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67 ABSTRACT

An energy storage system for a vehicle includes an ultraca-
pacitor that is electrically coupled in parallel with a battery
through a diode connected in series with the battery. The
ultracapacitor delivers the energy required for all high
current surges that occur during engine start, acceleration,
and regeneration. The battery is used only to assist with
longer duration, high energy loads, such as accessory loads
when an engine of the vehicle is not running. In other words,
the battery conducts only during longer and less-frequent
pulses and, therefore, does not have to withstand high-power
pulses.
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ENERGY STORAGE SYSTEM WITH
ULTRACAPACITOR AND SWITCHED BATTERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of U.S. provisional
patent application No. 60/626,560 filed Nov. 10, 2004, the
disclosure of which is hereby incorporated by reference.

FIELD OF THE INVENTION

[0002] The invention relates generally relates to vehicle
energy storage systems, particularly energy storage systems
suitable for use in hybrid electric vehicles.

BACKGROUND OF THE INVENTION

[0003] Hybrid electric vehicles (HEVs), whose operation
is characterized by both discharge and regenerative tractive
electrical loads and nontractive electrical loads, often
employ batteries to provide energy boost or storage for short
periods such as acceleration, engine start-up, and regenera-
tive braking, as well as for relatively-longer-duration dis-
charge pulses. As a result, the batteries experience very high
and frequent surge currents and, therefore, must withstand
thousands of deep charge/discharge cycles which can poten-
tially impact battery life. Further, such batteries must be
optimized for high-power capability, generally resulting in a
substantially increased cost.

[0004] In response, the prior art teaches use of energy
storage systems featuring double-layer capacitors, also
known as supercapacitors or ultracapacitors, that are elec-
trically coupled in parallel with a battery as shown in FIG.
1, to handle rapid transients while the batteries handle
lengthy demand peaks and provide long-term energy stor-
age. These ultracapacitors behave like high-power, low-
capacity batteries, except that ultracapacitors store electric
energy by accumulating and separating unlike-charges
physically, rather than storing energy chemically in revers-
ible chemical reactions. As such, ultracapacitors can provide
high power and can accept high power during charging, even
as their instantaneous voltage approaches their maximum
rated voltage. Advantageously, ultracapacitors also typically
feature a high cycle life and a high cycle efficiency, as
compared to commercially-available chemical batteries.

[0005] Referring again to FIG. 1, with the ultracapacitor
UC and the battery B connected in parallel, and assuming
both a constant simulated switched load current I; (to
simplify the following analysis) and a parasitic series resis-
tance R,Ry of both the ultracapacitor and the battery, upon
the closure of switch S1 at time t=0, the capacitor and battery
currents i.,ip, are calculated as follows:

R + Rc
=l [1 Rpe™" @
B T R T Re

where 7= (Rg + R¢)C is the circuit time constant 3
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The resulting peak value I, .. for the switched load current

I, at time t=0 is calculated as:

oo Y Ve Y8 @
L’““‘( RsRc )_RB Rc¢
Rp +Rc¢

Thus, if the resistance R of the ultracapacitor is signifi-
cantly less than the resistance Ry of the battery, the prior
art’s teaching of the parallel coupling of the ultracapacitor
and the battery, as shown in FIG. 1, advantageously pro-
vides a higher maximum switched load current I, ..
(thereby improving vehicle cold weather starting) while a
correlative reduction of battery current iy pulse amplitudes
reduces degradation of the battery.

[0006] By way of further example, assuming a resistance
R for the ultracapacitor of 10 mQ at 25° C. and 11.5 mQ
at =30° C., and a resistance Ry for the battery of 54 mQ at
25° C. and 180 mQ at -30° C., Equations (1) and (2)
demonstrate that, as the ultracapacitor current i decreases in
response to longer-duration or higher-energy discharge
pulses, the battery current iy will increase, particularly at
relatively higher ambient temperatures:

@250 C.: IC max=5'4IB max
@-30° C.: I pnax=15.65T5 mae

Thus, for a ten-second vehicle start/acceleration pulse for a
power-assist hybrid electric vehicle (P-HEV), as set forth in
P-HEV Power & Energy Design Verification Load Profile
published by the U.S. Department of Energy in the
“FreedomCAR 42V Battery Test Manual” (April 2003),
reproduced in FIG. 2A, Equations (1)-(3) yield the follow-
ing:

1=9.3 sec@?25° C.

