly employed for 

variable speed drives for high performance applications. The ac motor drives, such as the 

induction motor drives have the following advantages over their dc counterpart [286, 156]: 

1. Absence of commutators or brushes eliminates commutator problems due to heavy 

loading or high a effects. 

2. Their simple and robust construction requires less maintenance. 

3. Higher motor efficiency results in higher overall drive system efficiency. 

4, Lower moment of inertia leads to the reduction in the acceleration of power. 

5. Higher voltage capability of the motors reduces the cable size of the main circuit. 

6. In some applications such as the mine hoist drives, the capability of stall or zero speed 

operation minimizes the application of mechanical brake. This results in shorter trip 

times and better utilization of the equipment. Also, sensing the load torque direction 

would enable the application of the starting torque in the right direction realizing a 

smooth start. 

In spite of all the above mentioned advantages of the ac drives, there was a major reluc- 

tance on the part of the industry to replace the existing dc drives. This can be attributed



to the following reasons [167, 166]: 

1. The cost of the ac power converter far exceeded that of a phase controlled, line com- 

mutated reversible converter for the dc machine. 

2. While the mechanical construction of the dc motor is complicated, their control is 

simple due to the orthogonal field and armature axis. On the other hand, the ac ma- 

chines are multi-variable non-linear structures and the totor or currehte-are iffdcces sible. SUES al 

The torque is given as a function of the stator and rotor currents. Since the rotor 
oe amen reine AR He SEO 

currents are not accessible without modifications to the machine structure, the con- 
curtis wit 

trol has to be performed through the stator voltages and currents. Hence a complex 

  

control scheme is required to match the converter fed dc drive. This requires sensing 

devices, nonlinear electronic components and other devices which increases the cost 

and decreases the reliability of the overall drive system. 

The recent advances made in the field of semiconductor technology and microelectronics, 

has reduced the impact of these constraints. With the advent of vector control, the control 

  

of tl the induction motor is achieved similar to that of a separately excited de motor by 

providing independent channels for torque and flux control, induction machines are fast 

replacing the dc drives for these applications in the industry [22, 90]. 

| This chapter is organized as follows. The next section describes in detail the evolution 

of the vector control principle and discusses the various vector control strategies. Several 

examples involving the application of vector control technique in different industrial ap- 

plications will be cited to demonstrate its growing popularity. A comprehensive literature 

survey is performed to get an insight into the development of this technique and also to 

identify the areas in which more research has to be performed. This is followed by the scope 

of this dissertation in Section 1.3. The various issues to be resolved are identified in this 

section and the organization of the dissertation is described in the subsequent section.



1.2 STATE OF THE ART 

The complexity of the control associated with the induction machines was alleviated by 

the advent of vector control in the early ’70s [25, 90]. The main difference between vector 

control and the existing schemes for induction machines, such as the constant volts/hertz or 

slip frequency control, is that the frequency, and voltage or current imposed on the motor 

are controlled without neglecting the phase relationships [129]. Without appropriate phase 

angle control, , vector control degenerates into conventional slip frequency ‘control resulting 

in poor dynamic characteristics [353]. Vector control was compared with the slip frequency 

control and found to have a faster torque response [122]. Quick torque response is achieved 

even if a load is applied and the drive system reaches steady state instantaneously. A 

comparative study of vector control with the torque angle control and synchronous control 

has been performed and the advantages of vector control highlighted [148]. Vector control 

is also known as decoupling control since the stator currents are decoupled into separate 

torque and flux producing channels. It is also known as field oriented control due to the 

fact that the control is based on the field orientation of stator currents. 

1.2.1 Classification 

Two vector control strategies were formulated during the late 60s and decoupling of 

the stator currents was achieved either by the direct measurement of the flux [24] or by 

estimation from the motor model [88]. Both these methods are based on the space phasor 

modeling of the induction machines [221]. The measurement technique is also known as 

flux detection control [162] or flux feedback control [226, 225] since the flux is measured and 

fed back into the control circuit. On the other hand, the estimation technique is known as 

flux feedforward control or slip frequency control due to the fact that the slip frequency is 

calculated from the model for flux estimation. 

The flux feedback control uses Halls sensors or search coils to sense airgap flux. Alter- 

nately the rotor flux is estimated based on the stator current vector, voltage vector and/or



rotor speed. The flux feedforward control determines the rotor flux from the stator current 

signals and rotor speed. An alternate method uses the terminal voltages and line currents 

for determining the stator flux derivatives which are then integrated to obtain the flux. Or 

else, the terminal voltage, line currents and rotor speed are used as observer quantities to 

determine rotor flux [4]. 

1.2.2 Direct Vector Control 

The direct measurement technique was popular in the earlier stages due to the sensi- 

tivity of the estimation techniques to motor parameter variations [23]. This technique also 

provided instantaneous and well damped control of torque. The earlier forms of this type 

of “control involved the measurement of the airgap flux. Field sensing devices utilizing Hall 

effect were installed at two or more places within the airgap of the motor to measure the air- 

gap flux [169]. The mechanical and thermal stresses on these semiconductor devices caused 

problems in measurement. The rotor slot harmonics are filtered and only the fundamental 

components are extracted. A detailed description of the placement of the sensing coils for 

airgap flux measurement has been presented in [251]. Amorphous microcore sensors were 

also used to detect the magnetic field and to sense the torque and rotor currents [219]. 

Various schemes have been proposed for the sensing of airgap flux. A method for 

flux control independent of stator resistance variation based on the magnetizing current 

is presented in [1]. This measurement technique performs satisfactorily up to 1 Hz but 

the performance degrades at lower speeds. Another method for the measurement of the 

airgap flux used the tapped stator windings of the motor [357, 46]. An airgap flux sensing 

method was proposed using search coils and providing an open loop flux estimator using the 

predictor corrector algorithm [73]. The major disadvantage of airgap flux oriented control 

is that the system becomes unstable above a certain critical load [12]. 

The problem of instability is overcome by using the rotor flux instead of the airgap 

flux. Since the rotor flux is not directly accessible, the measurement techniques are even 

more complex [9]. A torque drive vector control using the rotor flux orientation presented



problems with the integrator adjustment for obtaining the field angle using LEM transducers 

[16]. Another method which measures the stator and rotor flux using Halls sensors to obtain 

the field angle and rotor flux, achieved four quadrant operation for fast torque response [63]. 

The measurement of the rotor flux is dependent on the leakage inductance. A method 

using the measurement of the stator flux has been proposed to overcome this effect [340]. 

The maximum torque capability of this orientation was found to be equal to that of a 

properly tuned flux feedforward vector control system. The limitation of the stator flux is 

that for low speed operation, it is difficult to obtain a good performance [80]. This is due 

to the fact that the stator resistance has to be known or estimated in order to calculate the 

stator flux from the terminal voltages. 

The rotor flux measurement technique is the most widely used for the flux feedback 

vector control strategy. It can be noted that the major disadvantage of the various flux 

measurements using different methods is the deterioration of performance at low speeds, 

i.e., 3-5% of the rated speed [113]. Also, the delay time in signal processing affects the 

dynamic behavior of the drive system because it results in stator current coupling [11]. 

This effect can be reduced by employing simplified decoupling circuits for the machine and 

Oe 

transducers and parameter insensitivity. 

the inverter. The main effort in research towards this direction is the elimination of the 

1.2.3. Indirect Vector Control 

Despite the strong incentives such as the absence of transducers and wide speed range 

operation, acceptance of the flux feedforward technique has been slow due to its dependence 

on the rotor parameters. With the advent of various parameter adaptation schemes to 
ee 

alleviate this problem, it has gained more attention and is widely used for different industrial 

applications. A nonlinear model for the saturated induction machines is also derived to take 
eminem nee 

me ae eee te Gh MOTE EE 
into account the saturation effects on the parameters [320]. The rotor flux is estimated from 

the stator currents and rotor speeds, or from line voltage and current measurements. The 

field angle is obtained from the induction motor model in synchronously rotating reference



frames. 

The components of the rotor flux are also estimated using the state observer technique 

and its dynamic and steady state behavior analyzed [14]. In another method, the flux is 

estimated using the state observer technique by having the rotor speed and the dc link 

voltage as measured quantities [154, 153]. This method for the current source inverter 

generates the commanded currents from which the rotor flux and the electromagnetic torque 

are estimated. A dual observer technique is employed which simplifies the speed controller 

design [44]. Torque control is achieved by using a predictive observer and employing separate 

torque and flux feedback loops [89]. 

An analytic method was presented to detect the spatial position and magnitude of the 

rotor flux based on the machine structure using voltage sensors [103]. Another approach 

which calculates the speed from the structure of the motor and the measured stator phase 

voltages is presented [105, 106]. This method is independent of electromagnetic parameter 

variation but is not valid for low speed operation. The effects of the machine structure on 

the torque pulsations were studied and the slot rotor structure is found to be unsuitable for 

vector control due to problems at low frequencies [312]. Vector control for special motor 

structures such as the twin stator induction motor has been proposed [305]. Airgap flux 

control for a double cage motor with a current controlled inverter drive was proposed [50]. 

This provides deep bar compensation to avoid rotor resistance sensitivity and improve the 

transient performance [48]. Current control for a doubly fed induction motor was proposed 

in [323]. Vector control has been employed for spindle applications with wide constant 

power range using dual winding motor [159]. A larger operation range before employing 

field weakening is achieved by winding changeover. 

1.2.4 Parameter Sensitivity and Adaptation 

The major disadvantage of the indirect vector control scheme is that it is machine pa- 

rameter dependent since the model of the motor is used for flux estimation. The machine 
einai, 

    

parameters are affected by variations in the temperature and the saturation levels of the



machine [140, 189]. Parameter sensitivity of the indirect vector controlled induction motor 

results in steady state errors in torque and flux and enhanced losses reducing the output of 

eter adaptation schemes is required to offset these effects. Numerous parameter adaptation . 

schemes have been proposed earlier. Most of the schemes are themselves dependent on some 

machine parameters and hence produce different steady state errors which can be used as a 

criterion for evaluation of these schemes. The manner in which a scheme affects the dynamic 

behavior in terms of bandwidth and stability can be used to assess the advantages of one 

scheme over the other. These schemes are classified depending on the extent of the use of 

the induction motor model, shown in Fig. 1.1. Parameter adaptation schemes are classified 

into direct and indirect methods [135]. 

Direct Compensation Schemes 

The direct method of compensation schemes can be broadly classified into two categories 

based on the measurement of the parameters, i.e., either by injecting an external signal 

and measuring the parameters or by measuring directly the relevant parameters. They can 

further be classified depending on their use of additional transducers or on their dependency 

on the motor parameters. 

Injection of signals using additional transducers 

In the first category, the compensation signal is measured by the injection of some test 

signals. Some of these schemes use additional transducers other than the current and speed 

sensors required in an indirect vector control scheme [278, 287, 288, 326]. The scheme 

proposed in [287] uses the Model Reference Adaptive System (MRAS). A sinusoidal signal 

is injected into the flux producing axis of the stator current so that the rotor resistance 

is compensated, even when the flux producing current is zero, by satisfying the Popov’s 

integral inequality. A similar approach is adopted in [278] and the compensation is provided 

by combining a high frequency ac component to the stator current. Both these methods are 

influenced by the variation of the stator resistance and require transducers such as search



Parameter Adaptation 

  
| 

! |! 
Direct Indirect 

| L 

|! |! 
Injection of Direct Parameter Parameter 

signals measurement dependent 1 

Extra No extra Parameter Parameter | a Extra No extra 
sensors sensors Dependent Independent sensors sensors 

Rotor Non-rotor 
parameter parameter 
dependent dependent 

rs ar 
Additional No additional Additional § No additional 

transducers transducers transducers transducers 

  

Figure 1.1: Classification of Parameter Adaptation Schemes



coils. In the scheme proposed in [288] for identification of rotor resistance including zero 

speed operation, a high frequency ac component is injected in the field component of the 

stator current to produce a high frequency ripple in the rotor flux. By measuring the ac 

component of the rotor flux, a change in the rotor resistance is detected which is used 

for parameter compensation. A low cost scheme useful in low performance applications 

has been proposed to set the controller gain automatically without the need for extensive 

testing [326]. In this scheme, the only additional signal required is the feedback signal from 

one of the motor line to line voltages. The rotor time constant is measured by injecting 

a single phase ac current and the voltage transient that occurs when this test current is 

switched to dc is observed. 

Injection of signals without additional transducers 

The requirement of additional transducers is undesirable as it increases the complexity 

and cost of the scheme and reduces its reliability. This disadvantage is eliminated in other 

schemes which inject a test signal and sense the corresponding output to provide compensa- 

tion (68, 197, 198, 264]. One of the earliest methods used a level characteristic signal, similar 

to the white noise having an impulse shaped correlation function, and correlated with the 

output to check for error [68]. But the disadvantage of this scheme is that it is difficult to 

identify the rotor resistance when the induction motor has zero steady state torque. Also the 

injected signal may cause undesirable interference with the performance of the drive. Direct 

monitoring of the alignment of the flux and torque producing stator current component axes 

is also performed by injecting a negative sequence current perturbation signal (197, 198]. In 

this scheme, the voltage corresponding to the negative sequence is sensed and resolved into 

d and q axes components. Here the parameters are determined on-line. Another scheme 

superimposes a test signal on the voltage reference and the compensation is provided by 

monitoring the instantaneous electromagnetic energy and this scheme is independent of the 

stator resistance [264]. 

Direct Measurement and parameter dependent 

In the other class of schemes of the direct method, the compensation signal is generated



by the direct monitoring and measurement of motor parameters and alignment of the flux 

and torque axis [119, 167, 349]. The scheme proposed in [349] employs additional trans- 

ducers and the compensation signal is generated by the direct measurement of the induced 

voltage. The compensation signal is dependent on the rotor inductance and this reduces 

the reliability of the scheme. The compensation signal can also be generated by using either 

the magnitude or the phase of the induced voltages. In the scheme proposed in [167], the 

error function is generated by using the vector product of the measured and the calculated 

values of the induced voltages. A modified method proposed in [119] uses only the phase 

of the measured and calculated values of the induced voltages. Both these methods are 

parameter dependent and require additional transducers for compensation. 

Direct Measurement and parameter independent 

The major disadvantage of the schemes in the previous section is their dependency on 

the machine parameters which reduces their reliability. A simple method was proposed for 

rotor flux control valid both in steady state and transient operation based on the indirect 

measurement through the rotor and stator currents [191]. The rotor currents are directly 

measured using two Hall’s transducers placed in quadrature on the shields in front of the ro- 

tor ring. The stator reference currents are derived from these measurements which maintain 

the rotor flux constant. 

Indirect Compensation Schemes 

Due to the difficulty in directly measuring all the parameters, the indirect methods have 

gained more attention in practical applications. In the indirect method a variable other than 

L,, R, and L,, can be measured and tracked and the error due to the difference with its 

commanded value provides an estimate of the deviation of the parameter from its nominal 

value. For example, the variables may be reactive power, modified reactive power, airgap 

power, temperature, etc. 

Parameter Dependent 

Most of these schemes are dependent on the machine parameters. The variations in 
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these parameters affect the accuracy of the parameter adaptation method itself. Various 

schemes have been proposed based on the Model Reference Adaptive Control (MRAC) 

technique and most of them fall in this category. In these schemes, the motor adapts to the 

changes in the motor parameters after the initial identification. The adaptation functions 

by creating an error signal between the motor model reference and an estimated quantity 

based on motor outputs. This error will modify the gain in the system until the error is 

driven to zero. A tuning algorithm based on this principle was proposed using the torque 

model of the controller [184]. 

Rotor Parameter Dependent using additional transducers 

Some of the compensation schemes are dependent on the rotor parameters. A subset 

of these schemes use additional transducers [72, 95, 103, 131]. One of the earliest schemes 

proposed for rotor time constant compensation is not affected by the stator resistance but 

dependent on the leakage inductances [72]. The compensation is provided by defining a 

function, modified reactive power in this case, which is computed using the stator currents 

and voltages. A variation of this scheme which does not require any more additional trans- 

ducers and some integration of key signals was proposed later [131]. The scheme proposed 

in [95] is based on the evaluation of the stator current trajectory from a dynamic response 

of the induction motor to the PWM switching sequence and this requires additional voltage 

transducers. An analytic method was presented to detect the spatial position and magni- 

tude of the rotor flux based on the machine structure using voltage sensors [103]. In this 

scheme, the parameters are identified by observing the stator voltage corresponding to a 

stator ramp current. 

Rotor Parameter Dependent without additional transducers 

Several schemes which eliminated the requirement of additional transducers were also 

proposed [6, 231, 236, 237, 283, 313, 314, 351]. A scheme was proposed for the estimation 

of parameters applicable to both steady state and transient operation [6]. In this scheme, 

parameter compensation is accomplished by a set of correction factors obtained from the 

sensitivity analyses of the performance characteristics. The correction factors are generated 
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using the partial derivatives of the variables with respect to the parameters. In the scheme 

proposed in [283], the compensation signal is generated from the error in the estimation of 

the flux and the rotor current component without any additional transducers. This scheme 

is dependent on the mutual and the rotor inductances. A scheme using the Kalman filter 

with the white noise component contained in the three phase PWM switching sequence 

was proposed [351]. In this scheme, the result is computed in less than a minute, given an 

accurate value of the magnetizing inductance. The limitation of this scheme is that the load 

conditions should change gradually and is valid only beyond 0.05 p.u. speed for the effective 

functioning of this compensation scheme. Another method based on the discrete MRAC 

for identification and compensation of the rotor resistance was proposed [313, 314]. Instead 

of the direct compensation for the rotor resistance the slip frequency can also be adjusted. 

One such scheme is implemented in a microprocessor by simulating the constant parameter 

motor in parallel with the actual motor [231]. Another scheme in which the flux is sensed 

from the motor terminal voltages and currents, without Hall sensors or sensing coils was 

also proposed in [236, 237]. But this scheme is also dependent on the rotor parameter. 

Non-Rotor Parameter Dependent using additional transducers 

The major disadvantage of the schemes discussed in the previous section is that the 

error function controlling the compensation itself is dependent on the motor parameters 

directly affected by the temperature and saturation. A novel scheme has been proposed 

which eliminates this problem and is dependent only on the stator resistance [41, 42]. This 

scheme uses airgap power equivalence for compensation and does not need any additional 

transducers for sensing parameter variation. This scheme is one of the simplest to implement 

and has the speed of response required for many high performance industrial applications. 

Another scheme dependent only on the stator resistance requiring voltage transducers is 

based on the terminal voltages, currents and shaft speed [290]. In this scheme, the rotor 

resistance is estimated using tables for mutual inductance and measured terminal quantities. 

Non-Rotor Parameter Dependent without additional transducers 

Several schemes were proposed which were dependent on non-rotor parameters and 
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require no additional transducers [7, 104, 222, 224, 256]. The schemes proposed in [7] and 

[104] are based on the instantaneous input power and electromagnetic torque, respectively. 

These schemes are derived from a knowledge of the stator inductance and are valid only in 

steady state operation. A simple scheme using the dc link power measurement to estimate 

the steady state torque and its use in the analytic calculation of the rotor time constant was 

proposed [224]. This is more applicable to steady state than under dynamic operation. A 

correlation method using system information from the stator current trajectory to derive the 

error angle between the actual flux axis and that of the model using differential equations 

and dependent on the stator resistance was proposed [222]. Another MRAC scheme which is 

dependent on the stator inductance and stator resistance requiring no additional transducers 

was also proposed [256]. 

Parameter Independent with additional transducers 

Some schemes which are independent of the machine parameters were also proposed and 

some of them require additional transducers [60, 201, 235, 321, 322]. The scheme proposed 

in [235] is based on the slip frequency control with the torque producing current which 

is calculated from the stator voltages and currents. The magnitude of the rotor flux is 

derived from the magnetic energy independent of the stator resistance and without any 

flux transducers. Another algorithm using the hierarchical recursive algorithm to estimate 

the stator speed and parameters by measuring the stator currents and voltages has been 

presented (201, 321, 322]. In this scheme, the nonlinear model is transformed into a linear 

regression model and the variation of parameter is tracked to provide compensation. This 

scheme has been verified by simulation but is yet to be implemented. The motor parameters 

are also identified by exciting a normal model and the trajectory sensitive model with the 

torque component of the stator current and measuring the actual torque [60]. 

