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ABSTRACT In this study, a full brake-by-wire system with a dual-drive motor as a redundant power
source and a planetary roller screw (PRSM) as a motion conversion mechanism is proposed for automated
driving and wire-controlled chassis. Its parameters are matched, and the prototype is trial-produced. Aiming
at the proposed full brake-by-wire system, a clamping force estimation control strategy is proposed that
comprehensively considers electric caliper dynamics, stiffness, and frictionmodels. In particular, considering
the influence of motor temperature on the output torque, a temperature estimation model based on the
proximal policy optimization-reinforcement learning (PPO-RL) algorithm was proposed, which was proven
to effectively predict the motor temperature with an average error of only 1.06%. Finally, a hardware-in-
the-loop test was performed, and the experimental results verified the effectiveness and superiority of the
proposed system and control strategy, with a fast response, good clamping force continuous-following effect,
and high clamping force estimation accuracy.

INDEX TERMS Full brake-by-wire system, redundant drive motors, motor temperature estimation, PPO-RL
algorithm, clamping force estimation.

I. INTRODUCTION
According to the ‘‘Energy-saving and New Energy Vehicle
Technology Roadmap 2.0′′ released by the Chinese Society of
Automotive Engineering in October 2020, China’s automo-
tive industry will be transformed into an electrified industry
by 2035, and intelligent internet-connected vehicles will run
widely in China, with broad prospects for the development of
highly automated driving vehicles.

Currently, autonomous vehicle technology is generally
divided into six levels from L0 to L5, where L3 represents the
transition between low-level driving assistance and advanced
autonomous driving development. The L3 level and above
autonomous driving also put forward higher requirements for
the chassis system, which requires layout flexibility, architec-
tural compatibility, and control integration [1].

The associate editor coordinating the review of this manuscript and

approving it for publication was Geng-Ming Jiang .

The wire-controlled chassis system decouples the mechan-
ical connection between the driver operating mechanism and
the actuators of the chassis subsystems, and controls the
chassis execution action through electrical signals, which
has the characteristics of a faster response, more accurate
following, and more stable control. Moreover, its integrated
control is the centralized embodiment of vehicle dynamics in
all motion dimensions, with all-round, multilevel, and strong
coupling characteristics, and it is the best platform to meet
the performance requirements of the L3 level and above the
automated driving system.

Therefore, automated driving and wire-controlled chassis
are complementary, mutually reinforcing relationships.

The brake-by-wire system is one of the key subsystems
of a wire-controlled chassis. Depending on their structural
characteristics and working principles, they mainly include
electrohydraulic brakes (EHB) and electromechanical brakes
(EMB) [2], [3]. The EHB system cancels the vacuum booster
and realizes brake booster and active braking functions
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through a motor-driven brake master cylinder piston. The
brake pedal can be decoupled from the brake master cylinder
to a certain extent but still retains the hydraulic line; therefore,
there is a risk of brake fluid leakage [4], [5]. Compared with
hydraulic brakes, the EMB system completely eliminates
hydraulic lines and decouples the mechanical connection
between the brake pedal and the braking system. Therefore,
the EMB system is a fully brake-by-wire system [6], [7].
Based on the power transmission method of EMB systems,

known mechanical structures can be classified into three
types [8], [9]. The first is the lever/wedge self-increasing
force type, which produces a self-increasing force effect
through a wedge or lever structure [10]. These advantages
include low motor power requirements and a high braking
efficiency. The disadvantages include the extremely high
mechanical performance requirements of the wedge and
roller, assembly difficulties, high heat generation in the driv-
etrain, and high cost [11], [12]. The second type is an
electromagnetic clutch that uses a two-stage planetary gear
system. The two stages of the planetary gear system are
equipped with two electromagnetic clutches. When power is
applied, the friction disk and clutch fit together and transmit
the motor driving force [13], [14]. When the power was
turned off, the friction disk and clutch separated, and the
clamping state of the brake disc was maintained. The struc-
ture does not require themotor to remain stuck for a long time,
and the motor is automatically disengaged when the power is
turned off; therefore, it requires less motor performance [15],
[16]. However, because the motor must drive the friction disc,
the rotational inertia is high. The friction discmust be periodi-
cally replaced to ensure power transmission [17], [18]. A low
supply voltage results in a decrease in the suction capacity
of the electromagnetic clutch. The third type is the planetary
gear + ball screw type, which is powered by a brushless DC
motor or a permanent magnet synchronous motor [19], [20].
The angular velocity of the motor was reduced and the motor
torque was amplified using a planetary gear mechanism.
Finally, through the ball-screw mechanism, the rotary motion
is converted into a linear motion, and the piston is pushed
to achieve displacement [21], [22]. The structure is highly
integrated, with high maturity and low cost, but it is more
difficult to assemble [23], [24].

