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LIST OF ABBREVIATION

ISA
Integrated Starter/Alternators

· PMDCMPermanent Magnet Direct Current Machine
PMSM
Permanent Magnet synchronous machine

· BLDCMBrushless DC machines
FEA

PWM



Finite Element Analysis

Pulse Width Modulator
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INTRODUCTION

This paper presents an ironless machine design that can be used for in-wheel traction machines as well as for Integrated Starter/Alternators (ISA), controlled by a novel digital control strategy for 4-quadrant machine operation. Electric drives used for traction application require wide range in speed and torque control. Planning of those control components is usually in the early stages of the drive development to make it possible to optimize components and subsystems and predict system performance for different application for given goals and requirements

There are many factors for selecting PM machines for electric drives. DC machines need periodic maintenance. IM uses a flux control technique which is complex. So AC PM machines are used in propulsion application because of high power-to-weight ratio with high efficiency. PMDC machine has minimal resistance & very robust.
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PM MACHINES USED IN ELECTRIC DRIVES

There are two possible types of PM machines

1) Permanent Magnet synchronous machine (PMSM or BLAC) with sinusoidal flux distribution fed by sinusoidal currents
2) Brushless DC machines (BLDC) with trapezoidal flux distribution fed by square-wave currents.

Both designs bring high efficiency of 95%. Due to elimination of rotor current losses and at the same time offers higher power density than IM. In order to fulfill

the stringent requirements of modern drive systems, now developing the motor drives with high efficiency, high power density and good dynamic performance. The essential difference is commutation is performed electronically with controller rather than mechanically with brushes
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Fig .1,Brushless DC machine
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CONVENTIONAL CONTROL OF BLDC DRIVES

Use of BLDC machines instead of their DC counterparts has placed higher demands for control algorithms and strategies. Current excitation can be conveniently accomplished with full bridge voltage source converter. Control of PM synchronous machines requires an encoder or resolver for position feedback. The control of BLDC drives can be realized using six-phase commutation instants using Hall Effect sensors.
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Fig,2: Conventional control of BLDC Drives system

Drawbacks
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 For a low-cost drive system, simple feature for rotor position sensing is required which can properly perform phase commutation and current control.
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If sensor-less control can be used, then it requires more complex (costly) microcontrollers and hardware– sensors.
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CONVERTERS FOR AUTOMOTIVE APPLICATIONS
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Fig,3: 4-quadrant bidirectional 3-phase converter with attached battery energy storage system

Four quadrant AC/DC converters are very important part of traction drive system. Proper control of power converter consisting of power switches (power MOSFET or IGBT),which allow energy flow in both directions. Therefore machine can work as motor (vehicle propulsion), or as a generator (recuperating energy during braking period). Typical applications of 4-quadrant drives include locomotives, downhill conveyers, cranes, but also vehicular propulsion and ISG application. Figure shows one topology of BLDC drive system with batteries attached. When used in motoring mode, BLDC drive receives power from batteries to provide propulsion torque. On the other hand, during regenerative braking period, BLDC machine works as generator and charges the batteries, therefore the controller extracts power from the generator for the given speed.
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OPERATING PRINCIPLE
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Fig 4: Generator drive operating principle for single-phase full-bridge converter

Generator drive operation principle can be explained using single phase full-bridge converter (active rectifier) shown in figure 4. In order to be controlled properly, the back EMF voltage has to be lower value than the DC link voltage (Ea<V). Otherwise, switches cannot be controlled, i.e. diodes will conduct instead of switches


( Fig.4a )
( Fig.4b )

Switching pattern during positive current period (fig. 4a), and during negative period (fig. 4b) are shown above. If only one power switch (power MOSFET or IGBT) is used for PWM control of the current it is called “soft-switching” technique, where fig.4a is used. Soft-switching has lower switching losses, obviously because only one device is switched, while hard-switching enables better overall performance to the drive.
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NOVEL IRONLESS PM MACHINE DESIGN CONCEPT

The modular and predominantly ironless approach to the machine design where the design emphasizes on the ease of manufacture, installation and service in a relatively low technology environment. Consequently, the electromagnetic expectations are reduced, though this compromise has to be weighed against the socio-economic impact of the final system solution. Although the design may appear conceptually simpler, the electro-magnetic implementation is unconventional and highly three dimensional. Here the brushless generator design concept, 3-D finite element analysis (FEA) with rigorous accuracy assessment and experimental verification via a prototype machine. The developed FEA model is further used to evolve the base magnetic design, investigate optimization trends and improve performance.


Fig 5: Test rig for experimental evaluation of the ironless modular design generator


GECB TVM

Page 12

NOVEL IRONLESS PM MACHINE DESIGN

The active material of the prototype generator design concept includes permanent magnets mounted on the surface of the rotor and energizing coils equally spaced around the stator frame.

An innovation exploited by the design is the shape and position of the permanent magnets and coils. In this particular case the coil is cylindrical, while the outer surface of the permanent magnet is U-shaped. The torque producing magnetic flux tends to be predominantly circumferential thus the stator coil axis is perpendicular to that of the permanent magnets, as shown in fig.4. Here Fig.1 shows one design configuration of the ironless modular propulsion machine, here the rotor comprises of eight permanent magnets magnetized in the same direction, this resulting in a consequent pole arrangement of eight pole-pairs.