There are numerous variations of the conventional vector control scheme depending on 

the application involved. These techniques will be discussed in the following paragraphs. 

13



1.2.5 Variations of Vector Control 

A variation in the conventional indirect vector control schemes employs the rotor refer- 

ence frame model for estimating the rotor flux [276, 275]. This facilitates easier monitoring 

of the rotor speed and the motor transfer function exhibits minimum variation with the 

rotor speed. This technique has been used for torque control of high performance applica- 

tions such as mine hoist drives. The main disadvantage of this system is the sensitivity to 

the rotor time constant. 

The field acceleration method has been proposed as an alternative for vector control 

[347]. It is identical to vector control in basic principle and provides fast torque control [117]. 

It is based on the equivalent circuit modeling and was attempted for traction applications 

[343]. The magnetic field in the airgap is kept at constant amplitude and the speed is 

controlled to produce a desired value of torque. By accelerating or decelerating the rotation 

of the airgap flux, fast torque control is achieved. A comparative study showed equivalent 

transient response for vector control and field acceleration methods [91]. 

A cycloconverter fed simulator following vector control for a wide speed range has been 

proposed for rolling mills [88, 100]. The comparison of current is performed in the d-q 

reference frame instead of the three phase reference to eliminate phase delay. This system 

is characterized by high speed accuracy, quick response, high power factor and a wide range 

of field weakening operation. A Model Reference Adaptive System was also presented for 

extending the operation in the field weakening mode [123]. Another variation of the vector 

control theory was proposed to achieve quick torque response by controlling the motor 

and the inverter together as a single unit resulting in reduced parameter sensitivity [295]. 

Space vector modulation is employed in this technique to achieve quick response using 

current and voltage sensors [294]. The flux is maintained at prescribed levels by using 

hysteresis control. This results in reduced torque ripple, low harmonic loss and low noise 

[293]. A similar method was proposed for direct stator flux and electromagnetic torque 

control [355]. Based on the theory of space vector modulation, a torque angle control for 
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a current source inverter fed induction motor drive is also studied [20]. The relationship 

between the developed torque, rotor flux and torque angle is analyzed and the torque control 

drive is implemented based on this principle [21]. A method for high performance control of 

rotor flux which is parameter insensitive is proposed using double hysteresis loop to control 

the flux and stator current [245]. 

A universal theory of indirect vector control for all ac machines based on the modeling 

of the salient pole synchronous machines is presented [226]. Scalar decoupled control is 

another approach which is very similar to indirect vector control in steady state operation 

[31]. It is obtained by a feedforward transfer function for both voltage and current controlled 

drives. A synchronous watt torque feed back control is another variation of vector control 

which provides better torque control [85]. This involves an additional synchronous torque 

loop. 

Another approach proposed for control of induction motors is the sliding mode control 

which has a good dynamic response, disturbance rejection, low parameter sensitivity [259]. 

A digital implementation was achieved for which only the bounds of the parameters have 

to be known [30]. The main disadvantage of this control is the mathematical complexity of 

this approach which is an impediment for practical realization. Direct self control measures 

the stator current and flux linkage to control the electromagnetic torque for the entire speed 

range including field weakening [55]. Speed regulation is achieved using no speed sensors 

using this control strategy [8]. 

Vector controlled induction motor drive systems are normally voltage source or current 

source inverter fed drive systems. A quantitative analysis of the current source and volt- 

age source inverter fed induction motor drive has been presented [147]. The small signal 

transfer function evaluation has been evaluated for both the strategies using the state vari- 

able approach given in [175]. The current source inverter reduces the harmonics, torque 

ripple and increases the overall efficiency of the drive system [262]. But it presents torque 

fluctuation, low speed response and power factor [238]. Decoupling control with controlled 
pee chase eH 

voltage source exhibits quick rotor response and less sensitivity to rotor resistance variation 
= a = ~ Smet 
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[232]. A voltage source inverter to generate current commands with improved power factor 

is presented in [130]. 
: The PWM technique is widely employed for inverter fed induction motor drives to 

obtain a fast torque response and flux control [18, 81]. Sinusoidal PWM is commonly 

applied to analog drives and step PWM is utilized for the digital application. A digital 

PWM technique using boxes theory was implemented in [280]. Vector control employing 

trapezoidal PWM technique was attempted for a current source inverter to obtain smooth 

characteristics [97]. The impact of these strategies on the inverter is presented in [17, 

173| and the elimination of harmonics is analyzed in [34]. The current source induction 

motor under vector control is modeled and the impact of the dead time in the inverter is 

analyzed [306]. An analysis using a voltage fed PWM control where decoupling is achieved 

by canceling cross terms between rotor flux and rotor current is performed [298]. A rotor 

flux linkage control of a current source inverter fed induction motor drive is presented 

with a linear model [302]. The transient performance with regard to computation time 

and the PI controller constants is analyzed using this method. A feasibility study of the 

transistorized PWM inverter for traction applications has been performed highlighting its 

cost and maintenance advantages [247]. An effort to minimize the overall system losses in 

this PWM inverter was also attempted [246]. Another optimal study using multi-variable 

control for efficiency optimization in a speed controlled system is presented in [211]. In this 

method, the ratio of the torque current to the field current is controlled to minimize the 

power input. 

A speed sensorless scheme was proposed for the constant flux region based on the mea- 

surements of voltage and currents [121]. A method which estimates the speed from the 

instantaneous slip frequency computation is presented in (220]. The slip frequency is esti- 

mated by a filter with no time lag from the voltage and current measurements [218]. This 

scheme is very sensitive to the tuning of the proportional and integral gain constants of 

the controller. A Model Reference Adaptive System (MRAS) based scheme for rotor speed 

identifier capable of four quadrant operation is given in [296]. Another scheme using MRAS 
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using the model of the induction motor in the rotor reference frame estimated the speed 

from voltage and current measurements [274]. A sensorless scheme using the voltage and 

current measurements insensitive to stator/rotor resistance variation is presented in [234]. 

The flux estimator included in this method enables control of the system at standstill. 

Another scheme achieved speed control without speed sensors and voltage sensors [240]. 

The change in load torque influences stability and results in flux deviation in this method. 

Hence a flux compensation circuit is required for good performance characteristics in four 

quadrant operation. 

1.2.6 Implementations 

Software packages are essential tools for the analysis of the subsystem interaction. Some 

efforts were reported for the software package development to analyze the 6 pulse and 12 

pulse drive systems [78]. Another study was performed for a flexible multi-axis digital servo 

[230]. A PC based vector controller which is applicable for dc, induction and synchronous 

machines is presented in this method. 

Vector controlled induction motor drives are implemented either by analog or digital 

methods. The main advantages of the digital implementation of the vector controller is the 

elimination of the offset errors and temperature drift. This results in improved controlla- 

bility and reliability [204]. Also, software control is easier and the reduction of components 

increases the reliability and the system is extremely noise tolerant [258]. The various meth- 

ods available in the literature for the digital implementation of vector control and their 

implications would be discussed in the following paragraphs. 

A discrete time model of the vector controller is presented using successive time equa- 

tions [2]. The system stability of a digital system is discussed from the viewpoints of 

sampling period, computation time of the microprocessor and feedback parameters by ex- 

amining the loci of the dominant eigenvalues of the state transition matrix and the transient 

responses [307]. It concludes that the system has unstable oscillations with high frequency 

as the feedback gain or the sampling period is increased even if the dead time is zero, for 
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digital implementations. 

The earliest digital implementations employed several eight bit microprocessors to achieve 

direct vector control (70, 69]. In this method the flux signals are obtained from the sensing 

coils or with stator voltages and currents and four quadrant operation is demonstrated. 

Another method employed current tables and different sampling intervals for sensing rotor 

speed [209]. The dc link voltage is regulated in this scheme to reduce the current and torque 

ripple. A method using look up tables is presented in [36] and another implementation for 

constant flux region is given in [342]. A methodology for a single chip microcontroller imple- 

mentation was presented in [138]. The main advantage of this system is the reduction in the 

chip count which results in increased reliability of control. A current control scheme based 

on the space vector modulation technique to achieve quick torque response was implemented 

using Digital Signal Processors [200]. 

A multi microprocessor implementation for the voltage and current source model of 

the vector controller is implemented in [87]. A digitalized speed regulator using multi 

microprocessors is implemented for the voltage source implementation [149] and another 

implementation was proposed for high speed response for the speed drive [213]. Multi 

microprocessor based implementation for robust control of the induction motor has been 

attempted [311]. In this implementation, vector control is employed for the torque control 

and model reference complementary control is used for the speed and position loops. This 

control technique guarantees asymptotic tracking/regulation independent of disturbances 

and arbitrary perturbations in the drive system parameters. A multi microprocessor based 

rolling mill is implemented by employing dc and ac current loops to compensate the funda- 

mental output voltage and reduce imbalances of the ac output voltage [263]. The various 

practical industrial applications of vector controlled induction motor drive systems will be 

discussed in the following paragraphs. 
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1.2.7 Applications 

The applications of vector controlled systems in various areas such as pinch roll drives, 

traction drives, robots, etc is reviewed in [159]. A current source inverter fed drive is pro- 

posed for starting operation for railway traction [54]. For traction drives, the in-rush current 

for the induction motor has to be controlled during starting and a method is proposed to 

achieve this requirement in [38]. An electric car drive is realized using high reliability control 

of a PWM inverter [116]. 

Vector control has been extensively employed in steel processing plants and the torque 

ripple is reduced using PWM techniques [162]. This results in a high quality of steel with 

few chatter marks. Another extensive application is in rolling mills such as the seamless 

tube piercing mill where precise speed control over wide voltage range is achieved with rapid 

acceleration and deceleration characteristics [286]. Vector control also finds applications in 

the paper and pulp industry to provide a draw control accuracy of more than 0.2% and 

achieves rated torque production at zero speed range [297, 59]. It is also used for paper 

machine retrofit applications [252]. 

Vector control has also been employed in mine hoist drives to provide rapid torque 

change and precise speed control over a wide speed range [156]. Various applications in the 

process industry have employed vector control strategy [332, 331]. Another application is 

for plate mill drives where the cycloconverter fed induction motor drive employing vector 

control provides superior performance characteristics compared to the other drive systems 

[107]. The most common application is in the servo industry where the vector controlled 

induction motor drive is very cost competitive and matches the dc motor performance 

[174]. Vector control is fast finding a wide range of application in the textile industry [190]. 

A vector controlled position drive has been successfully employed for a glue dispensing 

equipment to produce a continuous flow of glue around the periphery of a surface [58]. 
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1.33 SCOPE 

The discussion in the previous section provides an insight into the development of the 

different techniques of vector control and their advantages and limitations for various appli- 

cations. Based on this survey the following are identified as the key issues to be addressed 

in this dissertation: 

1. The main obstacle for understanding vector control was the familiarity of the inventor 

with space vector modeling [148]. The advantage of this modeling technique is that 

the induction motor is treated as two sets of coupled coils resulting in two differen- 

tial equations. The d-q modeling approach is the most popular approach in North 

America and even though such modeling is available for the indirect vector control 

technique in the literature, a comprehensive d-q modeling, simulation and analysis for 

the different vector control strategies is yet to be presented. The indirect vector con- 

trol scheme, which has gained more attention and acceptance has the disadvantage of 

parameter sensitivity. Various adaptation techniques have been proposed to alleviate 

this problem. The parameter sensitivity study and the comprehensive study of the 

merits and demerits of the different schemes for practical applications is of significant 

importance for the success of indirect vector control induction motor drive systems. 

2. The induction motor drive system consists of different sub-systems such as the motor, 

load, inverter and the controller. With the growing complexity in the development 

of the ac drive system, there is a need for more than one engineer to interact in a 

research or product development effort. This necessitates a user friendly, interactive, 

menu-driven CAE package capable of performing the simulation of the overall drive 

system including all the sub-system models, while at the same time providing the 

feature to modify each sub-system independently. This would help in the assessment 

of the torque ripple, losses, efficiency, torque, speed, and position responses and their 

bandwidth and evaluate their suitability for a particular application. Such a package 

would reduce the production cost and decrease the product development cycle time. 
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3. Most of the industrial applications require variable speed capability which necessitates 

a speed controller. The design and study of the different parameters in a speed con- 

troller would help improve the overall performance of the drive system. The similarity 

of the vector controlled induction motor drive systems and the separately excited dc 

motors has been well established in the literature. Using this relationship, a simple 

scheme for the design of the speed controller has been formulated and the implications 

studied. 

4, Most commercial applications require the elimination of the position sensors from the 

vector control strategy. This would help in the reduction of the cost of the overall drive 

system and at the same time decrease its complexity due to reduced signal processing. 

One such popular example is in automotive applications. The other strong factor for 

the elimination of a position sensor is for safety reasons [329]. AC drives are currently 

being used for traction for large coal handling equipment. Due to the coal dust and 

the hazardous environment, the position sensor has to be explosion proof and should 

prevent water infiltration. This along with the difficulty in mounting the position 

transducer necessitates a simple and novel sensorless control scheme using the vector 

control principle. 

5. There is a growing trend towards digital implementation of motor drives due to the 

recent advances in microprocessor/DSP technology. The implementation of vector 

controlled induction motor drive systems using digital signal processors with built in 

peripherals is an added advantage since the reliability of the system increases and 

the control by software is easier. Also, immunity to noise, ease of diagnostics, and 

reduced component count makes digital implementation an attractive candidate for 

modern variable speed drive systems. Hence the experimental verification of the vector 

control algorithm is performed using a DSP microcontroller which has built in PWM 

controller, timers and I/O ports. 

21



Organization of the Dissertation 

This dissertation is organized as follows. The next chapter presents the principle of 

vector control for induction machines and classifies the different types of vector control 

strategy. The modeling, simulation and analysis for these techniques are presented with the 

results. Experimental results obtained from the digital implementation for one of the vector 

control algorithms is also provided to verify the simulation results. Chapter 3 describes the 

systematic derivation of the nonlinear models of the various subsystems involved in an 

induction motor drive system and the development of a CAE package, VCIM, is presented. 

The integration of the different subsystems and the interaction between them is discussed 

and the results obtained from the CAE package are presented to highlight its features 

and capabilities. Chapter 4 deals with the design and study of the speed controller for a 

speed/position controlled induction motor drive system. The similarity between the vector 

controlled induction drive and the dc motor counterpart is utilized to develop the large signal 

model similar to that of the dc motor. The simulation results are obtained from the CAE 

package, VCIM and the experimental verification is performed using the DSP based setup. 

A novel sensorless vector control scheme is formulated and the modeling, simulation and 

analysis is presented in Chapter 5. The simulation results and the experimental verification 

using a DSP based vector control system is presented to validate the algorithm. The 

conclusions are given in Chapter 6. The contribution of this dissertation is presented and the 

scope for future research in this area identified. The parameters for the drive system under 

study is given in Appendix A and the voltage sensing algorithm employed in the sensorless 

technique is presented in Appendix B. The list of symbols used in this dissertation is given 

in Appendix C. 
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Chapter 2 

VECTOR CONTROL OF INDUCTION 

MACHINES 

2.1 INTRODUCTION 

Separately excited dc motors have been employed for high performance speed and servo 

applications till recently despite the fact that ac motors are less expensive, robust and have 

low inertia rotors. This was due to the inherent ease of control of a dc motor compared 

to an ac motor. Vector control transforms the control of an induction motor to that of a 

separately excited dc motor by creating independent channels for flux and torque control. 

By reducing the complexity of control of an ac motor, vector control schemes for induction 

motor drive systems have gained wide acceptance in high performance applications. Crucial 

to the success of the vector control scheme is the knowledge of the instantaneous position of 

the rotor flux. Assuming that the rotor flux position is known, the stator current phasor is 

resolved along and in quadrature to it. The in-phase component is the field current, 77, and 

the quadrature component is the torque current, 7,. The resolution of the current requires 

the rotor flux position known as field angle, 0s. This field angle can either be measured 

or estimated. Using measured field angle in the control scheme is known as direct vector 

control [22] and that using estimated field angle goes by the name of indirect vector control 

scheme [90]. 

The decoupling of the torque and field current channels can be accomplished by con- 

trolling a set of stator voltage or current vectors. The vector control schemes are classified 

based on these different control strategies. The modeling, simulation and analysis of these 

different schemes would help understand the principle of decoupling control. The famil- 
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iarity of the inventor with space vector modeling led to the development of most of the 

vector control models using that principle [319]. This technique allows an easier physical 

understanding of the operation of the system due to the resolution of the induction motor 

model into two differential equations. Another approach employed for modeling the motors 

is the d-qg model which transforms an n-phase machine into two fictitious axes known as 

the direct or d-axis and the quadrature or the q-axis. This technique lends itself to easier 

programming on a computer and is the most widely used technique in North America. The 

two axis machine requires less numerical computations than the direct three phase machine 

simulation under balanced sinusoidal excitation. This is due to the constant voltage and 

constant inductance matrix in the synchronously rotating reference frames. This allows a 

larger step length in the numerical integration routine of the motor model [93]. The space 

vector modeling approach remained as the chief obstacle against the vector control tech- 

nique gaining popularity in USA. This was alleviated to an extent by the development of a 

d-q model for the indirect vector control strategy which is available in the literature [143]. 

A comprehensive d-q modeling, simulation and analysis procedure for the various types of 

vector control is yet to be presented. 

While there has been a tremendous interest on various strategies of vector control, the 

indirect vector control scheme is being favored over the other schemes in many applications. 

The increasing popularity of the indirect vector control scheme can be attributed to the 

following factors: 

e Reluctance to install flux-sensing coils or Hall effect transducers in the stator of the 

induction motor which are necessary for direct vector control. 

e Ease of operation of the induction motor drive at and around zero speed. This is 

due to the difficulty in measurement of the field angle at low speeds, while the field 

angle estimation method employed by indirect vector control is independent of the 

operating speed. 

e Minimization of the number of transducers in the feedback loop and hence increasing 
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the reliability of the overall system. 

But the major disadvantage of the indirect vector control scheme is that it is machine 

parameter dependent since the model of the motor is used for flux estimation. The machine 

parameters are affected by variations in the temperature and the saturation levels of the 

machine [140, 189]. Any mismatch between the parameters in the motor and that instru- 

mented in the vector controller will result in the deterioration of performance in terms of 

steady state error and transient oscillations of rotor flux and torque [143]. Consequently, 

the efficiency of the motor drive decreases [215]. Hitherto parameter sensitivity has been 

treated as a secondary issue in a vector controlled induction motor drive system. Some of 

the effects such as the enhanced losses in the motor require a fundamental revision of the 

research direction. Parameter compensation is important in these motor drives in maintain- 

ing/minimizing the losses in the motor resulting in thermal robustness and hence reduced 

derating of the motor. This has the same importance as the elimination/mitigation of the 

switching losses in the switching power devices which, in turn, leads to enhanced switching 

frequencies and output of the static power converters. 

Various schemes have been proposed for parameter adaptation in such drives over the 

past two decades based on one of the following strategies: 

1. Direct monitoring of the alignment of the flux and torque producing stator current 

component axes. 

2. Continuous real time measurement of the instantaneous rotor resistance. 

3. Measurement of modified reactive power, measurement and estimation of rotor flux, 

deviation of field angle or a combination of the rotor flux and torque producing com- 

ponents of the stator current. An error in the measured variables corresponds to the 

parameter variation in the induction motor. 

This chapter discusses the principle of vector control and classifies the various types 

of vector control strategies. The concept of the field angle, #s, which is crucial to the 
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success of any vector control scheme is emphasized with the aid of a phasor diagram in the 

next section. Section 2.3 describes the modeling, simulation and analysis of the current 

and voltage source direct vector control followed by the current and voltage source indirect 

vector control in Section 2.4. The simulation results are validated for the current source 

indirect vector controller using a DSP based digital implementation of the controller. The 

description of the setup and the results obtained are presented in Section 2.5 followed by a 

discussion of the various issues pertaining to vector controlled induction machines. 

