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CLOSED-LOOP CONTROL ALGORITHM FOR AN 
EDDY CURRENT BRAKING SYSTEM 

FIELD OF THE INVENTION 

[0001] The present invention relates to automotive brak 
ing systems. In particular, the present invention as disclosed 
herein relates to an automotive braking system that utiliZes 
an eddy current brake and a control methodology therefor. 

BACKGROUND OF THE INVENTION 

[0002] Electromagnetic retarders or eddy current brakes 
often have been used to assist in vehicle deceleration, 
particularly in commercial trucks. In typical prior art eddy 
current retarders, a brake rotor rotates at the speed of the 
prime mover until a ?eld coil is energiZed. Rotation of the 
rotor is sloWed by controlling the current in the ?eld coil. 
These types of retarders have not found their place in 
passenger vehicles primarily because they exhibit a loWer 
torque density compared to other friction braking devices. 
With recent advances in materials and precision air gap 
retention, it is noW possible to obtain signi?cantly higher 
torque density for eddy current retarders that are con?gured 
for improved cooling of the retarder components. 

[0003] The response characteristics of the neW generation 
of eddy current retarders are relatively rapid compared to 
other prior art con?gurations. It is typically desired that the 
torque response behavior of these devices matches or 
exceeds the hydraulic friction brake response times. With a 
conventional PID controller, it is highly unlikely to obtain an 
improved response behavior Without setting the gains too 
high. High gain settings are undesired because these settings 
may lead to instability. 

[0004] Some prior art references address the control strat 
egies for an electromagnetic retarder. US. Pat. No. 5,743, 
599 relates to a control strategy for electromagnetic retard 
ers. The proposed controller includes an open loop that 
controls the supply current from a current source (battery) to 
a number of discretely arranged retarder coils. The control 
system includes a number of sWitch circuits for energiZing 
or de-energiZing the retarder coils. 

[0005] US. Pat. No. 5,187,433 discloses a device for 
measuring or adjusting braking torques generated by elec 
tromagnetic retarders. The device estimates retarder torque 
via predetermined look-up tables of torque vs. peak voltage 
betWeen tWo poles at various rotor speeds. 

[0006] Simeu & Georges, in 1996, proposed an eddy 
current brake model as a function of excitation current and 
rotor speed. HoWever, the disclosed model is more speci?c 
to a particular class of eddy current machines. Due to the 
design of a neW generation of eddy current retarders With 
tWo to three fold increase in torque density compared to 
currently available commercial eddy current machines, a 
more generic control model is desired With the ability to 
control a range of retarders having various torque density 
characteristics. 

BRIEF SUMMARY OF THE INVENTION 

[0007] In order to alleviate one or more shortcomings of 
the prior art, a control method and system are provided 
herein. In accordance With the present invention, a sliding 
mode controller is designed for an eddy current braking 
system in a vehicle deceleration application. 

Sep. 11, 2003 

[0008] In one aspect of the current invention, a method for 
controlling an eddy current braking system in a motor 
vehicle is provided. The motor vehicle includes a prime 
mover linked to the eddy current braking system to provide 
torque thereto, and the eddy current braking system has a 
retarder assembly including at least a rotor and a stator. The 
method includes the steps of detecting a feedback current 
from the retarder assembly, detecting a rotor speed of the 
rotor, providing a signal indicative of a desired retarding 
torque, determining a command current for the retarder as a 
function of the feedback current, rotor speed and desired 
retarding torque using a closed-loop sliding-mode control 
algorithm, and providing the command current to the 
retarder to control application of torque to the prime mover. 

[0009] In another aspect of the invention, an eddy current 
braking system for a motor vehicle having a prime mover 
turning a shaft is described. The system comprises an eddy 
current brake including a rotor, at least one sensor operably 
connected to the rotor to detect a rotational speed of the 
rotor, at least one sensor operably connected to the stator to 
determine a feedback current of the brake, a computer in 
communication With the sensors, a torque selector in com 
munication With the computer for selecting a desired retard 
ing torque, and a memory accessible to the computer. The 
memory stores an algorithm for the computer to determine 
a command current Icmd as a function of the feedback 
current, rotor speed and desired retarding torque. 

