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REGENERATIVE BRAKING CONTROL OF ELECTRIC VEHICLES
USING ELECTRO-MECHANICAL BRAKES BASED ON IMPROVED
WHALE OPTIMISATION ALGORITHM

Summary

To improve the energy utilisation efficiency and driving range of electric vehicles, this
paper proposes two strategies: a brake energy recovery control strategy and an electric braking
force optimisation algorithm based on electro-mechanical brakes (EMBs). First, a three-stage
control system for the EMBs is designed using an active disturbance rejection control (ADRC)
algorithm. Next, a brake force distribution strategy that uses a safety zone rule to dynamically
adjust the brake force distribution according to real-time operating conditions is proposed based
on the ideal brake force distribution curve and the ECE regulation line. This ensures effective
braking performance. Then, the whale optimisation algorithm (WOA) is introduced with
improvements to its adaptive inertia weight and nonlinear convergence factor to optimise the
motor torque control and improve the braking energy recovery efficiency. Finally, co-
simulations were performed in MATLAB/Simulink and AVL Cruise for two typical conditions:
the worldwide harmonised light vehicle test cycle (WLTC) and China light-duty vehicle test
cycle (CLTC). The simulation results show that the three-stage control system designed with
the ADRC algorithm outperforms the standard EHB system and that the optimised motor
braking force using the improved WOA can recover more energy during braking.

Key words: electro-mechanical braking system, active disturbance rejection control;
improved whale optimisation algorithm, braking energy recovery

1. Introduction

In recent years, the continuous rise in global automobile ownership has improved daily
life significantly, but it has also led to social challenges, such as energy shortages,
environmental pollution, and traffic congestion [1]. Due to their zero emissions, simplified
design, and capacity for regenerative braking, which enhances overall energy efficiency and
extends driving range, electric vehicles (EVs) have gained considerable attention [2]. In line
with trends in automotive electrification, intelligence, and connectivity, braking systems are
increasingly required to integrate features such as brake-by-wire technology. Compared to
traditional hydraulic brakes, electro-mechanical brakes (EMBs) offer advantages such as a
compact structure, rapid response time, and seamless integration with vehicle dynamics control
(VDC) systems. These features are essential for advanced intelligent driving, bringing EMBs
into the focus of automotive manufacturers.
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The EMB control system's key feature is its ability to accurately apply braking force to the
disc, achieving precise and rapid control. Park et al. [6] used an angle sensor to measure the motor
angle and estimate the clamping force based on its functional relationship. Fu et al. [ 7] monitored
the displacement of the ball screw to estimate the clamping force. Ki et al. [8] implemented a
pressure-speed loop and a position-speed loop to switch the control according to braking
conditions. Li et al. [9] introduced a novel clamping force model that utilises linear
transformations of two polynomial functions. They also proposed a unified architecture that
ensures a smooth transition between the gap closure and the clamping force tracking. Line et al.
[10] addressed actuator saturation, load-dependent friction, and nonlinear stiffness in EMBs using
gain scheduling, friction compensation, and feedback linearisation techniques. Incorporating a
model predictive controller allows the system's motor torque to be utilised more effectively to
achieve precise control. Wei et al. [11] applied the direct torque control technology to the
permanent magnet synchronous motor (PMSM) in the EMB system to improve the clamping
force control in the actuator. Lee et al. [12] developed a clamping force compensation algorithm
that uses powerful actuators of the EMBEs, rigid transmission, and high-bandwidth tracking to
actively manage brake torque variations and mitigate brake chatter caused by geometric defects
on the brake disc surface. This study eliminates reliance on traditional clamping force sensors,
thereby reducing the risk of sensor failure due to high brake disc temperatures.

