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Abstract: Since the automotive industry is shifting towards electrification, brake-by-wire technolo-
gies are becoming more prevalent. However, there has been little research comparing and optimizing
brake-by-wire actuators in terms of their energy expenditure and response time. This paper inves-
tigates the comparison of three different smart brake-by-wire actuators, Electro-Hydraulic Brakes
(EHB), Electro-Mechanical Brakes (EMB), and Electronic Wedge Brakes (EWB), first by defining
an objective metric and then using both linear and nonlinear optimization techniques. Modeling
of the actuators is performed using the bond graph method. Then, the controllers are designed
using a robust control strategy, Youla parameterization. After designing the controllers, two types
of optimization are performed on the actuators. Optimizations are performed in two ways: 1. by
linearizing the plants and optimizing using their transfer functions and 2. by nonlinear optimization
of the plants in the closed-loop following a specific clamp force target. The objective metrics or the
cost functions for these optimizations are chosen to be the energy usage of the plants during the
closed-loop operation, maximum power requirement, and their dynamic responsiveness. Using this
optimization framework, we can show a significant improvement in the energy usage of the actuators
and slight improvements in their responsiveness. In the end, the actuators are compared in terms of
their energy usage for sets of initial and optimized physical parameters.

Keywords: EHB; EMB; EWB; system modeling; bond graph; optimization; control design; Youla
parameterization; robust control; nonlinear optimization; brake-by-wire; actuator; electro-mechanical
brake; electronic wedge brake; electro-hydraulic brake

1. Introduction

By-wire technologies are becoming more in demand because of their contribution
to the vehicle’s fuel efficiency and electrification. They are well suited for autonomous
vehicles, Electric Vehicles (EVs), and Hybrid Electric Vehicles (HEVs) due to their electronic
interface and architectures. Between all these by-wire technologies, brake-by-wires are
essential since they play a critical role in the vehicle’s safety [1–3].

Brake-by-wire systems can reduce the overall component weight due to the reduction
in the number of parts and integrated packaging. They also improve energy consumption
because they would only use energy when required. The reduction of energy usage by
different components is an essential aspect of reducing the CO2 emissions of vehicles.
This type of reduction is significant in reducing fleet CO2 emissions. When the brake
pedal is released, the brake pad may not release entirely, causing caliper drag. Brake-
by-wire is even more energy-efficient by eliminating caliper drag through sensors and
control methods. To enhance vehicle safety, individual wheel braking and faster activation
times of BBW actuators can be utilized by the vehicle’s Electronic Stability Control (ESC)
system. The biggest barriers to brake-by-wire systems gaining popularity in the automotive
industry are the reliability of new actuators, as well as the risk and cost of deploying new
braking technology [4].
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1.1. Brake-by-Wire Actuators

Wet and dry brakes are the two types of braking systems. Dry brakes are simply
mechanical systems that rely on electric motors, whereas wet brakes employ fluids to
produce pressure on the piston and the caliper. A type of wet brake is electro-hydraulic
brakes, which include solenoid valves that can be operated with an electronic signal to
vary the braking pressure. These types of brakes require an accumulator and a pump,
and usually a vacuum booster to maintain their high pressure throughout the braking
operation. There are also a few different types of dry brakes. In a pure electro-mechanical
brake, a small electric motor, planetary gear set, and roller screw energizes the brake
pad [5–8]. For this type of brake, however, a 42 volt motor is needed, which is energy
intensive [4]. On the other hand, a wedge mechanism is used in electronic wedge brakes
to create a brake caliper, which is drawn into the brake and uses less energy because it
utilizes the wheel’s rotation. They usually need a 14 V supply as opposed to the 42 V of the
electro-mechanical brake. However, this comes at the cost of more complicated mechanics
and control [5,8–16]. Vienna Engineering has created a brake system based on a crank-shaft
mechanism that reduces the complexity of dealing with the reduction gears and roller
screws [17].

Purely dry brakes are expensive compared to conventional electro-hydraulic brakes
since they are new technologies and need more testing and research before they can be
reliable enough to go into production. The reliability of purely dry brakes is a challenge
since they have more electronic components, and these components need to work reliably
in an environment where vibration, shock, and temperature can significantly affect their
nominal performance [4].

On the other hand, EHBs have been used by manufacturers for a while. For example,
an integrated electro-hydraulic brake system utilizes an electro-mechanical actuator (similar
to an electro-mechanical brake) as a modulator of a master cylinder. This electro-mechanical
actuator uses a motor to rotate a gear mechanism and a ball-screw that pushes the piston.
This axial force pressurizes the brake fluid inside the master cylinder. The pressurized brake
fluid is then transferred to the wheel chamber using a high-pressure pipeline, where this
pressure displaces the caliper (similar to an EHB). This integrated electro-hydraulic brake
uses most of the EHB parts that the automotive manufacturers are already familiar with and
removes the need for a pump, vacuum booster, and accumulator [18,19]. It also seems that
this type of brake actuator is gaining popularity among car manufacturers. Bosch GmbH
developed the iBooster and ESP hev (electronic stability program for hybrid and electric
vehicles), which are integrated electro-hydraulic and Hydraulic Control Units (HCU) in
2013. In 2017, Continental AG introduced MK C1, which is an integrated EHB with fast
actuation and without any vacuum booster or accumulator along with emergency brake
functionalities [20]. ZF TRW (with the IBC) and Hyundai Mobis (with iMEB) are among
the more recent suppliers who developed and manufactured integrated electro-hydraulic
brake actuators.

1.2. Objective Metrics for Brake-by-Wire Systems

Objective metrics are required for performing a comparative analysis of the systems
under consideration. These metrics are utilized to measure each system’s performance, ro-
bustness, and safety correctly. Similar metrics have already been used in other automotive
applications to optimize or compare different topologies (different configurations). For ex-
ample, Shankar et al. use several criteria for optimization and component sizing of plug-in
hybrid electric vehicles. The objective functions in their optimization include all-electric
range (AER), the CO2 emission from the drive-cycle, and the cost of components [21].