2.2 PRINCIPLE OF VECTOR CONTROL 

The torque is controlled in a dc motor by controlling the armature current while main- 

taining the field current constant. This is possible due to the fact that the field and armature 

currents can be controlled independently, since the armature and field windings are physi- 

cally separate. But in an induction motor, both the rotor flux and the torque are controlled 

through the stator currents only. Since there are no separate armature or field windings, 

the control becomes complex. One of the important parameters for the vector control is 

the rotor flux position, also known as the field angle, 6;. The field angle is defined as the 

angle between the stator axis and the rotor field axis. 

Assuming that 0, is available, it is possible to resolve the stator current phasor along the 

rotor flux and in quadrature to it. The phasor diagram representation of the vector control 

principle is shown in Fig. 2.1. The in-phase component is the flux producing current, 7,, 

similar to the field current of adc motor. The quadrature component is the torque producing 

current, 7;, similar to the armature current of a dc motor. This process of transformation 

of the control of an induction motor to that of an equivalent separately excited dc motor 

is known as vector control. It is also called as decoupling control or field oriented control 

in the literature. The major effort in vector control is to determine the flux and torque 

producing components for the given flux and torque commands as shown in Fig. 2.2. 

By aligning the field current along the axis of the rotor flux, it can be noted that once 
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the value of the rotor flux is obtained, the field angle can be computed. It is also possible 

to obtain the field angle by computing the slip angle, 6,;, once the rotor position, 0,, is 

known. Based on the method by which the field angle is obtained, vector control schemes 

are classified as shown in Fig. 2.3. In the direct method, the field angle is measured from 

the outputs of Hall sensors or by integrating the induced emfs from a set of sensing coils 

placed near the airgap and embedded in stator slots. The Hall sensors are temperature 

sensitive and the sensing coils produce no voltage or very small voltage at standstill and 

at very low speeds. This introduces errors and makes the measurement of the field angle 

difficult. In the indirect method, the field angle is estimated using the dynamic model of 

the induction motor. It can be calculated either through the output of voltage and current 

sensors or by measuring the rotor position, 6,, and computing the slip position, 0,;, from 

the motor model. The latter method, which needs a position sensor and current sensors, is 

the most popular method due to its enhanced reliability. 

The dynamic model of the induction motor in the d-q reference frame can be represented 

in any arbitrary reference frames. This facilitates the generalization of the model and hence 

various models can be derived as particular cases of this model. Three particular cases of 

the generalized models of the induction motor in the arbitrary reference frames are most 

commonly used. They are: 

e Stator reference frame models. 

e Rotor reference frame models. 

e Synchronously rotating reference frame models. 

In the stator reference frame model, the observer is located on the stator of the machine, 

while in the rotor reference frame the observer is located on the rotor of the machine. In 

the synchronous reference frame, the observer is aligned along the axis of the rotor flux of 

the motor. In this reference frame, the d and q axis stator voltages are simplified to dc 

quantities and hence their responses will be dc quantities too. From the phasor diagram of 

the vector controller, it can be noted that the field current is aligned along the axis of the 
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rotor flux. For ease of analysis, the synchronously rotating reference frames is used for the 

dynamic model of the induction motor. Once the field angle is known, the control of the 

electromagnetic torque can be enforced by using the stator voltage phasors or the stator 

current phasors in the synchronous frame. This leads to the current source and voltage 

source of vector control schemes. 

2.3 DIRECT VECTOR CONTROL 

Direct vector control schemes involve the measurement of the rotor flux, and hence 

the field angle, using Hall sensors or sensing coils. The signals that are available for the 

control of the induction motor are the field angle and the stator currents obtained from the 

current transducers. Normally, only two current transducers are used for a balanced three 

phase system and the third phase current is derived as the negative sum of the other two 

currents. The torque and flux in the motor can be made to follow their commanded values 

by controlling the stator currents through a set of current or voltage vectors. The strategy 

which uses the current vectors is known as current source direct vector control and the 

technique which uses the voltage vector for the control goes by the name of voltage source 

direct vector control. 

2.3.1 Current Source 

The functional block diagram of the current source direct vector control is shown in 

Fig. 2.4. The input to the vector controller is the commanded values of torque and rotor 

flux. Using the rotor flux measured by sensors, the commanded value of the stator currents 

is generated. The error between the actual and the commanded value of the torque and 

rotor flux is processed through a PI controller to obtain the torque and field currents, 

respectively. The torque current is directly proportional to the torque in steady state. This 

dc value of the torque command is added with the error current to produce the required 

level of torque current command. The torque and field currents thus obtained, are then 
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processed through a magnitude and angle resolver to obtain the stator current phasor and 

the torque angle. 

Regardless of the vector control strategy employed, it can be noted that the field current 

is oriented along the axis of the rotor flux and the torque current is in quadrature to it. By 

inspection from the phasor diagram shown in Fig. 2.1, it can be noted that, 

it = ic) (2.1) 

is = 1%, (2.2) 

The equations for the torque angle and the stator current phasor can be given as, 

oe 

f 

= Vip +i? (2.4) 

Since the field angle is available from the Hall sensors, the stator phasor angle for the 

* = tan! “ (2.3) 

current source vector control can be obtained as, 

02. = 0 + 8%, (2.5) 
Using the two phase to three phase transformation matrix, the commanded values of 

the stator currents can be obtained from the following equations: 

i*, = iz sin 0%. (2.6) 

2 
ij, = G sin(;, ~ ) (2.7) 
eke pe , OT 
los = 1s sin(95. + 3? (2.8) 

These current commands are then processed through a current controller and compared 

with the measured values of the actual currents. Using either PWM or hysteresis control 
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techniques the stator currents are controlled to minimize the error and hence produce the 

commanded value of torque and flux in the motor. 

The model of this vector controller was implemented and the simulation of the overall 

drive system performed for this strategy. The output characteristics for a torque drive 

employing a current source direct vector control is illustrated in Fig. 2.5. The inputs to 

the torque drive are the commanded values of electromagnetic torque and rotor flux. The 

rotor speed is maintained at a constant value and the rotor flux is equal to the rated value. 

This condition is achieved by starting the simulation with the value of the field current 

equal to the rated current. Since the field current is directly proportional to the rotor flux, 

this condition ensures that the rotor flux reaches the rated value. The normalized values 

of the commanded /actual speed, commanded flux current and the rotor flux, commanded 

torque current and the electromagnetic torque, commanded/actual current of phase ‘A’ are 

displayed in the figure. It can be noted that the rotor speed is maintained at a constant 

value of 0.3 p.u. The inner current loop is represented by the commanded and actual values 

of currents. The actual current follows the commanded value, implemented by a PWM 

controller at a switching frequency of 1 kHz. A step command of + 0.5 p.u. for the torque 

command and a 1 p.u. command for the rotor flux is applied. The actual value of the 

electromagnetic torque and rotor flux closely follows the commanded signal. The decoupled 

field and torque currents are also given in the figure. The dc value of the torque current 

can be noted once the system reaches steady state. The transient and dynamic response of 

the current can also be seen in this figure. 

2.3.2 Voltage Source 

In the voltage source direct vector controller, the torque and flux values are controlled 

to follow the commanded torque and flux values by controlling the voltage vectors. The 

functional block diagram of the voltage source direct vector control is shown in Fig. 2.6. The 

error between the actual and the commanded value of the torque and rotor flux is processed 

through a PI controller to obtain the torque and field currents, respectively. From the 
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measured values of the stator currents the g and d axes stator currents in the synchronously 

rotating reference frames is calculated using the following transformation: 

tos cos; cos (6 — on) cos (6, + 27) las 

is |= 2 sinOf sin (9 — or) sin (@ + “r ) i (2.9) ds 3 f f 3 f 3 bs 

in 2 2 3 ics 
As discussed earlier, the torque and field currents are the g and d axes currents in the 

synchronous reference frame for the vector controller. Hence the error between the torque 

and g axis current, and the field and d axis current is processed through a PI controller 

to obtain the current vectors in the g and d axes, respectively. The transformation from 

the current vector to the voltage vector can be achieved using the following equations. The 

rotor flux and its derivative are available from the flux sensor and computations. The gq and 

d axis rotor currents are given as, 

  

  

*€ L -€ tor = Tits (2.10) 

“e Py Lan -e 

‘dr = L, ~ L, tds (2.11) 

Hence the commanded values of g and d axes voltages are given as, 

* ; . . Lim 
U5s = Rst55 + LaPtys + We Laids + We I (2.12) 

* . . L 
Vids = Rst4, + Lapras _ WeLatys + FP (2.13) 

where, 

L? 

Ly =1,- = (2.14) 
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The q and d axis voltages can then be transformed to the a, b, and c phase voltage 

vectors by using the following transformation, 

Vag = Us sin OF, (2.15) 

2 of, = v* sin(6%, — =) (2.16) 

* * os * 20 Vas = V, sin(Oy, + 3? (2.17) 

The three phase voltage vectors thus obtained are then modulated using a PWM con- 

troller and the varying duty cycle of the voltage command allows the flux and torque to 

follow the commanded values of flux and torque, respectively. With this model of vector 

controller, the simulation of the overall drive system is performed for this strategy. 

The output characteristics for a speed drive employing a voltage source direct vector 

control is illustrated in Fig. 2.7. The input to the speed drive is the commanded value of the 

rotor speed. This is compared with the actual value of the rotor speed. The error signal is 

amplified and processed through a speed controller to obtain the torque command. The flux 

command is obtained from the rotor speed signal with a pre-programmed function generator. 

The normalized values of the commanded/actual speed, commanded flux current and the 

rotor flux, commanded torque current and the electromagnetic torque, commanded voltage 

and actual current of phase ‘A’ are displayed in Fig. 2.7. The inner loop is represented 

by the commanded voltage and actual current values. The actual current results from the 

commanded values of voltages modulated with a carrier waveform using a PWM controller 

at a switching frequency of 1 kHz. A step command of + 0.25 p.u. for the speed command 

and a 1 p.u. command of the rotor flux is applied. The electromagnetic torque and rotor 

flux closely follow their commanded signal. The decoupled field and torque currents are 

also given in the figure. The zero error in the electromagnetic torque indicates steady state 

for the drive with no load torque. The transient and dynamic response of the current can 

also be seen. 
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2.4 INDIRECT VECTOR CONTROL 

Unlike the direct vector control technique, the field angle is estimated in the indirect 

vector control strategy. The field angle is computed using some measurements and motor 

parameters. The slip angle, the commanded values of the stator current phasor, and the 

torque angle are estimated using the motor parameters. The rotor position and the stator 

phase currents are measured using sensors. From the phasor diagram shown in Fig. 2.1, it 

can be noted that the field angle is the sum of the slip angle and the rotor position. Hence 

the field angle is estimated using the computed values and control achieved. The torque 

and flux in the motor can be made to follow their commanded values by controlling the 

stator currents through a set of current or voltage vectors. The strategy which uses the 

current vectors is known as current source indirect vector control and the technique which 

uses the voltage vector for the control goes by the name of voltage source indirect vector 

control. 

2.4.1 Current Source 

The functional block diagram of the current source indirect vector control is shown in 

Fig. 2.8. The indirect vector control algorithm is derived from the dynamic equations of 

the induction motor in the synchronously rotating reference frames. The rotor equations in 

terms of the rotor flux linkages are, 

Ryt5, + PWar + (We _ Wr) Par = 0 (2.18) 

RU, + PWar a (We _ Wr) Wor =0 (2.19) 

The slip speed is given as, 

Ws] = We — Wp (2.20) 

As mentioned earlier, the rotor flux phasor is aligned along the d axis. Hence, 
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Yar = Yr (2.21) 

Wqr = 0 = por (2.22) 

Substituting equations 2.20 - 2.22 into equations 2.18, 2.19, the rotor equations are given 

as, 

R, 1%, + Weir = 0 (2.23) 

R,t9, + pwr = 0 (2.24) 

The rotor flux linkages can be expressed as, 

Wor = Lio, + Li’, (2.25) 

Pdr = Lig, + Lrig, (2.26) 

Hence the rotor currents can be derived as, 

tor = F's (2.27) 

“e Wr Lm, *e 

lar = L, ~ TL, 4 (2.28) 

The system equations are then given as, 

Lm Ry is 
sl = - 2.29 

CTT L (2-29) 

R, e 
Pb, = TZ. [—v, + Lmitgs] | (2.30) 
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Te = Kyiogr (2.31) 

where, A; is the torque constant given as, 

3 P Lin _3F 32 M=5aF (2.32)   

From these, the commanded values of the torque and flux producing components of the 

stator phase currents, 77 and tf, respectively, can be identified and written as, 

  
. et 22 L, TH *_ je* _ Ze 2.33 uy °Os 3 P Lin ar ( ) 

oo p* 1 L, * 

iy =p = 7 [1+ Zp Ploy (2.34) 

The equation for the slip speed is then given as, 

. _ Iml, 
sl — R, wr 
  Ww (2.35) 

The torque angle and the stator current phasor are obtained using equations 2.3, 2.4. 

The stator phasor angle is then given by the following equation: 

5c = 651 + Ot + 6, (2.36) 

Using the two phase to three phase transformation given in equations 2.6 - 2.8, the 

commanded values of the three phase stator currents are obtained. These current commands 

are then processed through a current controller and compared with the measured values of 

the actual currents. Using either PWM or hysteresis control techniques, the stator currents 

are controlled to minimize the error and follow the commanded torque and flux in the motor. 

The model of this vector controller was implemented in a PC-based software and the 

simulation of the overall drive system performed for this strategy. The output characteristics 

for a position drive employing a current source indirect vector control is illustrated in 
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Fig. 2.9. The input is the commanded value of the rotor position. This is compared with 

the actual value of the rotor position obtained from the position encoder. The error signal 

is amplified and then processed through a position controller to obtain the speed command. 

The commanded values of the electromagnetic torque and rotor flux are obtained using a 

speed controller and programmed flux function generator. The normalized values of the 

commanded/actual speed, commanded /actual torque, commanded/actual current of phase 

‘A’ and the command/actual value of rotor position are displayed in Fig. 2.9. The rotor 

position command is a ramp signal with a magnitude of + 3 radians. It can be noted that 

the actual value of the rotor position closely follows the commanded value. The motor 

is at standstill when a constant position command is applied. The torque loop and the 

inner current loop control enforce the actual value of the electromagnetic torque and stator 

current to follow their commanded values. The inner current loop is implemented by a 

PWM current controller at a switching frequency of 1 kHz. and ensures quick response of 

the drive system. 

2.4.2 Voltage Source 

The modeling of the voltage source indirect vector control is very similar to that of 

the current source discussed in the earlier subsection. The functional block diagram of the 

voltage source indirect vector control is shown in Fig. 2.10. The main difference in this 

scheme with the current control scheme is that vector control is achieved by controlling 

the voltage phasors rather than the current phasors. The commanded values of the stator 

current phasor, torque angle and the field angle are estimated similar to that of the current 

source indirect vector control. The g and d axes currents in the synchronous reference 

frames are obtained from the measured stator phase currents and the estimated field angle 

using the transformation given in equation 2.9. These are compared with the commanded 

values of torque and field currents, respectively. The error is then processed through a PI 

controller to obtain the g and d axes current vectors in the synchronous reference frame. 

The gq and d axis rotor currents, rotor flux and derivative of rotor flux values are calcu- 
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lated using equations 2.27 to 2.30. Hence the commanded values of g and d axes voltages 

are given as, 

  

  

e* _ R *e L “e L *e L?, R, *e 2 37 

Ugs = 4tstgs + aPtgs + Webatgs + eT? wy) 98 ( . ) 

. . . . L? . L? R2. 
Uf, = Rotis + Lapis ~ velaige + TE Retis — Tos the (2.38) 

where, 

L? 

I, =L,- ZL. (2.39) 

The commanded values of the voltage phasors are obtained from the transformation 

given in equations 2.15 - 2.17. It can be noted that the current loop is enforced by the 

PI controllers for the torque and field currents to ensure a fast response. The three phase 

voltage reference vectors are then modulated using a PWM controller and the varying duty 

cycle of the voltage command allows the flux and torque to follow the commanded values 

of flux and torque, respectively. With the model of this vector controller, the simulation of 

the overall drive system is performed for this strategy. 

The output characteristics of a voltage source direct vector controlled speed drive is illus- 

trated in Fig. 2.11. The input to the speed drive is the commanded value of the rotor speed. 

The commanded values of the electromagnetic torque and rotor flux are obtained with a 

speed controller and programmed function generator, respectively. The normalized values 

of the commanded/actual speed, commanded flux current and the rotor flux, commanded 

torque current and the electromagnetic torque, commanded voltage and actual current of 

phase ‘A’ are displayed in the figure. The inner loop is represented by the commanded 

voltage and actual current values. The actual current results from the commanded values 

of voltages modulated with a carrier waveform using a PWM controller. A step command of 

+ 0.25 p.u. for the speed command and al p.u. command for the rotor flux is applied. The 

actual value of the electromagnetic torque and rotor flux closely follows the commanded 
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signal. The similarity with the direct vector control technique can be noted to verify the 

validity of the simulation algorithm. The decoupled field and torque currents are also given 

in the figure. The zero error in the electromagnetic torque indicates steady state for the 

drive with no load torque. 

2.5 EXPERIMENTAL VALIDATION 

The modeling, simulation and analysis of the different types of vector control were 

described in detail in the previous sections and the results presented. It was also seen 

that due to the reduced number of transducers and better control performance, the current 

source indirect vector control strategy has found wide applications. In this section, a Digital 

Signal Processor (DSP) based implementation of such a controller will be described. The 

results from this setup will be useful in validating the simulation algorithm and also serve as 

a bench mark for implementation of more complicated algorithms such as sensorless vector 

control. 

The vector controller setup consists of the three different units. They are: 

1. Motor and load. 

2. Converters. 

3. DSP microcontroller. 

2.5.1 Motor and Load 

A 1HP, 230V, 2 Pole, 60 Hz., 3450 RPM, 3¢ induction motor is used for this study. 

The motor parameters and the different constants of the entire drive system are given in 

detail in Appendix A. The simulation results in the previous sections were obtained for this 

particular drive configuration. The motor is coupled to a dc motor which also acts as a 

load. The moment of inertia and the friction coefficient of the induction motor is measured 

with the dc motor coupled to the induction motor. 
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An incremental encoder is mounted on the dc motor and generates a pulse stream with 

a resolution of 1000 pulses per revolution. A counter circuit acts as an interface between 

the microcontroller and the encoder. 

2.5.2 Converters 

There are two converters in the drive system. The first one is to convert constant 

frequency utility ac supply to a de voltage source with a diode bridge rectifier. The bridge 

rectifier along with the dc link capacitance performs this conversion. The second converter 

is a three phase inverter which converters the fixed frequency dc link voltage to a variable 

frequency ac voltage and serves as the input to the motor. 

MOSFET devices are used to build the three phase inverter. The inputs to the inverter 

are the six gate signals from the DSP microcontroller. These signals are then fed through a 

gate drive circuit and switches the appropriate devices. The gate drive circuit also performs 

the additional task of providing isolation between the inverter and the controller. The 

snubber circuit to protect the devices is made up of a resistor, capacitor, and a diode. The 

three outputs of the inverter is then fed to the corresponding phase of the motor terminals. 

The current transducers to measure the phase currents are mounted in the inverter 

unit. Only two phase currents are measured since the third current can be reconstructed 

in a balanced three phase system. The current transducer circuit amplifies and scales the 

voltage from the current transducer to be within valid limits for the DSP microcontroller. 

2.5.3. DSP Microcontroller 

A Texas Instrument 320E14 is used to implement the functions of a vector controller. 

It has a 200 nsec instruction cycle with a 20MHz clock. The main features of this micro- 

controller is as follows: 

1. 32 bit ALU /accumulator 

2. 16 by 16 bit multiplier with a 32 bit product 
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3. 4K word on chip program EPROM 

4. Two 16 bit timers 

5. Versatile timer event manager with capture and compare outputs 

6. Watchdog timer 

7. Fifteen external /internal interrupts 

8. Seven input and Seven output channels 

9. 16 bit bidirectional digital I/O 

Power 14, a module designed by Teknic, Inc, has been used for this setup. This module 

integrates the DSP microcontroller with the additional peripherals such as the Analog to 

Digital Converter, interface with a personal computer, etc. The functions to be performed 

by the DSP microcontroller board are as follows: 

1. Receive the analog current signals through the ADC and process it for digital calcu- 

lations. 