[0010] In yet another aspect of the invention, a method for 
controlling an eddy current braking system in a motor 
vehicle is provided. The method includes the steps of 
providing rotor speed and feedback current information to a 
computer from the eddy current brake, verifying that the 
rotor speed is above a minimum value, calculating a com 
mand current as a function of the rotor speed, feedback 
current, and desired torque, converting the command current 
into a pulse-Width modulated signal, and providing the 
signal to the eddy current brake stator. 

[0011] Simulation results shoW that the controller herein 
exhibits clear advantages over the more conventional PID 
controller. The algorithm and associated implementations 
disclosed herein exhibit improved robustness and computa 
tional efficiency in the controller. The closed-loop control 
system alleviates the need for an inef?cient look-up table 
Which in the past Was required to calculate the current 
command for the brake. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF 
THE DRAWINGS 

[0012] FIG. 1a is a front vieW of an exemplary eddy 
current brake that may be implemented as part of the 
preferred embodiments herein; 

[0013] FIG. 1b is a side cutaWay vieW of the eddy current 
brake shoWn in FIG. 1a; 

[0014] FIG. 2 is a schematic block diagram illustrating an 
eddy current braking system in accordance With a ?rst 
embodiment of the present invention; and 

[0015] FIG. 3 is a How diagram illustrating a preferred 
embodiment of a control scheme for an eddy current braking 
system in accordance With another embodiment of the 
present invention. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0016] The present embodiments of the invention imple 
ment a sliding-mode controller scheme. A sliding-mode 
controller scheme may be more appropriate for a range of 
torque applications in an eddy current brake. Such a con 
troller exhibits high gain characteristics that do not tend to 
lead to instability as in the prior art. 

[0017] An exemplary eddy current brake or retarder that 
can be implemented in the present embodiment of the 
invention is shoWn in the side vieWs of FIGS. 1a and 1b. 
The con?guration as shoWn, or other similar eddy current 
brake units knoWn in the art, may be implemented in 
conjunction With the present invention. 

[0018] In the front plan vieW of FIG. 1a, eddy current 
brake 10 is shoWn Wherein the rotor 12 is visible. The rotor 
12 typically consists of a notched steel or steel With copper 
impregnated disk that is rotatable through the ?eld of an 
electromagnet by a prime mover. As shoWn additionally in 
FIG. 1b, the rotor 12 is preferably shielded annularly by a 
housing 14, and is mounted for rotational movement relative 
to the housing 14 via a shaft 16. The housing 14 is ?xedly 
linked to a stator assembly 18, including a plurality of coils 
(not shoWn) that surround at least a portion of the rotor 12 
and shaft 16 to form magnetic poles. The poles form an air 
gap 20 Within Which the rotor 12 is free to rotate. 

[0019] Current running through the coils of the stator 18 
produces a magnetic ?ux surrounding the rotor 12. Rotation 
of the rotor 12 produces a density difference in the magnetic 
?ux, and eddy current is generated at the stator 18. Acurrent 
may be applied to the stator 18 to apply an electromagnetic 
torque to the rotor 12 and thereby sloW rotation of the rotor 
12 relative to the stator in accordance With MaxWell’s laW. 
Thus, as the rotor 12 is turned by a prime mover such as an 

automotive engine or transmission, braking torque may be 
applied to the rotor—and thus the prime mover—via the 
stator current. The retarding energy is dissipated as heat 
through the eddy current How in the core. 

[0020] The torque characteristics of the eddy current 
retarder may be summariZed by the folloWing algebraic 
model: 

T (l)=fu(®)+f1(®)*i+f2(®)*i2 (1) 

[0021] Where 

[0022] T=retarding torque 

[0023] 

[0024] 

[0025] 

[0026] 

[0027] It is important to note, hoWever, that a dynamic 
relationship exists betWeen commanded current and the 
feedback current from the retarder. The folloWing ?rst order 
differential equation describes the current response charac 
teristics of the retarder: 

i=retarder feedback current 

C fi(u))=aiO+ai1+ai2w 

aio, ail, ai2=identi?ed parameters 

uu=rotor speed 
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[0028] Where 

[0029] L=total inductance of the ?eld Winding 

[0030] R=total resistance of the ?eld Winding 

[0031] i=feedback current 

[0032] Icmd=Current command 

[0033] A suitable controller is needed to optimiZe the 
retarder response characteristics. Since the eddy current 
machines in this implementation are being used in a safety 
critical application such as vehicle braking, it is very impor 
tant to ensure the fastest retarder torque response. Hence a 
closed-loop controller is highly desirable. A conventional 
closed-loop controller such as a prior art PID controller can 
be designed for this purpose. HoWever, the PID gains are 
normally tuned to provide fast response Without exciting the 
system unstable modes. For this very reason, the response 
characteristics can only be quasi-optimiZed. 