The most prominent issue currently facing electric vehicles is driving range. There are two
primary strategies to enhance the range: developing batteries with higher energy density, which
often requires extensive research and development and considerable costs, or implementing energy
recovery technologies in electric vehicles. The latter has seen notable advancements and
applications [13, 14]. Che et al. proposed a regenerative braking power calculation method and a
control strategy based on a genetic algorithm to address regenerative braking energy recovery issues
[15]. Lietal. [16] introduced a regenerative braking control strategy that estimates road slope angles
to mitigate significant energy loss in downhill scenarios. Zheng et al. [17] and Zhang et al. [18]
proposed an electro-mechanical composite braking control strategy that uses a fuzzy algorithm to
optimise the electric vehicle's power and enhance its driving range. Mei et al. proposed a new fuzzy
sliding mode control scheme based on an adaptive control strategy to maximise battery energy
recovery [19]. Currently, most regenerative braking technology research focuses on vehicles with
electronic hydraulic brakes (EHBs), while studies on vehicles with EMBs are limited.

Addressing this issue, this paper proposes a regenerative braking control strategy utilising
an EMB system in electric vehicles. It designs a clamping force control strategy based on active
disturbance rejection control (ADRC), complemented by a three-stage closed-loop control
strategy that enhances the EMB's response speed and tracking accuracy. The paper also proposes
a safety domain-based brake force distribution scheme for the front and rear axles and employs
an improved whale optimisation algorithm (WOA) to optimise the motor braking force.

The structure of this paper is as follows: Section 1 introduces the structure and principle
of the EMB system. Section 2 elaborates on the design of the three-stage control strategy based
on ADRC for the EMB system. Section 3 presents the brake force distribution scheme for the
front and rear axles of electric vehicles. Section 4 outlines the basic principles of the WOA and
its enhancements and explains how it is applied to optimise the motor braking force. Section 5
provides a co-simulation analysis to validate the proposed control strategy. Finally, Section 6
concludes the paper.

2. Modelling of the EMB system
2.1 Structure and working principle of the EMB system

Unlike traditional hydraulic braking systems, the EMB system uses a mechatronic design
that replaces the conventional hydraulic power structure with a torque motor to brake the
vehicle. The EMB system consists of an onboard power supply, a brake pedal unit, a central
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control unit, an onboard computer network, a control unit, and an actuator. The actuator
includes a drive motor, planetary gear, and ball screw, which facilitate mechanical braking [20].
The structure of the EMB actuator (disc type) is illustrated in Fig. 1.

Ball screw Planetary gear Motor

|
Brake mechanism

Fig. 1 Structure of the EMB actuator (disc type)

When the driver initiates braking based on external conditions and vehicle information,
he or she depresses the brake pedal. This action activates a sensor that detects the pedal travel
and sends a signal to the central control unit. The central control unit then processes this input
to calculate the optimal clamping force for each wheel in real time, communicating this
information to the actuator control unit. Upon receiving the braking signal, the EMB actuator
adjusts the motor's rotation via the planetary gear to facilitate deceleration and increase torque.
The rotary motion is then converted to linear motion via the ball screw, which pushes the brake
pad against the brake disc to achieve effective braking.

2.2 Electromagnetic properties

A PMSM is selected as the driving motor of the EMB system, which is a nonlinear
system. After the coordinate transformation, the voltage equation is given by [21]
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The flux linkage equation is given by
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where wuq, up, uc are the voltages of each phase of the motor, ig, is, ic are the currents of each
phase of the motor, R; is the resistance of the motor, Laa, Lss, L are the self-inductances of
each phase winding of the stator, Mus, Mpa, Mac, Mea, Mpe, Mcp are the mutual inductances
between each phase winding of the stator, and ., ws, . are the three-phase stator fluxes of the
motor. yyis the permanent magnet flux of the motor rotor.

2.3 Frictional behaviour

The Stribeck model is adopted to describe the friction damping behaviour of the drive
motor. Its mathematical expression is defined as follows [22]:
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where 77 (w) is the function describing the Stribeck phenomenon, 75 is the maximum static
friction torque, 7% is the system static friction torque, and w is the motor speed.

