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Abstract: The integrated braking control system (IBC) has become one of the most popular brake-by-
wire (BBW) solutions due to its compactness and versatility. Accurate monitoring of wheel cylinder
pressure in real time is the basis for brake pressure control, and pressure estimation is a low-cost
and reliable method. However, the IBC is an electromechanical hydraulic coupling system that
has significant nonlinear behaviors; moreover, vehicle dynamics also have a critical impact on the
accuracy of pressure estimation. To solve this problem, this paper proposes a novel adaptive extended
Kalman filter (EKF) approach that combines a hydraulic model and a single-wheel model. This novel
strategy has better estimation than the hydraulic model when the pressure is accurately estimated by
the single-wheel model, while when the single-wheel model is not accurate, the EKF degrades to the
hydraulic model. Finally, vehicle experimental data under high- and low-mu braking are collected.
The pressure estimation error of the EKF is within 0.4 MPa in the low-mu road and 2 MPa in the
high-mu road. It is proven that the proposed pressure estimation strategy is highly effective.

Keywords: brake pressure estimation; integrated braking control system; Kalman filter; single-wheel
model; hydraulic model; apply valve; release valve

1. Introduction

Brake-by-wire (BBW) in the automotive industry makes intelligent driving more
reliable and safer. In addition, the BBW system is easy to maintain, and its functions can
be easily expanded. One improvement to BBW is the integrated braking control system
(IBC), which has played a very important role in recent years and has become the main
development direction of the braking system [1–6]. An IBC not only adds the functions
of a booster and an electronic stability controller (ESC), which is especially important in
winter conditions [7], but also is very compact. Figure 1 and Table 1 show the system
diagram of the IBC and the definitions of the valves equipped, respectively. The IBC is a
decoupled system that is composed of a power supply unit (PSU), a pedal feel simulator
(PFS), a hydraulic control unit (HCU), and an electronic control unit (ECU), and the PSU is
activated by an electro motor and a transmission mechanism.

To apply a desired braking torque smoothly and precisely in vehicle dynamics control,
an IBC should provide accurate pressure within a very short time in the brake hydraulic
circuit [8–10]. Therefore, real-time monitoring of wheel cylinder pressure is required to
realize the accurate control of brake pressure. At present, the pressure monitoring of wheel
cylinders is done either by installing pressure sensors or by pressure estimation. Compared
with equipping sensors, pressure estimation has the advantages of low cost and function
expansion [11]. In addition, if the sensor is damaged, the stability and safety of the car will
be seriously affected.
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by a hydraulic control unit [18]. The working rate of the valve in the paper is between 8 
and 9 ms. Considering the computer load, we set the control rate as 10 ms. According to 
the structure of the solenoid valve, the movement of the core is subject to the combined 
force of electromagnetic force, inertia force, hydrodynamic force, spring force, friction, 
and viscous resistance, of which the roles of electromagnetic force and hydraulic force are 
the largest. Because the moving part has a very light weight and a much smaller inertia 
force compared with other forces, so the inertia force is ignored as well as the friction force 
and viscous force. Therefore, in this section, the electromagnetic model and throttle model 
of the on–off switching valve are developed. In addition, the vehicle–road dynamic model 
is established. 
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Table 1. Definition of the valves in the IBC.

Symbol Name

Valve1 Electrical cylinder decoupling valve
Valve2 Electrical cylinder decoupling valve
Valve3 Mechanical cylinder decoupling valve
Valve4 Mechanical cylinder decoupling valve
Valve5 Apply valve
Valve6 Apply valve
Valve7 Apply valve
Valve8 Apply valve
Valve9 Release valve

Valve10 Release valve
Valve11 Release valve
Valve12 Release valve
Valve13 Test valve
Valve14 Pedal feel simulator control valve

The method of establishing the control-oriented hydraulic model to estimate brake
pressure has been studied by many researchers. A control-oriented lumped parameter
model was proposed by Li et al. to study brake pressure estimation when subject to
a traction control system (TCS) [12]. The new pressure estimation algorithm and the
simplified model based on the hydraulic brake system were validated by using vehicle
data, and it was proved that the method can make a good performance in cost and time
saving. Brake pressure was estimated by calculating the volume of fluid flowing through
each valve of the ABS system, which used solenoid valves, a pump/motor assembly, and
a master cylinder pressure sensor in [13]. Moreover, after studying the effect of the error
between the estimated wheel brake pressure and the actual wheel brake pressure, the
author drew the conclusions that the usage of the estimated pressure should be calibrated
properly and deviations in the estimated brake pressure on both high and low coefficient
surfaces had little effect on stopping distances. Li [3] characterized the hydraulic model
mechanism of the integrated electro-hydraulic brake system (IEHB) and optimized the
structure and the control parameters of IEHB to improve the brake performance. It was
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proved that the effectiveness and reliability of brake pressure estimation and brake pressure
control are mainly dependent on the accuracy of the hydraulic models.

