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Abstract Title

Power delivery circuit with a boost for energetic starting in a pulsed charge starter/alternator system

(57) A combined starter/alternator is energised to start an engine in a vehicle including a primary energy
storage device and a secondary energy storage device. The method comprises the steps of monitoring a
charge value on the secondary energy storage device, and activating a converter switching circuit to charge
the secondary energy storage device with the primary energy storage device until the charge value is greater
than a maximum charge value. Thereafter, an inverter switching circuit is activated to energise the
starter/alternator with the power available in the primary and secondary energy storage devices. In another
aspect of the invention, the starter/alternator is activated as a starter motor until the engine starts or the
charge on the secondary energy storage device falls below a minimum charge value.
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POWER DELIVERY CIRCUIT WITH BOOST
FOR ENERGETIC STARTING IN A PULSED CHARGE
STARTER/ALTERNATOR SYSTEM

The present invention relates to electrical systems for
motor vehicles and, more particularly, to a power delivery
circuit for energetic starting of an engine in a vehicle
having a pulsed charge starter/alternator system. Combined
starter/alternators such as those known in the art are
disclosed in U.S. Patent Nos. 4,720,638; 4,916,345;
5,001,412; 5,097,140 and 5,469,820. A combined
starter/alternator as used in a motor vehicle can be used as
a motor to crank and start the engine as well as a generator
to provide electrical power to the vehicle electrical
systems. When operated as a starter motor, the
starter/alternator is supplied with current from the battery
and is operated to rotate the crankshaft of the engine. The
engine crankshaft is rotated until the engine fires and
continues to run on its own power. When used as a
generator, the running engine is coupled to the
starter/alternator which, in turn, produces a three-phase
output that is rectified to a steady state DC output that is
used to maintain the charge on the vehicle energy storage
device to meet the vehicle electrical load requirements.

When operating as a generator, the efficiency of the
starter/alternator is defined as the ratio of the input
power to the output power. Such generators have both fixed
and variable losses. Some of these losses are associated
with the switching circuitry such as the inverter used to
rectify the output of the generator. There are three primary
classifications of losses: mechanical losses, electrical
losses, and magnetic losses. Mechanical losses are
primarily due to the rotation of the rotor and include
bearing friction loss and windage loss. Magnetic losses
include eddy current-current loss and hysteresis loss. All
of these losses can be grouped into two categories, namely,

fixed losses and variable losses. Fixed losses are losses



10

15

20

25

30

35

—-2-

that do not change with load when the machine is operating
at a known speed. Therefore, rotational losses are one part
of fixed losses. In the case of a wound field machine where
the field current is required to set up the required flux in
the machine, the power supplied to the field winding is also
considered a fixed loss. On the other hand, variable losses
are losses that vary with the load current. All of the
copper or resistive losses are included in this category.
Since the losses associated with the starter/alternator when
operating as a generator are only partially load dependent,
the system exhibits low efficiencies at low power levels.

At higher output power levels, the output power rises
relative to the losses and correspondingly, the system
efficiency rises as well. This continues up to a peak
efficiency torque point whereafter additional torque input
into the generator does not result in a significant increase
in power output and, hence, the efficiency falls off.

It has been found that operating a starter/alternator
at a continuous power output approximately equal to the
vehicle electrical load demand such as 500W is a low
efficiency output for a typical starter/alternator.
Accordingly, there is a need for a starter/alternator
control system having increased efficiency.

It is also desirable to provide a system that allows a
higher amount of instantaneous power to the
starter/alternator when operating as a starter motor.

It is therefore an object of the present invention to
provide an improved power delivery circuit having increased
starting power in a pulsed charge starter/alternator system.

According to the present invention, the foregoing and
other objects are attained by a method of energising a
combined starter/alternator to start an engine in a vehicle
including a primary energy storage device and a secondary
energy storage device. The method comprises the steps of
monitoring a charge value on the secondary energy storage
device, and activating a converter switching circuit to
charge the secondary energy storage device with the primary
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energy storage device until the charge value is greater than
a maximum charge value. Thereafter, an inverter switching
circuit is activated to energise the starter/alternator with
the power available in the primary and secondary energy
storage devices. In another aspect of the invention, the
starter/alternator is activated as a starter motor until the
engine starts or the charge on the secondary energy storage
device falls below a minimum charge value.