In summary, the third type is the most widely used
and lowest-overall cost technical solution for passenger
cars [16], [25]. Moreover, it ensures that the advanced
automatic driving vehicle can still actively brake when a
single-point failure occurs in the brake-by-wire system [26].
Simultaneously, to achieve smaller axial dimensions and a
higher load capacity, an EMB structurewith dual drivemotors
as the redundant power source and planetary gears and plan-
etary roller screws as the drive mechanism based on the third
type is proposed in this paper [27].
Clamping-force estimation methods include sensor-based

clamping-force estimation and sensorless clamping-force
estimation. For the sensor-based clamping force estimation
method, the force sensor must be able to withstand high

temperatures if it is close to the friction plate, and if it is
far away from the friction plate, the hysteresis effect of the
electric caliper can lead to inaccurate force measurements.
Additionally, the sensor must be calibrated separately, which
presents a disadvantage in terms of cost and use [28], [29].
Therefore, sensorless clamp-force estimation has gradually
become a research hotspot. Currently, sensorless clamp force
estimation strategies mainly include an estimation strategy
based on the motor angle and an estimation strategy based on
the motor current, both of which regard the electric caliper
working process as a whole to carry out clamp force estima-
tion [30], [31]. In fact, the performance of electric calipers in
different stages of clamping force application, clamping force
continuous climbing, and clamping force release are differ-
ent; therefore, the above strategies cannot maintain a good
accuracy of the clamping force estimation in all stages [32].
Therefore, it is necessary to propose a clamping force esti-
mation strategy to adapt to different electric caliper operation
stages. Meanwhile, the increase in motor temperature during
the clamping force climbing process will have a certain effect
on the motor output torque, thus reducing the accuracy of the
clamping force estimation. Therefore, it is very important to
consider the compensation of the motor temperature on the
estimated clamping force [33].

For the proposed redundant drive motor EMB structure,
and considering the effect of temperature on the motor out-
put torque, a control strategy for clamping force estimation
without sensors based on the proximal policy optimization-
reinforcement learning (PPO-RL) algorithm temperature
estimation model modification was proposed [34], [35].
The remainder of this paper is organized as follows.

Section II illustrates the mechanical structure of the redun-
dant drive motor EMB system, modeling of key components,
and parameter matching. The electric caliper model and
parameter identification of the proposed EMB system are
described in Section III. Section IV proposes a motor tem-
perature estimation model based on the PPO-RL algorithm to
correct the motor output torque. The algorithm for clamping
force estimation without sensors and hardware-in-the-loop
test verification are presented in Section V. Section VI sum-
marizes the article and addresses the directions for future
work.

II. EMB SYSTEM STRUCTURE, KEY COMPONENT
MODELING AND PARAMETER MATCHING
A. REDUNDANT DRIVE MOTOR EMB STRUCTURE
The EMB system structure investigated in this paper is shown
in Fig. 1.

Where a. brushless DC drives motor 1, b. brushless DC
drives motor 2, c. motor-locking mechanism, d. planetary
gear transmission mechanism, e. spline, f. planetary roller
screw, g. wheel cylinder piston, h. brake disc, and i. friction
pad.

Working Principle: Brushless DC drive motor 1 and brush-
less DC drive motor 2 are redundant power sources for the
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FIGURE 1. EMB system structure schematic.

actuator. The motor torque was transmitted to the PRSM
through a planetary gear mechanism and spline. The PRSM
is built into a wheel cylinder piston and pushes it in a linear
motion. This brings the friction pad into contact with the
brake disc, creating a clamping force perpendicular to it.

B. PLANETARY ROLLER SCREW MODELING
The PRSM is a transmission component that converts rotary
motion into linear motion with the combined characteristics
of threaded and rolling helical transmissions. Compared with
ball screws, the threaded roller instead of the ball enables the
load to be released quickly through many contact points, thus
allowing a higher load and impact resistance. A typical nut
movement-type PRSM explosion structure diagram is shown
in Fig. 2.

The proposed EMB system uses a standard PRSM,
in which the screw has only circular motion, the nut has only
axial motion, and the roller has both rotation and revolution.
The rotation of the screw drives the movement of the roller,
and finally, the nut pushes the piston of the wheel cylinder to
achieve a linear reciprocating motion, that is, to achieve the
application and release of the caliper. A principle diagram of
the movement of the standard PRSM is shown in Fig. 3.
The circular motion of the nut is constrained, the contact

point A is the absolute instantaneous center of velocity, and
the common angular velocity of the roller has the following
relationship:

ωP =
dS
2dP

ωS =
dS

2(dS + dR)
ωS (1)

FIGURE 2. A typical PRSM structure exploded diagram.

FIGURE 3. The movement principle diagram of the standard PRSM .

whereωP is the roller revolution angular velocity;ωS is screw
angular velocity; dP is roller revolution circle diameter; dS is
screw pitch diameter, dR is roller pitch diameter, respectively.

The ratio of screw and roller pitch diameter km is:

km =
dS
dR

(2)

Equation (1) can be expressed as:

ωP =
km

2(km + 1)
ωS (3)

The integral form of (3) is given by:

ϕP =
km

2(km + 1)
ϕS (4)

where ϕP is roller revolution rotation angle;
ϕS is screw rotation angle.
The planetary carrier rotation angle of the planetary

gear θcarrier is equal to ϕS :

ϕS = θcarrier (5)

Assuming that the roller is in a pure rolling state, the arc
length of roller rotation is equal to the arc length rolled over
the nut.

ϕRdR
2

=
ϕPdN
2

(6)

where ϕR is the roller rotation angle; dN is nut pitch diameter.
So,

ϕR

ϕP
=
dN
dR

=
dS + 2dR

dR
= km + 2 (7)

Substituting (5) and (7) into (4):

ϕR =
km(km + 2)
2(km + 1)

θcarrier (8)

For the standard PRSM, there is no axial relative displace-
ment between the roller and nut, and the relative displacement
between the roller and screw is the axial displacement of
nut ξN . Therefore, the axial displacement of the nut can
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be calculated in two ways: one is calculated by the roller
rotation angle and by the roller revolution rotation angle. The
calculation formula is as follows:.

