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The loads on the electrical systems of automobiles are projected
to increase significantly in the near future. This will result in a
requirement for improved efficiency over the present-day car
alternators. An alternative scheme proposed at Oregon State
University employs a Brushless Doubly-Fed Machine (BDFM) as an
alternator.

This thesis begins with a study and characterization of the
existing car alternator system. The configuration of the proposed
scheme is discussed. In the proposed configuration, the power
winding of the machine generates the bulk of the power and the
control winding provides the excitation. The power winding feeds a
power rectifier, which in turn charges the battery in an automobile.
The control winding is supplied through an inverter. Issues related to

inverter and rectifier design are discussed. A 3-phase pulse width



modulated inverter and a bridge rectifier were developed and tested
for performance. A PSPICE simulation model for the rectifier was
developed and results are compared with laboratory tests. A Voltage
Regulator Circuit (VRC) and an Efficiency Maximizer Unit (EMU) for
the system are designed and developed. A prototype alternator system
is tested and the principle of efficiency maximization is verified.
Finally, the comparative performance of the the existing and the
proposed system is discussed and some recommendations for further

improvements in the prototype system are made.
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Design and Development of a Controller
for a

Brushless Doubly-fed Automotive Alternator System

Chapter 1.

Introduction

Modern automobiles are equipped with electrical ancillaries that
operate heaters, blowers, wipers, locks, power windows, etc. The
concept of 'drive by wire' is being realized for improved performance
of automobiles. Electrical devices and machines provide high
efficiency, fast response, precise and easy electronic control, compact
design and low maintenance and are therefore a logical choice for
modern automotive systems. Because of increasing demand for more
comfort and safety items, the loads on the electrical systems of
automobiles are projected to increase up to 3 to 5 kW by the year
2000 [1] as against the present load of 1 to 2kW. This increase in
power demand has forced radical changes in the electric power
generation system of automobiles. The d.c. brush-type generator,
which had been widely used till about year 1960, could not support
the increased load due to commutation problems. The generators in
use since then, in automotive electric power generation system (Fig.

1.1) are of the claw pole or Lundell construction, which is a readily-



manufactured (low-cost) and robust derivative of the conventional
rotating d.c. field, synchronous generator.

The Lundell alternator uses a multiturn field coil embedded
inside a claw-pole rotor to establish a multi-polar bidirectional field.
The stator winding is a regular 3-phase winding feeding a diode bridge
rectifier. The output voltage regulation is achieved by controlling the

field winding current by means of a simple electronic feedback circuit.
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loads battery 3-phase

bridge combustion
rectifier engine

Fig. 1.1 Lundell Alternator System

However, the structure of this machine poses serious drawbacks;
such as a complicated and inefficient magnetic circuit of
predominantly solid steel and a high-windage rotor structure. This
reduces the alternator efficiency as well as the output power capability
for a given rotor diameter. The entire magnetic flux produced by the
field coil has to pass axially through the magnetic core and the shaft.
This construction causes the output power capability of the machine to

be heavily dependent on the rotor diameter. The claw-pole structure



makes the solid (non-laminated) rotor structure imperative for
manufacturing ease. However, this construction gives rise to eddy
current losses in the rotor, which reduce the efficiency and increase
the temperature of the field coil; thereby, further reducing the
alternator output capability. Thus, machines with larger power output
will be very bulky. This is impractical for future automobiles where
compact and light accessories are needed to achieve a higher fuel
efficiency.

A Lundell type alternator was completely characterized by
subjecting it to load tests in the laboratory. The test set-up employed
for this purpose is given in Fig. 1.2.

Pulley
F drive
3 Ph Torque,
Inverter IM. Speed
o Transducer
Alternator
under test i

Fig. 1.2 Laboratory Test Set-up

The 3-phase induction motor serves as a prime mover and
simulates the engine of an automobile. This motor is supplied by an
inverter to achieve variable speed operation. The transducer mounted

on the shaft provides torque and speed information. The alternator



under test is driven by a belt-pulley drive to step-up the speed (pulley
ratio = 1.9) similar to that in an automobile.

A commercial Lundell-type alternator was acquired and tested
for efficiency at various speed and load conditions. Sample test data

and calculations are shown in Table 1.1.

Table 1.1 Sample Test Data for Lundell Alternator

Alt. speed Alt. Mech. Output Load Alt. Elect. % Effi-

(r/s) torque power voltage || current || current power ciency
(N-m) (w) W) (A) (A) (w)

85.8 1.2 659.6 14.3 15.7 17.7 253.1 38.4
93.0 1.2 687.4 14.3 15.7 17.7 253.1 36.8
100.1 1.2 725.3 14.3 15.7 17.6 251.7 34.7

where,

Mech. power = Total mechanical input power

B 2 = [Alt. speed] [Alt. torque]
Alt. current = Total Alternator output current

= Load current + Battery charging current
Elect. power = Total electrical output power

= [Output voltage] [Alt. current]
% Efficiency

100 [Elect. power / Mech. power]

The full load current rating of the alternator under test was 42A.
In an automobile, the alternator operates over a speed range of 2000
to 6000 r/min i.e. 33 to 100 r/s. Also, it is required to maintain the
output voltage at 14.5V.



Some important test results are shown here in the form of

curves (Fig. 1.3).
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Fig. 1.3 Lundell Alternator Performance

(where Igc = alternator current)

These results clearly indicate the poor efficiency of the present-
day alternator. The performance of the system is worse at low speeds
and loads as well as at very high speeds. The output voltage drops
below 14.5V when the alternator is supplying high load current at low
speed. This shows that the machine is optimized for a medium speed
range at full load only and no provision is made to maintain the

performance at other operating conditions.



The low efficiency of this present-day alternator has led to a re-
examination of the automobile generator [1]. Highly-detailed, finite-
element analyses are being applied to the improvement of the Lundell
magnetic circuit [2]. The findings of the work are probably more
appropriate to high per-unit cost aerospace generators than potential
improvements to machines for automotive applications. It has been
proposed that a reduction of the speed range, by use of a gearbox or
adjustable pulleys, should be used to improve the Lundell generator
efficiency [3]. However, these techniques, which are equally applicable
to any variable speed generator, increase the system cost, reduce
reliability and introduce some control difficulties. More fundamental
improvements are possible if the Lundell generator is replaced by an
inherently more efficient machine. For example, high efficiency
induction machines are proposed as both the car engine starter (a low
speed, high torque requirement) and the generator (a high speed
variable torque system). However, the required power conditioning
unit (PCU) has a very high rating and is expected to result in an
expensive system in spite of being based on a robust, inexpensive
machine.

Finally, recent advances in permanent magnet materials have
resulted in high performance brushless d.c. motors which can be
applied to car generator and starter systems [4]. Most likely, the
permanent magnet a.c. generator will provide the best overall
efficiency of any proposed system, because of zero excitation
requirements. This must be traded off against potentially prohibitive
capital costs caused by : (1) expensive magnet materials and

construction cost; (2) large controllable power conversion unit and/or



gearbox required for voltage regulation. Problems have also been
reported with the mechanical, thermal and corrosion properties of
the advanced permanent magnet materials.