[0034] A sliding-mode type control algorithm, as imple 
mented beloW, Will tend to stabiliZe the closed-loop system 
even When the system unstable modes are excited. Another 
characteristic of sliding-mode control is the speed of control 
input application. This high-gain aspect of sliding-mode 
control alloWs it to be suitable for the current application. A 
sliding-mode control algorithm in accordance With the 
present invention may thus be derived beloW. 

[0035] Let the sliding surface be de?ned as folloWs 

S=(T (1.5-7) (3) 

[0036] Where, Tdes is the desired retarder torque and T is 
the estimated Wheel torque according to equation 

S=(Tdes_I) (4) 

(5) 

[0037] According to reference (Hedrick, 1993), a sliding 
mode controller can be obtained using the folloWing equa 
tion: 

é: Wang] (6) 

[0038] It can be shoWn that the above control laW Will 
drive the system dynamics toWard the sliding surface at the 
convergence rate of 11 Within the boundary layer of thickness 
4) and Will provide a sWitching control beyond the boundary 
layer. By selecting a suitable value of 11 and 4), it is possible 
to achieve desired response characteristics. 
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[0039] Substituting the expression for S and derivative of 
S in the above equation, the following is obtained: 

(7) -[dfo df1. df2.2 
da) da) da) 

[0040] Substituting equation (2) in the above and solving 
for Icmd, the folloWing control laW is obtained: 

[0041] Some exception handling of the above control laW 
(9) must be performed in the control softWare in the event 
that the denominator of the RHS is singular. This is dis 
cussed further beloW in conjunction With the implementation 
of the control. 

[0042] As implemented in the embodiments herein, the 
control input to the retarder is preferably current, normally 
in the form of a pulse-Width modulated (PWM) signal. The 
feedback information required from the retarder are the 
feedback current and the rotor speed. Also, a desired retard 
ing torque should be provided to the controller. As described 
above, f(u)) and the coef?cient a0, a1, a2 are knoWn or 
estimated through a system identi?cation algorithm. 11 and q) 
are controller parameters Which are to be tuned for optimal 
performance. The folloWing ?oW diagram brie?y describes 
the control algorithm. 

[0043] In a discrete time implementation, the derivative 
terms in equation (9) can be approximated as folloWs: 

[0044] System Description: 

[0045] Apreferred embodiment of an eddy current braking 
control system implementing the control strategy above is 
shoWn in the schematic block diagram of FIG. 2. As shoWn 
in the Figure, a prime mover such as the automobile engine 
222 is linked in turn to a transmission 223. The shaft turned 
by the transmission 223 is linked to an eddy current brake 
240 of a con?guration that may be similar to that described 
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previously. The eddy current brake 240 is linked to a 
differential, Which is typically linked in turn to one or more 
Wheels 230 in the automobile. 

[0046] The main processing steps for determining retard 
ing torque application are preferably performed by modules 
Within the microprocessor or computer 202. The main 
calculation steps for the algorithm are preferably performed 
Within the torque calculation processor 214 using process 
steps stored in the memory 206. The torque controller 204 
receives control information from torque selectors such as 
the brake 208, accelerator 210, gearing sensors 212 or other 
torque selection devices such as manual sWitches or other 
controllers. Information is also draWn in the form of feed 
back of rotor speed from the rotor speed sensor 224 and 
feedback current from the eddy current brake 240. The 
controller 204 preferably determines When torque calcula 
tion is appropriate, and relevant information from the con 
troller 204 may in turn be sent to the torque calculation 
processor 214. 