ξN =
ϕR

2π
P =

km(km + 2)
4π (km + 1)

P · θcarrier (9)

ξN =
ϕP

2π
nNP =

km
4π (km + 1)

nN · P · θcarrier (10)

where P is roller pitch, nN is heads number of nut threads.
The planetary carrier output torque of planetary gear

Tcarrier is equal to the screw drive torque TS of the PRSM.

TS = Tcarrier (11)

The force transfer relationship of the PRSM is essentially
the same as that of the screw and sleeve mechanisms. There-
fore, the relationship between the nut thrust FN and the screw
drive torque TS can be established by the following equation:

FN = Ts2prsmηprsm (12)

2prsm =
2k · tanαR

dS
(13)

where FN is the nut thrust, 2prsm is the torque transmission
parameter of the PRSM, ηprsm is the transmission efficiency
of the PRSM, k is the number of rollers, αR is the lift angle
of the roller thread.

C. MODELING OF PLANETARY GEAR REDUCTION
MECHANISM
A structural sketch of the planetary gear train is shown in
Fig. 4. The red shaft is the power input shaft, and the green
shaft is the power output shaft. The two side gear trans-
missions are symmetrical to each other: the first-stage gear
transmission ratio is ig1, second-stage gear transmission ratio
is ig2, and planetary gear transmission ratio is ipg.

FIGURE 4. The structure sketch of planetary gear train.

The two-stage gear rotation ratio equations are as follows:

ig1 =
z2
z1

(14)

ig2 =
z4
z3

(15)

where z1 denotes the motor gear tooth number, z2 the
first-stage lower gear tooth number, z3 the first-stage higher
gear tooth number, z4 the second-stage higher gear tooth
number. The expression of the planetary gear ratio is:

ipg = 1 +
zr
zs

(16)

where zr is the gear ring tooth number and zs is the sun wheel
tooth number. The total transmission ratio of the single-side
gear is:

ig = ig1ig2ipg =
z2z4
z1z3

(1 +
zr
zs
) (17)

Assuming that Te1 and Te2 are the output torques of brush-
less DC drive motors 1 and 2, respectively, Tcarrier is the
output torque of the planetary gear. The relationship between
the output torque and input torque of the planetary gear train
is given by

Tcarrier = (Te1 + Te2)igηg (18)

When the motor is not stuck, the rotation angle of the
planetary frame and motor satisfy the following relationship:

θcarrier =
Max(θM1, θM2)

ig
(19)

where θM1 and θM2 are the rotation angles of Motors 1 and 2,
respectively.

D. MODELING OF BRUSHLESS DC DRIVE MOTOR
According to (12) and (18), the maximum drive-torque
requirement for a single motor is.

Te_max =
FN_max

2igηg2prsmηprsm
(20)

According to (10) and (19), the relationship between the
motor angular velocity and translational velocity of the roller
screw nut is given by

ξ̇N =
km

4π ig(km + 1)
nN · P · θ̇M (21)

The output torques of both motors were eventually coupled
to the sun wheel of the planetary gear train. Therefore, the
speeds of both motors are the same, and are denoted as θ̇M .

E. PARAMETER MATCHING
The parameters of the key components can be matched based
on the structural scheme of EMB. The basic parameters of
the target vehicle and its braking system are listed in Table 1.
The parameter-matching process for the key components is
shown in Fig. 5.
The selected motor model, planetary roller screw angular

displacement transmission ratio, and total gear train trans-
mission ratio are presented in Table 2. The parameters of
the selected brushless DC motor are listed in Table 3, gear
parameters of the selected planetary gear train are listed in
Table 4, and selection parameters of the planetary roller screw
are listed in Table 5.

A physical diagram of each component after matching the
key parameters of the electric caliper prototype is shown
in Fig. 6.

VOLUME 11, 2023 124101



L. Chu et al.: Research on Full Brake-By-Wire System and Clamping Force Estimation Strategy

TABLE 1. The basic parameters of the target vehicle.

FIGURE 5. The parameter matching process of key components.

TABLE 2. Electric caliper key parameters.

III. EMB PERFORMANCE MODELING AND PARAMETER
IDENTIFICATION
A. REDUNDANT DRIVE ELECTRIC CALIPER DYNAMICS
EQUATION
The electric caliper dynamics model for single motor opera-
tion is proposed:

J1θ̈M1 = Te1 − Tf 1 − TL (22)

TABLE 3. BLDC motor key parameters.

TABLE 4. Planetary gear train key parameters.

TABLE 5. PRSM key parameters.

FIGURE 6. The physical diagram of each component. (a) Motor gear
mechanism assembly. (b) Planetary gear train. (c) Planetary Roller Screw.
(d) Electric caliper body.

Electric caliper dynamics model for simultaneous opera-
tion of dual motor:

J2(θ̈M1 + θ̈M2) = Te1 + Te2 − Tf 2 − TL (23)
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where J1 and J2 are the system equivalent rotational inertia
of the single-motor and dual-motor operations, respectively;
θ̈M1 and θ̈M2 are the angular accelerations of motors 1 and 2,
respectively; Tf 1 and Tf 2 are the system equivalent fric-
tion torques of the single motor and dual-motor operations,
respectively; TL is the system load, which directly reflects
the electric caliper clamping force. The relationship between
load and clamping force is as follows:

FN =
TLηgηprsm

H
(24)

H =
km(km + 2)
4π (km + 1)

P
ig

(25)

where H is the system equivalent transmission ratio, that
is, the transmission coefficient of the motor rotation angle
and the electric caliper piston displacement.

The dynamics model will output the demand system load
for clamping force control.

