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Abstract. Industrial brakes pose the dilemma of weighing brake capability
against brake impact since the brake torque cannot be adjusted. On the one hand,
the brake torque may be insufficient to stop the movement within a limited
distance or parking position. On the other hand, the brake torque may be so high
it can damage the transmission chain. In this study, the traditional brake strategy
and the field oriented control (FOC) brake strategy were compared through
simulation and a rotational inertia test. The influence of the rated brake torque
and the open-closed ratio were obtained. Based on the test and simulation results,
a semi-empirical formula that defines the relationship between relative brake
capability and open-closed ratio was developed. Additional simulations were
performed to analyze the performance of the brake in a flexible transmission
chain. As an industrial application example, the benefits and the cost of a ‘smart
brake’ based on the FOC brake strategy were analyzed. The results indicate that
the equivalent brake torque with the FOC brake strategy is a function of the real-
time controllable input and open-closed ratio, which can be conducted during the
braking procedure. This can be an efficient way to solve the above problems.

Keywords: brake impact; FOC brake strategy; industrial brake; normal-closed
electromagnetic brake; rotational inertia test.

1 Introduction

Large machinery such as port cranes have large mass and a large-scale
structure, while the operational mechanism has to load and unload cargo
frequently and rapidly. In the process of cargo handling, industry brakes are
used to consume the kinetic energy of the cargo and to stabilize it at a suitable
height.

The traditional braking approach is that a constant braking force, which can
increase the security of the system, is applied to the brake disc, and the friction
between the brake disc and the braking object reaches the preset braking force
to stop the movement [1,2]. This braking approach can indeed accomplish the
braking process, however, the large inertia of the braking object can result in a
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huge impact, which may damage the weakest link in the chain of transmission
[3]. In addition, the braking impact will transmit to the whole structure of the
machine through the transmission system. Consequently, a series of adverse
consequences can occur. The operational mechanism may shake violently;
driving comfort will be influenced, which can make the driver get tired easily
[4,5]; and, finally, excessive impact may directly lead to damage to the
operational mechanism and even the whole structure. Figure 1 shows a smashed
gearbox that was broken in the brake process. The smashed gearbox is called a
jack-up gearbox with a 1:8000 ratio, developed for offshore platforms, which
was destroyed during a test running of the emergency brake process. The brake
impact destroyed 3 of its 76 gearboxes since the brake torque was too high for
this application.

Figure 1 Smashed gearbox of a jack-up device.

In order to reduce the disadvantages of the traditional braking process in large
machinery, an improvement that can relieve the braking impact and mitigate
unwanted side effects of the braking process is essential.

In previous researches and applications, most attention was paid to the braking
moment. It is considered that a larger braking moment is more beneficial to stop
the movement of the equipment. In some technical specifications, the brake
selection is determined by the braking moment, which is calculated based on the
braking time and the inertia of the braking object. Moreover, the heat quantity
converted from the kinetic energy of the braking object should be checked in
order to avoid failure of the brakes caused by overheating. Hence, some
researches have focused on heat attenuation of materials for braking [6-12],
Grzes, et al. [13] developed a model of a disk brake to study the temperature at
the discrete contact between two rough surfaces and studied two approaches of
calculation of the flash temperature. However, the system dynamic of the
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braking process was not taken into consideration and the braking impact on the
transmission link was not analyzed either.

Researches with an engineering background are mostly found in robot control
and vehicle engineering. Seungbok, et al. [14-16] studied the design and
optimization of magneto-rheological brakes in several engineering applications
and discussed the influence of different parameters, such as weight, brake
torque, etc. in these applications. Géspar, et al. [17,18] have proposed several
brake strategies and analyzed their performances in vehicle automation. He, et
al. in [19-21] discuss the dynamics of an integrated system with different types
of brakes and their application in vehicle engineering. Hirata, et al. [22-24]
focused on servo-brake control issues in several kinds of robot motion control.
Picasso, et al. [25] considered braking control problems for railway vehicles
and proposed a novel distributed braking control algorithm based on preview
control theory.