[0047] The torque calculation processor 214 preferably 
performs the calculation steps of equation (9) above, incor 
porating the pre-determined parameters from the torque 
controller 204 and some pre-determined constants stored in 
the memory 206. Once a value of Icrnd is determined Within 
the torque calculation processor 214, that value is fed to the 
torque signal generator 216. The generator 216 preferably 
converts the signal to a usable current Which is in turn sent 
to a current controller 218. The controller 218 Works in 
conjunction With the PWM controller 220 to generate a 
pulse-Width modulated signal. The signal may in turn be sent 
to the stator of the eddy current brake 240 to control the 
torque applied to the shaft of the prime mover 222 or Wheels 
230. 

[0048] The controller of the preferred embodiment dis 
cussed above may be implemented into a microprocessor or 
similar device knoWn in the art. Other con?gurations, of 
course, are possible. A preferred implementation of the 
controller steps performed by such a device is shoWn in the 
How diagram of FIG. 3. 
[0049] As shoWn in the How diagram, the control input 
information from the retarder of the eddy current brake is in 
the form of the rotor speed and feedback current 302 and the 
desired torque 303 from the torque selector described pre 
viously. The rotor speed and feedback current inputs at 302 
are ?rst revieWed at 304 and 308. At 304, the absolute value 
of the rotor speed is checked against a constant TOLW for 
a minimum rotor speed. Preferably, TOLW is chosen as a 
minimum rotor speed beloW Which the command current 
should be set to Zero. The minimum rotor speed preferably 
characteriZes the speed beloW Which the eddy current brake 
loses effectiveness for the particular application. The value 
may be speci?c to the particular eddy current brake machine 
chosen for use in the preferred embodiment. If the detected 
rotor speed from 302 is not greater than TOLW at 304, then 
the command current is set to Zero at 306. 

[0050] If the rotor speed is above the minimum, the 
functional determinants of the equation (9) above are 
checked against a pre-determined constant TOLI at step 308. 
This prevents a divide-by-Zero condition Wherein a Zero 
value is prevented from being set in the denominator of 
equation This step is performed for safety reasons in 
connection With the calculation of the equation. If the 
absolute value of (f1+2f2*i) is not greater than the chosen 
value for TOLI, (f1+2f2*j) is set equal to TOLI at step 310. 

[0051] After the divide-by-Zero check, Icrnd is computed in 
the microprocessor using equation (9) discussed above. The 
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desired torque from 303 is input into the equation along With 
the rotor speed and feedback current from step 302. The 
calculated or reset value Of Icrnd is then saturated at ImaX at 
step 314, and a PWM signal is produced for Icrnd at step 316, 
preferably in a PWM generator. Finally, the value for Icrnd is 
sent as a PWM signal back to the eddy current brake stator 
at 318. 

[0052] As noted above, the present method may be imple 
mented in a microprocessor, such as typical processors 
manufactured by Motorola or Texas Instruments. Other 
microprocessors or devices, such as softWare-implemented 
EPROMs, may also be utiliZed as is knoWn in the art. 

[0053] The algorithm and associated implementations dis 
closed herein exhibit improved robustness and computa 
tional efficiency in the controller. The controller maintains 
stability While driving the system dynamics onto the sliding 
surface. The algorithm as implemented and disclosed herein 
also eXhibits a faster response time due to high speed 
sWitching characteristics of the controller. The closed-loop 
system alleviates the need for an inefficient look-up table 
Which in the past Was required to calculate the current 
command for the brake. 

[0054] Furthermore, only a one time system identi?cation 
of the retarder is needed. Computational efficiency is also 
improved because the only feedback required for the present 
algorithm is information on feedback current and rotor 
speed. Torque feedback information, Which often requires 
further calculations and computing resources, is not required 
in the algorithm disclosed herein. 

[0055] It should be noted that there could be a Wide range 
of changes made to the present invention Without departing 
from its scope. Thus, it is intended that the foregoing 
detailed description be regarded as illustrative rather than 
limiting and that it be understood that it is the folloWing 
claims, including all equivalents, Which are intended to 
de?ne the scope of the invention. 