B. SYSTEM EQUIVALENT ROTATIONAL INERTIA
Using the system energy equivalence principle, the equivalent
rotational inertia of the system was calculated for the single-
and dual-motor operations.

When a single motor runs, the inoperative motor must be
superimposed on the rotational inertia of the system as a load.
The equivalent rotational inertia of the system is.

J1=2JM + JGear +
JS
i2g

+
mNutd2Nut

4
(26)

where JM is the motor rotational inertia, JGear is the equiv-
alent rotational inertia of the planetary gear train, JS is the
PRSM rotational inertia, mNut is the PRSM nut mass, dNut is
the effective diameter of the PRSM nut.

When a single motor runs, JGear is calculated as follows:

JGear =
Jg1
i2g1

+
JSun

(ig1ig2)2
+

3JP
(iPig1ig2)2

+
JC
i2g

+
Jg2
i2g1

(27)

where Jg1 and Jg2 are the rotational inertias of motor 1 and
motor 2 drive gears, respectively; JSun is the rotational inertia
of the sun wheel; JP is the rotational inertia of the planetary
wheel; JC is the rotational inertia of the planetary frame; iP is
the ratio of the planetary gear to the sun wheel.

Because the drive gear structure is the same, it can be
considered that Jg1 = Jg2 and (27) can be simplified as
follows:

JGear =
2Jg1
i2g1

+
JSun

(ig1ig2)2
+

3JP
(iPig1ig2)2

+
JC
i2g

(28)

When the dual motor runs, there is no non-working motor
load and the equivalent rotational inertia of the system is.

J2 = JM + JGear +
JS
i2g

+
mNutd2Nut

4
(29)

C. ELECTRIC CALIPER STIFFNESS MODEL
An electric caliper stiffness model was used to climb and
decay the clamping force. In the climbing phase, the model
can be used for the first clamping force build-up. For the
decay phase, the model can be used to control the position
of friction plate release.

The climbing and decay of the clamping force were local
nonlinear curves with respect to time. An electric caliper stiff-
ness model based on total actuator deformation is expressed
as follows:

FN = 0(xe ≤ 0)
FN = K1xe + b1(0 < xe < x0)
FN = K4x3e + K3x2e + K2xe + b2(xe ≥ x0)

(30)

xe = x − xag (31)

where K1 ∼ K4, b1, b2, and x0 are the parameters to be
identified; xe is the total deformation of the electric caliper;
x is the electric caliper piston displacement; xag is the brake
disc clearance.

The control variable in the above equation is the total
deformation xe. However, xe cannot be measured in practical
engineering, and the key position parameter x0 is a dynamic
value that is difficult to identify, resulting in poor system
robustness.

Therefore, we cancel the key position identification param-
eter x0, replace the unmeasurable total deformation xe with
the relative motor Hall phase angle 1σHall , and consider the
contact state bit of the electric caliper friction pad and brake
disc as the origin of the independent variable. An electric
caliper stiffness model based on the relative motor Hall phase
angle was proposed. For the clamping force-climbing phase,
the model formula is as follows:

FN = 0 (u0 ≤ u ≤ u2)
FN = A0 + A1 · cos(W · 1σHall)
+B1 · sin(W · 1σHall) (u2 < u ≤ u3)

(32)

where is the motor Hall phase angle, σHall is the cumulative
change in the Hall sensor in motor 1 or motor 2, the relative
motor Hall phase angle 1σHall is the relative cumulative
change with the initial cumulative change removed, A0, A1,
B1, andW are the parameters to be identified, u is the electric
caliper piston real-time position, u0 is the end position of the
electric caliper completely released, u2 is the friction pad and
brake disc contact moment position, u3 is the position after
the first clamping is completed.

For the clamping force decaying phase, the model formula
is described as:{
FN = 0 (u0 ≤ u ≤ u2)
FN = A · e ∧ (−((1σHall − B)/C)2) − D (u2 < u ≤ u3)

(33)

where, A, B, C , and D are identification parameters.
The stiffness model parameters were identified using an

electric caliper prototype; the fitted curves are shown in Fig.7.
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FIGURE 7. The Electric caliper stiffness model fitting curves. (a) Single motor clamping force climbing stage. (b) Dual motor clamping force
climbing stage. (c) Single motor clamping force decay stage. (d) Dual motor clamping force decay stage.

The key parameters of the electric caliper stiffness model
after the parameter identification are listed in Table 6.

TABLE 6. The electric caliper stiffness model key parameters.

D. ELECTRIC CALIPER FRICTION MODEL
An electric caliper may require frequent adjustments to the
clamping force after the completion of the first clamping. The
electric caliper was operated in a low-speed and high-torque
state. The relationship between the system friction torque and
the angular velocity was described using a friction model.

In this study, we considered the static friction, Coulomb
friction, viscous friction, and Stribeck friction models to
establish a friction model for an electric caliper. The basic

equations of the proposed friction model are as follows.

Tf (ω)

=



Tfe
if ω = 0 and

∣∣Tfe∣∣ < Tfs
Tfs · sgn(ω)

if ω = 0 and
∣∣Tfe∣∣ ≥ Tfs

Tfc + (Tfs − Tfc)e
[−(ω/ωs)

δ]
+ Tfv · ω

otherwise

(34)

where Tfe is the driving torque, Tfs is the static friction torque,
Tfc is the Coulomb friction torque, Tfv is the viscous friction
torque coefficient, ω is the system angular velocity, ωs is the
Stribeck Speed, δ is the Stribeck constant, and sgn() is the
symbolic function.