Gombert et al. provide some basic metrics for brake-by-wire actuators and their
vehicle configurations [4]. They provide some background for the objective metrics that
need to be considered for Brake-By-Wire (BBW) actuators. Yao et al. consider a multi-
objective optimization with a few constraints for their combined electromagnetic and
electronic wedge brake-by-wire actuator. The objective comprises a time to braking at
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an acceptable slew rate, maximum initial braking torque, and electric power of the DC
motor. Their constraints include the maximum power of the DC motor, brake slew rate,
and maximum braking torque (maximum ground friction coefficient) [22,23]. Kwon et al.
use a multi-objective formulation to optimize a caliper for the wedge brake. Their objective
function includes the minimization of weight and the maximization of caliper stiffness.
They then use the response surface model to optimize and find the best possible set of
caliper parameters [24].

Metrics and metric-based optimization have also been used in the control architecture
of brake-by-wire systems. Fengjiao et al. use multi-objective optimization for their control
strategy of an electro-hydraulic brake system in an EV. Their objectives include 1. braking
stability, which can be expressed as a quadratic function of friction adhesion on the rear
and front wheels and the brake input, and 2. regenerative energy recovery. The constraints
include battery charging power, motor peak torque, and the relationship between vehicle
stability while braking and road surface friction [23]. Hielinger et al. used parameter
optimization for an autonomous emergency braking system. Their cost function includes
safety performance and customer acceptance. Safety performance is measured as the
reduction of the impact speed (the speed at which the vehicle might collide to the nearest
obstacle; if there is no collision, the cost becomes zero). Customer acceptance includes a
sub-cost function for the brake profile (the deceleration of the vehicle summed over time)
and braking the distance (minimum distance between the vehicle and the obstacle) [25].
Kelling et al. studied a distributed electronic and control architecture design for brake-
by-wire systems and compared a conventional centralized architecture with a proposed
fault-tolerant and distributed system in terms of safety and cost advantages [26].

1.3. Control Strategies for Brake-by-Wire Systems

Many researchers have used the sliding mode method to control the wheel slip for
Anti-Lock Braking (ABS). Sliding Mode Controller (SMC) is a nonlinear control technique
and an inherently non-continuous control law, which requires additional filtering to suitably
smooth out this discontinuous control law, to force the system to operate on a sliding surface
which defines the system’s closed-loop dynamic. Compared to bang-bang control, SMC
has the benefits of smaller actuation and added robustness. Anwar utilized a sliding mode
controller to control slip in a hybrid BBW system that resulted in a good slip regulation
in low friction surfaces and a smooth operation of the ABS, and reduced noise, vibration,
and harshness (NVH) in EHB systems [27]. Tanelli et al. use pseudo-sliding mode control
combining slip-deceleration (MSD), which continuously controls slip and deceleration
while avoiding chattering and is robust against measurement noise and low sampling
frequency [28]. However, SMC is not widely used in the automotive industry due to
its design complexity, calibration difficulties, proper consideration of actuator delays,
and difficulties with addressing robustness. Actuators have delays that can make the sliding
mode lead to chatter, energy loss, and the excitation of unmodeled dynamics. However,
this is not as much of a problem in the continuous control design [29]. Soltani et al. use a
linearized model of EHB and synthesize closed-loop shaping Youla parameterization for
the wheel slip control. The stability and performance of the controller were tested on an
HiL (hardware in the loop) setup [30].

1.4. Contribution and Paper Structure

This paper discusses a novel approach to optimize three different brake-by-wire
actuators. The novelty of this paper is as follows:

1. To the best of the authors’ knowledge, this is the first paper on the optimization and
comparison of brake-by-wire actuators’ energy usage and responsiveness;

2. Use of transfer functions as a way to optimize a nonlinear plant;
3. The optimization of the brake-by-wire actuators operating in closed-loop (and follow-

ing a target) has not been investigated before;
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4. The use of a robust control method (Youla parameterization) to control an EHB brake
with build and dump valves (the use of Youla parameterization for EMB and EWB
has already been investigated in another paper by the authors [31]);.

The structure of this paper is as follows: In the materials and methods section, the pro-
cedures used to achieve the results are discussed. The actuator modeling subsection
discusses how each actuator has been mathematically modeled. The model-based control
synthesis subsection discusses the robust control design. The optimization section dis-
cusses the transfer function and nonlinear plant optimization. In the section results and
discussion, the optimization results are presented and discussed. Moreover, in the final
section, the conclusions, the final conclusion is drawn, and the benefits and the pitfalls of
the optimization framework are discussed.

2. Materials and Methods
2.1. Actuator Modeling

The schematics of EHB, EMB, and EWB brakes are shown in Figure 1a–c.
EHB model consists of a high-pressure source (master cylinder), hydraulic lines, build

and dump valves, a brake cylinder chamber, and brake pads. The master cylinder provides
pressure into the high-pressure line, controlled by the build and dump valves. Build and
dump valves are considered to have varying states between their fully open and fully
closed states. This is as opposed to the valves that can either be fully open or fully closed
at a given time. In practice, these are solenoid valves that can be controlled with pulse
width modulation. For the sake of initial comparison between these smart brake actuators,
a vehicle model containing only one-wheel is utilized. When the pressure increases in
the brake cylinder chamber, this pressure will move the brake pad forward. This forward
movement of the braking pad stops the brake disk as a result. Upon stopping, the dump
valve opens, decreases the pressure, and releases the brake pads, bringing them back to
their original position.

The EMB comprises a small electric motor, planetary gear set, ball-screw mechanism,
brake pad, and caliper. A planetary gear set and a ball screw mechanism move the brake
pad when the motor rotates. This movement will result in a clamp force that is denoted by
Fcl as illustrated in Figure 1b.

The EWB actuator converts the motor’s rotation to a linear force on the wedge by
using a planetary gear set (not depicted in the schematic) and a roller screw. The motor
shaft’s axial stiffness and resistance are also considered in modeling this actuator. Kcal
represents the combined caliper stiffness and the stiffness between the wedge and the disk.
This is similar to the EMB configuration, except that the caliper is shaped like a wedge,
which, by inserting it inside the brake casing, creates a self-reinforcing mechanism.