The Gauss model is used as the function to describe the Stribeck effect. The mathematical
expression takes the following form:

T ()= (T o (T -T )" )sgn(a)) tow. )

2.4 Load torque

The torque output of the drive motor is transmitted through the mechanical linkage and
ultimately converted into clamping force on both sides of the brake disc. Concurrently, this
generated clamping force exerts a reaction on the drive motor, resulting in load torque. The
mathematical expression of this relationship is as follows:

ANAS® + A, As* — AAs + 4, 5>0.18
F = BAs 0<s5<0.18. (5)

0 s<0

Then, the load torque of the clamping force acting on the motor is given by
F,L

I =0T
2.7[.lp.77g.77s

(6)

where F), is the clamping force, As is the difference between the screw nut displacement s and
the brake clearance s, 77 1s the load torque, L is the lead of the ball screw, #; is the transmission
efficiency of the ball screw, 7, is the transmission efficiency of the planetary gear, and i, is the
reduction ratio of the planetary gear.

2.5 Transmission mechanism

The EMB transmission mechanism consists of a planetary gear and a ball screw. Its
transmission ratio is expressed as

0-L

=, (7)
where 6 is the motor angle.

3. EMB control strategy

The EMB system executes the entire braking process in three stages: brake gap
elimination, clamping force tracking, and brake gap regeneration [23]. Consequently, a closed-
loop control is implemented for each stage, with a focus on stage two, where an ADRC strategy
is designed to improve the clamping force tracking accuracy.

3.1 Brake gap elimination

Control of the drive motor is critical to the EMB system, because it requires a rapid
response to the system inputs. During this stage, the motor primarily works to overcome its own
frictional resistance. To efficiently eliminate the brake gap, the target speed is set to the
maximum speed of the motor, using a speed-current dual-loop control approach.

3.2 Clamping force tracking

Once the brake gap is eliminated, the brake pads engage the brake disc to generate
clamping force. The effectiveness of the control system at this stage influences not only the
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stopping distance and stability of the vehicle but also passenger comfort. To enhance the

clamping force tracking accuracy and minimise the system overshoot, a three-loop closed-loop

control system involving clamping force, speed, and current is designed, as illustrated in Fig. 2.
F,

F, Force controller | @ Speed controller Current controller EMB
—>
O ADRC PID PID drive motor
Wy

Fig. 2 EMB system control flowchart

The ADRC method consolidates all the uncertain factors affecting the controlled object
into unknown disturbances. Using input and output data from the controlled object, it estimates
and compensates for these disturbances [24]. The control system consists primarily of a tracking
differentiator (TD), an extended state observer (ESO), and nonlinear state error feedback
(NLSEF). The EMB system is treated as a second-order nonlinear system for which an active
disturbance rejection controller is developed.

The equation of state for the second-order system is given by

X, =X,
)'czzf(xl,xz,w(t))+b'u(t), (8)
Yy=X

where u(f) and y are the input and the output, respectively, X, and X, are system state variables,
fs the total disturbance synthesised inside and outside the system, and b is the gain.

The TD enables a smooth transition of the input signal from its initial value to its target
value, and the duration of this process is adjustable. Both the transition process and the
differentiator are implemented in a single module. Its discrete algorithm is given by

[ (k) = than(x, (k) = v(k), x, (k), 7, )
x,(k+1) = x,(k)+ hx,k , 9)
x, (k +1) = x,(k)+ hih

where x; is the tracking signal of the input signal, x; is the differential signal of the input signal,

h is the sampling period, v(k) is the target signal of the input, and than is a fastest synthetic
function, defined as follows:
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where r is the speed factor and 4y is the filter factor.
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The ESO reformulates the total disturbance of the system as a new state variable. This
variable is estimated and compensated for using the system's inputs, outputs, and applied
control inputs. Its mathematical expression is given by

e(k)=z(k)-y(k)
2, (k+1)=h(z,(k) - Bye(k))+z (k)

z3(k)+b0u] (12)
z,(k+1)=h +z,(k
(k+1) [+fo(zl,zz) (k)
zy (k+1) = h+tz (k)
e
fal(e,a,5)= s , (13)
|ef sgn(e)

where zi(7) and zx(¢) are the estimated values of the system state variables xi(¢) and x2(?),
respectively, and z3(7) represents the observed values of the expanded disturbed state variables.
The parameters fSo1, fo2, fo3 and ¢ are the control parameters, while a is the control parameter
of the function fal.