It is another way to estimate the brake pressure by establishing the estimation model
based on vehicle dynamics. Shi et al. [14] described the dynamics of vehicles by using a 5-
DOF vehicle model and proposed a master cylinder pressure estimation (MCPE) algorithm,
which integrated vehicle dynamics and the pressure–position relationship. With such a
novel method, the robustness of the pressure–position-based MCPE was improved, as
well as the adaptability in both straight and steering conditions. In [15], a master cylinder
pressure estimation algorithm based on vehicle longitudinal dynamics and wheel dynamics
was proposed, in which the variation of the brake linings’ coefficient of friction and the
inertial of the vehicle were considered under some special conditions, such as road slope
change or different temperatures, and a vehicle test was conducted to demonstrate the
effectiveness of the algorithm. To estimate the braking pressure precisely, an integrated
time series model (TSM) was proposed in [16], and the characteristics of the vehicle states
were considered. Lv et al. [17] proposed an artificial neural network model to estimate
brake pressure. The method took state variables of the vehicle and the electric powertrain
system as inputs. Compared with other methods, it presented good performance and
potential to achieve a sensorless design of a braking control system. Finally, brake pressure
estimation based on vehicle dynamics could be effective when combining some advanced
algorithms; however, this method is usually restricted to the linear region of the vehicle to
achieve a precise estimation.

This paper proposes an adaptive pressure estimator based on the extended Kalman
filter and outlines the wheel pressure estimation in the IBC system when an anti-lock
braking system (ABS) is active. The hydraulic pressure model and tire model are considered
in the design process of the proposed strategy, and the advantages of both are utilized to
achieve accurate pressure estimation. Finally, vehicle tests are conducted on high-mu and
low-mu roads, and the results verify the performance of the estimator.

2. Physical Models

An IBC has multiple functions, such as basic braking, vehicle electronic stability control,
anti-lock braking, and other driver assistance functions. On-off switching valve control is
the basis of ABS and ESC functions when modulating the wheel cylinder pressure by a
hydraulic control unit [18]. The working rate of the valve in the paper is between 8 and
9 ms. Considering the computer load, we set the control rate as 10 ms. According to the
structure of the solenoid valve, the movement of the core is subject to the combined force of
electromagnetic force, inertia force, hydrodynamic force, spring force, friction, and viscous
resistance, of which the roles of electromagnetic force and hydraulic force are the largest.
Because the moving part has a very light weight and a much smaller inertia force compared
with other forces, so the inertia force is ignored as well as the friction force and viscous
force. Therefore, in this section, the electromagnetic model and throttle model of the on–off
switching valve are developed. In addition, the vehicle–road dynamic model is established.

2.1. Electromagnetic Model

FEM is a very good method to analyze the electromagnetic behaviors of the solenoids [19];
however, to obtain a mathematical model in this paper, we make some simplification and
linearizing in the following part. According to Maxwell’s formula of electromagnetism, the
solenoid electromagnetic force Fmag can be expressed as:

Fmag =
φ2

δ

2µ0 Am
=

B2

2µ0K2
f

Am (1)

where φδ is the air gap flux, µ0 is the vacuum permeability, B is the magnetic flux density,
Am is the air gap cross-section, and K f is the magnetic flux leakage factor.
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The magnetic flux density of the spiral tube with N coils can be expressed by the
following equation:

B =
NU
Rδ

µ0 =
NI
δ

µ0 (2)

where δ is the air gap of the armature, R is the coil resistance, U and I are the voltage and
current on the coil, respectively.

Combining (1) and (2), the electromagnetic force can be expressed as:

Fmag =
(NI)2µ0

2K2
f δ2

Am (3)

In general, the system input is the control voltage, and it is relevant to the system
resistance and inductance. The voltage U across the circuit is expressed using the flux
linkage and the coil resistance R.

U = RI +
dφ

dt
(4)

Considering that the magnetic flux is related to the air gap distance δ, the equation
can be expanded as:

U = RI +
(

Le +
∂φ(δ, I)

∂I

)
dI
dt

+
∂φ(δ, I)

∂δ
·dδ

dt
(5)

where Le is the equivalent inductance with respect to the flux leakage.

I =
U
R

Dc (6)

where Dc is the input duty cycle of the control voltage.
We assume that the state of the coil is only related to whether the voltage is applied,

which can be described as a delay process as:

us =

{
1, i f Uc(t− τs) = high
0, i f Uc(t− τs) = 0

(7)

where Uc is the control voltage on the coil, τs is the delay time, and 1 or 0 of us represent
whether the valve is in the open or closed state correspondingly, and “high” means the
voltage of the coil is at a high level, and it is powered.