1=29% of I} @t=10 sec

ip=71% of I} @t=10 sec

1=27.8 sec@-30° C.

1c=66% of I @t=10 sec

ip=34% of I; @t=10 sec
The foregoing confirms that known energy storage systems
featuring a parallel-coupled ultracapacitor and battery pro-
vide much higher discharge pulses than an energy storage
system featuring a battery alone.

[0007] However, the foregoing also confirms that the
parallel-coupled ultracapacitor and battery results in a bat-
tery current iy, portion of the switched load current I; being
very high, particularly with increasing ambient temperature.
And, while the ultracapacitor generally has very high immu-
nity to high discharge and regenerative pulses such as
vehicle start/acceleration pulses and regenerative braking,
known chemical batteries typically do not share such a high
immunity, and such shared pulses can therefore cause sig-
nificant degradation of the parallel-coupled batteries due to
battery cycling.

BRIEF SUMMARY OF THE INVENTION

[0008] It is an object of the invention to provide an energy
storage system for a hybrid electric vehicle, whose operation
is characterized by relatively-higher discharge and regen-
erative tractive electrical loads and relatively-lower nontrac-
tive electrical loads, in which an ultracapacitor is electrically
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coupled to battery in such a way as to generally shield the
battery from high-current, low-duration discharge and
regeneration pulses occurring during normal vehicle opera-
tion until the ultracapacitor is substantially discharged, to
thereby reduce battery cycling.

[0009] In accordance with an aspect of the invention, an
energy storage system for a hybrid electric vehicle includes
an ultracapacitor having a maximum operating voltage, and
a battery electrically coupled in parallel to the ultracapacitor
through a series-connected diode. Significantly, the battery
has a maximum voltage that is substantially less than the
ultracapacitor’s maximum operating voltage. The ultraca-
pacitor will therefore process the energy associated with
most short-duration, high-current tractive surges/pulses that
occur during engine start, acceleration, and regeneration,
without dropping the instantaneous voltage of the ultraca-
pacitor to the point where the battery begins to process the
energy.

[0010] Because the battery current remains nominally zero
in response to a long-duration and/or high-current pulse until
the instantaneous ultracapacitor voltage drops to the instan-
taneous battery voltage, the battery only assists with longer-
duration, high-energy tractive loads, or with accessory loads
as may be encountered when a system-regenerating power
source on the vehicle, e.g., a hydrocarbon-fueled engine or
fuel cell, is not operating. In other words, the system’s
battery conducts only during longer and less-frequent loads,
thereby substantially reducing battery cycling.

[0011] Where the battery is a lead-acid battery, a further
advantage is that the battery does not have to be kept at a
partial state of charge, e.g., at a seventy-percent state of
charge, in order to accept regenerative pulses but, rather, can
be maintained close to a one-hundred percent state of charge
which, together with the reduction in surge currents, greatly
reduces the sulfation process which may lead to a premature
failure of such lead-acid batteries.

[0012] Preferably, the maximum voltage of the battery is
roughly one-half of the maximum operating voltage of the
ultracapacitor; or, stated another way, the maximum oper-
ating voltage of the ultracapacitor is preferably roughly
twice the maximum voltage of the battery. Having a maxi-
mum operating voltage for the ultracapacitor that is roughly
twice that of the battery advantageously allows use of up to
perhaps three-quarters of the energy stored in the ultraca-
pacitor before the battery is even engaged.

