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Because of the damping and elastic properties of an electrified powertrain, the regenerative brake of
an electric vehicle (EV) is very different from a conventional friction brake with respect to the system
dynamics. The flexibility of an electric drivetrain would have a negative effect on the blended brake
control performance. In this study, models of the powertrain system of an electric car equipped with
an axle motor are developed. Based on these models, the transfer characteristics of the motor torque in
the driveline and its effect on blended braking control performance are analysed. To further enhance a
vehicle’s brake performance and energy efficiency, blended braking control algorithms with compen-
sation for the powertrain flexibility are proposed using an extended Kalman filter. These algorithms
are simulated under normal deceleration braking. The results show that the brake performance and
blended braking control accuracy of the vehicle are significantly enhanced by the newly proposed
algorithms.

Keywords: electric powertrain dynamics; blended braking control; electric vehicles; extended
Kalman filter; brake performance; regeneration efficiency

1. Introduction

The ever-heavier burden on the environment and dwindling energy resources require auto-
mobiles to be cleaner and more efficient. Studies show that in urban driving situations,
about one-third to one half of the energy of the power plant is consumed during decelera-
tion processes.[1–4] Among the key features of electrified vehicles, the regenerative braking
system, which is capable of effectively improving the fuel economy by converting the
vehicle’s kinetic energy into electric energy during braking procedures, has become a hot
topic of research and development among automakers, parts manufacturers, and researchers
worldwide.[5–7]

Most manufactured electrified vehicles, including the Toyota Prius, Nissan Leaf, and Tesla
Model S, are equipped with regenerative braking.[8–10] To guarantee the vehicle’s brake per-
formance, a mechanical brake is still needed. However, compared to the conventional friction
brake, the regenerative brake presents quite different dynamic characteristics. For example,
the motor’s brake torque responds quickly and accurately, whereas a regenerative brake is
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Vehicle System Dynamics 1373

significantly affected by the operation conditions of the motor and battery. In addition, its
transmission path, via a gear box, driving shaft, and half-shaft to the wheel, is much longer
than that of frictional brakes, which are just mounted on the side of a wheel. These fea-
tures not only provide great potential for improving the vehicle dynamics performance under
normal and critical driving conditions, but also present tremendous challenges to the exist-
ing brake theories and control methods. Therefore, researching the mechanism and control
method for regenerative and friction brake blending is of great importance.

For cooperative control of regenerative braking and hydraulic braking, the existing
research mainly focused on two aspects: braking energy management strategy and blended
braking dynamic control.[11–13]

The task of braking energy management is to explore the potential of using regenerative
braking to the maximum extent by reasonably allocating the regenerative braking force and
friction braking force, improving an electric vehicle’s energy efficiency as much as possi-
ble. These strategies are usually designed for a vehicle’s kinetic energy regeneration during
normal deceleration processes.[14–19]

However, blended braking coupling control targets dynamic processes. In contrast to a
conventional internal combustion engine vehicle, an electrified vehicle equipped with a
regenerative brake has three different braking states, i.e. friction braking, regenerative brak-
ing, and blended braking. These three braking states may occur independently or switch
between each other frequently during one braking procedure. Particularly, because the
dynamics of an electrified powertrain is quite different from that of the conventional friction
brake, the introduction of the electric motor torque during deceleration may make it a new
source of vibration and jerk on the system and vehicle levels. In addition, the dynamic modu-
lation of the frictional braking force may also cause pressure fluctuations in the brake circuits,
resulting in negative impacts on brake performance, brake comfort, and even the energy effi-
ciency of the vehicle.[2] Thus, determining the electrified powertrain dynamics and its impact
on blended brake control have become significant aspects of regenerative braking control. It
is also important to determine how to dynamically couple the two different braking forces
and coordinate the three different deceleration states to simultaneously ensure braking per-
formance and improve the energy efficiency. In [20], a cooperative control algorithm for an
electronic brake and regenerative braking for an automatic transmission-based hybrid electric
vehicle was proposed to maintain the demanded braking force and driving comfort during a
downshift with regenerative braking. In [21], a differential braking and driving vehicle stabil-
ity control strategy was developed for a hybrid electric sport utility vehicle equipped with axle
motors. In [7], several critical techniques that are suitable for the development and examina-
tion of HEVs with regenerative braking capability were proposed. In [22], a hybrid anti-lock
braking system (ABS) solution for electric vehicles (EVs) and hybrid vehicles, endowed with
in-wheel motors (IWMs) and friction brakes, was designed. However, the electrified power-
train dynamics and its impact on regenerative braking control performance are rarely seen in
the existing research. Although some researchers have studied the powertrain system dynam-
ics of EVs, they targeted the traction control under critical driving conditions or focused on
the noise, vibration, harshness (NVH) performance of the vehicles.[23–25]