Antilock brake systems (ABS) are widely applied in the automobile industry,
since it can keep the rotational wheel from locking and, consequently, guarantee
maneuverability by discontinuously braking in emergency conditions [26]. The
essence of ABS is to constrain the slip ratio of the wheel within a certain range
[27,28]. It guarantees both the shortest brake distance and the best steering
handling stability, therefore in the automobile industry many researches on
brake strategies have been conducted from the viewpoint of system dynamics
[29,30].

Inspired by ABS, a new smart brake strategy for industry brakes is proposed. If
the condition of the brake is not always closed and the braking force is
alternately on and off, there will be a time period during which the brake disc is
not in contact with the braking object. As a result, the brake can avoid the
impact generated by the kinetic energy from the braking object. Moreover, the
braking time is adjustable by controlling the frequency of the open and closed
condition of the brake. Thus, the braking process can be gentler. Such a process
is similar to an ABS in vehicles. However, this process applied to industrial
brakes is essentially different from that applied in ABS. In ABS, it is critical to
control the wheel slip ratio to stay within a stable range, whereas the goal of
using a brake in the industrial field is to keep the safety of the machinery in
such a way that the kinetic energy of the braking object can be dissipated during
the braking time. There is no influence of the slip ratio on the braking process of
an industrial brake.

Based on this novel smart braking strategy, the feasibility of a rapidly open-
closed brake process was verified. Firstly, a typical dynamic model of a
transmission system was constructed. The braking impact was analyzed on the
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dynamic model and the feasibility was verified in theory. Then, based on the
theoretical analysis, an inertia test stand was implemented. The deceleration
values under different open-closed frequencies were tested and compared with
the theoretical results. Both the theoretical and the experimental results
indicated that the proposed smart braking strategy can reduce the impact on the
transmission system in view of brake process safety.

2 Dynamic Model of Transmission Chain During Brake Process

2.1  Dynamic Model of Transmission Chain

The transmission chain is usually an assembly of several components to achieve
the operational tasks. Every component has its own mass, stiffness and damping
characteristics. As shown in Figure 2(a), the system was modeled as an
assembly of a brake, whose moment of inertia is Jg, and other components,
whose moments of inertia are J;. The connections with neighboring components
consist of rotational springs with stiffness K; and damping D;. Deformation only
happens in the connections in the system.

Similar to the idea in the finite element method of super-elements [31], the
DOFs of mechanisms on the transmission chain condensates to a single part,
denoted as JM, while the entire stiffness and damping are denoted as KM and
DM. A simplified diagram is shown in Figure 2(b).
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(a) Finite DOF transmission chain
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(b) Condensation model with all flexibility

Figure 2 Diagram of the dynamic model of a flexible transmission chain.
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The dynamic equation of the system is as follows:

[JB ]_)"G[Dinter —Dinter}'XJr[—Kinter Kinter}xz{—T} 1)
IM —Dinter  Dinter Kinter —Kinter 0

where Jg denotes the moment of the brake and Jy is the moment of the
mechanism; Diq, is the damping coefficient at the interface, which is a scalar;
Kinter denotes the stiffness coefficient at the interface; T is the brake torque; and
X = {6,a}" is the position vector of the system.

2.2  Brake Strategy

For an electromagnetic normally-closed brake, there are two common brake
strategies:

1. Traditional brake strategy
The brake torque of a normally-closed brake with a traditional brake strategy is
shown in Eq. (2), as widely applied in industry:

{ 0 (R, =OPEN)
T = (2)

Toateqg (Fp =—CLOSE)

where T, denotes the brake torque with the traditional brake strategy; Traeq IS the
rated torque of the brake; F, represents the control signal flag for the brake
action.

In this case, the brake has either ‘OPEN’ or ‘CLOSED’ status, which means
that the brake torque can be either zero or the rated value. This strategy can be
regarded as ‘rigid’, because the brake torque cannot be adjusted during the
braking process.

2. Fast open-closed brake strategy
In order to adjust the brake torque during the braking process, a fast open-closed
brake strategy is proposed. The variation of the torque is shown in Eq. (3):

0 Fp=OPEN
Teoc (rat) = 1Trated  (Fo==CLOSE)&(ntg<t<ntp+ratg) 3
0 (Fp==CLOSE)&(ntg+rat-tg<t<(n+1)tg)

where t, is the period of a single open and closed cycle; rat = t;qs/to denotes the
ratio of the closed time against the period; n represents the integer to determine
the cycle.
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A diagram of these two strategies is shown in Figure 3.
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Figure 3 The trajectories of the two brake strategies.