1. A method for controlling an eddy current braking 
system in a motor vehicle, said motor vehicle having a prime 
mover linked to said eddy current braking system to provide 
torque thereto, and said eddy current braking system having 
a retarder assembly including at least a rotor and a stator, 
said method comprising the steps of: 

detecting a feedback current from said retarder assembly; 

detecting a rotor speed of said rotor; 

providing a signal indicative of a desired retarding torque; 

determining a command current for said retarder as a 
function of said feedback current, rotor speed and 
desired retarding torque using a closed-loop sliding 
mode control algorithm; and 

providing said command current to said retarder to control 
application of torque to said prime mover. 

2. The method of claim 1 Wherein said sliding-mode 
control algorithm further implements a pre-determined con 
vergence rate of 11 Within the boundary layer of thickness 4). 
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3. The method of claim 2 Wherein said algorithm further 
comprises: 

Icmd = 

Wherein Icrnd is said command current, L is the coil Winding 
inductance of said stator, R is the coil Winding resistance of 
said stator, 00 is said rotary speed, Tdes is said desired 
retarding torque and i is said feedback current. 

4. An eddy current braking system for a motor vehicle 
having a prime mover turning a shaft, said system compris 
mg: 

an eddy current brake including a rotor, a stator and a 
command current input, said rotor operably connected 
to said shaft; 

at least one sensor operably connected to said rotor to 
detect a rotational speed of said rotor; 

at least one sensor operably connected to said stator to 
determine a feedback current of said brake; 

a computer in communication With said sensors; 

a torque selector in communication With said computer 
for selecting a desired retarding torque; and 

a memory accessible to said computer; 

Wherein said memory stores an algorithm for said com 
puter to determine a command current Icrnd as a func 
tion of said feedback current, rotor speed and desired 
retarding torque. 

5. The system of claim 4 Wherein said algorithm further 
comprises a closed-loop sliding-mode control algorithm. 

6. The system of claim 5 Wherein said sliding-mode 
control algorithm further implements a pre-determined con 
vergence rate of 11 Within the boundary layer of thickness 4). 

7. The system of claim 6 Wherein said algorithm further 
comprises: 

Icmd = 

Wherein Icrnd is said command current, L is the coil Winding 
inductance of said stator, R is the coil Winding resistance of 
said stator, 00 is said rotary speed, Tdes is said desired 
retarding torque and i is said feedback current. 

8. The system of claim 7 Wherein said pre-determined 
values of convergence rate and boundary layer thickness 
further comprise values selected for maXimum braking 
performance. 
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9. The control system of claim 8, further comprising a 
digital signal processor connected betWeen the sensors and 
the computer, Wherein the digital signal processor receives 
outputs from the sensors, processes the outputs, and sends 
the outputs to the computer. 

10. A method for controlling an eddy current braking 
system in a motor vehicle, said motor vehicle having a prime 
mover linked to said eddy current braking system to provide 
torque thereto, and said eddy current braking system having 
a retarder assembly including at least a rotor and a stator, 
said method comprising the steps of: 

providing rotor speed and feedback current information to 
a computer; 

verifying that said rotor speed is above a minimum value; 

calculating a command current as a function of said rotor 

speed, feedback current, and desired torque; 

converting the command current into a pulse-Width modu 
lated signal; and 

providing said signal to said eddy current brake stator. 

11. The method of claim 10 Wherein said step of calcu 
lating a command current further comprises applying said 
rotor speed, feedback current and desired torque to the 
folloWing algorithm: 
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-continued 

In M 

Wherein Icrnd is said command current, L is the coil Winding 
inductance of said stator, 11 is a selected convergence rate, 4) 
is a selected boundary layer thickness, R is the coil Winding 
resistance of said stator, 00 is said rotary speed, Tdes is said 
desired retarding torque and i is said feedback current. 

12. An eddy current braking system for a motor vehicle 
having a prime mover turning a shaft linked to said eddy 
current braking system to provide torque thereto, and said 
eddy current braking system having a retarder assembly 
including at least a rotor and a stator, said system compris 
ing: 
means for detecting a feedback current from said retarder 

assembly; 
means for detecting a rotor speed of said rotor; 

means for providing a signal indicative of a desired 
retarding torque; 

means for determining a command current for said 
retarder as a function of said feedback current, rotor 
speed and desired retarding torque using a closed-loop 
sliding-mode control algorithm; and 

means for providing said command current to said 
retarder to control application of torque to said prime 
mover. 


