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The Intelligent Transportation Network System (ITNS) is a 

totally new form of public transportation designed to pro-

vide a high level of service safely and reliably over an ur-

ban area of any extent in all reasonable weather conditions 

without the need for a driver’s license, and in a way that 

both maximizes ridership and minimizes cost, energy use, 

material use, land use, and noise. Being electrically operat-

ed it does not emit carbon dioxide or any other air pollu-

tant, and requires no oil. 

  

This remarkable set of attributes is achieved by operating 

vehicles automatically on a network of minimum weight, 

minimum size exclusive guideways, by stopping only at off-

line stations, and by using light-weight, sub-compact-auto-

sized vehicles.   

 

We now call this new system ITNS rather than High-

Capacity Personal Rapid Transit— a designation coined 

decades ago.  



3 

 

Contents 

  Page 

1 Introduction 5 

2 The Approach to Solution 6 

3 The Problems to be Addressed 6 

4 Requirements of the New System 7 

5 Derivation of the New System 7 

6 Off-Line Stations are the Key Breakthrough 8 

7 Tradeoffs 10 

7.1 Dual Mode vs. Single Mode 10 

7.2 Supported vs. Hanging Vehicles 16 

7.3 Air cushions vs. maglev vs. wheels 23 

7.4 Rotary motors vs. linear motors 25 

7.5 Linear induction motors vs. linear synchronous motors 27 

7.6 Motors on board vs. motors in guideway 28 

7.7 Power source on board vs. power source at wayside 30 

7.8 Synchronous vs. quasi-synchronous vs. asynchronous; car follower vs. point 

follower. 

30 

7.9 Vehicle cabin configuration 31 

7.10 Guideway configuration 34 

8 The Attributes of ITNS 35 

9 The Optimum Configuration 36 

10 Control 38 

10.1 Computers 38 

10.2 On-Board Position and Speed Sensing 39 

10.3 Wayside Position and Speed Sensing 39 

10.4 Independent Backup Emergency Control 40 

10.5 Communication 40 

10.6 The state of the art of modern safety-critical, real-time control systems. 40 

11 System Features needed to achieve Maximum Throughput Reliably and Safely 41 



4 

 

12 Is High Capacity possible with Small Vehicles? 41 

13 How does a Person use ITNS? 44 

14 Will ITNS attract Riders? 45 

15 History and Status 45 

16 Why has the development of PRT taken so long? 48 

17 Economics of ITNS 49 

18 Land Savings 51 

19 Energy Savings 52 

20 Benefits for the Riding Public 53 

21 Benefits for the Community 54 

22 Reconsidering the Problems 55 

23 Significant related Activity 55 

24 Development Strategy 57 

25 References 58 

Appendix A Design Requirements 60 

Appendix B Design Criteria 64 

Appendix C Courses of Study to Prepare to Work on ITNS Design and Planning 67 

Appendix D The Linear Induction Motor 72 

End  73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

 

 

An Intelligent Transportation Network System:  

Rationalé, Attributes, Status, Economics, Benefits, and  

Courses of Study for Engineers and Planners 

 

1. Introduction 
 

 In their book The Urban Transport Crisis in Europe and North America, John Pucher and 

Christian Lefèvre, discussing only conventional transportation, concluded with this grim assess-

ment: “The future looks bleak both for urban transport and for our cities: more traffic jams, more 

pollution, and reduced accessibility.” 

 

 In the report Mobility 2030: Meeting the Challenges to Sustainability, 2004 by the World 

Business Council for Sustainable Development (www.wbcsd.org), which was endorsed by the 

leaders of major auto and oil companies, the authors site grim projections of future conditions 

but no real hope for solutions. 

 

 C. Kenneth Orski, in his Innovation Briefs for Nov/Dec 2006 reports on Allan Pisarski‟s 

report Commuting in America, Transportation Research Board, 2006, which concludes that 

“driving alone to work continues to increase,” “carpooling‟s share declined by 7.5% since 1980,” 

transit currently accounts for 4.6% of the trips, and “walking to work has suffered a sharp decline 

. . . a reality check for those who claim to see a trend toward „walkable communities.‟”  Orksi 

goes on to report that “not only is population dispersing, it is dispersing farther and farther out, 

leapfrogging over existing suburbs.”  This means more driving and driving longer distances. 

  

 In spring 1989 I was informed that during a luncheon attended by a Northeastern Illinois 

Regional Transportation Authority (RTA) Chairman it was agreed that “We cannot solve the 

problems of transportation in the Chicago Area with just more highways and more conventional 

rail systems.  There must be a rocket scientist out there somewhere with a new idea!”  The Illi-

nois Legislative Act that established the RTA had given the new agency an obligation to “en-

courage experimentation in developing new public transportation technology.”     

    

 The new idea they needed was called High-Capacity Personal Rapid Transit (PRT).  The 

best of all versions that had been developed is shown in Figure 15.1.  It was developed by rocket 

scientists at The Aerospace Corporation between 1968 and 1972 [1]
1
.  We now call the new sys-

tem ITNS to distinguish it as a type of automated highway rather than as a type of transit; howev-

er, the generic name “PRT” is deeply imbedded in the automated-transit culture.  A March 2006 

European Union Report concluded: “The overall assessment shows vast EU potential of the in-

novative PRT transport concept” [2].   

 

 In April 1990 the RTA issued a request for proposals for a pair of $1.5 million Phase I 

PRT design studies.  Two firms were selected and after the studies were completed the RTA se-

                                                 
1
 [n] is the n

th
 reference in the list at the end of this paper. 
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lected my design, which is an update of the Aerospace system, for a $40 million Phase II PRT 

design and test program.  Unfortunately, that program was not directly successful, not due to any 

flaw in the basic concept, but due to the lack of deep understanding of it by the lead engineers 

and their managers.  That program was, however, indirectly very successful because it inspired 

many inventors and planners in many parts of the world to begin to investigate PRT.  There is 

more and more evidence today that ITNS will solve many urban problems. 

 

 The objective of this paper is to seek and describe a solution to the problems of urban 

transportation that meets all design requirements and criteria. 

 

2. The Approach to Solution 
        

Many years ago, while at the University of Minnesota, I was privileged to hear a lecture 

by Cal Tech Professor Fritz Zwicky, who had been engaged during the 1940s in the urgent prob-

lem of the design of jet engines.  Germany had them and we didn‟t.  Zwicky developed a design 

concept he called “Morphology” and to explain his concept he wrote a book Morphology of Pro-

pulsive Power.  He referred to his approach to design as the “morphological approach,” which 

attempts to view all problems in their totality, without prejudice, and with absolute objectivity.  

After years of experience in the practice and teaching of design I realized, with Zwicky‟s help, 

that the first step in a design process is to comprehend deeply and follow rigorously a compre-

hensive set of rules of engineering design.  I make no claim that my set of such rules [37], which 

is indebted to Zwicky‟s formulation, is complete, and I would welcome collaboration with other 

experienced engineering designers on a more comprehensive set.  I have observed that the less 

successful PRT designs have suffered primarily from violating one or more of these rules.  What 

is now commonly called “risk management” consists mainly in following rigorously such a set of 

rules.  My contribution was also inspired by my reading, as a young design engineer, the rules of 

engineering of W. J. King, which have been reproduce in summer 2010 issues of Mechanical 

Engineering.  Beginning with these rules, the design processes I used to arrive at my conclusions 

about the design of a PRT system are summarized in a DVD
2
.  We begin by diagramming all 

combinations of system attributes without prejudice toward pet solutions.  We then thoroughly 

analyze all reasonable alternatives in each combination until it became clear which is best and 

we perform subsystem and component tests where needed.  We let the system requirements dic-

tate the solutions, and avoid letting prejudices govern.  This is not an easy process but a vital 

one. 

 

3. The Problems to be Addressed 
 

• Increasing congestion 

• The use of oil in transportation. “The era of cheap oil is over.”
3
 

• Global climate change 

• Many people killed or injured in auto accidents 

• People who cannot, should not, or prefer not to drive 

• The lack of a serious alternative to the auto 

                                                 
2
 www.prtinternational.com 

3
 World Energy Outlook 2008, International Energy Agency. 
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• Excessive land use for roads and parking 

• Excessive energy use in transportation 

• Road rage 

• Terrorism 

• Excessive sprawl 

 

4. Requirements of the New System 
 

 To address these problems, a new transit system must be  

 

• Low enough in cost to recover all costs from fares and other revenue 

• Highly efficient in operation with renewable energy sources 

• Time competitive with urban auto trips 

• Low in air and noise pollution 

• Adequate in capacity 

• Visually acceptable 

• Low in material use 

• Low in energy use 

• Low in land use 

• Safe 

• Reliable 

• Comfortable 

• Expandable without limit 

• Able to attract many riders 

• Available at all times to everyone 

• An unattractive target for terrorist attacks 

• Compliant with the Americans with Disabilities Act  

• Operational in all kinds of weather, except for extremely high winds 

 

These and other requirements are discussed in Appendix A.  A series of 18 criteria are discussed 

in Appendix B. 

 

5. Derivation of the New System 
 

It will not be possible to reduce congestion, decrease travel time, or reduce accidents by 

placing one more system on the streets – the new system must be either elevated or underground.  

Underground construction is extremely expensive, so the dominant emphasis must be on eleva-

tion.   This was understood over 100 years ago in the construction of exclusive-guideway rail 

systems in Boston, New York, Philadelphia, Cleveland, and Chicago.  A serious concern, 

though, was the size and cost of the elevated structures.  Several inventors, working in the 1950s, 

realized that if, as illustrated in Figure 5.1, the people-carrying capacity is distributed in many 

small units, practical now with automatic control, rather than a few large ones, and by taking ad-

vantage of light-weight construction, the guideway weight per unit length could be reduced by a 

factor of at least 20:1!  This enormous difference is the fundamental reason for the low cost of 

the system that has been called PRT.               
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 Offhand it is common to assume that 

there must be an economy of scale, i.e. the cost 

of large vehicles per unit of capacity must be 

lower than the corresponding cost for small ve-

hicles.  Examination of the data in Figure 5.2 

show, however, that this is not so.  Each point in 

Figure 5.2 represents a transit system, with the 

costs normalized to take into account inflation.    

While there is a great deal of scatter, we see that 

a line of best fit is close to horizontal, i.e., ve-

hicle cost per unit of capacity need not increase 

as vehicle capacity decreases.       Figure 5.1. Guideway Weight and Size.   

  

With this finding in mind, consider the cost of a fleet of transit vehicles.  The cost of the fleet is 

the cost per unit of capacity, roughly independent 

of capacity, multiplied by the people-carrying ca-

pacity needed to move a given number of people 

per unit of time.  The major factor that determines 

the required people-carrying capacity is the aver-

age speed.  If the average speed could be doubled, 

the number of vehicles required to move a given 

number of people would be cut in half.   

 

The greatest increase in average speed without 

increasing other costs is obtained by arranging the 

system so that every trip is nonstop, and the trips 

can be nonstop if all of the stations are on bypass 

guideways off the main line as shown in Figure 6-1.                  Figure 5.2.   

                 

6. Off-Line Stations are the Key Breakthrough!  
 

Figure 6.1 is a picture of a portion of a model PRT system built during the 1991 Chicago PRT 

Design Study.  It shows the simplest type of off-line station, in which there is single by-pass gui-

deway and the vehicles line up in tandem in a series of two to about 15 berths.  A number of au-

thors have estimated the capacity of such stations in vehicles per hour as a function of the num-

ber of berths [1], [3].
4
   

         
 The advantages of off-line stations are:       

                                                 
4
 To allow for the case in which one party takes an extraordinary amount of time to enter or exit a vehicle, some PRT designers 

have designed stations in which each parked vehicle can enter or exit the station independent of other vehicles.  Three factors 

cause us to recommend against such stations: 1) Due to interference, the throughput of these stations is disappointing, 2) these 

stations require much more space and cost much more than the single-by-pass design, and 3) because elderly or disabled people 

generally avoid the busiest hours, the statistical average peak flow will not be much decreased by the occasional presence of such 

persons.  If system studies show a need for such stations, there is nothing in our design that would prevent us from including 

them. 
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• Off-line stations minimize the fleet size and hence the fleet cost because they maximize 

the average speed.  This was discussed in Section 5.      

            

• Off-line stations permit high throughput with small vehicles.  To see how this can be so, 

consider driving down a freeway lane.  Im-

agine stopping in the lane, letting one per-

son out and then another in.  How far be-

hind would the next vehicle have to be to 

make this safe?  The answer is minutes be-

hind.  Surface-level streetcars operate typi-

cally 6 to 10 minutes apart, and exclusive 

guideway rail systems may operate trains 

as close as two minutes apart, whereas on 

freeways cars travel seconds apart, and of-

ten less than a second apart.  An example is 

given in Section 9.     Figure 6.1. An Off-Line Station 

 

 Off-line stations with small, auto-sized vehicles thus give the system a line capacity at 

least equal to a freeway lane.  Such a capacity or maximum throughput permits the use of 

small guideways, which minimize both guideway cost and visual impact.  

                        

 Off-line stations permit nonstop trips, which minimize trip time and increase the attrac-

tiveness of the trip.  

      

• Practical use of the nonstop trip means that the average waiting time for a second party is 

generally too long to be of interest.
5
  Hence the trip is taken either by one individual or by 

a small party traveling together by choice. 

 

• Off-line stations permit the vehicles to wait at stations when they are not in use instead of 

having to be in continuous motion.  Thus, it is not necessary to stop operation at night – 

service can be available at any time of day or night.  Moreover, compared with sche-

duled, all-stop service, the amount of travel per seat per day reduces by more than a fac-

tor of two, which reduces the operating cost by about the same amount. 

 

• With off-line stations there is no waiting at all in off-peak hours, and during the busiest 

periods empty vehicles are automatically moved to stations of need.  Computer simula-

tions show that the peak-period wait will average only a minute or two. 

 

• Stations can be placed closer together than is practical with conventional rail.  With con-

ventional rail, in which the trains stop at every station, the closer the station spacing, the 

slower is the average speed.  So to get more people to ride the system, the stations are 

placed far enough apart to achieve an average speed judged to be acceptable, but then ri-

dership suffers because access is sacrificed.  The tradeoff is between speed and access – 

                                                 
5
 Reference 19, page 89, equation 4.5.22. 
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getting more of one reduces the other.  With off-line stations the system provides both 

high average speed and good access to the community. 

 

• Off-line stations can be sized to demand, whereas in conventional rail all stations must be 

as long as the longest train. 

 

All of these benefits of off-line stations lead to substantially lower cost and higher ridership. 

 

7. Tradeoffs 
 

Following is a series of tradeoffs that defined ITNS. 

7.1 Dual Mode vs. Single Mode 

 

Advocates for improving urban transportation can be divided into the following six groups: 

  

1. Advocates of conventional rail systems.  For example, organizations of people dedicated to 

bringing the streetcar back. 

 

2. Advocates for conventional bus or rail systems because nothing else is proven and there is 

no visible mechanism for proving better systems.  This includes many public officials who 

have become convinced both that transit is needed and that they should work to obtain fed-

eral grants to build it.  If these federal grants did not exist, the public transportation market 

would be quite different. 

 

3. Advocates of a network of small guideways on which small automated vehicles operate ex-

clusively on the guideways, i.e. the vehicles are captive to the guideway.  Optimally de-

signed, such a system is expected to have much lower cost per mile and much higher attrac-

tiveness to riders than conventional rail.  Such a system has been called personal rapid tran-

sit or PRT.   

 

4. Advocates of an automated network of guideways that can accept street vehicles, i.e., a dual-

mode system.  http://faculty.washington.edu/jbs/itrans/ includes a series of papers on dual 

mode. 

 

5. Advocates of automated highways such as tested near San Diego during the 1990‟s. 

 

6. Advocates of an automobile-only society. 

 

This paper compares the middle two options among the spectrum listed above.  The system of 

group #3 will be referred to hereinafter as “Single Mode” or SM.  The system of group #4 is 

called “Dual Mode” or DM.   DM has the advantage over SM for auto drivers that the same ve-

hicle may be taken for any trip, just as occurs now with one‟s own automobile.  DM has an ad-

vantage over conventional freeways in that automation is expected to substantially increase the 

throughput of a lane.  In many respects, DM is much like the system envisioned by group #5 – an 

Intelligent Vehicle Highway System – except that, if the guideways are limited to vehicles 
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weighing less than say 5000 lb instead of being used also for trucks, special narrower guideways 

could be used for the automated guideway portion of the trip.  Thus DM is expected to both de-

crease the cost of additional lanes and to increase their throughput.  Since the automobile system 

in typical U. S. cities attracts about 95.4% of the urban trips
6
 a percentage improvement of the 

throughput of the highway system will have far greater impact on congestion mitigation than the 

same percentage improvement of transit.  SM advocates can‟t dispute that, but argue that SM is a 

transit system that will permit a major increase in transit ridership and with it major reductions in 

petroleum use, greenhouse gas emissions, and congestion.   

 

There are important differences between DM and SM that need to be studied carefully before 

committing to one or the other.  The differences should be clarified in the broadest sense taking 

into account economic, environmental, and social considerations.  In examining the differences, 

the reader will likely be aware that I long ago committed to developing SM rather than DM, so 

my analysis must be viewed very critically, which I welcome warmly. 

 

The following DM concepts have been considered: 

 

1. The basic DM concept is one in which ordinary automobiles or buses are equipped with au-

tomatic control systems that permit them to operate with no manual control on a guideway.  

This would be similar, and perhaps identical, to those tested on a freeway near San Diego 

during the 1990s, except that a special, narrower guideway designed for autos only could be 

used.  Since conventional highways are designed for trucks currently having gross weights 

up to 80,000 lb, whereas an automobile-only guideway could be designed for vehicles 

weighing a maximum of perhaps 5000 lb, the weight, cost, and size of this special guideway 

could be substantially less than a freeway lane; however, such a guideway would be substan-

tially larger and more expensive than one that can be and has been
7
 designed to accommo-

date captive vehicles.  

 

2. In order to avoid both the cost of equipping a private automobile with the necessary auto-

matic controls and the need for inspection upon entry to the DM guideway, some have sug-

gested that the guideway be equipped with pallets on which private automobiles could be at-

tached.  The attachment device must be rapid and extremely reliable.  If it is not rapid, i.e., 

secured in one or two seconds, the throughput at the entry points will be unreasonably com-

promised.  If the mechanism were to detach while underway, the auto could fall off the gui-

deway, kill the driver and possible pedestrians below – a catastrophic failure mode.  Can a 

quick acting device be developed that would be so reliable that it could be accepted in this 

kind of service?  Assuming that the necessarily almost perfect reliability can be attained day 

in and day out over many years is quite a risk – quite possibly an unacceptable risk. 

 

3. In a third type of DM, to minimize the size and cost of the guideways, the street vehicle 

would be designed specially to attach to a narrow guideway.  In this case, to make use of the 

guideway, the user would be required to purchase a special vehicle – a vehicle of a style and 

features that may not otherwise have been selected.    

 

                                                 
6
 C. Kenneth Orski, Innovation Briefs, Nov/Dec 2006. 

7
 J. E. Anderson, “The Structural Properties of a PRT Guideway,” available from the author upon request. 



12 

 

DM does not come without disadvantages, a discussion of which follows.   