2. Receive the encoder pulse output from the counter and calculate the rotor position, 

both in clockwise and anti-clockwise directions. The encoder pulse output can either 

be received through the capture inputs of the microcontroller or through the digital 

I/O ports. 

3. Generate the PWM cycle for determining the switching frequency. A 1 kHz switching 

frequency is implemented in this controller. 

4. Receive the torque/speed commands from an ASCII file and generate the commanded 

currents for the three phases using the indirect vector control algorithm. 

5. Implement the PWM algorithm by comparing the actual and commanded values of 

current. 
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6. Generate the gating signals for the six devices of the inverter using the compare 

outputs of the microcontroller. 

7. Implement the speed controller which can be a Proportional, Proportional and In- 

tegral, or a Proportional and Integral and Derivative controller, for a speed drive 

system. 

The software for performing the above functions is based on the structure developed 

earlier using a single chip microcontroller [138]. The program is modular in structure which 

makes the addition of new functions easy. Each task described above are implemented in 

the form of subroutines to enhance the modular structure. The PWM cycle generation 

is implemented with the aid of the timer interrupts of the processor. The current signals 

which are analog in nature, are processed through an analog to digital converter fed into 

the processor. The position signal is input to the processor in digital format and only the 

incremental position value is computed in the DSP. All the other computations for the 

vector control algorithm are performed in the main program using the powerful instruction 

set of the DSP/microcontroller. 

2.5.4 Results 

The simulation and experimental results of the step response of a current source indirect 

vector controller is shown in Fig. 2.12. For the speed drive system the actual speed, the 

commanded speed and the commanded value of torque is shown in the figure for experi- 

mental verification. The commanded value of torque and the actual speed is included from 

the simulation results. The step signal is useful to evaluate the dynamic response of the 

drive system for the worst case possibility. A step command of + 1000 RPM for the rotor 

speed is applied. The speed response closely follows the command value of speed. From 

the figure, it can be noted that there is a close correlation between the simulation and the 

experimental results. 

The simulation and experimental results of the sinusoidal response of a current source 
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indirect vector controller is shown in Fig. 2.13. The actual speed, commanded speed and 

the commanded value of torque is shown in the figure for experimental verification and the 

simulation results illustrates the behavior of of the drive system. The sinusoidal signal is 

useful in determining the bandwidth of the overall drive system. A sinusoidal command 

of + 1000 RPM for the rotor speed is applied. The actual value of speed closely follows 

the commanded speed and hence the frequency of the commanded signal is within the 

bandwidth of the drive system. A close correlation for the experimental and the simulation 

results can be observed from the figures. 

2.6 DISCUSSION 

The various vector control strategies have been classified and the principle of vector 

control has been presented in detail. The modeling, simulation and analysis of the cur- 

rent /voltage source direct/indirect vector control has been discussed in detail and the re- 

sults for the various drive configurations are given to verify the validity of the schemes. 

The indirect vector control strategy is gaining more acceptance due to the absence of Halls 

sensors and better performance characteristics over a wide speed range. The main disadvan- 

tage of the indirect vector control scheme is the dependency on motor parameters. These 

parameters change with temperature and saturation which leads to errors in the calculation 

of the field angle. Such errors result in poor performance of the motor drives as seen from 

the results presented. The parameter sensitivity and compensation study is important from 

the point of view of optimum motor and converter use. 

To obtain a detailed analysis of the vector control scheme on the induction motors for 

any practical application, it is imperative that the entire motor drive system is considered. 

The induction motor drive system typically consists of the motor, load, converter and 

the controller. Hence it can be noted that in the product development cycle, engineers 

involved in various fields have to interact with each other to better understand the overall 

drive system for a particular application. This necessitates a Computer Aided Engineering 
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(CAE) package which should be capable of simulating the interaction between the various 

subsystems involved in a drive system and provide the input/output in an user friendly 

environment. The added advantage of such a package is the resulting standardization of 

the terminology which would help in reducing the communication gap. The overall drive 

system can also be evaluated by incorporating the different vector control strategies along 

with the parameter sensitivity and other modules in such an environment. Such a CAE 

package would minimize the product development time and the prototype cost. An effort 

has been made in this direction and the development and features of such a CAE package, 

VCIM, would be discussed in detail in the next chapter. 
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Chapter 3 

CAE ANALYSIS OF THE INDUCTION 

MOTOR DRIVE SYSTEM 

3.1 INTRODUCTION 

With the advent of vector control there has been a growing demand in the industry 

for the use of ac machines instead of the dc machines. This, along with the development 

in the semiconductor devices and control electronics, has accelerated the growth of vector 

controlled ac motor drive systems for variable torque and variable speed applications. The 

advantages of the ac drive systems are that they are robust, less expensive, have a higher 

power density and require minimum maintenance since there are no brushes or commutators 

as in the case of the de drive systems. AC drive systems are multi-input multi-output 

systems. A set of stator currents and their frequencies have to be controlled to maintain the 

electromagnetic torque and the field flux constant. This increases the order of complexity 

of the system and each one of the control variables have a direct influence on the field flux 

and electromagnetic torque. 

Variable speed drive systems consist of an electric motor, electronic converter, controller 

and load. The design of the electronic converter and controller are closely intertwined with 

the characteristics of the electric motor and load. The ac machines such as induction, per- 

manent magnet synchronous and brushless dc motors, and switched reluctance motors are 

nonlinear in nature. Their nonlinearity is further compounded when they are connected to 

the power electronic converters which are discrete in nature due to the switching. The inte- 

gration of the motor, converter, controller and load to achieve a certain performance index 

requires a knowledge of the individual subsystems and their interactions. The development 
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of new electronically controlled variable speed drive systems is a slow process in the industry 

due to a considerable time being spent on their analysis and design. The dynamic simula- 

tion is one of the key steps in the validation of the design process of the motor drive system, 

eliminating possible mistakes in the prototype construction and testing. While there has 

been a considerable amount of research towards the modeling, simulation and analysis of 

the drive system, very little attention has been devoted towards the development of a user- 

friendly, interactive CAE simulation package. The modeling tools available for these drive 

systems are limited since there are no custom-tailored software packages available for this 

purpose. Moreover the mathematical models for some of these drives are still evolving in 

the research laboratories. With the growing complexity in the development process of an 

ac drive system there is a need for more than one engineer to interact in a research or prod- 

uct development effort. This enhances the need for a CAE package capable of performing 

the simulation of the drive system including the motor, load, inverter, and the controllers 

while at the same time providing the feature to modify each subsystem independently. The 

ability to simulate the interaction of the subsystems would reduce the production cost and 

development time. An effort has been made to fill the need for an interactive simulation 

to assess the torque ripple, losses, efficiency, torque, speed and position responses and their 

bandwidth and the suitability of the drive system for a particular application. 

The models for the vector controlled induction motor drive has been presented in the 

earlier chapter. The modeling of permanent magnet synchronous [133, 249] and brushless 

dc motor drive [133, 250] and switched reluctance motor drive [133] have been attempted. 

A number of factors have not been incorporated earlier. They are: 

1. Modeling of the power devices in the converters. 

2. Modeling of the various industrial loads in variable speed motor drive dynamics. 

3. Modeling of the various speed, torque, and position controllers with limiters. 

4. Modeling of the field weakening in the permanent magnet brushless dc and syn- 

chronous motor drives. 
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5. Overall efficiency model of the drive systems in steady state. 

6. Ripple torque analysis in the variable speed drive systems and Fourier spectrum of 

the various currents and voltages in the converters. 

7. Frequency response analysis of the entire drive system to obtain the transfer function 

and the bode plots. 

8. A menu-driven user-friendly steady state and dynamic analysis, design and application 

software of these drive systems for use in the research and development environments 

both in the industry and academia. 

This chapter describes the systematic derivation of the nonlinear models for the vector 

controlled induction motor drive systems including their loads and development of a CAE 

package, known as VCIM. Based on this principle a set of CAE packages for the brushless 

drive systems such as the permanent magnet synchronous, permanent magnet brushless dc 

and switched reluctance motor drive systems were also developed. These software packages 

are intended for analysis, design and application of these motor drives both in the research 

and industrial environment. The chapter is organized as follows. The next section identifies 

the requirements of the CAE package for the analysis of any brushless motor drive system. 

Section 3.3 describes the induction motor drive system and details the various subsystem 

models involved in the entire drive system. This is followed by a description of the CAE 

features which are incorporated in the package, VCIM in Section 3.4 and the various issues 

relating to its implementation in Section 3.5. The results obtained from VCIM are presented 

to highlight the package features in Section 3.6 followed by a discussion on the various issues 

relating to the development of CAE packages for such a task. 

3.2 CAE SYSTEM REQUIREMENTS 

The requirements of a CAE package to perform the dynamic analysis of any brushless 

drive system are shown in Fig. 3.1 and include the following: to operate in a PC based 
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environment with file handling, data management, numeric calculation, graphic/tabulated 

output and on-line help capabilities. 

3.2.1 File Handling 

The package should be able to interact with the operating system to enable the user to 

save, retrieve and delete files containing the drive system parameters. The ability to work 

with several drive system configurations is accomplished by this feature. In an environment 

where engineers design subsystems independently, multiple files allow users to vary subsys- 

tem parameters without affecting the other drive system modules. In addition, a default file 

should be included as a tutorial for new users. Another useful feature in the CAE package 

is the ability to exit to the Operating System shell from the program. This would enable 

the user to perform DOS operations and return back to package without losing any data in 

the computation. 

3.2.2 Data Management 

A drive system consists of several modules such as motor, inverter, controller, load, 

etc. Each subsystem is described by various model dependent parameters. The user of the 

CAE package should be able to modify the parameters of each module independently and 

at the same time integrate it with the overall drive system. For example, a torque drive 

application would not contain the speed controller parameters in the controller module. 

3.2.3. Numeric Calculation 

For the drive system described by the parameters, the following calculations should be 

performed by the CAE package: 

1. Dynamic analysis of the drive system. 

2. Steady state efficiency characteristics. 
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3. Frequency response and transfer function calculations to determine the stability of 

the overall drive system. 

4, Fourier transform analysis of the current, torque, voltage and speed response of the 

drive system. 

5. Parameter sensitivity studies. 

3.2.4 Output 

The simulation of the drive system should produce data that can be examined either 

graphically or in tabular form stored in an output file. The user should be able to produce 

a hardcopy of the graphic windows. A full screen display containing various output charac- 

teristics (in the time or frequency domain) should be provided for the performance analysis 

of the entire drive system. A full screen display of each characteristic would allow the user 

to study in more detail the drive system behavior. The ability to further zoom into a subset 

of the time axis would enable the user to examine the transients. 

a 

3.2.5 On-line Help 

With many software packages, a detailed users manual is required. With improvements 

in software design, on-line help should be made available with all software packages. The 

following three features would increase the user friendliness of the package and reduce the 

importance of the users manual. A brief description of the selected parameter should appear 

on the screen as the user edits the various sub-module parameters. At every stage of the 

package a help screen should be available to the user upon a single keystroke to provide 

information about the selected function and the various options available. An interactive 

graphic schema of the drive system would aid the user in understanding the drive system 

configuration. 
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3.3 DRIVE SYSTEM DESCRIPTION 

The basic functional diagram of the induction motor drive system is given in Fig. 3.2. 

It should be noted that there are three modes of operation, viz., (i) Torque drive (with the 

speed and position loops open), (ii) Speed drive (with the outer position loop open), and 

(iii) Position drive. To enable the analysis of the entire drive system the modeling of the 

following subsystems is required: 

1. Modeling of the motor. 

2. Modeling of the converters. 

3. Modeling of the vector or decoupling controllers. 

4. Modeling of the position, speed and current controllers. 

5. Modeling of the various loads. 

6. Modeling of the various input commands. 

7. Steady state efficiency module for the entire drive system including motor, converters 

and load. 

8. Steady state parameter sensitivity effects. 

3.3.1 Induction Motor model 

The dynamic model of the induction motor in the synchronously rotating reference 

frames is given by the following transformation: 

UGs R, + L,p W,sLs LinD Ws Lm ts 

Vis —WsLs Rs + Ls —WsLimn Limp Vs ds | _ P d (3.1) 
Ugr Limp Wsi lm R, + L,p Ws L, tor 

V4, —W 5] Lim mp —W.L, R, + L,p Ve 
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from which the electromagnetic torque, T., is calculated using: 

_3P 
Te —_— 2 2 Lin( iG star ~ tastar) (3.2) 

where, R,,R,, L,, L, are the stator and rotor resistances and self inductances, respectively. 

W;,W, are the stator and rotor electric frequency in radians/sec. Ugs> Uds> Ugr> Var» tos 

tas» Ygr> tgp are the stator and rotor, d and q axes, voltages and currents in synchronous 

frames, respectively. w,; is the slip speed and the operator 4. is represented by p. The 

speed is computed from the acceleration torque equation using the load torque, 7), Moment 

of Inertia, J, and the viscous friction coefficient, B: 

dus, 
ar 
  + Bu, = 5(T.~T1) (3.3) 

and the rotor position is given as 0, = w,t. 

3.3.2 Modeling of converters 

There are two converters in the motor drive system. The first one is to convert the 

constant frequency utility ac supply to a dc voltage or current source with a diode bridge 

rectifier or a phase controlled rectifier. The bridge rectifier along with the dc link filter 

is modeled using circuit level simulation. The commutating inductance at the source of 

the rectifier is also taken into account in the model to provide accurate characteristics 

of source current and dc link voltage and currents. The second converter is a three phase 

inverter in the ac drive systems and a dc to dc converter in the case of a switched reluctance 

motor drive. The devices that could be used in the second converter can be SCRs, power 

transistors, MOSFETs, IGBTs, GTQs or MCTs. Each of these devices can be generally 

characterized by turn on, storage and turn off times for use in the modeling. Hitherto, 

the inverter and front end converter were modeled as a blackbox with a gain and a time 

constant. That does not go far to evaluate the actual dynamic situation in a drive system. 

A discrete modeling based on its turn on, storage and turn off time is built in the package 

to include the effects of the converter switching in the drive system dynamics. The turn on 
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and turn off stresses are relieved by the snubber circuits and are modeled as they are in the 

simulation to obtain the true switching picture and hence to get the switching stresses on 

the devices in the converters. This will enable the sizing of the required converter power 

devices and the filters. 

3.3.3 Modeling of the vector controllers 

AC motor drives such as the induction and permanent magnet synchronous and brushless 

motor drive systems are multi-input multi-output systems. To control the electromagnetic 

torque and field flux, a set of stator currents and their frequencies have to be controlled. 

The number of control variables become too many and each one of these has a direct 

influence on the field flux and electromagnetic torque. Independent control of the field 

flux and torque is required for high performance applications. That is made possible by a 

decoupling controller. This decoupling controller will transform the torque and field flux 

commands into equivalent current commands to influence these variables independently. 

This is similar to the dc motor drive where field flux is controlled by the field current and 

torque by the armature current, if the field current is maintained constant. Hence the 

decoupling controller transforms the control of the ac motor into that of an equivalent dc 

motor drive. This will enable the independent control of field flux and electromagnetic 

torque, thus simplifying the control task of an ac motor drive which is a multi-input multi- 

output system. A class of decoupling controllers, known as vector controllers, has been 

widely accepted in the industry. 

If the rotor field flux is available for feedback control then it is known as direct vector 

controller and if the field flux is computed then it is known as indirect vector controller. 

Many high performance systems fall under the latter category. The disadvantage of the 

indirect vector controller is that it is dependent on the motor parameters such as the mutual 

inductance, rotor self inductance and rotor resistance. All these motor parameters are 

sensitive to variation in saturation levels and temperature. This will result in the coupling 

of the flux and torque channels, contrary to the intended objectives of their decoupling. 
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Hence it becomes necessary to know the effects of the parameter sensitivity on the drive 

system performance both in steady state and dynamic situations. A systematic derivation 

of the various algorithms is given in Chapter 2. 

3.3.4. Modeling of the current, speed and position controllers 

Current controllers 

The current controllers determine the speed of response of the current loop and hence the 

torque generation in the machine. Apart from the speed of response of the current loop, it 

is desirable to minimize the current harmonics and hence the torque ripple. Various current 

controllers have come into existence with different performance indexes for use in the vector 

controlled induction, permanent magnet synchronous and brushless dc motor drives. The 

most widely used current controllers are viz., (i) Pulse Width Modulated (PWM) current 

controllers, and (ii) Hysteresis current controllers. 

It is important to assess the impact of the power device characteristics, motor parame- 

ters, and load parameters on the performance of the current controllers and hence the total 

drive system, for a given application to identify the most suitable current control strategy 

and current controller. These controllers are modeled and integrated in the CAE package 

to study the research implications of the various current control strategies. 

Speed and Position controllers 

The speed and position controllers determine the dynamics of the drive system with 

reference to the rise time and overshoot and also offset the mechanical resonances in the 

load. It is usual to use a proportional or proportional and integral or a proportional- 

integral-derivative controller in the industry. But the tuning of this controller to achieve a 

certain performance with the nonlinear motor drive is a time consuming process if trial and 

error approach is resorted to. From the frequency response, the controller parameters can 

be chosen to closely approximate the control specifications. Then the tuning can be done 

67



within a few iterations taking fully into account the nonlinearity of the motor drive system. 

3.3.5 Load modeling 

Until now in the literature, the load is modeled as an inertia and a frictional constant. It 

is unusual to encounter such a simplistic load in practice and this fact calls for the simulation 

of realistic loads such as fan, pump, compressor and nonlinear loads driven by the ac drive 

systems. The load modeling and the study of its effect on the drive system performance has 

manifold advantages of precisely sizing the converter, motor and determining in advance 

any of the mechanical resonance and oscillation problems when driven from the ac drive 

systems. These oscillation problems if confirmed in the simulation could be overcome by 

the judicious selection of the parameters in the speed and current controllers. 

3.3.6 Modeling of the reference inputs and disturbances 

The reference inputs and disturbances required for application to evaluate the dynamic 

drive system performance are identified to be any one of the following: 

1. Step signal input. 

2. Trapezoidal signal input. 

3. Sinusoidal signal input. 

The step signal for input or disturbance is chosen with a view to evaluate the dynamic 

responses of the drive system in the worst case. The trapezoidal signal is intended for 

testing the drive system under realistic industrial conditions. The sinusoids with flexibility 

for biasing them positive or negative are intended for finding the bandwidth under all the 

nonlinearities and to study the effects of excitation under resonance. A great amount of 

programmability and flexibility is built into these test signals so that they can satisfy most 

of the realistic needs of the user. 
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3.3.7 Steady state efficiency module 

The computation of the steady state efficiency is required to optimize the control strategy 

and to reduce the operating energy costs of the drive system. Also this module is intended to 

compare the various drive systems and this is one of the authentic criterion for comparison in 

many of the appliance drives such as refrigerator, freezer, washer, dryer and hvac compressor 

motor drives. Such an efficiency calculation should include not only the motor but also the 

inverter and controlled or uncontrolled rectifier used for ac to de power conversion. The 

algorithm proposed considers all the losses in the electronic converter switches, diodes, and 

motor. The motor losses will include all the copper losses and core losses which are available 

either as a constant or a function of operating frequency. The friction and windage losses 

are given as a constant for a particular speed or entered as a function of speed through 

graphical means. The overall efficiency is evaluated as the ratio of the rotor output to the 

input of the electronic converter from the ac mains supply. An instantaneous calculation of 

efficiency will be difficult to interpret as there is an interchange of energy from the source to 

motor and vice versa. The input and output are averaged over the period of 360 mechanical 

degrees and then the efficiency is calculated from these average values. 

3.3.8 Steady state parameter sensitivity module 

The indirect vector control strategy is dependent on the rotor resistance, R,, the mutual 

inductance, L,,, and the self inductance of the rotor, L,. The inductances change with the 

saturation of the magnetic material while the rotor resistance is affected by the variation 

in the temperature [132]. The increase in temperature increases the rotor resistance. In 

case of the current source inverters used in high performance drive systems, if the stator 

current is maintained constant this has the effect of increasing the magnetizing current and 

hence saturating the machine. Core losses in the motor increases with the saturation of the 

magnetic path and in the end necessitates a considerable derating of the machine. 