Another variable-speed generation system candidate has been
proposed based on the brushless doubly-fed machine (BDFM) [5],[6].
The anticipated advantages are controllability (regulation) over wide
operational ranges, competitive system cost based on inexpensive
machine construction, low rating of the controller and uncontrolled
(diode) power rectification. These features result in a robust, low
maintenance configuration. A schematic of the proposed system is

shown in Fig. 1.4.

Vout
= Vout
_.'<}__ BDFM 1’[ —
] ~— second
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rectifier combustion Inverter ©

engine

Fig. 1.4 Brushless Doubly-Fed Automotive Alternator System

The concept of the BDFM in itself is not new. It stems from the
self-cascaded, or concatenated, induction machine [7],[8].19]. When
operated in conjunction with a controllable-current, controllable-
sequence, bidirectional PCU, the self-cascaded machine is termed a
brushless doubly-fed machine because of its connection-free rotor and

two sets of three-phase stator windings. The BDFM has been shown to



enable variable-speed generation [10] or adjustable speed drives [11]
with only a small percentage of the total power being processed by its
PCU. Hence the PCU rating is small compared to that of the system,
with the result that power electronic costs are significantly reduced.
Moreover, the performance of the machine can be controlled by
means of three control variables : control winding voltage magnitude,
frequency and phase sequence. These features of controlled
operational flexibility and potential competitive cost make the BDFM
of interest for automotive applications. The BDFM is free from any size
limitations both from the performance and manufacturing point of
view and thus appears to be an appropriate alternative, especially for
high power ratings (3 to 5 kW in case of an automobile alternator).

The goal of this thesis work was to design and develop a PCU
and a controller for output voltage regulation and alternator efficiency
maximization of the BDFM. Chapter 2 describes the design steps for
the PCU, a 3-phase PWM inverter. The rectifier design follows in
Chapter 3. The design of the voltage regulator and the efficiency
maximizer is explained in Chapter 4. Results from the laboratory tests
performed on the prototype alternator are presented in Chapter 5.
Finally, conclusions and some recommendations for future

improvements are presented in Chapter 6.



Chapter 2.

Design of a 3-Phase Pulse Width Modulated (PWM) Inverter

2.1 Selection of Inverter Topology

In the case of a BDFM system, the power conditioning unit
(PCU) serves the purpose of supplying excitation to the control
winding. The control winding is normally a balanced 3-phase, star-
connected winding. In order to obtain maximum control over machine
performance, a variable-voltage and variable-frequency excitation
source is desirable.

In an automobile, the only source of electric power is the
battery, which can provide d.c. power. While the control winding can
be fed with d.c. power, this mode offers limited control and requires a
chopper for excitation control. Therefore, an inverter (for d.c. to a.c.
conversion) is required to interface the battery with the control
winding.

There are many choices available with regard to the type of
inverter such as a six-step or a square-wave switching inverter, a Pulse
Width Modulated (PWM) switching inverter, a resonant inverter,etc.

In the case of a square-wave switching inverter, the output
frequency can be varied by controlling the switching instants; but the
output voltage has to be controlled by controlling the input d.c. link
voltage to the inverter. The control circuit is simple, resulting in a
low-cost configuration. Switching losses are low, but the inverter

output contains a significant amount of low order harmonics.
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The control circuit of a PWM inverter is more complex, but it
allows adjustment of both the output voltage magnitude and frequency.
Also, by keeping the switching frequency high compared to the
desired output frequency, harmonics in the output can be pushed to
higher frequencies where filtering is easier because of the inductive
nature of the load. The disadvantage of this scheme is higher
switching loss, which limits the switching frequency.

Resonant inverters are a relatively new class of inverters that
provide for zero voltage and/or zero current switching of the power
devices. This technique reduces the switching losses, thus enabling
higher switching frequencies and device utilization. The drawback of
these topologies is the requirement of a resonant circuit and complex
control circuitry.

The proposed car alternator system requires a variable-voltage,
variable-frequency inverter to act as an excitation source for the
control winding. Also, since the efficiency is an important aspect, low
harmonic content is desirable to avoid harmonic losses. Small size
requirements mandate a compact power and control circuit with a low
number of components. Therefore, the choice of a resonant converter
is not justified, and a PWM inverter was chosen as a PCU. Of course, a
Six-step square wave output can also be obtained from the PWM
inverter. Thus, the PWM inverter always allows the option of operating

in the square wave switching mode.
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2.2 Automotive PWM Inverter Design Considerations

PWM inverters are perhaps the most widely used type of
inverter in industry. Nevertheless, the specific requirements of the
BDFM alternator system necessitated the development of the inverter
in-house rather than relying on an off-the-shelf design.

The application under consideration is a low-voltage, high-
current application. The system voltage is normally 14.5V with some
transient variations, which may result in voltage spikes up to 20V
peak. The maximum current drawn by the control winding of the
experimental machines was expected to be up to 20A rms at 9V (line)
at approximately 0.5 p.f.

Normally, commercial inverters are designed for a high voltage
(230/415 V) and a wide current range. Therefore, if a commercial
inverter is to be selected for this application, it would be a mismatch
with regard to the voltage rating.

In order to develop an inverter for the prototype car alternator,
full understanding of the device usage is required. This can be
achieved with the developed inverter; since it provides access to all
the power devices for performance tests. Also, it is very easy to
evaluate new power devices. Thus, optimum power device ratings for
the prototype can be determined with the help of the breadboard
inverter.

The control circuit for the PWM inverter provides for easy
modifications of the relevant parameters like switching frequency,
mode of operation (square wave or PWM), and base drive

requirements. This allows greater flexibility of operation.
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The control circuit of this inverter consists of the minimum
number of components for a sinusoidal PWM inverter. It becomes
evident that the entire circuit can be put on a single chip once the
circuit parameters are determined after tests. Such devices,
commercially known as 'smart power' devices, have been employed in
the case of power supplies and drives.

Since the inverter was developed in the laboratory using
relatively inexpensive components, it allows easy and low cost

maintenance, troubleshooting and modifications.

2.3 Power Circuit Design : Selection of Devices and Topology

Various types of power devices are commercially available for
switching applications like a PWM inverter.

Thyristors are inexpensive devices but impose a requirement of
forced commutation. Gate Turn-Off thyristors (GTO's) are thyristor
variants which can be turned-off by means of gate control. But the
amount of power required to initiate this gate turn-off is quite
considerable.

The Bipolar Junction Transistor (BJT) is a device that offers
both controlled switching 'on' and 'off. It is an inexpensive device and
is simple to work with. It is a base-current-controlled device and is,
therefore, relatively slow in switching operation. A BJT has very good
conduction characteristics but comparatively poor switching
characteristics.

The forward current gain (hg) of a BJT can be enhanced by

connecting two or more devices in a Darlington configuration. This
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increases the power handling capacity for the same base current, but
reduces switching speed and also increases device losses.

Commercially, BJT's are available over a wide voltage and current
range and therefore provide good selection for optimization.

The Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) is a voltage controlled device. This device is best suited for
a high frequency application and offers very good switching
characteristics. A positive temperature coefficient of resistance is an
important feature of a MOSFET that provides some safety and easy
paralleling. The drain-to-source resistance, I'ds(on), is the parameter
that determines the forward voltage drop across the MOSFET during
conduction. Since this parameter is proportional to the die area it is
low for high current devices, but can be considerable for low current
MOSFETs.

