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It doesn't mean that the money spent on research was 

wasted. In fact, much was learned about the power elec

tronics design that allowed the electronics to shrink and 

coexist with a conventional gasoline engine in the pres

ent hybrid drive technologies. 

Why did the EV Fall Short? 
In the most recent generation of modem electric cars 

(electric cars were first invented in the 1800s), there 

were two major obstacles to widespread acceptance of 

the technology - driving range, and infrastructure for 

charging. The cars themselves were actually attractive, 

safe, fast and fun to drive. It was the 50-100 mile range 

on the massive pack of lead-acid batteries that made it 

difficult to reach the next charging station. This is a 

result of the battery technology, and, our favorite topic, 

the power electronics. 

First, we will look at the battery technology. The lead 

acid battery has been around since the birth of the auto

mobile, and has changed very little. Incremental 

improvements in capacity, longevity, safety, and mainte

nance have not removed the fact that it is simply too 
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heavy and bulky to work in the electric car and be prac

tical. This was an issue that the car companies hoped 

would be resolved, but did not happen in time for the 

projects to continue being funded at the necessary level. 

Then there was the issue of charging methods. This was 

the subject of much debate in the car industry in the 

1980s. Two approaches were considered, one was direct 

connection to an electrical outlet. The other was some

thing that looked much more like a common fuel pump 

as it exists today, utilizing a "paddle". 

Supporters of the direct connection method pointed out 

that a simple universal plug connection to charge a car 

was a better solution. Opponents of this system claimed 

that the heavy-duty plugs required would be unreliable 

and lend a perceived safety problem to the public. While 

this may be the right solution, the car companies could 

not all agree on the seemingly simple concept of what 

the connector should look like. As a result, Ford, Toyota, 

and others each had their own power connector, and 

none of them were compatible. 

The "paddle" method involved inductive charging, 

where the power converter for charging the car was 

essentially split in the middle of the transformer. The 
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primary circuitry and primary windings of the converter 

lived in a fuel pump, and components in the car com

pleted the transformer construction and provide the sec

ondary part of the circuit. This became a fascinating 

challenge to the power electronics researchers- how to 

split a 50-100 kW converter in half and make it work. 

The solution involved resonant power conversion to 

accommodate the relatively high leakage of the trans

former, custom designed ferrite cores, and sophisticated 

mechanical interlocks to hold it all together reliably. 

The next critical issue was the power electronics, and 

choices made here were crucial. The motor drive sys

tems that GM and others developed were, in a word, 

superb. Several generations of power electronics drives 

shrunk the size and cost to the extent that it could 

miniaturize a 100 kW power supply to coexist under the 

hood with a standard gasoline engine in the present 

hybrid car. This is a phenomenal achievement. 

Figure 3: The inductive charging system used by GM split the 

charging electronics in two pieces. The primary of the transformer, 

in the "paddle" was driven by a resonant converter in the fuel 

pump. The transformer was completed when the paddle was insert

ed in the car. 

Ultimately, �he charging infrastructure needed was far 

too complicated and expensive. All charging stations, 

for example, would require expensive "pumps" that 

required maintenance. This is where the move toward 

this style of !infrastructure stagnated. 

Although millions of dollars were spent on installing 

public EV charging stations in California and Arizona, 

the goals of available, convenient charging for EVs 

were never met. In addition, EVl drivers had mixed 

experiences with inductive charging. The floor-mounted 

chargers had a very high failure rate, and service delays 

were inevitable. 

GM's EVl was recalled in 2000 and the all-electric car 

from GM died with this recall. The distinct feeling in 

the industry given at the time was that the all-electric 
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vehicle was not a practical car, and was fraught with 

problems. The subject of the recall was the charging 

system. The charging system was, from day one, a 

huge engineering undertaking. Many researchers in the 

power electronics industry thought it could not be done 

at all. Any undertaking like this is bound to have fail

ures that lead to improved design, but should it have 

killed the EV programs? 

According to Tom Gage, President of AC Propulsion, 

GM car users started carrying their home charging sta

tions in their cars as the reliability of the charging sys

tems became a serious problem. Essentially, they 

implemented the fully on-board charging system that, 

in hindsight, should have been part of the vehicle from 

the very beginning. 

Following along with GM, all of the electric vehicles 

shown in Fig. 4 have been discontinued. This happened 

soon after California's mandate for 10% zero-emis

sions in the fleet of vehicles was lifted. In the 

midst of the need for better ways to manage 

fuel, we have returned to the gas-guzzling 

ways of 20 years ago, under the guise of 

research for better fuels. 

What Crisis? 
There is a common misconception amongst the 

general public that we are in imminent danger of 

an energy crisis and we will "run out of energy". 

There is not now, nor will there be, an energy cri

sis in our world, in the sense of energy supply. What 

we have instead, is an energy storage problem. There 

is plenty of energy falling on the earth in the form of 

sunlight, plenty of renewable energy such as wind 

energy, and plenty of high-density energy storage in 

the form of nuclear fuel. What we lack is a method of 

storing the energy in a convenient and safe medium. 

And that is the drive of the future- to find an efficient, 

safe, and cost-effective replacement for gasoline. But it 

is not a one-to-one comparison. Gasoline is both an 

energy storage medium, and an energy source. The 

proposed replacements are merely energy storage 

mediums. 