In this article, the blended braking control of an electric passenger car equipped with an
axle motor is considered, along with the electric powertrain dynamics. The electric pow-
ertrain system, hydraulic brake, vehicle dynamics, and tyre are modelled. The electrified
powertrain system dynamics and its impact on blended braking control are studied. To further
enhance an electric vehicle’s brake performance and energy efficiency, extended-Kalman-
filter-based control algorithms for blended braking control are proposed. Simulations of the
developed control algorithms during normal braking processes were carried out. Some of the
simulation results are reported in this article.
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1374 C. Lv et al.

2. System dynamics modelling

As shown in Figure 1, a regenerative braking system of an electrified passenger vehicle
equipped with a central electric motor at the front axle is illustrated. The cooperative regen-
erative braking system, which comprises a hydraulic brake and an electric powertrain, the
vehicle dynamics, and the tyre are modelled as follows.

2.1. Electrified powertrain model

The electric powertrain is built as a two-inertia model, as Figure 2 shows. In this simpli-
fied model, one inertia indicates the motor and the other one indicates the contribution from
the load. A gearbox, representing the transmission, final drive, differential, and the inner
constant-velocity joints, is located close to the motor inertia. The backlash contributions in the
whole powertrain are lumped together into one single backlash. Assuming that the half-shafts
have the same lengths, the values of left and right half-shaft torques are considered the same.

The motor drive unit adopted has a permanent-magnet synchronous topology. Regarding
the effect of the electric system dynamics, the motor torque is modelled as a first-order reac-
tion with a small time constant τM being taken into consideration, which can be expressed as
follows:

τMṪM + TM = TM, ref, (1)

where TM is the actual value of motor torque and TM, ref is the motor reference torque.
The equations for dynamics from the motor shaft to the gearbox output shaft are

modelled by

J∗
Mθ̈M = TM − TG, (2)

where θM is the angular position of the motor, and the output torque of the gear box TG and
the equivalent moment of inertial J∗

M can be given by

TG = 1

η1η2ηdiffηj1(i0ig)

(
2THS + 1

i0ig
JHSθ̈M

)
, (3)

Figure 1. Scenario diagram of the cooperative regenerative braking system.
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Vehicle System Dynamics 1375

Figure 2. The simplified model of electric powertrain system.

J∗
M = JM + J1 + 1

η1i2g
J2 + 1

η1η2(i0ig)
2 Jdiff, (4)

where η1 and η2 are the efficiencies of the first and the second stages of the transmission,
respectively, ηdiff is the efficiency of the differential, ηj1 is the efficiency of the inner constant-
velocity joint, JM is the moment of inertia of the electric motor, J1 is the moment of inertia
of the gearbox input shaft, J2 is the moment of inertia of the transmission shaft, Jdiff is the
moment of inertia of the differential, i0 is final drive ratio, and ig is the transmission ratio.

A flexible half-shaft with backlash is built connecting the gearbox and the load inertia. The
nonlinear model of the half-shaft torque is given by [26]

THS = kHS(θd − θb) + βHS(θ̇d − θ̇b), (5)

where kHS and βHS are the stiffness and the damping coefficient of the half-shaft, θd = θ1 −
θ3 = θM/i0ig − θFW is the total shaft displacement, and θb = θ2 − θ3 is the position in the
backlash. θ1,θ2, and θ3 are the angles at the indicated positions on the shaft.

The nonlinear model of backlash position is described as

θ̇b =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

max

(
0, θ̇d + kHS

βHS
(θd − θb)

)
, θb = −α

θ̇d + kHS

βHS
(θd − θb), |θb| < α

min
(

0, θ̇d + kHS
βHS

(θd − θb)
)

, θb = α

, (6)

where 2α is the backlash gap size.
The torque transmitted from the half-shaft to the wheel via the outer constant-velocity joint

can be calculated based on Equation (7):

TFW_M = ηj2

(
THS − JHS

2
θ̈FW

)
, (7)

where ηj2 is the efficiency of the outer constant-velocity joint.
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1376 C. Lv et al.