[0013] Inaccordance with another aspect of the invention,
the energy storage system preferably further includes a
battery-charging circuit which selectively electrically
couples the battery in parallel with the ultracapacitor when
both the battery voltage has dropped below a minimum
battery voltage and the ultracapacitor voltage is approxi-
mately equal to the battery voltage to thereby allow the
battery to be charged by a regenerative pulse or other
charging current, for example, as generated by an alternate
power source such as an alternator/generator driven by an
internal combustion engine or fuel cell on the vehicle. While
the invention contemplates use of any suitable battery-
charging circuit, by way of example only, a battery-charging
circuit includes a normally-open switch operative to shunt
the series diode, and a controller adapted to operate the
switch and charge the battery when a detected instantaneous
battery voltage is roughly equal to a detected instantaneous
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ultracapacitor voltage. The controller is further preferably
adapted to open the diode-shunting switch to discontinue
battery charging when the battery voltage has been raised to
its target level, e.g., roughly one-half of the maximum
operating voltage of the ultracapacitor.

[0014] Still further, the controller is preferably adapted to
switch on the inverter to reduce the instantaneous ultraca-
pacitor voltage to the instantaneous battery voltage prior to
closing the diode-shunting switch. Alternatively, the battery-
charging circuit preferably further includes a separate, nor-
mally-open-switched bleed circuit across the ultracapacitor
leads; and the controller is adapted to close the bleed circuit
to dissipate charge and thereby reduce the detected ultraca-
pacitor voltage to the detected battery voltage, prior to
closing the diode-shunting switch.

[0015] Inaccordance with yet another aspect of the inven-
tion, the hybrid electric vehicle may advantageously feature
a separate electrical bus by which generally-low-power,
nontractive electrical loads are coupled to the battery alone,
whereby the high-power high-cycle discharge and regenera-
tive tractive loads fall on the previously-described parallel-
coupled ultracapacitor and battery with series diode, while
relatively-steady, low-power vehicle loads fall on the battery
alone.

[0016] Other objects, features, and advantages of the
invention will be readily appreciated upon a review of the
subsequent description of the preferred embodiment and the
appended claims, taken in conjunction with the accompa-
nying Drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The invention will become more fully understood
from the detailed description and the accompanying draw-
ings, wherein:

[0018] FIG. 1 is a circuit diagram for a prior art energy
storage system featuring a parallel-coupled ultracapacitor
and battery;

[0019] FIGS. 2A and 2B are the power and energy design
verification load profiles for P-HEVs and M-HEVs, respec-
tively, as set forth in the “FreedomCAR 42V Battery Test
Manual” (April 2003); and

[0020] FIG. 3 is a circuit diagram for an exemplary energy
storage system in accordance with the invention, which
includes an ultracapacitor that is parallel-coupled with a
battery through a diode;

[0021] FIG. 4 is a plot showing switch load current I; and
capacitor voltage V. versus time waveforms for the exem-
plary energy storage system of FIG. 3.

DETAILED DESCRIPTION OF THE
INVENTION

[0022] The following description of the preferred embodi-
ment(s) is merely exemplary in nature and is in no way
intended to limit the invention, its application, or uses.

[0023] Referring to the circuit diagram shown in FIG. 3,
an exemplary energy storage system 10 in accordance with
the invention, for use in a hybrid electric vehicle, includes an
ultracapacitor 12, and a battery 14 that is electrically coupled
in parallel with the ultracapacitor 12 through a series-
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connected diode 16. For purposes of the invention, the term
“ultracapacitor” encompasses electrostatic multiple-layer
capacitors (singly or in parallel and/or series combinations),
as well as capacitors (single capacitors or parallel and/or
series combinations of capacitors) with capacitances above
1 F. It will be appreciated that, when multiple series-
connected ultracapacitors are used, the energy storage sys-
tem preferably includes charge-balancing circuitry (not
shown) to prevent against inadvertent overcharging of a
given one of the ultracapacitors due to an imbalance of
energy between the multiple series ultracapacitors. Simi-
larly, the term “battery” is intended to encompass battery
packs that include multiple batteries connected in series
and/or in parallel.

[0024] The ultracapacitor 12 has a maximum voltage
rating V.. and is preferably sized to deliver the energy
required for all high-current discharge and regenerative
pulses/surges that occur during normal vehicle operation,
including the start-up of any associated internal combustion
engine (not shown), typical vehicle acceleration, and regen-
erative vehicle braking.