 

1. Envision the process of getting an auto from the street onto the guideway.  At a conference 

on Dual Mode Transportation held in Washington, D. C. in 1975
8
 both Ford and General 

Motors brought for display models of DM stations showing the on and off ramps needed to 

permit autos to enter and exit the guideway as well as a loading platform for those who do 

not drive.  With their ramps, these stations clearly could be seen to be much more expensive 

and land consuming than SM stations, which reduced enthusiasm for DM. 

 

2. Maintenance of DM vehicles would be done privately, just as takes place with autos today, 

so the condition of vehicles entering the guideway would be much more difficult to deter-

mine than would be possible in a SM system in which the condition of the vehicles can be 

monitored and maintenance can be controlled. 

 

3. At each point of entry to the guideway, DM vehicles must pass an inspection station one at a 

time and then enter the guideway.  This minimizes the throughput of the entry point.  In a 

SM system vehicles can be batch loaded, which permits the station throughput to increase 

with the number of loading berths.
9
 

 

4. DM vehicles will have to be inspected carefully before entering the guideway.  If the inspec-

tion time is only a second or two, throughput is barely compromised; however, if the inspec-

tion time is say 10 seconds, the throughput at each entry point will often be unacceptable. 

 

5. Because DM vehicles must be designed for both the street and the guideway, they will be 

heavier, longer, and more expensive than SM vehicles.  Street vehicles must be designed to 

meet all federal safety standards, including design for side collisions and rollovers, whereas 

SM vehicles captive to a guideway do not. 

 

6. The requirement for operation on the street limits flexibility in design of a minimum size, 

minimum cost guideway.  Moreover, since guideway cost will be proportional to vehicle 

weight per unit of length, a DM guideway will cost substantially more than an optimally de-

signed SM guideway
10

and will possess correspondingly greater visual impact. 

 

7. Since DM vehicles of the first and third types given above would be more expensive than 

regular automobiles, they would be purchased near the beginning of DM operation only by 

the subset of wealthy people interested in experimenting with new ideas. 

 

8. A question then arises:  How much guideway would have to be built before even a wealthy 

person would purchase a DM vehicle?  At least in early stages the return on investment 

would be unattractive to private investors; therefore taxes would have to pay for installation 

of the guideway, a guideway that only the wealthy could in early stages afford to use.  There 

has been much debate on this question related to requirement for payment for use of high-

                                                 
8 Dual Mode Transportation, Special Report 170, Transportation Research Board, Washington, D.C. 1976. 
9 Irving, J. H., Bernstein, H., Olson, C. L., and Buyan, J.  Fundamentals of Personal Rapid Transit,  

  Lexington Books, D. C. Heath and Company, Lexington, MA, 1978, Section 3.2.  See also Section 1.6 for a discussion of DM. 
10

 For example see the paper cited in footnote #7. 
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occupancy lanes on freeways.  This debate will be much more contentious when it comes to 

paying for a whole system of guideways that early on could be used only by the rich. 

 

9. Because road vehicles are the intended primary users, DM will be of no use to those who 

can‟t or choose not to drive.  If a political decision directs that transit users must also benefit 

from a DM system, guideways would have to be designed to accommodate both SM and 

DM vehicles. But, since DM vehicles would be longer than SM vehicles, the stations would 

be longer and hence more expensive than in a SM system. 

 

10. In downtown areas, DM vehicles cannot always be permitted to enter the street system be-

cause congestion could then back up onto the guideway, so some DM advocates suggest that 

there simply be no off-ramps in the downtown area.  Instead, some sort of automated vehicle 

storage (parking) and retrieval (valet) would occur at downtown stations.  Otherwise the 

downtown network would operate identically with SM, but with bulkier guideways and 

longer stations. 

 

11. DM vehicles would be stored like conventional autos, sitting unused all day, whereas a SM 

vehicle is ready for the next trip as soon as one is completed, thus not taking up parking 

space.  Studies have shown that one SM vehicle could serve six to ten trips during the day, 

giving a great economy in the cost of the vehicle fleet.  

 

12. The time required to retrieve a DM vehicle at the end of the work day will be much longer 

than the time to wait for the next SM vehicle.  Moreover, if the DM vehicle is called in ad-

vance and the driver is delayed, the vehicle would have to be recirculated, thus adding to 

congestion on the guideway. 

13. Because the driver of a DM vehicle might not mind driving say two to three miles to an en-

try point, DM designers usually speak in terms of only a minimal guideway network being 

needed.  While saving on guideways, this feature would render use of the system marginal 

for those who do not drive. 

 

14. With wider spacings between guideways, DM will have fewer loading and unloading points, 

thus if the DM system were to be able to attract even as many trips as SM, each station or 

loading point would have to have a higher maximum throughput than possible with a SM 

station, but as mentioned an SM station can have substantially higher maximum throughput 

than possible in DM stations.  To have as much capacity as SM, and taking into account the 

small capacity of a DM entry point, DM would have to have many more entry points per 

mile than SM, yet because of their complexity, size, and cost DM proponents recommend 

fewer entry points. 

 

15. I have discovered some 37 requirements for guideway design
11

.  Developing a DM guide-

way that will meet all of these requirements has not been demonstrated.  Every DM guide-

way design I have thus far seen has had serious problems. 

 

16. DM has been shown
12

 to be unable to attract more riders than SM.  

                                                 
11 Appendix A. 
12

 Irving, J. H., Bernstein, H., Olson, C. L., and Buyan, J.  Fundamentals of Personal Rapid Transit,  
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17. Because of the combination of public and private assets, assigning legal responsibility for 

accidents would be more complex for DM than SM. 

 

18. For DM to begin as intended – a system of special DM guideways serving a fleet of private-

ly owned especially equipped automobiles – it would seem have to start from Day 1 as a re-

gional system covering a metropolitan area.  DM could of course start experimentally with 

one DM guideway and with a fleet of DM cars leased from the builder of the DM guideway 

to perhaps randomly selected individuals who would use the DM guideway and report on 

the experiences.  On the other hand, SM can start as a small system serving a special appli-

cation such as an office park, a theme park, etc.  It would seem then that the resources, edu-

cation, and approvals needed to initiate SM are vastly less than needed for DM.  Starting 

small likely means working at first with a single client and being able to prove the system in 

daily practice quickly – proof that will be needed before the system can be extended to a 

metropolitan area.  SM can and should be designed so that it can be expanded in both extent 

and speed.
13

 

 

19. DM suffers from the attempt to combine two different functions, and as a result fails to excel 

at either. 

 

Urban Planning Implications of DM vs. SM 

 

In SM one either walks or rides a street vehicle from home to a station, and at the destination 

(job, store, school, restaurant, theater, stadium, etc) one would walk a short distance, probably no 

farther than from a parking ramp into a building.  Once a trip on SM is completed the vehicle is 

instantly available for the next trip.  In the central city, SM guideways could be placed a quarter 

to a half mile apart.  For its posts and stations, SM will occupy a tiny fraction of the urban land – 

about 0.02%.  Moreover, with an optimally designed guideway, visual impact will be small and 

more land could be devoted to gardens and parks.   

 

Because  

 the system cost of optimally designed SM will be about 25% of the cost of conventional 

surface rail and the stations of SM can be placed typically at half the spacing of conven-

tional rail stations without sacrificing trip speed, about eight times as much land can be 

placed within walking distance of stations with SM as with an urban rail system of the 

same cost;  

 there is little or no waiting for an SM vehicle;  

 SM vehicles will be available any time of day or night; and  

 the trip is nonstop and therefore in many cases faster than an auto trip;  

a much larger fraction of trips will be attracted to SM than to conventional transit.  With livable 

higher density, many more of the longer trips will be taken by SM and many more of the shorter 

                                                                                                                                                             
  Lexington Books, D. C. Heath and Company, Lexington, MA, 1978, page 25. 
13

 J. E. Anderson, “High-Capacity Personal Rapid Transit,” www.prtnz.com.  

http://www.prtnz.com/
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trips by walking and bicycling.  For these reasons SM would make possible higher density, more 

energy-efficient, less polluting communities that in some cases could become auto-free zones. 

 

DM does not answer the legitimate criticism of the auto system that everyone in an urban area 

should have equal access to transportation.  In a DM system one boards a private DM vehicle at 

home and proceeds perhaps one to three miles away to a DM guideway, then perhaps ten to fif-

teen miles
14

 on the guideway to the destination, where the driver must search for a parking spot 

just as occurs today.  The private DM vehicle then sits all day in that parking spot taking up val-

uable space and is of no use to anyone.  Improvement in land use is therefore minimal.  DM does 

not answer the legitimate criticism that the auto system promotes urban sprawl, with the en-

croachment of the auto on rural land possibly already past the point of sustainability.  Due to DM 

being an extension of the current highway system through automation, its effect would be the 

same as adding more highway lanes.  It will exacerbate already unsustainable land use patterns.  

Many of us envision a future in which energy will be much more expensive and the continual 

encroachment of the auto on farm land will result one day in too little land for agriculture and 

recreation as the population continues to grow.  A conflict manifests between those who envision 

the future pretty much as it is today and those of us who envision the changes that can be ex-

pected to occur on a finite earth as more and more people grasp for fewer resources. 

 

Concluding Remarks 

 

There is nothing in the remarks I have made that would indicate that DM is not feasible.  I only 

conclude that on a per-mile basis DM will be much more expensive than SM and that the capaci-

ty of DM will likely be disappointing.  DM advocates counter by proposing that their guideways 

can be much farther apart so that the overall cost would be less.  A problem those of us who try 

to advance either DM or SM have in the United States is that many of the assumptions or argu-

ments have not been studied recently in sufficient detail through interdisciplinary studies of the 

type sponsored by our federal government 40 years ago in the 1967 HUD studies.  In the mean-

time, we in the USA look on with envy at the extensive studies of PRT done during the 1990s in 

Sweden and now being done for English cities.  A few public officials in the U. S. have re-

marked recently that something more than conventional highways and conventional rail is 

needed, but they virtually never say what.  With too little knowledge, and usually no mandate to 

innovate, to say “what” may make them look foolish so they advocate nothing new, not even the 

kind of studies needed.  But then, who would do the studies?  Past experience has shown that 

government can obtain pretty much any result it wants by determining who will do the studies.  

All too often government officials have in advance certain conclusions in mind based on their 

prejudices and constituencies.   

 

The conventional wisdom holds that only the market place will shake out the best ideas.  But the 

market place can and often is distorted too by prejudices and constituencies and rarely for the 

long term benefit of the population as a whole.  In the United States the large companies wait for 

a market to appear, which cannot appear without proven hardware, which cannot be fully proven 

without financial support, which cannot be forthcoming without specific proof of a market.  

Notwithstanding past failures, we remain convinced through increasingly detailed study that the 

elements of success are at hand and will be manifested through the right kind of education.  The 
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 Unless the trip is at least this long, it will be difficult to justify the cost of a DM vehicle and the guideway toll. 
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European social democracies, commonly considered – at least from the American corporate 

perspective – to be less business-friendly, have nonetheless revealed themselves better able to 

foster transport innovation as a public policy, and offer an apparently welcoming environment 

for innovating enterprises.  Here in the USA we struggle along as we do, each working and hop-

ing to find a funding source that can convert dreams into reality.  The problem is of sufficient 

importance that we continue the search. 

 

There are two classes of people interested in improving urban transportation.  One class consists 

of those in the stands cheering for any improvement.  The second class consists of a smaller 

number of people in the arena trying to design and build a new system.  They must get specific.  

By some process they must decide to do one thing rather than another.  How that is done is ex-

tremely important.  There are a great many factors that must be considered in designing a new 

system of urban transportation, which cannot be fully understood without detailed involvement 

in planning studies, which are necessary to understand all of the requirements and criteria.   After 

watching the failure of a number of potential new transit systems, I developed out of my expe-

rience in mechanical engineering design and in teaching of mechanical engineering design the 

above-mentioned set of sixteen rules of design [37].  I believe that understanding and applying 

such rules is one of the essential elements of success in many fields including engineering.  
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7.2 Supported vs. Hanging Vehicles 

 

One of the most difficult tradeoffs in the design of PRT systems is the choice between use of 

supported or hanging vehicles, i.e., Supported-Vehicle Systems (SVS) or Hanging-Vehicle Sys-

tems (HVS).  The DEMAG+MBB group solved this problem by developing a guideway that 

permits one set of vehicles to ride above the guideway and another set that ride below.   In my 

textbook [19, Figure 5-8] I examined the tradeoff between systems using one-way guideways 

and two-way, above-below guideways, and found that the cost per passenger-mile of the one-

way system was somewhat lower.  The two-way system reduces circuity
15

 while riding the sys-

tem, but to make the use of larger, two-way guideways economical the lines must be spread 

farther apart, which results in longer walking distances, which add more to the trip time than the 

two-way system reduces it.  The two-way guideway had about twice the bulk of the one-way 

guideway, which increases visual impact and increased cost.  I thus concluded that it is better to 

concentrate on one-way-guideway systems.   

 

First consider the advantages and problems of running vehicles above a guideway: 

 

1. Winter weather.  With an HVS there is no problem operating in snow and ice conditions.  

With an SVS special consideration must be given to the guideway to make it acceptable.  

Beginning in the third paragraph of Section 9, I describe how we have designed our sys-
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tem to enable it to operate in snow and ice.  To test our solution, a 16-foot long section of 

guideway was built and tested during heavy snow conditions. 

 

2. Visual impact.  There must always be a specified clearance between the ground and an 

obstruction above – either the bottom of the guideway of an SVS or the bottom of the ve-

hicles in an HVS.  Thus the guideway of an HVS must be at a higher elevation by the 

height of the vehicles plus the depth of the guideway, and the support posts must be off-

set from the guideway by a sufficient distance to permit the vehicles to pass and thus at 

the top must have a horizontal arm that connects to the top of the guideway.  Such a 

structure has substantially more visual impact than a SVS. 

 

3. Cost for posts and foundations.  Simple calculations show that the maximum bending 

moment at the foundations of HVS posts due to the combination of a maximum cross 

wind on a higher guideway and the offset of the posts with respect to the guideway is 

about twice the maximum bending moment at the foundation of SVS posts.  The cost for 

posts and foundations for an HVS will therefore be about twice that for a SVS.  

 

4. Ease of Switching.  Simplification of switching is one of the most important considera-

tions in the design of a PRT system.  In an SVS the path through each of the merges and 

diverges is continuous.  In a HVS there must be an arm extending down from a chassis 

inside the guideway to support the vehicle and, with gravity always pulling downward, 

the support structures for the wheels cannot be continuous.  There must of necessity be a 

mechanism to unload one set of support means as the vehicle passes across the slot in a 

merge or diverge section of guideway.  This is one more mechanism that can fail.  In an 

SVS no such mechanism is needed. 

 

5. Guideway natural frequency.  In an SVS, the guideway can be clamped to posts directly 

underneath
16

 whereas in an HVS the guideway must be attached to horizontal arms that 

connect to vertical posts set alongside the guideway.  Thus the attachment points in an 

HVS will be much more flexible than in an SVS, which results in a guideway natural fre-

quency lower by a factor up to 2.27, and the natural frequency is a strong function of the 

flexibility of the attachment points.  Lower natural frequency results in a lower critical 

speed, which is the maximum speed that meets the ride-comfort criterion.
17

  To achieve 

higher cruising speeds, the HVS guideway will have to be substantially stiffer and more 

expensive than the SVS guideway. 

 

6. Rider feeling of security.  In the DEMAG+MBB PRT program, mentioned above, both 

supported and hanging vehicles were deployed and many people rode both above and be-

                                                 
16

 This was first suggested on page 219 of Ref. 1. 
17

 Ref. 19 , Section 10.5.   
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low the guideway. This gave the development team an opportunity to quiz the riders as to 

their preference.  The result was that more people felt secure seeing the guideway under-

neath them rather than above. 

 

7. Vehicle weight.  In an SVS, the strength requirements of the vehicle cabins relate mostly 

to people loads.  In an HVS the cabin shell must also be designed to support its weight, 

thus resulting in a somewhat heavier cabin.  Increased weight results in increased cost. 

 

8. Underground sections.  Occasionally it is necessary to place a PRT system underground.  

In this case the guideway of an SVS can be laid directly on the ground, which results in 

savings in the weight of the guideway structure.  With an HVS the underground guide-

way must be designed for the same vehicle loading as in the above-ground case. 

 

Now consider the advantages and problems of the HVS.   

        

1. Winter weather.  In an HVS the guideway is completely covered on top, which results in ze-

ro concern about snow and ice, even though some can be blown upward into it.  In an SVS, 

special considerations must be given to the entry of snow and ice.  In my PRT design, the 

guideway is covered except for a slot only 4 inches wide at the top, and it is opened a large 

amount at the bottom. A special plow has been designed that will take any residual snow 

from the running surfaces and toss it down a 6-inch-wide slot between them. 

 

2. Requirement for super-elevation.   To minimize curve radii the guideway of an SVS must 

often be super-elevated in curves, which increases the complexity and possibly the cost of 

manufacture.  With an HVS, the vehicle can be permitted to swing as they round the curve 

up to an angle about twice that permissible with an SVS, thus eliminating the need for super-

elevation.  The swing of course must be damped to prevent the vehicle from rocking side by 

side, and that increases complexity.   

 

3. Motion Sickness.  There is, however, a problem with too large a bank or super-elevation an-

gle that was uncovered in operation of Swedish tilt trains:  Their cars ride on tilting bogies, 

which permits them to bank in curves, thus permitting curves of fixed radii to be traversed at 

higher speed.  It was found, however, that enough people got seasick in riding such trains 

that the maximum speed had to be reduced markedly over the speed that engineers had cal-

culate as practical based on maximum lateral acceleration.  This problem will also be a fac-

tor in the design of PRT systems, which will limit the maximum bank angle and thus the ad-

vantage of using large bank angles to minimize curve radii, or with given curve radii to max-

imize speed.  In the typical HVS designs, the vehicles swing freely from their overhead sup-

port, so that after passing a curve, they will swing back and forth until the motion is damped, 

creating just the type of motion that makes some people sick.  If the swinging motion were 
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to be damped, torque would have to be applied to the guideway, which removes a major ad-

vantage of HVS.  Today there is no standard specification on motion sickness, as a result of 

which we can only determine what superelevation angle and what speed range is suitable 

from testing on our proposed test track.     

 

4. Torsion in curves.  This problem is of sufficient importance to be analyzed in detail.  Con-

sider a vehicle composed of a cabin of weight cabinW  and a chassis of weight chassisW
 
moving 

at speed V over a curved guideway with distance L  between support posts measured along 

the guideway.  This geometry is depicted in Figure 7.2-1.  The guideway is designed so that 

the radius of curvature at the center of the cabin is      

             

      
2
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V
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A
     (7.2.1) 

where HA  is the centripetal acceleration given by 
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in which  is the super-elevation or bank angle and lA  is the acceptable lateral acceleration 

felt by the passengers.  With supported vehicles, we specify 6o  and 0.2 ,lA g  which 

gives 0.306 .HA g   With hanging vehicles it is usual to take  large enough so that 0.lA   

If is increased enough so that HA has the same value as with supported vehicles, then in-

creases to 17.02
0
.  Lets assume that R has the same value for both supported and hanging 

vehicles. 
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Figure 7.2-1. Vehicle moving on curved guideway half way between support posts. 