What are the options? We have mechanical energy 

storage, which amazingly, has been attempted in the 

past, even for automobiles. A scheme proposed was 

flywheel energy, where a carbon-fiber cylinder was 

spun up to 100,000 rpm in a vacuum, suspended by 

magnetic bearings. Flywheel energy is fine for short

term power needs-perhaps a few seconds for short line 

outages. But in a car, the storage of 50-100 kWh in the 
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Comments from users of electric vehicles 
posted to the EV1 web site during March and April 1999:------------

"It should be mandatory that all electric cars have a built in 120 volt charger. You never know when or where 
you'll get hung up without electrons." 

"The fact that with a ll0VAC (llSVAC) input to an EV literally makes EVERY home and BUSINESS a.filling 
station really should be re-evaluated. It is extremely important, and should have been incorporated into the 
new NiMH model" 

" . . . with the ability to charge with llSVAC, virtually every home, business, and parking structure becomes a 
potential charging location. So instead of people [complaining] about the number of EV filling stations com
pared to ICE filling stations, There are I000's of times more EV refueling stations. A simple point and - no 

matter how slow the charge, it is a safety blanket. "

" . . .  I'm going to stick with any EV that allows me some type of interface with a NEMA spec., 110/llSVAC 
wall outlet which has been around for longer than I've been alive. I wouldn't call that a trend, but a fact of 
modem life." 

"There is no infrastructure in this country that is more available than that of a 120 V plug. Why this abundant 
resource has been ignored is just beyond comprehension." 
"The ideal charger, in my opinion, could be programmed to draw a user-specified maximum power from the 
line. It would also accept either 120V or 240V, and be small and light enough to carry around ... or be built into 
the car ... " 

"Inductive charging died the minute that Volkswagen decided to adopt the AC Propulsion charging system, 
which costs (much) less and performs (much) better." 

And a final post sadly announced the end of the project to electric vehicle owners. 

"Tomorrow we will formally announce that Edison EV will cease operations in the near future -- most likely 
within the next six months. While we believe in the long-term viability of EVs, we have concluded that the mar
ket is growing too slowly to sustain a stand-alone business at this time . " 

form of mechanical energy is simply not a safe thing to 

do. In the event of a crash, all the mechanical 

energy must be released almost instanta

neously. While mechanical storage propo

nents may debate this, we do not believe it is 

a safe process. 

Then we have chemical energy storage, 

which covers a wide range of possibilities, 

including hydrogen fuel, ethanol, and batter

ies. In all batteries, the energy is stored in a 

chemical medium, either lead-acid, or some 

other technology such as lithium-ion. 

Toyota RAV4 EV 

out of production 

GM EV1 

out of production 

Chevy S10 EV 

out of production 

Ford Ranger EV 

out of production 

Honda EV Plus 

out of production 

Chrysler EPIC EV 

out of production 

Direct electrical energy storage is not yet 

practical on any large scale. Electrical can either be 

stored as an electric field (in a capacitor) or magnetic 

field (lossless inductor). Supercapacitors have advanced 

Fig. 4 The status of electric cars today - all of the production

vehicles have been discontinued and/or recalled. 
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drag races. The 200 hp tzero accelerated to 60 mph in 

4.1 seconds, demonstrated a fuel efficiency equivalent 

to 70 mpg, and zero emissions. After numerous 

impromptu races with differ ent drivers and cars, the 

tzero began to attract significant attention. 

Battery Technology 
The major turning point in the development of the prac

tical electric car was the change from lead acid to lithi

um-ion batteries. This dropped the weight of the tzero 

by 500 lbs, while tripling the driving range. 

Lithium-ion batteries have been optimized for comput

ers and other small electronics devices. They have an 

aging problem, however, about which most manufactur

ers keep understandably quiet. After a year, some degra

dation is noticeable, regardless of whether or not you 

use the battery. After 2-3 years, the battery fails. 

The lifetime issue needs specific research, especially as 

it pertains to the electric vehicle. It will typically be 

called upon for power less than 1 hour a day, and usual

ly charged slowly over a period of 8 hours at night. 

Right now, research focuses more on cost reduction and 

size reduction, since the actual lifetime of 2-3 years for 

most electronics is already acceptable. 

Figure 14 shows progress on the storage capacity and 

price of lithium-ion cells suitable for the electric vehi

cle. While the energy capacity seems to be reaching a 

plateau, the cost continues to be driven down linearly. It 

remains to be seen how low this will go in the limit. 

The cylindrical, 18650 cell (18 cm diameter, 650 mm 

length) is the most effective choice of lithium-ion bat

teries in terms of cost per energy storage. It's the cell 

used by AC Propulsion in their car. 

If battery lifetime is improved, and capacity is almost 

resolved, there is still the issue of cost. Time will tell 

how effectively these can be solved, but the technical 

difficulties and margins of improvement needed are 

nothing compared to the challenges faced in moving 

forward with a hydrogen economy. 

Making and storing electrical energy is much, much 

easier, safer and interchangeable. It may be charged and 

discharged as needed. The infrastructure is in place. We 

just need better batteries. While we don't anticipate 

transformational breakthroughs, it would seem that in 

the next 5 years, with sufficient funding, it would not be 

unreasonable for the price to drop another factor of 2 

with mass production, and energy density to climb by 

perhaps another 50%, with a 2: 1 lifetime improvement. 
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Fig. 12: The tzero out- accelerated a Ferrari F355, Porsche 

Carrera 4, and Corvette. 

Fig.13: dual AC Propulsion Drives powered this ca to set the 

electric land speed record at 2455 mph in October, 'J_999. 
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