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In this study, we aim to develop a logic threshold control framework to improve the hill-start assist quality of the commercial vehicles equipped
with the electronic parking brake (EPB) system, while fulfilling the requirements of start safety. First, the desired pressure model and the EPB
pneumatic model are constructed; the solenoid valve is controlled by the proposed scheme via the pulse width and frequency modulation
(PWM-PFM) control signal according to the pressure error between the desired pressure and the actual pressure deduced from the EPB
pneumatic model. Second, the controller is sufficiently evaluated in a variety of slopes, such as 8 %, 13 %, and 18 %, and is compared with two
existing benchmark controllers in a co-simulation environment involving Matlab/Simulink and Trucksim. The simulation results demonstrate
the hill-start effect and the reductions in the parking brake release delay, friction work and starting jerk. Finally, we further validate the

effective implementation of the hill-start assist with the proposed controller on 8.2 %, 13 % and 20 % slopes in the vehicle experiment.
Keywords: hill-start assist, electronic parking brake, commercial vehicle, logic threshold control, co-simulation, experiments

Highlights

*  The control system is designed based on the investigation of the EPB pneumatic system.
*  Simulation results of the hill start on several slopes indicate the effectiveness our scheme.
*  Comparative outcomes with two existing controllers verify the benefits of our scheme in parking brake release delay, friction

work and starting jerk.

*  The actual vehicle experiment results further validate the proposed controller.

0 INTRODUCTION

A frequent situation that causes a serious concern
for drivers is starting the vehicle on a hill without
any rollback. Hill-start depends on the driver’s skill
to coordinate with the brake, clutch, and throttle to
achieve a smooth start [1], requiring considerable
expertise and concentration from the driver [2]. The
failure of performing such actions will result in engine
stalling, even cause the vehicle to rollback, which
leads to the risk of an accident, and may bring stress
and panic to the driver. Even for the skilled driver,
the frequent manoeuver will aggravate his/her fatigue
and increase the possibility of failure [3]. Moreover,
the vehicle parts are exposed to abnormal wear if
excessive clutch slipping is created during the process
in [4] and [5]. The hill-start assist (HSA) system
provides the driver with the possibility of starting
with safety and comfort by controlling the brake
release process [6], without any complex operation
and simultaneously avoiding the undesirable effect of
vehicle rollback.

Many researchers have done a lot of work on
HSA systems and developed different types of HSA
systems. An HSA wvalve in [7] and [8], which is
assembled between the master cylinder and the wheel
cylinder, is utilized to retain the brake pressure to keep

the vehicle stopped while the driver releases the brake
pedal and requests enough engine torque to safely
start in hill condition. In [9], the authors presented
an HSA system for vehicles equipped with anti-lock
brake system (ABS)/acceleration slip regulation
(ASR) that keeps the brake forces on the wheels by
communication with the ABS/ASR control unit,
without necessity of keeping the brake pedal actuated.
Researchers [10] to [12] investigated the electronic
throttle technology on the automated mechanical
transmission (AMT) -equipped vehicles; the
accelerator pedal was only used to reflect the driver’s
intention, and the control unit increased the idle speed
and engaged the clutch after the brake released. [13] to
[15] proposed the hill-start implementation method of
the EPB system. The HSA systems described above
have been researched considerably mainly from the
perspective of HSA function realization, but the
control effect issue has not been considered thus far.
In conventional HSA control strategy, the brake
starts to release until sufficient driving torque has
been generated, which, however, causes excessive
clutch friction work and jerk. Wang et al. [16]
proposed the Bang-Bang control method of the hill-
start functionality of EPB for commercial vehicles,
which gradually releases the parking brake according
to the increase in the driving torque. However, as
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the parking brake pressure increases, the difference

between the two thresholds of the Bang-Bang control

will increase and the control cycle will become longer
accordingly, which leads to a decrease in the control
precision and the release delay of the parking brake.