 

Let be the angle in Figure 7.2-1 measured from the center of curvature between a line di-

rected to one of the posts and a line half way between the posts.  Then  

 

      ,
2 g

L

R
     (7.2.3) 

 

where gR is the radius of the centerline of the guideway, which differs slightly from the ra-

dius calculated from equation (7.2.1).  The distance between a point midway between two 

posts at the center of the guideway and a straight line connection a pair of posts is 

 

         1 cos 1 cos
2

g g

g

L
d R R

R
        (7.2.4) 

 

From Figure 7.2-2, the mass center of the cabin of the vehicle is displaced from the mass 

center of the guideway, but the mass center of the chassis is close to the center of twist of 

the guideway.   

 

Consider the supported vehicle.  In such a system the guideway will be super-elevated at an 

angle shown in Figure 7.2-2 as 1.   If the torsional moment at each post due to the moving 

vehicle is designated by sT  then from Figure 7.2-2 the total torque at each post is given by 

equation (7.2.5).  The term in curly brackets is the total moment due to one vehicle at the 

center of the span, which is parallel to the line marked “L” in Figure 7.2-1.  The component 

of that total moment in the direction of the guideway at the post is given by equation (7.2.5). 

 

   

 
Figure 7.2-2.  Centrifugal torque of supported or hanging vehicles 
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in which sd d in equation (7.2.4), and the radius of curvature at the guideway center is 
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and 

    chassis cabinW W W             (7.2.7) 

 

Consider the hanging vehicle.  If the torsional moment at each post is designated by hT  then 

from Figure 7.2.-2 assuming a coordinated turn (zero lateral acceleration) 
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in which in equation (7.2.4) 
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Thus, the ratio of torsional moments is 
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The torsional moment ratio has been calculated from equation (7.2.10) in an Excel spread 

sheet assuming the same guideway-curve radius and the same speed in the two cases.  I as-

sumed a superelevation angle of 6
o
 in the supported-vehicle guideway, which enabled me to 

calculate the quantity V
2
/g from equations (7.2.6) and (7.2.2).  Substituting this value into 

equation (7.2.9) with the same guideway curve radius results in a transcendental equation for  

2 that I solved by iteration for the value 2 16.9196 .o
 The results are shown in Table 7.2-

1. 
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Table 7.2-1. The solution of equation (7.2.10) for a specific case. 

 

Supported Vehicles   Hanging Vehicles   

g= 9.80665 m/s^2 g= 9.80665 m/s^2 

L= 27.43 M L= 27.43 m 

h= 1 M h1= 1 m 

   
h2= 0.6 m 

Al/g= 0.2 
 

Al/g= 0 
 Phi1= 6 deg Phi2= 16.9196 deg 

Phi1= 0.10472 radians Phi2= 0.295303 radian 

AH= 3.00285 m/s^2   
  R= 60 m R= 60 m 

V= 13.4111 m/s V= 13.4111 m/s 

V= 29.9998 mph V= 29.9998 mph 

d= 1.5607 M d= 1.5607 m 

Wcabin/W= 0.5 
 

Wcabin/W= 0.7 
 

   
  

  TsOverTh= 1.159 
 

  
   

 

Natural Frequency of the Guideway 

 

If the vehicles are supported above the guideway, the guideway can be clamped to the posts, 

whereas if the vehicles hang from the guideway, the support posts must be placed to one side 

with a horizontal member extending from each post to the top of and to support the guideway.  

Because of the limited torsional rigidity that can practically be built into such support structures, 

the joints at the posts behave much more nearly like simple supports.   

 

From Marks‟ Standard Handbook for Mechanical Engineers, 10
th

 Edition, page 3-73 the natural 

frequency of a beam clamped at both ends is 1.506
2
 = 2.268 times the natural frequency of a 

simply supported beam of the same properties.  Moreover, the natural frequency of any beam 

increases as the square root of the moment of inertia, which means that to double the natural fre-

quency it is necessary to quadruple the beam‟s moment of inertia.  Compared with a clamped 

beam then, to achieve the same natural frequency, a simply-supported beam must have a moment 

of inertia 1.506
4 

= 5.144 times the moment of inertia of a beam clamped at both ends.  The ratio 

of moments of inertial required to achieve the same natural frequency in a hanging-vehicle sys-

tem relative to a supported-vehicle system will not be quite as large as in this idealized case, but 

it is sufficiently large that it becomes clear that the hanging-vehicle system will necessarily have 

a natural frequency substantially lower than can be achieved in a supported-vehicle system in 

which the guideway is clamped to the posts. 

 

Some Properties of the ITNS Guideway 

 

From the ITNS paper “The Structural Properties of a PRT Guideway,” pages 11 and 12, the fol-

lowing data is found: 
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Table 7.2-2.  Some Properties of the PRTI Guideway 

 1 2 Ratio 2/1 

Stringer wall thickness, in 0.233 0.315 1.35 

Tube weight, lb/ft 9.4 12.4 1.32 

Weight of 4 tubes, lb/ft 37.6 49.6 1.32 

Guideway weight, lb/ft 149 162 1.09 

Twist angle, degrees 7.6 6.1 0.80 

Torsional stiffness   1.25 

Vertical moment of inertia, in
4 

2894 3451 1.19 

 

Discussion 

 

It is seen from Table 7.2-2 that the torsional stiffness increase that results from increasing the 

weight of the guideway by about 9% is about 25%.  But, from the numerical results given in Ta-

ble 7.2-1, an increase in torsional stiffness of only 16% in the supported-vehicle guideway rela-

tive to the hanging-vehicle guideway is needed to equal the torsional stiffness of the hanging 

guideway, since to obtain the same angle of twist the torsional moment required is proportional 

to the torsional stiffness.  But this increased torsional stiffness increases the vertical moment of 

inertia by only 19%, which would increase the natural frequency in bending by only 1.19
1/2

 = 

1.09 or 9 %, whereas to increase the natural frequency of a hanging-vehicle guideway to that of 

the supported-vehicle guideway the moment of inertial would have to be increased by a factor 

close to 5, which is impractical.  Thus, one price of the hanging-vehicle guideway is an inherent-

ly lower natural frequency, which, from Section 18 of the paper “The Structural Properties of a 

PRT Guideway,” means a critical speed lower than that of a supported-vehicle guideway by a 

factor of almost 5
1/2 

or over 2, or to a critical speed of no more than about 35 mph.   
      

Conclusion 

 

Study of the above factors has caused me to select the SVS, and I have seen nothing over the past 

two decades to alter that conclusion.  See also [6]. 

 

7.3 Air cushions vs. maglev vs. wheels 

 

Air cushions were used to support the TTI and Uniflo PRT vehicles.  It has been found that such 

support requires a guideway wider than the vehicle and will result in a guideway more expensive 

with greater visual impact than if wheeled suspension is used. 

 

Magnetic levitation or maglev is another alternative approach to vehicle suspension.  Instead of 

wheels, magnetic force counteracts gravity. This approach is particularly useful at very high 

speeds when wheels cannot resist centrifugal forces.  

  

There are two basic types of magnetic levitation or maglev: magnetic attraction and magnetic 

repulsion. Attraction can be accomplished with room-temperature magnets but is unstable so 

that it requires high-gain electronic servo mechanisms to maintain the gap between the guideway 

and the vehicle.  Repulsion has required much higher magnetic fields that can be attained using 

super-cooled coils, which require use of liquid helium, which is not practical in a small vehicle, 
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but it is stable.  Some very powerful room-temperature magnets may change this situation at 

some point.  

 

Use of magnetic attraction has in several designs led to the configuration shown below in the 

left-hand sketch in Figure 7.3-1, in which vehicle elements wrap around and underneath a gui-

deway element so that the vehicle can be lifted by an attractive force, but this means that the ve-

hicle can‟t switch without moving the whole guideway, which is not practical for short-headway 

systems.  With the short headways needed for PRT the configuration must be turned around to 

that shown below in the right-hand sketch.  But in a diverge or merge section, if the vehicle is, 

for example, to switch to the right, the left hand levitation surface disappears and must be re-

placed by some other means of levitation.  By whatever means used, the left side of the vehicle 

must be supported from below.  This could be by repulsive maglev limited to only switch sec-

tions, with the superconducting means at wayside, or it could be by wheels.  Similar sketches for 

hanging systems will show similar problems.  

 
       Figure 7.3-1. Two forms of maglev.  

 

Even if the maglev developers create a workable, switchable configuration, either attractive or 

repulsive, what is its advantage over wheels?  The critical advantage of maglev occurs at very 

high speeds, typically over 200 mph where the friction of steel wheels on steel rails becomes in-

adequate.  This is not a problem at urban speeds, or even at speeds up to about 180 mph, as wit-

nessed by the French TGV.   

 

What is wrong with wheels, other than that they have been used for thousands of years?   If LIMs 

are used for propulsion, the main support tires need be used only for suspension.  They can be 

smooth and the running surface can be smooth.  The 80-psi tires I use result in very low road re-

sistance.  In my configuration no thrust is applied through the wheels either for acceleration or 
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for braking, so wear is minimized.  Emergency braking is applied via separate high-friction shoes 

that on extremely rare occasions
18

 would press down on the guideway, and they are tested every 

time the vehicle stops because they are used also as a parking brake.  Wheel bearings may fail, 

but how often?  Today, we rarely hear of a bearing failure in an automobile even though their 

environment is much rougher.  With very light-weight vehicles, bearings can be over-designed 

for long life with little penalty, and in a PRT system replacement of bearings at a predetermined 

interval is wholly practical.   

 

In the ITNS configuration the wheels operate in the most benign environment possible – smooth 

running surfaces always away from the sun, with no chuck holes or curbs to run over, and no ac-

celeration or braking through the wheels.  What about blowouts or flats?  The lifetime of tires in 

our benign environment will be very long compared with automobile tires, which now typically 

survive for at least 60,000 mi.  Moreover, it is likely that we can use the new Michelin airless tire 

that provides the cushioning and sound-deadening effect of pneumatic tires without any chance 

of going flat.  One imagined advantage of maglev is a smoother ride.  But in practical expe-

rience, maglev follows every perturbation in the guideway as closely as rubber-tired wheels.   A 

final and fundamental point is that we can design a much more compact, lower-cost guideway 

with wheels than with maglev, and the guideway cost will be at least 40% of the system cost.  

And, unlike maglev, wheels require no energy input to support the load. 

 

My opinion about the tradeoff between maglev and wheels is based on these facts.  Moreover, 

with wheeled support, we can go into production immediately and can get into operation in much 

less time than would be possible with maglev.  Maglev was designed for very high speed, on-

line-station systems, which require long headways.  Scaling such systems down to urban speeds 

is a solution looking for a problem.     

 

7.4 Rotary motors vs. linear motors 

 

In the PATH Program, described in Section 12, the vehicles are propelled and braked through the 

wheels.  High-capacity in PRT can be attained much more safety and reliably in all reasonable 

weather conditions if we propel and brake the vehicles using linear induction motors (LIMs), 

which are described in Appendix D.  Let us compare the characteristics of these two means of 

propulsion and braking: 

 

Braking rate  

 

Wheel braking depends on friction, grade, or wind and it is necessary to assume the worst 

conditions when calculation the minimum safe headway.  LIM braking is constant as com-

manded, independent of friction, grade, or wind and we can depend on a LIM-operated ve-

hicle to stop as quickly as a failed vehicle independent of the friction of the running surface. 
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Reaction time 

 

Based on the data I have seen, it takes several hundred milliseconds for the full effect of a 

wheel-brake command to be felt.  When a LIM is operational braking is almost instantaneous. 

 

Moving parts 

 

A vehicle propelled and braked through wheels has many moving parts.  With LIM propul-

sion and braking the only moving part is a fan need for air cooling of the LIM, and that is not 

a safety critical item.  If one of at least two fans on a LIM were to fail, and the vehicle has two 

LIMs, the one with the defective fan can be shut off and the vehicle stopped at the next sta-

tion, where passengers would egress, following which the vehicle would be sent empty to the 

nearest maintenance station.  

 

How can we obtain an adequate braking force? 

 

With propulsion and braking through wheels (in PRT usually rubber tired) the running surface 

must be sufficiently rough to enable any vehicle to stop quickly on a wet or icy surface.  

Raytheon, having opted for propulsion and braking through wheels in Phase II of the Chicago 

PRT project, discovered too late that wet-weather operation required them to roughen the 

running surface by bonding to it a type of sandpaper called epoxied carborundum used on air-

craft carrier decks to prevent crew members from sliding on a wet deck.  Two problems re-

sult: 

 

1. If the irrevocable emergency brakes need to be applied on a dry, roughened surface, the 

deceleration rate is between 0.7 and 0.9 g, which is enough to throw an unrestrained pas-

senger into the windshield.  Yet the Chicago RTA lawyers insisted that there be no re-

straining devices in the vehicles — they didn‟t want to set precedence.  This problem was 

never resolved. 

 

2. Repeated acceleration and braking through the rubber tires leaves some tire material im-

bedded in the roughened surface, and eventually the surface must be replaced, resulting 

in a large maintenance cost.   

 

With LIM propulsion and primary braking, we want the running surface to be as smooth as prac-

tical, and we want the wheels to be rollers only, i.e., no braking through the wheels.  In this case, 

in the remote chance that a wheel bearing were to freeze, the decelerating force will be less than 

about 20% of one quarter of the gross weight of the vehicle, which would cause a deceleration 

rate of no more than about 0.05g. 

 

There must be a backup emergency braking system.  We plan to use a pair of brake shoes sup-

ported from the lower surface of the vehicle chassis through parallelogram linkages, so that they 

remain parallel to and very close to the running surface.  Each of two independent brake shoes is 

activated by a no-power-on, no-power-off ball-screw actuator and is restrained from moving past 

the point of maximum extension, thus satisfying the requirement that they be irrevocable.  No-
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power-on means that power is not required to maintain the on condition and similarly for the off 

condition.  The actuators are electrically connected to activate from an auxiliary on-board battery 

if vehicle emergency deceleration is a tolerance less than commanded emergency deceleration.  

Each brake shoe will be fitted with a high-friction braking surface, while the main support tires 

will be selected for low friction.  This pair of brake shoes will be mounted near the rear of the 

chassis so when they are applied they will lift at most half the vehicle weight. With a coefficient 

of friction close to but less than one, the deceleration rate that will result from their application is 

less than half a g, which will not throw the passengers into the windshield. 

 

7.5 Linear induction motors vs. linear synchronous motors 

 

The maglev configurations I have seen use linear synchronous motors (LSM) for propulsion.  

The main advantage of the LSM is that the propulsive power is at wayside so that sliding con-

tacts are not needed.  Sliding contacts cause excessive arcing at very high speeds, which then 

quickly wears out the power rail.  This is not a problem at urban speeds.   

 

The LSM requires windings in the guideway, which must be partitioned so that each separate 

winding controls one vehicle.  Thus the number of these windings required per mile is inversely 

proportional to the minimum headway.  Each of these windings must be controlled by its own 

electronic package.  One LSM expert admitted that that means for PRT one winding about every 

20 feet or 264 per mile or 2640 in ten miles, etc., which means that the minimum headway is 

fixed once and for all – once built there can be no experimentation with smaller headways.  Im-

agine then that because these electronic packages occasionally fail, they must be replaced by a 

maintenance person who would need to run out to some section of guideway in any kind of 

weather at any time of day or night.  With Linear Induction Motors (LIM) all such repairs or re-

placements occur in a maintenance shop.  The LSM experts say that the mean time to failure of 

each electronic package is long, but how long?  If you have thousands of them, the failure fre-

quency in a system of any reasonable size will be high and thus the maintenance cost for re-

placement will be high. 

 

I have yet to see a practical maglev-LSM PRT configuration, and even if a practical configura-

tion is discovered and developed, it will have high costs for wayside windings and electronic de-

vices. 

 

Advantages of LIMs for PRT: 

 

• Short-headway, continuous control – no blocks. 

• With digital encoders, adequate precision. 

• Very small air-gap (3 mm) practical, which maximizes efficiency. 

• Electronics on-board and in stations minimize maintenance cost.  LSMs required elec-

tronics in the guideway every block.  Since there can be only one vehicle in a block, there 

must be many electronic packages in the guideway, thus this concept becomes impractic-

al at short headways. 

• Ease of providing two independent LIMs & VFDs. 

• Permits smooth rails and smooth guideways for minimum road resistance.  

• No degradation of safety in rain or snow. 
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• Adequate drainage. 

• Minimum size, minimum cost guideway. 

 

Disadvantages of LIMs for PRT: 

 

 Lower efficiency than LSMs 

 Requires separate devices for power supply, communication, and propulsion 

 

Questions about LSMs for PRT, the answers to which have led us to use LIMs: 

 

• Electronic packages in the guideway? 

– Every 20 ft? 

– What is MTBF? 

– What is the replacement frequency per mile? 

– What is the labor cost? 

• What would a simulation of close-headway merging show? 

• What would the guideway configuration look like? 

– Would the guideway configuration meet the requirements? 

– What would be the guideway cost per mile?
19

 

– What would be the guideway dimensions? 

– How would drainage be handled? 

• What would be the system cost per passenger-mi? 

– How would it compare with a LIM system? 

 

7.6 Motors on board vs. motors in guideway 

 

Compare the cost of a PRT system using LIMs for propulsion in which the LIMs are in either the 

vehicles or in the guideway.  Let 

 

WLIM = weight of one LIM. 

WVFD = weight of one LIM drive. 

CLIM   = cost of one LIM 

CVFD  = cost of one LIM drive 

Dveh   = Average distance between vehicles in operation, ft 

Dmin    = Distance between vehicles for determining the guideway maximum load, ft 

DLIM  = Distance between LIMs in guideway, ft ≈ 5 ft. 

 

LIMs in guideway: 

 

 LIM guideway loading per unit length: WLIM/DLIM  

 Number of LIMs required per mile: 5280/ DLIM 

 Cost of LIMs per mile: (CLIM + CVFD)( 5280/ DLIM) 

                                                 
19

 In a paper called “Maglev Personal Rapid Transit” that Richard Thornton presented at AMP07, Vienna 22-25 

April, 2007, he quotes the cost of his LSM as $3000 per meter or $4,800,000 per mile, which is more than we have 

estimated for the cost of our entire guideway. 
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LIMs in vehicles: 

 

 LIM guideway loading per unit length: 2(WLIM + WVFD)/Dmin 

 Number of LIMs required per mile: 2(5280)/ Dveh 

 Cost of LIMs per mile: (CLIM + CVFD)(2)( 5280/ Dveh) 

 Cost of power rails per mile: $14.60(5280) = $77,100 

 Extra energy per vehicle-mile to carry LIMs and VFDs on board = 0.073 kW-hr
20

 

Extra energy per year to carry LIMs and VFDs on board = 0.073 kW-hr × 90,000 mi/yr = 

6570 kW-hr/yr. 

Annual cost of this extra energy per vehicle = 6570($0.07) = $460. 