When driving torque Tfe is less than static friction
torque Tfs, the friction torque is equal to the driving torque.
When the system is not in motion and the driving torque
Tfe can overcome the static friction torque Tfs, the friction
torque becomes a function of static friction torque. When
the system is in motion, the friction torque decreases with an
increase in angular velocity at low speeds and is presented as
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a continuous exponential function related to angular velocity.
When the friction torque is outside the exponential function
range, it is expressed as a primary function related to the
coefficient of viscous friction torque.

An electric caliper is a highly nonlinear mechanically cou-
pled structure, and it is not optimal to analyze the friction
model of each module separately, which adds a lot of analyt-
ical matching work and causes the model to be too complex
and unstable.

In this study, the driving-torque equation of the elec-
tric caliper was calculated directly using the target braking
torque. An accurate electric caliper friction model was
obtained using a parameter identification test.

The braking torqueMB is calculated as:

MB = 2µbpFNRb (35)

MB can be considered equal to the driving torque Tfe,
and combined with the formulas in Sections II and III, the
clamping force formula can be obtained as follows:

FN =
−4k(np19f 1Is1 + np29f 2Is2)igηgηprsm tanαR

ds
(36)

Then there is:

Tfe =
−8k(np19f 1Is1 + np29f 2Is2)igηgηprsm tanαR

ds
µbpRb

(37)

where the controllable quantities are the synthetic current
vector magnitudes and Is1 and Is2 of the two motors.
First, single-motor friction model parameters were iden-

tified using an electric caliper prototype. The friction pad
was controlled to reach the u2 position, and the motor was
then given a gradually increasing forward voltage by limiting
the phase-current amplitude until the motor started to rotate.
When the motor was stuck, the test was stopped and the
corresponding clamping force was recorded. Next, the phase
current amplitude limit was changed and another test cycle
was performed until the motor phase current amplitude limit
reached its maximum value.

During the test, it was found that the average motor phase
current gradually increased before the motor was rotated,
until the static friction torque Tfs was overcome. When the
motor started to rotate, the average value of the motor phase
current average value Iave decreased, indicating that the fric-
tion torque decreased. Subsequently, as the voltage increased,
the motor angular velocity increased and crossed the Stribeck
function region, and the motor phase current-averaged value
Iave formed a positive relationship with the friction torque
until the motor was stuck again.

When performing the motor reversal release test, instead of
limiting the phase current amplitude, a preclamping force was
applied to the electric caliper before the motor was started.
From the moment the motor was started, the voltage ceased to
increase. The test was stopped when the friction pad reached
the position where gap adjustment was completed. The same

phenomenon of friction torque change was observed during
the test; only the rate of curve change was different.

The clamping relationship curve between the single
motor angular velocity and friction torque for different pre-
clamping forces, and the releasing relationship curve between
the single motor angular velocity and friction torque for
different pre-clamping forces, are shown in Fig. 8. And the
caliper clamping and releasing motors rotate in opposite
directions, so the following figures set the clamping direction
to be positive and the release direction to be negative on the
x and y axes.

FIGURE 8. Single motor electric caliper friction model fitting curves.
(a) The clamping relationship curve between angular velocity and friction
torque for different pre-clamping forces. (b) The releasing relationship
curve between angular velocity and friction torque for different
pre-clamping forces.

The key parameters of the electric caliper friction model
for the single-motor operation after parameter identification
are listed in Table 7.

TABLE 7. The single motor parameter identification result.
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The response was faster when the two motors were
operated simultaneously. The clamping relationship curves
between the dual-motor angular velocity and friction
torque for different clamping forces and between the
dual-motor angular velocity and friction torque for different
pre-clamping forces are shown in Fig. 9.

FIGURE 9. Dual-motor electric caliper friction model fitting curves. (a) The
clamping relationship curve between angular velocity and friction torque
for different pre-clamping forces. (b) The releasing relationship curve
between angular velocity and friction torque for different pre-clamping
forces.

The key parameters of the electric caliper friction model
for the dual-motor operation after parameter identification are
listed in Table 8.

TABLE 8. The dual motor parameter identification result.

The above parameter identification was performed using
theMATLABSystem Identification Toolbox. Owing to space
constraints, the specificmathematical principles are not listed
here [36].

IV. MOTOR WINDING TEMPERATURE ESTIMATION
MODEL BASED ON PPO-RL ALGORITHM
Frequent clamping and release of electric calipers cause the
temperature of the drive motor to increase. An excessive
motor temperature demagnetizes the permanent magnets and
increases the motor winding resistance, which in turn affects
the proportional relationship between motor output torque
and current. Therefore, it is necessary to introduce motor
temperature correction to correct the motor output torque.

In this study, we establish a motor-winding tempera-
ture model based on the PPO-RL algorithm to predict
the motor-winding temperature without temperature sensors.
Based on the temperature rise characteristics of the motor
winding materials, we analyzed the effect of the motor wind-
ing temperature on the motor output torque and performed
parameter identification of the motor torque coefficient.

A. PROXIMAL REINFORCEMENT LEARNING STRATEGY
Reinforcement learning (RL) belongs to a class of connec-
tionist learning models. RL focuses on taking appropriate
actions based on the environment to maximize the expected
reward. The prevailing reinforcement learning algorithms can
be classified into three main categories: value-based, policy-
based, and actor-critic, where policy-based and value-based
algorithms are used to solve the optimal policy and obtain the
action that obtains the maximum reward value in each state.

The actor–critic algorithm, which was originally applied
in the process of training and controlling the behavior of
intelligent body robots, is essentially a class of methods that
employs neural internets as estimators of value functions; its
general structure is shown in Fig.10.