2.2. Hydraulic braking system

To simulate and analyse the brake blending performance, the hydraulic brake system models,
including valve dynamics and wheel brake pressure, have been developed. The schematic
diagram of the hydraulic brake system is shown in Figure 3.

2.2.1. Valve dynamics

During the brake pressure build-up process, the hydraulic fluid flows through the normally
open inlet valve from the master cylinder to the wheel cylinder. Therefore, the inlet valve
model is of great importance for the simulation of hydraulic brake pressure modulation. The
detailed descriptions of valve structure and models have been reported in [27,28].

The schematic diagram of the inlet valve with a coordinate system is presented in the right
plot of Figure 3. The axial dynamic equation for the position of valve core can be expressed
as

mvẍv = Fe − Fs − Fh − FB (8)

where mv is the mass of the valve core, xv is the displacement of the valve core, Fe is the
electromagnetic force, Fs is the spring force, Fh is the hydraulic force, and FB is the viscous
force.

The electromagnetic force, acting on the valve core, can be expressed by the following
relation [27]:

Fe = (IN)2

(2Rgl)
, (9)

where I is the coil current, N is the number of turns, l is the air gap length, and Rg is the
magnetic reluctance of the air gap.

The spring force can be given by the following relation:

Fs = ks(xv + x0), (10)

where ks is the stiffness coefficient of the return spring and x0 is the preload displacement of
the spring.

Figure 3. Schematic diagram of the hydraulic brake system.
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Vehicle System Dynamics 1377

Table 1. Key parameters of the electric powertrain and vehicle.

Parameter Value Unit

Electric motor Peak power 45 kW
Maximum torque 144 Nm

Battery pack Voltage 326 V
Capacity 66 Ah

Vehicle Total mass (m) 1360 kg
Wheel base (L) 2.50 M
Coefficient of air resistance (CD) 0.32 —
Nominal radius of tyre (r) 0.295 M
Gear ratio 7.881 —

The viscous force is affected by the viscosity of the fluid and the movement velocity of the
valve core, as shown in Equation (11):

FB = Bẋv, (11)

where B is the viscous damping coefficient.
The hydraulic force, exerted on the valve core by the fluid, can be calculated as [28]

Fh = πR2
v(cos α)2 · �p − 2�pC2

dAv cos α − ρfluidLq̇v, (12)

Av = πdm

Rv

√
R2

v − d2
m

4
· xv, (13)

where Cd is the flow coefficient of the inlet of the valve, ρfluid is the density of the hydraulic
fluid, Rv is the spherical radius of the valve core, L is the damping length, qv is the fluid flow
of valve, �p is the pressure difference across the valve, and dm is the average diameter of the
valve seat.

2.2.2. Hydraulic brake pressure

The structure of wheel cylinder is simplified to be a piston and a spring. Based on the valve
dynamics analysed earlier in the paper, the wheel cylinder pressure can be represented as [28]

ṗFW = kFW

π2r4
FW

CdAv

√
2 · �p

ρfluid
, (14)

where kFW is the spring stiffness of the wheel cylinder and rFW is the radius of the[!b] piston
of the wheel cylinder.

2.3. Vehicle dynamics and the tyre

A model of vehicle dynamics with eight degrees of freedom has been built in MAT-
LAB/Simulink by the present authors.[2,28] The tyre model, which is of great importance for
research on braking, should be able to simulate the real tyre in both adhesion and sliding. In
this article, the well-known Pacejka magic formula model is adopted.[29] The tyre behaviour
can be accurately described under a combined longitudinal and lateral slip condition.

The detailed vehicle and tyre models developed were described in [2,28]. The feasibil-
ity and effectiveness of the models have been validated via hardware-in-the-loop tests and
vehicle tests. Key parameters of the electrified powertrain and vehicle are listed in Table 1.
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1378 C. Lv et al.

3. Electrified powertrain dynamics and its impact on performance of blended
braking control

3.1. Electric powertrain system dynamics

The linearised model based on Equations (1)–(7) was implemented in a state-space formu-
lation, as shown in Equation (15). The detailed formulation of the elements of the defined X
and U vectors and A and B matrices is included in Appendix 1:

ẋ = Ax + Bu,
y = Cx + Du.