[0025] By way of example only, as described more fully
below, for a full-power-assist hybrid electric vehicle
(P-HEV) having a 24V electrical bus for nontractive loads
and a power and energy design verification load profile as
shown in FIG. 2A, a suitable ultracapacitor 12 (or several
suitably-interconnected ultracapacitors) has a maximum
rated voltage V... of perhaps about 50V, a rated capaci-
tance of perhaps about 290 F, and is preferably controlled to
a target or “nominal” voltage V. of perhaps about 40V
to provide both sufficient capacity for start/acceleration
discharge pulses and enough “headroom” for storing antici-
pated regenerative pulses. Similarly, for a mild hybrid
electric vehicle (M-HEV) having a 24V electrical bus for
nontractive loads and a power and energy design verification
load profile as shown in FIG. 2B, a suitable ultracapacitor
12 may have a maximum rated voltage V.. of perhaps
about 50V, a rated capacitance of perhaps about 145 F, and
is preferably controlled to a nominal voltage V, of 40V.

[0026] In accordance with an aspect of the invention, the
diode 16 operates to isolate the battery 14 from the load
(represented by an inverter 18 and a motor/generator 20) as
long as the ultracapacitor’s voltage V. exceeds the battery
voltage V. Thus, the system’s battery 14 is used only to
assist with the longer-duration, high-energy loads, including
vehicle start/acceleration pulses (as illustrated in the load
profiles shown in FIGS. 2A and 2B), and to power “engine-
off” accessory loads.

Cnom

[0027] Referring again to FIG. 3, the energy storage
system 10 further includes a battery-charging circuit 22
which is operative to selective electrically couple the battery
14 in parallel with ultracapacitor 12 to permit the charging
of the battery 14, either with a regulated regenerative pulse
generated by the motor/generator 20 through the inverter 18,
or with another regulated current, for example, generated by
an alternate power source on the vehicle, such as an internal
combustion engine or fuel cell (not shown), but only when
both the battery voltage V4 has dropped below a minimum
battery voltage Vg, and the ultracapacitor voltage V. is
approximately equal to the battery voltage V. Thus, the
battery-charging circuit 18 is shown in FIG. 3 as including
a controller 24 that is adapted to close a first normally-open
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transistor 26 shunting the diode 16 when the detected battery
voltage Vg has dropped below the minimum battery voltage
Vamin and is roughly equal to the detected instantaneous
ultracapacitor voltage V. In this way, the controller 24 only
periodically closes the first transistor 16 to recharge the
battery 14 back to its maximum battery voltage V.

[0028] In order to avoid damage to the battery-charging
circuit’s first transistor 26, when necessary, the controller 24
is advantageously adapted to selectively turn on the inverter
18 to thereby reduce the instantaneous ultracapacitor voltage
V¢ to the detected instantaneous battery voltage Vy, prior to
closing the first transistor 26. The system’s battery-charging
circuit 22 also advantageously includes a switched bleed
circuit 28 connecting the leads of the ultracapacitor 12. The
switched bleed circuit 28 includes a resistor 30 and a second
normally-open transistor 32, and the controller 24 is adapted
to close the second transistor 32 to thereby bleed a relatively
small amount of charge from the ultracapacitor 12 prior to
closing the first transistor 26 (to charge the battery 14), in
order to protect the first transistor 26.

Bmax*

[0029] Further, where the first transistor 26 is a relatively-
low-cost transistor rated for a relatively-low battery charg-
ing current, if a boost or regenerative pulse is needed by the
vehicle at a time when the controller 24 has closed the first
transistor 26 to effect battery charging, a signal is sent to the
controller 24 from an external powertrain controller (not
shown), whereupon the controller 24 opens the first transis-
tor 26 before the inverter 18 is allowed to create the pulse.
Because this action is electronic, the opening of the first
transistor 26 by the controller 24 occurs sufficiently quickly
so as not to cause any significant delay in the mechanical
response of the vehicle.