Bond graph is a graphical modeling approach for dynamical systems based on the
flow/exchange of power, and therefore, energy. Among the many benefits of bond graphs,
they are suitable for the systems with multiple energy domains such as mechatronic
systems that usually include various electronic, electrical, mechanical, and hydraulic
components [32]. Bond graphs are multi-energy domain and open architecture, which
means one can easily add and expand the models with minimum effort compared to other
modeling techniques. Furthermore, the monitoring and processing power and energy
consumption of various components and parts are conducted with ease when using bond
graphs. Given the mentioned benefits of this modeling technique, this method is adopted
here to study and model BBW systems.
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(a)

(b)

(c)

Figure 1. Schematics of brake-by-wire actuators. (a) Electro-Hydraulic Brake [33]; (b) Electro-
Mechanical Brake; (c) Electronic Wedge Brake [9].

Figure 2a–c show the bond graph of EHB, EMB, and EWB, respectively. A one-wheel
vehicle model is included in all the actuator bond graph models. The wheel has rotational
inertia and is connected to a point mass. For the preliminary studies of brake actuators and
their algorithms (for example, the Anti-Lock Braking System, ABS, and Traction Control
System, TCS), this simple one-wheel model can be used and is easy to implement later on
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a hardware-in-the-loop test. Models such as this can be used for studying longitudinal
dynamics in the vehicle. Since it focuses only on the longitudinal dynamics of the vehicle,
it is perfectly suited for studying brake-by-wire actuators and ABS technologies [34].
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Figure 2. Bond graphs of brake-by-wire actuators.

Based on the bond graphs in Figure 2a–c, the equations of motion for EHB, EMB, and
EWB can be written. Equations (1)–(4) represent the equations of motion for the EHB. qcyl ,
pp, xcal , Pin, ub, and ud are the volumetric displacement of the cylinder fluid, momentum
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of the caliper, caliper displacement, pressure of the master-cylinder (high pressure input),
duty ratio of build valve, and duty ratio of dump valve (between 0 and 1), respectively.

Cd, Sb, Sd, ρ, βh f , Vcyl , Sp, bp ,mp, x0, and kcal are the maximum flow coefficient of
the valve, cross-sectional area of the build valve when fully open, cross-sectional area
of the dump valve when fully open, density of the brake fluid, bulk modulus of the
brake fluid, cylinder’s volume, cylinder’s cross-section surface, damping coefficient, brake
pad’s mass, brake clearance, and caliper stiffness, respectively [33]. Since these equations
are highly nonlinear because of the valves, a linearized version, for the purpose of con-
trol development, is given in Equations (5)–(7). In this linearization, it is assumed that
ud = 1− ub, and this means that when one valve is open, the other is closed.

EHB equations of motion are as follows:

q̇cyl = CdSbub

√
2
ρ
(Pin −

βh f

Vcyl
qcyl)− CdSdud

√
2
ρ
(

βh f

Vcyl
qcyl)−

Sp

mp
pp (1)

ṗp = Sp
βh f

Vcyl
qcyl − bp

pp

mp
− kcal max(xcal − x0, 0) (2)

ẋcal =
1

mp
pp (3)

Pcyl =
βh f

Vcyl
qcyl (4)

Linearized EHB equations are as follows:

A =


CdSbu0

√
1

2ρ

−
βh f
Vcyl√

(Pin−
βh f
Vcyl

qc0)
− CdSd(1− u0)

√
1

2ρ

βh f
Vcyl

1√
qc0

−Sp
mp

0

Sp
βh f
Vcyl

− bp
mp

−kcal

0 1
mp

0

 (5)

B =

[
CdSb

√
2
ρ (Pin −

βh f
Vcyl

qc0) + CdSd

√
2
ρ (

βh f
Vcyl

qc0) 0 0
]

(6)q̇cyl
ṗp

ẋcal

 = A

qcyl
pp

xcal

+ B ub (7)

Similarly, equations of motion for the EMB can be written using Equations (8a)–(8d).
Note that the same nonlinear friction model has been used for the EMB and EWB models.
Im, Vin, and ωm are current, voltage input, and angular velocity of the shaft, respectively. Lm,
Rm, Kt, Jm, Dm, Ns, Np, and Kcal are the inductance of the electric motor, electrical resistance,
electromotive force constant, total moment of inertia of the rotational parts (including the
shaft and gears), axial viscous friction, planetary gear reduction ratio, ball-screw gear
reduction ratio, and caliper stiffness, respectively.

EMB equations of motion are as follows:

İm =
1

Lm
× (Vin − Rm × Im − Kt ×ωm) (8a)

ω̇m =
1
Jm
× (Kt × Im − Dm ×ωm − τf − Np × Ns × Kcal ×max(Xcal − x0, 0)) (8b)

Ẋcal = Ns × Np ×ωm (8c)

FCal =

{
Kcal(Xcal − x0), if Xcal ≥ x0
0, otherwise

(8d)
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Equations (9a)–(9h) show the equations of motion for the EWB, where N, qax, Kax, Dax,
Xw, Vw, Fm, α, and µcal are combined gear reduction, shaft axial displacement, shaft axial
stiffness, shaft axial viscous resistance, wedge displacement, wedge velocity, motor force
exerted to the wedge, wedge angle, and friction coefficient between the pad and the wheel,
respectively.

EWB equations of motion are as follows:

İm =
1

Lm
× (Vin − im × Rm − Km ×ωm) (9a)

q̇ax = LNω− Vw

cos(α)
(9b)

Fm = Kaxqax + Dax q̇ax (9c)

ω̇ =
1
Jm
{Km Im − Dm ×ω − τf − L× N × Fm} (9d)

V̇w =
1

mw(1 + tan2(α))
× { Fm

cos(α)
+ (Kcal × Xw × tan(α)× (µcal − tan(α))} (9e)

Ẋw = Vw (9f)

FB = µcalKcalXw tan(α) (9g)

FCal =

{
Kcal(Xcal − x0), if Xw ≥ x0
0, otherwise

(9h)

τf is the lumped nonlinear frictions present in the shaft, planetary gears, and worm
gear. The Lugre friction model has been used to model this nonlinear friction. The Lugre
model is used for modeling the frictions in actuators since it offers a dynamical model which
captures the dynamics very well while needing a lower number of parameters. Other types
of friction models can be used as well to represent the frictions. Equation (10a) represents
the Lugre friction model [35] where σ0, σ1, σ2, ωs, j, τc, and τs are the contact (bristle)
stiffness, damping coefficient of the bristle, viscous friction coefficient, Stribeck velocity,
shape factor, Coulomb friction, and static friction, respectively. Equation (10d) shows that
there is a linear relationship between the Coulomb friction and the clamping force, which is
usually derived through experiment. As clamping force increases, the normal forces inside
the gears increase as well, which results in increasing the friction torque [6].