2.2. Fluid Dynamics Model

The fluid dynamics model describes the relationship between the fluid velocity, the
volume of fluid, and the pressure. The core idea of pressure estimation in the IBC is to
estimate the fluid velocity in each component. As a result, the pressure is derived based on
the pressure and volume (P−V) relationship.

In the IBC system, the fluid flow properties differ mainly due to the throttling effect,
which, in this system, is most established via a small hole within the wall (orifice throttling).
Equation (8) describes the characteristics of the orifice throttling, where Cd is the flow
coefficient, A is the throttle section area, ∆P is the pressure error of the two ends, ρ is the
density of the braking fluid, and Q is the flow through the orifice.

Q = Cd A

√
2∆P

ρ
(8)

Figure 2 shows the structure of the apply valve. When the apply valve is not engaged,
the fluid in the inlet will pass through the valve seat and eventually out of the outlet. At
this time, the spool will be subjected to the hydrodynamic force due to the differential
pressure, and the liquid flow rate will change. When the apply valve is engaged, the spool
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will also be subjected to the electromagnetic force and the liquid flow will be balanced
with the electromagnetic force. By changing the electromagnetic force, the equilibrium
hydrodynamic force is changed, which in turn affects the rate of change of pressure and
the final differential pressure. The characteristics are the linear regulation characteristics of
the apply valve. The valve stays open when the electromagnetic force is too small, while
the coil closes immediately when the electromagnetic force is too large. Only when the
solenoid force is within the proper range can the booster valve exhibit linear characteristics.
In addition, when the pressure at the inlet of the apply valve is smaller than at the outlet,
the hydraulic oil in the wheel cylinder will flow directly through the check valve until the
pressure at the outlet drops to the same level as the inlet end. This process is not related to
the electromagnetic force.
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Flow force is composed of steady and transient flow force. Because of the short stroke
and low speed of spool motion, the transient flow force in this paper is negligible and only
the steady flow force is considered. Equation (9) shows the force equilibrium equation
on the spool in the linear regulation process [20–22], where the left part represents the
hydrodynamic force due to the flow rate change, and the right part is the force due to
pressure deviation and electromagnetic force.

ρQava2 cos θa2 − ρQava1 cos θa1 = Fa1 + Faw + Fa3 − Fa4 − Famag (9)

In the model of the apply valve, the symbols Q∗, A∗, v∗, F∗ and P∗ represent the flow
rate, effective area, fluid velocity, axial force, and pressure, respectively, and the subscripts
a1, a2, a3, a4, aw, aj, and amag stand for inlet, outlet, outer ring of spool, top of spool, valve
seat cone, orifice in the valve seat cone, and electromagnetic, respectively, and the subscript
a stands for apply valve.

Considering the conservation of flow, the flow rate at each point in the valve can be
expressed as:

Qa = Aa1va1 = Aa2va2 = Aajvaj (10)

Considering that the force acting on the surface is related to both area and pressure,
namely, F∗ = P∗A∗, and by combining (9) and (10), the Famag when the tappet is balanced
can be expressed as:

Famag = Pa1 Aa1 + Paw Aaw + Pa3 Aa3 − Pa4 Aa4 − 2C2
d

A2
aj

Aa2
cos θa2∆P + 2C2

d

A2
aj

Aa1
cos θa1∆P (11)

According to Bernoulli’s equation, the pressure at the inlet and outlet can be expressed as:

Paj +
1
2

ρv2
aj = Pa2 +

1
2
(1 + ζ)ρv2

a2 (12)

where ζ is the energy dissipation factor.
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Based on the structure of the apply valve, the relations Pa3 = Pa4 = Pa2 and
Aa1 + Aaw = Aa4 − Aa3 are valid, besides, we assume that Paw = Paj.

Considering the description above and combining (11) and (12), the cross area of the
apply valve under the magnetic force can finally be expressed as:

Aaj =

√√√√ Famag
∆P + Aa1 + C2

d Aaw

2C2
d(cos θa1/Aa1 − cos θa2/Aa2) + C2

d Aaw(1 + ζ)/A2
a2

(13)

Substituting (13) into (8) and considering ∆P = Pmc − Pb, the relationship between the
flow rate of the apply valve Qa1 and the electromagnetic force Famag is described as:

Qa1 = Ka1

√
Famag +

(
C2

d Aaw + Aa1
)
· (Pmc − Pb) (14)

where Pmc and Pb are master cylinder pressure and brake cylinder pressure, Ka1 is defined as:

Ka1 =

√
2

ρ
[
2(cos θa1/Aa1 − cos θa2/Aa2) + Aaw(1 + ζ)/A2

a2
] (15)

According to the aforementioned principle of the apply valve, the linear characteristic
holds only under the following conditions.

Famag +
(

C2
d Aaw + Aa1

)
·(Pmc − Pb) > 0 (16)

When the electromagnetic force is so large that condition (16) is not satisfied, the apply
valve is closed, so the flow rate is Qa2 = 0.