In a torque controlled induction motor drive, i.e., with the outer speed loop open, the 
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rotor flux linkages and the electromagnetic torque are the external command signals while 

the actual slip speed is maintained equal to the command value. The mismatch between the 

controller and the motor parameters introduces deviations in the flux and torque producing 

components of the stator current and hence the torque angle. Once the outer speed loop 

is closed, the electromagnetic torque, T7, will be modified until the actual output torque 

equals the load torque in steady state. Thus, the effect of parameter variations on steady 

state performance is reduced. The temperature and saturation effects are studied for the 

torque, flux, slip speed and the peak stator current phasor. 

3.3.9 Drive systems 

The features discussed in the earlier sections for the vector controlled induction motor 

drive systems can also be used in the development of CAE packages for the following 

brushless drive systems: 

1. Permanent magnet synchronous motor drive system. 

2. Permanent magnet brushless dc motor drive system [137]. 

3. Switched reluctance motor drive system [13, 284]. 

All the features discussed in the earlier sections are incorporated for all these drive 

systems listed above. For the case of a switched reluctance motor drive system, in addition 

to the development of the dynamic simulation package, SRMDYN, the task included the 

integration of other software packages into a single powerful tool. The author had earlier 

been involved in the development of a CAD package for the design and analysis of a switched 

reluctance motor and a steady state analysis package of the converter for the switched 

reluctance motor [284]. These packages are currently integrated into a single CAE tool, 

known as SRMCAD, which combines the features and functions of all the three packages. 

These CAE systems constitute the development of modern drive systems for which no such 

analysis software packages are currently available. Still quite a number of industrial houses 
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are in the process of developing these advanced drive systems and these CAE packages will 

be of help in their efforts. 

3.4 CAE SYSTEM FEATURES 

The major features required by the CAE package to perform the above task are identified 

as follows: 

—
 . File management. 

2. Data development. 

3. Run commands. 

4. Plot commands. 

5. Setup choices. 

6. Help features. 

7. Quit command. 

Each of the above features has a set of options and they will be individually described 

in the following subsections. 

3.4.1 File management 

Four options are available for this feature and they are: 

1. Default drive system for loading. 

2. User-defined system for loading. 

3. Save the current drive system. 

4. Exit to Operating System. 
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The default drive system is for tutorial purposes to help the beginner. The user-defined 

system stores all the drive systems that the user may have worked on and any one of them 

can be loaded for future simulations. The save option stores the current drive system that 

the user maybe working on into the disk space for future use. The option to exit from the 

CAE package to the operating system enables the user to perform some basic operation 

outside the CAE shell without losing the current data environment. 

3.4.2 Data development 

The data development section has the following features: 

1. Drive configuration. 

2. Schematic of the drive system. 

3. Motor parameters. 

4. Load parameters. 

5. Inverter parameters. 

6. Controller parameters. 

7. External references. 

These features are explained in the following paragraphs. 

Drive configuration 

This capability facilitates the selection of different types of drive configuration. The 

possible choices are the torque, speed or position drive. The torque drive has the speed and 

position loop open, while the speed drive has the outer position loop open. 
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Drive schematic 

The drive schematic has the capability to provide a graphical representation of the 

torque, speed, and position drive systems. A sample output of a position drive schematic is 

given in Fig. 3.3. The individual subsystems are displayed in detail upon the user’s request 

made possible by moving a lens/cursor on each one of them. The torque, speed, and position 

controlled drive schematics are given in this module. This feature would help a new engineer 

to become familiar with the entire drive system. Also, if more than one individual is working 

on a development effort, the schematic would enable them to communicate with each other 

due to the standardization of the symbols and notations. 

Motor parameters 

The motor parameters such as inductances, resistances, emf constant, power, voltage, 

frequency, friction coefficient, and moment of inertia, etc., are defined and included in this 

module. A brief definition of the parameter selected is described in the window box placed 

at the bottom of the screen with its standard units to help the user. 

3.4.3 Inverter parameters 

The inverter switches are characterized by the turn on, storage and turn off times, 

conduction voltage drop and the voltage drop across the free-wheeling diode which is anti- 

parallel to the switch. Apart from these, the snubber resistor and capacitor values are 

obtained to model the turn-off process completely. 

The input rectifier which converts the ac source to a constant dc link voltage is modeled 

either a controlled or an uncontrolled rectifier. The dc link voltage is characterized by: 

Vac = 1.35Vi cos a (3.4) 

where V; is the line-line voltage and a is the triggering angle. For uncontrolled rectifiers, 

the triggering angle is 0 degrees. 
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3.4.4 Controller parameters 

The controller parameters consists of the following independent modules: 

1. Current controller. 

i]
 

. Speed/position controller. 

3. Current limiter. 

4. Torque/speed limiter. 

5. Field weakening. 

A brief explanation of each module listed above is given in the following paragraphs. 

Current controller 

There are two options for current control, viz., hysteresis and pulse-width modulated 

(PWM) current controllers. The hysteresis current controller is characterized by the current 

window, i.e., the current deviation allowed for the actual current from the value of the 

reference current. The PWM current controller is characterized by the carrier frequency, 

and the current controller gain. 

The PWM current controller equation is given as follows for phase ‘A’. A similar rela- 

tionship holds for ‘B’ and ‘C’ phases. 

“§¢ — device drops if tg, — 73, > carrier amp. 
Vas = (3.5) V. ae 

——ge + device drops if tas — 13, < carrier amp. 

where ig, and V,, are the phase ‘A’ current and voltage, respectively. Vu- is the dc 

link voltage. The hysteresis current controller for one phase, say ‘A’, satisfies the following 

conditions: 
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V,, = — Ye + device drops if tg, — 7%, > A; (3.6) 

Vie — device drops if tgs —2*. < A; 
as 

Speed/position controllers 

Three type of speed/position controllers are implemented for the drive systems and 

they are proportional (P) type, proportional integral (PI) type or proportional integral and 

derivative (PID) type. These would require the proportional, integral and derivative gains 

depending upon which speed/position controller is chosen. 

The position controller to calculate the speed command for any position error signal is: 

d( 6" ~ 6, ) 

dt 

The speed controller to calculate the torque command for any speed error signal is: 

w* = K,(0" — 6,) + Ki | (6 ~6,)dt + Ka (3.7) 

d(wr — Wy) 

dt 

where, A,, AK; and Kg are the proportional, integral and derivative gain constants 

Tt = Ky(wt —w,) + Ki / (wt —w,)dt + Ka (3.8) 

respectively. 

Current limiter 

The current limiter is required for the purpose of primarily protecting the converter and 

the process from thermal breakdown and catastrophe, respectively. This current limiter 

is dependent upon the converter capability, motor ratings and load restrictions. They are 

usually in the range of 1 to 6 p.u. in practice. Therefore, a flexible current limiter is built 

into this software package. 

Torque/speed limiter 

The torque/speed limiter serves a similar purpose by limiting the torque/speed command 

signal. A variable limiter is built into the software package. 
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Flux programming 

Field weakening for operation beyond the rated speed is usually achieved by flux pro- 

gramming. It is usual to have a rated flux up to the base speed and then to vary it as a 

function of speed so that the power output of the drive system is constant. This is already 

programmed but requires only the maximum speed input for the flux programming. This 

feature is common for both the indirect vector controlled induction and permanent magnet 

synchronous motor drive systems. 

The flux program is performed to satisfy the following conditions: 

lp.u. if |w,| < 1 p.u. 
wv, = 1 . (3.9) 

a pu. if |w,| > 1 p.u. 

where, ~* is the commanded value of normalized rotor flux. 

Flux programming is effected in the permanent magnet brushless dc motor drive systems 

by phase advancing the stator current in relation to the flux. Hence an input is required as 

to the magnitude of the phase advance angle in electrical degrees. This has to be a variable. 

The impact of the phase advance on the torque, power output and the dynamic behavior of 

the system is of value in application considerations. The phase advance feature is already 

built into the system. 

Load parameters 

The load parameters contribute to a definition of a friction, fan or pump loads, a mixed 

load which is a combination of a constant, friction and pump loads and a compressor load. 

In addition to these type of loads the CAE package also has the ability to model a user 

defined load. For this type of load, the user is given the option of programming the load 

torque of the drive system as a function of speed or time. On selecting this option, the user 

is requested to define the load torque for various values of either speed or time. Once the 

data values are entered, the user is given an option of viewing the load characteristics on 
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the screen to verify its validity. While these do not exhaust all the loads encountered in 

practice, they are certainly the most prevalent loads for variable speed drive systems. 

The step load is characterized by the following equation: 

Ti(t) = Au(t _ ty) _ Au(t _ te) + Bult _ tz) _ Bult _ ta), Nm (3.10) 

where, u(t) is defined as the unit step function. 

For frictional loads: 

T,(t) = Aw,, Nm/rad/s (3.11) 

For fan/pump loads: 

T(t) = Aw?, Nm/(rad/s)? (3.12) 

For mixed loads: 

T(t) = A+ Bu, + Cw?, Nm (3.13) 

where A, B and C are constants. Compressor load is characterized by Fig. 3.4. 

External references 

The external references are for the torque, speed, and position command inputs. They 

are made available in the following three forms: 

1. Positive and negative step inputs with programmable “on times” and “off times” for 

each. 

2. Trapezoidal references with both positive and negative programmable magnitudes and 

time durations. 

3. Sinusoidal references with programmable magnitudes and frequencies. 

78



  

      

  

  

  

  
  

  
  

        
  

  Press any key to continue...   

  

  

Figure 3.4: Typical Compressor Load Characteristics 

79



The step reference is for the purpose of evaluating the time domain performance of 

the drive system for torque, speed, and position inputs and disturbances. The trapezoidal 

references closely resemble the references encountered in practice and hence will be useful 

in evaluating an actual application. The sinusoidal references can be used to evaluate the 

bandwidth of the position, speed, or torque loop by observing the attenuation for increasing 

input frequencies. It should be noted that this type of evaluation involves no approximations 

in the converter or linearization of the motor and controller equations. This is the only way 

the speed or current loop bandwidth can be estimated in the motor drive systems. Step 

responses are also important to characterize a system such as a fast response robotic drive. 

These reference signals have been incorporated into the software packages with the input 

parameters defined in Fig. 3.5. 

3.4.5 Run options 

The requirements of the run option include: 

1. Dynamic simulation of the entire drive system. 

i)
 

. Steady state efficiency calculation. 

3. Fast Fourier Transform of current, voltage, torque and speed. 

4. Parameter Sensitivity study. 

A full screen display describing all the drive parameters prior to these run commands 

helps to verify the parameters. A hard copy of the screen can also be used for documen- 

tation purposes. During execution of the commands, the progress of the calculation is also 

reported. These features enhance the usefulness of the software package. 

3.4.6 Plot features 

The capability to plot on a screen or printer is required for a graphical analysis of the 

simulations. Additional features such as the selection of variables for plotting and zooming 
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to examine in detail the torque and current waveforms for ripples, etc., is incorporated for 

enhancing the analysis capability. An added feature is the option to micro zoom into any 

plot which helps in the detailed study of the drive system characteristics. 

3.4.7 Setup features 

The setup of the colors for various levels of the menu screen is required for increasing 

the comfort zone of an individual user. Output files should be set for different variables of 

interest in the drive system. 

3.4.8 Help features and users manual 

Context-sensitive help in the form of pull-down screens is required whenever the user 

needs it. Interactive help screens available upon a single keystroke eliminates the need for 

detailed user manuals. This can be made much more sectionalized and indexed to make 

it into a manual for beginners using these CAE packages. These manuals can be either in 

script or readme type of files. The CAE packages have been developed for the modern drive 

systems satisfying the criteria listed in the previous sections. The main features of the CAE 

packages are summarized below: 

e The CAE system, developed in PASCAL and FORTRAN, is highly interactive with 

powerful graphics capability. A context-sensitive, detailed on-line help is available on 

a single keystroke. 

e The I/O structure utilizes easy-to-use window-based pull-down menus. 

e A default drive system is provided in a file and may be used as a tutorial for the new 

users. 

e The CAE packages are capable of simulating a torque, speed, and a position drive. 

e An on-line schema for a torque, speed or a position drive is available with a built-in 

option to magnify any block in the drive. 
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All the parameters can be changed individually or loaded from an existing file. The 

current values can also be stored in a new file. 

A switch-by-switch model of the inverter including the on-time, off-time and storage 

time of the devices is built-in. 

Option is provided for using either a PWM or a Hysteresis current controller. In the 

case of a speed/position drive, the speed/position controller can be either a Propor- 

tional (P), Proportional and Integral (PI) or a Proportional, Integral and Differential 

(PID) controller. 

A step, ramp or a sinusoidal response of the torque/speed/position is performed with 

provision for the user to vary the amplitude/frequency of the input commanded value 

and the results determine the bandwidth of the corresponding loop. 

A full screen display of all the values of a particular drive system is provided before 

initiating the simulation, to help the user verify all the input values. 

A screen plot consisting of eight characteristics with an option to zoom any one of the 

graphs for full screen viewing is provided. Further macro zooming into any selected 

graph in the time domain is also built into the CAE packages. 

A high resolution hard copy capability is also provided for obtaining high quality 

printouts. 

3.5 IMPLEMENTATION DETAILS 

Three software environments are needed to implement the features of the desired CAE 

packages: a user friendly input interface and editing environment, an intensive computa- 

tion section to perform the actual simulation and a graphic environment to present the 

results. The hardware required to perform this task will also be described in the following 

subsections. 
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3.5.1 Input Environment 

The requirements of this module include pop-up windows, multiple help screens, the 

ability to input and output data files and the overall control of the program. Pascal was 

chosen as the programming language for this task for reasons given below. 

Turbo Pascal, with built-in windowing functions, allows the separation of drive system 

parameters into several windows and hence a modular structure. This aids the user to 

modify specific subsystem parameters. The use of well organized windows and strategically 

placed operation information makes the program more user friendly. The last line of the 

screen has been reserved in this package for program operation information. This informa- 

tion includes a brief description of how to accomplish several tasks such as opening and 

closing windows, editing, etc. The user friendly requirement of the CAE package is ac- 

complished with full screens of help information, in text or graphic format, available upon 

request at almost every stage of the program. 

The next requirement is the use of data files to store the parameters of a drive system. 

ASCII data files were used so that a user can edit the files with only a text editor. The 

user can choose a file to load from a list of available files found in the current sub-directory. 

Also, as the specifications are changed, they can be saved to a disk. If the user-specified 

file name is being used by another file, the user should be warned and allowed to specify 

another file name. 

The last requirement is the ability to run other programs from within the current en- 

vironment. Choosing the run option creates a temporary file containing the current drive 

system parameters. Once the simulation program is executed, control is returned to the 

main environment. Advantages of this structure are the ability to continue unaffected af- 

ter a simulation program crash, to determine whether the simulation program terminated 

normally and to indicate the type of error encountered. 
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3.5.2 Numeric Calculations 

This environment performs the calculation of various output characteristics of the drive 

system such as speed, torque, currents and voltages. Since several of the algorithms for 

simulation have previously been implemented in Fortran, it was selected for this task. The 

data is read in from the temporary data file created by the input environment. The cal- 

culations are made for each instant of time by solving a system of nonlinear differential 

equations using the fourth order Runge-Kutta algorithm. Due to the iterative nature of 

this algorithm, the execution speed is of prime importance. Microsoft FORTRAN 5.0 was 

used to compile this program because it produced faster codes than several other versions 

of Fortran. 

The data produced during simulation is available in tabular form for use in the graphic 

environment. Due to the resolution limitations of the monitor to display the graphs, and 

the memory constraints for the data file, the number of data points output to the data 

file is regulated. A limit of 1500 data points has been implemented by writing to the data 

file only after a calculated number of iterations have been completed. Thus, the output is 

effectively sampled at up to 1500 equal intervals during the simulation. 

3.5.3 Graphic Environment 

The requirements of this environment include graphic representation of the simulation 

results and the ability to read and store those values. A program was developed that 

could read the data file created by the simulation package and display the data in eight 

graphs on the same screen. By selecting one of the graphs, a full screen display could be 

produced. Further magnification along the time axis is also available. This features aids in 

the examination of the transients in the simulation results. In addition, a hard copy of the 

graphs can be obtained. The user is prompted at the bottom of the screen with all of the 

available features.



3.5.4 Hardware 

The software was developed on an IBM PS/2 model 50 with a 30 Mb hard drive and an 

EGA monitor. The software will run on an IBM PC, XT, AT, PS/2, or any true compatible 

that has an EGA or VGA monitor. The hard drive is not a requirement, but due to the 

size of the output files and the slow access speed of floppy drives, a hard drive is highly 

recommended. 

The size of the executable code for all the programs needed for each CAE package that 

has been developed is about 1 Mb. A sample data file produced by the simulation module 

is about 200 Kb. Therefore, the space recommended to run the software is at least 2 Mb. 

This would provide space for several default drive system specification files and more than 

one simulation result file. 

3.6 RESULTS 

The results obtained using the CAE packages are presented and discussed in this section. 

The various user-friendly features described in the previous sections are implemented in 

these packages. A sample screen containing the interactive windows is illustrated in Fig. 3.6. 

It can be noted that each item can be selected by moving the arrow keys and a brief definition 

of the item selected is displayed in the WATCH box on the bottom of the screen. A sample 

full screen help menu of external reference signals is illustrated earlier in Fig. 3.5. This 

feature provides detailed help on a single keystroke and guides through the various options 

in the software. This would help a new user to adapt to the package very quickly. 

A full screen display of the various parameters of the drive system is displayed before 

the actual simulation is performed. This helps the user to check the validity of the drive 

system specified and provides an option to modify any of the erroneous values thus saving 

simulation time. One such display for a speed drive system is illustrated in Fig. 3.7. The 

input to the drive system is the speed command which is maintained at the commanded 

value by controlling the set of stator currents. The data screen contains seven groups of 
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data, viz., motor parameters, load parameters, converter parameters, external commands, 

time step, controller parameters, flux programming and the base values. Once the user 

selects to run the simulation, the iteration steps are displayed on the bottom of the screen. 

The graphical output obtained using the speed drive system is shown in Fig. 3.8. For 

the torque drive system the normalized values of the actual speed, commanded flux current 

and the rotor flux, load torque commanded torque current and the electromagnetic torque, 

commanded and actual current of phase ‘A’ are displayed. A sinusoidal command of +1 p.u. 

for the electromagnetic torque signal is applied. This is useful in determining the bandwidth 

of the overall drive system. The torque response closely follows the commanded signal. A 

compressor load is applied and the load profile can be noted from the characteristics. The 

decoupled field and torque currents from the vector controller are given with the actual 

rotor flux and electromagnetic torque obtained from the drive system. The inner current 

loop is represented by the commanded and actual values. The actual current follows the 

commanded value of the current, implemented by a PWM controller. The transient and 

steady state response of the current can also be seen in this figure. 

Fig. 3.9 illustrates the flux trajectory for drive system described here. The g and d axes 

rotor flux values are plotted and it can be noted that the orthogonality is maintained by 

the circular trajectory. This is an effective tool to verify the decoupling nature of the vector 

control strategy. 

The temperature and saturation effects of the torque and flux characteristics of a torque 

drive are shown in Fig. 3.10. The torque command versus actual torque/flux characteristics, 

assuming a constant saturation factor for various slip speeds, is presented in the top two 

plots of Fig. 3.10. The parameter a is the temperature factor and is defined as the ratio 

of the rotor time constant of the motor and its instrumented value in the vector controller. 