Lugre dynamic friction model for EMB and EWB is as follows:

g(v) = τc + (τs − τc)× e−|
ω
ωs |

j
(10a)

ż = ω− σ0 ×ω× Z
g(v)

(10b)

τf = σ0 × z + σ1 × ż + σ2 ×ω (10c)

τc = C + G× FCal (10d)

2.2. Model-Based Control Synthesis

Youla parameterization is a robust control method that leverages closed-loop frequency
shaping to attain the desired closed-loop behavior. These closed-loop transfer functions
consist of (Ty), known as a complementary sensitivity transfer function, sensitivity transfer
function Sy, and Youla Y transfer function (explained below). This method shapes closed-
loop transfer functions while ensuring internal stability along with disturbance rejection at
low frequencies and sensor noise and unmodeled disturbance rejections at high frequencies.
This method was selected because of its ease of control design using the model-based
approach for designing appropriate low-level controllers based on the developed bond
graph models [36].



Energies 2022, 15, 634 9 of 22

The central notion in this method is to form a closed-loop transfer function (Ty) with
a transfer function named Youla (Y(s)). Multiply Youla by the plant transfer function
(Gp) to create the desired closed-loop transfer function (Equation (11)). For good tracking
performance in steady-state, the magnitude of Ty(s) should be set to one at low frequencies.
To ensure high-frequency noise rejection, Ty(s) should be small at high frequencies:

Ty(s) = Y(s)× Gp(s) (11)

As a result, we can shape the closed-loop transfer function using Equation (11) (given
we meet all the interpolation conditions for ensuring internal stability mentioned below). It
should be noted that the Youla transfer function maps the desired reference signal to the
actuator effort. With good target following, such as |Ty(s)| = 1 at low frequency, the Youla
transfer function is approximately equal to the inverse of the plant transfer function at
low frequency and equal to the controller Gc(s) transfer function at high frequency. Thus,
keeping Youla’s magnitude small at high frequencies would reduce actuator effort and
minimize the impact of sensor noise on the actuator.

The closed-loop transfer function (Ty(s)) and the sensitivity transfer function (Sy(s))
are complementary to each other, as shown by (Equation (12)). Due to this algebraic
constraint, the sensitivity transfer function should be small at low frequencies (to reject
low-frequency disturbances) and equal to one in magnitude at high frequencies:

Sy(s) = 1− Ty(s) (12)

If Gp is stable, the feedback loop would be internally stable if and only if Y(s) is
selected to be a stable transfer function. In this regard, Yy(s), Sy(s), Ty(s), and Gp × Sy
should all be stable to make the feedback loop internally stable. Consequently, to meet
these conditions in case of an unstable pole (αp) which is repeated n-times in the plant
(Gp), Equations (13) and (14) define rational interpolation conditions, which must be met to
enforce internal stability. If it is a single unstable pole (not repeated), Equation (13) is the
only interpolation condition that needs to be satisfied:

Ty(αp) = 1, Sy(αp) = 0 (13)

dkTy

dsk (αp) = 0,
dkSy

dsk (αp) = 0, ∀k ∈ J1, nK (14)

If there is a repeated non-minimum phase zero (αz), zeros in the RHP (Right Half
Plane), the interpolation conditions are met by Equations (15) and (16). If the unstable
zero is only repeated once, Equation (15) is the only interpolation condition that must be
satisfied [36]:

S(αz) = 1, T(αz) = 0 (15)

dkSy

dsk (αz) = 0,
dkTy

dsk (αz) = 0, ∀k ∈ J1, nK (16)

Once we ensure that the conditions in the Equations (13)–(16) are met, we can acquire
the controller using Equation (17):

Gc(s) = Y(s)× Sy(s)−1 (17)

Cascaded Control

Since the brake-by-wire smart actuators are Single Input Multiple Output (SIMO)
problems, we consider the cascaded control scheme. Cascaded control enables systems
with relatively more nonlinearities to perform better and be more robust. Therefore,
the controllers were designed using cascaded control to mitigate different nonlinearities in
the brake actuators (e.g., mechanical friction, pressure nonlinearities). Each inner closed-
loop is an open-loop for their outer loop controller design. The controller design of each
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plant is conducted through the Youla parameterization approach, as discussed in the
previous section. Figure 3 shows this cascaded control design for EMB and EWB actuators.
In the EMB and EWB, for the first loop, motor voltage is input, and motor current is the
output. In the second loop, the motor’s desired current is input, and the motor’s angular
velocity is output. Finally, for the outermost loop, the input is the desired motor angular
velocity, and the clamping force is the output (the normal force of the brake pad on the
wheel). The shaft’s current and angular velocity can be measured directly and is readily
available, but the clamping force must be estimated or measured with a force sensor.

One important part of the EMB/EWB plant, which is not shown in Figure 3, is the
current and voltage saturation. Current is saturated at ±25 A, and voltage is set to saturate
at ±42 Volts. Because of these, the controllers might saturate and, therefore, make the plant
unstable. A simple gain anti-windup was used to address the current saturation and to
mitigate this issue (Figure 4). There could also be another anti-windup for the voltage
saturation; however, normally, the voltage does not reach saturation levels if the current
saturation has been addressed. Furthermore, adding an extra anti-windup may result in
limiting the bandwidth of the closed-loop system. In addition, other anti-windup strategies
such as the one in [37] or [38], which is specifically for cascaded controllers, could have
been utilized.

In the EHB control design, a SISO controller was designed based on the linearized
equations mentioned in Equations (5)–(7). The operating points taken for this linearization
are u0 = 0.3 and qc0 = 0.3 × q0. q0 is the steady-state value of qcyl . In addition, as
mentioned before, it is assumed that ud = 1− ub. This continuous control law works
well when building and dumping the pressure in the cylinder chamber. However, in the
case of keeping constant pressure during the steady-state, we might run into the issue of
having both build and dump valves open partially at the same time and therefore losing
some of the master cylinder’s pressure which wastes energy. For example, ud = 0.7 and
ub = 0.3 would hold the constant cylinder pressure, but this is not energy efficient as
the pumps keep running. For this reason, a switching logic was added to the continuous
Youla controller. This switching statement changes the values of ub and ud to zero once the
clamping force error is within the desired threshold. Otherwise, it passes the same values
from the controller to the plant as shown in Figure 5.