When the braking pressure in the inlet is small, namely, Pmc < Pb, the check valve will
open and the flow rate will be:

Qa3 = Cd Aaa

√
2(Pb − Pmc)

ρ
(17)

where Aaa is the cross-sectional area of the check valve.
Considering the above three cases together, the flow rate of the apply valve can be

expressed as:

Qa =


Qa3, Pmc < Pb
Qa2, Famag +

(
C2

d Aaw + Aa1
)
·(Pmc − Pb) > 0

Qa1, else
(18)

Unlike an apply valve, the mechanical principle of a pressure release valve dictates
that its hydraulic pressure cannot be balanced with electromagnetic force, so it can only
be used as an on/off valve. The structure of the release valve is shown in Figure 3. When
the release valve is not engaged, it isolates the inlet and outlet. When it is engaged, it is
equivalent to a volume with orifices in its two ends.
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Since the flow rate of liquid entering and leaving the chamber should be the same and
the pressure differences between the two ends of orifice r1 and orifice r2 are (Pr1 − Pr3) and
(Pr3 − Pr2), respectively, the flow rate through the pressure release valve is:

Qr = Cd
Ar1 Ar2√
A2

r1 + A2
r2

√
2(Pr1 − Pr2)

ρ
(19)

where the symbols carry the same meanings as for the apply valve, above, and the subscripts
r1, r2, and r3 represent the inlet, outlet, and volume inside the valve, respectively.

Qr = Kr1 Ar
√

Pb (20)

where Kr1 is defined as Kr1 = Cd

√
2
ρ

Ar =

{
0, close

Ar1 Ar2√
A2

r1+A2
r2

, open (21)

The brake wheel cylinder is equivalent to a piston cylinder, and its operating principle
is that the piston moves under the action of the braking pressure as:

Mw
..
x + Cw

.
x + Fw,c = Pw1 Aw − Fw,0 (22)

where Mw is the mass of piston, Cw is the movement damping, Fw,c is the force caused by
system stiffness, and Fw,0 is the preload of the resetting spring.

Since the piston needs to overcome the empty stroke xw,0 at the beginning of the
movement, Fw,c should be written as:

Fw,c =

{
Kw,0x, x < xw,0
Kw,0xw,0 + Kw,1(x− xw,0), x ≥ xw,0

(23)

where Kw,0 is the stiffness of the resetting spring, Kw,1 is the other equivalent stiffness, and
x is the stroke of the piston.

The volume of the chamber can be given as:

Vw = xAw =
∫

(Qa −Qr)dt (24)

The pressure of the chamber can be given as:

Pw =
Fw,c

Aw
(25)

Combining (23), (24), and (25), the wheel pressure can be given as:

Pw = Kw
Vw

A2
w

(26)

where Kw is the stiffness of the braking chamber and is chosen as Kw,0 or Kw,1 based on (23).
Differentiating (26) and combining (14) and (20), we derive the following:

.
x(t) = f (x(t), u(t), w(t))

,
.
Pw = Kw

A2
w

(
Ka1

√
Famag +

(
C2

d Aaw + Aa1
)
· (Pmc − Pb)

−Kr1 Ar
√

Pb
) (27)
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where x = [Pb], u =
[
Famag, Ar

]T and w = [Pmc]. Famag, Ar, Pmc, and Pb are the solenoid elec-
tromagnetic force, effective area, master cylinder pressure and brake pressure, respectively,
which are mentioned above.

2.3. Vehicle–Road Dynamics Model

A vehicle dynamics model is used to describe the relationship between wheel braking
torque and road adhesion, which then allows for derivation of the braking pressure. In the
wheel pressure regulation process, the tire force can be estimated by many methods [23,24].
Tire tread has a big effect on the tire model [25]; however, in this paper, we assume that
the tire force approximates the maximum force provided by the road surface, namely, the
tire force can be expressed as µpFN , where µp is the road adhesion, which can be calculated
by the estimator. FN is the vertical force of the tire, which can be given as (28) with the
consideration of load redistribution.

FN =


mgb+aygh

2l , front
mga−aygh

2l , rear
(28)

where m is the vehicle mass, ay is the longitudinal acceleration, g is gravitational accelera-
tion, a, b, and h are the distances from the center of gravity to the front axle, rear axle, and
ground, respectively, and l is the wheelbase.

The single-wheel model can be given as (29), where J is the rotational inertia of the
wheel, Rw is the wheel radius, Te and Tb are the driving and braking torques, respectively.

J
.

ω = µbFN Rw + Te − Tb (29)

The relationship between the braking pressure and torque can be given as (30), where
f is the friction coefficient of the braking pad and rw is the effective braking radius.