[0030] A main advantage of the energy storage system 10
of the invention over the prior art system of FIG. 1 is that
the battery 14 is shielded by the diode 16 from most pulses,
including regenerative braking current pulses, until the
instantaneous ultracapacitor voltage V. drops to the instan-
taneous battery voltage V. Thus, the system’s battery 14 is
advantageously optimized for energy storage rather than
power capability, thereby significantly lowering the size,
weight and cost of the system’s battery 14, while further
reducing battery cycling to improve battery life and reliabil-
ity.

[0031] As a further advantage over the prior art system of
FIG. 1, the energy storage system 10 allows a much better
utilization of the ultracapacitor 12 because the ultracapacitor
12 can be discharged to roughly half of its maximum useable
voltage, i.e., to the battery’s maximum voltage Vg, ., before
the ultracapacitor’s discharge is slowed by an accompanying
battery current. For longer switched load current pulses I,
which would otherwise discharge the ultracapacitor voltage
Ve to less than the maximum battery voltage Vg .., the
diode 16 begins to conduct when the instantaneous ultraca-
pacitor voltage V. drops to the instantaneous battery voltage
V5. This restricts the ultracapacitor voltage V. generally to
the range VL=V =2V, which can be tolerated by the
inverter load.

[0032] Short duration, and more frequent switch load
current pulses I; are supplied only by the ultracapacitor 12
as long as the ultracapacitor voltage V. is greater than the
battery voltage Vg. Since the battery 14 conducts only
during longer and less frequent pulses, the battery 14 does

Petitioner EX1008
Toyota v. Bunker Hill IPR2026-00333

6 of 8



US 2006/0098390 Al

not have to be designed to accommodate short-duration,
high-power pulses. The ultracapacitor 12 is also sized to
accept regeneration pulses, where the switched load current
I, is reversed.

[0033] With reference to FIG. 4, switched load current I
and ultracapacitor voltage V. versus time waveforms are
used to explain a typical cycle for the energy storage system
10. In this example, the ultracapacitor 12, which has a
maximum voltage V... of about 50V, is periodically
recharged to a target or “nominal” voltage V-, ..., of perhaps
about 40V to thereby maintain some “headroom” for regen-
eration pulses that may occur while the ultracapacitor is
charged to the nominal voltage V... A first switched load
current I; discharge pulse P1 at (t=0) lowers the ultraca-
pacitor voltage V., whereupon a first regenerative pulse P2
(from t, to t;) causes the ultracapacitor voltage V. to
increase. A second discharge pulse P3 (from t, to ts) then
causes a further ultracapacitor voltage V. decrease, where-
upon the system 10 then senses that the ultracapacitor
voltage V. needs to be increased at t; and applies a second
regenerative pulse P4 (from t, to t,) to raise the ultracapaci-
tor voltage V. back to its nominal voltage V, of 40V.

[0034] Beginning at tg, a long, third discharge pulse P5
occurs that discharges the ultracapacitor voltage V. to the
battery voltage V (which happens to be at maximum state
of charge, i.e., at 25V). Beginning at t,, the battery 14
supplies the remainder of the long discharge pulse P5 via the
diode 16 until the pulse P5 ends at t,,. At t,,, the system 10
again senses that the ultracapacitor voltage V. needs to be
increased and applies a third regenerative pulse P6 until the
ultracapacitor voltage V. reaches 40V (at t,,). If successive
regeneration pulses charge the ultracapacitor above its target
voltage V,om 0of 40V, the ultracapacitor voltage V. can
quickly be discharged to 40V by turning on the inverter load
(power assist).

Cnom

[0035] To further emphasize the information presented in
FIG. 4, in an energy storage system 10 for a M-HEV
featuring a battery 14 having a maximum battery voltage
V,... of 25V, and an ultracapacitor 12 with a rated capaci-
tance of 145 F and a maximum operating voltage V... of
50V that is controlled during normal vehicle operation to a
nominal voltage V... of 40V, the ultracapacitor’s maxi-
mum regeneration capacity and maximum load capacity is
calculated as follows:

1
Maximum Regeneration Capacity = EC( Vclmax - ngm)

= %(145)(502 —40%)

=65250 J
1
Maximum Load Capacity = EC(Vg"‘”" )

1 N 2
= 5(145)(40‘ —25%)

=70,687 J

This system 10 will thus easily accommodate the 8 kW,
two-second (16,000 J) specified regeneration pulse for a
M-HEYV as shown in FIG. 2B, and the corresponding engine
start/acceleration 13 kW, two-seconds (26,000 J) discharge
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pulse. In fact, these pulses could easily be accommodated by
an ultracapacitor 12 having a rated capacitance of 70 F.

