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A comparison in the context of electric brakes

LECTROMECHANICAL BRAKE (EMB) SYSTEMS OFFER THE
potential for enhanced vehicle control while simplifying the car assem-

bly as well as recycling processes {11, [2]. Vehicle control enhance-

ments stem from the relative controllability ease of electrical systems
but are predicated on a highly dynamic behavior from the motor drive. This article
offers a comparison of two motor technologies, switched reluctance (SR) and perma-

nent magnet (PM) brushless, for this particular application.
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SR and PM Brushless Drive Systems

SR and PM-brushless drive systems have been compared
in various papers in the past {3}-{5}. Each situation, how-
ever, has its own particularities, and in the present work
the emphasis is on a highly dynamic, four-quadrant opera-
tion. Other important aspects of brakes that emerge dur-
ing a comparison of these two technologies are either
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known or presented separately. The advantages of the SR
motor in terms of temperature {6} and fault tolerance {3}
need not be repeated. Other publications related to this
project have described efforts to reduce the SR-drive cost
and to bring it to the level of PM brushless drives or bet-
ter. These cost-reduction studies focused on position-
sensor elimination {7}, {8}, inverter switch-number
reduction [9}-[111, and air-gap control and motor man-
ufacturing [12}. In another respect, a study is presently
underway concerning audible noise.

The EMB system investigated in this article consists of
a rotary motor coupled to a planetary gear and ball-screw
assembly that converts the motor torque and rotation into
linear force and travel suitable for operation in a caliper
brake (Figures 1 and 2) {131, {14}. The comparison was
based on designing the two motors to meet identical tor-
que-speed specifications (0.8 N-m up to a base speed of
1,500 t/min). Concerning packaging, there was a similar
constraint on the outer diameter so that both motors
would fit within the same hardware, but with some
freedom concerning length.

The article first describes the motor designs and
their static characteristics, before examining in some
depth their dynamic behavior, in particular special con-
trol adaptations to enable the SR motor to reverse
rapidly when needed.

Design and Steady-State Performance
The SR and PM brushless motor designs are shown in
cross-section in Figures 3 and 4. The PM brushless motor
is based on the concentrated winding configuration, which
is emerging as the design of choice when both high
performance and low manufacturing costs are of concern
{15}, {16}. This configuration also has certain fault-
tolerance advantages {31, and we used NdFeB magnets.
The SR motor is an 8/6 design. This 8/6 configuration
provides good dynamic characteristics, in particular suffi-
cient starting torque from any angular rotor position, an
important feature for an EMB actuator. The resulting four
phases normally require eight switches, although lower-
cost configurations with six switches are possible {9}-{11}.
Both motors have, by design, generally the same tor-
que-speed characteristic (Figure 5; room temperature test
data), with the notable and known exception of the high-
speed capability of the SR motor (beyond 5,000 r/min in
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Figure 5). To achieve this similar characteristic, the SR
motor is 22% longer. The dc bus current of the SR motor
at the 0.8-N-m point is higher by approximately 15%
when compared against the PM brushless motor system.
This difference, however, is largely offset at a higher
temperature since the PM brushless motor torque constant
drops with temperature (typically by at least 0.10%/°C
for NdFeB magnets), while that of an SR motor is much
less affected via the higher winding resistance.

The PM machine was driven by a classical trapezoidal
approach, with Hall sensor feedback. Concerning the SR
system, during this study, the motor was run with fixed
firing angles: 27° span for first and third quadrants (accel-
eration) and 15° span for second and fourth quadrants
(deceleration). The fixed firing angle scheme was moti-
vated by the possibility of simplifying the controller, thus
reducing its cost. Also, for reasons explained later, the
motor is not expected to be used in the high-speed region
where different angles might be necessary.

Another consideration for cost reduction was the use of
relative rotor position to control the motor. This requires
a special algorithm for startup, namely exciting one of the
motor phases to align it, thus establishing a starting point
reference {17].

Dynamic Performance

Test Setup and Load Description

The dynamic performances of the SR and PM brushless
EMB systems were evaluated through a series of bench-
mark scenarios where the caliper is subjected to specific
force commands. The selected scenarios test the system
ability to respond fast (brake apply and release) and to
change direction quickly from brake apply to brake
release, and vice versa, as it occurs when road conditions
change abruptly from dry to slippery, for instance. The
evaluation also includes the back-drive capability of the
motor-actuator system during a fault (e.g., loss of electric
power). The data presented in this article are based on
bench tests of an EMB prototype controlled with a dSpace
system as shown in Figure 6.

