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Comfort, safety, high travel speeds, and low fuel consumption are expected characteristics of modern cars. Some

of these are in conflict with one other. A solution to this conflict may be time-varying body geometry realized by

moving aerodynamic elements and appropriate systems for controlling their motion. 

vehicle aerodynamics  active aerodynamic

1. Introduction

The influence of aerodynamics on vehicle behavior has been known for years. This influence was mainly observed

during various types of races when vehicle speeds were high. For many years, it was believed that its main

manifestation was aerodynamic drag. Therefore, efforts were made for vehicles to have the lowest possible

aerodynamic drag coefficients and a small frontal area. Attempts were made to reduce the observed instability at

high speeds using vertical stabilizers. The stabilizers worked, but only for large angular deviations of the vehicles

from the assumed direction of travel. The relationship between vehicle dynamics and the aerodynamic vertical

force generated by the bodies was identified relatively late. Previously unexplained symptoms of directional

instability occurring at high speeds in vehicles with low aerodynamic drag began to be linked to the aerodynamic lift

force generated on them, which reduced the force acting on the rear wheels at high speeds, causing their sideslip

angles to increase, which was a direct cause of instability.

Work commenced to develop vehicles with aerodynamic elements pressing the vehicle against the road. However,

generating aerodynamic downforce came at the cost of increased aerodynamic drag. The natural solution was to

use moving aerodynamic elements at lower speeds during cornering, which were turned off at high speeds on

straight sections of the track. This was extremely effective, but as a result of underestimating the increase in

vehicle performance during cornering, the design solutions proved to be too fragile and dangerous. As a result of

several accidents on the track, this type of solution was banned. This state of affairs continued for decades.

Increasing knowledge of vehicle dynamics and the development of computers led researchers to other ways of

using moving aerodynamic elements. Analyses of the relationship between ride comfort and grip on rough roads

using only mechanical elements, springs, and shock absorbers, showed the impassable limits of possible solutions.

The time-varying external forces offered by aerodynamics were used to circumvent them.
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Analyses of the operation of moving aerodynamic elements are usually carried out in two different ways,

unfortunately independently of each other. Control models of these elements are built based on vehicle dynamics

models of varying complexity, but always with simplified models of the moving aerodynamic elements. There are

only a few papers that include theoretical control models with full vehicle aerodynamics models. Complex car

dynamics models have been built to consider the moving aerodynamic elements of a car but without control

systems.

Yu and Gao  and Gao et al.  reviewed the influence of active aerodynamic tails on vehicle handling stability and

the state of the art in active aerodynamic control research for vehicles, but only from the point of view of control

system specialists.

2. Existing Technical Solutions

The aerodynamics of road vehicles in the early period of their development benefited from the experience of

aeronautical aerodynamics gained earlier.

The record-breaking car, the Mercedes-Benz T80 (Figure 1), produced in 1939 to break the land speed record,

had a number of additional aerodynamic elements. In addition to fixed airfoils, the design included a number of

movable aerodynamic elements. The planned speed was 750 km/h .

Figure 1. Mercedes T80.
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The 1928 Opel RAK2 (Figure 2) rocket-propelled vehicle used large additional wings set at a negative angle to

realize downforce on the road to stabilize its movement at high speed. The car set a new land speed record of 148

mph (238 km/h) . The 1952 Mercedes-Benz 300 SL Prototipo race car (Figure 3) was equipped with a manually

operated air brake mounted on the roof which could be adjusted to a vertical or horizontal position, when it needed

to be actuated or not.

Figure 2. Opel RAK2 rocket-propelled vehicle.

Figure 3. Mercedes-Benz 300 SL Prototipo.

The Mercedes-Benz 300 race cars, equipped with huge drum brakes hidden inside the body connected to the

wheels by shafts with joints, were prone to overheating, which caused great maintenance problems. Therefore,

engineers mounted a large aerodynamic brake, in the form of a hydraulically raised rear body cover, during test

drives (Figure 4). The solution was very effective and was patented . Recently performed numerical calculations

 revealed an increase by 0.40 in the drag coefficient and aerodynamic downforce caused by the application of the

[4]
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aerodynamic brake. Experimental data  indicated an even higher drag coefficient (0.65). The application of the

aerodynamic brake increased the frontal area of the car by 24%  and the aerodynamic brake had a significant

effect only on the vertical load on the rear axle of the car .

Figure 4. Mercedes-Benz 300 race car with active airbrake and patent drawing .

In 1956, Michael May, a talented Swiss enthusiast, used his aerodynamics knowledge and engineering skills to

make modifications to his 550 Spyder race car . His Porsche 550 roadster (Figure 5) was fitted with a movable

wing over the open cockpit. Winged race cars had been tried before, but the adjustable device on May’s 550

Spyder transferred loads directly to the car’s center of gravity. With better grip, Michael May and his private car

achieved fourth lap time during practice for the 1000 km race at the Nürburgring in 1956.