The primary objective of this study is to develop
a logic threshold control framework to improve the
hill start quality of an EPB-equipped commercial
vehicle in hill start scenarios, while meeting the
requirements of start safety. There are three important
contributions that clearly distinguish our endeavor
from the aforementioned literature:

1. First, the control system model is designed: the
desired pressure model and EPB pneumatic
system model are constructed; the vehicle
model is formulated in Trucksim platform; the
proposed controller responds to the pressure
error and outputs PWM-PFM control signal for
the solenoid valve to regulate the pressure in the
parking brake chamber.

2. Second, the co-simulation platform is established
involving Matlab/Simulink and Trucksim to
verify the effectiveness of the proposed controller
under different hill start conditions, including
8 %, 13 %, and 18 % slopes. Several criteria,
including brake release delay, rollback distance,
friction work and starting jerk, are considered
to compare the control effect of the proposed
scheme with two existing controllers.

3. Finally, the actual vehicle experiment is carried
out on three different slopes, i.e. 8.2 %, 13 %
and 20 %, to further demonstrate the effective
implementation of our method.

The remainder of the paper is organized
as follows: The description of the EPB system
is introduced in Section 1. The logic threshold
controller design is presented in Section 2, followed
by the simulation and the experiment in Section 3.
Conclusions are ultimately summarized in Section 4.

1 DESCRIPTION OF THE EPB SYSTEM
1.1 Working Principle

The architecture of the EPB for commercial vehicles
is shown in Fig. 1. On the basis of the original
parking brake system of commercial vehicles, the
EPB system replaces the manual lever with a switch
and adds a solenoid valve to the original pneumatic
system. Several sensors have to be strategically
positioned on the commercial vehicle to improve the
control effectiveness of the HSA functionality of the
EPB. Installed at the control port on the relay valve,

the pressure sensor is used to indirectly sense the
pneumatic pressure of the parking brake chamber.
The Hall effect angle sensor is designed to measure
the deflection of the suspension to calculate the rear
axle load and to acquire the vehicle mass [17]. An
accelerometer embedded in the electronic control
unit (ECU) is expected to detect the road slope. The
ECU receives signals including the switch, controller
area network (CAN) bus, pressure sensor pressure
feedback and hall effect angle sensor angle feedback
necessary to determine the actuation control signal
according to the control strategy.

When the driver pushes the switch to release, a
signal is sent to the ECU and the ECU activates the
solenoid valve to allow compressed air from the air
reservoir to go the control port on the relay valve,
which opens the delivery ports on the relay valve and
then enables the release of the pressurised air already
available at the supply port to the parking brake
chambers.

As the switch is pulled to apply, any air between
the relay valve control port and the solenoid valve
is discharged to the atmosphere via the solenoid
valve. Then, the air supply from the supply port to
the delivery port of the relay valve is cut, and the
compressed air in the parking brake chambers is
exhausted through the relay valve’s exhaust port,
assuring the parking brake.

When the vehicle is about to be driven away
on a slope, the EPB system’s logic checks all the
requirements needed to control the release process of
the parking brake automatically.

e Electric circuit

~= Pneumatic circuit

b ¢ %

Bl N B

Fig. 1. Architecture of the EPB for commercial vehicles; 1) ECU, 2)

solenoid valve, 3) pressure sensor, 4) relay valve, 5) parking brake
chamber, 6) air tank, 7) hall effect angle sensor

1.2 Pneumatic Characteristics

Fig. 2 shows that with the initial pressure P;, in the
parking brake chamber, the solenoid valve is set to
open ¢, to allow the compressed air to pressurise the
brake chamber. However, because of the response
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lag of the solenoid valve and the inertia effect of the
compressed air, there is a delay and over-inflation in
the EPB system.