In these tests, the same dc bus current limit was used
for both motors. Also, for this specific bench setup, a force
sensor was positioned between the brake pads. It measures
the force that would be applied to the brake rotor and thus

is the measure of the brake output, which is the object of
the control.

A brake caliper, in essence, acts like a highly nonlinear
spring acting against the motor (see Figure 7). As seen in
this figure, at the onset of the motion profile, brake pads
and force sensor are not mechanically engaged. This
slight disengagement is necessary to operate the EMB
with zero brake rotor drag for improved vehicle gas mile-
age. The amount of pad disengagement is adjusted dy-
namically as a function of the prevailing vehicle and
brake system conditions (e.g., steady speed, disk wiping,
and panic response). During the bench tests, however, it
was set at a given, fixed distance from the sensor, equiva-
lent to two motor revolutions.

The control of the brake force is therefore a dynamic
positioning problem for a motor working against a highly
nonlinear load. The force signal constitutes the outer loop
control parameter, as shown in the block diagram in Fig-
ure 8. There are also two minor control loops: a current
loop, to adjust the motor torque, and a motor position
loop, for current turn-on and turn-off. Figure 8 shows a
generic block diagram for both PM and SR motor-based
EMB systems. For the PM-based system, the position
feedback is based on 120° Hall sensors. For SR-based sys-
tems, the position feedback loop could use an encoder or
be partially or fully sensorless {8}, {17}. The inverter
shown in Figure 8 is a three-phase full bridge inverter for
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TABLE 1. DYNAMIC PERFORMANCE OF PM BRUSHLESS AND SR EMBs.

Single
Apply Reversal Backdrive
(Figure 9) (Figure 10) Double Reversal (Figure 11) (Figure 12)
Response Overshoot  Overshoot Overshoot Undershoot Undershoot  Average
Time (0-90%) Magnitude Magnitude  Duration Magnitude Duration Speed
PM EMB 181 ms 0.040 p.u. 0.022 p.u. 5ms 0.040 p.u. 10 ms 16 p.u./s
SR EMB 187 ms 0.050 p.u.  0.020 p.u. 6 ms 0.045 p.u. 10 ms 22 p.u./s

PM drives or four-phase asymmetric half-bridge inverter
for SR drives.

Brake Apply
Figure 9 shows a typical brake-apply pattern. As one can see
on this plot, the SR motor is marginally slower at first, but
both motors reach the command value in approximately
the same time. The slower start of the SR motor may be
attributed to a slightly smaller initial torque, since the
motors were operated with the same dc bus current limit.
However, both motors achieve approximately identical
apply response times. Because of its lower initial speed, and
because the SR-motor torque is higher than the torque of
the PM brushless motor beyond base speed, the SR motor
has more torque available later on, allowing it to catch up.
Overall, both motors met the desired performance (specific
numbers are presented in Table 1).

Proportional-integral differential (PID) parameters also
have an effect when the system approaches the command
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value. Different sets of PID gains were used for the SR and
PM actuators. The PID gains were tuned for each so that
the specifications on the response time and overshoot or
undershoot for the various scenarios are met. For example,
higher PID gains will result in faster response time but also
will result in higher overshoot and undershoot. So, the cor-
rect choice of the PID gains is a tradeoff between the two.

Brake Reversals

Figure 10 shows an example of a brake reversal, where the
brake command is set to zero when the force reaches 0.4
per unit (p.u.). Figure 11 is a double reversal where the
force command is set to zero at 1.5 p.u., and then reapplied
when the force has reached 1.0 p.u.

What is measured in the reversal cases is the size
(magnitude and duration) of the overshoot and under-
shoot. In this respect, the general conclusion was that the
SR motor reversals are generally on par with those of the
PM brushless motor (see Table 1), the difference being
within event-to-event variations.

In Figures 10 and 11, the PM brushless motor reaches
the reversal force levels sooner than the SR motor. Since
these reversals occur at lower-force levels, the slightly
slower SR motor response is therefore consistent with what
was observed during the full apply scenario (Figure 9)
where the SR motor catches up only at higher-force levels.