Figure 5. Michael May’s Porsche 550 Spyder car with movable wing.

[7]
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Porsche formally forced the organizers to acknowledge the alleged safety impact of the May device, namely, that it

would obstruct the view of those coming from behind. However, the real reason was different. The modifications

introduced made May’s 550 Spyder significantly faster than other 1500 cc cars. The solution was so effective that it

became a threat to the Porsche factory team and was forgotten for many years.

Jim Hall built the Chaparral 2C model  with a large movable tailgate operated by the driver pressing an extra

pedal with his left foot (Figure 6). This was possible due to the semi-automatic transmission used in this car. The

integrated spoiler-wing was designed to lie flat to provide low drag on straights and to rise during braking while

cornering. The aerodynamic solution was so effective that it overloaded the vehicle’s suspension and made the ride

very unpleasant for the driver.

Figure 6. Chaparral 2C with a large movable tailgate.

Therefore, the Chaparral 2F car used a large wing with a variable angle of attack (Figure 7), placed high above the

body, from which aerodynamic forces were transferred not to the body but directly to the rear wheel bearing

housings of the vehicle .

Figure 7. Chaparral 2F.

[11]
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The Porsche 908 25 series cars were equipped with movable flaps whose movement was mechanically coupled to

the movement of the rear wheel suspension.

Another example of a race car with active aerodynamics was the 1968 Porsche 908 LH, which featured two flaps at

the rear of the car directly connected to the suspension. Porsche automated the control of the moving flaps by

linking their movement to the movement of the body relative to the ground . Deflection of the suspension

changed the angle of the flaps.

Linking suspension deflection to the flap angle caused the flap to lift when the car braked, increasing aerodynamic

drag and downforce. When cornering, body roll caused activation of the corresponding flap, generating an

aerodynamic righting moment. The response of the flaps during climbing and descending was also important. The

active elements moved independently of the driver.

This type of movable flap activated by suspension movements was used in the first series of the Porsche 917 , a

1969 model (Figure 8) approved for public roads. The flaps were located at the rear edge of the body. This solution

was used until being banned by racing regulations.

Figure 8. Porsche 917 with movable flaps and mechanism automatically responding to suspension movements.

The retractable spoiler on the Mercedes-Benz C112, extending beyond the rear edge of the vehicle, is another

example of the effectiveness of the moving aerodynamic technique (Figure 9).

[13]

[14]
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Figure 9. Rear extendable spoiler of the Mercedes-Benz C112.

Lamar  presented, very clearly and vividly, the relationship between the on-track behavior of a fast sports car

and its aerodynamic properties. This relationship was also true for the Chaparral 2F car with a movable wing

transferring aerodynamic forces directly to the suspension (Figure 10). This idea was patented .

Figure 10. The rear wing of the Chaparral 2F directly transmits the aerodynamic forces to the suspension .

[15]
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The Chaparral 2F car was rated as very stable and pleasant to drive at medium speeds but was found to be very

abrupt in its reactions at high speeds .

These cars introduced the concept of using a moving wing with an aerodynamic profile to generate downforce,

which is still one of the main sources of downforce generated by modern race cars. The goal of this effort was to

modify the aerodynamic properties of the vehicle so that it would have low aerodynamic drag on straights at high

speeds and a strong downforce in cornering.

The Chaparral cars were included in here because the aerodynamic elements used were active and could be

moved to the most favorable position while driving. The position of the wings was controlled by the driver.

Active aerodynamic devices initially used on race cars were designed with limited knowledge of their actual

performance. Designers underestimated the increase in vehicle performance while cornering, namely, the increase

in inertial forces. The wings were mainly protected from longitudinal forces, rarely from lateral forces. Very often,

aerodynamic forces were transferred directly to unsprung suspension components, resulting in the transmission of

shocks from the road to the wing nodes. This resulted in frequent failures and consequent crashes. Moving

aerodynamic components were banned from racing in the late 1960s. This situation persisted for decades.

The first production model equipped with an active rear spoiler was the 1988 Volkswagen Corrado. At 120 km/h,

the rear spoiler is pushed outward, reducing rear lift by up to 64%.

A sophisticated and technically interesting controlled ramp and wing system was used on the Koenigsegg Agera

(Figure 11).

Figure 11. Rear spoiler of Koenigsegg Agera and its modes of operation.

[15]
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A contemporary example of the use of various possibilities of changing the aerodynamic characteristics of a fast

road car is the Bugatti Veyron, which, in addition to moving aerodynamic elements, can change the position of its

body relative to the road, and has adjustable ground clearance and adjustable body tilt angle . This is

considered the first intelligent aerodynamic management system in the history of automotive design. The rear

spoiler acts as an additional aerodynamic brake at speeds above 200 km/h. When the brake pedal is pressed, the

spoiler lifts up and deploys at 55° in less than 0.4 s (Figure 12).

Figure 12. Bugatti Veyron operation modes .
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