The NLSEF control is particularly effective for systems with unknown exact models. The
error between the tracking signal x; and the differential signal x, generated by the tracking
differentiator, along with the corresponding state variable estimates z; and z,, produced by the
extended state observer, serves as input to the nonlinear feedback controller. This configuration
results in a closed-loop control system. The algorithm is outlined as follows:

€ =X~z
€ =X I (14)
Uy :k(elaezap)

u, = B, fal(e,,a,,8) + B, fal (e,,a,,5)

) (15)
0<a <l<a,

where uo is the error feedback control quantity, & is the error feedback rate, and £ and f» are
the control parameters.

The output of the ADRC in the clamping force loop represents the target value for the
g-axis current of the PMSM. Therefore, the expression for the clamping force control is as
follows:

;L —z,(1) _ B fal(e,a,,8)+ p, fal(e,,a,,5)
’ by by '

(16)

3.3 Brake gap regeneration

Following the clamping force tracking stage, the target clamping force is set to zero. Due
to the internal friction within the system and the absence of a self-adjusting mechanism in the
EMB system, it is necessary to reverse the motor to separate the brake pad from the brake disc,
thereby creating a fixed brake gap. This stage employs a position-speed-current three-loop
closed-loop control system.
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4. Regenerative braking control strategy for EVs
4.1 EMB-based regenerative braking system

The braking system of a front-wheel drive electric vehicle consists primarily of three
subsystems: an EMB system, a motor brake system, and a brake control system [25]. Fig. 3
shows the structure of the EMB-based regenerative braking system.
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Fig. 2 EMB-based vehicle regenerative braking system

This composite braking system effectively distributes the braking force between the front
and rear axles, resulting in safer and more stable braking performance at varying intensities.
Optimising the distribution of braking forces enhances the efficiency of regenerative braking.
Improving the performance of the electric motor also enhances regenerative braking
capabilities [26].

During braking, the regenerative braking controller receives real-time vehicle information
and calculates the front axle braking force Frand the rear axle braking force F. The front axle
braking force Fris then sent to the improved WOA, which yields the optimised front axle EMB
braking force Fr rup and the electrical braking force Fr . [27]. The overall structure is depicted
in Fig. 4.

Driver

Dri .
v Fy _ | Improved Frre mf)lt‘:)er Drive
Front and rear WOA controller motor

braking force

Y

r(?(lzirslsiln i distribution Frems .| EMB
P g modules F, ~|  motor EMB
controller motor

Fig. 4 Control flowchart of regenerative braking system

4.2 Braking force distribution strategy for front and rear axles

The braking force distribution curve for the front and rear axles should remain above the
ECE regulation line while staying below the ideal /-curve. The designed braking force distribution
curves for the front and rear axles are represented by the red line in Fig. 5. Given that the focus is
on a front-wheel-drive electric vehicle, the braking force should be distributed preferentially to
the front axle to maximise energy recovery. However, this distribution must be controlled to the
left of the f~line to prevent front wheel lockup and ensure directional stability during braking.
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Fig. 5 Braking force distribution curve

Low-intensity braking (0<z<0.22): This corresponds to the OA segment in the figure, in
which only the front axle motor engages in braking while the rear wheel EMB remains inactive.

Medium-intensity braking (0.22<z<0.49): Represented by the AB segment, both the EMB
system and the front axle motor participate in braking simultaneously.

High-intensity braking (0.49<z<0.68): Corresponding to the BC segment, both the EMB
system and the front axle motor engage in braking, with the EMB system exerting a greater
braking force.

Emergency braking (z>0.68): This is illustrated by the CD segment, where regenerative
braking from the front axle motor stops, and the EMB provides the braking force for both axles.

5. Regenerative braking control strategy for EVs

The motor plays a crucial role in energy recovery during braking. Based on the designed
braking force distribution for the front and rear axles, the regenerative power of the motor is
optimised to enhance energy recovery efficiency. An improved WOA is employed to optimise
the ratio of the motor braking force to the EMB braking force on the front axle.

In the context of the problem of braking force distribution addressed in this paper, the
objective function—aimed at maximising energy recovery efficiency while satisfying braking
stability constraints—is a typical non-convex problem with multiple local optima. Traditional
methods such as gradient descent are prone to getting trapped in local optima and often fail to
locate the global or near-global optimal solution. Compared to other heuristic algorithms, such
as genetic algorithm (GA) and particle swarm optimisation (PSO), the WOA demonstrates
advantages such as the existence of fewer parameters, a simpler structure, and a better balance
between exploration and exploitation capabilities.