An Insulated Gate Bipolar Transistor (IGBT) is a relatively new
device. It is most suitable in the medium frequency range (20kHz-
80kHz). Since it is a new device, it does not provide a wide range for
selection and is available only in high voltage ratings. It also has an
inherent problem of latch-up (a phenomenon when the gate loses
turn-off control over the device) when it carries overcurrent.

This discussion indicates that a BJT or a MOSFET would be the
right candidate for this application. The MOSFET has an upper edge
over BJT so far as driving requirements are concerned. But more
Important issues are cost and forward voltage drop. MOSFETs with low
current ratings would cause high voltage drop and those with high
current ratings would be expensive as well as over-rated devices for

this application. However, a very good selection of power BJT's is
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available at the current and voltage ratings expected. These are less
expensive and offer low forward voltage drop. Standard driver chips
are available for base drive circuit design. Also, no external free-
wheeling diodes across the collector-emitter are required; since these
are integral in the transistor package.

The topology used for the inverter is the standard 3-leg topology
with two devices in each leg. In order to simplify driving
requirements, it is essential to use complementary devices in each leg.
PNP transistors are used as top transistors and NPN transistors are

used as bottom transistors as shown in Fig. 2.1.

Wl g

O —5
ot 41

Fig. 2.1 Three Phase PWM Inverter

This arrangement eliminates the need of isolated power supplies
for the top and bottom transistor base-drive circuitry. With
complementary devices, when the base drive circuit of the top
transistor (PNP) drives its base to ground, the transistor starts
conducting and goes into saturation. When the base is connected to
the d.c. link voltage the transistor turns 'off. The base drive circuit has

full control over the base current and the load voltage does not affect
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the base current. The rating of the PNP transistor needs to be same as
that of the bottom NPN transistor.

A prototype Brushless Doubly-Fed Automotive Alternator (BDFAA)
was designed [6] for proof-of-concept-type tests. The machine has two
isolated stator windings in the same stator frame. The power winding
is wound for six poles and the control winding for two poles. The rotor
has a nested loop structure. There are four nests with three loops in
each nest forming a cage like rotor structure.

The maximum control winding current was estimated to be 20A
(rms) using computer simulation data and applying reasonable limits.
This calls for a device with approximately 28A (V2*20) current
carrying capacity, which warrants the choice of a BJT with I, = 30A.
The system voltage is about 20Vdc maximum. Therefore the BJT
should have a minimum of 20V forward blocking capacity. (i.e. Veeo =
20V min.)

These two are the most important ratings which can be used for
device selection. To satisfy these, Motorola MJ11011 PNP and
MJ11012 NPN, Darlington power transistors were selected (refer to
Appendix I for the data sheets). These devices have 30A collector
current-carrying capacity and a voltage rating of 60V. This allows for
some safety margin. Another device aspect to be examined is the
Forward Bias Safe Operating Area (FBSOA). The FBSOA for switching or
pulsed operation is normally larger than the FBSOA for d.c. operation
(almost rectangular) because the device is capable of conducting heat
during the 'off period.

'On’ voltages characteristics show that the collector-to-emitter

voltage drop is low when the device is 'on'. This is a critical parameter
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for automotive applications because the d.c. link voltage is regulated to
14.5 VDC. This mandates the use of low-voltage-drop devices to obtain
maximum voltage output. The d.c. current gain of the device (the ratio
of collector current to base current) is 500 (minimum) for 30A
(maximum) collector current. This implies that a base current of
60mA minimum is required to keep the device in saturation over the
entire current range. In practice, a higher value of base current is
applied.

The devices have a built-in free-wheeling diode across the
collector-emitter which is required as the load has an inductive
nature. These diodes allow two-quadrant operation of the inverter i.e.
the inverter can support forward motoring as well as regeneration. In
other words, the active power flow can be from the battery to the
control winding or vice versa if the control winding starts generating.
This is an important feature which is utilized for efficiency

maximization.

2.4 Inverter Control Circuit

The complete inverter control circuit can be grouped into three
control units, which are functionally separate but are interdependent
as shown in Fig. 2.2,

The control circuit that generates the actual PWM switching
pattern is henceforth referred to as the Switching Pattern Generator
(SPG). In order to maintain the output voltage at 14.5 VDC, a Voltage

Regulator Circuit (VRC) is required. Moreover, to achieve the
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maximum efficiency of operation, an Efficiency Maximizer Unit (EMU)

unit is necessary.

e
ontro :
> | VRC |
——
o — Output
Power Circuit <+— SPG Voltage
-————
——
Switchin Frequenc = Engine
Swiiching Frequency Speed

Fig. 2.2 Controller Block Diagram.

This section discusses the design and development of the SPG.

The design of VRC and EMU follows in Chapter 4.

Numerous techniques are available to generate the switching
pattern for a 3-phase PWM inverter. Sinusoidal PWM (SPWM) is
perhaps the simplest method and is thoroughly discussed in the
literature [12]. It can be easily implemented using analog components.
The digital counterpart of this scheme involves asymmetrical or
symmetrical sampling of the modulating wave [13]. With advancements
in microprocessor technology, the use of microprocessors to generate
switching patterns is also increasing [13]. Some other methods are
selective harmonic elimination schemes [14], adaptive or hysteresis
control [15], and space vector techniques [16].

However, for this application, the natural SPWM technique was
selected because of its well-established, simple and very flexible

nature. It can be implemented using a few low-cost components, while
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still enabling good performance. The circuit, being mostly analog, can
very well withstand the noisy environment (Electro-Magnetic
Interference (EMI) from spark-plugs, solenoid switchings, etc.) in an
automobile.

The technique employs a comparison of a high frequency
triangular wave and a sine wave to obtain the switching instants as

shown in Fig. 2.3 [12].
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Fig. 2.3 Sinusoidal PWM Technique.

¥

(From 'Power Electronics: Converters, Applications and Design' : Ned

Mohan et al.)
where,
Veontrol : modulating voltage waveform
Viri : carrier voltage waveform

Vo : instantaneous output voltage waveform
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Vol : output voltage fundamental component

Vd : d.c. link voltage

The triangular wave, also referred to as the carrier wave, decides
the switching frequency. The output voltage magnitude and frequency
depends upon the amplitude and the frequency of the sine wave or the
modulating wave. In case of a 3-phase PWM inverter, only one carrier
wave is sufficient but three sine waves displaced by 120° are required
as modulating waveforms.

The ratio of the modulating wave amplitude to the carrier wave
amplitude is known as Amplitude Modulation Ratio (Ma). The ratio of
the carrier wave frequency to the modulating wave frequency is known
as Frequency Modulation Ratio (Mg. Fig. 2.4 [12] shows the inverter
output line voltage harmonic spectrum for a high My. Fig. 2.5 [12]
shows the ratio of inverter output line voltage to the d.c. link voltage as

a function of M, (for an ideal case).
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Fig. 2.4 Output Voltage Harmonic Spectrum
(From 'Power Electronics: Converters, Applications and Design' : Ned

Mohan et al.)
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(From 'Power Electronics: Converters, Applications and Design' : Ned

Mohan et al.)

A hybrid (digital and analog) circuit [17] is developed to generate
these waveforms, which are used to obtain the PWM switching pattern.
Fig. 2.6 shows the scheme in a block-diagram form. For detailed

circuit diagram refer to Appendix II.
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Fig. 2.6 PWM Pattern Generator (SPG).