Annual cost of this extra energy per mile of system = $460(5280)/ Dveh 

 

If the cost of LIMs on board would be the same as LIMs in the guideway we get 

 

[A(2)(CLIM + CVFD) + $460](5280)/ Dveh + A$14.60(5280) = A(CLIM + CVFD)( 5280/ DLIM) 

Dveh = [(2)(CLIM + CVFD ) + $460/A] /[(CLIM + CVFD) / DLIM - $14.60] 

         

Assume CLIM = $4900 and CVFD = $4800.  Then  

 

 Dveh =  ($19,400 + $460/0.07)/($9700/5ft - $14.60/ft) = $29,971/($1940 - $14.60) = 13.5 ft 

 

or 5280/13.5 = 391 vehicles per mile, which is much higher than the maximum practical number 

of vehicles per mile of about 120.  Therefore, on this basis the system cost is lower if the LIMs 

and VFDs are in the vehicles. 

 

Is there a difference in the maximum guideway loading due to LIMs?  If we consider the maxi-

mum guideway loading to be loaded vehicles nose-to-tail on the guideway then the load would 

be equal if the vehicles were 2(5 ft) = 10 ft apart.  This is very close to the specified loading, 

which means that the basic guideway weight needed to support the load would be about the same 

in the two cases.  The weight of power rails is not enough to make much difference. 

 

Conclusions 

 

We conclude that the system cost will be lower if the LIMs are in the vehicles rather than in the 

guideway.  One difference that we have not considered is the weight of the VFDs.  If the LIMs 

are in the vehicles then so are the VFDs, but if the LIMs are in the guideway, the VFDs need not 

be in the guideway but could be placed in or on the posts, in which case their weight would not 

add to guideway weight.  But with LIMs in the guideway and VFDs at the posts, much wiring 

must be added for them to reach each LIM, and in case of repair, a maintenance person would 

have to go out to the guideway to reach the LIMs, whereas if the LIMs and VFDs are in the ve-

hicles, they will be maintained in a maintenance shop, which is less costly. 

 

 

 

                                                 
20

 From “What determines transit energy use?” 
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7.7 Power source on board vs. power source at wayside 

 

On-board power can be provided through batteries, which are being manufactured in increasing-

ly higher energy densities.  However it takes time to charge them, which means that every ve-

hicle must spend the charge time out of service.  ULTra personnel have said that their lithium-

ion batteries can be charged in only one minute,  but that is long enough that the vehicle must in 

some way be taken out of service if it to not interfere with service.  Moreover, a vehicle powered 

by on-board batteries must is limited in speed and range.  I calculated many years ago that to 

take into account high winds and emergencies the on-board batteries should be charged with 

about seven times the energy required for an average trip.  Lithium batteries are relatively light 

but each vehicle must carry its weight during every trip. 

 

To provide power from wayside, it is necessary to mount power rails inside the guideway, which 

is an extra expense but a minor one, and wayside power can be provided by redundant means in 

any quantity from any source including renewable sources.   

 

Conclusion:  Use wayside power. 

 

7.8 Synchronous vs. quasi-synchronous vs. asynchronous control 

 

In the early 1970s, the discussion of PRT control virtually always started with a discussion of the 

relative merits of synchronous, quasi-synchronous, or asynchronous control.  In a purely syn-

chronous control system, a vehicle that is ready to leave a station waits until it has a confirmed 

reservation through every merge point and at the destination before being dispatched.  Such a 

system was discarded because it is inflexible in a slow-down or stoppage on the main line; and, if 

the number of merges that must be negotiated exceeds three or four, the wait time becomes ex-

cessive [35].   The quasi-synchronous system was therefore proposed to permit vehicles to ma-

neuver at line-to-line merge points to resolve merge conflicts.   

 

In his book [1] Dr. Jack Irving, while advocating quasi-synchronous control, commented that the 

essential point is that a wayside computer command and monitor maneuvers, just as described 

above.  Until reaching a merge point, there is no need to synchronize the flow, and to do so in 

advance results in more maneuvering than necessary.  As in the scheme described in the above 

paragraphs, whenever a vehicle arrives at the merge command point, if there is an approaching 

conflict, a merge-point zone controller either commands the conflicting downstream vehicle on 

the other leg of the merge to slip ahead if possible, or if not to slip the vehicle that has just ar-

rived at the command point back.  If that vehicle would slip into the domain of the next vehicle 

upstream, it and others upstream of it must be simultaneously commanded to slip until further 

slipping is unnecessary.  Since we have successfully simulated PRT vehicles operating in many 

different network configurations, I can only conclude that those who have rejected this scheme 

cannot have understood how to accomplish it with maximum efficiency.  There is no need at 

merges to synchronize with specific clock times.  We have also found that the described strategy 

requires less software than quasi-synchronicity. 

 

Such a scheme is asynchronous except for the technicality of having to synchronize merging of 

certain vehicles with respect to one vehicle, but not with respect to a clock.   In the 1970s, asyn-
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chronous control usually implied car following, in which each vehicle is controlled based on the 

position and sometimes the speed of the next downstream vehicle [36].  As pointed out above 

and by Dr. Irving, car following is not necessary.  It complicates the control problem and is diffi-

cult for the necessary wayside monitor because the monitor does not know independently the 

profile of the maneuver.  In the terminology used in the 1970s, the system we have found prefer-

able can be called an "asynchronous point follower." 

 

7.9 Vehicle cabin configuration 

 

The minimum-sized cabin of a High-Capacity PRT System must 

 Enable a wheelchair to enter from the station platform and then turn to face forward, and 

to accommodate an attendant.  This requires an interior width of 60” and a space from a 

folded-up seat to the front of 60”, considering that only the portion of the roof at the seat 

needs to have full height. 

 Have an interior height at and above a 17” high seat sufficient to accommodate a 97.5 

percentile male. 

 Have a door that permits an elderly person using a walker to walk straight in standing up 

without obstruction. 

 Have an exterior shape that minimizes air drag, because air drag is the major consumer of 

energy even at speeds as low as 25 mph [24]. 

 Have an exterior shape that is as attractive as possible. 

 

The minimum-sized cabin has the following additional features: 

 

 It easily accommodates three adults sitting side by side. 

 Its length is minimized by designing the seat in three equal parts that fold up to accom-

modate the wheelchair.  The seat closest to the door can be folded down for the attendant.   

 It permits the installation of two fold-down and backward-facing seats at the front for 

children. 

 It permits the cabin to carry a bicycle, a baby carriage, large luggage, or other such ob-

jects. 

 It permits a television screen visible to the passengers sitting in the main seat to be in-

stalled in the middle of the front of the cabin between the two fold-down seats. 

 It permits a panoramic view of the surroundings. 

 

Additional required features of the cabin are 

 

 A heating, ventilation, and air conditioning system. 

 A two-way system for communication with central control. 

 A “Go” button. 

 A “Stop” button that stops the car at the next station. 

 An “Emergency” button that permits the passenger to contact central control. 



32 

 

 Reading lights. 

 Room behind the main seat for the on-board computer and the air-conditioning unit. 

 

A rough sketch of a minimum-sized cabin is as follows: 

 

 
For comparison, following are several illustrations of the Taxi 2000 cabin, which was designed 

to meet the minimum requirements: 

 

 

 
 

A possible new configuration distinguishable, from Taxi 2000, is illustrated on the front cover of 

this document. 

42"  

17” 
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How many people will ride in a PRT vehicle?   

Let n be the number of people riding in a vehicle, and let f(n) be the fraction of vehicles that con-

tain n people.  From the statistical theory of the normal distribution  
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Now, the average number of people per vehicle is 
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Given Nave this is a transcendental equation for .   Once . is found by iteration, we can find f(n) 

from Equation 7.9.3.  The calculations have been performed in a simple computer program with 

the results shown in Figure 7.9.1 and Table 7.9.1.    

 

In 1990 the Twin Cities Metropolitan Council did an area-wide survey of auto traffic in the Twin 

Cities Metropolitan Area, in which they counted the number of people per vehicle.  They found a 

daily average of 1.2 people per vehicle and a rush-hour average of 1.08 people per vehicle.  By 

charging a fare per vehicle rather than per person, we can expect the occupancy in PRT vehicles 

to be somewhat higher than found in automobiles.  Note from Figure 7.9.1 that if Nave = 1.5 the 

fraction of vehicles that would be occupied by 4 people is about 1%.  Taking into account the 

practice of charging a fare per vehicle rather than per person and thus assuming a daily vehicle-

occupancy average of 1.5, we assume a design that permits three large adults to sit in one back 

seat that would fold up in three sections, with two small, backward-facing, fold-down seats in the 

front for children.  With no wheelchair in the vehicle, more children could easily sit on the floor.  

In calculation of operating costs, we have assumed the vehicles will be cleaned daily.  We noted 

that in PRT it is easy to take two or more vehicles if there is a larger group than would be com-

fortable in one vehicle, and they can communicate with each other via the cell phones they likely 

carry.  Such vehicles would leave the origin station seconds apart and similarly arrive at the des-

tination station seconds apart.  Note that the larger each vehicle is, the heavier the guideway must 

be and the more expensive the system will be; however, if a client were to insist on a larger ve-

hicle, it can be supplied, but at additional system cost. 
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Figure 7.9.1 

 

Table 7.9.1.  Some numerical results of equation 7.9.4. 

Average n=1 n=2 n=3 n=4 n=5 

1.6 0.565 0.301 0.105 0.024 0.004 

1.4 0.671 0.266 0.057 0.007 0.0004 

1.2 0.814 0.173 0.013 0.0004 - 

1.08 0.921 0.078 0.0013 - - 

 

7.10 Guideway configuration 

 

Up to now we have concluded that the system we are designing will use minimum-sized vehicles 

captive to the guideway and operating between off-line stations.  The vehicles will be supported 

above the guideway, will run on wheels, and will be propelled and braked by linear induction 

motors obtaining their power from wayside via power rails.  Further progress is obtained by not-

ing that the minimum weight guideway will be a steel truss structure clamped to the support 

posts and narrower than the vehicles,
21

 which will lead to the use of a vertical chassis of unique 

design.  For the following reasons, the guideway will be covered except for a narrow slot at the 

top to permit a narrower vertical chassis to pass through: 

 

                                                 
21

 [19], Chapter 10; [5] and [39]. 
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1. To minimize the interference of snow and ice with the operation of the vehicles. 

2. By placing a thin layer of aluminum inside the covers, to minimize electromagnetic inter-

ference of the motor drives on the community surrounding the system and to minimize 

any possible interference from outside on the communication means inside the guide-

way (see Section 10.5). 

3. To eliminate any frost formation on the power rails. 

4. To eliminate any differential thermal expansion and the resulting stresses due to the sun 

shining on one side of the guideway. 

5. To eliminate the effect of sun shining on the tires and other chassis components and thus 

to enable the tires to operate in the most benign outside environment possible – in the 

shade of the sun with no potholes or curbs to run over. 

6. By applying a radius on the top and bottom of the covers of at least one sixth the depth of 

the guideway, to minimize the side drag force on the guideway due to wind. 

7. By applying a sound deadening material on the inside of the cover, to minimize noise that 

may be produced by the motor drives. 

8. To provide access for maintenance even though an important design requirement is that 

nothing inside the guideway should require maintenance. 

9. To permit the community to select the color and texture of the exterior surface of the gui-

deway covers. 

 

8. The Attributes of ITNS 
 

A system that will meet the requirements of Section 3 will have 

 

• Off-line stations. 

• Minimum-sized, minimum weight vehicles. 

• Adequate speed, which can vary with the application and the location in a network.  

• Fully automatic control. 

• Hierarchical, modular, asynchronous control to permit indefinite system expansion.  

• Dual duplex computers for high dependability and safety. 

• Accurate, dual position and speed sensors.  Today‟s sensors are much more accurate 

than needed. 

• Smooth running surfaces for a comfortable ride. 

• Rubber-tired wheels for suspension to minimize guideway cross section and weight. 

• All-weather propulsion and braking by means of linear induction motors. 

• Switching with no moving track parts to permit no-transfer travel in networks. 

• Small, light-weight, generally elevated guideways. 

• Guideway support-post separations of at least 90 ft (27 m).  

• Vehicle movement only when trips are requested. 

• When trips are requested, empty vehicles are rerouted automatically to fill stations. 

• Nonstop trips with known companions or alone. 

• Propulsive power from dual wayside sources. 

• Well lit, television-surveyed stations. 

• Planned & unplanned maintenance within the system. 

• Full compliance with the Americans with Disabilities Act. 
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9. The Optimum Configuration 
 

 During the 1970s I accumulated 37 requirements for design of a PRT guideway.   They 

are given in Appendix A.  As chairman of three international conferences on PRT, I was privi-

leged to visit all automated transit work on the planet, talk to the developers, and observed over a 

decade both the good and the bad features.  The re-

quirements listed in Figure 9.1 are the most impor-

tant, and, from structural analysis [5] I confirmed 

The Aerospace Corporation‟s conclusion that the 

minimum-weight guideway is a little narrower than 

it is deep, taking into account 150-mph crosswinds 

with no vehicles on the guideway and 70-mph 

crosswinds with a maximum vertical load of fully 

loaded vehicles nose-to-tail.  I compared hanging, 

side-mounted, and top-mounted vehicles and found 

ten reasons to prefer top-mounted vehicles [6].          Figure 9.1. The Optimum Configuration   
                       

 Such a guideway has the smallest possible visual impact.  It has minimum weight if it is a 

truss as shown in Figure 9.2, which is scaled to posts 90 ft apart.  The double vertical line indi-

cates the location of an expansion joint in each span.  A stiff, light-weight truss structure will 

have the highest natural frequency, which results in the highest comfortable cruising speed.  It 

will be most resistant to the horizontal accelerations that result from an earthquake.  By using 

robotic welding it will be the least expensive to manufacture, transport (in 45-ft sections welded 

together in the field) and erect.  The analysis reported in [5] has produced the properties needed 

to meet all requirements.  I observed over decades that whenever a PRT program died, and there 

have been many, the major reason could almost always be traced to a problem with the guideway 

design.  I thus addressed that problem in a paper [30] that I presented at the 2009 APM Confe-

rence.  In the paper I pointed out that the design of a PRT guideway requires a much higher level 

of system engineering than is apparent in the designs that have failed.  In the paper I give the 

above-mentioned requirements and also 19 design criteria, which are included in Appendix B.        

 

  
Figure 9.2.  A Low Weight, Low-Cost Guideway 

                      

As shown in Figure 9.1 and 9.3 the guideway will be covered.  A slot only four inches 

wide at the top permits the vertical chassis to pass and a slot six inches wide at the bottom per-

mits snow, ice, or debris to fall through.  We have designed and tested a plow that can be at-

tached at the bottom of the chassis.  The plow is angled in such a way that any snow or other de-

bris on the running surfaces will be thrown down the slot between the pair of steel-angle running 
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surfaces.  The covers permit the system to operate in all weather conditions.  They minimize air 

drag, prevent ice accumulation on the power rails, prevent differential thermal expansion when 

the sun is shining on one side of the guideway, serve as an electromagnetic shield, a noise shield, 

and a sun shield, permit access for maintenance, and permit the external appearance to be what-

ever the local community wishes.  The covers thus enable the system to meet nine of the guide-

way design requirements.  They will be manufactured from composite material with a thin layer 

of aluminum sprayed on the inside surface to provide electromagnetic shielding.   

   

Figure 9.3 shows the guideway cross section in two views.  In the left view in black we 

show one of a series of U-frames, one of which is placed at each at the positions of the vertical 

lines in Figure 9.2.  The only close dimension is between the inside left and right surfaces of the 

U-frame where the upper and lower angle running surfaces are located.  The vertical chassis, on-

ly 3 inches wide, is shown in green with its attachment to the cabin above.  Comprehensive finite 

element analysis has been performed on the joint to insure that it is very strong and conservative-

ly designed.  The main support wheels are shown in blue.  They run on a pair of 8x6x1/2 inch 

steel angles.  In the right-hand drawing, the side support wheels are shown in red.  The tires are 

polyurethane of stiffness determined from a dynamic simulation of the vehicle passing through a 

merge or diverge section of guideway, which 

determines all of the maximum wheel loads.  

The switch arm is shown in green in the right-

hand drawing.  In the merge and diverge sec-

tions of the guideway, switch rails are placed to 

contain the vehicle in the direction of travel 

through the switch.  They are flared to permit 

comfortable engagement and disengagement.  

The power rails, which transfer 600-volt D.C. 

power to the vehicles from wayside power 

sources are shown in purple.          Figure 9.3.  The guideway cross section. 

 

The Americans with Disabilities Act requires the vehicle to be wide enough so that a 

wheelchair can enter and face forward with room for an attendant.  Such a vehicle is wide 

enough for three adults to sit side-by-side and for a pair of fold-down seats in front for small 

people, making it a five-person vehicle.  Without the wheelchair, such a size cabin can accom-

modate a person and a bicycle, a large amount of luggage with two people, a baby carriage plus 

two adults, etc. [7]  See Figure 15.5 and page 32.     

 

After studying all practical means of suspending vehicles, we found that the smallest gui-

deway cross section and hence the lowest guideway cost is obtained by use of wheels.  Our 

wheels will use either high-pressure pneumatic tires or a new airless tire that provides the same 

suspension characteristics.  Because our tires don‟t have to pass over chuck holes and curbs, they 

can be much stiffer and hence of much lower road resistance than automobile tires.  The art of 

manufacturing highly reliable axles and bearings is well developed, and since our tires will run 

on smooth surfaces away from the damaging rays of the sun, they will last much longer than au-

tomobile tires. 
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There are many ways a vehicle can be propelled.  We selected linear induction motors 

(LIMs) because they enable the vehicle to accelerate and decelerate at planned rates regardless of 

the coefficient of friction of the running surface, and thus will enable the vehicles to operate 

safely at much lower headways than would be possible if we propelled and braked using rotary 

motors.  An added advantage of LIMs is that they have no moving parts.  Reference 31 provides 

more detail. 

             

 
Figure 9.4. An Application in Downtown Chicago 

 

Figure 9.4, in which north is to the left, shows how PRT could begin to serve a portion of 

Downtown Chicago.  The PRT guideway is shown in red. 

 

10. Control 
 

 Control of PRT has been investigated at many organizations since the 1960s. I have pub-

lished [4] a bibliography of papers on control of PRT that have been useful as we have devel-

oped the control system for ITNS.  My detailed papers related to control are listed [11 – 15] and 

may be found with other papers on www.prtnz.com.  I add to this collection of papers a paper 

[31] that summarizes our knowledge of how to obtain safe, reliable short headways.  The ITNS 

control hardware consists of computers, sensors, and a communications medium. 

 

10.1 Computers 

 

 All computers in ITNS are dual redundant or sometimes called “dual duplex.”  This 

means that each “computer” is two pairs of microprocessors.  The output of each pair is com-

pared 10 times a second.  Any error detected in one of them causes control to go to the other pair.  

The vehicle is permitted to finish its trip and is then directed to a maintenance shop.  With this 

arrangement the mean time between serious events is extremely long, longer than anyone will 

believe without checking the calculations [31].  The methodology we use was obtained from 

Boeing papers developed during their work on AGRT [4]. 