For the fast open-closed strategy, the equivalent brake torque is regarded as the
integration of the current brake torque, as shown in Eq. (4).

0 (F, == OPEN)
T (n-t, <t (4)
" <net, +rat-t,) 0 (F, == OPEN)
Teoc (rat) = .[ ’ Ot = ’
0 (n-t,+rat-t, <t rat-T,. (F, ==CLOSE)
<(n+1)-t,)
(F, == CLOSE)

By adjusting the ratio of the closed time against the period, the brake torque
varies linearly. At the same time, it is clear that if the ratio is equal to one, the
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traditional brake strategy is described. In other words, the traditional brake
strategy is a special case of the FOC brake strategy.

3 Test, Results and Discussion

3.1 Structure of the Rotational Inertia Test Bench

The aim of the brake is to stop the motion and consume the kinetic energy of a
mechanism. Accordingly, to test the performance of a brake, the kinematic
energy is the most essential concern. A rotational inertia test bench is
commonly used to test the performance of a brake system. As shown in Figure
4, the rotational inertia test bench consists of: (1) an encoder, which records the
time history of the angular velocity; (2) a motor, which is the driver of the test
bench; (3) an inertial load, which is the moment of inertia that represents the
actual payload; (4) a brake, which is the brake to be tested.

[T oxo

N
[ 1]
e
ﬂ !
1 Brake|2 Motor ~ 3 CoupleL Inertial Load /5 Encoder L
(a) Schematic draft (b) Photograph of the test bench

Figure 4 The rotational inertia test bench used in the test.

In application, the moment of inertia is known as a constant, J, which is
designed according to the requirements of different products; the initial angular

velocity, ¢,, is known and depends on the trajectory of the motor. Using a

linear approach, the two most important parameters are calculated with Egs. (5)
and (6).

T:J-Z—‘t" (5)
Ek:%J-dz ©)

where J is the moment of the inertial load; ¢ denotes the angular velocity of the
test bench; T represents the brake torque; and Ey is the kinematic energy of the
system.
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The rotational inertia test bench (shown in Figure 4(b)) is discussed below and
its basic parameters are listed in Table 1.

Table 1 Parameters of the test bench.

Jkgm?) Qg (radls) Traea (N'M) 1o (S) rat
5.59 83.78 187.32 0.250 0.28~0.56

The test was performed at nine ratios and five times per ratio. The time history
of the angular velocity was recorded. The results are analyzed in the following
section.

3.2 Test Results

The main concern in the braking process is the angular acceleration. The initial
uniform rotation and the situation after the initial load has completely been
stopped are not of interest to this research.

After the treatment, the time history is regarded as a linear relationship. The
slope of the curve is the angular acceleration and the intercept is the initial
angular velocity. Thus, the velocity curves are fitted according to the least
square method to a straight line as shown in Eq. (7). Figure 8 shows the time
histories of the angular velocity and its fitting curves with different brake ratios
(the superscript t stands for “test’):

a=Al-t+ A2 @)

where Al and A2 are the linearized coefficient of the angular velocity fitting
curve, Al represents the angular acceleration, and A2 represents the initial
angular velocity; and t is time.

3.3 Error Analysis between Test and Simulation

To check the dynamic model of the transmission chain shown in Eq. (3), the
same inputs listed in Table 1 are introduced into the model.

As can be seen in Figures 7 and 8, the coefficients of Al and A2 in Eq. (7) for
both the test and the simulation are listed in Table 2.

As can be seen in Table 2, there is an error between the test data and the
simulation data. Since the error of A2 is comparably small and it is of less
importance to the performance of the brake, the following discussion focuses on
angular acceleration AL. As shown in Eqg. (1), it can be inferred that angular
acceleration Al is a function of ratio rat and the rated constant of T aeq/J.
Normally, for a particular test bench, the moment J always remains the same.
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Thus, the system error most likely came from the rated brake torque and the
open-closed ratio.

As shown in Figure 2(b), the brake torque is from a pre-tensioned spring. The
stiffness of the spring and the initial tension of different brakes may vary.
Therefore, the actual rated brake torque is as expressed in Eqg. (8).