FIGURE 10. Actor-critic reinforcement learning internet.

In this study, we set the state values in an interactive envi-
ronment as the recorded dataset from the drive motor, and the
dynamic selection of the state values was the basis for training
the model. The prediction results of the model were provided
by the Actor internet. The Critic internet provides a judgment
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of the prediction result and feeds the judgment result to the
Actor internet through a value function for the gradient update
strategy adjustment. Therefore, the feedback from the Critic
internet to the Actor internet during the prediction process is
particularly important. Gradient optimization of the internet
was implemented using the Nadam algorithm, and the reward
was the reward value during the training process.

Proximal Policy Optimization (PPO) is a new policy opti-
mization algorithm proposed by OpenAI in 2017, which was
initially applied to the control of complex intelligent body
robots.

Its advantages are reflected in the supervised process of
smart-body training, which can easily achieve training hyper-
parameter tuning and gradient descent, and recalculate a new
updated strategy at each iteration of the training step to min-
imize the loss function of the training target while ensuring
that the strategies produced by two adjacent iterations do not
produce large deviations.

The TRPO algorithm is the origin of the PPO algorithm,
which was proposed to solve the problem of the inability to
ensure monotonically nondecreasing computational perfor-
mance during gradient descent. The payoff function of the
TRPO algorithm is defined as

Lπ (πθ ) = η(πθold ) + Ê
[

πθ (at |st )
πθold (at |st )

Ât (st , at )
]

(38)

where πθ is the new strategy, πθold is the old strategy, Lπ (πθ )
and η(πθold ) are the payoff functions of the new and old
strategies, respectively, at is the action value at moment t,
st is the state value at moment t, Ê[] function represents the
difference between the returns of the new and old strategies.

The implementation of the TRPO algorithm involves find-
ing a replaceable loss function that transforms the solution
of the TRPO problem into a solution to the problems in (39)
and (40).

Max
θ

Ê
[

πθ (at |st )
πθold (at |st )

At (st , at )
]

(39)

subject to Ê
[
DKL(πθold (·|st )||πθ (·|st ))

]
≤ δ (40)

where DKL is the calculated KL dispersion and δ is the
threshold value of the average KL dispersion.

The standard computational method of the TRPO
algorithm is to approximate the objective function to the first
order, expand its constraints to the Taylor second order, and
finally solve the optimal parameters using the solution of
the conjugate gradient. The above standard computational
method leads to a huge computational effort; therefore, Ope-
nAI proposes the use of the first-order gradient of the PPO to
solve the above problem. The objective function of the PPO
algorithm is given by:

LCLIP(θ ) = Ê[Min(rt (θ )Ât , clip(rt (θ ), 1 − ε, 1 + ε)Ât ]

(41)

where ε is the hyperparameter of the algorithm, Ât indicates
the advantage of the updated policy, rt (θ ) is the ratio of the

new strategy to the old strategy and is expressed as follows:

rt (θ ) =
πθ (at |st )

πθold (at |st )
(42)

In this study, the loss error of the actor internet was selected
as the objective function of the PPO, and the prediction of
motor temperature was achieved by minimizing the objective
function.

In the strategy updating process of the prediction method,
constraints on the process parameters of the prediction inter-
net are necessary to ensure a high estimation accuracy.

The Nadam algorithm is a class of gradient-updating algo-
rithms that uses Nesterov momentum terms. The advantages
include the introduction of a correction ĝt to the current
gradient gt and the introduction of the mean value m̄t of
the first-order moment estimate mt to compute the updated
gradient 1θt . This algorithm is described by the following
equation:

ĝt =
gt

1 − 5t
i−1ui

(43)

1θt = −η
m̄t√
n̂t + ξ

(44)

where ui is the momentum factor of the first-order moment
estimate at moment i, η is the Nadam Algorithm Learning
Rate, n̂t is the correction for the second-ordermoment estima-
tion of gradient at moment t. In summary, the Nadam gradient
descent algorithm was used as a constraint on the process
parameters of the prediction internet.

B. MOTOR WINDING TEMPERATURE PREDICTION BASED
ON PPO-RL ALGORITHM
To predict the motor winding temperature, real motor operat-
ing temperature data must first be collected and used for the
model algorithm training.

The motor winding temperature measurement method is
illustrated in Fig. 11. In this study, a load motor is used to
provide the necessary load for the output of the motor gearing
mechanism. A rigid connection between the load motor and
the motor gear train was achieved using couplings and con-
necting splines. The power supply supplied the load motor,
and the CENTER temperature acquisition device collected
the winding temperature of each dual motor.

During the temperature acquisition test, a load of 14 Nm
was applied to the load motor based on the external char-
acteristics data, and a long-time operating condition with a
dual motor load rate of approximately 70% was simulated to
obtain a safety-biased motor winding temperature-rise char-
acteristic curve.

The dual motors operate simultaneously to drive load
motor rotation. The motor winding temperature was recorded
once every 1 min, and a motor working time and resting wait-
ing time test method that meets the demand of electric caliper
characteristics was proposed according to the vehicle braking
cycle characteristics. The test flow is shown in Fig. 12, and
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FIGURE 11. Motor winding temperature measurement diagram.

FIGURE 12. Motor operating and resting test cycles.

the average value of the test data from the three test cycles is
recorded as the data for the model algorithm training.

The motor winding temperatures of motor 1 and motor 2
are indicated by Temp1 and Temp2, and the mean values of the
test data and fitted curves of the three test cycles are shown
in Fig. 13.