 

http://www.prtnz.com/
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 Three types of computers are needed for vehicle control: computers on vehicles, comput-

ers at strategic wayside locations, and a central computer.  Each section of guideway is managed 

by a wayside computer called a zone controller.  There will be station zones, merge zones, di-

verge zones, and line zones.  Each zone controller commands specific maneuvers to specific ve-

hicles as needed and each individual vehicle computer carries out these commands.  The mathe-

matics needed to command every one of the maneuvers a vehicle can make has been worked out 

by several organizations.  These maneuvers consist of moving from one speed to another, for ex-

ample from a station to line speed, slipping a certain distance relative to another vehicle ahead on 

the other leg of a merge, and stopping in a given distance.  With today‟s high-gain controllers 

and by using linear induction motors the position of a vehicle can be controlled almost as closely 

as we can measure it, which is substantially closer than necessary [33].   

 

 Each zone controller provides the line-speed signal in its domain.  If anything goes 

wrong, it removes the speed signal to vehicles behind the failed vehicle, which causes the ve-

hicles behind the failed vehicle to slow to creep speed – slow enough to be safe but fast enough 

to give the passengers confidence that they will soon enter a station.  When a vehicle reaches a 

maneuver-command point, the zone controller transmits the appropriate command maneuver to 

that vehicle, and the vehicle controller causes the vehicle to follow the required time sequence of 

positions and speeds.  The zone controller calculates the same maneuver sequentially for each 

vehicle in its domain and compares it with the vehicle‟s position and speed as a basis for correc-

tive action if necessary.  Adjacent zone controllers communicate with each other. 

 

 The central computer optimizes recycling of empty vehicles, balances traffic in certain 

conditions, and accumulates data on the performance of the system.  The data rates, computer 

speeds, and memory needed are well within the capability of today‟s computers. 

 

10.2 On-Board Position and Speed Sensing 

 

 The position and speed of each vehicle is measured on board each vehicle by means of 

digital encoders placed in the main bearing of each of the four wheels.  Averaging the left and 

right output gives the correct measurement in curves.  Having encoders in both the fore and aft 

wheels provides redundancy.  These encoders register at least 4096 pulses per revolution, or with 

the 336.6 mm (13.25”) OD tires we plan to use about 0.26 mm (0.010”) per pulse.  With this ac-

curacy, experimental evidence [32] has shown that we can differentiate to obtain accurate speed 

measurements.  If, however, the assumed OD was in error by say 1%, the distance measurement 

would be in error by 1%.  Thus, as discussed in Section 8.3, we will calibrate each vehicle as it 

leaves a station by means of fixed magnetic markers.  In this way we will know the position of 

each vehicle to an accuracy of less than 25 mm (one inch). 

 

10.3 Wayside Position and Speed Sensing 

 

 The position and speed of each vehicle is measured for the wayside zone controllers in-

dependently of the on-board measurements by suitably placed pairs of wayside magnetic mark-

ers.  When a vehicle reaches the first marker, a pulse is sent to the cognizant wayside computer, 

which detects its position at that time.  When the vehicle reaches the second of the pair a known 

and short distance ahead, by measuring the time interval between markers we determine speed.  
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We can measure the time interval to an accuracy of a few nanoseconds, which means that we 

measure speed to less than one part in a million – well better than needed. 

 

10.4 Independent Backup Emergency Control 

 

While the dual duplex system described is extremely reliable and the software to run it has been 

checked tens of millions of times with random inputs and no errors, we must assume that some 

unknown dangerous situation could occur.  Thus a completely independent backup control sys-

tem is provided that measures the inter-vehicle spacing by means of a sonar system and brakes 

through a separate emergency brake, which operates independently of the main support wheels.  

It is also the parking brake and is activated and checked every time a vehicle stops.  This added 

feature further extends the mean time between unsafe incidents. 

 

10.5 Communication 

 

 Each vehicle will be equipped with a transmitter and a receiver capable of sending infor-

mation to and receiving information from a leaky cable placed on the inside of the guideway.  

We prefer this method to GPS because GPS will be susceptible to hacking and affected by solar 

storms [29].  The zone controllers similarly talk to and from the leaky cable, which is commer-

cially available.  This type of communication is completely secure and cannot be interfered with 

by hackers. 

 

10.6 The state of the art of modern safety-critical, real-time control systems.  

 

 Today, computers routinely land airplanes on aircraft-carrier decks.  Our computers re-

spond to and correct speed and position two hundred times per second.  The instruments we use 

to measure position and speed are much more accurate than we need.  Wayside zone controllers 

monitor the motion of each vehicle 10 times each second.  Code has been developed to control 

any number of vehicles in networks of any size or configuration.
22

  Our vehicle has very few 

moving parts. The switch has no moving parts in the guideway.  Our motors have no moving 

parts.  Our motors, motor controllers, sensors, and power-supply systems are redundant, meaning 

that a single failure is not noticed by the riders.  Our computers, as mentioned, are dual duplex, 

which means that each of the on-board and wayside “computers” is really four computers.  If one 

computer aboard a vehicle fails, the vehicle continues to its destination on the good computers, 

drops off its passengers, and then proceeds empty to the maintenance shop, all within a few mi-

nutes.  If, even with all of this redundancy, which is remarkably inexpensive today, a vehicle 

should stop on the guideway away from a station, the vehicle behind will soft engage and push it 

to the next station.   

 

 Today, at any one time, there are as many as 80,000 aircraft operating in the skies over 

the United States.  They operate most of the time under automatic control with air traffic control 

systems at the various airports keeping track of dozens of aircraft by using computers to track 

                                                 

22 J. E. Anderson, “Some History of PRT Simulation Programs,” 2008, www.prtnz.com.  
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each aircraft.  This is a much more sophisticated operation than needed with PRT and goes on 

every day in a system in which a failure means loss of an aircraft and all of its passengers.  The 

bottom line is that the control of PRT vehicles safely and reliably is well within the current state 

of the art. 

11. System Features Needed for Maximum Throughput Reliably and Safely 
 

 The features needed are illustrated in Figure 11.1. 

   

1. All weather operation:  Linear induction motors (LIMs) provide all-weather acceleration 

and braking independent of the slipperiness of the running surface. 

 

2. Fast reaction time:  LIMs react within a few 

milliseconds.  Human drivers react in be-

tween 0.3 and 1.7 seconds.  The on-board 

computer updates position and speed 200 

times per second. 

 

3. Fast braking:   Even with automatic opera-

tion the best that can be done with mechani-

cal brakes is a braking time of about 0.5 sec, 

whereas LIMs brake in a few milliseconds.                       
                Figure 11.1.  How to achieve maximum safe flow. 

4. Vehicle length:  A typical auto is 15 to 16 feet long.  An ITNS vehicle is only nine feet 

long.    

                                           
 These features together result in safe operation at fractional-second headways, and thus 

maximum throughput of at least three freeway lanes [11], i.e., 6000 vehicles per hour.  During 

the Phase I PRT Design Study for Chicago, extensive failure modes and effects analysis [12], 

hazards analysis, fault-tree analysis, and evacuation-and-rescue analysis were done to assure the 

team that operation of the system would be safe and reliable.  The resulting design has a mini-

mum of moving parts, a switch with no moving track parts, and uses dual duplex computers [13].  

Combined with redundant power sources, fault-tolerant software, and exclusive guideways; our 

studies performed during our Chicago PRT Design Study showed that there will be no more than 

about three person-hours of delay in ten thousand hours of operation [14].  A method [15] for 

calculating the mean time to failure of each component of the system that will permit the system 

dependability requirement to be met at minimum life-cycle cost has been developed and used 

during the design process. 

 

12. Is High Capacity Possible with Small Vehicles?  
 

A common question is to ask how ITNS could handle the traffic in and out of a stadium.  

People wonder how small vehicles can do a job that it is common to believe can be handled more 

quickly by buses or trains.  First one must recognize that most of the people who attend games at 

a stadium arrive and leave in automobiles, and this is likely to continue to be true in the foresee-

able future.  For those who prefer to use public transportation, let‟s compare ITNS with buses or 

trains.  The advantage of ITNS is that the stations are on by-pass guideways so that the stopping 
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and starting of vehicles does not affect main-line movement.   Because buses and trains stop on 

line, they must be spaced far enough apart so that they don‟t interfere with one another.  The typ-

ical minimum time spacing for surface-level rail systems is about 6 minutes.  Typical light rail 

cars can handle a maximum of about 180 people, so a three-car train can carry 540 people every 

six minutes or 90 people per minute.  With ITNS, the main line can handle practically up to 

about 60 cars per minute.  ITNS vehicles have a capacity of 5 people, but let‟s assume only 3 

people per vehicle.  That would enable us to carry a maximum of about 180 people per minute, 

or twice the maximum throughput of a light-rail system.  I simulated the flow of people given me 

by Cincinnati people attending a Cincinnati Reds ball game.  I found that I could handle the flow 

into and out of the stadium by placing one 14-berth PRT station on each of the four sides of the 

ball park.  A comprehensive discussion of the throughput potential of ITNS lines and stations is 

given in reference [8].   It is shown there that a 14-berth station can handle a maximum of about 

1200 cars per hour or about 20 cars per minute, so four of them can handle 80 cars per minute.  

With 3 people per car, the system would handle 240 people per minute, which is 2.67 times the 

capacity of a light rail system.  A PRT network able to attract this much traffic must be quite ex-

tensive and should be designed to transport people from under-utilized remote parking areas, 

saving on infrastructure cost development. 

 

 In 1973 Urban Mass Transportation Administrator Frank Herringer told Congress that “a 

high-capacity PRT could carry as many passengers as a rapid rail system for about one quarter 

the capital cost” (see Figure 12.2).  Notwithstanding that this pronouncement was backed up by 

the work of a competent R&D staff, the result was to ridicule and kill a budding federal HCPRT 

program.  PRT was a threat to conventional systems, but was 

an idea that would not die.  Work continued at a low level, 

which is the main reason it has taken so long for PRT to ma-

ture, but now with much improved technology.  Today, 36 

years later, following Moore‟s Law, computer memory per 

unit volume has increased by a factor of 2
36*2/3

 or over 16 

million to 1.  During that time period, computer speed has 

increased by a factor of more than 6 million.  Moreover, 

programming languages and computer design tools have ma-

tured markedly.  Certainly, the task today is much simpler 

than it was in 1973.                Figure 12.1. Automated Highway Experiment.  

  

 During the 1990‟s the Automated Highway Consortium, under federal grants, operated 

four 17-ft-long Buick LeSabres at a nose-to-tail separation of seven feet at 60 mph or 88 ft/sec 

on a freeway near San Diego [10].  Figure 12.1 shows six of the LeSabres running at short head-

way. Since the minimum nose-to-nose separation was 24 feet, the minimum time headway or 

nose-to-nose time spacing was 24/88 or 0.27 second, which gives almost twice the throughput 

needed for a large ITNS system.  The automated highway program was monitored by the Nation-

al Highway Safety Board.    

 

Thus the 1973 UMTA conclusion was more than proven in the 1990s.  Because of prob-

lems associated with automated highways that are not relevant to ITNS, the USDOT did not con-

tinue this program.  Yet the demonstration of such short headway is of major significance for 

ITNS.  I am very much aware that, notwithstanding the 1973 assertion of the UMTA administra-
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tor given in Figure 12.2, automated transit has been reported to be restricted to headways no 

shorter than the so-called “brick-wall” headway, which for urban speeds is about two seconds.   
     

 
Figure 12.2.  A page from the Congressional Record [9]. 
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I discuss this in some detail in References [13] and [31].  Early PRT systems must be 

small and they do not require headways less than two seconds, so the brick-wall headway is not 

an impediment to PRT development.  The ultimate safety criteria must be given in terms of inju-

ries or incidents per billion miles of operation.  PRT must demonstrate that its rate will be well 

under that for modern rapid rail systems, and our detailed studies show us that we will be able to 

do so and thus will be able to confirm the 1973 statement of the UMTA Administrator given in 

Figure 12.2.  Thus, at the present time, the safety of fractional-second headways need not be a 

subject of debate – we must and will prove it.  

 

13. How does a person use ITNS? 

 
    Figure 13.1.  Pick a Destination and Pay the Fare       Figure 13.2.  Transfer Destination to Vehicle 

 

As shown in Figure 13.1 a patron arriving at a station finds a map of the system in a convenient 

location with a console below.  The patron has purchased a card similar to a long-distance tele-

phone card, slides it into a slot, and selects a destination either by touching the station on the map 

or punching its number into the console.  If the patron is blind, he or she can request oral com-

mands by a procedure that will be developed in consultation with the blind.  The memory of the 

destination is then transferred to the prepaid card and the fare is subtracted.  To encourage group 

riding, we recommend that the fare be charged per vehicle rather than per person.  As shown in 

Figure 13.2, the patron (an individual or a small group) then takes the card to a stanchion in front 

of the forward-most empty vehicle and slides it into a slot, or waves it in front of an electronic 

reader.  This action causes the memory of the destination to be transferred to the chosen vehicle‟s 

computer and opens the motor-driven door.  Thus no turnstile is needed.  The individual or group 

then enter the vehicle, sit down, and press a “Go” button.  As shown in Figure 13.3, the vehicle is 

then on its way nonstop to the selected destination.  In addition to the “Go” button, there will be 

a “Stop” button that will stop the vehicle at the next station, and an “Emergency” button that will 

alert a human operator to inquire.  If, for example, the person feels sick, the operator can reroute 

the vehicle to the nearest hospital faster than by any other means.      
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14. Will ITNS attract riders? 
 

 There will be only a short walk to the near-

est station. 

 In peak periods the wait time will typically 

be no more than a minute or two. 

 In off-peak periods there will be no waiting 

at all.   

 The system will be available any time of 

day or night. 

 The ride time will be short and the trip time 

predictable.     

               Figure 13.3. Riding nonstop to the destination. 

 A person can ride either alone or with chosen companions. 

 The riders can make good use of their time while riding; can use a cell phone or text. 

 Larger groups can easily split up into two or more vehicles, which will arrive at the destina-

tion seconds apart. 

 Everyone will have a seat. 

 The ride above the city will be relaxing, comfortable, scenic, and enjoyable.  

 There will be no transfers. 

 The fare will be competitive. 

 There will be only a short walk to the destination. 

 

 A number of investigators [16] have developed models to predict ridership on PRT sys-

tems, which show ridership on PRT in the range of 25 to 50%.  The U.S. average transit ridership 

is currently 4.6% [17], which includes New York City.  Outside of New York City the average is 

closer to 3%, indicating that scheduled, all-stop transit is not used by 97% of urban residents.  

Accurate methods for calculating ridership are needed because the system needs to be designed 

but not over-designed to meet anticipated ridership. 

 

15. History and Status 
 

 All of the technologies needed to build ITNS, including all of the control hardware and software, 

have been developed.  All we need is the funds (about $US25 million) to build a small, full-scale 

pilot system.  This sum is lower than many people estimate, but practical because of the ad-

vanced state of our development work.  Such programs are already underway overseas.  ITNS is 

a collection of components proven in other industries.  The only new thing is the system ar-

rangement: The system control software has been written [26] and excellent software tools are 

available from many sources for final design verification and development of the final drawings 

needed for construction.  But, because there has been no U. S. federal funding to support the de-

velopment of PRT during the past three decades, few people in the United States have been able 

to continue to study and develop these systems.  This problem is likely the major factor that 

caused the collapse of the Chicago RTA PRT program.  We hope to correct this deficiency by 

means of the courses described in Appendix C.  The immediate question is this: Why the lack of 

federal support?  While the full answer is complex, the driving reason was that HCPRT was too 
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radical for an industry suddenly confronted with it and with no real chance or desire to under-

stand it.  The human reaction was to lobby to kill it, which the lobbyists accomplished by Sep-

tember 1974.  Today, the situation is different.  Transformative technologies like HCPRT are 

essential to maintaining mobility in an age of declining oil availability and the need to markedly 

reduce pollution.        

          

 The two leading HCPRT development programs during the 1970s are illustrated in Fig-

ures 15.1 and 15.2.  The Aerospace program ended in the mid 1970s because of the lack of fed-

eral support, and the Cabintaxi program (DEMAG+MBB) ended in 1980 when the Federal Re-

public of Germany had to divert a substantial amount of money to NATO programs.  These pro-

grams provided the bulk of the background needed to continue PRT development during the next 

two decades.  Without these programs, I don‟t believe we would be talking about PRT in any 

form today.  The world owes them thanks for their pioneering efforts.   

 

 
 
Figure 15.1.  The Aerospace Corporation PRT System [1]           Figure 15.2.  Cabintaxi [18]  

        

 A third important PRT-related development program conducted during the 1970s still 

operates in Morgantown, West Virginia.  It is shown in Figure 12.3.  I call it “PRT-related” be-

cause its fully automatic operation is similar to PRT but it uses 20-passenger vehicles, and thus is 

more correctly classified as Group Rapid Transit.  Con-

tracts were let in December 1970 to get the system operat-

ing only 22 months later.  Since there was almost no 

knowledge of the theory of PRT systems [19] in 1970, 

many decisions were made that increased size, weight and 

cost.  Yet, this system has been in continual daily opera-

tion since the mid 1970s with no serious accidents of any 

kind, which attests to the safety of fully automated transit 

systems.  The gross (fully loaded) vehicle weight is about 

11,800 lb and the operating headway is 15 seconds.   Figure 15.3.  Morgantown 

 

 In Section 1, I mentioned work of the Northeastern Illinois Regional Transportation Au-

thority (RTA).  It led, beginning in 1993, to a public/private partnership between the RTA and 

Raytheon Company.  Figure 15.4 shows the Raytheon PRT vehicle and guideway that was de-

veloped.  Unfortunately, lack of appreciation for relevant experience and the assignment of the 

design process to a team of military engineers who were ordered to produce their design in only 
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one year  the result was a vehicle four times the weight and 

a guideway twice as wide and twice as deep as necessary.  

The resulting capital cost of a system proposed for Rose-

mont, Illinois, more than tripled and the operating costs 

were correspondingly high and uncertain. As a result Rose-

mont wisely declined to proceed and the program mercifully 

died. The gross weight of the four-passenger Raytheon ve-

hicle was about 6600 lb and the operating headway was 

about 3 seconds.             

                      
              Figure 15.4.  Raytheon PRT 2000 

 

Finally, consider the system shown in Figure 15.5.  In 2001-2 I directed its design and 

construction for Taxi 2000 Corporation.  It was opened to the public in April 2003 and thousands 

of rides were given flawlessly to an enthusiastic public on          

a 60-ft section of guideway at the 2003 Minnesota State 

Fair.  The fully loaded vehicles have a maximum gross 

weight of about 1800 lb and I designed the control system 

so that multiple vehicles can operate at half-second head-

ways.  The system shown in Figure 15.5, as we understood 

it in 1990, was the basis for the winning proposal in the 

RTA program. Unfortunately, when the Phase II of the 

RTA program got underway in October 1993, prior work, 

including work done in the Phase I program, was ignored, 

which resulted in major weight and cost overruns and pro-

gram cancellation.   That need not have happened.    Figure 15.5. An Optimum HCPRT Design  
              
  

Figure 15.6 shows the gross weights of the sys-

tems shown in Figures 15.3, 15.4, and 15.5.  Cost data 

were available on the cost per mile of each of these 

systems.  Deflating these costs to the same year I 

found that system cost was very nearly proportional to 

vehicle gross weight.  Cost minimization requires use 

of the smallest, lightest-weight vehicles practical. 

They permit the smallest, lowest-cost guideways and 

are fully practical with today‟s technology. 