A Digitally Controlled Analog Switch (DCAS), an integrator and a
Schmitt trigger form a closed loop circuit to generate a triangular
carrier wave and a square wave, the frequency of which depends upon
a voltage reference input signal. The square wave is then passed
through a frequency divider and flip-flops to generate a low frequency
3-phase square wave. In turn, the square waves are used to generate
three triangular waves of constant amplitude. Three 'FET sine-shaper'
circuits then shape these triangular waves into sine waves, which are
subsequently multiplied by the amplitude reference voltage signal.

Thus, the triangular carrier wave and the three sinusoidal
modulating waves are now available. Fig. 2.7 shows a plot of these

waveforms obtained in the laboratory.
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Fig. 2.7 Modulating and Carrier Waveforms

(vertical scale : 2V/div for top plot and 5v/div for bottom plot)

Operational-amplifier (Op-amp) comparators are employed to
generate the switching pattern through a comparison of the carrier

wave and each of the three modulating waves. The pulses obtained are
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then passed through a blanking-time addition circuit, which is nothing
but a polarized RC network. The blanking time prevents the
occurrence of any shoot-through fault. The RC circuit is followed by a
Schmitt trigger which is required to restore the rectangular shape of
the pulses. These pulses are then fed to the opto-isolators, whose
outputs are connected to the driver chip. The driver chip outputs
drive the base terminals of the bottom (NPN) transistors directly.
However, the base terminals of the top (PNP) transistors are driven
through base drive transistors, in order to perform the necessary

inversion.

2.5 Inverter Performance

The performance of the inverter is determined by testing it for
efficiency and output harmonic spectra.

Assuming ideal switches as well as ideal circuit conditions and
sinusoidal output waveforms, the input-output equation for an inverter
can be written as:

[Vacl [lacl = V3 [Vul [ Iyl [ coso | (2.5-1)
where,

Vde :D.C. link voltage.

Iac :D.C. link current.

Vi : Inverter output voltage (line-to-line).

In : Inverter output current (line-to-line).

cosg : load power factor.

In a practical situation, the switches are not ideal, but have

switching and conduction power loss associated with them. Also, the
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harmonics in the output voltage and current waveform reduce the
useful output power, as only the fundamental of the voltage and
current convey the useful power. The inverter control circuit and the
base-drive circuit for the power transistors also consume some power.
All these factors bring down the inverter efficiency.

Tests were carried out on the prototype inverter to determine
its efficiency at various load and frequency conditions. An R-L
(resistive and inductive) combination is the most commonly
encountered load type. A highly inductive load attenuates the high
frequency current harmonics and, thus, reduces harmonic losses.
However, due to unavailability of suitable inductors (1-5 mH), very low
value inductors (250 uH) along with rheostats were used to form a
three phase star connected load.

The test results are given in Table 2.1.

Table 2.1 Inverter Test Data

Frequ [| Switch- || Output (| Output | Load || Output || D.C. Link || D.C. Link Input || %EfS-
-ency || ing freq. line Current)l PF. Power || Voltage || Current || Power ciency
Voltage

(Hz) | (Hz) || (V) rms [(A) rms I o V) a | wm
80 2880 7.5 9.5 0.927 113.6 14.5 16 ] 232 49.0
80 2880 5.3 6.7 0.92 56.5 14.5 8 116 48.7
80 2880 3.4 3.6 0.92 19.0 14.5 4 58 32.8
40 1440 7.2 9.5 0.98 115.9 14.5 17 261 47.1
40 1440 4.4 5.9 0.98 44.0 14.5 8 116 38.0
40 1440 2.7 3.2 0.98 14.7 14.5 4 58 25.4
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Curves of efficiency Vs. output power is shown in Fig. 2.8.
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Fig. 2.8 Inverter Performance

(for output frequency = 80 Hz, switching frequency = 2880 Hz)

(for output frequency = 40 Hz, switching frequency = 1440 Hz)

The rated output of the inverter is around 125VA. The curves
indicate that the efficiency is about 50% near rated output and it
drops at lower output levels. The main reason for this is the device
switching and conduction losses. Near rated output power, the device
loss accounts for about 35% of the input power, the remaining 15%
can be attributed to harmonic and control circuit losses. However, as
the output power is reduced, the device loss becomes a significant
percentage and thus brings down the efficiency even further. The
efficiency is better at 80Hz operation because of lower harmonic losses
at higher frequency.

Figs. 2.9 (a), (b), (c) show the harmonic spectra of the output

voltage. It is clear that PWM operation pushes the harmonics to higher
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frequencies. The square-wave-mode of operation introduces a
significant amount of lower order harmonic but, at the same time,
provides a higher fundamental voltage component. Fig. 2.10 is a
sample output current waveform when the inverter is operated in the

PWM mode.
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Chapter 3.

Design of 3-Phase Power Rectifier

3.1 Device Selection and Design

The output from the alternator power winding is a.c. and needs
rectification before it can be used to charge the battery and supply
loads. A three-phase diode rectifier in bridge configuration as shown
in Fig. 3.1 is designed for this purpose. This rectifier is also present in

the Lundell alternator for the same purpose.

OmD
)
-
O

Fig. 3.1 Three-Phase Bridge Rectifier

The full-load current is assumed to be 42A (equivalent to the
commercial Lundell alternator under test). Also, the rectifier needs to
provide for the copper losses in the control winding. The magnetizing
current flowing in the control winding is purely reactive and appears
as ripple on the inverter d.c. link current. The rectifier has to carry
this peak ripple current. Therefore, its rating needs to be increased.

The rectifier is a six-pulse rectifier. Therefore, each diode
conducts for only 120° in a cycle. If the rectifier is assumed to supply

full load current (424A) in a continuous manner, then the average
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forward current flowing through each diode is 14A. The rectifier is
also required to provide for the d.c. link input current to the inverter.
This current is estimated to be a maximum a 25A (i.e. average 8A per
diode). Therefore, 40A devices are selected, allowing reasonable safety
margin. The reverse voltage rating of the device is the a.c. peak value
of the alternator output voltage (line-to-line). Under dynamic load
conditions, when a large load is switched off, the alternator output
voltage may shoot up because of the delay imposed by the response
time of the regulator circuit. The worst case would be switching from
full load to no load. To test the system, a bridge rectifier was built
using 1N1184A diodes (refer to Appendix I for data sheets). These are
ordinary power diodes for general rectifier application. The system
was tested using this rectifier. The voltage spike is measured to be
about 20V (peak) experimentally, which is well within the 100V rating
of these diodes.

However, for best performance, it is imperative to use low
forward voltage drop diodes for the rectifier. This reduces the
rectifier losses and also improves the output voltage and overall
efficiency. To achieve this, Schottky barrier diodes Motorola 1N5834
were employed. These are 40A, 40V devices and are optimum for this

application (refer to Appendix I for data sheets).