Back Drivability

The back-drivability test simulates a fault scenario under
which the electric power to the actuator is shut off (open
motor terminals), and brake release occurs solely via the
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spring energy stored in the caliper. Fast back-drivability is
a desirable brake feature since it makes it possible for the
system to fall silent, which requires auto-release of a faulty
brake at the highest possible rate.

The SR motor has, with respect to back drivability, an
advantage over the PM brushless motor, as shown in Figure
12. The SR system backdrives from full brake force at a rate
of 22.0 p.u./s versus 16.0 p.u./s for the PM brushless motor.
The latter is slower because of the always present flux in the
motor and the magnetic losses associated with it, while the
SR motor defluxes immediately upon turn-off.

Energy Requirement

The average electrical energy needed for an EMB motor to
operate the brake under typical driving conditions is con-
sidered to be insignificant when compared against other
electrical loads, because brake operation is very intermit-
tent. Therefore, energy is of importance only as it relates to
peak power consumption, heat generation, and motor or
controller design. Although the motor energy is by many
magnitudes smaller than the energy that is generated by
the brake itself, it is still relevant in terms of localized
short-term losses and self-heating effects in the motor.

The energy used by the PM brushless and SR motors
was thus measured for the record. This was done by mov-
ing the motor slowly over a linearly increasing force ramp,
from standstill to some force level (1.5 p.u.) in 5 s, then
driving it back slowly and symmetrically to its initial
position. These slow ramps are chosen to create a quasi-
static load scenario and prevent particular dynamic pat-
terns that occur during fast operation, which could
dominate the energy need and skew the results.

The cumulative energy required by the PM brushless
and SR EMBs during the above test cycle is plotted in Fig-
ure 13. The SR caliper used 575 J versus 410 J for the PM
system. PM brushless motors are generally more efficient
than SR motors, thanks to the use of magnets for excita-
tion. A 40% difference, however, is larger than expected.
Reasons for this greater than expected difference can be
found in the fact that the SR motor was designed for
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dynamic operation, rather than efficiency, and used fixed
controller firing angles during the experiments.

SR Motor Implementation with Speed Limit

Need for Motor Speed Limit

An important finding of this work was that, in order to
achieve an appropriate EMB reversal behavior, the SR sys-
tem must impose a speed limit on the motor [18}. This
section will demonstrate this need, and how to derive the
necessary speed limits for forward and reverse directions.

The various EMB performance comparisons made in the
previous sections, including the test data, were done with speed
limits of 5,000 r/min (forward direction) and 3,500 r/min
(reverse direction) imposed on the SR motor, through software.

For the purpose of comparison, two brake reversal pat-
terns, with and without speed limits, were modeled with a
MATLAB/Simulink model (described in {2}). Figure 14
compares the system behavior (a) with and (b) without a
speed limit, for a single reversal. The overshoot magni-
tudes are 0.24 and 0.70 p.u., respectively, almost three
times larger without speed limit.

Figure 15 is a more dramatic demonstration of the need
for a speed limit. In a double reversal test without a speed
limit, the brake is fully released (compare Figure 11 where
a speed limit was used). The second reversal is more diffi-
cult, because the caliper exerts a spring force that tends to
release the brakes, working against the motor when the
brake command is reapplied. Of course, the brake could be
reengaged, but such delay is not acceptable.
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The need for a speed limit for SR motors can be under-
stood as follows. SR motors have a torque-speed character-
istic that includes some torque capability at speeds
exceeding the no-load speed of an equivalent PM brushless
motor, as already depicted in Figure S. This is an advant-
age when the motor is used in a steady-state manner.
However, if an unexpected motion-reversal command
occurs while the motor is at high speed, one faces a situa-
tion which combines a high system kinetic energy with
little torque available to overcome the momentum.

By contrast, the no-load speed of the PM brushless
motor constitutes an absolute limit. At low loads, the
motor speed and thus the system kinetic energy are
limited, making it easier to reverse motion. Furthermore,
with a PM brushless motor, as the reversal process starts
and the motor slows down, the torque increases more
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rapidly compared to that of an SR motor, thus amplifying
the deceleration process.