One advantage of the present invention is that it has
improved efficiency as compared to conventional
starter/alternator charging systems, and improved starting
capacity as compared to conventional starter/alternator
systems. Other objects and advantages of the invention will
become apparent upon reading the following detailed
description and appended claims, and upon reference to the
accompanying drawings.

The invention will now be described further, by way of
example, with reference to the accompanying drawings, in
which:

FIGURE 1 is a schematic block diagram of one embodiment
of a power delivery circuit with boost for engine starting
in a pulsed charge starter/alternator system according to
the present invention.

FIGURE 2 is a graph of the operation of the power
delivery circuit of Figure 1.

FIGURE 3 is a graph of the operation of the power
delivery circuit of Figure 1 when the starter/alternator is
operating as a starter motor.

FIGURE 4 is a logic flow diagram of one method of
operating the power delivery circuit of the present

invention.

Referring now to Figure 1, there is shown a schematic
block diagram of a power delivery circuit with boost for
engine starting in a pulsed charge starter/alternator system
according to one embodiment of the present invention. The

power delivery circuit includes a combined
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starter/alternator 10, an inverter 12, a converter 14, and a
controller 16 which are used to maintain a charge on an
energy storage device 18 such as a vehicle battery as well
as provide power from the energy storage device 18 to the
starter/alternator 10 to start the vehicle engine 20. The
combined starter/alternator 10 is coupled to the vehicle
engine 20 and can be any known combined starter/alternator.

When operating as a starter motor, as described in more
detail below, the starter/alternator 10 receives charge from
the primary energy storage device 18 and a secondary energy
storage device 34 and functions to crank the engine 20 until
the engine 20 1s running. When operating as an alternator
or a generator, the starter/alternator 10 is coupled to the
running engine 20 and produces a three-phase output which is
converted by inverter 12 to a steady-state DC output which
is used to maintain the charge on the energy storage device
18. The primary energy storage device 18 may be a battery, a
capacitor, or both. Energy storage device 18, in turn, is
used to provide power to meet the vehicle electrical load
demand of the vehicle subsystems such as the ignition
system, lighting system, instrument panel and the
convenience features.

The inverter 12 is operated by the controller 16 by way
of gate drive circuitry 22 to provide steady-state DC output
from the starter/alternator 10 when operating as a
generator. The three-phase output of the starter/alternator
10 is electrically coupled to a plurality of switches 24 and
a plurality of flyback diodes 26, each of which are
connected in reverse polarity and in parallel with each of
the power switches 24 and the inverter circuit 12. The
switches 24 are preferably metal oxide silicon field effect
transistors (MOSFETs) or integrated gate bipolar transistors
(IGBTs) or any other conventional power switching device.

Controller 16 is preferably a digital signal processor
(DSP). A controller 16 can be a dedicated controller to
operate the converter 12 or alternatively, as shown in

Figure 1, it can provide multiple functions by controlling
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the converter 14 and/or the starter/alternator 10 as well.
The controller 16 may also be part of the engine controller
(not shown). In such cases, the controller 16 would include
a central processing unit such as a microprocessor, inputs
and outputs, and associated memory such as random access
memory and read-only memory.

The converter 14 comprises an inductor 30, diode 31,
diode 32, capacitor 34, switch 35, and switch 36. The
converter 14 can be considered an up converter comprising
inductor 30, diode 31, and switch 35 in cooperation with the
capacitor 34 to deliver power to the starter/alternator when
operating as a starting motor. The converter 14 also
includes a down converter comprising inductor 30, diode 32,
and switch 36 in cooperation with capacitor 34 for providing
energy to the energy storage device 18 when the capacitor 34
is charged by the starter/alternator 10 when operating as a
generator. In this capacity, it is preferable to operate
the starter/alternator 10 at higher loads when operating as
a generator to increase the efficiency of the
starter/alternator 10. Accordingly, the inverter 12
intermittently periodically electrically couples the output
of the starter/alternator 10 to the capacitor 34 to charge
the capacitor 34. The capacitor 34, in turn, is used to
charge the energy storage device 18 by way of the switch 36.
The switches 35 and 36 are preferably MOSFETs or IGBTs which
are activated at a high frequency to electrically couple the
capacitor 34 and energy storage device 18.