(15)

Based on the linearised model, the system dynamics and properties are analysed in the
following.

Figure 4(a) contains the Bode plots of the motor speed response to an input motor torque.
The response of the motor speed is characterised by a sharp trough and peak pair at the
anti-resonance frequency and resonance frequency of the system, respectively, showing the
flexibility of the system.

The open-loop transfer function of the system with the wheel speed as the output can be
given by

ωFW

TM
= ηj2(βHSs + kHS)

i∗gJ∗
MJds3 +

(
i∗gJ∗

M + 2
η∗i∗g

· Jd

)
βHSs2 +

(
i∗gJ∗

M + 2
η∗i∗g

· Jd

)
kHSs

, (16)

where i∗g = i0ig, η∗ = η1η2ηdiffηj1, and Jd is the moment of inertia of the load.
Figure 4(b) contains the Bode plots of the wheel speed to an input motor torque. In the low-

frequency range, the driveline can be regarded as rigid. Once the frequency is greater than 30
rad/s, the response of the load speed is characterised by a resonance peak. When the damping
coefficient decreases (β0 < β1 < β2 < β3 < +∞), both the magnitude and phase responses
are subject to amplitude growth at approximately the resonance point. Beyond 50 rad/s , with
an increase in the frequency, the gradient of the magnitude response gradually deviates from
–40 dB to –60 dB, which also demonstrates the flexibility of the powertrain system.

Figure 4. Bode plots of the motor and wheel speed responses to an input motor torque.
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Vehicle System Dynamics 1379

3.2. Effect of powertrain dynamics on performance of blended braking control

In existing studies on regenerative braking control, the transmitted motor torque on the wheel
is usually equivalent to be an amplification of the motor’s output regenerative torque via
the gear ratio with transmission efficiencies.[13–15,20] A linearised block diagram of the
conventional blended braking control is shown in Figure 5. The actual motor torque is used
as a feedback signal for hydraulic brake modulation, whereas open-loop control is used for
the electric motor torque.

However, based on the above discussion, the e-drivetrain, presenting a flexible property,
cannot be regarded as a rigid system. Figure 6 shows the system response to step and
sine-wave torque inputs in time domain. Both the values of the transmitted motor torque
on the wheel under the two different inputs are smaller than the target with a small time
delay.

Hence, simply considering the transmitted motor torque on the wheel as an amplified value
based on the multiplying gear ratio of the motor output torque is not sufficient for an advanced
brake blending control of electrified vehicles. And flexibility of the powertrain needs to be
taken into consideration.

Figure 5. Block diagrams of the conventional blended braking control.

Figure 6. Powertrain responses to the step and sine-wave inputs in time domain.
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1380 C. Lv et al.

4. Compensation control algorithm design

To further enhance the brake performance and improve the blending braking control effect
for electric cars, compensation control that considers the impact of the electric powertrain
dynamics needs to be developed.

4.1. Transmitted torque observer design

To compensate for the damping and elastic properties of the e-drivetrain, it is necessary to
determine the value of the transmitted electric torque on the wheel.

Because the exact value of the transmitted torque on the wheel is difficult to directly mea-
sure on the plant, it is necessary to implement an extended Kalman filter to estimate it. The
extended Kalman filter is based on the electrified powertrain model presented in the state-
space formulation in Section 3. The mathematical formulation of the extended Kalman filter
is illustrated as follows.

The process is governed by the nonlinear stochastic difference equation with a measure-
ment Z, which can be given by Equations (17) and (18)[30]:

Xk = f (Xk−1, Uk−1, Wk−1), (17)

Zk = h (Xk , Vk−1) , (18)

where W is the process noise vector, h is the nonlinear measurement equation, and V is the
measurement noise vector.