The structure of the PPO-RL motor winding temperature
prediction model algorithm constructed in this study is shown
in Fig. 14, in which each Actor and Critic internet contains an
input layer, an output layer, and a hidden layer, and the hidden
layer uses the ReLU function as the activation function.

In this study, the loss error of the Actor internet was
selected as the objective function of the PPO algorithm, and
the function of the hidden layer was defined as follows:

h1
h2
h3
h4
h5
outt

 =


relu(xt · w1 + b1)
relu(h1 · w2 + b2)
relu(h2 · w3 + b3)
relu(h3 · w4 + b4)
relu(h4 · w5 + b5)
relu(h5 · wout + bout )

 (45)

FIGURE 13. Dual-motor winding temperature test.

FIGURE 14. PPO-RL temperature prediction model structure.

where xt is the input data matrix at moment t; wi, bi, and hi
represent the respective weights, biases, and outputs of the
internet hidden layer; wout and bout represent the weights and
biases of the internet output layer, respectively; out t is the
output of the internet at moment t.

In the Critic internet, θ and θold denote the mapping
relationships between the predicted and true target values,
respectively, and are used to calculate the dominance value
function Ât , and ratio function rt (θ ) of the new and old
strategies, which are expressed as follows:

Ât =
1
N

∑
(outt − yt )2 (46)

rt (θ ) =
outt
yt

(47)

The dominance value function Ât is the mean square error
of the predicted output of the Critic internet at time t. The
ratio function rt (θ ) is the ratio between the output out t of the
internet and the real target value yt . N is the input batch size
for each training set. The smaller the absolute value of the
dominance value function Ât , the greater the dominance of the
output obtained from the internet prediction to approximate
the true data form.

The key parameters of the PPO-RLmotor winding temper-
ature prediction model algorithm are listed in Table 9.
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TABLE 9. The key parameters of the temperature prediction model.

FIGURE 15. (a) Comparison of predicted and real temperature.
(b) Temperature estimation error rate.

The data mean fit curve from the test cycle was collated
into a data set by sampling every 1 min interval. The dataset
was input into the PPO-RL motor winding temperature pre-
dictionmodel to obtain themodel prediction data, whichwere
collated with the real data in Fig. 15(a); the error rate is shown
in Fig. 15(b). From the results, it can be observed that the
prediction results trend of the prediction model is consistent
with the real data, with a maximum error rate of 4.98% and an
average error rate of 1.06%. Thus, the constructed PPO-RL
motor winding temperature prediction model was accurate
and reliable.

C. THE EFFECT OF MOTOR WINDING TEMPERATURE ON
MOTOR OUTPUT TORQUE
Ahigher motor winding temperature causes the internal resis-
tance of the motor to increase and the motor output torque to
decrease at the same current.

To test the effect of the motor winding temperature on the
motor output torque, we first used a temperature box to allow
the tested motor to reach the preset temperature Temptar ,
Temptar includes five gradients: −25 ◦C, 0 ◦C, 23 ◦C, 40 ◦C,
and 80 ◦C. Subsequently, the motor supply voltage to 13.5V,
different motor stuck currents were set, the motor worked in
the stuck state, and the measured value of the torque sensor
was recorded. The motor stuck current included 10 gradi-
ents, and the data were recorded once every 3A increase.
Finally, the correspondence between the motor stuck current
and the output torque at different temperatures was obtained,
as shown in Fig. 16.

FIGURE 16. The relationship between motor stuck current and output
torque at different temperatures.

The curve-fitting of the above data to obtain the motor
torque coefficients KT at different temperatures is presented
in Table 10.

TABLE 10. The key parameters of the temperature prediction model.

In summary, when the motor is stuck, the motor output
torque can be obtained using (48) and Table 10, which can
be used for the frequent regulation of the clamping force
conditions.

Te = f (KT ,Tempn) · Is (48)
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FIGURE 17. Hardware-in-the-loop test bench platform.

V. CLAMPING FORCE ESTIMATION STRATEGY AND
HARDWARE-IN-THE-LOOP TEST VERIFICATION
A. STUDY ON CLAMPING FORCE ESTIMATION STRATEGY
In this study, the clamping force distribution is based on the
maximum achievable clamping force of a single motor.When
the required clamping force Ftar ≤ 13kN , a single motor
drive was used, and Ftar > 13kN , a dual-motor common
drive was required.

The strategy for distributing the clamping forces of the
twomotors under different clamping-force segments is shown
in (49). Ftar1 and Ftar2 represent the target clamping forces
of the two motors.

The advantage is that the life of the motor can be extended,
and additionally, mutual redundancy of the two motors can
be realized, so that in case of failure of one motor, the other
motor can still provide a clamping force of 13 KN, which
ensures that the EMB still has the braking capability to meet
the regular braking requirements.


[
Ftar1
Ftar2

]
=

[
Ftar
0kN

]
(Ftar ≤ 13kN )[

Ftar1
Ftar2

]
=

[
13kN
Ftar − 13kN

]
(Ftar > 13kN )

(49)

When the electric caliper enters the clamping state, the
electric caliper clamping fine state bits are first analyzed,
and then different clamping force estimation strategies are
assigned based on different state bits. In this paper, we sum-
marize the following four electric caliper clamping fine-state
positions.

a. Brake disc friction pad contact state bit31: indicates that
the brake disc is in contact with the friction pad.