@

Pressure
AP

(b)

Control signal

Time
Fig. 2. Typical experimental results; a) brake chamber pressure,
and b) control signal of the solenoid valve

With a large number of experiments, the delay
time ¢, is identified to be approximately 40 ms. The
pressure increase value AP between before and after
the switching action of the solenoid valve decreases
with an increase in the initial pressure. Furthermore,
the magnitude of AP decides the control mode of the
solenoid valve, only when it is in a certain range can
the servo control be realized, which will be further
discussed in Section 2.

2 CONTROL SYSTEM DESIGN

The block diagram of the proposed control system
is depicted in Fig. 3. This control system structure
contains the desired pressure model, logic threshold
controller, EPB pneumatic system model and Trucksim
vehicle model. The desired pressure and the actual
pressure in the parking brake chamber are denoted by
P, and P, respectively; their error is represented by e.
The PWM-PFM control signal for the solenoid valve
is referred to as S. 7; and i, from the Trucksim vehicle
model are the driving torque and the transmission gear
ratio, respectively. The main objective of the proposed
control system is to make the actual pressure to follow
the desired values obtained from the desired pressure
model, thereby reducing the release delay of the
parking brake. The logic threshold controller responds

to the input pressure error and outputs the PWM-PFM
control signal for the solenoid valve.

Desired
pressure model

>~

Logic
threshold
P controller

pneumatic
system model

Fig. 3. Block diagram of proposed control system

2.1 Desired Pressure Model

Fig. 4 shows that the brake force F'y, generated by the
parking brake actuators decreases with an increase in
the driving force F, during the hill-start process [18].
The parking brake, ideally, should be released entirely
at time ¢, where the driving force F, just overcomes
the gradient resistance F; if it is not released in time,
e.g. the parking brake is applied continuously until
the time #,, the brake force Fy;, will develop into the
resistance of the vehicle forward movement during
the time period #; to #;. A very delayed release of
the parking brake in the starting manoeuvre leads to
the retardation of the start, creating excessive clutch
slipping and serious jerks, which enhances the need for
reducing or even eliminating the release delay of the
parking brake, under the prerequisite of no rollback,
to improve the control effect of the HSA. To capture
this requirement, a suitably tailored control strategy
for diminishing the brake release delay is proposed to
regulate the release process of the parking brake, i.e.,
releasing the brake gradually as the driving force F, in
other words, the driving torque 7, increases.

A simplified parking brake system model is
developed for the convenience of study. The maximum
brake force Fyjm. of the parking brake system is
expected to be equal to the gradient resistance Fjp .
on the maximum slope o, on which vehicle can
stop safely, where the pressure P of the parking brake
chamber is 0. The magnitude of the maximum brake
force Fy;max can be derived as follows:

FXbmax =mg Sin amax‘ (1)

When the parking brake is completely released,
the pressure in the parking brake chamber is P.
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The vehicle parking brake system model is thereby
simplified as follows:

FXb :FXbmax_FXbmax.P/})O' (2)
A
I S 3 F,
K== = L= -
AN
] AN
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Fig. 4. Forces in the hill-start process

When the vehicle is starting on a low slope a,
which is less than a,,, the maximum brake force
Fypmax that the parking brake actuator can provide is
greater than the gradient resistance F;. Here, to shorten
the release delay of the parking brake, a certain
amount of compressed air P, released into the parking
brake chamber under the premise of a safety start.

PIZFXbmaX_F;'PO. (3)
FXbmax

As mentioned above, the parking brake should
be released entirely when the driving force F; exceeds
the gradient resistance F; in the ideal case. Hence, the
following equality has to be fulfilled:

F =T in, /r=mgsina =F, “)

When the driving torque 7, is greater than the
demand torque 7;, the solenoid valve is opened to
rapidly pressurise the brake chamber to reduce the
brake release delay. The demanded torque 7; is derived
from Eq. (4) as given in Eq. (5):

mgsinar
igiOnT
The desired pressure P,; is assumed to be
proportional to the driving torque 7, such that

P =B +(B—R)-T, /T, ©6)

I = )

Therefore, the vitally influencing factor in the
implementation of the HSA functionality of the
EPB-equipped commercial vehicles is to adopt the

appropriate control strategy for the solenoid valve,
in which the parking brake chamber pressure P will
effectively follow the desired pressure P,.