Tb = f AbrwPw (30)

Combining (29) and (30), the resultant equation of the system is written as

y(t) = h(x(t), u(t)) + v(t)
,

.
ω = Pb

J f Abrw + µb FN Rw
J

(31)

where v(t) = µb FN Rw
J represents the noise.

3. Estimator Design

Considering that the open-loop pressure estimation using the hydraulic model is
accurate but has a large cumulative error, while the pressure estimation based on the
single-cycle model has a correct trend but is not accurate, the estimation of wheel pressure
is performed through an adaptive extended Kalman filter (EKF) approach [26]. The idea of
the Kalman filter is to use a series of measurements observed over time to present more
accurate results by estimating a joint probability distribution over the variables for each
timeframe. The EKF further linearizes the nonlinear plant model locally on the basis of the
Kalman filter.

To estimate the wheel pressure, (27) and (31) are employed as state and measurement
equations [27], respectively.

xk+1 = Fkxk + Bkuk + Gkwk (32)

yk = Hkxk + Dkuk + vk (33)
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where Fk, Bk, and Gk are defined as:
Fk =

∂ f
∂x Ts + I

Bk =
∂ f
∂u Ts

Gk =
∂ f
∂w Ts

(34)

Since the system of Equation (18) is variable structured, the final equation of state
obtained is also variable structured. Substituting the apply valve (Qa1) into the linear
regulation interval (Qa) as an example, the system is linearized as:

Fk =

 KwKa1
(
−AawC2

d + Aa1
)

2
√
(Pb − Pmc)(Aa1 − AawCd

2)− Famag

− Ar ∗ Kr1

2Aw2
√

Pb

}
Ts + 1 (35)

Bk =

− TsKa1Kw

2A2
w

√
(Pb − Pmc)

(
Aa1 − AawC2

d
)
− Famag

− TsKr1Kw
√

Pb
A2

w

T

(36)

Gk = −
Ka1Kw

(
−AawC2

d + Aa1
)√

2A2
w
(
(Pb − Pmc)

(
Aa1 − AawC2

d
)
− Famag

) (37)

Hk and Dk can be easily derived from (31) as:

Hk =
f Abrw

J
(38)

Dk = 0 (39)

For the EKF, the a priori state estimate x̂−k and corresponding estimation error covari-
ance matrix P−k at step k can be given as:

x̂−k = x̂+k−1 +
∫ k·Ts

(k−1)·Ts
f
(

x̂+k−1, uk−1

)
dt (40)

P−k = Fk−1P+
k−1FT

k−1 + Gk−1Qk−1GT
k−1 (41)

where Qk = Q/Ts and Rk = R are the discrete-time covariance matrices of the process
noise wk and the measurement noise vk, and where Ts is the sampling time.

When the measurement ỹk is available at time k, the estimated state can be updated in
the posterior form as:

x̂+k = x̂−k + Kk
(
ỹk − h

(
x̂−k , uk

))
(42)

where the Kalman gain Kk can be expressed as:

Kk =
(

P−k HT
k + GkSk

)
·
(

HkP−k HT
k + Rk + HkGkSk + ST

k GT
k HT

k
)−1 (43)

The covariance matrix P+
k is obtained:

P+
k = (I − Kk Hk)P−k − KkST

k GT
k (44)

To correct the noise wk and vk in real time, the adaptive approach is adopted for the
correction of (42), (43), and (44) by the cross-covariance matrix Sk = E

[
wkvT

k
]
.
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4. Vehicle Experiment Verification

The vehicle test was carried out with a JAC IEVS4 front-wheel-drive electric vehicle,
as shown in Figure 4, and Table 2 gives the parameters of the test vehicle. The studied IBC
system was installed on the vehicle, and the additional four pressure sensors for the wheel
pressure measurement were installed.
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Figure 4. Test vehicle and IBC.

Table 2. Parameters of the test vehicle.

Item Value

Vehicle type SUV electric vehicle
Powertrain type Front-wheel drive

Braking system type IBC
Steering system type Electric power steering

Vehicle mass 1660 kg
Wheelbase 2610 mm

Distance between the front axle and the center of gravity 1167 mm
Distance between the rear axle and the center of gravity 1443 mm

The experimental conditions were chosen as the period of ABS function on high- and
low-mu roads (the adhesion is 0.8 and 0.1, respectively). At this time, oil was continuously
pumped to the wheel cylinders by the PSU of the IBC. The apply valve and release valve
on each wheel cooperate to achieve pressure regulation of a single wheel, thus preventing
wheel locking.

The experimental results on the low-mu road are shown in Figures 5–7. The initial
vehicle speed is 50 km/h when full braking is applied to trigger the ABS.

Actuators 2022, 11, x FOR PEER REVIEW 11 of 16 
 

 

( ) T T
k k k k k k kP I K H P K S G+ −= − −  (44)

To correct the noise kw  and kv  in real time, the adaptive approach is adopted for 

the correction of (42), (43), and (44) by the cross-covariance matrix T
k k kS E w v =   . 