 
                         Figure 15.6. Vehicle weight comparison.     
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Figure 15.7. ULTra, Vectus, and 2getthere PRT Systems 

 

Figure 15.7 shows three PRT system currently under development.  The picture on the 

left is ULTra (www.atsltd.co.uk), which has been developed at BristolUniversity in the United 

Kingdom.  This system is under test at Heathrow International Airport and is to move people 

from parking lots into the terminals.  From papers on their web page, it is clear that this system is 

restricted to relatively small, low-speed, low-capacity applications in areas with very little ice 

and snow.  The center system is Vectus, which is being developed by the Korean steel company 

Posco (www.vectusprt.com).  Since September 2007 they have been operating a test system in 

Uppsala, Sweden, and in September 2009 they announced that they will build a system in Sun-

cheon, South Korea.  This system uses LIMs in the guideway, which increases guideway weight 

and cost, and a guideway similar to that in the failed Raytheon system.  The picture on the right 

is the Dutch PRT system (www.2getthere.com).  It was selected for the first phase of the famous 

Masdar project in Abu Dhabi, United Arab Emirates, as a means for providing non-polluting, 

non-oil-using transportation and is now in operation.  This system uses wire-guided vehicles op-

erating on a surface, and thus does not require a guideway.  None of these systems meets the full 

range of requirements given in Section 3 and Appendix A. 

 

16. Why has the development of PRT taken so long? 
 

 In 1953 both Donn Fichter and Ed Haltom begin thinking about a better way to move 

people in cities and their thoughts led to the concept we now call personal rapid transit. [34] In 

the late 1950s, Howard Ross and Al Sobey had been working on air-suspended vehicles and in 

this process invented a PRT concept that used air suspension and LIM propulsion.  In the early 

1960s Bill Alden again independently invented the PRT concept.  Also in the early 1960s Lloyd 

Berggren, working at the Honeywell Aeronautical Division, invented a PRT concept that used air 

suspension and air propulsion.  Only a little later, Bob Bartells, a city planner, independently in-

vented the PRT concept and documented his ideas.  Not too much later Dr. Jerry Kieffer likewise 

independently developed the PRT concept and documented his ideas.  In 1963 Congressman 

Henry Reuss heard enough about PRT that he was instrumental in inserting a paragraph in the 

bill that established the Urban Mass Transportation Administration directing this new agency to 

study the application of new technology to urban transportation.  A series of 17 studies was per-

formed in 1967 that when published in 1968 caused a flurry of activity on PRT not only in the 

United States but in many industrial countries.  So, here we are over 40 years later and we still 

look forward to the first operating PRT system.  

 

http://www.atsltd.co.uk/
http://www.vectusprt.com/
http://www.2getthere.com/
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People frequently ask me during or after the many presentations I give why, since PRT is 

such a logical idea, has it taken so long.  I now respond that the main reason PRT has taken so 

long is that it is such a logical idea — and that it is so different from conventional transit.  The 

better question, I suggest, after discussing the successes and disappointments in the history of 

PRT is this: “Why has PRT been able to survive a 57-year gestation period?” To make a long 

story short, I give the following history: 

 

On March 28, 1973 Frank Herringer, Administrator of the Urban Mass Transportation 

Administration told the House Subcommittee on Transportation Appropriations: “A DOT Pro-

gram leading to the development of a short, one-half to one second headway, high-capacity PRT 

system will be initiated in fiscal year 1974.”  The push for this program was mainly the result of 

White House interest in developing High-Capacity PRT, which came mainly from meetings with 

Dr. Jack Irving of The Aerospace Corporation.  By September 1974 this program had been lob-

bied to death, following which it was not wise for any transportation consultant interested in fed-

eral support to say anything good about PRT.  By 1980 official interest in PRT appeared to be 

dead, but not quite. 

 

In the September 1996 issue of PRT Update, the Chairman of the Northeastern Illinois 

Regional Transportation Authority, after funding a PRT test program, is quoted thus:  “I am con-

fident that PRT will prove to be a risk that will pay enormous dividends for this region.” Two 

years later the RTA dropped interest in PRT and said no more about it.   

 

So why, after the failure of a PRT development program sponsored by the second largest 

transit organization in the United States, wasn‟t PRT finally laid to rest?  As my answer, I like to 

quote the following statement by Chicago Planner Daniel H. Burnham:  

 

“. . . a logical diagram once recorded will never die, but . . . will 

be a living thing, asserting itself with ever growing insistency.”  

 

So, notwithstanding the direct failure of the Chicago PRT program, the logic of the basic 

PRT concept, as discussed in widely read issues of the RTA‟s PRT Update, did not die, but years 

later is “asserting itself with ever growing insistency.”  Each of these major setbacks delayed 

PRT by at least 15 years.  We are not out of the woods yet.  There will still be a struggle to get 

PRT fully accepted, but today we have renewed optimism.     

 

17. Economics of ITNS 
 

 Based on a system-significant equation for cost of any transit system per passenger-mile, 

I have shown [21] that the system that minimizes this cost has all the characteristics of the true 

PRT concept.  Figure 17.1 show the Minneapolis “light” rail system called the “Hiawatha Line.”  

I put “light” in quotes because the cars weigh 109,000 lb, almost twice the weight of an average 

heavy rail car.  According to a 2007 version of www.metrotransit.org the capital cost of this sys-

tem was $715,300,000 and its ridership was 7,270,000 rides per year or 19,910 rides per day.  

That works out to almost $36,000 per daily trip.  Metro Transit said that the annual operating 

http://www.metrotransit.org/
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cost was $19,850,000.  Amortizing the capital cost at the OMB-specified 7%,
23

 the total annual 

cost is $69,900,000 or $9.63 per trip.  The average trip length is reported to be 5.8 miles, so the 

cost per passenger-mile is about $1.66.  Based on the posted Metro Transit schedule, the average 

speed is 8 mph.  In comparison, the total cost per vehicle-mile of an automobile ranges from 32.2 

cents for a subcompact to 52.9 cents for a full-size utility vehicle [22].  Auto cost per passenger-

mile is 20% less.  Based on Metro Transit data, I calculated the average fare on the Hiawatha 

Line to be only $0.99, which is slightly more than 10% of the total cost.   
 

We planned and estimated the cost of an 8-mile PRT system for downtown Minneapolis.  It is 

compared with the Hiawatha light-rail line in Figure 17.2.  Our estimate for the capital cost was 

about $100 million and a professional ridership study showed about 73,000 trips per day.  Be-

cause this PRT system has not yet been built, let‟s double its cost.  Then the capital cost per daily 

trip would be $2740 – 7.6% of the corresponding cost per daily trip for the Hiawatha line. The 

annual cost for capital and operation is typically about 10% of the capital cost and we can expect 

the annual ridership on a PRT system to be at least 320 times the daily ridership.  On that basis 

the total cost for each trip would be $0.86.  With this PRT system the study showed an average 

trip length of about two miles so the break-even fare would be about $0.43 – 26% of convention-

al light rail. 

 

 
    Figure 17.1.   Minneapolis-Airport (Hiawatha) light rail.         Figure 17.2.  Cost Comparison 

 

What would be the cost per passenger-mile on a built-out PRT system?  Figure 17.3 

shows the cost per passenger-mile on a square-grid PRT system as a function of population den-

sity for values of the fraction of all vehicle trips taken by PRT, called the mode split, from 0.1 to 

0.7.  Several studies [16] suggest that an area-wide PRT system with lines a half mile apart 

would attract at least 30% of the trips.  On this basis, one can see from Figure 17-3 the relation-

ship between population density, mode split, and the fare needed for a PRT system to break 

even.  As mentioned in Figure 17.3, revenue will be obtained not only from passenger trips, but 

from goods movement and advertising as well – roughly half is a reasonable estimate, meaning 

that a passenger would have to pay only half the amount determined from Figure 17.3. 
                

                                                 
23

 The web page of the federal Office of Management and Budget directs that capital costs be amortized at 7%. 
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 For example, if the 

population density is 6000 per-

sons per square mile (Chicago 

density is about 13,000 people 

per square mile) and the mode 

split to PRT is 30%, the break-

even cost per passenger-mile 

for capital and operation is 

about 40 cents, of which the 

break-even cost for the passen-

gers would be about 20 cents, 

which can easily be recovered 

from fares.     

 

 

Figure 17.3.      

18. Land Savings. 
 

Figure 18.1 shows a freeway running on the left side at capacity – about 6000 cars per hour [23].  

This is a three-lane freeway with the fourth lane an acceleration lane.  Figure 18.2 shows the 

people riding.  In over 90% of the autos there is only one person, occasionally two, and very oc-

casionally three.  (In a 1990 study, the Twin Cities Metropolitan Council found that the average 

rush-hour auto occupancy was 1.08 and the average daily occupancy was 1.2.)  Figure 18.3 

shows all of the people moved to the center and Figure 18.3 shows the vehicles in which they 

could be riding. 

   
       Figure 18.1.  A Freeway Running at Capacity.         Figure 18.2. The People Riding. 

 

This pair of guideways can also carry 6000 vehicles per hour – the throughput of the entire three-

lane freeway.  We would normally put these guideways along the fence lines so that the stations  

would be near people‟s destinations, but the figure illustrates the land savings.  A typical freeway 

width from fence line to fence line is about 300 feet. 
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Figure 18.3.  The people moved to center.    Figure 18.4. All riding ITNS.  
 

The two ITNS lines in the middle of Figure 18.4 take up only 15 feet of width, giving a width 

reduction per unit of capacity of 20:1 or 5% of the 

land area.  But, land for an ITNS system is required 

only for posts and stations, which with guideways a 

half-mile apart is only 0.02% of city land.  The land 

underneath the guideways can be used for walking or 

bicycle trails and would not interfere with pedestrian, 

vehicle, or animal crossings.  The auto requires about 

30% of residential land and roughly 50% to 70% of 

the land in downtown areas.  This enormous land 

savings permits development of safe, low-pollution, 

energy-efficient, quiet, environmentally friendly, 

high-density living.             Figure 18.5.  A restored park thanks to ITNS  

  

Figure 18.5 illustrates the tiny fraction of land required by an ITNS system, which can 

carry substantially more people per hour than the arterial streets shown.  An area formerly 

cleared for surface parking could be restored into a park or garden, thus making the inner city 

more people-friendly and reducing the summer temperature because concrete and asphalt absorb 

sunlight and immediately heat the surrounding air, whereas plants soak up solar energy as they 

grow, and while growing absorb carbon dioxide from the air.                                                  

                             

19. Energy Savings 
 

 Minimum energy use requires very light-weight vehicles; smooth, stiff tires for low road 

resistance; streamlining for low air drag; and efficient propulsion, all of which are designed into 

ITNS.  Unlike conventional transit, in which the cars must run to provide service whether or not 

anyone is riding, the cars of ITNS run only when people wish to travel.  Studies have shown that 

this on-demand service reduces the number of vehicle-miles per day of operation needed to move 

a given number of people by more than a factor of two, which lowers the energy use and operat-

ing cost in proportion [21].    

        

Moreover, conventional transit must stop and start frequently, which means that the ki-

netic energy of motion must be applied and removed many times during a typical trip.  While 
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some energy can be recovered by regenerative braking, stop-start behavior substantially increas-

es the energy use per trip.  An additional 

point is that when an ITNS vehicle finishes 

one trip it is immediately available for 

another, unlike the automobile, which lies 

dormant most of the day.  The result is 

that one ITNS vehicle will serve as many 

trips per day as about 10 automobiles, thus 

saving the energy of construction of at 

least nine automobiles, each of which 

weighs roughly twice the weight of an 

ITNS vehicle.       

     

 Figure 19.1 gives a comparison of 

the energy use per passenger-mile of eight 

modes of urban transportation – heavy 

rail, light rail, trolley bus, motor bus, van 

pool, dial-a-bus, auto, and PRT [24].  Data 

for the first seven of these modes are aver-

ages from federal sources.  The energy use 

for kinetic energy, road resistance, air 

drag, heating, ventilating, and air-

conditioning, and construction are shown.    Figure 19.1.  Energy-use comparison.       

 

In summary PRT will be more than twice as energy efficient as the auto system under the 

new federal guidelines, which in turn is almost twice as energy efficient as the average light rail 

system.   

                          

 Suppose we consider providing energy for ITNS by means of solar panels placed on the 

sides and top of the guideway.  The better solar modules will produce about 180 peak watts per 

square meter.  Considering that only one side of the guideway would be exposed to the sun; we 

will have about 2200 square meters of solar panels per mile, which, when the sun is shining 

would produce about 400 kW.  The maximum power use by an ITNS vehicle counting heating or 

air conditioning is about 4 kW.  Thus, under peak conditions, solar energy could power 400/4 = 

100 vehicles per mile.  Multiplying by a line speed of say 30 mi/hr, the corresponding flow rate 

would be 3000 vehicles per hour or about 50% more than the peak flow on one freeway lane.  

But here we are interested in the average daily flow, which is a fraction of the peak flow; hence 

the daily average number of vehicles per mile is much less than 100.  Thus, with peak solar radi-

ation, solar panels on the sides and top of the guideway will likely produce substantially more 

energy than needed.  The surplus energy can be stored in batteries, flywheels, hydrogen, com-

pressed air, or pumped storage plants to be returned when needed. 

 

20. Benefits for the Riding Public     
      

• The system will be easy for everyone to use.  No driver‟s license needed. 

• Vehicles will wait for people, rather than people for vehicles.   
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• Travel is cost competitive. 

• The trips are short, predictable, and nonstop.   

• There is minimum or no waiting. 

• Everyone will have a seat. 

• The system is available at any hour. 

• The vehicles are heated, ventilated, and air conditioned. 

• There is no crowding. 

• There are no vehicle-to-vehicle transfers within the system 

• The ride is private and quiet. 

• One can use a cell phone, text message, read, or watch the scenery. 

• The chance of injury is extremely remote. 

• Personal security is high. 

• The ride is comfortable. 

• There is space for luggage, a wheelchair, a baby carriage, or a bicycle.  

          

21. Benefits for the Community 
 

• Energy use is very low.  

• The system can use renewable energy 

• There is no direct air pollution.  Being more than twice as energy efficient as the auto 

system and by using renewable energy, total air pollution will be reduced substantially. 

• The system is attractive for many auto users, thus reducing congestion.  

• Land savings is huge – 0.02% is required vs. 30-70% for the auto system. 

• As to accidents, no one can say that there will never be an accident, but the rate per hun-

dred-million miles of travel will be less than one billionth [12] of that experienced with 

autos. 

• Seniors, currently marooned, will have much needed mobility and independence. 

• ITNS will augment and increase ridership on existing rail or bus systems. 

• By spreading the service among many lines and stations, there will be no significant 

high-value targets for terrorists.  

• Transit subsidies will be reduced.  

• More livable high-density communities will be possible. 

• A pleasant ride is provided for commuting employees, thus permitting them to arrive at 

work rested and relaxed. 

• More people-attracting parks and gardens are possible. 

• Safe, swift movement of mail, goods and waste. 

• Easier access to stores, clinics, offices and schools. 

• Faster all-weather, inside-to-inside transportation.  

• More efficient use of urban land. 

• Fewer tendencies to urban sprawl. 

 

 

 

 



55 

 

22. Reconsider the Problems 
. 

 ITNS addresses all of the problems listed in Section 2, of which congestion, dependence 

on oil, and global warming are much in the news [25].  According to Andrew Euston, now re-

tired from the U. S. Department of Housing and Urban Development where he was Coordinator 

of the Sustainability Cities Program, PRT “is an essential technology for a Sustainable World.”  

William Clayton Ford, Chairman of the Ford Motor Company has been quoted [27] as saying: 

“The day will come when the notion of auto ownership becomes antiquated.  If you live in a city, 

you won‟t need to own a car.”  Auto executives understand that continuing to sell an exponential-

ly increasing number of automobiles every year on a finite earth, notwithstanding increased 

energy efficiency or use of renewable energy, while autos already clog cities, is not a tenable fu-

ture.   

And the solution:  An optimum combination of very small vehicles running under full au-

tomation between off-line stations of minimum-sized and elevated guideways 1) reduces the land 

required for transport to a tiny fraction of that required by the auto system, 2) permits each ve-

hicle to be reused once a trip is finished, thus enabling one vehicle to serve the trips requiring 

about 10 automobiles and markedly reduces the land required for parking, and 3) can attract in 

the USA at least ten times the ridership experienced on scheduled, all-stop transit.  With its high 

energy efficiency and ability to use non-polluting energy sources ITNS is the clear answer to a 

serious problem of industrialized civilization. 

 

23. Significant related Activity 
 

 During the summer of 2010 the government of India announced that they plan to install 

PRT systems in 17 of their cities. 

 

 At about the same time we learned that Shanghai will install a 20-km, 20-station, 500-

vehicle PRT system. 

 

 During the last week of May and the last week of June 2010, I gave a series of lectures to 

a group of engineers in Guadalajara, and near the end of this period they were notified by 

the Mexican Government that their application for funds to develop a PRT system had 

been approved. 

 

 On February 8, 2010, the Minnesota Department of Transportation released a “Request 

for Interest – Personal Rapid Transit (PRT): Viability and Benefits.”  It is available on 

www.dot.state.mn.us/transit/.  On August 18, 2010 they held a workshop on PRT. 

 

 On February 4, 2010, the organization Connect Ithaca, LLC, released a request to poten-

tial PRT suppliers for information for a Cost Analysis for a Preliminary Feasibility Study 

of PRT in Ithaca.  The study was contracted by the New York State Energy Research and 

Development Authority and the New York State Department of Transportation.  Their 

216-page report of the study is dated September 2010. 

 

http://www.dot.state.mn.us/transit/
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 A brochure entitled “Podcars
24

 – new travel on track: A sustainable travel option” was 

distributed by the Swedish Ministry of Enterprise, Energy, and Communications at the 3
rd

 

Conference on Pod Cars, held in Malmö on 9-10 December, 2009.  It concluded that 

“there are a number of possible projects and a number of possible suppliers of pioneer 

(Pod Car) systems.”  “ . . . pioneer lines for podcar traffic could be a reality in 2014.” 

 

 On August 31, 2009 the City of San Jose, California, released a Request for Proposals for 

San Jose Automated Transit Network FFRDC (Federally Funded Research and Devel-

opment Center) Development Services to assist the City in the development of an Auto-

mated Transit Network (ATN).  ATN is defined as Personal Rapid Transit.  This is the 

first such effort in the United States since the Chicago PRT project.  San Jose has con-

tracted with The Aerospace Corporation to help them identify the system they need. 

   

• The British Airport Authority has a PRT system soon to be in operation at Heathrow In-

ternational Airport to move people and their luggage from parking lots to terminals.   

Currently extensive tests with employees riding are being conducted. 

 

• The Korean steel company Posco has built and is operating a demonstration of their PRT 

system, called Vectus, in Uppsala, Sweden.  In September 2009 they announced that they 

plan to install their system in the South Korean city Suncheon. 

 

• The Masdar project in Abu Dhabi has installed a PRT system using the Dutch system 

2getthere for a first-phase system, and a small number of vehicles are now in operation. 

 

• In Fall 2008 the City of Santa Cruz, California, invited potential PRT suppliers to submit 

qualifications to build a PRT system, which now makes four cities in California interest-

ed in PRT. 