Figure 3. Cascaded control scheme for the EMB/EWB (a); The bottom Figure shows the decomposed
system for control design (b).

Figure 4. Anti-windup gain used to compensate for the current saturation.
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Figure 5. Control scheme for the EHB.

2.3. Optimization
2.3.1. Linear Optimization: Using Transfer Functions

In this section, a multi-objective optimization scheme for brake-by-wire actuators
based on their transfer functions is considered. This optimization considers dynamic
responsiveness and the actuator’s effort as objective metrics.

After linearizing the plants, we can obtain their transfer functions. We then synthesize
the controllers using the Youla parameterization technique discussed in Section 2.2. There
are a few assumptions made when designing the controllers during the optimization
process. Controllers are designed to create closed-loop transfer functions to be in a certain
form. Equations (18), (19), (20), (21a), (21b), (22), (23a) and (23b) describe the form of Plant
transfer function (Gp), Youla transfer function (Y), and closed-loop transfer function (T)
for the first, second, and the third loop of EMB (EWB follows a similar control design
pattern, and EHB follows the same pattern, but it only has one control loop, and therefore,
the design choice is similar to the one in Equation (19)). The goal here is to design a closed-
loop transfer function with the frequency shape of a second-order Butterworth filter and
add extra first-order filters whenever necessary. For example, in Equation (21a), the second
open-loop transfer function has an integrator that should not be canceled by the Youla
transfer function. Hence, a high pass filter was added to the Youla transfer function ( 1

s+W1
).

W1 is the pole for the filter that is added to the Youla transfer function. This can be chosen in
such a way that it does not affect the bandwidth of the closed-loop system.. In this equation,
G′p2

represents the plant transfer function of the second loop without the s in the numerator.
Moreover, in the case of Equation (23a), a repeated first-order transfer function was added
to the Youla transfer function to make this transfer function proper (Gp3 is a fourth-order
transfer function; for simplicity, we choose to use first-order poles. N-th order Butterworth
filter could also be used in this case). More details on the design of these controllers are
provided in [31]. It should be noted that ωn1 , ωn2 , and ωn3 are chosen for each loop to have
a specific bandwidth (ωn1 , ωn2 , and ωn3 are the Butterworth filter’s cut-off frequencies for
the different added Butterworth filter to Youla transfer functions). In the case of EMB, this
is 200 Hz, 10 Hz, and 2 Hz for the first, second, and last loop, respectively. For the EWB,
they are chosen to be 500 Hz, 400 Hz, and 2 Hz. Finally, for EHB, it is chosen to be 2 Hz.
Therefore, all of the brake-by-wire actuators have the same final closed-loop of 2 Hz for the
clamp force loop. This is a deliberate choice to make sure all the brake-by-wire actuators
have the same bandwidth (for the clamping force) for the final comparison in terms of
energy and responsiveness metrics. The chosen control parameters mentioned here (such
as ωn and ξ) will remain the same over the course of all optimizations. This is performed
to have fixed control design for the optimization procedure, and the only change will be
the physical parameters of the system. Figure 6 shows the Bode magnitude plots of T, S,
and Y for this type of control design.

GpI =
Jms2 + Dms + (NsNp)2Kcal

(Lm Jm)× s3 + (Rm Jm + LmDm)× s2 + (RmDm + Lm(NsNp)2Kcal + K2
t )× s + Rm(NsNp)2Kcal

(18)

Y1 =
1

GpI

× ω2
n1

s2 + 2× ξ ×ωn1 × s + ω2
n1

, T1 =
ω2

n1

s2 + 2× ξ ×ωn × s + ω2
n1

(19)
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Gp2 = T1 × Gpω =
ω2

n1

s2 + 2× ξ ×ωn × s + ω2
n1

× Kt × s
Jms2 + Dms + (NsNp)2Kcal

(20)

Y2 =
1

G′p2

× ω2
n2

s2 + 2× ξ ×ωn2 × s + ω2
n2

× 1
s + W1

× (
W2

s + W2
)2 (21a)

T2 =
ω2

n2

s2 + 2× ξ ×ωn2 × s + ω2
n2

× s
s + W1

× (
W2

s + W2
)2 (21b)

Gp3 = T2 × GpF =
ω2

n2

s2 + 2× ξ ×ωn2 × s + ω2
n2

× s
s + W1

× (
W2

s + W2
)2 × Kcal NsNp

s
(22)

Y3 =
1

Gp3

× ω2
n3

s2 + 2× ξ ×ωn3 × s + ω2
n3

× (
W3

s + W3
)4 (23a)

T3 =
ω2

n3

s2 + 2× ξ ×ωn3 × s + ω2
n3

× (
W3

s + W3
)4 (23b)

M
a

g
n

it
u

d
e

 (
d

B
)

Current Control Loop - First

Frequency  (Hz)

M
a

g
n

it
u

d
e

 (
d

B
)

Angular velocity Control Loop - Second

Frequency  (Hz)

M
a

g
n

it
u

d
e

 (
d

B
)

Force Control Loop - Last

Frequency  (Hz)

Figure 6. An example design of cascaded controllers for the EMB/EWB.

After designing the controllers, we then utilized the aforementioned transfer functions
to optimize actuator response and actuator usage. The process of optimization starts with
designing the controllers based on the physical parameters of the system and deriving these
transfer functions as a function of the physical system parameters (since the parameters
change, the Gps change, and therefore, these transfer functions will be different for each set
of physical parameters).
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The bandwidth of a plant is related to its dynamic response, and therefore, increasing
the bandwidth would result in faster system response. The bandwidth of a system/plant
is defined as the frequency range where the magnitude of the system gain does not drop
below −3 dB. For EMB/EWB, the plant transfer function, which is chosen (denoted as Gp
here) for calculating the system bandwidth, is from voltage input to the clamping force
output. For EHB, the plant transfer function maps ub to the clamping force. The bandwidth
of the plant is denoted as Bandwidth{Gp}.