Referring now to Figure 2, there is shown a graph of
the operation of the power delivery circuit of Figure 1.
When the starter/alternator 10 is operating as a generator,
the inverter drive is enabled by the controller 16 to allow
the starter/alternator 10 to charge the capacitor 34 to a
maximum voltage, Vmx. The inverter drive is then disabled
by the controller 16 and the switch 36 of the converter 14
is activated to the let the converter comprising inductor
30, diode 32, and switch 36 to supply constant power to the

energy storage device 18 until the capacitor 34 reaches a
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minimum voltage, Vpin. At this point, the process is
repeated. Alternatively, the converter circuit can be
operated continuously rather than cycled. In the example
shown on Figure 2, the output of the starter/alternator when
acting as a generator as shown as pulses 50, and a voltage
across the capacitor 34 is shown as line 52.

In the example of Figure 2, it is assumed that the
energy storage device 18 is used to supply a constant 0.5kW
power to meet the vehicle electrical load demands. This
electrical load demand is shown as line 54 in Figure 2. The
peak efficiency torque of the particular starter/alternator
results in an output of 3.5kW. Of course, this power output
at the peak efficiency point will vary for the particular
starter/alternator under consideration. The
starter/alternator is then pulsed on from time t; to t, to
charge the capacitors 34 from Vpin to Vpax. At this point,
the starter/alternator and/or the inverter drive circuit 12
is disabled and the capacitor 34 is allowed to decay from
the Vpax tO Vnin as power is drained from the capacitor by the
energy storage device 18. At time t3, when the capacitor
voltage reaches Vpin, the starter/alternator 10 is again
electrically coupled to the capacitor 34 at a high
efficiency operating point until the capacitor 34 reaches
its desired charge value of Vpax. The pulse is then
terminated at t,4.

If the starter/alternator 10 were merely operated to
output a continuous 0.5kW to maintain the charge on the
capacitor 34 and corresponding energy storage device 18 to
meet the vehicle electrical load demand of 0.5kW, the
overall system efficiency would be lower. For the
particular starter/alternator under consideration, it was
observed that a continuous 0.5kW system output power
resulted in a starter/alternator efficiency of approximately
55%. The same system operated in the pulsed power mode, as
shown in Figure 2, however, had a system efficiency of

approximately 84%. Thus, the pulsed power method of
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charging the capacitor resulted in a 52% improvement in the
overall system efficiency.

In the example shown in Figure 2, the assumed operating
range of the capacitor 34 is between the rated voltage Viax
and one-half the rated operating voltage Vmin. FoOr such a
design, the energy stored in the capacitor for use in
supplying the energy to the storage device 18 is then
(3/8)CV?. Assuming a 400 volt energy storage device 18, a
0.5kW load and 3kW pulsed charge rate, the capacitor 34
would need to be a 0.5 Farads to provide a 10 second charge
time (t; to t,) at 3kW and a 60 second discharge time (t,; to
t3) at 0.5kW. Of course, the discharge time will decrease,
i.e., the rate of discharge will increase, as the load power
requirements increase or if the capacitor 34 were made
smaller. 1In this example, the 10 second charge time (ti to
t,) was selected to be greater than 10 times the
starter/alternator rotor time constant which is defined as
the time necessary to reach 63% of the desired flux for
operating the starter/alternator as a generator at the
desired efficiency level. Again, the pulse width magnitude
and frequency will depend upon the particular
starter/alternator under consideration as well as the energy
storage device characteristics, capacitor size, and vehicle

electrical load demands. Although the preferred embodiment

. of the present invention includes the capacitor 34 as the

secondary energy storage device for charging the primary
energy storage device 18, it is to be understood that the
capacitor 34 could also be replaced other energy storage
devices such as a battery or a combination battery and
capacitor.