The parameter ( is the saturation factor and is defined as the ratio of the actual mutual 

inductance and the instrumented value in the vector controller. For a < 1 which signifies 

an increase in the rotor temperature, the electromagnetic torque and the rotor flux linkage 

is greater than the commanded value. Though the rotor flux is shown to increase beyond 
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1.2 p.u., it is difficult to maintain this high value due to saturation. An increase in a 

indicates an increase in motor saturation at ambient temperature and for such operating 

conditions the torque is less than the commanded value. The bottom two plots of Fig. 3.10 

illustrate the saturation effects of the torque and flux characteristics. It can be noted 

that both the torque and flux values increase when a is less than one and decrease when 

@ is greater than one. Hence it can be noted that linearity of the input-output torque 

relationship has degraded and the induction motor drive is unsuitable for use in torque 

control applications. Either an outer speed loop or a torque loop/parameter compensator 

becomes essential to achieve a linear torque amplifier. 

The temperature/saturation effects for the torque, flux, slip speed and peak stator 

current for a speed drive are illustrated in Fig. 3.11. It can be noted that the torque 

and flux follow the commanded values for a = 1, at any rotor speed. With decreasing a 

the torque is less than its commanded value up to 0.75 p.u. load torque, beyond which 

the actual torque is greater than the commanded value. When a is greater than one the 

behavior is just the opposite. The rotor flux decreases for values of a greater than one up 

to 0.7 p.u. load torque and then remains constant. At a equals 0.5, the actual value of flux 

increases monotonically with the load torque. Due to the saturation of the motor, only a 

modest increase in magnitude results. 

The slip speed is linear for a = 1, but exhibits other trends for various values of a. For 

a less than one, the slip speed is higher than the nominal value up to a reasonable fraction 

of full load, beyond which it becomes slightly less than the nominal value. The peak stator 

current has a close resemblance to the slip speed characteristics. This trend signifies that 

the rotor losses increase for values of load torque less than 0.8 p.u. 

The bottom four plots of Fig. 3.11 illustrates the saturation effects for the torque, flux, 

slip speed and the peak stator current. As expected, saturation decreases the flux level by 

20 percent, while the value of torque is lower than that of the command value. From the 

slip speed characteristics, it can be noted that a = 0.5 and around 1 p.u. load torque, the 

drive will have lower losses than its nominal value and designed peak capacity, even when 
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Figure 3.11: Temperature/Saturation Effects of the Steady State Characteristics of a Speed 
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the saturation effects is included. This is due to the fact that saturation has increased 

the peak stator current. The drive operation is usually confined to values of torque 1 p.u. 

and lower, and in this region, it can be noted that the stator losses are higher. This is 

highly undesirable from the point of view of thermal rating of the motor and the overall 

system efficiency. Various other modules such as steady state efficiency, and Fourier spectral 

analysis are built into the system and their results help to better understand the overall 

drive system. 

3.7 DISCUSSION 

The methodology for the development of a CAE package for the dynamic analysis of 

vector controlled induction motor drive systems is presented. This package would aid in 

the assessment of the torque ripple, losses, efficiency, torque, speed, and position responses 

and their bandwidth and the suitability of the drive system for a particular application. 

Based on this principle, four such packages, VCIM, PMBD, PMSM, and SRMCAD were 

developed for the computer simulation of variable speed motor drive systems. This chapter 

describes in detail the various subsystems involved in the drive system. The usefulness 

of the CAE packages has been emphasized by going through the features incorporated 

and the discussion of the results obtained. The development of such CAE packages for 

ac drive systems would benefit the drives industry by helping to reduce the development 

time and product cost. Even though quite a number of features have been discussed and 

implemented in these packages, the author believes that this is just the beginning of research 

and development in this area. Future research can be addressed to developing time optimal 

algorithms for control, detailed subsystem modeling for increased accuracy, object oriented 

coding for multi motor drive systems, and an effort can be made towards the development 

of Expert Systems for such tasks. 

A number of drive systems for various industrial applications are variable speed drives. 

This would lead to the fact that many vector control induction motor drives require the 
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speed controller to maintain a low speed error signal. Hence, care should be taken in the 

design of the parameters for the speed controller. The similarity of the vector controlled 

induction motor drives and the separately excited dc motor has been stressed earlier. The 

large signal model for the design and study of the speed controller parameters has been 

presented in [133]. A similar method for the vector controlled induction motor drives 

would help reduce the complexity of the design process. This would also lead to enhanced 

performance characteristics of the overall drive system. An effort has been made to develop 

such an algorithm and would be described in the next chapter. A method to reduce the 

overshoot of the rotor speed within allowable limits using this study is also presented. 
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Chapter 4 

DESIGN AND STUDY OF THE SPEED 

CONTROLLER 

4.1 INTRODUCTION 

A number of modern manufacturing processes, such as the machine tools require variable 

speed drives. The most commonly found applications for the speed controlled motor drive 

systems are in steel, textile, paper and pulp, and mining industry. As discussed in the earlier 

chapters, vector controlled induction motor drive systems are extensively employed for such 

applications. The successful operation of these drives is dependent on the performance of 

the speed controller. The proportional plus integral (PI) controller is normally employed to 

maintain the error between the commanded and actual values of the rotor speed minimum. 

The design of the gain and time constants of the speed controller is of paramount importance 

in meeting the dynamic specifications of the motor. The large signal model for the speed 

controlled dc motor has been developed earlier and a systematic approach was presented for 

the design and study of the speed controller [133]. Such a study would help in improving 

the overall response of the drive system. The similarity between the separately excited dc 

motor and the vector controlled induction motor drive has been established in the earlier 

chapters. By utilizing this similarity, an identical approach for developing the large signal 

model would simplify the design of the speed controller and hence improve the overall 

response. 

This chapter deals with the design and study of the speed controller for an indirect 

vector controlled induction motor drive system. The large signal model is formulated for 

the indirect vector controlled induction motor drive in the next section. This is followed by 
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a step by step derivation of the transfer function of the overall drive system. A method to 

reduce the overshoot of the speed response based on the model developed is also presented 

in Section 4.3. The simulation results for the design of a speed controller for a given drive 

system using this method is presented in Section 4.4. Section 4.5 presents the experimental 

verification obtained using the DSP based setup described earlier, followed by a discussion 

of the various issues on this topic. 

4.2 MODELING OF THE SPEED CONTROLLED DRIVE 

Speed controlled drives, operating only in the constant torque region, are employed in 

many applications due to the simplicity of control. In a dc motor drive, this is achieved by 

armature control which has the advantage of a faster response compared to that of a field 

control which is sluggish. It can also be noted that since the operating speed is always less 

than the base speed of the motor, field weakening is not necessary. In other words, the field 

current is maintained constant for all operating conditions. 

The induction motor has a tachogenerator whose output is utilized for closing the speed 

loop. The motor will drive a load which will be assumed to be frictional for the purpose 

of this study. The output of the tachogenerator is filtered to remove the ripples to provide 

* 
the rotor speed signal, w,. The speed command, w*, is compared with the actual speed, 

w,, to produce a speed error signal. This signal is processed through a speed controller to 

determine the torque command. The torque command is limited so as to keep it within 

safe allowable limits and the current command is obtained by proper scaling. Since the 

field current is maintained constant, the control of the stator phase currents is equivalent to 

controlling the torque current in the vector controller. The torque current is obtained from 

the electromagnetic torque and the torque constant. The commanded value of the torque 

current is compared with the actual torque current so as to have a zero current error. The 

current error signal is processed through a current controller to obtain the q axis voltage 

or the torque voltage. From the equations of the vector controller, the induction motor 
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drive has been modeled with an inner induced emf loop, similar to that of a dc motor. 

The interaction of the emf loop and the inner current loop increases the complexity in the 

development of the model. 

The inner current loop assures a fast current response and the limiter also maintains 

the current to a safe preset level. This inner current loop makes the converter a linear 

current amplifier. The outer speed loop ensures that the actual speed is always equal to the 

commanded speed and any transient is overcome within the shortest time without exceeding 

the motor and converter capabilities. The transfer functions of the various subsystems will 

be described in detail in the following subsections. 

4.2.1 Induction Motor 

The qg and d axes stator voltages of the induction motor in the synchronously rotating 

reference frames are given as, 

Ups = (Rs + Lsp)ig, + WeLsig, + Lmpty, + Welty, (4.1) 

Vis = —Wel sts, + (Rs + Lsp)t4, ~~ We Lis, + LmPtGp (4.2) 

But, from the derivation of the vector controller discussed earlier, the following relation- 

ships are known, 

re tos = Ut 

las = ty 

bor = 0 (4.3) 
Vdr = Yr 

For this study, since the motor operates in the constant torque region, there is no field 

weakening and the field current is constant. Hence, 
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pis =0 

py, = 0 

The rotor flux and synchronous stator frequency are given as, 

Yr = Lmtf 

We = Ws + Wy 

Also, the g and d axes rotor currents are given as, 

  

  

    

gr -_™ 2 ut 

-e Vr Lm . 
lar = L, ~ L, ‘Ff 

Lm . Im. 
= L, 7 L, °F 

= 0= Plar 

Rewriting the g axis voltage or the torque voltage using the above relationships, 

, . 2, 
5 (Rs + Lp) te + We L gts — L Prt 

— [2 , ; L;L m\_: . 
Rstz + (SF pit + Wel sts 

(Ry + Lap)it + wel siz 

  e lI 
II 

where, 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

(4.10)



Hence, 

- Ugs —™ Wel sty _ Ugs —_ (w, + Ws) Dsts 

er = 

* ~ “(Rs + Lap) (Rs + Lap) 
(4.11) 

From the dynamic model of the induction motor, the equations for the slip frequency 

and the electromagnetic torque are given as, 

  

  

  

o LmRp Ut 
sl = —{ 

L,  r 

_ fir 
~ L, Uf 

3 P Lm. 
TT. = 201 tt Yr 

3 PL? ... 
= (Sa L. tf) 

= Ket 

where KK, is the torque constant, defined as, 

ti
 3 PL? K-32 Lh, 

‘t= 99 7, 

The transfer function for the induction motor torque channel is given as, 

  

ii(s) Ka 
Ga(s) = V.(s) 1+8T, 

    

where, from equation 4.11, 

Ve(s) = vf, — weLsis(s) 
and the gain and time constants are given as, 

(4.12) 

(4.13) 

(4.14) 

(4.15) 

(4.16) 

(4.17)



— (4.18) 

4.2.2 Load 

The load is modeled as a function of moment of inertia, J, with a viscous friction 

coefficient of B. Then the acceleration torque drives the load and is given by, 

db 
Ih 
  

P 
+ Buy = 5(Te ~ Ti) (4.19) 

where, 7; is the load torque. The load torque is assumed to be frictional for the purpose 

of this study. Hence, the load is proportional to speed and given as, 

T) = Biwm (4.20) 

The transfer function for the frictional load is given as, 

  

Wr Km 
n(s) = = = ——— 4.21 

Gm(s) Te(s) 1+ 8Tm (4.21) 

where the gain and time constants are given as, 

- P 1 P\ 1 cs=() xin) am 
J 

Tm = => 4.2: 

4.2.3 Current Controller 

The most commonly used techniques for current control are the hysteresis and PWM. In 

the case of a hysteresis controller, the response is instantaneous and hence the controller is 

modeled as a simple gain of unity. For this study, a standard PWM controller is employed 

to reduce the current error. The PWM controller has a delay of half the time period of 

102



the carrier waveform with a frequency of f,. It can be noted from the block diagram that 

the input of the PWM controller is the error torque current, 24¢, in volts, and the output 

is the q axis stator voltage in the synchronously rotating reference frames. The maximum 

rms voltage of the g-axis voltage under steady state conditions cannot exceed 0.45 X Vac. 

The inverter gain can then be represented as a function of the peak voltage capability 

corresponding to the available control voltage. Hence its transfer function is given as, 

    
Ug K 

G(s)=—“*= < 4.24 
(s) tree(S) 1+sT, (4.24) 

where 

tte($) = tin(S) — ttm(s) (4.25) 

and the gain and time constants are given as, 

, Vie K, = V2 x 0.45 x —% (4.26) 
Vo 

T.=— (4.27) 
© fe 

where V, is the control voltage and, f, is the switching frequency of the PWM controller. 

4.2.4 Speed Controller 

The proportional plus integral (PI) controller is the most commonly used technique for 

the speed controller. It consists of proportional and integral gain constants. The speed 

controller to calculate the torque command for any speed error signal is: 

Ty = Kyl} —w,) + Ki [ (wt - wy) at (4.28) 

where, A, and K; are the proportional, and integral gain constants, respectively. The 

transfer function of the speed controller is given as, 
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K,(1+ sT, G(s) = BOF 8h) (4.29) 
where the gain and time constants are given as, 

  

K, = K, (4.30) 

K 

T, = — (4.31) 

4.2.5 Speed Feedback 

Most of the high performance drives use a dc tachogenerator and the filter required is 

a low pass with a time constant of 2 msec. or less. The transfer function of the feedback 

filter is given as, 

Wrm(s) _ Ky 

ws) 14+ s8T, 
    H(s) = (4.32) 

where J, is the gain and T,, is the time constant of the dc tachogenerator and filter. 

4.33 OVERALL TRANSFER FUNCTION EVALUATION 

The step by step derivation of the overall transfer function of the drive system is given 

in Fig. 4.1. The equations for the motor are incorporated in the induction motor, EMF 

calculator, and slip speed calculator blocks in the figure. By including the slip speed cal- 

culator into the motor model and simplifying the loop, the new transfer function is given 

as, 

ir(s) _ Ky 

Vos — W, Lsts 14 8T; 
  Gp(s) = (4.33) 

where the gain and time constants are given as, 
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RD, ” ” 

Ky = Ky / ( + Ti) = Ka [K; (4.34) 

T, 
T == 4.35 = (4.35) 

The following are the transfer functions defined in the step (iv) of the block diagram 

reduction, given in Fig. 4.1: 

  

  

  

    

    

  

W)= Bytom a (436) 

G(s) = OI = F (4.37) 

G3(s) = e, A = 7 aS (4.38) 

G4(s) = ae = 4 a“ (4.39) 

A(s) = ont ~ rs ST. (4.40) 
By further reduction and arriving at step (vi) as shown in the figure, 

Gs(s) = G2(s)Ga(s) (4.41) 
~— 14+ Gs(s)G4(s)KyL sis 

Similar to the derivation of the transfer function of the dc motor, the second order model 

of the current loop is replaced with an approximate first order model to design the speed 

loop. This helps to reduce the order of the overall speed loop gain function. This leads to 

the approximation of the following transfer function, 

KK K, 
G2(s)Ga(s) = (i+sT.)(1+sT) 14sT, 
  (4.42) 
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Figure 4.1: Step by Step Derivation of a Speed Controlled Indirect Vector Controlled In- 

duction Motor Drive System 
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where, JT, is the equivalent time constant given as, 

T, = Ty + Te (4.43) 

and, 

K, = K, K- (4.44) 

The transfer function Gs is defined as, 

  

iz(s) K,(1 + sTm) 
Gs(s) = - - = : 4.45 

5(8) (3) —tem(s) (1+ sT.)[(1 + 8T)(1 + sTm) + Ka] ( ) 

where, 

Ky = Ky Ky Ky Ls ts (4.46) 

Some more simplification is necessary to synthesize a controller without resorting to a 

computer. Noting that T;,, is in the order of 1 sec, in the vicinity of the gain crossover 

frequency, the following approximation is valid: 

(1+ sTn) & sTm (4.47) 

The current loop transfer function can then be written as, 

“0 =   

  

  

1 
= c+ sTm ; HeKssim x SET + 5(Tm + HeK; Tm + KaTs) + Ka 

A.K,sTm | 1 
= > 4.48 

Ky (1 + sT;)(1 + sT2) ( ) 

where, 

Kk, = Kg (4.49) 
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—2T,Tm 
  

  

T= 4.50 
‘Lb — J? — 4K TT (4.50) 

—_ T; m Ty = oT Tm (4.51) 
b+ /b? —4K,T.T,, 

and 

b= Tn + HeK-Tm +T.Ka (4.52) 

Since the value of 7; is much greater than that of TJ, and in the order of 1 sec, the 

following approximation in the vicinity of the gain crossover frequency is valid: 

(1 + ST) ~ sT5 (4.53) 

The current loop transfer function taking into account this approximation can then be 

written as, 

cay =   

  

  

  

  

HeK,Tm 1 
= 4.54 

Kal» fr + a ( 9 ) 

Hence, the overall open loop transfer function is given as, 

AeKmK,K, | (1+ sT;) | 
= 4, G(s) Kal, |s°T,(148Ti) (4.55) 

The loop gain function is given as, 

KmK,H.H. K(1 + sT;) | 1 | 
ivf 

GH(s) KaT2 s*T, (1 + sT,)(1 + sT.) 

, Ks f (14+sT;) | 

82 sr steoy (4.56) 
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The above approximation involves the equivalent time delay of the speed feedback filter 

and current loop. Their sum is very much less than the integration time constant, T,, and 

hence the equivalent time delay, T\,,, can be considered as the sum of the two delays, T,, 

and 7;, which is the smaller value of the two roots. This step is very much similar to the 

equivalent time delay introduced in the simplification of the current loop transfer function. 

Hence the equivalent time constant is given as, 

Ty, ~ Ty + Ty (4.57) 

and the gain constant is given as, 

AA K mK; K = c Ww m t 4.58 

"? KaTy (4-58) 
The overall closed loop transfer function of the speed loop can then be written as, 

    

  

  

w,(s) 1 1+ sT,, _ 4, 
w*(s) Ay (1+ 875) s3T, + s*Ty +sT, +1 (4.59) 

where, 

Tw Ts 
a 4, 

Kok, (4.60) 

T’ _ s 4.61 
Ty Kok, ( ) 

In many high performance systems, the speed filter time constant is very small compared 

to other time constants. Hence the zero of the transfer function involving the filter time 

constant can be approximated by, 

1+sT, #1 (4.62) 

Then the closed loop transfer function of the speed to its command is given as, 
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Wy 1 
— = —(1+sT, 
w* zc (1 + sTs) pea 

_ 1 ag + a4 

OA ; dg + 418 + azs? + =a (4.63) 

where, 

ao = 1 (4.64) 

a, = T; (4.65) 

T; 
a2 = Tok, (4.66) 

Ti T's — 4, 
“3 TKK, (4.67) 

For optimal response, the magnitude of the frequency response is to be as close as 

possible to a value of one over a wide frequency range which guarantees a high bandwidth 

and hence faster response. The magnitude of the function in the j-domain is given as, 

  

  

az wW a2 Fiw)| = ot oat (4.68) az + w?(a? — 2apa2) + w4(a2 — 2a,a3) + w%a3 

This is optimized by making the coefficients of w? and w‘ zero which yields the following 

conditions: 

a? = 2aga2 (4.69) 

az = 2a,a3 (4.70) 

Substituting these conditions in terms of the motor and controller parameters given in 

4.64 - 4.67, 

  Ti = 4.71 
°K, Ke (4.71) 
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resulting in 

2 
T; Ks = Ke (4.72) 

Similarly, 

T2 —2T?T, 
    

  

— 4.73 
K?k? KK (4.73) 

which after simplification gives the speed controller gain as, 

K,= ! (4.74) 
*  WKoT 

Substituting equation 4.74 into 4.72 gives the time constant of the speed controller as, 

T, = 4Tw (4.75) 

Substituting for i’, and T; in 4.63 gives the closed loop transfer function of the speed 

to its command as, 

w,(s) 1 1+4+4Ts 

w*(s) HAH, |1+47Ts + 8T?s? + 8T3s3 
    (4.76) 

where, 

T = The (4.77) 

This function described in equation 4.76 is known as symmetric optimum. For the open 

loop gain function, the corner points are or and 7 with the gain crossover frequency of oT 

In the vicinity of the gain crossover frequency the slope of the magnitude response is -20 

db/decade which is the most desirable characteristic for good dynamic behavior. Because of 

its symmetry at the gain crossover frequency, this transfer function is known as a symmetric 

optimum function. Further this transfer function has the following features: 

1. Approximate time constant of the system is 47’. 
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2. The step response is given by, 

fopt(t) = on 26 cos( ae vat) (4.78) 

with a rise time of 3.17, maximum overshoot of 43.4% and a settling time of 16.57. 