Tr;ted = ka 'Trated (8)

where k, is a positive amplifier of the rated brake torque; T eq iS the standard
brake torque.

Table 2 Coefficients of the linearized curve of the angular velocity.

rat Al A2 Al A2,
0.28 -2.68 84.9 -2.32 83.6
0.32 -3.8 80.7 -4.67 83.3
0.36 -6.04 80.4 -7.46 83.1
0.38 -12.2 78 -9.32 83
0.44 -11.7 79.7 -14 82.8
0.46 -20.7 79.8 -16.1 82.8
0.48 -15 80.4 -17.5 824
0.52 -20.3 81.8 -18.6 78.2
0.56 -27 83.6 -18.3 72.3
0.28 -2.68 84.9 -2.32 83.6
0.32 -3.8 80.7 -4.67 83.3

With a linear approach, the relationship between the angular acceleration and
the brake torque implies that:
a=T.,./J-rat 9

rated

When rat = 1, the amplifier k1 can be calculated by simultaneously solving Egs.
(8) and (9), as shown in Eq. (10):

kl = dt /drated = Alt(rat :1) / Als(rat :1) (10)

where Al(rat = 1) and Al (rat = 1) represent the values based on the test and
the simulation when the open-closed ratio is equal to one.

Another possible source of the error is from an error in the actual open-closed
ratio. Since the ratio is defined as rat = ts/to, the error may exist in both the
period of a single cycle and the closed time, as shown in Eq. (11):

ty =k, -t (1)
=K 0 + Ko + Ot

t
tclose close



420 Yuantao Sun, et al.

where the superscript s and t represent ‘standard’ and ‘test’, respectively; k; is
the amplifier of the single error in the open-closed cycle; ky and k, are the

possible quadratic coefficients of the error in closed time; ot is the delay of the
closed time.

Thus, the error in the open-closed ratio is:

t! k k ot
ratt = clc;se = g s SIose2 + ! s ilose + S
k-t k-t Kt (12)

= kl ' 1:zlosez + k2 ' 1:zlose + k3
With the linear assumption shown in Eq. (9), the error of the angular
acceleration is a function of the open-closed ratio. Taking Eq. (12) into account,
the error can be defined as follows:

k,-T, k k,-T,
a rated( d .45 2 s ot rated 'tslose (13)

err, =, —a, = +—1 5 4 _a
a t S J kptg close kptS close kptg) Jtz c

To determine the coefficients shown in Eq. (13), Eq. (13) is simplified into the
following form:
err, =, —d, = UL (t5,.)° + U2t + U3 (14)

close close

where U1, U2 and U3 are the coefficients of the polynomial, which are defined
according to the quadratic least square method curve fitting of the result of the
test data and the simulation data. Finally, the coefficients ky, k, and ks shown in
Eq. (12) are calculated.

3.4  Relationship between Open-closed Ratio and Angular
Acceleration

Table 3 lists the polynomial coefficient of error estimation between the test data
and the simulation data. As shown in Table 3, the coefficient k,, which
represents the rated torque, is 1.16 times greater than its nominal torque; ki, k,
and ks indicate that the error is close to a linear curve.

Table 3 Coefficients of the polynomial of the error estimation between test and
simulation.

Coefficient Value Coefficient Value
Ky 1.16 Ul -1.44x107
kq -3.71x10-4 U2 1.25
k, 1.03 U3 65.82

ks 0.7
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According to Egs. (11) and (12), the actual open-closed ratio can be corrected
by the coefficients in Table 3. As shown in Figure 9, the relationship between
the corrected open-closed ratio and the angular deceleration is compared with
the test data.

ratio vs angular acceleration

simulation

4 test data
-10 |

-20 L

-30 |

angular acceleration

-40

ratio

Figure 5 Angular deceleration vs. the open-close ratio.

As shown in Figure 5, the relationships between the open-closed ratio and the
angular deceleration correspond to one another and approach a straight line.
With the increase of the open-closed ratio, the deceleration increases.