For the particular case studied in this work, the state vector at step k is

Xk = {
θ̇Mk , θ̇FWk , θMk , θFWk , TMk

}T
. (19)

The nonlinear system of difference equations Xk = f (Xk−1, Uk−1, Wk−1) is shown as
follows:

θ̇Mk =
(

1 − 2βHS�tKF

η∗i∗g
2J∗

M

)
· θ̇Mk−1 + 2βHS�tKF

η∗i∗gJ∗
M

· θ̇FWk−1 − 2kHS�tKF

η∗i∗g
2J∗

M

· θMk−1

+ 2kHS�tKF

η∗i∗gJ∗
M

· θFWk−1 − �tKF

J∗
M

· TMk−1 + w1k−1, (20)

θ̇FWk = ηj2βHS�tKF

i∗gJ∗
FW

θ̇Mk−1 +
(

1 − ηj2βHS�tKF

J∗
FW

)
θ̇FWk−1 + ηj2kHS�tKF

i∗gJ∗
FW

θMk−1

− ηj2kHS�tKF

J∗
FW

θFWk−1 + �tKF

J∗
FW

Tbx,FW,k−1 − TFW_H�tKF

J∗
FW

− f0FZ,FWRW�tKF

J∗
FW

+ w2k−1,

(21)

θMk = ωMk−1�tKF + θMk−1 + w3k−1, (22)

θFWk = ωFWk−1�tKF + θFWk−1 + w4k−1, (23)

TMk =
(

1 − �tKF

τM

)
· TMk−1 + �tKF

τM
· TM,ref,k−1 + w5k−1. (24)

The measurement vector can be expressed as

Zk = {̃̇θMk ,˜̇θFWk , T̃Mk}T. (25)
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Vehicle System Dynamics 1381

Figure 7. Block diagrams of the two developed compensation control algorithms.

The elements in the measurement vector at step k can be given by

˜̇θMk = θ̇Mk + v1k , (26)

˜̇θFWk = θ̇FWk + v2k , (27)

T̃Mk = TMk + v3k . (28)

The measured values of the angular speed of the motor and the front wheels and the mea-
surement of the motor torque are provided by sensors. The noise level for the measurements
is based on the experimental values reported in [31].

According to the general algorithm,[30] the extended Kalman filter is implemented in five
steps, which are included in Appendix 2.

4.2. Extended-Kalman-filter-based compensation control algorithm design

Based on the extended Kalman filter designed, two compensation control algorithms for
blended braking control are developed.

4.2.1. Hydraulic-brake compensation control algorithm

The idea of this strategy is to compensate the overall braking force by enhancing the fric-
tion brake. Figure 7(a) shows a block diagram of the hydraulic-brake compensation control
algorithm. In this strategy, the transmitted motor torque on the wheel T̂M_FW, which is esti-
mated by the extended Kalman filter designed earlier, is used as the feedback signal for
hydraulic braking control. The target value for the hydraulic brake pressure is the difference
between the master cylinder pressure and the equivalent brake pressure.

By compensating the hydraulic brake, the overall blended braking force at the front axle
can be guaranteed to be equal to the required one. However, because the hydraulic braking
force is increased, the regeneration efficiency will be decreased.
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1382 C. Lv et al.

4.2.2. Dual compensation control algorithm

In order to improve the brake performance and regeneration efficiency simultaneously, the
dual compensation control algorithm is designed, as shown in Figure 7(b). The aim of this
strategy was to implement torque compensation by utilising the regenerative brake as much
as possible. Based on the hydraulic-brake compensation control designed earlier, a track-
ing controller for motor torque is added in the inner loop, which outputs the compensated
reference motor torque T∗

M,ref. The compensated reference, which comprises a feed-forward
reference torque and a compensation value of proportional-integral-derivative (PID) feedback
controller, makes the motor torque control loop closed.

In this way, the overall braking force can be ensured, and the regeneration potential of the
electric motor can be further explored, which improves the energy efficiency of the vehicle.

5. Simulation and analysis

5.1. Simulation scenarios

To evaluate the control performance of the designed algorithms during normal decelera-
tion processes, simulations are carried out in MATLAB/Simulink with the models built in
Section 2.

In simulations, the initial braking speed is set at 40 km/h. The master cylinder pressure is
taken as a ramp input stabilising at 3 MPa. The road is assumed to be flat (no slope) and have
a dry surface with a high adhesion coefficient of 0.8.

5.2. Simulation and analysis

5.2.1. Simulation of baseline control algorithm

The existing regenerative braking control algorithm presented in Section 3 is taken as a
baseline. The simulation results of this strategy are shown in Figure 8.