4. Vehicle Experiment Verification 
The vehicle test was carried out with a JAC IEVS4 front-wheel-drive electric vehicle, 

as shown in Figure 4, and Table 2 gives the parameters of the test vehicle. The studied IBC 
system was installed on the vehicle, and the additional four pressure sensors for the wheel 
pressure measurement were installed. 

The experimental conditions were chosen as the period of ABS function on high- and 
low-mu roads (the adhesion is 0.8 and 0.1, respectively). At this time, oil was continuously 
pumped to the wheel cylinders by the PSU of the IBC. The apply valve and release valve 
on each wheel cooperate to achieve pressure regulation of a single wheel, thus preventing 
wheel locking. 

 
Figure 4. Test vehicle and IBC. 

Table 2. Parameters of the test vehicle. 

Item Value 
Vehicle type SUV electric vehicle 

Powertrain type Front-wheel drive 
Braking system type IBC 
Steering system type Electric power steering 

Vehicle mass 1660 kg 
Wheelbase 2610 mm 

Distance between the front axle and the center of gravity 1167 mm 
Distance between the rear axle and the center of gravity 1443 mm 

The experimental results on the low-mu road are shown in Figures 5–7. The initial 
vehicle speed is 50 km/h when full braking is applied to trigger the ABS. 

  
(a) (b) 

Figure 5. Wheel acceleration and vehicle speed: (a) Wheel and vehicle speed; (b) Wheel acceleration.



Actuators 2022, 11, 329 11 of 15

Actuators 2022, 11, x FOR PEER REVIEW 12 of 16 
 

 

Figure 5. Wheel acceleration and vehicle speed: (a) Wheel and vehicle speed; (b) Wheel acceleration. 

Figure 5a shows the wheel speeds and the reference vehicle speed, where the refer-
ence vehicle speed is deduced from the wheel speeds. When the ABS is engaged, the 
wheels are repeatedly locked and released due to regulations in wheel cylinder pressure, 
keeping the wheel slip rate within a certain range. Figure 5b shows the corresponding 
wheel acceleration under this condition. The acceleration of the wheels fluctuates within 
a certain amplitude range, and the amplitude decreases as the speed of the vehicle de-
creases. 

  
(a) (b) 

Figure 6. Pressure comparison and control duty of FL wheel in low-mu: (a) Control duty; (b) Meas-
ured and estimated pressure. 

Figure 6a shows the control duty of the front-left (FL) wheel, where the control duty 
represents the PWM duty in the coils. For the release valve, the control duty is either 0 or 
1 since the release valve has only the open and closed states. For the apply valve, its open-
ing is related to the magnetic force and thus related to the control duty, so the control duty 
on the apply valve is continuous. Corresponding to the wheel speed of the FL wheel, when 
the lock level of the wheel is large, the release valve is fully engaged, and the apply valve 
is at a large control duty, causing the wheel pressure to drop. When the wheel lock level 
decreases, the pressure-reducing valve is disengaged, and the apply valve is at a low duty 
cycle, making the wheel pressure drop. 

Figure 6b shows the measured and estimated wheel pressure at the time, where sP , 

wP , hyP , and kfP  are the measured pressure, estimated pressure by the single-wheel 
model, estimated pressure by the hydraulic model, and the estimated pressure by the Kal-
man filter, respectively. Before the timepoint of 0.2 s, the braking force provided by the 
road surface does not reach the adhesion limit, so the braking pressure estimated directly 
using the single-wheel model based on the road surface adhesion is severely oversized. 
After the timepoint of 5.8 s, the vehicle is not moving, and the single-wheel model cannot 
represent the braking force since the wheel speed cannot be changed regardless of how 
high the braking force is. Between these two moments, the single-wheel model can reflect 
the rate of change of the braking torque well and thus represent the braking pressure. 
Compared with the single-wheel model, the hydraulic model is not based on vehicle 
speed or wheel speed information, so it reaches a good estimation of the braking pressure 
in the aforementioned two conditions. In addition, the pressures estimated using the hy-
draulic model are more accurate in terms of overall trends. However, during the processes 
of rapid pressure increase and decrease, the estimated pressures exhibit a faster response 
because the hydraulic model ignores the transient characteristics of the valve, which re-
sults in larger errors. The Kalman filter values kfP  combine the advantages of both the 
single-wheel model and the hydraulic model. It converges to the estimated value of the 
hydraulic model in the overall trend, while the rate of change exhibited by the single-
wheel model is considered in the transient phase. The estimation error of the Kalman filter 
is within 0.5 MPa. 

Figure 6. Pressure comparison and control duty of FL wheel in low-mu: (a) Control duty;
(b) Measured and estimated pressure.