3.2 PSPICE Simulation and Laboratory Performance Tests

The three phase bridge rectifier is a critical part in the car
alternator system since it has to carry all the load current and the d.c.
link current for the inverter. It needs to be highly efficient to ensure a

high overall system efficiency.
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A PSPICE simulation program is set up to test the performance
of the rectifier. Fig 3.2 shows the simulated circuit. The alternator is
simulated using sinusoidal voltage sources. The fundamental output
frequency of the alternator (6-pole side) is selected as 320Hz
(synchronous operation: 80Hz 2-pole excitation frequency; 6000
r/min rotor speed; negative sequence operation). In order to better
represent the winding distribution [18], a third harmonic component
(1/3 amplitude and negative phase sequence with respect to the
fundamental) is also modelled using series voltage sources. The stator
impedance consisting of phase resistance and inductance is connected
in each phase. A three phase bridge rectifier is set up using 1N5834
diodes from the PSPICE device library. A filter capacitor (5000 pF) is

connected across the rectifier output.

. RT
I
ox+ 03+ DS
VR3_ VRL
31 a1 kR 42 Rr 1
c1
VY3, vyl
23 a3 LY 44 RY 2
03 s RLL
vB3_ vB1 RC1
38 q LB 46 RB 3

10

Fig. 3.2 PSPICE Simulation Model

For efficiency considerations, it is important to take into account

lead resistance of the cable from the rectifier to the battery or load. A

10 AWG wire size was assumed. A 5mQ resistance corresponding to 5
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feet of cable was added to the circuit. The stator-side cable resistance
was neglected; since the rectifier is placed very close to the stator
winding during normal operation.

The rectifier was tested for 20A and 40A load currents. The load
was simulated using a resistor.

To compare the simulation results and actual performance, the
simulation program is also run with 60Hz voltage sources feeding the
rectifier. The rectifier is tested in the laboratory for 60Hz operation,
with a three phase autotransformer feeding the a.c. side of the
rectifier. The filtered output is connected to rheostats forming the
load. The simulation results and the test results for 60Hz as well as

320Hz operation are summarized in Table 3.1.

Table 3.1 Rectifier Test Data

Simulation Results Test Results
Freq- Load Load Input || % Effici-|| Input Input Power || % Effici-
ency Current || Voltage Power ency line Current || Factor ency
Voltage

(Hz) (A) (V) (W) (V) rms || (A) rms

60 20 14.5 300 96.7 12.4 15.0 0.94 96.0

60 40 14.5 638 90.9 13.6 29.0 0.95 89.5
320 20 14.5 305 95.1 12.8 14.6 0.94 05.4
320 40 14.5 642 90.3 N/A N/A N/A N/A

where,

% Efficiency

100 [Output Power / Input Power]
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Output Power [Load Voltage] [Load Current]

V3 [Input Voltage] [Input Current] [Power

Input Power

Factor]

In order to calculate the rectifier efficiency, only input power
and output power are required. With PSPICE, it is convenient to
compute the input power by adding the instantaneous power
waveforms of the three phases and then taking the average of the
resultant waveform rather than determining the input power using the
current and voltage true RMS values which are not easily available. For
laboratory tests, a power profiler was used which provides the power
as well as true RMS voltage and current values with power factor.
These figures are included in the table to give a better idea of the
magnitudes of voltage and current involved.

A simulation plot for the diode forward voltage drop for 40A load
current is shown in fig. 3.3. Actual diode forward voltage drop for 40A
load current is shown in Fig. 3.4, a plot obtained during the laboratory

tests.



* POWER RECTIFIER SIMULATION *

Date/Time run: 01/21/92 20: 41: 33 Temperature: 27.0
1.0V pommmmeea s R T e m—————— R T TR e m e -+
] ]

: ;

! }
0.8v+ +
; i

1 [}

. 1}

; :

| :
0.6v+ 1
; H

H :

: t

| s
0.4v 4 +
i :

' '

; :
0.2v4 4
; :

| e

g 3

0.0V 4-boemn Lo

100ms 2001;

Fig 3.3 Diode Forward Voltage Drop (Simulation)

(60Hz Operation)

Ap  stopped CHANNES
_“‘__‘“‘_—h_'—" *f‘"”'_‘."““““““"‘""_*—"—""""—"_'_‘*_""“ﬁ"b_" l n -

I
I
N

- We $o500 SO.GO00 ks
o msogly
fregquancy( {1 80 3614 # | ST
’l nare ur.-.'bt'[ i
{ probe |

Fig 3.4 Diode Voltage Drop (Laboratory Test)
(vertical scale : 200mV/div)
(60Hz Operation)



34

The simulation results and the test results closely match. The
rectifier efficiency is quite high aiding the efficient operation of the
alternator system. However, it should be noted that the simulation is
carried out at 279C; rectifier losses will increase for operation at
higher temperature, thus decreasing the efficiency. The model can be
used to predict the performance at higher temperatures by using the

"TEMP' command.
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Chapter 4
Design of Voltage Regulator and Efficiency Maximizer

4.1 Design of the Voltage Regulator

A recommended practice [19] is that the car alternator should
be capable of maintaining 14.5V while delivering the full-load current
(i.e. 42A in the case of the tested commercial alternator). As in the
case of any alternator, in the absence of a regulator, the output voltage
would drop with increase in load current. The main reason for this is
the voltage drop in the winding itself. Therefore, it becomes necessary
to boost the generated internal e.m.f. to compensate for this drop.
This can be achieved by increasing the excitation or the field current,
assuming a constant speed of operation.

In the case of the BDFAA, the excitation can be controlled
through the inverter feeding the control winding. The d.c. link of the
inverter is the d.c. bus across which the battery and the other loads
are connected. The inverter output voltage and frequency both
determine the control winding current. If the frequency is assumed to
be constant, the excitation depends solely on the inverter output
voltage. For simplicity, the following discussion assumes a constant
inverter output frequency. It is also assumed that the d.c. link voltage
stays constant at 14.5V and the machine can support full load current
at the assumed excitation frequency:; i.e. the impedance of the control
winding is such that enough excitation current can be supplied with
the inverter output line voltage limited to about 9V. The implications

of these assumptions are explained later in this section.
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The control strategy employed to regulate the inverter output
voltage and hence, the alternator output voltage, is standard output
feedback control. Fig. 4.1 shows the Voltage Regulator Circuit (VRC)
scheme in block diagram form. A detailed circuit diagram can be

found in Appendix II.

Instrumentation
Amplifier Error Amplifier Integrator

Reference
volage [ ——conn
Input

System
Voltage

Fig. 4.1 Voltage Regulator
(The 'Voltage Control Input' goes to SPG (Fig. 2.6))

A reference corresponding to 14.5V is set up using an auxiliary
power supply. In a practical automotive application, this may not be
possible and a reference voltage using a zener diode may have to be
generated. The system voltage is also properly scaled using a potential
divider. The calibration procedure simply involves adjusting the
potential divider such that the error between the reference voltage
and the scaled system voltage is reduced to zero when the system
voltage is 14.5V. An error amplifier circuit is used to amplify any error

that occurs during normal operation. The error signal is then fed to a
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Proportional-Integral (PI) controller. An op-amp integrator [20]
performs the necessary integration. The output of the PI controller is
connected to the multiplier circuits in the SPG. Thus, the output of
the PI controller controls the amplitude of the three reference sine
waves and hence the inverter output voltage.