Another factor to consider is the actuator’s power usage which is related to the
actuator’s effort, and hence, it is related to the Youla transfer function, denoted as Y(s).
The Youla transfer function for the overall system in case of cascaded control design would
become Ysys = Y1 × Y2 × Y3. In here, Ysys stands for the Youla transfer function from the
clamping force reference to the voltage input (or to the ub for the EHB), which is the Youla
transfer function of the overall control system. It can be shown if the magnitude of Ty(s)
or the gain of closed-loop transfer function is one at low frequencies, the Youla transfer
function at low frequencies is inversely related to the plant transfer function Gp(s) (From
Equation (11), if Ty = 1, then Y = 1

Gp ). By increasing the plant gain at low frequency
(approximately its DC gain, denoted as DC{Gp} in this section), Y(s) will decrease at
low frequencies.

Furthermore, we need to lower the overall values of the Youla transfer function
magnitude at other important frequencies, especially around the plant bandwidth. This
will ensure the reduction of the actuator effort in all possible frequencies. To this end, we
can use an H2 norm of this transfer function. H2 norm is related to the output signal energy
when the system input is an impulse [36]. Since we are interested in a specific frequency
region of the Youla transfer function, a band-pass filter, see Figure 7, is used to emphasize
the frequency region of interest. ωL and ωH are chosen to be 0.1× Bandwidth{Gp} and
1e4× Bandwidth{Gp}. This will ensure that the Youla transfer function magnitudes at
low and mid-range frequencies stay low. The optimization problem is then formulated by
combining all these costs as given in Equation (24):

minimize
x

& f (x) = α1 × ||Ysys ×WY||2 + α2 ×
1

DC{Gp}
+ α3 ×

1
Bandwidth{Gp}

subject to &x ∈ [xmin, xmax],
(24)

where α1, α2, and α3 are tuning parameters, and x is the vector of physical parameters
of the system that can be changed during the design process (e.g., gear ratios, moments
of inertia, and motor’s inductance). xmin and xmax denote the minimum and maximum
of the parameter set, respectively. WY is the frequency weighting function for H2 norm
optimization. It should be noted that each cost in Equation (24) is normalized by its nominal
value to ensure the minimization of the three costs is done without bias. A choice of physical
parameters for each actuator, their initial and optimized value are given in Table 1.

Figure 7. Band-pass filter, WY , is used to emphasize specific frequency region of Youla transfer
function in the H2 norm optimization.
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Table 1. Initial and optimized physical parameter values of EMB, EWB, and EHB and the range of
the parameters.

Parameter Units Lower
Bound

Upper
Bound Initial TF-Based

Opt.
Nonlinear

Opt.

Lm H 4.48 × 10−5 5 × 10−3 5.6 × 10−5 6.36 × 10−5 2.8 × 10−3

Rm Ω 2.50 × 10−2 1 × 10−1 5 × 10−2 2.5 × 10−2 3.76 × 10−2

Jm kg m2 s−2 6.0 × 10−5 5.8 × 10−4 2.9 × 10−4 7.19 × 10−5 1.03 × 10−4

Dm N m s 2.0 × 10−4 1.5 × 10−2 9 × 10−3 2.02 × 10−4 9.0 × 10−4

Ns - 7.96 × 10−5 1.3 × 10−3 6.37 × 10−4 1.3 × 10−3 1.2 × 10−3

Np - 6/266 18/266 4.14 × 10−2 6.74 × 10−2 6.26 × 10−2

Kcal N m−1 2.3 × 107 4.3 × 107 3.35 × 107 4.3 × 107 4.19 × 107

EMB

Kt N m A−1 5.0 × 10−2 5.2 × 10−1 6.97 × 10−2 1.59 × 10−1 4.3 × 10−1

Lm H 4.48 × 10−5 5 × 10−3 5.6 × 10−5 4.7 × 10−3 4.48 × 10−5

Rm Ω 2.50 × 10−2 1 × 10−1 5 × 10−2 2.5 × 10−2 2.6 × 10−2

Jm kg m2 s−2 6.0 × 10−5 5.8 × 10−4 2.9 × 10−4 5.8 × 10−4 9.26 × 10−5

Dm N m s 2.0 × 10−4 1.5 × 10−2 9 × 10−3 2.0 × 10−4 2.1 × 10−4

Ns - 7.96 × 10−5 7.96 × 10−4 4.77 × 10−4 7.96 × 10−4 7.89 × 10−4

Np - 6/266 18/266 4.17 × 10−2 6.77 × 10−2 6.76 × 10−2

Kcal N m−1 2.3 × 107 4.3 × 107 3.35 × 107 4.3 × 107 4.29 × 107

Kt N m A−1 5.0 × 10−2 5.2 × 10−1 6.97 × 10−2 5.0 × 10−2 5.88 × 10−2

α degrees 10 24.5 10 24.5 24

EWB

mw kg 0.1 0.5 0.3 2.9 × 10−1 3.15 × 10−1

Vcyl m3 1.6 × 10−5 1.28 × 10−4 1.6 × 10−5 1.6 × 10−5 7.93 × 10−5

Sb m2 1 × 10−7 4 × 10−7 4.0 × 10−7 4.0 × 10−7 2.16 × 10−7

Sp m2 6.38 × 10−4 1.02 × 10−2 1.6 × 10−3 1.7 × 10−3 3.7 × 10−3

mp kg 5 × 10−1 2 1.973 1.967 1.25
EHB

Kcal N m−1 2.3 × 107 4.3 × 107 4.3 × 107 4.3 × 107 3.69 × 107

2.3.2. Nonlinear Optimization

Using linear transfer functions to optimize the plants provide us with an optimized
initial parameter set. Although this set might be good enough for primarily linear plants;
most brake actuators are nonlinear due to different factors such as friction, plant saturation,
and dead-zone. Therefore, to further optimize the plants, we should perform optimization
with the nonlinear plants to consider all the nonlinear effects. Since all the plants are going
to run in the feedback control environment in practice, the nonlinear optimization is done
on the closed-loop systems. A 10 kN step clamp force reference target is chosen for the
brake’s closed-loop system. The controllers are designed in the same way explained in the
Sections 2.2 and 2.3.1. The control parameters are fixed in the same way as the transfer
function optimization while the physical parameters of the systems change. Since the
physical parameters of the system are changed, we need to recalculate the controllers at
each step of function evaluation in the optimization (Gp changes, and so does Y and Gc).
Since the optimization is performed on nonlinear plants, a different objective function
should be used. The objective function for the nonlinear optimization consists of four
parts: energy usage, maximum power, settling time, and overshoot percentage. Energy
usage (Eusage) is the total amount of energy used by the actuator to follow the target in
two seconds (enough for the actuators to reach and hold the target). Maximum power
(maxPusage) is the maximum power used by the actuator during the 2 s that the actuator
follows the 10 kN step reference. Settling time (Ts) is the time that it takes for the caliper
force to build up to near ±2% of the steady-state value. Overshoot percentage (OS%) is the
percentage that the maximum value of the caliper force deviates from the 10 kN reference
target. Power usage for the EMB and EWB is defined as current multiplied by the voltage.