Actuators 2022, 11, x FOR PEER REVIEW 13 of 16 
 

 

  
(a) (b) 

Figure 7. Pressure comparison and control duty of the RL wheel on a low-mu road: (a) Control duty; 
(b) Measured and estimated pressure. 

In passenger cars, their axle loads, brake factors, etc., are often closely related to the 
state of the vehicle, so we did not set the estimation parameters exactly as in the real ve-
hicle for the rear wheel pressure estimation, which indicates the robustness of the estima-
tion by introducing disturbances in the estimation process. Figure 7 shows the control 
duty and the estimated pressure of the rear left (RL) wheel in the low-mu road. The control 
logic of the valves is the same as that of the front wheel according to the wheel lock level, 
which is shown in Figure 7a. Figure 7b shows the estimated pressure. Due to the error in 
the parameters, pressure changes occur more quickly than the estimates are output by the 
Kalman filter, leading to a large error. Similarly, the Kalman filter-based estimator does 
not reflect the pressure during the phases when the braking force is low or the vehicle is 
stopped. While the hydraulic model has the potential to keep up with pressure trends, the 
maximum estimation error is within 0.8 MPa. By comparison, the Kalman filter, which 
considers the single-wheel model and the hydraulic model, shows a smaller error. This 
estimate reduces the pressure estimation error by approximately 0.8 MPa at the moments 
of rapid pressure increase, such as at the timepoints of 0.3 s and 5.5 s. During the process 
of decreasing pressure, the pressure by the Kalman filter shows a similarly smaller esti-
mation error. 

The experimental results on the high-mu road are shown in Figures 8–10. The initial 
vehicle speed is 50 km/h, and braking is fully applied at the timepoint 0.5 s. Compared 
with previous experiments, the vehicle reached a large deceleration rate on the high-mu 
road, while the tendency of wheel locking was minimal. Even for the rear wheels, it shows 
only a small amount of wheel speed fluctuation. 

  
(a) (b) 

Figure 8. Wheel acceleration: (a) Wheel and vehicle speed; (b) Wheel accelerations. 

Figure 9a shows the control duty of the FL wheel. At this point, the pressure regula-
tion of that wheel becomes less frequent because the tendency of the wheel to lock is min-
imal compared with the previous experiment. Figure 9b shows the measured and esti-
mated wheel pressures currently. Like the previous experiment, when the vehicle braking 
intensity is low and after a complete stop (before 0.5 s and after 2.4 s), the pressure esti-
mate given by the wheel model presents a large error. However, unlike the previous ex-
periment, the vehicle also exhibited less locking under braking in the high-mu road, so 

Figure 7. Pressure comparison and control duty of the RL wheel on a low-mu road: (a) Control duty;
(b) Measured and estimated pressure.

Figure 5a shows the wheel speeds and the reference vehicle speed, where the reference
vehicle speed is deduced from the wheel speeds. When the ABS is engaged, the wheels
are repeatedly locked and released due to regulations in wheel cylinder pressure, keeping
the wheel slip rate within a certain range. Figure 5b shows the corresponding wheel
acceleration under this condition. The acceleration of the wheels fluctuates within a certain
amplitude range, and the amplitude decreases as the speed of the vehicle decreases.

Figure 6a shows the control duty of the front-left (FL) wheel, where the control duty
represents the PWM duty in the coils. For the release valve, the control duty is either
0 or 1 since the release valve has only the open and closed states. For the apply valve, its
opening is related to the magnetic force and thus related to the control duty, so the control
duty on the apply valve is continuous. Corresponding to the wheel speed of the FL wheel,
when the lock level of the wheel is large, the release valve is fully engaged, and the apply
valve is at a large control duty, causing the wheel pressure to drop. When the wheel lock
level decreases, the pressure-reducing valve is disengaged, and the apply valve is at a low
duty cycle, making the wheel pressure drop.

Figure 6b shows the measured and estimated wheel pressure at the time, where Ps,
Pw, Phy, and Pk f are the measured pressure, estimated pressure by the single-wheel model,
estimated pressure by the hydraulic model, and the estimated pressure by the Kalman
filter, respectively. Before the timepoint of 0.2 s, the braking force provided by the road
surface does not reach the adhesion limit, so the braking pressure estimated directly using
the single-wheel model based on the road surface adhesion is severely oversized. After
the timepoint of 5.8 s, the vehicle is not moving, and the single-wheel model cannot
represent the braking force since the wheel speed cannot be changed regardless of how
high the braking force is. Between these two moments, the single-wheel model can reflect
the rate of change of the braking torque well and thus represent the braking pressure.
Compared with the single-wheel model, the hydraulic model is not based on vehicle speed
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or wheel speed information, so it reaches a good estimation of the braking pressure in the
aforementioned two conditions. In addition, the pressures estimated using the hydraulic
model are more accurate in terms of overall trends. However, during the processes of rapid
pressure increase and decrease, the estimated pressures exhibit a faster response because
the hydraulic model ignores the transient characteristics of the valve, which results in larger
errors. The Kalman filter values Pk f combine the advantages of both the single-wheel model
and the hydraulic model. It converges to the estimated value of the hydraulic model in the
overall trend, while the rate of change exhibited by the single-wheel model is considered in
the transient phase. The estimation error of the Kalman filter is within 0.5 MPa.