A pure proportional control causes severe output voltage
oscillations under load conditions. Therefore, PI control is required. A
step increase in load current causes a dip in system voltage, resulting
in a step change in the error amplifier output, i.e. the PI controller
input. The PI controller then ramps up the inverter output voltage and
brings the system voltage back to 14.5V. When the error reduces to
zero, the output of the PI controller stays constant, thus maintaining
the output voltage and current. As the battery is being charged, the
voltage tends to rise above 14.5V, causing negative error. This slowly
brings down the PI controller output until the voltage remains steady
at 14.5V. These oscillations are very small (within 0.1V), and finally
the system settles to 14.5V with constant inverter output.

A step reduction in load current causes a momentary rise in the
system voltage, producing a large negative error at the PI controller
input. This would cause the PI controller output to swing negative.
However, multiplier circuits perform multiplication of the input
modulus only. Therefore, a diode is connected at the PI controller
output to block the negative input to the multipliers. In such a case, a
zero input to the multipliers brings down inverter output to a
minimum. This reduces the system voltage back to 14.5V.

The integral control reduces the steady state error to zero and it

can easily be adjusted to obtain very low overshoots. But the response
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is slightly sluggish. The gains need to be adjusted such that the
response is fast enough for large load changes. This is especially true
for a sudden load increase. If the response is not fast enough, the
battery starts discharging and the system voltage can drop to a very
low value (less than 10V). This results in a reduced d.c. link input
voltage to the inverter, causing reduced inverter output voltage. With
reduced excitation, the system voltage drops further and system
output decays beyond recovery. However, this behavior is the result of
the initial assumption of constant speed and frequency.

One possible way to avoid this system crash is to increase the
speed of rotation to enhance generation at the same excitation level.
But this is not practical; since the engine speed would be decided by
the driver and cannot be changed to meet the alternator
requirements.

System voltage response to step increases in load can also be
controlled by reducing the inverter output frequency. This reduces the
impedance of the control winding, allowing more excitation current to
flow for a given inverter output voltage. Increased excitation in turn
increases the output voltage and the system can recover. This action is

taken by the EMU and is explained in more detail in Section 4.3.

4.2 Performance Tests on VRC

The dynamic performance of the VRC is tested by subjecting the
prototype alternator system to a step change in load current from no
load to 25A. Standard control system parameters [21] are measured

from the response obtained. Fig. 4.2 shows the plot of the system
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voltage (trace A) and the regulator output voltage(trace B). The
glitches in the waveforms are because of the pick-up during

measurements.
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Fig. 4.2 VRC Performance
(Trace A : system voltage waveform)
(Trace B : regulator output voltage waveform)
(vertical scale : 2V/division)

The system voltage is seen to drop for some time after the
application of load at tg. Then the regulator starts correcting the
error at time t;. However, because of a delay caused by the SPG and
various inductances, the output voltage continues to drop for some
more time, until tg, and reaches a low of approximately 9V .
Thereafter, because of the increased inverter output, the output
voltage starts recovering and comes back to 14.5V at ts.

The 'delay time (tg)' of the system, defined as the time required

for the step response to reach 50% of its final value, is 40ms. The 'rise
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time (t;)', defined as the time required for the step response to rise
from 10% to 90% of its final value, is 30ms. The 'settling time (tg)' of
the system, defined as the time required for the step response to stay
within a specified percentage (5%, in case of an automotive alternator)
of its final value, is 80ms. For an automotive application this recovery
is fast enough. Also, it can be seen that there is no overshoot,
indicating that the system is well-damped.

The performance of the prototype system is found to be
satisfactory for all load changes up to a maximum of 25A with the
alternator running at 6000 rev/min. At lower speeds the maximum
output current capability of the alternator reduces. If a load higher
than 25A is applied the system voltage drops and stays at some value

lower than 14.5V.

4.3 Efficiency Maximizer Unit (EMU)

The conventional Lundell alternator has no provision for
improving the efficiency at any operating point, since the only control
variable, the field current, is used for output voltage control. However,
in the case of a BDFAA, two control variables are available. As discussed
in Section 4.1, the inverter output voltage is utilized to control the
system voltage. This leaves the other variable, i.e. the inverter output
frequency, free for efficiency improvement. The inverter output
frequency can be controlled by controlling the voltage level at the
'Frequency Control Input' of the SPG (Fig. 2.6). The phase sequence of

the inverter output can also be controlled.
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In order to understand the efficiency maximization principle, it
is necessary to examine the field relationships in a BDFM. Fig. 4.3

shows the relative directions and velocities of the fields existing in a

BDFM.
ﬁ%poles
o ) C 1%
2T for 27 Ns
Pp
Fig. 4.3 Field Relationships
where,
fp : power winding frequency
Pp : number of power winding pole pairs
fpr : power winding induced rotor frequency
Ns  : rotor angular velocity (rev/s)
fo : control winding frequency
fer  : control winding induced rotor frequency
Pc : number of control winding pole pairs

and for synchronous operation for = fer.

For normal generator operation, the power winding field rotates
in the same direction as the rotor. However, the control winding
excitation phase sequence can be adjusted; therefore, the control
winding field can rotate in either direction. The phase sequence

which causes the control winding field to rotate in the opposite
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direction of the power winding field is referred to as 'Positive
Sequence’; co-rotational fields are obtained with 'Negative Sequence'
excitation. Thus, in 'Negative Sequence Operation’, power winding and
control winding fields rotate in the same direction as the rotor.

The control winding behavior is similar to an induction machine.
It should be noted here that as the power winding feeds a rectifier, it
operates at a near unity displacement power factor. Thus, all the
excitation, i.e. the reactive magnetizing power for the machine, must
be provided by the inverter supplying the control winding. It should
also be noted that mechanical rotor speed is determined by the engine
speed and hence is not a controllable variable.

In 'Positive Sequence Operation’, the active power flow is always
into the control winding, irrespective of the excitation frequency and
the rotor speed. Since the control winding field always rotates in a
direction opposite to the rotor rotation, the operation is equivalent to
'Plugging’. The slip is always positive and greater than 1, resulting in
lossy operation.

However, in 'Negative Sequence Operation', the active power
flow can be into or out of the control winding, depending upon the
excitation frequency and the rotor speed. If the excitation frequency is
less than the rotor speed (assuming a 2-pole control winding),
'Induction generator action' (negative slip) takes place and the control
winding starts generating active power while continuing to draw the
required reactive power. Since the control winding is supplied by a
bidirectional inverter, active power can flow back to the d.c. link. But
the d.c. link voltage (battery voltage) is fixed at 14.5V and therefore

the generated voltage must be high enough to allow the inverter
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diodes to conduct. Whether the control winding would be able to
charge the battery or not depends on various factors like machine
parameters, the load on the battery, excitation frequency and voltage,
rotor speed, etc. But it is clear that the 'Negative Sequence Operation'
of the prototype alternator promises a way to improve the overall
system efficiency by means of power generation using both windings.
However, the desired 'induction generator' action imposes an upper
limit on the control winding excitation frequency. An engine speed
feedback is thus desirable to minimize the search time for the best
efficiency point.

Also, in order to keep the copper losses in the control winding
to a minimum, the excitation current should be reduced to a
minimum. This can be achieved by increasing the excitation frequency.
The frequency can be increased so long as enough voltage is available
at the inverter output to supply the minimum requircd excitation.
Once the maximum inverter output voltage is reached (limited by the
d.c. link), any increase in frequency will result in a reduction of
excitation current below the required minimum. In turn, this will
cause a reduction of alternator output voltage.