For in-wheel machine, the rotor is with outer design, while stator is with inner design. However, the electro-magnetic circuit is the same as for actual prototype. Modular, scalable design of ironless machine can be easily adjusted for different wheel dimensions.
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3D FEA MODEL OF THE IRONLESS MODULAR DESIGN


Figure 6: 3-D FEA model of the ironless modular design

The Finite Element Analysis is a numerical method for solving problems of engineering and mathematical physics. This method is useful for problems with complicated geometries, loading, and material properties where analytical solutions cannot be obtained. The original concept design is ironless and, therefore, the magnetic flux path is less constrained and more difficult to predict analytically. Thus, 3-D finite element analysis is essential to fully optimize the design. Additionally, since the model represents an unconventional magnetic topology, the 3- D FEA results must be verified experimentally, hence the development of a flexible benchmark test facility comprising of the machine and dynamometer. The most important part of the 3-D FEA is the choice of an appropriate mesh density. This is especially significant for the special areas of interests, such as the winding and permanent magnet regions. The mesh density dictates the accuracy of the solution, but also makes the whole simulation time and computational resource more demanding.
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DIGITAL CONTROL STRATEGY

The designed ironless PM machine is proposed using a digital control strategy, which does not require high computational resources. Therefore it opens up possibilities for cheap and trouble-free implementation and high reliability. The strategy involves regulating the speed of the machine by using time share of two predefined states of the system. Time share means that a certain amount of time system operates at one predefined state, while it operates at another predefined state for the rest of period. Predefined state actually corresponds to the reference signal that controls the system. Reference signal switches between two determined values with respect to the comparator output, as shown in fig. 7


Figure 7: Basic principle of Digital Control Strategy

The comparator unit compares the reference (speed or voltage) with actual value and decides which state to go with. Depending on the comparator output, controlling signals excite the switches, based on generator’s operating state: 1 or 2.

a, Generator operation in state 1 would result in reference signal IL or VL, b, Operating in state 2 will result in reference signal IH or VH
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DIGITAL CONTROL IMPLEMENTATION STRATEGIES

There are two kinds of digital control implementation strategies- voltage and current.

a, Voltage Digital Control


Fig 8 .Voltage digital control

It means there will be two predefined states with reference current values: VH and VL. Figure shows speed and phase voltage waveform for PM drive system controlled using novel digital voltage algorithm. Generator speed is controlled in a way that whenever generator needs to slow down, it means that load has to increase; therefore VH reference signal is applied. On the other hand, is generator needs to speed up, reference signals is applied VL, which decreases the load for prime mover enabling speed increase
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Fig 9: Speed and Voltage wave diagram for Digital Voltage control PM Generator drive

Advantages
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 Faster sampling frequency.
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Speed ripple is much less, because of very high switching frequency.

Disadvantages
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For loads below 50% voltage control shows poor performance.

Phase current is controlled by PWM so very high noisy signal
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b, Current Digital Control


Fig 10, current digital control

The predefined states would now be reference voltage values: IH and IL. Figure shows the principle of operation. In order to slow down the generator unit, reference current IH is applied, because it will increase load torque which will results in speed decrease. Similarly to increase the speed of the system, reference IL needs to be applied increasing the overall load torque. Change in reference values (IL and IH) can be applied only in next phase current sequence.
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Fig. 11. Simulation model of digital control for BLDC motor drive system.
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Fig 12: Speed and current wave diagram for Digital Current control BLDC Generator drive

Advantages
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 Good performance.

Disadvantages
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Lesser sampling frequency.
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Speed ripple is high, because of very low switching frequency.
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ADVANTAGES

Iron less machine
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 Useful for high speed application
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 No eddy current loss
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 3D finite element analysis with better accuracy assessment and experimental verification via prototype machine


It is much lighter unit that can be positioned inside the wheel in conventional traction drives
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 This new design can be utilized for propulsion system of small commercial vehicles adjusted to different wheel size and power rate

Novel Digital Control
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 Due to simple digital control strategy it is useful for loss cost application [image: image15.png]


 Reduce the cost & complexity of controlling hardware
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APPLICATIONS


[image: image16.png]


 Used for low-cost simple electric vehicle systems: golf carts, airport utility vehicle.


For Fly-wheel storage systems in mechanical application .


Starter-alternator unit for automotive industry.


Applicable for Small wind turbines and micro hydro turbines.


All sorts of industrial electrical lifters.

Used in Down hill conveyer and cranes.
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CONCLUSION

A novel ironless PM machine design controlled using novel digital control strategy is presented in my seminar paper. One viable application of such system is for propulsion in-wheel drive. The machine is designed with an inner stator and outer PM rotor. Prototype of the machine with novel design has been built and tested. These ironless drives can be made out of different composite materials, adjusted to different wheel size and power rate. The system is low-cost, takes advantage of low-cost simple digital control strategy. Merits of low-cost digital control strategy are presented in the seminar as well. Two different implementations of digital control: voltage and current algorithms, for speed regulation of BLDC generator drive.

Voltage digital control can be used with two voltage PWM predefined signals, and implementation of such techniques is extremely simple. In all above mentioned cases speed signal can be obtained from Hall Effect sensors by measuring the time between two signals, making whole implementation low-cost. Thus the proposed novel BLDC drive can be used for low-cost simple electric vehicle systems: golf carts, airport utility vehicle etc.
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