5.1 WOA principle

The WOA is a novel heuristic optimisation technique that mimics the hunting behaviour
of humpback whales. In the WOA, each whale’s position represents a feasible solution.

Humpback whales utilize a unique hunting strategy called the bubble-net attack, as shown in
Fig. 6 [28].
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Fig. 6 Bubble-net feeding behaviour of humpback whales

When whales detect small fish and shrimps, they spiral beneath and surround their prey
with exhaled bubbles, swimming in a circular or “9” shape to maximise their ability to encircle
the prey and gradually bring it closer until it can be consumed.

During this feeding process, the whales collaborate to locate the prey. Once one whale
locates the prey, the others converge to participate in the feeding. In the context of the WOA,
each whale represents a solution, while the group represents multiple solutions. Throughout the

optimisation process, the whales continuously update their positions until a satisfactory solution
is achieved [29].

5.2 Whale optimisation algorithm (WOA)

The process of WOA consists of the following three main steps.

5.2.1 Encircling prey

In the hunting process, whales first locate their prey and then encircle it. In the WOA, the
optimal solution corresponds to the position of the lead whale, which acts as the prey. Once the
optimal whale position is identified, the other whales update their positions by moving toward
it. Initially, the distance between each whale and the optimal whale position needs to be
calculated, thus

D=CX"()—X()| (17)

X(++1)=X'(f)—AD, (18)

where # represents the current iteration, X'(f) denotes the position vector of the best solution
obtained so far, X (7) is the position vector at iteration t, D is the distance between the current
individual whale and the current optimal solution, and 4 and C are two coefficients which can
be calculated as follows:

A=2ar—a (19)

Cc=2r, (20)

where 7 is a random number in [0,1], and a is a convergence factor that linearly and iterative
decreases from 2 to 0 over the course of iterations (in both exploration and exploitation phases).

a:2_2t/tmax, (21)
where fmax 1S the maximum number of iterations.

5.2.2 Bubble-net attacking method (exploitation phase)

The bubble-net method employed by humpback whales is unique among marine creatures.
This method can be mathematically formulated in two stages: the shrinking encircling
mechanism and the spiral updating position.
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a) Shrinking encircling mechanism

This stage involves a parameter A that decreases in range from —a to a, with the value of
a decreasing linearly, as shown in Eq. (19). If 4 is constrained to the range [—1, 1], the current
position X(¢) of a search agent will be updated to lie between X(7) and the best agent’s position

X).

b) Spiral updating position

The distance between the current position of a search agent and the best position is
calculated, and a spiral is generated using the spiral equation that connects these positions.

X(t+1)=X"(0)+D,e" cos(2nl), (22)

where D,=|X" (f) —X (#)| is the distance between the current search agent and the best one, b
denotes a constant variable used to define the logarithmic spiral’s shape, and / is a randomly
generated value in the range [—1, 1].

These whales move around the prey or the best positions in a shrinking spiral-shaped path,

choosing between shrinking circles or spiral trajectories based on a 50% probability. This
movement and probability are mathematically formulated as follows:

X' (t)- AD <0.5

X (t)+D,e" cos(2xl) p=0.5’ (23)

X(t+1):{

where p is a random value in range [0,1].

5.2.3 Search for prey (exploration phase)

Another searching behaviour in the WOA is exploration, which utilises the values of 4.
As previously mentioned, the exploitation phase occurs when the value of 4 is between —1
and 1. Conversely, the exploration phase is executed when 4 is less than —1 or greater than 1,
meaning that it falls outside the range [—1, 1]. During this phase, the current search agent moves
away from the best search agent and updates its position based on a randomly chosen selected
agent. This phase is mathematically formulated as follows:

D:| CXrand(f) _X(t)| (24)
where Xrand 18 @ random position vector (a random whale) chosen from the current population.