Referring now to Figure 3, there is shown a graph of
the operation of the power delivery circuit of Figure 1 when
the starter/alternator is operating as a starter motor.
When the starter/alternator is to be operated as a starter
motor to crank the engine, the portions of the converter 14
comprising the up converter, namely, inductor 30, diode 31,
and switch 35, are activated to couple the energy storage
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device 18 to the capacitor 34 to charge the capacitor 34 up
to a desired charge value, Vpax. Once the capacitor 34 has
reached the desired charge level Vpax, the inverter circuitry
12 is activated to provide the combined energy from
capacitor 34 and energy storage device 18 to the
starter/alternator 10 which, in turn, generates an output
torque to crank the engine 20. 1In the example shown in
Figure 3, the output of the energy storage device 18 is
shown as line 60, and the voltage across the capacitor 34 is
shown as line 62. At time t,, the converter 14 is activated
to couple the energy storage device 18 and the capacitor 34
to charge the capacitor from Vg, (or its present voltage
level) to the desired voltage level Vp.x which may be greater
than the output voltage of the energy storage device 18.

The energy storage device 18 has a preferred output of 42
volts, however, can be any desired voltage capacity. At
time t,, the capacitor 34 has been charged to the desired
voltage level Vga. At time t3, the inverter circuitry 12 is
activated and the energy stored in the capacitor 34 is used
to drive the starter/alternator 10 to crank the engine 20.
During this time, diode 31 acts to clip the energy delivered
ﬁo the starter/alternator at the greater of that available
from the energy storage device 18 or capacitor 34. By using
the capacitor 34 in addition to the energy storage device 18
to provide power to the starter/alternator 10 when acting as
a starter motor, more cranking power can be delivered to the
engine 20 than would otherwise be available from the energy
storage device 18 alone.

When the starter/alternator 10 is operating as a
generator, the secondary energy storage device or capacitor
34 is periodically charged by operating the
starter/alternator at approximately its peak efficiency
output and activating the inverter circuitry such that the
capacitor is charged to a desired voltage level. The
starter/alternator and/or inverter 12 is then de-activated
and the capacitor 34, in turn, is used to maintain a charge

across the primary energy storage device 18 to meet the
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vehicle electrical load demands. In this way, the
starter/alternator is only periodically operated and, when
operated, it is operating at approximately its peak
efficiency, thereby increasing the overall efficiency of the
system when in generator mode.

Referring now to Figure 4, there is shown a logic flow
diagram of one method of operating the power delivery
circuit of Figure 1 when the starter/alternator is to be
operated as a starter motor. The logic routine shown in
Figure 4 resides in the controller 16 and is executed each
time it is desired to start the engine 20. The logic begins
in step 100 by detecting an engine start signal such as from
the activation of an ignition key switch indicating the
operator's desire to start the engine. If an engine start
signal is received, the logic continues to step 102 where
the charge across the capacitor 34 is monitored. If the
charge across the capacitor 34 is not at the desired level
of Vpax, the capacitor is charged in step 104 by activating
the inductor 30, diode 31, and switch 35 of the converter
circuitry 14 until the capacitor charge has reached a
desired voltage Vmasx. At this time, the inverter circuitry
12 is activated to energise the starter/alternator in step
106 by delivering the power available from the capacitor 34
and energy storage device 18 to the starter/alternator 10.
The starter/alternator 10, operating as a starter motor,
engages the flywheel associated with the engine 20 and
cranks the engine until it is running. If the engine does
not start, the starter/alternator 10 will continue to
attempt to crank the engine for a predetermined period of
time and/or until the capacitor voltage reaches a minimum
value Vpin to prevent further draining the primary energy
storage device 18. Once the engine is running, the
starter/alternator can then be operated as a generator as
described above to energise the capacitor 34 to maintain the

desired charge on the energy storage device 18.
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In addition to the steps described above, once the
capacitor charge has reached Vp.x, an indicator can be
activated to alert the vehicle operator that it is
appropriate to attempt to start the engine at this point.
This is similar to a glow plug indicator light associated
with a compression ignition engine. In other words, the
vehicle operator would engage the ignition key to a first
position, wait until the start engine light was illuminated
indicating that the capacitor 34 has been charged to Vyax,
and then continue to further engage the ignition key to
start the engine by energising the starter/alternator until
the engine was running.