2.2 EPB Pneumatic System Model

As the solenoid valve is the core component of
the EPB system, its dynamic characteristics play a
significant role in the performance of the EPB system.
When implementing the HSA manoeuver, the solenoid
valve of the EPB system can be regarded as an on/
off valve, regulating the air flow to the parking brake
chamber by an open/close action.

The dynamic of the solenoid valve [19] includes
the electrical circuit model, the magnetic circuit
model and the dynamic model of the mechanical
components. The electrical circuit model is expressed
as follows:

U=IR+N d;i) (7)
dt

According to Kirchhoff’s law, the magnet circuit
model is written as follows:

IN = @ ®)

UA,

The dynamic model of the mechanical
components can be derived as follows:

L 1] @ .
X=— -PA-K (x+x)-cx|. (9)
m,| 2ud, " ’

Assuming that air is an ideal gas, heat transfer
from the valve orifice is negligible, and shear forces
on the walls of the orifice are negligible, the dynamic
of the parking brake chamber can be mathematically
formulated as follows [20]:

ar_ 0.0405CdCAxi if £ o P, (10
dt

N/ A

y+1

2
@bl 2 (PJ ‘(P_j
dt JT| R (y-D|\ P, P

ds

it Losp (11)

cr
ds

The EPB pneumatic system model is illustrated
in Fig. 5, and the main parameters of the pneumatic
system are listed in Table 1.
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Solenoid valve model

S | Electrical & Dynamic model of )| x .
N . Parking brake r
magnetic mechanical
R chamber model
| circuit model components |

Fig. 5. EPB pneumatic system

Table 1. Main parameters of EPB pneumatic system

Parameter Value Parameter Value
U 24 N 900
R 4 X, 1.2x10-8
U 4rrx10-7 J 2x10-3
A, 4.72x10-5 c 0.26
K, 0.77x10-3 my 0.02 kg

2.3 Logic Threshold Controller

From the above analysis, we know that the challenge
in the implementation of the HSA is to maintain the
desired pressure calculated in Eq. (6); hence, a quick
response control strategy of the solenoid valve should
be adopted. The logic threshold control method
is firstly introduced to the HSA of EPB-equipped
commercial vehicles since it only requires to set the
reasonable threshold values according to the system
characteristics and no need for establishing complex
control model, which is suitable for the nonlinear
systems. Once the reasonable threshold values are
determined, a satisfactory control performance can be
obtained. Moreover, it has a strong practicability.

First, according to the pneumatic characteristics
of the EPB discussed in Section 1, the delay time ¢, is
maintained at around 40 ms for the different opening
times of the solenoid valve. Therefore, #; is used as
the closing time in one control period. The PWM-
PFM is introduced to control the on/off action of the
solenoid valve as it can regulate the duty cycle and
the frequency of the control signal at the same time,
i.e., by modifying the length of the opening time with
the closing time unchanged to regulate the inflation
rate and the pressure increase value of the pneumatic
system.

The logic threshold control strategy is designed
to control the on/off action of the solenoid valve on
the basis of the pressure error e between the desired
pressure P, and the actual pressure P in the parking
brake chamber, as shown in Fig. 6. Three logic
threshold values Pd—el, Pd—ez, and Pd—€3 (el <ez<e3)
are set, and each corresponds to the fixed duty cycle
and period of the PWM-PFM control of the solenoid
valve. When e>e3, there is a large duty cycle and

period of the PWM-PFM control to narrow the error;
when e, <e<e;, the medium duty cycle and period of
PWM-PFM control is utilized; and when e¢;<e<e,,
the small duty cycle and period of PWM-PFM control
is designed to precisely track the desired value.