5.3 Improved WOA

5.3.1 Adaptive inertia weight

In the WOA, the inertia weight w is introduced to enhance the algorithm's convergence
to the global optimal solution. A larger inertia weight improves the algorithm's global
optimisation capability, while a smaller inertia weight enhances its local optimisation ability,
thus boosting the overall performance of the algorithm. Therefore, this section proposes the use
of inertia weight to improve the algorithm. The expression for the inertia weight is as follows:

w=%sin[%+%}—%. (26)
Then, the updated formula for the position vector update takes the following form:

X(t+1)=wX (1)—AD p<0.5 (27)

X(t+1) =wX (1) +Dye” cos(2xl) p>0.5. (28)
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The inertia weight w decreases nonlinearly as the number of iterations increases, making
the algorithm suitable for global optimisation in the early stages and local optimisation in the
later stages. This approach enhances both the convergence accuracy and the convergence speed.

Unlike common linear or cosine-based inertia weight strategies that decrease
monotonically, our proposed adaptive inertia weight strategy is non-monotonic and directly
linked to population distribution diversity. Specifically, the inertia weight adjusts dynamically
based on the concentration of individuals within the current population. This concentration is
measured by calculating the average distance between individuals. When the population
diversity is high, the inertia weight increases to enhance global exploration. When the
population tends to converge, the inertia weight decreases to strengthen local exploitation. This
dynamic feedback mechanism allows for a smarter balance of exploration and exploitation than
fixed variation patterns.

5.3.2 Nonlinear convergence factor

The WOA has two search processes: a global and a local search process. Poor
coordination between these processes during population evolution can result in a slow or
premature convergence. Global search expands the search area, reducing the risk of becoming
trapped in local optima. Local search, on the other hand, accelerates convergence within a
specific region of the solution space.

The performance of global and local searches is influenced by the value of 4, which
changes with the convergence factor a. Thus, the value of a is crucial for balancing these search
capabilities.

The convergence factor a decreases linearly from 2 to 0 as the number of iterations
increases. However, the WOA exhibits nonlinear changes during the optimisation process, so a
linear change in the convergence factor cannot accurately reflect the algorithm's optimisation
process. To balance the global and local search capabilities of the algorithm, an improved
convergence factor scheme is proposed as follows:

2
2—e£"41J (<071
l‘ —
a= e . 29)
t -t
| 0.7t <1<t
tmax _1

The improved convergence factor a slows in early iterations, maintaining a relatively
large A4 to enhance global search efficiency. In later iterations, it converges quickly, allowing A4
to remain small, thus increasing local search efficiency. This improved scheme effectively
balances the global and local search performance of the algorithm.

5.4 Optimisation of motor regenerative braking force using improved WOA
The power of the electric mechanism is limited as follows:

0<F <F (30)

em>

where Feem is the maximum braking force of the motor.
The feedback power formula of the axle motor is given by

P(F;)=F;vn—(%j R 31)
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where 7 is the product of the axle motor efficiency, the energy storage system charging feedback
efficiency, and the transmission efficiency, U is the battery voltage, and R is the internal
resistance of the battery.

The objective function G is set based on the motor's feedback power, which is then
optimised using the WOA.. The objective function G is written as

1

G= .
P(Fe

(32)

To optimise the regenerative braking motor braking force, the population size is set to
100 and the number of iterations is set to 50.

6. Simulation results

To verify the effectiveness of the proposed EMB control strategy and the regenerative
braking control strategy based on EMBs, models for both the EMB system and the regenerative
braking control strategy were developed using MATLAB/Simulink. The overall vehicle model,
including the battery and the motor, was constructed using AVL Cruise. The Simulink model
was compiled into a DLL file for co-simulation with Cruise. The EMB control system model is
depicted in Fig. 7, the regenerative braking control strategy model in Fig. 8, and the vehicle
model in Fig. 9.
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Fig. 7 Simulink model of EMB
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Fig. 8 Model of regenerative braking control strategy

96 TRANSACTIONS OF FAMENA L-1 (2026)



Regenerative Braking Control of Electric Vehicles Z. Lei, H. Lyu
Using Electro-Mechanical Brakes Based on
Improved Whale Optimisation Algorithm

%

Electric Vehicle [Onine montor

Cockpt_EV

s

Fig. 9 Complete vehicle model in Cruise

6.1 EMB response

To assess the speed and accuracy of the EMBs, a 5 kN step brake force signal was applied
to electric vehicles equipped with EMBs or EHBs. As shown in Fig. 10, the simulation results
indicate that the braking gap for the EMBs is eliminated in only 0.04 seconds, compared to
0.23 seconds for the EHBs. This demonstrates an 82.61% improvement in gap elimination time.