Energies 2022, 15, 634 15 of 22

For the EHB, we are adding up the amount of power loss (denoted as Pbuild and Pdump) to
be equal to the power usage (Figure 2a):

Pbuild = ebuild × fbuild = (Pin −
βh f

VCyl
× qcyl)× {CdSbub

√
2
ρ
(Pin −

βh f

Vcyl
qcyl)} (25a)

Pdump = edump × fdump = (
βh f

VCyl
× qcyl)× {CdSdud

√
2
ρ
(

βh f

Vcyl
qcyl)} (25b)

Taking all of these into account, the cost function for nonlinear optimization is given
in Equation (Section 2.3.2). Note that each cost is normalized by its nominal value:

minimize
x

f (x) = α1 × Eusage + α2 ×maxPusage + α3 × Ts + α4 ×OS%

subject to x ∈ [xmin, xmax]
(26)

3. Results and Discussion

Figures 8–10 show the results of a 10 kN clamp force step response and the linear
and non-linear optimization of brake-by-wire actuators. These simulations are performed
using the nonlinear plant of the actuators. The nonlinearities that exist in the EMB and
EWB include motor current and voltage saturation, brake caliper saturation, and the Lugre
friction model. The nonlinearities in the EHB include the valve nonlinearities and the
dead-zone. The “Initial” represents the initial set of parameters of the plant before the
optimization. The initial setting for each actuator is compared with a similar setting in the
literature to make sure the results are sound and follow other researchers’ results. However,
for the optimized plants’ results, since this is the first study that discusses optimization
on these physical parameters, there are no other papers to compare the results with. The
“TF-based Opt.” represents the linear transfer function optimization, and “Nonlinear Opt.”
represents the results for the set of plant parameters after the optimization is performed
using the nonlinear plants as discussed in Section 2.3.

For the EHB, Figure 8 shows that the transfer function-based and the nonlinear opti-
mization both have reduced the cylinder pressure. It must be noted that the results for the
initial set of parameters are consistent with [33]. The cylinder’s pressure in the Zhao et al.
reaches steady-state around 0.3 s, similar to the results for this study. This shows that
robust control along with the linearization is working for this EHB actuator. The readers
have to note that the difference between the EHB model studied here is that the valves
are considered to change continuously, and therefore, a continuous Youla control scheme
is used to control the valves; however, in reality, this needs to be taken care of using a
digital controller and pulse width modulation technique. The clamping force response
time for the optimized simulation has also decreased from 0.5 s to around 0.3 s and 0.2 s
for TF-based and nonlinear optimization, respectively. The power usage plot shows that,
in all the cases, the power consumption stops once the actuators reach the steady-state
target. This is because of the switching logic that closes both valves once they reach the
steady-state value of the clamping force. Since the optimized plants reach the steady-state
faster, and they use less actuation to do so, their energy and power usage is reduced (see
Table 2).
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Table 2. Comparison of the amount of energy used in the 10 kN step response for 2 seconds (the
amounts are in Joules).

EMB EWB EHB
Initial set 15.5 60.13 109.73

TF-Based optimized set 2.73 1.91 44.36
Nonlinear optimized set 1.69 2.14 29.70

Figure 8. Comparison of the initial parameter sets vs. optimized in an EHB for a 10 kN step input.
The clamp force plot for the initial parameter setting was consistent with Zhao et al. [33]. The
optimized results are the novelty of this paper.

For the EMB, Figure 9 illustrates that the clamping force step response is about the
same for all plants. This is because the controllers are set to have the same bandwidth;
they all have the same response. In this case, the nonlinearities are mitigated by robust
controllers, and the current/voltage saturation is taken care of by the anti-windup compen-
sator. As shown, the current reaches its saturation level for the initial EMB plant, and the
gain anti-windup is shown to be working. However, the difference between the plants
manifests itself in the power consumption plot. The initial plant uses a lot more power and
energy to perform the same task as the optimized plants. Tf-based and nonlinear optimized
plants both have a significantly smaller power usage, with the nonlinear optimized plant
consuming a slightly lower amount of power. The overall energy consumption for these
plants is summarized in Table 2. Comparing to Line et al., for the initial parameter setting,
the clamping force also reaches the steady-state around 0.2 s [6]. The current is higher than
the results shown in Line et al.; however, the voltage is not plotted for their results. One
explanation is that a higher amount of current would result in lower voltage and vice versa.

Figure 9. Comparison of the initial parameter sets vs. optimized in an EMB for a 10 kN step input.
The clamp force plot for the initial parameter setting was consistent with Line et al. [6]. The optimized
results are the novelty of this paper.
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For the EWB, Figure 10 shows the step response for all the plants. For the initial
parameter setting, the clamping force reaches to steady-state in around 0.5 s. Compared to
Che Hasan et al., which uses a PID controller, this is around 0.2 s faster [12]. Additionally,
using the Youla parameterization along with cascaded control, the overshoot is also smaller.
The voltage peak for both are around the same, although the voltage for this paper is
slightly higher. The nonlinear optimized plant is showing a faster response than the transfer
function optimized and the initial plant. The overshoot in the nonlinear optimization of
the plant has also slightly decreased when compared with the Tf-based optimization plant.
As shown, the current once again saturates for the initial plant. For this plant, the current
was saturated for around 0.3 s, and the anti-windup compensation has taken care of
this; however, this has negatively impacted the closed-loop response and made it slower.
Looking at the power consumption, it is clear that the Tf-based opt. has used a slightly
lower amount of power, and the nonlinear opt. has used a significantly lesser amount of
actuation power. It should be noted that the voltage and current have undershot in all
the plants, which comes from the fact that overshoots in the clamping force, as shown in
Figure 10, are being compensated by these undershoots.