Thus, it can be seen that in the case of the prototype alternator,
the EMU needs to be sensitive to rotor speed variations caused by
engine speed changes and system voltage variations because of load
changes. Using a 'Negative Sequence Operation', the EMU has to
generate a 'Frequency Control Input' for the SPG. This signal should be
such that the excitation frequency causes the maximum possible active
power flow out of the control winding, corresponding to the operating

point. However, under some load and speed conditions, it may not be
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possible to achieve power flow out of control winding. Under these
circumstances, the EMU should lower the excitation frequency just
enough to maintain the alternator output voltage.

A flow-chart describing the EMU operation is shown in Fig. 4.4.

Engine Speed Feedback

'

Reference Frequency Output

Raise the Frequ-

Output Voltage
ency Reference

less than 14.5 ?

Lower the Frequ-
ency Reference

Fig. 4.4 EMU Operation

A simple electronic circuit designed to accomplish this
operation is shown in Appendix II. The scheme uses both the speed
feedback as well as the output voltage feedback and generates a
'Frequency Control Input' signal for the SPG. In a practical automotive
application, the engine speed information can be obtained using the
‘timing signals' generated for the electronic fuel injection system.

However, this requires additional external wiring into the alternator
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casing. A better approach, which avoids this, is suggested in Section
6.2.

In order to illustrate the efficiency maximization principle, the
alternator is run at an approximately constant speed, 6100 rev/min.
(101 rev/s). The system voltage is maintained at 14.5V and a 25A load
is connected (constant electrical output power, 362.5W). The inverter

output frequency is varied over a range and the results are shown in

Table 4.1.
Table 4.1. Efficiency Maximization Test
(constant electrical output power = 362.5W)
Alt. Mech. 2-pole 6-pole 2-pole 2-pole D.C. link %
torque power || frequency || frequency || rms line rms current || Efficiency
voltage current
(N-m) (W) (Hz) (Hz) v) (A) {A)
2.1 1312.8 55 348 10.5 18.8 11.5 27.6
1.8 1179.6 60 345 11.4 17.2 8.1 30.7
1.6 1042.3 66 338 12.3 14.9 3.4 34.8
1.4 902.3 74 330 13.2 12.8 -1.8 40.2

where, % Efficiency = 100 [Mechanical Power / Electrical Power]

It can be seen that as the 2-pole (inverter output) frequency is
increased, the 2-pole current reduces and so does the alternator input
torque. Thus, while maintaining constant electrical output power, the

mechanical input power decreases and the system efficiency is

improved. The best efficiency is obtained at 74Hz, when the 2-pole
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winding starts regenerating. This is indicated by the reversal of the
d.c. link current, i.e. active power flows from the control winding to
the battery through the inverter. Since the minimum excitation
current needs to be maintained, the maximum frequency is limited by
the 2-pole line voltage available from the d.c. bus.

Fig. 4.5 shows the curve of efficiency Vs. frequency. Fig. 4.6
shows the 'V/F' relationship obtained by plotting the 2-pole line

voltage Vs. the 2-pole frequency.
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Fig. 4.5 Efficiency Maximization Principle

(for constant electrical output power = 362.5W)
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Chapter 5.

Test Results for the Brushless Doubly-Fed
Automotive Alternator (BDFAA)

The prototype alternator is tested for performance studies
using the system configuration as shown in Fig. 1.4. The power
winding of the machine feeds the power rectifier. The rectifier in turn
charges the battery and supplies the loads. The control winding is
supplied through the 3-phase PWM inverter. The VRC maintains the
system voltage at 14.5V.

The machine is tested at various load and speed conditions using
the same test set-up employed for testing the Lundell alternator (Fig.
1.2). The machine is operated in the synchronous mode with a
'Negative Sequence Excitation.' The results shown, represent the most
efficient operating point at any particular load current. This point is
achieved by means of frequency variation as described in Section 4.3.
Test data and results are shown in Table 5.1. The maximum alternator
speed is limited to about 6000 r/min (i.e. 100 r/s) as in the case of a
commercial alternator operation. The prototype alternator system can
deliver a maximum of 25A load current while maintaining the output
voltage at 14.5V. Therefore, the test data up to that point only is
presented.

Fig. 5.1 shows the curves of efficiency Vs. alternator speed at

various load currents.



Table 5.1. Test Data for the prototype Brushless Doubly-Fed Automotive Alternator
Alt, Alt. Mech. Outputj Output Elect. % Effi- [|2-pole line)| 2-pole 2-pole 6-pole || D.C. link
speed torque power voltage || current || power ciency voltage current freq. freq. current
(r/s) (N-m) (w) (V) (A) (w) (V] rms || (A) rms (Hz) (Hz) (A)
31.8 3.1 609.8 14.5 5 72.5 11.9 11.8 13.7 30 100 4.1
51.8 1.0 322.6 14.5 5 72.5 22.5 11.8 9.5 42 167 0.9
67.2 0.7 297.9 14.5 5 72.5 24.3 12.7 7.3 58 217 -1.0
83.0 0.6 303.0 14.5 5 72.5 23.9 12.6 6.1 71 250 -0.8
101.1 0.5 339.9 14.5 5 72.5 21.3 12.6 5.4 87 323 -1.0
49.7 2.1 665.6 14.5 15 217.5 32.7 12.4 14.3 36 156 1.3
66.3 1.3 559.8 14.5 15 217.5 38.9 13 11.1 52 213 -1.2
82.7 1.0 538.2 14.5 15 217.5 40.4 13.1 9.4 66 263 -2.1
101.2 0.9 572.3 14.5 15 217.5 38.0 13.1 8.6 80 313 -2.2
54.1 3.2 1087.2 14.5 20 290.0 26.7 11.4 18.9 34 161 7.5
68.6 1.6 706.3 14.5 20 290.0 41.1 13.1 12.7 52 218 -1.7
84.4 1.3 682.5 14.5 20 290.0 42.5 13.2 11.2 65 268 -2.2
100.6 1.1 712.7 14.5 20 290.0 40.7 13.2 10.5 78 322 -2.5
67.7 2.2 944.4 14.5 25 362.5 38.4 12.8 15.5 48 213 0.1
85.0 1.7 894.5 14.5 25 362.5 40.5 13.2 13.7 62 272 -1.1
101.7 1.4 902.3 14.5 25 362.5 40.2 13.2 12.8 74 328 -1.8

6t
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Chapter 6.

Conclusions
and
Recommendations for Future Improvements

6.1 Conclusions

A comparison of Fig. 1.3 and Fig. 5.1 indicates that the proposed
alternator system has the potential to compete with the existing car

alternator system. Fig. 6.1 shows the performance comparison for 15A

load current.

50

40 -
b
g 30 4
0
) o BDFAA system
g Lundell system
[25) 20 4 * Y
X

10

0 —r—r1

2000 3000 4000 5000 6000 7000

Alternator speed (r/min)

Fig. 6.1 Performance Comparison
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Unlike in the conventional system, the efficiency curves for the
BDFAA system do not vary significantly with speed. This fact is very
important as it indicates that the proposed system can maintain good
performance over a wide speed range. This is essentially achieved by
means of the EMU.