During the deceleration, with the applying of regenerative brake, the front-wheel hydraulic
pressure without compensation is gradually decreased to 0.30 MPa. Because of the flexibility
of the drivetrain, the real transmitted motor torque on the wheel is much smaller than the
expected one, which leads to the real blended torque being lower than the target value by
nearly 40 N M. Moreover, at the end of the deceleration process (4.3–5 s), the control effect
of the uncompensated coordination between the regenerative and the hydraulic brakes also
deteriorates, which produces an unexpected jerk in the vehicle.

5.2.2. Simulation of hydraulic-brake compensation algorithm

Figure 9 shows the simulation results of the hydraulic-brake compensation control. In this
improved algorithm, the front-wheel hydraulic pressure is under compensation control based
on the feedback signal of the transmitted motor torque on the wheel estimated by the extended
Kalman filter. Therefore, the front-wheel hydraulic pressure is modulated to 0.53 MPa, which
is greater than that in the baseline strategy by 0.23 MPa. This compensates for the consump-
tion of the motor torque loss in the driveline and guarantees that the blended braking torque
on the wheel meets the total request. Furthermore, the jerk of the vehicle is also improved dur-
ing the end of the braking process owing to the better coordination between the regenerative
and hydraulic brakes.
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Figure 8. Simulation results of the baseline control strategy.

Figure 9. Simulation results of the hydraulic-brake compensation control strategy.
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5.2.3. Simulation of dual compensation algorithm

Figure 10 shows the simulation results for the dual compensation control algorithm. Under
compensated control, the real value of the transmitted motor torque on the front wheel meets
the target value of 443 N M. Meanwhile, the hydraulic brake pressure is also compensated
controlled based on the master cylinder pressure and the transmitted motor torque on the
wheel, decreasing to as low as 0.27 MPa. As a result, the real blended torque on the front
wheel remains consistent with a change in the target brake demand. The braking deceleration
proceeds smoothly and jerk is significantly decreased, ensuring comfort and safety.

5.3. Comparisons of three control algorithms

Regarding the results of the simulation mentioned previously, the coordination effects and
the regeneration efficiencies of the three strategies are analysed as follows.

In order to evaluate the coordination effect of the three strategies, the root mean square
error (RMSE) between the expected brake torque Ttarget and the real blended brake torque
Tblended is selected as an evaluation parameter, as Equation (29) shows [28]:

RMSE =
√√√√1

n
·

n∑
k=1

(
Ttarget(k) − Tblended(k)

)2
. (29)

The mean deceleration is adopted to evaluate the brake performance.

Figure 10. Simulation results of the dual compensation control strategy.
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Table 2. Simulation results of brake performance and control accuracy.

Control Mean deceleration Improvement of brake Improvement of control
algorithm (m/s2) performance (%) RMSE accuracy (%)

Baseline 2.58 – 29.61 –
Hydraulic-brake compensation 2.72 5.43 10.05 66.06
Dual compensation 2.76 6.98 11.16 62.31

Table 3. Simulation results of regeneration efficiency.

Control Recoverable Regenerated Regeneration
algorithm energy (kJ) energy (kJ) efficiency (%) Improvement (%)

Baseline 71.14 46.01 64.68 –
Hydraulic-brake compensation 71.36 43.38 60.79 − 6.01
Dual compensation 71.01 47.95 67.52 + 4.39

To evaluate the regeneration capability of the control algorithms, the regeneration effi-
ciency ηregen is used as an evaluation parameter [2]:

ηregen = Eregen

Erecoverable
× 100%

=
∫ t1

t0 UIdt
1
2 mu2 − ∫ t1

t0 f0mgudt − ∫ t1
t0

CD·A
21.15 · (3.6u)2 · udt

,

(30)

where Eregen is the energy regenerated by an electric motor during regenerative braking and
Erecoverable is the maximum value of the recoverable energy. U is the output voltage of a
battery pack, I is the charging current of the battery, u is the longitudinal speed of vehicle, f0
is the rolling resistance coefficient of the tyre, CD is the coefficient of air resistance, and A is
the frontal area of the vehicle. t0 is the initial braking time and t1 is the final braking time.