 

• In December 2008 Frost & Sullivan [28] released a 100-page “Executive Analysis of the 

Global Emergence of Personal Rapid Transit Systems Market,” which concludes with the 

statement: “Currently, the growing global emphasis on implementing eco-friendly trans-

port systems have been paralleled by technology advances and increased technological 

expertise.  As a result, PRT has progressed from being a high-tech specification vision in-

to a practical, cost-effective and flexible transport system.” 

 

• The New Jersey State Legislature has funded a study very favorable to PRT.  It was re-

leased in April 2007, and is available on several web sites including www.prtnz.com. 

 

• In March 2006 official research by the European Union concluded: “PRT contributes sig-

nificantly to transport policy and all related policy objectives.  This innovative transport 

concept allows affordable mobility for all groups in society and represents opportunities 

for achieving equity. . .  PRT is the personalization of public transport, the first public 

transport system that can really attract car users and which can cover its operating cost 

and even capital cost at a wider market penetration.  PRT complements existing public 

                                                 
24

 Swedish name for Personal Rapid Transit. 

http://www.prtnz.com/
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transport networks.  PRT is characterized through attractive transport services and high 

safety. ” [2] 

 

• In 1998, after a year of study, the Advanced Elevated Rail Committee of a Cincinnati 

businessmen‟s organization called Forward Quest recommended my design — Taxi 2000 

— over 50 other elevated rail systems, some of which existed in hardware and others were 

paper designs. 

 

• During the 1990s the City of SeaTac, Washington, spent about $1 million on studies of 

PRT and await a viable PRT system.  These studies were initiated in 1992 with a 

$300,000 grant as a result of two presentations I gave, one to a group of 60 officials in 

SeaTac, and the other to 40 members of the Washington State Legislature.   

 

24. Development Strategy 
 

 PRT International, LLC,
25

 has entered the HCPRT field with a new design, improved 

over prior work and now called ITNS.   Experienced systems engineers and engineering compa-

nies are ready to work with the company as soon as the needed funds are available.  Our ap-

proach is as follows: 

  

1. Seek first a modest-sized application where the decision process is relatively easy, and 

find investors who believe we can meet their requirements.  This first real people-moving 

demonstration must convince a skeptical transportation community that ITNS will work 

as projected.  We have several candidates. 

 

2. With a group of investors interested in applications, fund first a full-scale pilot project on 

an easily selected site using a loop guideway large enough to achieve speeds of at least 35 

mph comfortably and having one station, a maintenance facility, and three vehicles, re-

cognizing that all stations, all vehicles, and all merges and diverges are alike.  Such a fa-

cility will enable us to prove the specifications needed to assure success of the first 

people-moving application as quickly as possible and will provide a test bed for many 

years apart from applications for proving new design features.  Drawing on many years 

of experience in theory, development, planning, design, and construction, we estimate 

that we can complete this program in 24 months for no more than US$25 million with 

ample allowance for site engineering on the first application and for worldwide market-

ing.  We have completed sufficient planning for such a program to enable us to proceed 

immediately, and today‟s design tools will enable us to ready the final designs for manu-

facture much more quickly than formerly possible.  In today‟s term, we are “shovel 

ready.”   

 

3. We have been approached by representatives of several financial groups, all of which 

have no patience with the kind of proof testing I mention above under the assumption that 

it will delay return on investment by at least three years and that it is a waste of resources 

to build a guideway – even only a half mile around – that will be used only for testing 

                                                 
25

 7500 Equitable Drive, Eden Prairie, Minnesota 55344, USA, (952) 936-9490. 
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and marketing.  This need not be so.  With the applications mentioned in item #1 above, 

it will still take probably at least 18 months to do all of the planning needed to begin 

building the system.  On the other hand, the site for a purely pilot project can be selected 

within a week of the time the necessary funds are available, and, with the advanced state 

of our engineering work, we could begin surveying immediately upon acquiring the land 

and be digging post holes a month later.  The engineering team, which in any case must 

be assembled, will see their final computerized design work become actualized very 

quickly and we will begin testing in barely more than a year from a standing start.  The 

team would then be able to test the system away from prying eyes anxious to report as a 

failure anything they think out of line.  Eighteen months from start our team will be ready 

to begin the engineering work on the first application while exhaustive testing is under-

way.  With this process it is likely that there would be very little if any delay in return on 

investment, and the first application would benefit from the kind of scrutiny every sea-

soned engineer knows is necessary.  

 

4. In cooperation with others, continue to inform consultants, planners, and financiers. 

 

5. Perform planning studies for specific applications.  

 

6. Teach and promote the teaching of the engineering, economic, and planning sciences of 

ITNS per the syllabus given in Appendix C.  A wide range of transportation consultants 

need to know the details if they are to be able to evaluate and plan these systems. 

 

7. Realize that in time ITNS will become similar to other public works such as bridges, 

roads, rail systems, etc. on which companies bid and win projects based on competence, 

design superiority, and by giving the buyer assurance of multiple sources of supply.   In-

vestors who see the potential of ITNS now will reap substantial profits before the field 

becomes saturated.    

 

 The reader is invited to view our summary power-point presentation “Solving Urban 

Transportation Problems through Innovation,” which can be watched on or downloaded from the 

web page http://www.prtinternational.com/cms.    
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Appendix A 

 

System Requirements 

 
 Requirement How Requirement is Met 
1 The system must be designed for a substantially higher 

level of safety than existing people-moving systems in 

terms of incidents per billion miles. 

By use of components of proven reliability and as few 

of them as practical.  By use of dual duplex computers 

wherever computers are needed. 

2 The possibility of injury due to collisions with the gui-

deway posts or falling trees must be extremely rare. 

If street vehicles could collide with the guideway 

posts they must be either placed on concrete pedestals 

or highway barriers must protect them.  If a tree large 

enough to damage the guideway might fall on the gui-

deway, either the guideway must be relocated or the 

tree must be cabled back. 

3 Adequate ride comfort.  This seems obvious, but a num-

ber of the PRT developers neglected ride comfort until it 

was too late.  Ride comfort requires not only designing 

to given maximum steady state jerk and acceleration but 

to meeting ISO criteria on acceptable acceleration vs. 

frequency.  Moreover, the design must take into account 

motion sickness as vehicles bank in curves.  

By rolling curved angle running surfaces to be smooth 

within a given criterion.  By designing all curves to 

keep lateral jerk and acceleration at planned speeds to 

be within accepted ride comfort standards.  By design-

ing so that fore-aft jerk and acceleration lie within 

accepted standards.  There are no standards on motion 

sickness, but the Swedish railroad experience is a 

guide. 

4 The design must be compatible with the American Dis-

abilities Act. 

The vehicles must be able to accommodate a wheel-

chair with an attendant.  The station ticketing and 

boarding procedure must permit the system to be used 

by visual and hearing impaired persons. 

5 The design must permit straightforward manufactura-

bility and installation. 

Design for simplicity and consult manufacturing engi-

neers in every phase of development. 

6 Minimum size, weight and capital cost.   These factors are fundamental to PRT design.  What I 

found is that the minimum weight guideway cross sec-

tion, taking into account maximum vertical loads and 

maximum lateral wind loads, is a little narrower than 

deep.  The Aerospace Corporation first reached this con-

clusion and also observed that this structurally optimum 

design would give the least visual impact, i.e., the smal-

lest shadow. 

 

These features are achieved  

 by use of a vertical chassis, which permits a 

minimum width guideway;  

 by supporting the vehicle on high-pressure 

pneumatic tires or airless tires with similar 

characteristics.  Wheels minimizes the con-

tact area and hence the guideway width, and 

 by use of a steel truss structure, which mini-

mizes guideway weight. 

7 Minimum practical operating cost. By eliminating intermediate stops, the system requires 

less than half the vehicle-miles of travel than required 
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by scheduled, all-stop systems, and minimizes the 

energy required to supply kinetic energy of motion.  

Use of smooth metallic running surfaces minimizes 

road drag.  Careful attention to streamlining minimiz-

es air drag.  By designing the variable frequency 

drives to minimize the current requirement at each 

speed minimizes electrical-power losses.   

8 The switching concept must be straightforward, easily 

explained, and one of the first items to clarify while 

developing the configuration. 

A switch arm on the vehicle that rotates around a lon-

gitudinal axis fulfills this requirement.  By designing 

it so that the force applied during switching passes 

through the center of the switch rotational axis makes 

the switch bi-stable. 

9 Span.  Planning studies have shown that the guideway 

should be designed for spans of up to 27 meters (90 ft).  

Longer spans needed to cross rivers or major highways 

will use cable-stayed suspension-bridge technology. 

By use of a minimum-weight, steel, truss structure the 

guideway loads are minimized, which permits maxi-

mum span. 

10 The guideway and its manufacturability must be de-

sign to accommodate hills and valleys as well as hori-

zontal curves. 

Use a steel truss guideway with round-tube stringers 

for easy bending into curves. 

11 Weather protection.  The system will need to operate 

in rain, snow, ice, dust, and salt spray, i.e. in a general 

outdoor environment.  Some designers concluded that 

this required that the vehicles hang from the guide-

way; however, I found a number of reasons to prefer 

placing the vehicles on top of the guideway. 

 

Attach composite covers to the sides and over the top 

of the steel-truss guideway leaving a slot only 4 inches 

wide for the chassis to pass through.  These covers 

prevent ice accumulation on the power rails, they 

shield the tires from the sun, they minimize differen-

tial thermal expansion, and they provide electromag-

netic and noise shielding. 

12 Guideway heating.  The guideway must be designed 

so that under winter conditions, guideway heating will 

not be necessary. 

 

The design described in the previous item satisfies the 

need to eliminate guideway heating. 

13 Resistance to maximum wind load.  Codes vary from 

city to city, so thinking in terms of hurricane winds I 

designed for 240 km/hr (150 mph) cross winds.  I did 

not design for tornado winds, which can go well over 

320 km/hr (200 mph) because it would be cheaper to 

replace failed sections than to build the entire system to 

withstand such a highly improbable load. 

Build the covers with curve radii at the top and bottom 

of 1/6
th

 the height of the guideway to reduce the side 

drag coefficient to about 0.6.  Design the posts and 

foundations for the maximum side load. 

14 Resistance to earthquake loads.  If an earthquake causes 

the earth to shear horizontally, as has happened, no de-

sign will prevent failure.  The most common earthquake 

load translates to a horizontal acceleration.  In the 1994 

Los Angeles earthquake, horizontal loads up to 1.6 g 

were detected.    

The lighter the guideway the easier it will be for the 

foundations and posts to resist a side inertia load.  The 

truss guideway is the lightest possible.  In an earth-

quake zone, the post foundations will be designed to 

absorb the shock of an earthquake load. 

15 The system design must permit competitive operating 

speeds. 

The maximum comfortable operating speed is propor-

tional to the natural frequency of the guideway, which 

is maximized by using a light-weight truss structure. 

16 The guideway must be easy to erect, change, expand or 

remove.  The guideway sections must be designed so 

that the system can be expanded by taking out a straight 

section and substituting a switch section. 

The light-weight truss structure minimizes the cost of 

erection, change, or removal.  The end configuration 

of each section is designed to facilitate assembly and 

removal. 

17 The system must be designed so that it can be expanded 

indefinitely in a straightforward way. 

Use of wayside power provided via power rails per-

mits trips of any length. 

18 The guideway design must be such that slope disconti-

nuities at posts are eliminated. 

Careful attention to the guideway joints has enabled 

design of joints that eliminate slope discontinuities, 

which would result in unacceptable bumps. 
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19 Access for maintenance.  I visited the H-Bahn test sys-

tem in Düsseldorf in 1974.  The cars hung from an in-

verted U-shaped steel-plate guideway.  There were pow-

er rails and communication lines on the inside of the 

guideway but no way to reach them.  One had to assume 

that they would never require maintenance, which is an 

unacceptable assumption. 

By hinging the covers at the bottom and by use of 

quick fasteners at the top, they can be swung down to 

reach the guideway interior for any maintenance task, 

however improbable it will be. 

20 Relief of thermal stresses.  Except at noon, the sun will 

shine on one side of the guideway, with the other side in 

the shade, thus causing one side to expand more than the 

other.  In some cases this has caused structural failure. 

The use of covers over the steel truss will enable a 

nearly uniform internal temperature, thus eliminating 

the problem of differential thermal expansion. 

21 The power rails must be shielded from the winter-night 

sky.  Some PRT systems operate their vehicles with on-

board batteries, so for them this is not a problem.  How-

ever, on-board batteries add weight and must contain 

enough energy for the worst conditions of wind, grade, 

and trip length, which increase as the system expands; 

so it is better to pick up wayside power via sliding con-

tacts.  On clear winter nights heat radiates to a very cold 

space and as a consequence frost often forms on metallic 

surfaces.  In the Airtrans system, which was installed at 

the Dallas-Ft. Worth Airport in 1972, it was found that 

on clear winter nights enough frost formed on the power 

rails that they had to be sprayed with ethylene glycol as 

a temporary expedient before starting the system each 

morning.  Later they installed heaters in the power rails.  

A similar problem was discovered in the elevated gui-

deway system installed at the Minnesota Zoo.  In sys-

tems such as Cabintaxi in which the power rails were 

covered, frost formation was never a problem. 

 

The covers eliminate this problem. 

22 The design must provide adequate torsional stiffness. 

 

Torsional rigid is increased to an adequate level by 

clamping the guideway to the posts via a special 

bracket and by use of tube stringers. 

23 Design to liberalize the required post-settling tolerance. Design for shims to be placed at the bottom of the 

guideway posts.  Design the joint between guideway 

sections to eliminate slope discontinuities. 

24 High natural frequency to obtain maximum speed.  This 

is not as important a consideration as I once thought it 

was, but all else being equal higher natural frequency is 

better. 

Use a minimum-weight guideway, i.e., a truss to give 

the highest natural frequency. 

25 Lightning protection.   Ground the guideway at the posts, and provide a 

ground path from each vehicle to the guideway via the 

power rails. 

26 It must be very difficult if not impossible for anyone 

to be electrocuted by the system. 

The covers, with only a 4-inch-wide slot at the top, 

make electrocution virtually impossible. 

27 Space for communication wires.  Wireless communi-

cation may be practical, but is more likely to be sub-

ject to interference.  Moreover, the system would like-

ly have to lease the frequencies it needs, which would 

be prohibitively expensive.   

Design space for installation of a leaky cable for 

communications between the vehicle and the guide-

way.  Nothing special need be done with the truss gui-

deway to do this. 

28 Minimize electromagnetic interference.  The U. S. Fed-

eral Communications Commission requires that any new 

element in a community not interfere with existing elec-

tronic devices.   The motors or drives on a PRT vehicle 

Apply a thin layer of aluminum to the inside of the gui-

deway covers to provide the needed electromagnetic 

shielding. 
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may emit electromagnetic noise and the communica-

tions system may be subject to electromagnetic noise.  

29 Minimize potential for vandalism or sabotage. Use as narrow as practical a slot at the bottom of the 

guideway covers.  The narrow gap at the top of the 

guideway minimizes the chance of a foreign object 

being thrown in.  Provide adequate lighting and video 

monitoring in stations.  Design the station-guideway 

interface to make it very difficult to get out on the 

guideway. 

30 There must be no producers of vibration or noise. All of the parts must be firmly attached.  Vibration 

tests during the design phase must be performed. 

31 Provision must be made to prevent corrosion. All of the steel parts of the guideway must be coated 

with a zinc-based paint used for outdoor steel struc-

tures. 

32 There must be no place for water to accumulate. Design the bottom portion of the covers to slope 

downward toward the center. 

33 The design must permit the appearance to be varied to 

suit the community. 

 

 

The composite covers can be colored and textured to 

suit the community. 

34 It must be difficult if not impossible to walk on the   

guideway unless walkways are provided.  

Design the top portion of the guideway covers to slope 

downward towards the sides.  Moreover, the cover 

need not have sufficient strength to support a person.  

Design the stations so that walking out onto the gui-

deway will be virtually impossible. 

35 Thought must be given to providing for damping. The connection between guideway sections while 

transferring shear is accomplished by inserting tubes 

inside the main stringers.  The material used between 

the tubes will provide damping. 

36 Curved and branching sections are more difficult than 

straight sections; therefore it is prudent to think through 

first a design in which the many required curved, merge, 

and diverge sections will be easy to fabricate. 

The truss guideway configuration, the basic element 

of which is a series of transverse U-frames, can be 

assembled and welded in a computer-operated fixture, 

which permits curves of any configuration to be fabri-

cated readily. 

37 Design the system for 50-year life. The corrosion-resistant coating, such as a zinc-based 

paint should be specified for 50-year life. 
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Appendix B 

 

Design Criteria 
 

 

1. Vertical and Lateral Design Loads.  One must consider dynamic loading due to vehicles 

moving at speed, wind loads, earthquake loads, longitudinal loads due to braking vehicles, 

and loads due to street vehicles crashing into the support posts, if that is to be permitted.  

The best study I have seen on dynamic loads is one done in the M. I. T. Mechanical Engi-

neering Department by Snyder, Wormley, and Richardson [Snyder, 1975].  In their comput-

er studies, they simulated vehicles of various weights operating at various speeds and vari-

ous headways, and running over guideways of various span lengths. By placing their results 

in dimensionless form, the usefulness of their results is extended considerably.  I studied 

their results [Anderson, 1978a] and noted that the shorter the minimum headway the smaller 

was the difference between dynamic and static deflection, and in the theoretical limit of zero 

spacing between vehicles the dynamic and static deflection are the same, i.e., the guideway 

cannot tell the difference.  Assuming PRT vehicles operating at a minimum headway of half 

a second, I found that the maximum dynamic guideway deflection and stress with vehicles 

operating at line speed was less than the maximum deflection and stress with vehicles nose-

to-tail on the guideway.  Therefore the maximum possible vertical load becomes a uniform 

load and it is easiest to calculate.  The likelihood, however, that every vehicle on a span 

would have the maximum payload is vanishingly small.  It is more realistic to take the max-

imum weight of a vehicle to be the empty weight plus the maximum payload weight divided 

by the square root of two.  Call this the root mean square or rms load.  Thus we take the de-

sign load on a span to be 

 

1) RMS loaded vehicles nose to tail on span + 30 m/s (70 mph) crosswind. 

2) No vehicles + 80 m/s (180 mph) crosswind. 

  

The maximum wind load on a guideway can be substantially reduced by reducing its drag 

coefficient based on known wind-tunnel data [Hoerner, 1965], [Scraton, 1971]. 

 

1. Longitudinal loads.  The criterion is based on vehicles operating at minimum headway all 

stopping simultaneously at 0.5 g.  I found this load to be less than the maximum wind load. 

 

2. Earthquake load.  There is debate on the maximum horizontal acceleration measured due to 

an earthquake.  In a presentation at a Society of American Military Engineers conference in 

San Diego in the last week of March, 1994, shortly after the Los Angeles earthquake, an 

Army Major General who had been placed in charge of rebuilding the Los Angeles freeways 

told his audience that the maximum horizontal acceleration measured was 1.6g, which is 

higher than any figure I have seen in print.  The bottom line, though, is that the lighter the 

elevated structure, the easier it is to design foundations to withstand such loads.  I have 

found that for the guideway I designed a horizontal acceleration of the ground of 0.86 g is 

equivalent to a wind load of 80 m/s (180 mph).  A PRT guideway must be designed to the 

local earthquake code, which varies considerably from one region to another.  In areas prone 
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to earthquakes, structures are often designed not with rigid foundations but with foundations 

that can flex and absorb horizontal shock loadings.  Similarly, the foundations for the posts 

of a PRT guideway can be built with heavy springs near the lower end to take up the shock 

of a sudden horizontal acceleration.  