@ --P—-e¢ -~ P —e - P, —e, -
R Pd .

Logic threshold
control
\
\
\

(b)

1-

PWM-PFM
control

o .
Time

Fig. 6. HSA control strategy; a) Logic threshold control,
and b) PWM-PFM control

2.4 Criteria

At present, the commonly used evaluation criteria for
hill-start include the rollback distance, friction work
and starting jerk.

If the vehicle rolls to the unintended direction,
there is a risk of accident. To ensure the safety start of
the vehicle, the rollback distance is expected to be 0.

The friction work is the magnitude of the friction
work between the pressure plate and the clutch disk
in the vehicle start process, influencing the clutch life
and reliability. It is calculated using Eq. (12) in [21],
as follows:

L=[T.(0[o,)-o.0)]d. (12)

The starting jerk J, given by Eq. (13), is the
change rate of the longitudinal acceleration of the
vehicle, indirectly reflecting the ride comfort of the
vehicle.

J_da

== (13)
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3 SIMULATION AND EXPERIMENT
3.1 Simulation

To evaluate the performance of the HSA control
strategy, a vehicle model is conducted on the Trucksim
platform; the main parameters of the vehicle are listed
in Table 2. The HSA controller and the EPB system
model are designed on the Matlab/Simulink platform;
a co-simulation platform is thereby constructed on the
basis of the Matlab/Simulink and Trucksim platforms
to emulate the hill-start scenarios.

Table 2. Main parameters of the vehicle

Parameter Value
m 8190
r 397
Iy 6.315
Iy 4.875
i 0.99
400
wf @ T 7L L
g 300
250
% 00- =M
% 150
& 100

50

Pressure [MPa]

Speed [km/h]

0 0.5 1.0 L5 2.0 25 3.0
Time [s]

Fig. 7. Simulation results of 18 % slope;
a) torque, b) pressure, and ¢) speed
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Fig. 8. Simulation results of 13 % slope;
a) torque, b) pressure, and c) speed

This section firstly describes the simulation
results under three different slope conditions, i.e.,
18 %, 13 %, and 8 %. When the vehicle is about to start
on the 18 % slope, as shown in Fig. 7, the proposed
control ensures effective tracking of the desired
pressure. When the driving torque just overcomes the
demand torque at 1.16 s, the solenoid valve is opened
to fast inflate and rapidly release the parking brake.
At 1.25 s, the vehicle velocity starts to increase from
0, suggesting that the logic threshold controller can
implement the HSA function of the EPB.

The simulation results on 13 % and 8 % slopes
are demonstrated in Fig. 8 and Fig. 9, respectively.
It can be seen that the proposed scheme can achieve
fast tracking of the desired pressure P, and is able
to implement the HSA functionality, verifying the
robustness and effectiveness of the logic threshold
controller.

The performance of the HSA with the proposed
logic threshold controller is compared with that of the
two existing ones, namely, the conventional controller
developed in [8] and the bang-bang designed in [16].
The bang-bang controller employs the same desired
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pressure P, as that of the proposed controller with
two threshold values of 0.9 P; and 0.7 P,. As shown
in Fig. 10, when the pressure P is below 0.7 P,, the
solenoid valve is opened to release the parking brake;
when the pressure P reaches 0.9 P, the solenoid valve
is closed to maintain the pressure.

250
200
150+

100+

Torque [N-m]

0.4
0.3

0.2F =

Pressure [MPa]

0.1

0 0.5 10 Ls 2.0 2.5 3.0

©)

Speed [km/h]

0 05 L0 L5 2.0 2.5 3.0
Time [s]

Fig. 9. Simulation results of 8 % slope;
a) torque, b) pressure, and c) speed
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Fig. 10. Bang-bang control

Figs. 11 and 12 illustrate the comparative
outcomes of the three controllers on 18 % slope. As

depicted in Fig. 11, the parking brake release delay
of our scheme, bang-bang control, and conventional
control are 0.12 s, 0.29 s, and 0.79 s, respectively,
showing that the proposed control ensures effective
tracking of the desired pressure with a small release
delay.