Impact of Motor Speed Limits on Performance

A practical question, then, consists of selecting the top
speed that should be designed into or chosen for the
motor. A low-speed limit helps with motion reversals but
hampers normal brake applies and releases, and vice-
versa. Also, because of the caliper spring action, forward
and reverse directions are not symmetrical, and therefore
one may choose different speed limits for both. A theo-
retical study was thus conducted on the basis of two
models: a MATLAB/Simulink model (with nonlinear
effects included, such as caliper force and motor switch-
ing models [2}) and a simplified kinematics model
(derived in “Derivations for Apply Time and Reversal
Overshoots and Undershoots”).

Results of the MATLAB/Simulink model are shown in
Figures 16-18, with apply time (Figure 16) and over-
shoot and undershoot magnitude and duration during
motion reversals (overshoot shown in Figure 17; under-
shoot in Figure 18), as a function of the speed limit
imposed on the motor. In an effort to generalize the
results presented here as much as possible, the motor base
speed is shown as a reference point. These results can be
understood with the help of the simplified model derived
in detail in “Derivations for Apply Time and Reversal
Overshoots and Undershoots”. According to that model,
the time to apply is (A10):

2 apply 0)7 ) (D)

max

where 6 is the motor position when the maximum brak-
ing force is reached, and m,,, the proposed speed limit of
the motor. The (1/speed limit) relationship in (1) is indeed
observed with the MATLAB model (Figure 16). Since the
motor speed is clamped at M.y, (1) is valid as the motor
acceleration at that point is close to zero. The duration 7
and magnitude 8, of an overshoot during reversals can be
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similarly calculated to be {(A13) and
Al4)}.
(Al4)] § 0.080 /,
2 5 0.060 3
los:—meax and (2) & / >
(TM+Tcal) _.2_,/50 040 . g
J E S
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3) 5 0 ;
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where ] is the system inertia, and Ty 5 (@
and T, the motor torque and caliper s 10
reaction torque (as seen from the z 8 -
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ond reversal are [(A16) and (A17)}: == 4 ]
2] g 2 |
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(a) Magnitude and (b) duration of reapply reversal undershoot versus motor
speed limit.

DERIVATIONS FOR APPLY TIME AND REVERSAL
OVERSHOOTS AND UNDERSHOOTS

The purpose of this section is to derive simple
equations linking the time to apply, and the rever-
sal overshoot and undershoot magnitudes, to the
maximum motor speed.

Time to Apply

The time to apply is the time to reach the system
maximum force F;. This maximum force level corre-
sponds to some motor angular position, dubbed
0. The time to apply, therefore, is the time it takes
for the motor to reach 6. At the start of motion,
the system kinematics can be approximated by
the following equation:

Jo=Tu-T. (A1)

where J is the system inertia (motor, gears, etc.)
reflected back to the motor, Ty, is the motor tor-
que and T is the load torque, mostly the caliper
reaction force. The caliper reaction force, how-
ever, is not present until the caliper pads actually
engage the rotor, and is small aft first. For a good
part of an apply sequence, therefore, there is no
load torque and motion can be approximated by

Ji =T (A2)

The motion, then, can be divided into two sep-
arate times, first, acceleration up to maximum
speed wmax, then motion at constant speed.
Assuming for simplicity that the motor torque is
constant and determined by the inverter current

limit, the first acceleration, until ® = wmax, IS gov-
erned by

) :TTMT and (A3)
_TMyp
0= 2 1, (A4)

and the time f; and position 0; corresponding fo
when o has reached wmqx are

h :iwmax and (A5)
Tm
J

0] = m w?ﬂOX' (Aé)

After time t;, the motor runs at constant speed:
0—0y, = CUmcv(“L - T])- (A7)

The total travel time t; to reach the final position 0
is thus given by

O = 0, + wqu”f =iy ) (A8)

Combining (A5) and (Aé) into (A8) yields, after
some manipulation,

Oy J

fi = AT Pmax-
Omax  2Tum

(A9)

J
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and their magnitudes are quadratic with speed limit. This
is borne out by the MATLAB model, except perhaps for
the overshoot magnitude, which is somewhat less than
quadratic, probably because of simplifications. Compar-
ing overshoots and undershoots, the latter are larger
because of the caliper torque that acts with the motor dur-
ing a first reversal and against the motor when the brake is
reapplied. This appears in the above equations as a differ-
ent denominator for (2) and (3), on one hand, and (4) and
(5), on the other.