 

3. Design stress – The designer must use standard values for the selected material. 

a. Specify corrosion protection for the life of the structure. 

b. Prevent water accumulation. 

c. Plan to clean out any bird droppings, which are corrosive. 

d. Design to account for material fatigue over the specified life. 

e. Design to relieve thermal stresses. 

 

4. Maximum allowable deflection.  The standard for steel transit guideways is span/1000 whe-

reas the AASHTO bridge standard has been span/800. 

 

5. Minimum allowable span.  The Chicago PRT design study conclusion:  28 m (90 ft) except 

in curves, where a center support can be used. 

 

6. Ride Comfort  

a. Observe the ISO standards for acceleration vs. frequency 

b. Observe the ISO standard acceptable constant acceleration and jerk for normal and 

emergency operation, which are also given in the ASCE APM Standards. 

c. Crossing frequency of vehicles should be out of phase with natural frequency of gui-

deway to prevent resonance, which is achieved with asynchronous control. 

d. Reduce incidents of motion sickness by limiting the bank angle in turns.  The ASCE 

APM Standards specify a maximum bank or superelevation angle of 6
o
.  There is no 

ISO standard here, but experience in Swedish railroads with tilting bogies has shown 

that motion sickness has limited the speed at which these trains can negotiate curves. 

 

7. System Life.  The Chicago RTA specified 50 years for the fixed facilities. 

 

8. Compliance with the Americans with Disabilities Act (ADA). 

a. Must accommodate a wheelchair with an attendant. 

b. In the Chicago study, the disability community strongly demanded access to every 

vehicle, with the wheelchair facing forward. 

c. Must provide for visual and hearing disabilities. 

 

9. The minimum line headway needs to be specified at the beginning of the design program 

based on detailed site-specific planning studies.  When it is not, as has usually been the case, 

the system may be destined for a limited range of applications.  Based on many independent 

studies we have designed for a minimum headway of half a second. [Anderson, 1994] 

 

10. Design for the expected environment 

a. Rain, ice, snow of a given rate of accumulation. 

b. Ambient temperature range, typically -40
o
C to +55

o
C. 
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c. Lightning protection. 

d. Sun. 

e. Dust, sand, salt.  

f. Nesting bees, birds, squirrels, etc. 

g. Earthquakes – Design to maximum expected horizontal acceleration at the site. 

h. Fire. [NFPA 130] 

i. Vehicles crashing into posts. [Anderson, 2006, Appendix A] 

j. Interference from other elements of the urban scene. 

k. Ice build up on power rails due to clear winter night sky. 

 

11. Speed range.  Select the cruising speed to minimize cost per passenger per unit of distance. 

Consider that turn radii, stopping distance, kinetic energy, and the energy needed to over-

come air drag all increase as the square of speed; and that energy use also depends on 

streamlining, low road resistance, and propulsion efficiency.  Consider that the maximum 

operational speed for acceptable ride comfort is proportional to the guideway natural fre-

quency, which depends on guideway stiffness and the type of support. [Anderson, 1997] 

 

12. Costs.  The design team should aim for costs sufficiently low to be recoverable in fares, i.e., 

the system should be designed to be a profitable private enterprise.  Such a conclusion can-

not be reached without a strong systems-engineering effort, but by striving for this goal the 

design team will insure its future. 

 

13. Require a small amount of vibration damping in the guideway. 

 

14. Acoustical noise should be less than the noise of automobiles on streets. 

 

15. Electromagnetic noise generated cannot interfere with existing devices. 

 

16. Communication means must be accommodated. 

 

17. Expansion.  Design so that the system can be expanded indefinitely. 

 

18. Design to minimize the effects of vandalism and sabotage. 

a. Assign young engineers to study ways to vandalize the system and how to prevent it. 

b. The spread-out nature of a PRT system provides no high-value targets. 
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Appendix C 

 

Courses of Study to prepare to work on PRT Design and Planning 
 

I. Systems Engineering applied to PRT Systems 
 

Optimization of Transit-System Characteristics 

 
A system-significant equation for the cost per passenger-mile is developed and from it, using available da-

ta, it is shown that the system that minimizes cost per passenger-mile has all the characteristics of the true 

PRT concept.  

 

A Review of the State of the Art of Personal Rapid Transit 

A review of the rational for development of personal rapid transit, the reasons it has taken so long to devel-

op, and the process needed to develop it.  The author summarizes arguments that show how the PRT con-

cept can be derived from a system-significant equation for life-cycle cost per passenger-mile as the system 

that minimizes this quantity.  In the bulk of the paper the author discusses the state-of-the-art of a series of 

technical issues that had to be resolved during the development of an optimum PRT design.  These include 

capacity, switching, the issue of hanging vs. supported vehicles, guideways, vehicles, control, station op-

erations, system operations, reliability, availability, dependability, safety, calculation of curved guideways, 

operational simulation, power and energy.  The paper concludes with a listing of the implications for a city 

that deploys an optimized PRT system. 

The Future of High-Capacity PRT 

High-capacity personal rapid transit (HCPRT) is a concept that has been evolving for over 50 years.  Not-

withstanding lack of institutional support, it has kept emerging because in optimum form it has the potential 

for contributing significantly to the solution of fundamental problems of modern society including conges-

tion, global warming, dependence on a dwindling supply of cheap oil, and most recently terrorism.  The fu-

ture of HCPRT depends on careful design starting with thoroughly thought-through requirements and crite-

ria for the design of the new system and of its major elements.  Many people have contributed importantly 

to the development of PRT and the author regards the work during the 1970s of The Aerospace Corporation 

to be by far the most important, without which this author could not have maintained interest in the field.   

After deriving the HCPRT concept, work is reviewed on the important factors that the design engineer 

needs to consider in contributing to the advancement of HCPRT, so that after shaking out the good from the 

not so good features of the basic concept cities, airports, universities, medical centers, retirement communi-

ties, etc. can comfortably consider deploying HCPRT systems.  Once PRT systems are in operation we can 

expect that universities will teach courses on HCPRT design and planning and that a number of competent 

firms will be involved in manufacturing HCPRT systems.  HCPRT is close to moving to mainstream and 

can bring about a brighter future for mankind. 
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Automated Transit Vehicle Size Considerations 

 
Nine considerations are developed that will assist an analyst desiring to determine the optimum size of an 

automated transit vehicle.  These considerations are travel behavior, network operations, personal security, 

treatment of disabled riders, social considerations, safety, dependability, capacity, and cost. 

 

The Structural Properties of a PRT Guideway 

 
Calculation of the structural properties of a U-shaped truss guideway in both bending and torsion. Determi-

nation of the guideway natural frequency and the critical speed. 

 

Safe Design of Personal Rapid Transit Systems 

 
The safety of PRT systems involves careful attention to all features of the design such as the use of a hie-

rarchy of fault-tolerant redundant control system, bi-stable fail-safe switching, back-up power supplies, ve-

hicle and passenger protection, and attention to the interaction of people with the system.  Safety, together 

with reliability and adequate capacity, must be achieved while making the system economically attractive; 

hence techniques to achieve these goals at minimum life-cycle cost are primary in PRT design.  The paper 

describes the relevant features in a new transit system and the principles of safe design required. 

 

Control of Personal Rapid Transit Systems 
 

The problem of precise longitudinal control of vehicles so that they follow predetermined time-varying 

speeds and positions has been solved. To control vehicles to the required close headway of at least 0.5 sec, 

the control philosophy is different from but no less rigorous than that of railroad practice. The preferred control 

strategy is one that could be called an "asynchronous point follower." Such a strategy requires no clock syn-

chronization, is flexible in all unusual conditions, permits the maximum possible throughput, requires a mini-

mum of maneuvering and uses a minimum of software. Since wayside zone controllers have in their memory 

exactly the same maneuver equations as the on-board computers, accurate safety monitoring is practical. The 

functions of vehicle control; the control of station, merge, and diverge zones; and central control are dis-

cussed. 

 

Synchronous or Clear-Path Control in Personal Rapid Transit 

An equation is derived for the ratio of the maximum possible station flow to average line flow in a PRT or 

dual-mode system using fully synchronous control.  It is shown that such a system is impractical except in 

very small networks. 

 

Dependability as a Measure of On-Time Performance of Personal Rapid Transit Systems 

 
Dependability is defined as the percentage of person-hours of operation of a PRT system completed with a 

delay less than a prescribed value.   Such a definition, while desired in conventional transit, cannot be 

measured without asking every patron the destination of his or her trip, which is impractical.  This defini-

tion is practical in PRT systems.  Both how to calculate Dependability in advance of deployment of a PRT 

system and how to measure it while the system is in operation are developed.  The method provides the ba-

sis for precise contract language by which to measure on-time performance. 

 

Life-Cycle Costs and Reliability Allocation in Automated Transit 

 
In any system composed of many subsystems and components there is a performance requirement that must 

be met and it is desirable to meet it at minimum life cycle cost.  It is generally possible to manufacture each 

component to fail less frequently but at higher cost.  The acquisition cost of each component increases as 

the mean time to failure (MTBF) increases but the support cost decreases as the MTBF increases, so the 
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life-cycle cost of each component is a bathtub curve as a function of MTBF with a single minimum point.  

If all of the components were selected at their minimum points, the system life cycle cost would be mini-

mized, but generally the performance would be less than required.   To minimize the life-cycle cost at a 

higher level of performance the MTBF of each component must be select at a longer time than the value 

that minimizes the life-cycle cost for that component.  This is a constrained minimization problem, i.e., the 

problem of finding the values of the MTBF of each component that meets the performance requirement at 

minimum life cycle cost.  This problem is solved and results in an equation for optimum MTBF of each 

component in terms of the normal and emergency operation of the system and the life-cycle-cost characte-

ristics of each component.  The method is a useful tool to guide the development of any system. 

 

The Capacity of Personal Rapid Transit System 
 

A comprehensive discussion of the question of both required and obtainable capacity in PRT system based 

on both observation of the behavior of people and on theory.  It is shown that once a network of PRT 

guideways is laid down rather than the few widely spaced lines of conventional rail system the required ca-

pacity of both lines and stations is remarkably modest.  As a result a modern PRT system will exceed the 

maximum practical throughput of most conventional rail systems.   

 

Energy Use in Transit Systems 

 
The energy use of heavy rail, light rail, trolley bus, motor bus, van pool, dial-a-bus, auto, and PRT are 

compared.  The energy needed to overcome air drag, rolling resistance, and inertia; the energy needed for 

heating, ventilating, air conditioning; and the energy needed for construction are calculated.  The factors 

used for the conventional transit systems are averages given in federal data.  

 

High-Capacity Personal Rapid Transit 

 
 A review of the derivation of a high-capacity PRT system; its physical characteristics, economics, energy 

use, and benefits to both the user and the community; the status of development; requirements and criteria for de-

sign, and development strategy.  

 

 

II. Planning of PRT Systems 

 
High-Capacity Personal Rapid Transit 

 

Policy Issues that will guide the design of the system. 

 
Safety and Security issues, handicapped access, passenger comfort and convenience, operational conveni-

ence, ticketing, weather, loading, performance, and standards. 

 

The Capacity of Personal Rapid Transit System 
 

Energy Use in Transit Systems 

 
Simulation of the Operation of Personal Rapid Transit Systems 

A simulation program is necessary for accurate quantitative evaluation of PRT systems.   The steps needed to set up and 

operate such a program for any PRT system are developed. 
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Equations needed to compute the properties of curved guideways 

 
Each curve requires first a region in which the curvature increases from zero to the maximum comfort 

value, then generally a section of constant curvature, and finally a section in which the curvature deceases 

from the maximum value to zero.  In general the curve is superelevated.  The differential equation of the 

curve are developed and solved for any curve, horizontal or vertical. 

 

The Transition to an Off-Line Station 

 
Generally applicable differential equation for the transition curve.  Equations for constant-speed transition.  

The transition to an off-line station.  Limits.  Quarter and half point values.  Transition with variable speed.  

The Curvature.  The Slope of the Transition Curve.  The Transition Curve.     The Length of the Transition.  

The Station Speed.  Solution for large lateral displacement.  Collection of the Equations for the Transition.  

Calculation of the Speed into a Station.  How does the Station Throughput change with Station Speed?  A 

Program to Compute the Transition.  Numerical Solution for the Transition for an Arbitrary Speed Profile. 

 

Layout of a PRT Network 

 
Quantitative layout of a PRT network including properties needed for vehicles and passengers.  List of con-

stant values for the system.  Programs to calculate and plot the system. 

 

Stopping Distance vs. Transition Length 

 
Derivation of the relationship between stopping distance and the transition length to an off-line station. 

Ridership Analysis 

 

III. The Simulation and Control of PRT Systems 
 

Control of Personal Rapid Transit Systems 
 

Simulation of the Operation of Personal Rapid Transit Systems 
 

Longitudinal Control of a Vehicle 

 
Generally applicable formulae for the gain constants in a proportional plus integral controller required for 

stable control of the speed of any vehicle in terms of natural frequency, damping ratio, vehicle mass, and 

thruster time constant.  An example, based on a simulation of the controller and vehicle, is given.  The 

theory shows that only speed and position feedback are needed.  Acceleration feedback is unnecessary. 

 

Failure Modes and Effects 

 
A wide range of failure modes in PRT systems are treated with estimates of the mean time to failure of 

each and the degree of redundancy needed to meet requirements of performance and safety.  In developing 

the results, many details of the control system required are explained. 

 

The Geometry of a Vehicle Moving in 3-D Space 

 
The Reference Frames and the Velocity Vector.  Components of Acceleration.  Maximum Speed based on 

Comfort Acceleration.  The components of Jerk.  The Differential Equations of the Spiral Transitions.  Plane 

Transition Curves at Constant Speed.  The Transition Curve with no Region of Constant Curvature.    The 
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Transition Curve with a Region of Constant Curvature.  The Roll-Rate Limit.  Nonlinear Effects.  Yaw-Pitch 

Coupling.  Large Yaw Angles.  Superelevation. 

 

The Throughput of Off-Line Stations 

 

Layout of a PRT Network 

 
Quantitative layout of a PRT network including properties needed for vehicles and passengers.  List of con-

stant values for the system.  Programs to calculate and plot the system. 

 

Kinematics of motion of PRT vehicles 

 
 A simple means of calculating all of the required maneuvers is developed. 

 
 

IV. The Design of a PRT System 
 

The Future of High-Capacity PRT 

 

Design requirements and criteria. 

 

Policy Issues that will guide the design of the system. 

 

Systems Engineering and Safety 

 
A great deal of systems engineering work has been done to arrive at the current configuration of a PRT sys-

tem.  The team needs to be sure that the hardware and protocols selected for system control take advantage 

of the current state of the art.  A major part of any automated guideway transit engineering program is to 

insure that the system will be safe.   

 

The Structural Properties of a PRT Guideway 

 
Calculation of the structural properties of a U-shaped truss guideway in both bending and torsion. Determi-

nation of the guideway natural frequency and the critical speed. 

 

Dynamic simulation of a vehicle passing through a merge or diverge section of guideway  

 
The purpose of this dynamic simulation is to determine maximum loads on the wheels and the tire stiffness 

required to insure passenger comfort. 

 

Analysis of a Bi-Stable Switch 

 

The Optimum Switch Position 

 

Conditions for a Vehicle to Tip 

 

Coasting Tests 

 

LIM Clearance in Vertical Curves 
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Design of: 

 

Guideway and Posts 

Guideway Covers 

Chassis 

Cabin 

Control software and hardware 

Propulsion System 

Wayside Power and Guideway Electrification 

Station, Maintenance Shop, Control and Demonstration Room. 

Foundations and Landscaping. 

Test Program 

 

 

Appendix D.  The Linear Induction Motor 

 
The basic principles of electromagnetic induction upon which a linear induction motor operates 

are illustrated in Figure D-1.  If a magnet moves at a speed V the magnetic flux ahead of the 

magnet increases in time with respect to a fixed surface and the magnetic flux behind the magnet 

decreases with time.  The way Mother Nature works, a time varying magnetic field induces an 

electric field proportional to the rate of change of the magnetic field.  If the magnet moves along 

a conducting surface, the induced electric field causes a current in the plate proportional to it.  

With the North and South poles as shown in Figure D-1, the current is counterclockwise ahead of 

the moving magnet and clockwise behind.  Under the middle of the magnet the induced currents 

come out of the paper towards the left in Figure D-1 and here the magnetic field is of maximum 

strength and is downward.  This is the principle of electromagnetic induction, which was discov-

ered in 1820.   

 
Figure D-1.  Current induced by a moving magnet. 

 

A property of nature is that when an electric current passes across a magnetic field a force is pro-

duced perpendicular to both the current and the magnetic field.  James Clerk Maxwell, in the mid 
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1850s, derived the laws under which these phenomena work in a set of equations now called 

Maxwell‟s equations.  The remarkable fact is that these equations have proved time and again to 

be exact.  In Figure D-1 the force on the plate is to the right.  If the conducting plate is resting on 

a low-friction surface, the plate will be dragged along with the magnet. 

 

To achieve the speed V, the person or object moving the magnet must overcome the force F on 

the magnetic, which force is equal and opposite to the force induced in the conducting plate.  If 

the conducting plate is fastened down and above it there is a vehicle containing a traveling mag-

netic field moving to the right, the force F moves the vehicle to the left.  It is thus necessary to 

devise a way to produce such a traveling magnetic field. 

 

A means for producing a traveling magnetic field is illustrated in Figure D-2.  In the middle illu-

stration, the elongated object containing slots is one of a stack of thin iron sheets stamped out 

with a die.  The bottom view shows the same iron sheets in edge view stacked up as in a trans-

former.  Three sets of coils are wound as indicated and are connected as shown in either the illu-

stration on the left or on the right.  The left illustration show what is called a “delta” connection 

after the Greek letter  that it resembles, and the one on the right is a “Y” connection.  A three-

phase alternating voltage is applied to the three windings with a frequency that increases with 

speed, with the voltages phased as shown in the top diagram.  With the delta connection the vol-

tage is applied directly across each set of coils.  With the Y-connection each phase of the voltage 

is applied across two coils.  The delta connection may therefore be used for high thrust and the Y 

connection for moderate thrust.   

 
Figure D-2.  A means for producing a travelling magnetic field. 

 

There is a frequency of oscillation of the voltage that minimizes the current and that frequency 

increases linearly with speed.  This is important because the electrical resistance losses are pro-

portional to the square of the current, and thus the surface needed to dissipate the heat generated 

is proportional to the square of the current.  The drive‟s volume increases as the three halves 

power of its surface area.  Hence the required volume of the drive must increase in portion to the 

cube of the maximum current.  For this reason, maintaining the frequency of oscillation of the 

voltage close to optimum is very important.  Linear induction motors have been under develop-

ment for many decades and several books have been written describing them in technical detail. 

 