3. Since the overshoot is high, it can be reduced by compensating for its cause, the zero 

by a pole in the speed command path as shown in the Fig. 4.2. The resulting transfer 

function of the speed to its command is, 

    wr(s) 1 1 

w(s) A, i +47 s + 872s? + 7s (4.79) 

The step response for this modified transfer function is given as, 

foptm(t) = z h — t/t _ See UT sin vat ] (4.80) 

with a rise time of 7.67, maximum overshoot of 8.1% and a settling time of 13.3T. 

Even though the rise time has increased, the overshoot has been reduced to approxi- 

mately 20% of its previous value and the settling time has come down by 19%. 

4. The poles of the transfer function are, 

_ 1-1 , iv3 
~ 97 47 ~ aT (4.81) 

As the real part of the poles are negative and since there are no repeated poles at the 

origin, the system is asymptotically stable. Hence in the symmetric optimum design, 

the system stability is guaranteed and there is no need to check for it in the design 

process. 

5. Symmetric optimum eliminates the effects due to the disturbance very rapidly com- 

pared to other optimum techniques employed in practical systems such as linear and 
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Figure 4.2: Compensator for Overshoot Reduction 
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modulus optimum etc. This approach indicates one of the possible methods to syn- 

thesize the speed controller. The judicious choice of approximations is based on the 

physical constants of the motor, converter and transducer gains and delays is to be 

emphasized here. 

4.4 SIMULATION RESULTS 

The results which are presented in this section are obtained for the motor drive system 

described by the following parameters. The induction motor operates in the constant flux 

region and its ratings are LHP, 220V, 2 pole, 60 Hz., 3450RPM, Y-connected motor. The 

motor parameters are given in appendix A. A dc motor coupled to the induction motor pro- 

vides a constant load of 0.4707 Nm. The rated flux of the motor, ,, is 0.363 Wb.Trns and 

the rated torque, T., is calculated to be 1.744 Nm. For the purpose of this study, the PWM 

converter is supplied from a dc supply with a dc link voltage of 100 V. The maximum control 

input voltage is + 5V. The tachogenerator has a transfer function G,(s) = (4 00038)" 

The speed reference voltage has a maximum of 5V. The current limit in the system is set 

to 8A. 

The dc link voltage, Vy, is given as, 

Vice = 100V 

The rated voltage required by the motor is 230V. Hence the maximum safe control voltage 

is 5V and this has to correspond to the maximum current error, i.e. tmaz 

  

1 max = 8A 

H, = Ve 
’maz 

ee) 

~ 8 
= 0.625V/A 
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The gain and time constant of the PWM inverter are given as, 

Vie   K. = V2x0.45 x 

0.6364 x 100 

5 

= 12.728 

1 

2x fe 
1 

2 x 1000 

0.5 msec 

  

The transfer function of the converter is given as, 

12.73 

Gels) = Gy 9.00055) 

The equivalent inductance of the motor is given as, 

L,L, — L?, 

Ly 
= 0.06524H 

La 

The gain and time constant of the induction motor are given as, 

——— 

I! © ~ o>
 

—
 

an
 

a
n
 

7 = — 
Rs 
0.06524 

2.1667 

= 0.03634 sec 

  

The transfer function of the induction motor is given as, 

0.4615 

Gals) = 9.036345) 
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The torque constant of the motor is calculated as, 

The field current is given as, 

  

3 P Lm 
K, = ~-2™d, 
t DD L,Y 

= 0.451 

, vr 
= = 1.724A 

> TL 
The gain and time constant of the load for no load conditions, i.e., B; = 0, are given as, 

Pol 
2B+B, 

= 648.09 

Km = 

  
B+ B, 

= 2.676 sec 

The transfer function of the load is given as, 

648.09 
Gin oS) = 7a rae () = G4 2.6765) 

Proceeding further with the block diagram simplification, the following values are calculated. 

T; 

Ti Ww 

T2 

Ko 

6.48 msec 

7, + T,, = 6.48 + 2 = 8.48 msec 

    

0.2759 sec 

HoKmKyHy _ 0.625 x 648.09 x 3.31 x 0.01166 _ | oo, 

KaT» ~ 31.414 x 0.2759 ——_ 

Ti. = 8.48 msec 

4T = 4 x 0.008484 = 0.0339 sec 

  

    

2 2 
= = 32.681 

KeT, 1.803 x 0.0339 

Ks, 32.681 
= = 963.032 

T; 0.0339 963.05 
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Hence, the symmetric optimum function is given as, 

  

G(s) = ( 1 )| 1 + 0.0339s 

0.01166/ 1+ 0.0339s + 5.76 x 1074s? + 4.885 x 1076s? 

The frequency and time domain responses of the speed to its command without the 

compensator is shown in Fig. 4.3. It can be noted that the function closely follows the 

characteristics of the symmetric optimum function. The maximum overshoot can be reduced 

by adding a compensator for the speed command as discussed earlier. The smoothing of the 

overshoot with the cancellation of the zero with a pole at ar is shown in Fig. 4.4. It should 

be noted that such a close correlation of the time domain response is achieved if there is 

no limit on the torque produced in the motor, since a linear relationship between the speed 

error and the torque is assumed. But in practical drive systems, the torque capability of 

the motor limits the maximum allowable torque and the small and large signal response of 

such a system is considered for the study. 

The proportional and integral constants designed using the symmetric optimum tech- 

nique is incorporated into the CAE package, VCIM, and the drive system is defined by 

the corresponding parameters. The small signal response of the drive system is studied by 

applying a 0.02 p.u. speed command from standstill. This condition is equivalent to that 

of a 2% perturbation of the input signal. The time domain characteristics is presented in 

Fig. 4.5. It can be noted that there is a close correlation of the response obtained with the 

linear model. There is an increase in the settling time of the speed due to the fact that the 

maximum torque allowed is limited to 1 p.u. The limiter function can be observed from the 

behavior of the actual torque response in the characteristic. 

The performance of the controller for wide load torque variations is illustrated in Fig. 4.6. 

The motor drive system is allowed to reach steady state and then a load torque disturbance 

of +0.5 p.u. is applied. It can be noted from the figure that there is only a minor variation 

in the actual speed value for such a wide range of load torque variation. This response is 

helpful in determining the integrity of the controller. 

The overshoot of the response can be smoothed by the cancellation of the zero in the 
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symmetric optimum function. This is equivalent to that of a soft start of the drive system. 

The small signal response of the drive system is studied by applying a 0.02 p.u. speed 

command from standstill with the soft start feature. The time domain characteristics is 

presented in Fig. 4.7. The close correlation of the response to that of the linear model can 

be observed. There is a considerable decrease in the peak overshoot and the settling time 

of the system compared to that without a compensator, as expected. 

The performance of the controller for wide load torque variations with the compensator 

is illustrated in Fig. 4.8. Similar to the study performed without the compensator, the 

motor drive system is allowed to reach steady state and then a load torque disturbance of 

+0.5 p.u. is applied. It can be noted from the figure that there is minimal variation in the 

actual speed value for such a wide range of load torque variation. 

The sensitivity of the drive system to parameter variations is studied for the speed 

controller using the symmetric optimum technique. As discussed in the earlier chapters, 

the indirect vector control strategy is sensitive to variations in the rotor resistance, R,, 

and the mutual inductance, L,. Fig. 4.9 illustrates the large signal drive response for a 

100% variation in the value of rotor resistance. The simulation results presented are for a 

damping factor of 0.5 without the compensator. It can be noted that there is only a minor 

difference in the peak overshoot value when compared to Fig. 4.12. The rise time and the 

settling time for both the cases are equal. 

Fig. 4.10 illustrates the response of the drive system for a 80% variation of the mutual 

inductance value. It can be noted that there is a considerable decrease in the peak overshoot 

of the speed response and consequently an increase in the rise time and the settling time 

when compared to Fig. 4.12. On the contrary, when the mutual inductance is increased to 

120% of its original value, there is an increase in the overshoot and decrease in the rise time 

and settling time, as shown in Fig. 4.11. 
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4.5 EXPERIMENTAL VERIFICATION 

The drive system simulated in the previous section is implemented using a DSP based 

vector controller. The experimental setup has been described in detail in Chapter 2. The 

designed values of the speed and proportional constants are incorporated for the simulation 

and experimental verification. 

The simulation and experimental results for the large signal response of the drive system 

without compensation is presented in Fig. 4.12. A commanded speed value of 0.28 p.u. 

which corresponds to 1000 RPM, is applied from standstill to the motor drive system. As 

can be noted from both the cases, the drive system reaches steady state after a maximum 

overshoot value corresponding to that of the linear symmetric optimum function. The rise 

time of the waveform in the simulation results is 2.5 seconds compared to 2.676 seconds 

predicted in the derivations. Also, the peak overshoot of the speed profile is 44.3% compared 

to 43% in the symmetric optimum function. The commanded and actual values of the rotor 

speed and the electromagnetic torque command is shown in the experimental results. It 

can be noted that there is a very close correlation between the profiles of the experimental 

and the theoretical predictions. The rise time of the waveform is 2.8 seconds compared 

to 2.676 seconds predicted in the derivations. The peak overshoot of the speed profile is 

48% compared to 43% of the symmetric optimum function. The simulation results has not 

captured the higher overshoot of the speed response due to the idealized modeling of the 

inverter and other subsystems. The oscillations in the speed response till the steady state 

is reached can be attributed to the bang-bang nature of the torque limiter. This can be 

observed from the torque response in this figure. 

It can be noted that the symmetric optimum function is designed for a damping factor of 

0.5. The oscillations in the large signal response can be reduced by increasing the damping 

factor. Two such cases are studied and the simulation and experimental results for a 

damping factor of 0.707 and 1 is presented in Fig. 4.13 and 4.14, respectively. 

The following parameters for these two cases are given below. For a damping factor of 
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4.6 DISCUSSION 

A simple methodology has been presented in the chapter which facilitates the design of 

a speed controller of the indirect vector controller controlled induction motor drive without 

resorting to a computer. The algorithm has been formulated by exploiting the similarity 

between the vector controlled induction motor drive and the separately excited dc motor. 

The speed loop transfer function expressed in terms of T’, is significant in that it clearly 

links the dynamic performance to the speed feedback and current loop time constants. It can 

be observed that a faster current loop with a smaller speed filter time constant accelerates 

the speed response. Expressing T in terms of the motor, converter and transducer gains 

and delays using earlier expressions, 

T= Th 

= 1+T. (4.88) 

—2(T, + Te )Tm 
= = + Tw 
    

where the value of b, is given by equation 4.52. This clearly shows the influence of the 

subsystem parameters on the system dynamics. A clear understanding of this would help in 

the proper selection of the subsystems to obtain the required dynamic performance of the 

speed controlled motor drive system. Further this derivation demonstrates that the system 

behavior to a large degree depends on the subsystem parameters rather than on the current 

and speed controller parameters or on the sophistication of their design. 
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Chapter 5 

NOVEL SENSORLESS VECTOR CONTROL 

SCHEME 

5.1 INTRODUCTION 

High performance inverter-fed induction motor drive systems are realized using vector 

control schemes. The vector controller requires the position of the rotor flux for successful 

control of the induction motor. Schemes using the measured and estimated positions of 

the rotor flux are known as direct and indirect vector control schemes, respectively. The 

majority of induction motor servo systems are based on the indirect vector control strategy, 

which uses the machine parameters to estimate the position of the rotor flux. The modeling 

of this controller and the parameter sensitivity effects are discussed in the earlier chapters. 

Crucial to the success of indirect vector control is the knowledge of the rotor position which 

is obtained by using position transducers. 

The inclusion of a position sensor increases the cost and the mechanical complexity of 

the drive system. Many applications require the minimization of the transducers in the 

control strategy for reduction of cost and increased reliability of the system. Hence a novel 

scheme has been proposed to eliminate the position sensor from the indirect vector control 

strategy. This is achieved by modeling the induction motor in the stator reference frame 

and using the airgap power. The line voltages and stator phase currents are required for 

the calculation of the airgap power. While the measurement of line voltages is possible 

with isolation amplifiers, it may not be a cost effective solution to low power motor drives. 

Hence, the line voltages are reconstructed from the base drive signals applied to the inverter 

using an algorithm proposed earlier [141]. The only input to the scheme are the two stator 
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phase currents measured by current transducers. Since the neutral of the motor is isolated, 

the third phase current is obtained as the negative sum of the other two measured currents. 

The base drive signals are obtained by comparing the measured and commanded values of 

stator currents. The commanded values of the three phase stator currents are obtained by 

the current source indirect vector control strategy. 

This chapter describes the formulation and systematic derivation of the novel sensorless 

vector controller scheme for induction motor drive systems. The computer simulation is per- 

formed with the aid of the CAE package, VCIM, discussed in Chapter 3. The experimental 

verification is performed using a DSP based vector controller, discussed in Chapter 2. The 

chapter is organized as follows. The next section gives the derivation of the novel sensorless 

scheme for indirect vector control induction motor drive systems. Section 5.3 presents the 

simulation results obtained from the CAE package and the experimental verification is given 

in Section 5.4. The various issues pertaining to this scheme and sensorless vector control 

are discussed in Section 5.5. 

5.2 MODELING OF THE PROPOSED SCHEME 

The basic functional diagram of the proposed position sensorless vector control scheme 

is presented in Fig. 5.1. Since the calculation of the airgap power is crucial to this scheme, 

the modeling of the motor is performed in the stator reference frames. It can be seen 

that the system consists of three modules. They are, the voltage sensing module, position 

calculator module and the vector control module. The following subsections provide a 

detailed description of the modeling of each of these modules. 

5.2.1 Voltage Sensing Module 

The voltage sensing algorithm reconstructs the line voltages from the base drive control 

signals. The base drive control signals are obtained by comparing the measured stator 

phase currents and the command values of the stator currents which is calculated by the 
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vector control module. The inverter power circuit of the induction motor drive is shown in 

Fig. 5.2. Even though transistor switches are considered, the algorithms can be suitably 

modified for both thyristor and GTO switches. The following assumptions are made in the 

derivation of the algorithm. 

e The power transistors and freewheeling diodes are ideal switches. 

e The carrier switching frequency of the inverter is limited to 2.5 kHz. 

e A current source inverter is feeding the induction motor. 

e The base drive signals are isolated. 

A constant dc bus voltage is maintained. 

A detailed description of the algorithm and the relevant equations are given in Ap- 

pendix B. 

5.2.2 Position Calculator Module 

The position calculator module estimates the value of the rotor position from the given 

set of phase voltages and currents. For a balanced three phase system, the phase voltages 

obtained from the voltage sensing module can be transformed into the two axis voltages in 

the stationary reference frame by, 

Ugs = Vas (5.1) 

1 
Uds = = Vas + 2Ves 5.2 

The stator currents can also be similarly transformed using the following equations, 

igs = tas (5.3) 
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,; 1. ,; 
lds = Jae + is) (5.4) 

From the phasor diagram representation of the vector controller given in Fig. 2.1, the 

following relationship can be deduced. 

Osc = Be + 65 + 6, 

where, @,, is the stator electric angle, 6;. is the torque angle, @,; is the slip frequency 

angle, 6, is the rotor position and @, is the field angle for a current source vector controller. 

The dynamic equations of the induction machine in the stator reference frame is given 

below. 

Ugs Rs + Lsp 0 Limp 0 tgs 

Vd 0 R,+L 0 Limp tds s _ s sP (5.6) 

Ugr Limp —W,Lm R, + Lp —w,L, tar 

Vdr Wr Lm Limp Ww, Ly R, + L,p tdr 

from which the electromagnetic torque, T., is calculated using: 

3 P a . 
Te = 9 2 Lim (tgstdr - ldstgr ) (5.7) 

where, R,,R,,L;, L, are the stator and rotor resistances and self inductances, respec- 

tively. ws,w, are the stator and rotor electric frequency in radians/sec. vgs, Uds, Ugr, Udr} 

tgs) tds, tgry tdr are the stator and rotor, d and q axes, voltages and currents in synchronous 

frames, respectively. w, is the rotor speed and the operator 4 is represented by p. The 

speed is computed from the acceleration torque equation using the load torque, 7), Moment 

of Inertia, J, and the viscous friction coefficient, B, 

dr, 
Ih 
  

P + Bu, = 5(Te- Ti) (5.8) 
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and the rotor position is given as 6, = w,t. 

For the proposed scheme, only the stator phase currents and voltages are available for 

computing the field angle for vector control. Since the electromagnetic torque equation 

given above is dependent on the rotor currents, it cannot be used for the computation of 

T. in the proposed scheme. The stator current phasor, 1,, and the stator electric angle, 6,, 

are obtained from the q and d axes currents as follows, 

i, = 2, + 22, (5.9) 

950 = /tan7}(“32) (5.10) 
tds 

From the dynamic model of the motor in the stator reference frame, it can be noted 

that, 

Ugs = (Rs + Lsp)tgs + Lin Ptgr (5.11) 

Vds = (Rs + Lsp)ids + LmPtar (5.12) 

Alternately, using the flux linkage model of the induction motor, the above equations 

can be written as, 

Uqs = Restqs + Pqs (5.13) 

Uds = Rstds + Dds (5.14) 

where, ws and qa, are the q and d axes stator flux linkages in the stator reference 

frames. Hence the g and d axes stator flux linkages can be computed using the following 

equations: 

Wqs = J _ Rsiqs)dt (5.15) 
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Was = J (vs — Rsias )dt (5.16) 

But, the stator d and q axes flux linkages can also be written as, 

Wqs = Limtgr + Lstgs (5.17) 

Wds = Lin tar + Lstds (5.18) 

The rotor current equations are given as, 

. vy so Lt s 
tqr = an (5.19) 

igp = Pes = Asteds (5.20) 
Lm 

Hence, the rotor flux linkages are given as, 

War = Lintgs + Lstgr (5.21) 

War = Lytds + L star (5.22) 

The magnitude of the rotor flux and the field angle are then calculated using the equa- 

tions, 

Yr = v2, + v3, (5.23) 

or 
War 

Substituting the values of the g and d axes rotor currents in equations for the expression 

6; = tan '(—) (5.24) 

for electromagnetic torque, 

148



(49s Pads _ tasWqs) (5.25) 

  (5.26) 

6. = Jos (5.27) 

From the phasor diagram representation of the vector controller given in Fig. 2.1, the 

rotor position can be determined as, 

6, = 07 — As (5.28) 

Since the q and d axes stator voltages and currents, and the stator current phasors are 

known, the airgap power is deduced from the following relationship, 

Py = 5 (vaste + Udsias — Rei?) (5.29) 

The stator frequency, w;, can be calculated from the airgap power and the electromag- 

netic torque as, 

P, P 
Ws, = — =F (5.30) 

The rotor speed, w,, for closing the speed loop can then be obtained from the following 

relationship, 

Wr = Ws — Wel (5.31) 
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5.2.3. Vector Controller Module 

The input to the vector controller module are the commanded values of electromagnetic 

torque and rotor flux. Using the current source indirect vector control algorithm, the 

commanded values of the three phase currents are calculated. The relevant theory and 

equations are already presented in Chapter 2. 

* 

The commanded values of the torque angle, 07, and slip angle, 0* *;, are combined with 

the value of the rotor position estimated in the previous section to obtain the commanded 

value of the stator electrical angle as, 

6° = 0% + 0%, +4, (5.32) 

The commanded values of the stator current can then be obtained as follows, 

it, = @ sing? 
ne ce ae OTE 
e= it sin(@; - =) (5.33) 

2 vw, = i sin (03 + =) 

5.3 SIMULATION RESULTS 

The simulation results for the proposed sensorless vector control scheme are presented in 

this section. The scheme is integrated into the CAE package, VCIM, as a separate module. 

The output characteristics for a torque drive system employing the proposed sensorless 

algorithm is illustrated in Fig. 5.3. The inputs to the torque drive are the commanded 

values of electromagnetic torque and rotor flux. The rotor speed is maintained at a constant 

value and the rotor flux is equal to the rated value. This condition is achieved by starting 

the simulation with the value of the field current equal to the rated current. Since the field 

current is directly proportional to the rotor flux, this condition ensures that the rotor flux 

reaches the rated value. In this simulation experiment, the rotor speed is maintained at 
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0.3 p.u. which corresponds to a mechanical speed of 1080 RPM. The normalized values 

of the commanded/actual speed, commanded /actual torque, commanded /actual current of 

phase ‘A’, actual rotor flux and the estimated rotor position are displayed in the figure. 