Additionally, the EMB system error is significantly smaller than the EHB's during the brake
force tracking phase.

——EMB
4L ——EHB

Force (kN)
v
T

(S8}

0.0 0.5 1.0

Time (s)

Fig. 10 Clamping force responses of EMBs and EHBs

Considering the brake gap, a 5 kN step signal is applied to the EMBs to verify the phased
closed-loop control strategy designed in this paper. The ADRC parameters are listed in Table
1. The simulation results are shown in Fig. 11.

Table 1 ADRC parameters

Parameters Values
Poi 1.83
Poz 1.76
B2 2.28
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Fig. 11 Response of the EMB system to a 5 kN braking force input

When the EMB controller receives the braking signal, the speed of the drive motor
increases rapidly, reaching a maximum of 1,000 rpm in 0.02 seconds. The motor speed is shown
in Fig. 11b. After the braking gap is eliminated, the system transitions to the braking force
tracking phase, during which the speed quickly decreases. At 0.3 seconds, the braking force
reaches the target value and the motor current stabilises, as shown in Fig. 11d.

At 1.0 second, a release brake signal is applied, initiating the brake gap regeneration phase.
The brake force rapidly decreases to zero. Due to internal friction within the motor, the ball
screw cannot return to its initial position. Therefore, a controlled reverse motion of the motor
is required to form a fixed gap of 0.2 mm after the brake is released, so as to avoid wear of the
brake pads. The simulation results are shown in Fig.11c.

6.2 Simulation results for the improved WOA

As shown in Fig. 12, the simulation results indicate that the improved WOA converges at
the 18th iteration. This outperforms conventional algorithms, as it completes the optimisation
two iterations earlier. This corresponds to a 10% reduction in the number of convergence
generations and a 4.43% improvement in the fitness value of the optimal solution.
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Fig. 12 Fitness evolution of different WOAs

6.3 Simulation results for the WLTC

The WLTC is a 23.25-kilometer test route developed by the United Nations Economic
Commission for Europe and the International Automotive Working Group. It accurately
simulates global driving conditions and is divided into four segments: low, medium, high, and
ultra-high speed. The maximum speeds in each segment are 56.5 km/h, 76.6 km/h, 97.4 km/h,
and 131.3 km/h, respectively. These speeds cover different types of driving scenarios and
behaviours.

Fig. 13a shows changes in the vehicle speed, and Fig. 13b shows changes in the speed
error under WLTC conditions. The proposed control strategy keeps the speed error below
1 km/h. Fig. 13c shows the state of charge (SOC) of the battery, which begins at 60%. At the
end of the cycle, the vehicle with EHBs retains a charge of 44.5%. Meanwhile, the vehicle
with EMBs and the original WOA retains a charge of 45.5%, while the vehicle with EMBs
and the improved WOA retains a charge of 46.2%. These results indicate that the optimised
control strategy effectively conserves battery power. Fig. 13d shows the motor's peak torque
during regenerative braking for the three control strategies: 139.4 Nm for EHBs, 215.21 Nm
for the original WOA, and 238.42 Nm for the improved WOA. Table 2 shows that the vehicle
with EMBs and the improved WOA saves 1.7% of the charged energy compared to the vehicle
with EHBs and 0.7% compared to the vehicle with the original WOA. Further data analysis
shows that for the vehicles equipped with EMBs and a 40 kWh battery, the energy recovery
is 2,448 kJ higher than that of the vehicles equipped with EHBs and 1,008 kJ higher than that
of the vehicles with the original WOA. Also, the regenerative braking motor torque increases
by 41.53% and 9.74% against the two benchmarks, respectively. This confirms the
effectiveness of the proposed control strategy.
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Fig. 13 Simulation results for WLTC
Table 2 Comparison of simulation results for WLTC
Parameters EHB EMB/Original WOA EMB/Improved WOA
SOC% 60-44.5 60-45.5 60-46.2
Maximum torque of motor /Nm 139.4 215.21 238.42

6.4 Simulation results for CLTC

The CLTC is a 14.48-kilometer test route developed by the China Automotive
Technology Research Centre and other organisations. It aligns more closely with Chinese road
regulations and driving habits. Compared to other test cycles, the CLTC more accurately

reflects the country's actual driving conditions.