To adapt the engineering application, the relationship between the open-closed
ratio and the normalized angular acceleration is shown in Eq. (15) according to
the quadratic least square method.

y=Bl-rat+ B2 (15)

t
rated

where, y =a/d,,, is the normalized angular acceleration and &, is the

angular acceleration from the test data when the open-closed ratio is equal to
one; B1 =-9.998E-1 and B2 = 4.000E-4 are the coefficients of the fitting curve.
It shows that the relative angular acceleration is close to the open-closed ratio.
Thus, it can be inferred that the equivalent brake torque is the rated torque
multiplied with the ratio.

3.5  Analysis of Brake Impact vs Ratio

The angles at the brake disc side & or the inertial load side « are different due to
the flexibility of the transmission chain. The deformation between these two
angles o is an index of the brake impact:
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o=a-60 (16)

where ¢ is the angular deformation of the transmission chain; 8 is the rotation
angle at the brake disc side; and « is the rotation angle at the inertial load side.

Figure 6 shows the time histories of the angular deformation during braking
with different open-closed ratios.
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Figure 6 Time histories of the differential between two angles 6 = a-6.

Figure 6 indicates that during the braking process (with a constant deceleration),
the differential decreases with the decrease of the open-closed ratio and when
the ratio is equal to one, the differential reaches its maximum. At uniform to the
maximum differential angle and when rat = 1, the relationship between the
open-closed ratio and uniform maximum angular deformation is shown in
Figure 7.

As can be seen in Figure 7, the relative maximum angular deformation increases
with the increase of the open-closed ratio. When the ratio exceeds 0.5, the slope
of the curve shown in Figure 7 is smaller than one. This indicates that the brake
impact declines as the open-closed ratio increases, especially when the ratio is
close to one.
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Relative Delta vs. Ratio

08 L

0.6 L

04 L

02 L

Relative Angular Displacement

rat

Figure 7 Relationship between open-closed ratio and uniform maximum
angular deformation.

4 Application: Smart Brake

4.1  Trajectory of the Smart Brake

As discussed in the previous section, the angular deceleration is a function of
the input ratio of the FOC brake strategy. Thus, it is possible to operate the
brake torque during the braking process. This is the principle of the so-called
smart brake [3-5]. The FOC brake strategy can certainly reduce the brake
impact and increase the brake distance compared with the traditional strategy.
As shown in Figure 8, the maximum angular deformation with a smart brake
strategy is obviously smaller than with a traditional brake strategy.

The smart brake works according to the diagram shown in Figure 4(a).
Normally, the rated brake torque can be set at a higher value (1.3 times for
example) than a traditional one. To avoid too large a brake impact, the FOC
strategy is used to reduce the brake impact during the deceleration process.
Figure 8 shows a comparison between the smart brake system and the
traditional brake system.

As shown in Figure 8, the traditional brake system can only output a constant
brake torque in accordance with the brake signal. The rated brake torque is set
by balancing the brake distance and the brake impact and the parking
requirements. In industrial applications, the brake torque should be capable of
stopping the motion within a limited distance or time, and the transmission
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chain is checked according to the torque. At the same time, the brake torque
should be greater and better in a parking situation.

—___Smart Brake
—Traditional Brake

Troque‘ nto
T rated I
tclose ‘
0
to
OPEN
CLOSE
Signal‘ Brake Signal Open Signal ?

Figure 8 Comparison of a smart brake system and a traditional brake system.

Thus, the principle of the trajectory design of the smart brake should be as
follows:

1. During the deceleration process, the equivalent brake torque is the same as
that of the traditional brake.

2. In a parking situation, the brake torque is greater than the rated brake torque
of the traditional brake. This principle is expressed as follows:

Tsmart (rat) = {Asmart 'Trated '-Ir_at ~ Trated

Asmart " Trated

(during deceleration)

(parking situation) (17
where the T iS the equivalent brake torque of the smart brake; Taeq iS the
rated brake torque of the traditional brake strategy; Asmar iS the amplifier of the
rated brake torque of the smart brake, which is a constant according to the
designed brake characteristics; rat is the open-closed ratio of the FOC brake
strategy.