In passenger cars, their axle loads, brake factors, etc., are often closely related to the
state of the vehicle, so we did not set the estimation parameters exactly as in the real vehicle
for the rear wheel pressure estimation, which indicates the robustness of the estimation by
introducing disturbances in the estimation process. Figure 7 shows the control duty and
the estimated pressure of the rear left (RL) wheel in the low-mu road. The control logic of
the valves is the same as that of the front wheel according to the wheel lock level, which
is shown in Figure 7a. Figure 7b shows the estimated pressure. Due to the error in the
parameters, pressure changes occur more quickly than the estimates are output by the Kalman
filter, leading to a large error. Similarly, the Kalman filter-based estimator does not reflect the
pressure during the phases when the braking force is low or the vehicle is stopped. While the
hydraulic model has the potential to keep up with pressure trends, the maximum estimation
error is within 0.8 MPa. By comparison, the Kalman filter, which considers the single-wheel
model and the hydraulic model, shows a smaller error. This estimate reduces the pressure
estimation error by approximately 0.8 MPa at the moments of rapid pressure increase, such as
at the timepoints of 0.3 s and 5.5 s. During the process of decreasing pressure, the pressure by
the Kalman filter shows a similarly smaller estimation error.

The experimental results on the high-mu road are shown in Figures 8–10. The initial
vehicle speed is 50 km/h, and braking is fully applied at the timepoint 0.5 s. Compared
with previous experiments, the vehicle reached a large deceleration rate on the high-mu
road, while the tendency of wheel locking was minimal. Even for the rear wheels, it shows
only a small amount of wheel speed fluctuation.
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Figure 9a shows the control duty of the FL wheel. At this point, the pressure regulation
of that wheel becomes less frequent because the tendency of the wheel to lock is minimal
compared with the previous experiment. Figure 9b shows the measured and estimated
wheel pressures currently. Like the previous experiment, when the vehicle braking intensity
is low and after a complete stop (before 0.5 s and after 2.4 s), the pressure estimate given
by the wheel model presents a large error. However, unlike the previous experiment, the
vehicle also exhibited less locking under braking in the high-mu road, so the pressure by
the wheel model is also more inaccurate in the braking process. Since the single-wheel
model does not reflect the rate of change of braking pressure well, both the Kalman filter
and the hydraulic model show similar estimation effects, and the maximum estimation
error of pressure is approximately 2 MPa. When the pressure estimated by the single-wheel
model is inaccurate, the effectiveness of Kalman filtering depends entirely on the accuracy
of the hydraulic model.

Figure 10a shows the control duty of the RL wheel. For the rear wheel, the control
frequency of the valve is increased compared to that of the front wheel. In Figure 10b, the
pressure estimate given by the wheel model similarly presents a large error in the whole
process. Most of the time, the hydraulic model and Kalman filter give very similar results.
However, there is a significant rise in the Kalman filter-based values from 1 s to 1.6 s, and it
presents a smaller estimation error.

5. Conclusions

The wheel cylinder pressure estimator, which considers vehicle dynamics, shows very
good performance, and this is valuable for future engineering applications.

A novel pressure estimator based on the extended Kalman filter is presented in this
paper to estimate the wheel pressure during the ABS function of an IBC system, which is
investigated in vehicle tests for typical high- and low-mu braking.

The proposed strategy considers that the hydraulic model is more accurate in terms of
the overall trend, while the single-wheel model better reflects the rate of change of pressure.
Therefore, the characteristics of the two methods are combined for the EKF design. In
addition, the hydraulic model of the IBC system is fully studied in this work.

The experimental results show that (1) the single-wheel model works better with large
fluctuations in wheel speed; (2) the proposed EKF has better estimation than the hydraulic
model when the pressure is accurately estimated by the single-wheel model, while when
the single-wheel model is not accurate, the EKF degrades to the hydraulic model; (3) the
pressure estimation error of the EKF is within 0.4 MPa on low-mu roads and 2 MPa on
high-mu roads.

For further work, to increase model accuracy, a simplified piecewise linearized transfer
function would be added to the Kalman filter [28]; moreover, the control performance under
the different conditions needs intensive study, and the hydraulic model of the IBC should
be further calibrated, and more vehicle information in addition to the wheel acceleration
should be considered to improve the pressure accuracy of the wheel model.
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