Based on the simulation data, the RMSE, mean deceleration, and regeneration efficiency
are listed in Tables 2 and 3. According to the data, the RMSE values of the two compensation
strategies are 10.05 and 11.16, respectively, which are better than that of the baseline strategy
at 29.61. This indicates an enhancement in the control accuracy of the blended brake torque
of over 60%. Both the brake performances of the two compensation strategies are better
than that of the baseline strategy. The dual compensation strategy has the highest regener-
ation efficiency (67.52%). However, it is followed by the baseline strategy at 64.68%, and
then the hydraulic-brake compensation strategy at 60.79%, which verifies the analysis of the
algorithms shown in Section 4.

6. Conclusion

This article discussed blended braking control for an electric passenger vehicle consider-
ing the flexibility of the electric powertrain. Models of the drivetrain and hydraulic brake
system of an electric car equipped with an axle motor were built. Based on these models,
the electric powertrain dynamics and its effect on the blended braking control performance
were analysed. To further enhance the brake performance and energy efficiency of the vehi-
cle, compensation control algorithms were proposed based on an extended Kalman filter.
Simulations of the proposed algorithms were carried out under normal deceleration braking.
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1386 C. Lv et al.

Simulation results showed that the brake performance and blended braking control accuracy
of the case-study EV were significantly enhanced via using the newly proposed compen-
sation algorithms by over 60%, compared to that of the baseline strategy. In addition, the
dual compensation control also improved the regeneration efficiency by 4.39%, whereas the
hydraulic-brake control strategy reduced this index by 6.01% due to the increased utilisation
of the hydraulic brake in this algorithm.
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Appendix 1

Each element of the matrices of the first equation of Equation (15) is illustrated here.
The state vector is

X = [
θ̇M θ̇FW θ̇V θM θFW TM Tbx,FW

]T
.

The state matrix is

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

− 2βHS

η∗i∗g2J∗
M

2βHS

η∗i∗gJ∗
M

0 − 2kHS

η∗i∗g2J∗
M

2kHS

η∗i∗gJ∗
M

− 1

J∗
M

0

ηj2βHS

i∗gJ∗
FW

−ηj2βHS

J∗
FW

0
ηj2kHS

i∗gJ∗
FW

−ηj2kHS

J∗
FW

0
1

J∗
FW

0 0 −ρairCDSR3
W θ̇V,0

J∗
V

0 0 0 − 2

J∗
V

1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 0 0 0 − 1

τM
0

0 0 0 0 0 0 − 1

τW

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

The input vector is

U =
[
TM,ref f0FZ,FW,0RW f0FZ,RW,0RW

1

2
ρairCDSR3

wθ̇2
V,0 TFW_H,0 TRW_H,0 βW (θ̇V,0 − θ̇FW,0)

]T

.
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The input matrix is

B =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 0 0 0

0 − 1

J∗
FW

0 0 − 1

J∗
FW

0 0

0 0 − 2

J∗
V

1

J∗
V

0 − 2

J∗
V

0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

1

τM
0 0 0 0 0 0

0 0 0 0 0 0
1

τW

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

Appendix 2

The detailed implementation of the extended Kalman filter is shown in the following steps.

Project the state ahead, which can be given by

X̂−
k = f

(
X̂k−1, Uk−1, 0

)
.

Project the error covariance ahead, which is represented as

P−
k = AkPk−1AT

k + WkQk−1WT
k .

Compute the Kalman gain, as shown in the following:

Kk = P−
k HT

k

HkP−
k HT

k + VkRkVT
k

.

Update estimate with measurement

X̂k = X̂−
k + Kk[Zk − h(X̂−

k , 0)].

Update the error covariance:

Pk = (I − KkHk)P
−
k .

A is the Jacobian matrix of the derivatives of f with respect to x and is given by

A[i,j] = ∂f[i]
∂x[j]

(x̂k−1, uk−1, 0),

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 − 2βHS�tKF

η∗i∗g2J∗
M

2βHS�tKF

η∗i∗gJ∗
M

− 2kHS�tKF

η∗i∗g2J∗
M

2kHS�tKF

η∗i∗gJ∗
M

−�tKF

J∗
M

ηj2βHS�tKF

i∗gJ∗
FW

1 − ηj2βHS�tKF

J∗
FW

+ ∂Tbx,FW

∂θ̇W
· �tKF

J∗
FW

ηj2kHS�tKF

i∗gJ∗
FW

ηj2kHS�tKF

J∗
FW

0

�tKF 0 1 0 0

0 �tKF 0 1 0

0 0 0 0 1 − �tKF

τM

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.
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