4.2  Performance Analysis

As shown in Eq. (17), the most attractive benefits of the smart brake are that: (a)
the equivalent brake torque can be adjusted during operation, and (b) the rated
brake torque is amplified when compared with the traditional one.
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For example, the response of the transmission chain when Agpg = 1.3, rat = 0.8
is introduced into the brake strategy is shown in Figure 9. In order to discuss the
influence of the brake strategy and the amplifier, three situations are considered:
(a) the traditional brake strategy with a rated torque, which indicates that: Agmart
= 1.0 and rat = 1.0; (b) the traditional brake strategy with an amplified torque,
which indicates that: Asmare = 1.3 and rat = 1.0; (c) the smart brake strategy with
an amplified torque, which indicates that Agme = 1.3 and rat = 0.8. The
simulation results are shown in Figure 9.

3
300 6 x10
1 [| Traditional Brake, Amp=1.00
5 fif 4 ff Traditional Brake, Amp=1.30)
250 SmartBrake , Amp=1.30)
S 4
_ 200 E ' ’ |
B =1
£ g3 \
@ 150 T
5 g 2 \
= |
< 100 g, [
Traditional Brake, Amp=1.00 k
\
50 Traditional Brake, Amp=1.30 0
Smart Brake . Amp=1.30
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0
0 2 4 6 8 10 0 2 4 6 8 10
Time(s) Time(s)
(a) Brake distance (b) Angular deformation
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Traditional Brake, Amp=130 250

Smart Brake  Amp=130

Angular Veloclty(rad/s)
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Traditional Brake, Amp=1.00
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SmartBrake |, Amp=1.30

0 2 4 6 8 10 0 2 4 6 8 10
Time(s) Time(s)
(c) Angular velocity (d) Brake torque

Figure 9 Time history of the response of the transmission chain.

By comparing the curves, the parameters of these three trajectories are listed in
Table 4.

1. The benefits are obvious, i.e.:
a. The smart brake has a higher final brake torque, which is the most
important characteristic of the brake in a parking situation;
b. The brake impact is relatively small compared with the traditional brake
with the same final brake torque;
c. The brake distance is comparatively small, which is not as great as the
traditional brake without amplifier.
Hence, the smart brake is the most flexible way to solve the problem of
weighing the brake impact against the brake torque.
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2. The cost

On the other hand, however, the benefits of the smart brake strategy come with
the cost of an increase in brake distance. To analyze the performance of a brake
system, the two most essential factors are: (a) the brake distance; (b) the brake
impact during the braking process. To discuss these two factors, the following
normalized values are used:

_ max(o(rat =1)) — max(o(rat))
Vit = max(5(rat =1))
_ max(a(rat)) — max(a/(rat =1))
B max(a(rat =1))

(18)

dis

where 7, and yg, are the relative decrease of the angular deformation and the

relative increase of the brake distance, which are the normalized factors; o is
the angular deformation, which indicates the brake impact; o is the brake
distance at the inertial load side; and rat is the open-closed ratio of the FOC
strategy.

According to the simulation results, the curves of these two factors for different
open-closed ratios are shown in Figure 10.

Relative Delta vs. ratio
350 T

T T T T T
relative angular displacement decrease
relative brake distance increase

300

250

200

Ratio %

150

100

50-\-

1
0 01 0.2 03 04 05 06 07 08 09 1
rat

Figure 10 Ratio of decrease in angular deformation and increase in brake
distance.

As shown in Figure 10, the blue curve represents the increase of brake distance
for different open-closed ratios and the red curve indicates the decrease of brake
impact. When the ratio is equal to one, there is no decrease in angular
deformation or increase in brake distance. With the FOC strategy, the increase
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of the brake distance is always greater than the decrease of the brake impact.
This is the cost of the FOC brake strategy in normally-closed brakes.

5 Conclusions

With all the dimensions discussed above, the conclusion can be drawn that in
accordance with different input ratios of the novel FOC brake strategy, the
kinematic characteristics in the transmission chain vary. The relationship
between the open-closed ratio and the deceleration has a linear trend, and the
dynamic response of the maximum deformation in the transmission chain
decreases with the decrease of the open-closed ratio.

The cost of the smaller brake impact is an increase in brake distance. With a
proper design, in most cases, the increase is relatively small and harmless. The
smart brake system has good flexibility when facing different kinds of
situations, so it is a possible method to get out of the dilemma of weighing
brake impact against brake capability.
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