FIGURE 18. Electric caliper response time test. (a) 15kN target clamping
force curve. (b) 25kN target clamping force curve.

b. First clamping force climbing completion state bit 32:
This indicates that the first clamping force climbing of the
electric caliper was complete.
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FIGURE 19. First climbing clamping force estimation and following test.
(a) 15KN target clamping force curve. (b) 25KN target clamping force
curve.

c. Clamping force up-adjustment state bit 33: This indi-
cates that the electric caliper clamping force is insufficient
and must be adjusted upward.

d. Clamping force down state bit 34: indicates that the
electric caliper clamping force is too large and needs to be
adjusted downward.

To summarize the clamping force estimation strategy as
follows:

Strategy 1: From 31 to 32, the clamping force
was estimated using an electric caliper stiffness model,
which was compensated based on the mean motor phase
current.

Strategy 2: From32 to33, the clamping force is estimated
using the redundant drive electric caliper dynamics equation,
which is compensated based on the friction model and the
temperature-motor torque parameter model.

Strategy 3: From 33 to 34, the clamping force was esti-
mated using the electric caliper stiffness model.

B. HARDWARE-IN-LOOP BENCH TEST VERIFICATION
An HIL test based on the proposed system is performed to
further illustrate the effectiveness of the proposed control
strategy.

The HIL test bench platform is shown in Fig. 17.

FIGURE 20. Continuously adjustable clamping force estimation and
following test. (a) The clamping force up adjustment test curve. (b) Up
adjustment error curve.

For the proposed EMB system and clamping force esti-
mation strategy, experiments were conducted to verify the
electric caliper response time and continuous following
effect, clamping force estimation effect, and continuous up
and down adjustment effect, including the clamping force
response time and brake pedal continuous input clamping
force following the test, the first clamping force climbing test
with different target clamping forces, clamping force up and
down adjustment tests with or without considering the motor
temperature, and single-wheel anti-lock(ABS) function.
Test 1: First, to verify the time-response characteristics of

the proposed electric caliper, the target clamping forces were
set to 10kN with a single motor operation and 25kN of the
maximum clamping force with both motors fully operational.

Refer to Bosch’s IPB electro-hydraulic braking system,
which has a braking response time of 90-120ms. As shown
in Fig. 18 (a)–(b), when the target clamping forces were
10kN and 25kN, the response times were less than 0.3s
and 0.4 s, respectively, which are 3 times faster than conven-
tional electro-hydraulic braking systems.
Test 2: In this test, the first clamping force climbing test

with different target clamping forces was conducted, includ-
ing a target clamping force of 10kN with a single working
motor and a target clamping force of 25kN with a dual motor.
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FIGURE 21. Single-wheel ABS function test. (a) The wheel speed and
vehicle speed curves. (b) The slip rate curve.

The relationship curves of the estimated clamping force
and the actual clamping force with different target clamping
forces are shown in Fig. 19(a)–(b). It can be observed that
both the estimated clamping force and the actual clamping
force exhibit good tracking performance.
Test 3: After the first clamping force climb is completed,

when the target clamping force changes, the electric caliper
must be frequently adjusted up or down, during which the
motor temperature increases.

To verify the influence of the motor temperature on the
clamping force estimation accuracy, the clamping force up
adjustment and brake pedal continuous input test curves and
error curves with and without considering the motor temper-
ature are shown in Fig. 20 (a)–(b).

The results show that if the influence of the motor tem-
perature is not considered, the estimated clamping force
error will increase with the frequent operation of the electric
caliper. When using the proposed temperature model, the
estimated clamping force curve was maintained around the
target clamping force curve, thereby proving the validity of
the temperature estimation model.
Test 4: The single-wheel ABS test is conducted on

the proposed EMB to verify whether it can effectively

regulate the slip rate within a safe range. The test scenario
is: the initial speed is 48km/h, the adhesion coefficient is
0.2, and triggering ABS function. The test results are shown
in Fig. 21 (a)-(b).

The test results show that the proposed EMB can well
regulate the wheel speed to follow the vehicle speed when the
ABS is triggered on the low attached road, and the slip rate is
basically within 20%, which meets the safety requirements.

VI. CONCLUSION
In this study, a full brake-by-wire system for automatic driv-
ing, wired-controlled chassis, and clamping force estimation
control strategy based on this system is proposed. The main
contributions of this study are as follows:

(1) A full brake-by-wired system with a dual-drive motor
as a redundant power source and a planetary roller screw
as the motion conversion mechanism was proposed for an
autopilot and wire-controlled chassis. The parameters were
matched, and a prototype was trial-produced.

(2) Aimed at the proposed full brake-by-wired system,
a clamping force estimation control strategy that compre-
hensively considers the electric caliper dynamics, stiffness,
friction, and temperature effects.

(3) A temperature estimation model based on the PPO-RL
algorithm is proposed, considering the influence of the motor
temperature on the output torque.

(4) Finally, HIL tests were conducted, and the test results
verified the effectiveness and superiority of the proposed
system and control strategy with three times faster response
than EHB, good clamping force continuous-following effect,
high estimation accuracy throughout the different operating
phases of the electric caliper, and the slip rate can be well
regulated within a safe range with ABS function.

In future work, the parameter matching and control strat-
egy will be further optimized to fully utilize the hardware
system performance and further improve the control accu-
racy. Further comparative tests with other latest research
results on clamp force estimation are planned to further val-
idate the effectiveness of the clamp force estimation strategy
proposed in this paper. Additionally, the effect of the electric
caliper friction coefficient on the increase in operating tem-
perature will be investigated, and once the testing of a single
EMBhas been completed, threemore EMBswill be produced
to test the ABS function and the fault degradation function at
the level of the whole vehicle.
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