The inner current loop is represented by the commanded and actual values of currents. 

The actual current follows the commanded value, implemented by a PWM controller with 

a carrier frequency of 1 kHz. A step command of + 0.5 p.u. for the torque command and 

al p.u. command for the rotor flux is applied. The actual value of the electromagnetic 

torque and rotor flux closely follows the commanded signal, as seen from the figure. The 

estimated value of the rotor position using the algorithm is also shown in the figure and 

closely follows the actual rotor position in the system. 

The output characteristics for a torque drive system for low speed operation employing 

the proposed sensorless algorithm is illustrated in Fig. 5.4. In this simulation experi- 

ment, the rotor speed is maintained at 0.03 p.u. which corresponds to a mechanical speed 

of 108 RPM. The normalized values of the commanded/actual speed, commanded /actual 

torque, commanded/actual current of phase ‘A’, actual rotor flux and the estimated rotor 

position are displayed in the figure. The inner current loop is represented by the com- 

manded and actual values of currents. The actual current follows the commanded value, 

implemented by a PWM controller with a carrier frequency of 1 kHz. A step command of 

+ 0.5 p.u. for the torque command and a 1 p.u. command for the rotor flux is applied. 

It can be noted that even at this low speed the electromagnetic torque closely follows the 

commanded value The rotor flux is maintained at 1 p.u. value as seen from the figure. The 

estimated value of the rotor position using the algorithm is also shown in the figure and 

closely follows the actual rotor position in the system. 

The output characteristics for a speed drive system employing the proposed sensorless 

algorithm is illustrated in Fig. 5.5. The input to the speed drive is the commanded value of 

the rotor speed. This is compared with the actual value of the rotor speed. The error signal 

is amplified and processed through a speed controller to get the torque command. The flux 

command is obtained from the rotor speed signal by flux programming. The normalized
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values of the commanded /actual speed, commanded/actual torque, commanded /actual cur- 

rent of phase ‘A’, actual rotor flux and the estimated rotor position are displayed in the 

figure. The inner current loop is represented by the commanded and actual values of cur- 

rents. The actual current follows the commanded value, implemented by a PWM controller 

with a carrier frequency of 1 kHz. A step command of + 0.5 p.u. for the speed command 

and a1 p.u. command for the rotor flux is applied. The actual value of the electromagnetic 

torque and rotor flux closely follows the commanded signal. The zero error in the electro- 

magnetic torque indicates steady state for the drive with no load torque. The transient 

and dynamic response of the current can also be seen. It can be noted that even at this 

low speed the electromagnetic torque closely follows the commanded value The rotor flux 

is maintained at 1 p.u. value as seen from the figure. The estimated value of the rotor 

position using the algorithm is also shown in the figure and closely follows the actual rotor 

position in the system. 

5.4 EXPERIMENTAL VERIFICATION 

The simulation results presented for the drive system in the previous section is imple- 

mented using the DSP based controller described in the earlier chapters. The experimental 

results obtained from this setup is presented in this section to verify the validity of the 

proposed algorithm. 

The experimental setup is implemented as follows: The voltage sensing module is im- 

plemented external to the DSP. The inputs to this module are the currents measured by 

the transducers and the gate drive signals generated by the DSP. The logic equations of 

the algorithm are implemented by a Programming Logic Device (PLD). The line voltages 

obtained from the PLD are then processed to obtain the phase voltages corresponding to 

the dc link voltage. The integrator function to estimate the d and q axes stator flux is also 

implemented by external hardware. The stator flux values are then fed to the DSP through 

the two channels of the analog to digital converter. 
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Once the stator flux values are available in the DSP, the position estimator module 

computes the rotor position using the algebraic expressions described earlier. The inverse 

tangent function to compute the field angle is stored as tables and retrieved in the assembly 

program. The integration function to obtain the slip angle from slip speed is implemented 

by trapezoidal algorithm. 

The estimated value of the rotor position is input into the vector controller algorithm 

described earlier and the three phase commanded values of currents are generated. The 

actual values of the current are controlled to follow the commanded values with the PWM 

timers built-in the processor. The simulation results for the step torque characteristics of a 

torque drive system employing the proposed sensorless algorithm is illustrated in Fig. 5.6. 

The motor is allowed to accelerate to a certain speed value from standstill. The normal- 

ized values of the commanded /actual speed, commanded /actual torque, commanded /actual 

current of phase ‘A’, actual rotor flux and the estimated rotor position are displayed in this 

figure. The inner current loop is represented by the commanded and actual values of cur- 

rents. The actual current follows the commanded value, implemented by a PWM controller 

with a carrier frequency of 1 kHz. A step command of torque and a 1 p.u. command for 

the rotor flux is applied. It can be noted that the electromagnetic torque closely follows 

the commanded value The rotor flux is maintained at 1 p.u. value as seen from the figure. 

The estimated value of the rotor position using the algorithm is also shown in the figure 

and closely follows the actual rotor position in the system. 

The experimental validation for this condition is presented in Fig. 5.7. The commanded 

value of torque and the rotor speed value in RPM is presented in this figure. Similar to the 

simulation, a step command of torque is applied and the motor is started from standstill. 

The position sensor is removed from the experimental setup and the estimated position is 

applied to the algorithm in place of the sensor position. The response of the speed for this 

condition shown in this figure closely follows the simulation results presented earlier in Fig. 

5.6. The output characteristics for the speed drive can then be obtained by closing the 

outer speed loop similar to that of the sensor based vector control. 
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5.5 DISCUSSION 

A novel sensorless vector control scheme which requires only two current transducers for 

the measurement of phase currents is formulated in this chapter. The phase voltages are 

estimated from the gate drive signals and the phase current measurement from which the 

rotor position is obtained. The simulation results of a torque drive for different values of 

rotor speed is presented to verify the algorithm. A speed drive simulation is also presented 

using the sensorless algorithm to illustrate the four quadrant operation of the drive system 

without position sensors. 

The experimental verification has been performed by employing the DSP based vector 

controller discussed in the earlier chapters. An experimental run for the torque drive system 

using this setup is presented to validate the algorithm. It was noted that the switching 

frequency of the PWM controller was limited to 1 kHz. due to the software limitation 

of the processor. This introduced large ripples in the current which introduced errors 

in the position estimator routine. Also the leakage inductance of the motor used in the 

experimental setup was significant enough to introduce deviations in the estimation of the 

rotor flux. These two factors has limited the implementation of the speed drive system 

using the current experimental setup. 

This disadvantage can be overcome by implementing the algorithm by analog circuitry 

or by using a faster Digital Signal Processor to perform only the mathematical calculations. 

The PWM algorithm can be made to function externally, thus enabling the user to control 

the current ripple. With such a setup, the speed drive can be implemented and critical issues 

such as parameter sensitivity of this algorithm and adaptation schemes can be evaluated. 
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Chapter 6 

CONCLUSIONS 

6.1 INTRODUCTION 

With the advent of vector control and the recent advances in the semiconductor technol- 

ogy, ac machines are replacing the conventional dc machines in many industrial applications. 

In spite of the numerous advantages of the vector controlled induction motor drive systems, 

there are certain key issues which needed to be addressed in detail. The first issue pertaining 

to the classification and the modeling, simulation and analysis of the different types of vec- 

tor control schemes in the popular d-q reference frames, and the parameter sensitivity and 

adaptation schemes for the indirect vector controlled induction motor drive systems is given 

in detail. The next issue relating to the formulation and development of a Computer Aided 

Engineering package for vector controlled induction motor drive systems which includes all 

the subsystem modeling in an user friendly environment is presented. The development 

of an algorithm similar to the dc motor for the study and design of a speed controller is 

dealt with in the next section. Finally the modeling, analysis simulation and experimental 

verification of a novel sensorless vector control scheme is also presented in this dissertation. 

The next section discusses the various tasks which have been accomplished and the 

contributions of this research work. The final section of this chapter identifies scope for 

further research in this direction. 

6.2 CONTRIBUTIONS 

A comprehensive literature survey was performed and the tasks to be performed in this 

dissertation were identified. The author believes that the following are the contributions of 
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this work: 

1. A comprehensive literature survey has been performed on vector control issues and 

key issues of research identified. The modeling, simulation and analysis of the various 

vector control schemes, all in the d-q reference frames, have been performed and the 

results presented. To confirm the validity of the simulation results, the indirect vector 

controlled induction motor drive system is implemented experimentally with a DSP 

based controller. 

2. The methodology for the development of a CAE package for the dynamic analysis of 

the different vector control strategies which includes all the models of the various sub- 

systems is developed. This package would help in the assessment of the torque ripple, 

losses, efficiency, torque, speed, and position responses and their bandwidth evalua- 

tion and determine the suitability for a particular application. The various results 

are presented to highlight the capability and features of the CAE package. Based 

on the principle of development of this package, CAE packages for other brushless 

drive systems such as the permanent magnet synchronous motor, permanent magnet 

brushless dc motor and the switched reluctance motor drives are also developed. 

3. By utilizing the similarity between the vector controlled induction motor drive sys- 

tems and the separately excited dc motor drive systems, a method for designing the 

parameters for the speed controlled in a speed/position drive system is formulated 

and analyzed. The results obtained from the analytical derivations are incorporated 

into the CAE package and the simulation results presented and discussed. The ex- 

perimental verification of the results is also performed with the DSP based vector 

controller. 

4. A novel sensorless vector control scheme with only current transducers is proposed 

and the modeling and analysis are presented. The simulation results from the CAE 

package for different conditions of the torque drive and the speed drive system are 

presented to validate the proposed algorithm. 
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6.3 FUTURE RECOMMENDATIONS 

Based on the work accomplished in this dissertation, the author believes that the fol- 

lowing tasks are recommended for possible future work: 

1. Subsystem modeling: Even though, the various subsystems in the motor drive 

system has been incorporated into the CAE package, VCIM, the author believes more 

detailed modeling of all the subsystems for different conditions can be accomplished 

to make the package an even more efficient tool. 

2. Parameter sensitivity: The various issues relating to parameter sensitivity were 

discussed in the earlier chapters. The sensorless vector control scheme presented is 

based on the indirect vector technique, which is itself parameter sensitive. Hence, 

a detailed parameter sensitive study on this algorithm and adaptation technique to 

alleviate this problem can be performed. Since the airgap power is already available 

in this method, an earlier adaptation method based on airgap power calculation can 

be an ideal candidate [41, 42]. 
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Appendix A 

MOTOR DRIVE SYSTEM PARAMETERS 

Stator resistance Rs = 2.167 2 

Rotor resistance R, = 1.782 

Stator inductance Ls = 0.2397 H 

Rotor inductance L, = 0.2541 H 

Mutual inductance Lan = 0.2105 H 

Coefficient of viscous friction B = 0.00154 Nm/(rad/sec) 

Moment of inertia J = 0.00413 Kg. m? 

Number of poles P = 2 

Rated output power Po = 1HP 

Rated speed N, = 3450 RPM 

Rated voltage V, = 230 V 

Base value of current Ty = 2.647 A 

Base value of torque Ty = 2.064 Nm 

Base value of voltage Vp = 187.8 V 

Maximum current limit Imar =8A 

Maximum torque limit Tmar = 2.064 Nm 

PWM switching frequency fe = 1kHz 
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Appendix B 

VOLTAGE SENSING ALGORITHM 

The voltage sensing algorithm proposed in [141] reconstructs the line voltages from 

the base drive control signals and the measured stator currents. It is reproduced in this 

Appendix. 

B.1 Current Segment Identification 

The three stator phase currents are divided into 60 degree segments with each interval 

distinctly identifying a mode of operation of the inverter bridge. This is accomplished by 

generating six functions, A, B, C, D, E, and F as shown in Fig. B.1 for a phase sequence 

of abc. BA1, BA3, and BA5 are the positive half cycles of the a, b, and c stator phase 

currents. The other relationships are expressed as follows: 

—_—_—_— 

BA4 = BAI 

BA6 = BA3 (B.1) 

BA2 = BA5 

and, 

A = BAI1.BA5 

B = BA2.BA6 

C = BA3.BAI1 

D = BA4.BA2 (B.2) 
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Figure B.1: Current Segment Identification 
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E = BA5.BA3 

F = BA6.BA4 

Also, it can be noted from Fig. 5.2 that B1 through B6 are the base drive signals for 

the switches T1 through T6. 

B.2 Switching Function for Voltage Sensing 

For each current segment identified in the previous subsection, the input line voltage is 

characterized by a circuit configuration. A step by step derivation of the switching function 

for the line voltage V,, with all the different circuit configurations is given in detail in the 

following paragraphs. The circuit configurations for the current segments, A through F are 

given in Fig. B.2. It can be noted that regardless of the current segment, the line voltage 

V.b would be equal to the positive dc bus voltage if the switches T, and Tg are ON. The 

switching function for this condition is given as, 

(A+ B4+C+D+E+ F).B1.B6 (B.3) 

Similarly, Vi, would be equal to the negative dc bus voltage if the switches 73 and 74 

are ON. This can be characterized by the following switching function, 

(A+B+C+D+E+ F).B3.B4 (B.4) 

Fig. B.2(a) corresponds to the circuit configuration for the current segment A. There 

are five valid conditions which are given here along with their switching function. If all 

the four switches are OFF and the diodes D3 and D4, are freewheeling, V,» is equal to the 

negative dc bus voltage. The switching function for this condition is given as, 

A.B1.B3.B4.B6 (B.5) 
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Figure B.2: Circuit Configuration of Various Modes 
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The next valid condition is if T3 is ON and both the diodes D3 and Dy, are freewheeling, 

in which case V,, is equal to the negative dc bus voltage. The switching function is given 

as, 

A.B1.B3.B4.B6 (B.6) 

The third condition is if Ty is ON and both the diodes D3 and D4 are freewheeling, and 

again V,, is equal to the negative dc bus voltage. The switching function is given as, 

A.B1.B3.B4.B6 (B.7) 

The fourth condition is if the transistor Tg is ON and the return path is provided through 

the freewheeling diode, D4, in which case V,, is equal to zero. The switching function for 

this condition is given as, 

A.B1.B3.B4.B6 (B.8) 

The last is if the transistor JT; is ON and the return path is provided through the 

freewheeling diode, D3, in which case V,») is equal to zero. The switching function for this 

condition is given as, 

A.B1.B3.B4.B6 (B.9) 

In a similar fashion, for the current segment B, the valid conditions and the switching 

functions are given from Fig. B.2(b) as, 

AllOFF: D3,D4 => B.B1.B3.B4.B6 => Vas = —Vac 

T3 ON: D3,Dq => B.B1.B3.B4.B6 => Vay = —Vac 

T, ON: D3,D, => B.B1.B3.B4.B6 => Voy = —Va- (B.10) 

Tg ON: Be,D, => B.B1.B3.B4.B6 >Vy=0 
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T, ON: B,, D3 => B.B1.B3.B4. 6 => Vap = 0 

The circuit configuration for current segment C, is given in Fig. B.2(c). 

conditions and switching functions are given as, 

AU OFF: D4,Dg => B.BI.B3.B4.B6 => Voy = 0 

Tz; ON: B3,Ds => B.B1.B3.B4.B6 => Vy = —Vac 

Ty ON: Dg,Dg => B.B1.B3.B4.B6 => Vi» = 0 

Ts ON: D4,De => B.B1.B3.B4.B6 => Vay = 0 

T,ON: Bi,Dge = B.B1.B3.B4.B6 => Va = +Vac 

The valid 

(B.11) 

The circuit configurations for the current segments D, E, and F are given in Fig. B.2 

(d), (e), and (f), respectively. The switching functions are derived for these conditions in 

the same manner as described above. Similarly, the other line voltages are obtained. Hence 

the overall switching function for the line voltages, V,, and Vea are given by the following 

equations, 

Vas = +Vac 

= (A+ B+C4+D+4+ E+ F).B1.B6 + C.B1.B3.B4.B6 + D.B1.B3.B4.B6 + 

D.B1.B3.B4.B6 + D.B1.B3.B4.B6 + E.B1.B3.B4.B6 + (B.12) 

E.B1.B3.B4.B6 + E.B1.B3.B4.B6 + F.B1.B3.B4.B6 

Vab = —Vae 

= (A+B+C4+D+E+4+F).B3.B4 + A.B1.B3.B4.B6 + A.B1.B3.B4.B6 + 

A.B1.B3.B4.B6 + B.B1.B3.B4.B6 + B.B1.B3.B4.B6 + (B.13) 

B.B1.B3.B4.B6 + C.B1.B3.B4.B6 + F.B1.B3.B4.B6



(B.14) 

Vea = —Vae 

= (A+ B+C+D+E+4+F).B1.B2+ A.B1.B2.B4.B5 + D.B1.B2.B4.B5 + 

E.B1.B2.B4.B5 + E.B1.B2.B4.B5 + E.B1.B2.B4.B5 + (B.15) 

F.B1.B2.B4.B5 + F.B1.B2.B4.B5 + F.B1.B2.B4.B5 

The phase voltages are then obtained from the line voltages by, 

Va ~~ Vea Vas = ~ (B.16) 

Vao + 2Vea Vig = waht ica (B.17) 
3 

Vis = —(Vas + Ves) (B.18) 

Reversal of rotation is achieved by a phase sequence reversal of the stator currents in the 

induction motors. The switching functions derived above are valid for any phase sequence 

which is of significant importance for four quadrant operation of the motor drive system. 
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Appendix C 

LIST OF SYMBOLS 

Gain of the PWM controller 

Coefficient of viscous friction 

Base frequency 

PWM switching frequency 

Actual value of A phase current 

Commanded value of A phase current 

Actual value of B phase current 

Commanded value of B phase current 

Actual value of C phase current 

Commanded value of C phase current 

Actual value of field current 

Actual value of field current 

Actual value of d axis rotor current 

Actual value of d axis stator current 

Commanded value of d axis stator current 

Actual value of g axis rotor current 

Actual value of g axis stator current 

Commanded value of g axis stator current 

Stator phase current 

Actual] value of torque current 

Actual value of torque current 
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lasn 

I, 

Imax 

b
o
 

N
O
N
 

ao
 

7 
3 

8 
n
w
t
 

2 
3° 

Normalized value of A phase stator current 

Base value of current 

Normalized value of field current 

Maximum current limit 

Normalized value of torque current 

Moment of inertia 

Derivative constant 

Integral constant 

Proportional constant 

Torque constant 

Equivalent inductance 

Mutual inductance 

Rotor inductance 

Stator inductance 

Rated speed 

Derivative operator 

Number of poles 

Airgap power 

Rated output power 

Normalized value of rotor flux 

Rotor resistance 

Stator resistance 

Base value of torque 

Actual value of electromagnetic torque 

Commanded value of electromagnetic torque 

Normalized value of electromagnetic torque 
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Ves 

Vdr 

Load torque 

Maximum torque limit 

Angular value of rotor position 

Actual value of A phase voltage 

Commanded value of A phase voltage 

Actual value of B phase voltage 

Commanded value of B phase voltage 

Actual value of C phase voltage 

Commanded value of C phase voltage 

Actual value of d axis rotor voltage 

Actual value of d axis stator voltage 

Commanded value of d axis stator voltage 

Actual value of g axis rotor voltage 

Actual value of g axis stator voltage 

Commanded value of g axis stator voltage 

Normalized value of A phase stator voltage 

Base value of voltage 

DC link voltage 

line to line voltage 

Rated voltage 

Normalized value of rotor speed 

Triggering angle for the rectifier 

Current window for hysteresis controller 

Field angle 

Actual value of angular rotor position 

Commanded value of angular rotor position 
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Actual value of slip angle 

Commanded value of slip angle 

Stator phasor angle with the current vector 

Stator phasor angle with the voltage vector 

Torque angle with the current vector 

Torque angle with the voltage vector 

Actual value of d axis rotor flux 

Actual value of d axis stator flux 

Actual value of g axis rotor flux 

Actual value of g axis stator flux 

Actual value of rotor flux 

Commanded value of rotor flux —, 

Base value of speed 

Synchronous speed 

Actual value of rotor speed 

Commanded value of rotor speed 

Actual value of rotor speed 

Commanded value of rotor speed 
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