0.5----P, . .
—— Our scheme 7 e
-—-Bang-bang T .

a4l : o .

04F Conventional S .

E /// //
S 03 ;
= =TT
L s
3 -~ // /
wn 0.2+ g /
O R
= o
[aW 4
// y
o1 7
Lo
“y
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0 02 04 06 08 10 12 14 16 18 20
Time [s]

Fig. 11. Comparison with the conventional and the
bang-bang schemes in the inflation process
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Fig. 12. Comparison with conventional and bang-bang schemes
in terms of the following criteria; a) rollback distance,
b) friction work, and c) starting jerk
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Fig. 12a shows that there is no rollback with
the conventional control, and bang-bang and the
logic threshold controller both have an unnoticeable
rollback distance of 0.005 m, which suggests that all
of the above controllers meet the safety requirements.
At the same time, it can be seen that the vehicle starts
faster under the proposed controller. The comparative
results in terms of the friction work are shown in Fig.
12b. It is evident that the conventional controller
generates more clutch friction because of the longest
release delay of the parking brake. The increases in
the friction work are 15.43 % and 1.38 % in the cases
of the conventional and the bang-bang controller,
respectively. In Fig. 12c, the proposed scheme
outshines its two counterparts from the perspective
of the starting jerk. A clearer comparison can be
achieved by using the root mean square (RMS) values
of the starting jerk. The comparison of HSA criteria
for three controllers is summarized in Table 3. It can
be discerned that the proposed controller evidently
outperforms bang-bang control and conventional
control in aspects of brake release delay, clutch
friction work, and starting jerk under all three slopes.

Table 3. Comparison of HSA performance for three controllers

Slope Controller rglrea;see F:II\/C()tlrﬁn *Startmg ggtlgsgg
delays) [k CKE O Tm
Proposed 0.11 124.46 1.03 0
8% Bang-bang 0.25 126.16 1.06 0
Conventional 0.79 142.81 1.14 0
Proposed 0.13 161.21 1.22 0
13 % Bang-bang 0.27 162.85 1.31 0
Conventional 0.79 185.90 1.60 0
Proposed 0.12 236.63 1.65 0.005
18 % Bang-bang 0.29 239.89 1.75 0.005
Conventional 0.79 273.15 2.06 0

*RMS value

3.2 Experiment

To further verify the effectiveness of the logic
threshold controller, the experiment is performed on
a commercial vehicle equipped with EPB introduced
in section 1. The actual test vehicle employs the same
parameters as those in Table 2. The experimental setup
is shown in Fig. 13, the vehicle implements the HSA
functionality on three different slopes, i.e., 20 %, 13 %
and 8.2 %; the vehicle state signals are sent to CAN
from the ECU of the EPB; a data acquisition program
is developed in PC to acquire the real-time displaying
and storing of the signals transmitted on CAN.

Testvehicle V[

Vehicle state [ CAN card |
|

Sigﬂals n

CAN
| L ——

Fig. 13. Experimental setup

Fig. 14 shows the experimental results of 20 %
slope: at first, the vehicle is stopped on the gradient;
as the driving torque increases, the driver’s starting
intention is confirmed by the system and the solenoid
valve is therefore opened to inflate. With the proposed
logic threshold control, the pressure increases with
an increase in the desired pressure, triggering the
corresponding PWM-PFM control of the solenoid
valve when encountering different thresholds. The

1 1
0 025 050 075 1.00 125 150 175 200 225

0451, by Py—e -~ Pj—e by —e

0 L} Ve Clad I I 1 L L 1 1

0 025 050 075 100 125 150 175 200 225

<)

Speed [km/h]

G Il L L L L L L L 1
0 025 050 075 100 125 150 L75 200 225
Time [s]