An advantage of the present invention is that the same
secondary energy storage device which is used to increase
the efficiency of the power circuit when operating in
Cupertino with the starter/alternator operating as a
generator, can be used to increase the power available to

the starter/alternator when acting as a starting motor.
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CLAIMS

1. A method of energising a combined
starter/alternator(10) to start an engine in a vehicle
including a primary energy storage device(18) and a
secondary energy storage device(34), the method comprising
the steps of:

monitoring a charge value on said secondary energy
storage device(34);

activating a converter switching circuit(1l4) to
charge said secondary energy storage device(34) with said
primary energy storage device(18) until said charge value is
greater than a maximum charge value; and, thereafter

activating an inverter switching circuit(12) to

energise said starter/alternator (10) with said primary and

secondary energy storage devices.

2. The method of claim 1 further comprising the step
of deactivating said inverter switching circuit(12) when

said charge value is less than a minimum charge value.

3. The method of claim 1 further comprising the step
of deactivating said inverter switching circuit(12) upon the

detection of an engine running signal.

4. The method of claim 1 further comprising the step
of deactivating said inverter switching circuit(12) after a

predetermined period of time.

5. The method of claim 1 further comprising the steps
of detecting a first engine start signal and, in response,
activating the converter circuit (14) to charge said
secondary energy storage device (34) with said primary
energy storage device (18) until said charge value is

greater than a maximum charge value.
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6. The method of claim 5 further comprising the step
of providing an operator signal when said charge value is

greater than said maximum charge value.

7. The method of claim 6 further comprising the steps
of detecting a second engine start signal and, when said
charge value is greater than said maximum charge value,
activating said inverter switching circuit to energise said
starter/alternator with said primary and secondary energy

storage devices.

8. A power delivery system for a vehicle including an
engine coupled to a combined starter/alternator(10), the
system comprising:

a primary energy storage device(18):;

a secondary energy storage device(34);

a converter switching circuit(14) for electrically
connecting said primary and secondary energy storage
devices (18, 34);

an inverter switching circuit(1l2) for electrically
connecting said starter/alternator(10) and said primary and
secondary energy storage devices(18,34); and

a controller (16) programmed to perform the following
steps:

monitor a charge value on said secondary energy
storage device(34);

activate said converter switching circuit(14) to charge
said secondary energy storage device(34) with said primary
energy storage device(18) until said charge value is greater
than a maximum charge value; and, thereafter

activate said inverter switching circuit(12) to
energise said starter/alternator with said primary and

secondary energy storage devices(18,34).

9. The system as claimed in claim 8, wherein said

controller(16) is further programmed to deactivate said
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inverter switching circuit(12) when said charge value is

less than a minimum charge value.

10. The system as claimed in claim 8, wherein said
controller(16) is further programmed to deactivate said
inverter switching circuit(12) upon the detection of an

engine running signal.

11. The system as claimed in claim 8, wherein said
controller(16) is further programmed to deactivate said
inverter switching circuit(l2) after a predetermined period

of time.

12. The system as claimed in claim 8, wherein said
primary energy storage device(18) is a battery and said

secondary energy storage device(34) is a capacitor.

13. The system as claimed in claim 8, wherein said
inverter switching circuit(12) and said converter switching

circuit (14) comprise MOSFET switches.

14. The system as claimed in claim 8, wherein said
inverter switching circuit(12) and said converter switching
circuit (14) comprise IGBT switches.
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