[0036] Similarly, the 18 kW, ten-second (180,000 1I)
vehicle start/acceleration discharge pulse for a P-HEV in
FIG. 2A is much more demanding, but is readily accom-
modated by an energy storage system 10 in accordance with
the invention that incorporates an ultracapacitor rated at 290
F when controlling the nominal ultracapacitor voltage V_
to 46V, as the system 10 would then provide a maximum
ultracapacitor regeneration capacity of 55,680 J (well in
excess of the 36,000 J regeneration pulse specified for
P-HEVs) and a maximum ultracapacitor Load Capacity of
216,195 J (again, well in excess of the 180,000 J vehicle
start/acceleration discharge pulse specified for P-HEVs).

[0037] While the above description constitutes the pre-
ferred embodiment, it will be appreciated that the invention
is susceptible to modification, variation and change without
departing from the proper scope and fair meaning of the
subjoined claims. For example, while a single switched load
is illustrated in FIG. 3, the invention contemplates use of a
second bus supported exclusively by the system’s battery. In
this way, the first bus for tractive loads features a swinging
voltage that allows a great majority of the ultracapacitor’s
energy to be used before drawing current from the battery;
and the second bus provides a closely-regulated voltage for
the vehicle’s other, nontractive loads.

What is claimed is:
1. An energy storage system for a hybrid electric vehicle
comprising:

an ultracapacitor having a maximum operating voltage;

a battery having a maximum voltage that is greater than
the ultracapacitor’s minimum operating voltage and
substantially less than the ultracapacitor’s maximum
operating voltage; and

a diode connected in series with the battery,

wherein the ultracapacitor is electrically coupled in par-

allel with the series-connected battery and diode.

2. The energy storage system of claim 1, wherein the
maximum voltage of the battery is perhaps about one-half of
the maximum operating voltage of the ultracapacitor.

3. The energy storage system of claim 1, wherein the
ultracapacitor is periodically charged with a regenerative
pulse to a nominal voltage significantly greater than the
battery’s maximum voltage of the battery but significantly
less than the maximum operating voltage of the ultracapaci-
tor.

4. The energy storage system of claim 3, wherein the
nominal voltage of the ultracapacitor is greater than an
average voltage based on the maximum operating voltage of
the ultracapacitor and the maximum voltage of the battery.

5. The energy storage system of claim 1, wherein the
battery has a minimum operating voltage, and wherein the
battery is recharged by a regenerative pulse when an instan-
taneous battery voltage drops below the maximum operating
voltage of the battery.

6. The energy storage system of claim 5, wherein the
battery is periodically charged with a regenerative pulse to
the maximum voltage of the battery.
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7. The energy storage system of claim 5, including a
battery-charging circuit for selectively electrically coupling
the battery in parallel with the ultracapacitor when the
instantaneous battery voltage drops to the minimum oper-
ating voltage of the battery.

8. The energy storage system of claim 7, wherein the
battery-charging circuit includes a first normally-open
switch operative to shunt the diode, and a controller adapted
to close the first switch when both the instantaneous battery
voltage drops to the minimum operating voltage of the
battery, and an instantaneous ultracapacitor voltage is
approximately equal to the instantaneous battery voltage.
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9. The energy storage system of claim 8, wherein the
controller is further operative to open the first switch when
the instantaneous battery voltage has been raised to a target
battery voltage.

10. The energy storage system of claim 9, wherein the
target battery voltage is approximately equal to the maxi-
mum voltage of the battery.

11. The energy storage system of claim 8, wherein the first
switch is a transistor, and wherein the controller is adapted
to discharge the ultracapacitor to a voltage approximately
equal to the instantaneous battery voltage before closing the
first switch.
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