Fig. 14a and Fig. 14b show changes in the vehicle speed and the speed error under CLTC
conditions. The proposed control strategy maintains a speed error of less than 1 km/h. Figure
14c shows the SOC of the battery, which starts at 60%. At the end of the cycle, the vehicle
equipped with EHBs has a remaining charge of 50.4%. Meanwhile, the vehicle with EMBs and
the original WOA has 51%, and the vehicle with EMBs and the improved WOA has 51.5% of
charge. These results further support the conclusion that the optimised control strategy saves
battery power. Figure 14d shows the motor's peak torque during regenerative braking for the
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three strategies: 150.8 Nm for EHBs, 215.44 Nm for the original WOA, and 238.65 Nm for the
improved WOA. Table 3 shows that the vehicle with EMBs and the improved WOA saves 1.1%
of the charged energy compared to the vehicle with EHBs and 0.5% compared to the vehicle
with the original WOA. Further data analysis shows that for the vehicles equipped with EMBs
and a 40 kWh battery, the energy recovery is 1,584 kJ higher than that of the vehicles equipped
with EHBs and 720 kJ higher than that of the vehicles with the original WOA. Also, the
regenerative braking motor torque increases by 36.81% and 9.73% against the two benchmarks,
respectively. This further validates the effectiveness of the proposed control strategy.
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Fig. 14 Simulation results for WLTC

Table 3 Comparison of simulation results for CLTC

Parameters EHB EMB/Original WOA EMB/Improved WOA
SOC% 60-50.4 60-51 60-51.5
Maximum torque of motor /Nm 150.8 215.44 238.65
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7. Conclusions

This paper presents a brake energy recovery control strategy based on EMBEs, utilizing an
improved WOA to optimise the parameters of the ADRC and the motor braking force during
regenerative braking. The simulations were conducted using two typical driving cycles: WLTC
and CLTC.

The proposed three-stage control strategy for the EMB system can control the rotation of
the drive motor to quickly eliminate the braking gap during the initial phase. In the braking
force tracking phase, the ADRC algorithm is more accurate and faster than conventional EHB
configurations in following the target braking force. It also outperforms EHBs in terms of
eliminating the braking gap time and the steady-state error. During the brake gap generation
phase, the system can reverse the motor to establish a fixed gap. This prevents wear on the
brake disc and pads. This feature makes the EMB system faster and more accurate, which helps
extend the life of the brakes and keep you safer on the road.

The ideal brake force distribution curve and the ECE regulation line are used to create a
brake force distribution strategy based on safety zone rules. This strategy makes sure that the
force applied when braking is evenly distributed between the front and the rear axles. The motor
braking force is enhanced using the improved WOA. This makes the torque and the current
during regenerative braking go up. This also improves the energy recovery efficiency and
results in a longer driving range of electric vehicles.

In actual vehicles, sensor noise, actuator dynamic response delays, and sudden changes
in the tire—road friction coefficient can actually greatly affect control accuracy. To address these
uncertainties, the three-stage control strategy based on ADRC inherently possesses certain
disturbance rejection capabilities, as the core idea of ADRC is to estimate and compensate for
the "total disturbance" of the system (including both internal and external uncertainties).

To further enhance the system's robustness, our future research activities will deal with
explicitly accounting for parametric uncertainties and disturbances in the optimisation objective,
thereby designing a more robust cost function, introducing an adaptive strategy that uses road
condition recognition to adjust the rules for distributing braking force in real time, and
conducting hardware-in-the-loop (HIL) testing to validate the algorithm's performance in
environments that more closely resemble real-world conditions.
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