The overshoot duration and magnitude reach a plateau
at some level, when the motor speed is limited anyway by

the system load, such as the caliper reaction force. Con-
cerning undershoot, it can grow rapidly because of the
help from the caliper spring force, to the point that the
brake can become fully disengaged. Such a disengagement
is shown in Figure 15.

Motor Speed Limit Selection

The motor speed limits can now be chosen as follows. Con-
cerning forward motion, and referring first to the apply
time, based on Figure 16, it is logical to choose a speed
limit in the 4,000—6,000 r/min range, because below such
levels significant sacrifices are made in apply time. In that
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Overshoot pattern.

By design, these systems have a high torque-
per-inertia ratio; therefore, the first tferm is domi-
nant (A11). This establishes a (1/speed limit)
pattern for the time to apply. It also shows that,
provided the forque per inertia is sufficiently
high, only higher motor speeds can shorten the
tfime to apply.

O

max

Topply =t~ o (A10)

Overshoot Pattern Reversal
When the brake reverses motion from forward to
reverse, an overshoot occurs with a generally par-
abolic shape, as shown in Figure Al. During the
overshoot, the motor is decelerated by a nega-
tive motor torque, —Ty, which adds to the caliper
force, Teq, leading to
Ji» = —Ty — Teqr- (A11)

The reversal occurs as the motor runs at its maxi-
mum speed omax. Although the caliper torque is
nonlinear with position, for simplicity it will be
assumed constant, as well as the motor torque,
during the reversal. Then, the motor position is

o (TM + Tcol)

57 [t = to)® + omax(t o). (A12)

0— 0y =

The duration tos of the overshoot, defined as the time
fos = (t — tq) for the angle 6 to be again equal to 6, is

Undershoot pattern.

2J

= T+l (A13)

fos ®max-

The overshoot magnitude 0o corresponds to
when the angle function starts to decrease, and
therefore to when the derivative of position (A12)
is zero. After some manipulation,

J 2

Oos = ——— 2.
e (TM + Tcol) e

(A14)

Undershoot Pattern for Second Reversal
(Reapply)
The analysis when a brake is required to reverse
motion from a reverse direction (release) to forward
(apply) is similar. The resulting undershoot also has a
generadlly parabolic shape, as shown in Figure A2.
The main difference is that in this case, the
motor torque fries to accelerate the motor in the
forward direction while the caliper torque sfill acts
in the opposite direction; therefore,
Joo =Ty — Teql- (A15)
Assuming again constant motor and caliper
forques during the reversal, the undershoot dura-
fion fys and magnitude 0,5 are

fs= e
e (TM - Tcal) e
J 2

=——0 .
(TE - chl) mox

and (A16)

Ous (A17)




range, the overshoot is little affected. If the resulting val-
ues of apply time or overshoot are not satisfactory, a system
redesign is in order (either motor, brake system, or both).
In this case, the final choice of 5,000 r/min provided
acceptable EMB performance results.

Concerning reverse motion, a speed limit of 5,000 r/min
would be unstable, as seen in Figure 18. A lower value, in
the knee of the undershoot magnitude (at 3,500 r/min)
was chosen. This choice has an effect on the release time
for the brake. The release time was also analyzed, in the
same way as apply time. This analysis is omitted here
for conciseness.

The two speed limits, one for forward and one for
reverse direction, are generic conditions that are used in
the controller. When the speed limit is reached, one
switch is turned off to allow the motor to coast down. The
forward speed limit is higher since the motor has to work
against the spring force and the reverse speed limit is
lower since the spring force aids the force produced by the
motor actuation. Clearly, the speed-limit values will
change depending on the application, but the method pro-
posed here was presented in hopefully the most general
terms to help in future such designs. Also, the base speed
(1,500 r/min) is noted as a possible point of reference.

The approach was qualitatively confirmed by adjusting
the speed limits during testing, while at the same time
the PID parameters were being tuned. As was mentioned
earlier, the final choices, 5,000 and 3,500 r/min, are gener-
ally consistent with the analysis. Most notably, however,
the SR motor could not have met the reversal needs with-
out such an approach.

Conclusions

This study challenged both a PM brushless and an SR
motor in highly dynamic situations, in all four quadrants
of their torque-speed operating regions, for an EMB appli-
cation. A 20% longer SR motor provided overall similar
dynamic performance, but only if the SR motor is fitted
with a speed limit. A method to choose such a speed limit
was developed, and the software algorithm implementa-
tion was found to be simple and successful.
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