Figure 10. Comparison of the initial parameter sets vs. optimized in an EWB for a 10 kN step input.
The clamp force plot for the initial parameter setting was consistent with Che Hassan et al. [12]. The
optimized results are the novelty of this paper.

Similar to the step response, we have performed a ramp response of 10 kN/s with the
saturation of 10 kN for the given plants. Figures 11–13 show similar results to the ones of
the step response as discussed previously. It should be noted that the ramp response is
only discussed in this paper, and the cited papers above did not mention performing this
test on the actuators.

Table 3 shows the amount of energy usage by each plant with a different set of
parameters. Comparing the energy usage of brake-by-wire actuators in Tables 2 and 3, we
can conclude that EMB and EWB use significantly lower amounts of energy. However,
looking once again at the Figures 8–10, we can see that EHB has at least a 0.1–0.2 s faster
response than the dry brake-by-wire actuators such as EMB and EWB.

Table 3. Comparison of the amount of energy used in the ramp response for 2 seconds (the amounts
are in Joules).

EMB EWB EHB
Initial set 5.14 18.06 174.42

TF-Based optimized set 2.17 0.83 128.67
Nonlinear optimized set 1.41 0.82 89.72
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Figure 11. Comparison of the initial parameter sets vs. optimized in an EHB for a ramp input.

Figure 12. Comparison of the initial parameter sets vs. optimized in an EMB for a ramp input.

Figure 13. Comparison of the initial parameter sets vs. optimized in an EWB for a ramp input.

4. Conclusions

In this paper, we presented the modeling and a new control strategy for three different
brake-by-wire actuators. The physical optimization of these plants using linear transfer
functions, and nonlinear plants were discussed, and the results were presented. The op-
timized results show a promising energy reduction when compared with the nominal
parameters. EHB’s, EMB’s, and EWB’s energy consumption were reduced to around 10%,
3%, and 20% of their original sets of parameters, respectively. This method can be effec-
tively utilized for other brake-by-wire actuators to reduce their energy consumption while
increasing their dynamic response. It should be noted that in practice, other criteria such
as structural, electrical, and heat transfer measures should be added to the optimization
method. This can result in more constraints for the optimization problem, which in turn
will alter the final results. However, the optimization framework and the objectives will
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stay the same. Usually, having more constraints will result in a lesser deviation from the
initial results. However, as shown in the results, the gains in energy consumption and
dynamic responsiveness are high enough to be considered even with added constraints to
the optimization problem. This calls for more future studies.

This paper aims to create a framework for optimizing brake-by-wire actuators by
considering the problem from the perspective of energy consumption and actuator dynamic
response. This framework can be further expanded to add other measures such as cost,
weight, and reliability.
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Abbreviations
The following abbreviations are used in this manuscript:

Notation Definition
Fcl Clamping force
qcyl Volumetric displacement of the cylinder fluid
pp Momentum of the caliper
xcal Caliper displacement
Pin Pressure input
ub Duty ratio of the build valve
ud Duty ratio of the dump valve
Cd Maximum flow coefficient of valve
Sb Cross-sectional area of the build valve when fully open
Sd Cross-sectional area of the dump valve when fully open
ρ Density of the brake fluid
βh f Bulk modulus of the brake fluid
Vcyl Cylinder’s volume
Sp Cylinder’s cross-section surface
bp Damping coefficient
mp Brake pad’s mass
x0 Brake clearance
kcal Caliper stiffness
Im Electric current
Vin Voltage input
ωm Angular velocity of the shaft
Lm Inductance of the electric motor
Rm Electrical resistance in the electric motor
Kt Electromotive force constant
Jm Total moment of inertia of the rotational parts
Dm Axial viscous friction
Ns Planetary gear reduction ratio
Np Ball-screw gear reduction ratio
N Combined gear reduction (Ns × Np)
qax Shaft axial displacement
Kax Shaft axial stiffness
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Dax Shaft axial viscous resistance
Xw Wedge displacement
Vw Wedge velocity
Fm Motor force exerted to the wedge
α Wedge angle
µcal Friction coefficient between the pad and the wheel
τf Lumped nonlinear frictions present in the actuator
σ0 Contact (bristle) stiffness (Lugre friction model)
σ1 Damping coefficient of the bristle (Lugre friction model)
σ2 Viscous friction coefficient (Lugre friction model)
ωs Stribeck velocity (Lugre friction model)
j Shape factor (Lugre friction model)
τc Coulomb friction (Lugre friction model)
τs Static friction (Lugre friction model)
Ty(s) Complementary sensitivity transfer function
Gp(s) Plant transfer function
Sy(s) Sensitivity transfer function
Y(s) Youla transfer function
αp Unstable pole
αz Non-minimum phase zero
Gc Controller transfer function
qc0 The operating point of qcyl (for the purpose of linearization)
u0 The operating point of u (for the purpose of linearization)
GpI Plant transfer function for the current loop ( Im

Vin
)

Gpω Plant transfer function for the omega loop ( ω
Im

)
GpF Plant transfer function for the Force loop ( Fcl

ω )
G′p2

Plant transfer function of the second loop without the s in the numerator
Yi Youla transfer function for the i-th loop
Ti Closed-Loop transfer function of the i-th loop
Wi Constants of the first order transfer functions added to Youla
ωni Butterworth filters’ cut-off frequency
ξ Damping ratio of Butterworth filter
Ysys Youla transfer function of the system (Y1 ×Y2 ×Y3)
WY Filter used to emphasize specific frequency region of Ysys in the H2 norm
DC(Gp) DC gain of plant tranfer function (Gp)
Bandwidth{Gp} Bandwidth of plant transfer function (Gp)
xmin Minimum of the parameter set
xmax Maximum of the parameter set
Pbuild Amount of power loss in the build valve
Pdump Amount of power loss in the dump valve
ebuild Effort in the build valve (refers to Figure 2a)
fbuild Flow in the build valve (refers to Figure 2a)
edump Effort in the dump valve (refers to Figure 2a)
fdump Effort in the dump valve (refers to Figure 2a)
Pusage Power usage of the actuator
OS% Overshoot percentage
Ts Settling time
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