Efficiency figures for the prototype BDFAA system are lower than
the conventional system figures. However, this is not the case over the
entire speed range. The reason for this is the speed for which the
machine is optimized. The conventional system seems to be optimized
for lower speeds whereas the BDFAA system works better at medium
and higher speeds. The speed range can easily be altered by changing
the engine-to-alternator pulley ratio as required.

The main reason for low efficiency of the prototype system is the
machine size. The prototype machine is wound in an induction
machine frame that was readily available. The machine stack is too
long for the desired output level, resulting in a large magnetizing
requirement, i.e. large control winding currents. In turn, the high
control winding currents result in excessive copper losses. Since the
inverter supplying the control winding acts as a load on (he system,
overall efficiency is reduced.

Also, these high currents the inverter as well as rectifier result
in higher device losses. Low inverter efficiency also brings down the
overall system efficiency.

These problems can be solved by optimizing the machine
geometry for the desired output. With that improvement, the machine
can be expected to support higher load currents than the prototype

machine, which is limited to 25A load current at 14.5V. However, it



53

has been observed that even the conventional alternator system is not
capable of maintaining the output voltage at 14.5V at high load
currents.

Other advantages offered by the proposed system are robust and
inexpensive structure, brushless operation and no size limitations.

The performance of the two power-electronic units (the
rectifier and the inverter) is seen to be very important. A high rectifier
efficiency is achieved using Schottky diodes. The inverter efficiency is
low because the device drop, though only 1-2V, is a substantial
percentage of the 14.5V system rating. Therefore, the use of low
voltage drop devices is very important for both the recctifier and
inverter.

The performance of the Voltage Regulator Circuit (VRC) is found
to be quite satisfactory. The circuit is simple and offers an easy
calibration method. The Efficiency Maximizer Unit (EMU) carries out
the important task of maintaining maximum efficiency operation over
a wide speed and load range. This circuit is also quite simple. It also
ensures that the system voltage is maintained at 14.5V by generating
appropriate frequency reference signals. A higher precedence is given
to the system voltage than to the efficiency maximization, since a low
system voltage can adversely affect electrical and electronic loads in
the automobile.

One possible limitation of the BDFAA system could be the
requirement of an initial excitation source. The machine, being
similar to an induction machine, does not have any remnant field. In
the case of a conventional system, if the battery is discharged, the

remnant field in the rotor can provide self-excitation and can initiate
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the voltage build-up (using push-start). This is not possible with the
BDFAA system. However, in modern vehicles with automatic gears a
push-start is not possible. Also, most vehicles with computerized
systems (i.e. fuel injection) will not start for safety rcasons if the
battery voltage is below a certain level. Therefore, the only way to start
the engine is by externally providing the rated voltage, e.g. by means of
a jump-start.

6.2 Recommendations for Future Improvements

A smaller machine (i.e. shorter stack) with more copper area
needs to be designed. This will improve the regulation and overall
efficiency. This will also bring down the device ratings allowing the
use of smaller, cheaper or more efficient devices. Different devices
like MOSFETs or BJTs (not in Darlington configuration) can be tried
for the inverter once the current levels come down.

For the prototype machine, the only configuration tested was
one with a 6-pole power winding and a 2-pole control winding. A
different pole number configuration needs to be investigated, keeping
in mind the capability of power generation through the control
winding.

It is brought out in Section 6.1 that the low system voltage
(14.5V) is a cause of the inefficient system operation. The automobile
manufacturers are already planning to go to higher voltage systems
such as 24V, 36V or even 48V. With the higher voltage systems, the
current ratings would go down for the same output requircments. This

will help in achieving better efficiencies. Hence, it is quite clear that
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systems at higher voltages would be much more efficient and need to
be developed.

The BDFM can generate with d.c. excitation applied to the
control winding. This mode has not been explored fully yet for the
prototype BDFAA. Though efficiency maximization is not possible with
d.c. excitation, under certain conditions, this mode may offer some
advantages with a properly designed machine. For example, even if the
battery is almost discharged, a relatively higher d.c. excitation current
can be supplied for a short duration to initiate the generation. The a.c.
excitation current in this low voltage situation would be limited by the
inductive reactance of the control winding.

The inverter circuit can be adapted to provide d.c. excitation by
turning on any two upper devices and one lower device in the
remaining leg, or vice versa. A d.c. modulating signal instead of
sinusoidal modulating waves will allow chopper control to regulate the
output voltage.

As mentioned in Section 6.1, the machine seems to work better
at higher speeds. Therefore a high pulley ratio can be used to run the
machine at higher speeds, even when the engine is idling. Another
option is to design a machine for lower speed operation.

The EMU uses engine speed feedback. In the case of the
prototype alternator system, it has been observed that the efficiency is
optimized for minimum d.c. link current flowing into the inverter, or,
during regeneration, for maximum d.c. link current flowing out of the
inverter. Thus, a current feedback from the d.c. link can also be used

to develop the efficiency maximization unit. This would eliminate the
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need of external wiring into the alternator casing, since the inverter
and the alternator would be in the same enclosure.

The prototype alternator does not provide any system
protection. Current and voltage limiters are required in the inverter as
well as rectifier circuits to prevent damage.

Finally, system integration is an important task to be considered.
The entire semiconductor portion can be put in a single package using
SmartPower technology. For the first level of integration, the rectifier
and inverter can be replaced separately with units available in compact
packages. An integrated system would also improve efficicncy, since

losses and voltage drops in leads would be minimized.
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APPENDIX 1

Technical Data for Power Transistors

Technical Data for Power Diodes
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Technical Data for Power Transistors

(from Motorola Bipolar Power Transistor Data-book)

MJ11011 PNP
MJ11012 NPN

Darlington Power Transistors

Complementary Silicon
Maximum Ratings
Collector-Emitter Voltage : Vceo 60Vdc
Collector-Base Voltage : Ve 60Vvdc
Emitter-Base Voltage : VEB : 5Vdc
Collector Current : Ic : 30Adc
Base Current : I : 1Adc

Electrical Characteristics
DC Current Gain : hrg : 1000 min. @ I¢c = 20 Adc,
VceE = 5 Vde.
Collector-Emitter
Saturation Voltage ! VCE(sat) : 3 Vdc max. @ I¢c = 20 Adc,
Ig = 200 mAdc.
Base-Emitter
Saturation Voltage : VBE(sat) : 3.5 Vdc max. @ I¢c = 20 Adc,
Ig = 200 mAdc.



Technical Data for Power Diodes
(from Motorola Rectifiers Data-book)

IN1184A
Medium Cuwrrent Rectifier

Maximum Ratings

Peak Repetitive Reverse Voltage : VRRM
Average Rectified Forward Current : Io
Peak One-Cycle Surge Current : Irsm

Electrical Characteristics
Maximum Forward Voltage @ 100A : Vg

1N5834
Schottky Barrier Rectifier

Maximum Ratings

Peak Repetitive Reverse Voltage VRRM
Average Rectified Forward Current : Io
Peak One-Cycle Surge Current : Irsm

Electrical Characteristics

100 v
40 A
800 A

40V
40 A
800 A

Maximum Forward Voltage @ 40A : VF : 0.590 VvV
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APPENDIX II

Circuit Diagrams
Switching Pattern Generator (SPG)
Voltage Regulator Circuit (VRC)
Efficiency Maximization Unit (EMU)
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