Fig. 14. Experiment results of 20 % slope;
a) torque, b) pressure, and c) speed
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driving torque overcomes the demand torque at 3.01
s, and then, the EPB system rapidly inflates. After
3.10 s, the vehicle velocity is gradually increased
from 0, implying a successful HSA implementation.
The parking brake is completely released when the
pressure reaches 0.4 MPa at 3.15 s with a release
delay of 0.14 s, which is sufficiently small. The
pressure follows the desired pressure effectively, and
no rollback of the vehicle is observed during the entire
hill-start process.

Similar experimental results can be found in
Figs. 15 and 16. It is clear that the proposed controller
enables the pressure to track the desired pressure
effectively and the HSA functionality of EPB-equipped
commercial vehicle is effectively implemented on 13
% and 8.2 % slopes. A closer examination reveals that
the release delay of the parking brake are 0.11 s and
0.09 s on 13 % and 8.2 % slope, respectively.

All of the above results demonstrate that the
proposed logic threshold controller provides a
satisfactory HSA performance of commercial vehicles
equipped with EPB, and the parking brake release
delay is sufficiently small, thereby reducing the clutch
wear and the starting jerk.

_ = =
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Fig. 15. Experiment results of 13 % slope;
a) torque, b) pressure, and ¢) speed
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Fig. 16. Experiment results of 8.2 % slope;
a) torque, b) pressure, and ¢) speed

4 CONCLUSIONS

In this study, we developed a logic threshold control
framework to improve the hill-start quality of EPB-
equipped vehicles under the prerequisite of safety
start. In the control synthesis, the desired pressure
model and EPB pneumatic system model were
developed, and then, the proposed controller was
constructed to control the solenoid valve according
to the pressure error between the desired pressure and
the actual pressure.

The simulation results verified the hill-start
control effect, and the comparative results showed
that the proposed controller outperformed the
conventional and bang-bang controllers in terms of
the brake release delay, friction work and starting jerk,
which demonstrated that the proposed controller was
capable of improving the hill-start quality of EPB-
equipped vehicles.

The wvehicle experiment results further
demonstrated that the proposed scheme could
effectively implement the hill-start assist of the EPB-
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equipped vehicle without rollback and track the
desired pressure with a small tracking error.

One direction to extend this work is to develop
a recognition algorithm of the vehicle mass during
the hill-start manoeuver to improve the identification
precision and reduce cost.
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6 NOMENCLATURES

longitudinal acceleration, [ms-2]
cross-sectional area of air gap, [m?]
cross-sectional area of spool, [m2]
viscous friction coefficient, [-]
pressure error, [MPa]

gradient resistance, [N]
maximal gradient resistance, [N]
driving force, [N]

brake force, [N]

maximal brake force, [N]
gravitational acceleration, [ms-2]
transmission gear ratio, [-]
differential ratio, [-]

coil current, [A]

starting jerk, [ms—3]

spring stiffness, [Nm-1]

friction work, [J]

vehicle mass, [kg]

spool mass, [kg]

number of coils, [-]

actual pressure, [MPa]

critical pressure ratio, [-]

desired pressure, [MPa]
downstream pressure, [MPa]
initial pressure, [MPa]

supply pressure, [MPa]
upstream pressure, [MPa]
release pressure, [MPa]

pressure increase, [MPa]

tyre rolling radius, [m]
equivalent resistance, [Q2]

ideal gas constant, [-]
PWM-PFM control signal, [-]
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[9]

lock-up time of the clutch, [s]
delay time, [s]

opening time, [s]

clutch torque, [N-m]

driving torque, [N-m]
demand torque, [N-m]
driving voltage, [V]

spool displacement, [m]
spring pre-compression, [m]
air permeability, [Hm!]
engine speed. [r'min-!]
speed of the clutch disk, [r-min-1]
magnetic flux, [Wb]
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