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Abstract: X-by-wire is a novel technology which involves pure electronic control of longitudinal, lateral and 

vertical vehicular motions. An electronic wedge brake (EWB) is a brake-by-wire system (BBW), developed by 

some major companies in the domain of automotive industry such as, Siemens VDO (in Germany Vereinigte 

DEUTA & OTA, which means a company established by the merger of the two companies DEUTA & OTA). 

Earlier EWB prototypes used a two-motor concept inside the brake actuator to drive the wedge. In this paper a 

new prototype generation is studied where only one motor is needed. In addition, an optimal Linear Quadratic 

Regulator (LQR) is proposed. LQR offers advantages in terms of design simplicity, energy reduction, 

hardware realization and adaptability. In contrast to classical cascade control scheme of PID controllers, the 

suggested control scheme is a Proportional-Integral-LQR (PI-LQR) consisting of three control loops for 

wedge clamping force in terms of wedge position, motor speed and motor current respectively. Finally, 

simulation results for both optimal and classical controllers are provided, discussed, and compared. 

Keywords: Wheeled Brake-By-Wire; Electro-Mechanical Brake; Electronic Wedge Brake; Self-Reinforcing 

Force; Friction Pad; Brake Disk; Clamping Force; Cascaded Control; LQR. 

1. INTRODUCTION 

Traditionally, vehicular motion control has been executed through operation of a steering wheel and 

pedals mechanically connected to the wheels and internal combustion engine (ICE). In the beginning 

of the 20th century, road vehicles have gradually progressed in terms of safety and comfort. A wheel 

corner module (WCM) as shown in Fig.1, also called an active wheel module (AWM), electric corner 

module (ECM) and robot wheel (RW) represent a new way of controlling the motion of a vehicle. In 

this sense, control systems responsible of running WCM subsystems, are called x-by-wire (XBW)  

[1]- [4]. WCM comprises electrical linkages and electro-mechanical actuators. All functions of the 

WCM are electrically controlled based upon input from operational devices in connection with one or 

several control vehicle maneuvering systems  [2]. 

XBW technology involves pure electronic control of longitudinal, lateral and vertical vehicular 

motion. The technology has been successfully utilized in the aviation industry for decades. In that 

sense they called fly-by-wire (FBW). In context of road vehicles, there is a variety of terms such as 

x-by-wire (XBW), drive-by-wire (DBW) and simply by-wire (SBW)  [6].  

Typical WCM consists of a wheel containing several XBW subsystems employing a driving system 

called throttle-by-wire (TBW), a friction brake system called brake-by-wire (BBW), a maneuvering 

steering system called steer-by-wire (SBW) and suspension system (SS). TBW forms the heart of 

WCM and comprises an electrical propulsion motor called in-wheel motor (IWM) or wheel hub 

motor (WHM). Generally, the braking, steering and suspension systems are controlled by means of 

electrical actuators. The basic principle of an XBW system consists in the replacement of all 

mechanical/hydraulic linkages with electric ones. In turn, the connection between driver and 

subsystems is no longer direct. Instead, the mechanical input is supplied by the driver through an 
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operational device, interpreted and processed by computer electronics prior to realization of the 

demanded action  [7]. The benefits behind XBW include component minimization, weight reduction 

and vehicle performance improvement. Because braking is a safety critical function, this paper 

focuses on the BBW subsystem that is currently under development by several corporations. 

BBW with disc brake calipers solutions suitable for road vehicles can be categorized into two groups: 

an electro-hydraulic brake (EHB) and an electro-mechanical brake (EMB); both types function as 

friction brakes. Typically, EHB system performs better for high load applications while EMB system 

involves higher resolution in caliper clamp force levels and faster response due to its fast motor 

dynamics  [8].  EMB is a pure BBW solution, in particular, it comprises a CU, wiring, sensors, and 

electrically controlled electro- mechanical brake actuator as well  [9]. Through the operational device, 

the driver communicates the vehicular deceleration rate that is desired, after which the CU calculates 

the appropriate brake actuator force to be applied to each wheel  [8]. 

Electronic Wedge Brake (EWB), depicted in Fig.2 is an electro-mechanical BBW system invented by 

Siemens VDO. In early 2005, Siemens VDO Automotive AG acquired the innovative company eStop 

to enter the automotive brake market with the EWB technology  [10]. A rapid and intelligent braking 

system has been at the foundations for improving the next generation of advanced driver assistance 

systems (ADAS). Siemens VDO sees its EWB technology as the answer to the future vehicle in 

context of chassis safety, reliability, weight, and space requirements  [11]. 

EWB is a self-reinforcing electro-mechanical wedge brake, which operates around the point of 

maximum self-reinforcement. The principle of self-reinforcing allows for reduction in the actuating 

force to levels at which a system is able to realize the required braking force using vehicle existing 

12V electrical system. In other words, a minimum actuator force is amplified into a high braking 

force (or torque) magnitude by means of the self-reinforcement action  [10]. 

 

Fig 1. SiemensVDO’seCornerconcept;(1)wheelrim;(2)hubmotor;(3)electronicwedgebrake;

(4)active suspension; (5)electronic steering. 
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Fig.2 EWB by Siemens VDO. 

The extent of required actuator force amplification relies on a specific relation between the pad 
friction coefficient 𝜇 andtheangleofbrakewedgeα.Previousexamplesofresearchanddevelopment
work on these brakes have been published by researchers at Siemens VDO [11] Mando Corporation 
and Continental[12]. The initial investigation of the wedge brake concept is described also in  [12]. 
The concept was then further developed by eStop, which introduced the alpha-prototype shown in 
Figure 3, with the ability to realize the full braking force expected from a modern disc brake system. 
At the center of the alpha prototype design is the brake heart, which realizes the wedge braking 
principle, and the dual motor concept used to drive the wedge. By this means, it is possible to create a 
preload in the drive system such that no backlash can occur in the transmission  [10]. 

Next, alpha prototype was followed by a beta prototype shown in Fig.4, which benefited from a more 

robust development while retaining the same basic mechanical concept. Beta prototype also 

contained other advanced functionalities; including brake pad wear adjustment, and a fail-safe 

mechanism, which reduces braking force to zero when electric power is lost  [7]. Its development and 

the testing results can be found in papers by Siemens AG  [14]. In previous publications, it was shown 

that the stability of wedge brake varies with the coefficient of friction of wedge brake 𝜇.  

At low friction coefficient, the net force on the wedge acts to push it back out of the caliper, while at 

high friction coefficient, it pulls it in. A change in this parameter can therefore result in the wedge 

jumping across the backlash in the drive mechanism, resulting in a step change in the braking force. 

To solve this problem, the alpha and beta prototypes introduced a tandem motor design, such that the 

two motors can be used to preload the drive train. As a result, the next generation was more 

production-oriented designed with the constraint that only one motor will be used to control the 

wedge mechanism. It is denoted in this paper as the prototype PT1 which is shown in Fig.5  [10].  

Compared with alpha prototype, PT1 comprises two electrical motors with position sensor on each, 

and additional clamping force and fail-safe sensors. While the EWB based service brake is actuated 

by the first motor, parking brake, wear adjustment and fail-safe functions are realized using the 

second motor. By this arrangement, a precise control and enhanced self-diagnostics including 

plausibility checks of motors and sensors can be guaranteed. 
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For simplicity, this study is not concerned with some of PT1functionalities such as parking brake, 

wear adjustment and fail-safety. Therefore, this prototype will be considered to have one motor only 

for driving brake wedge while, the second motor is neglected as depicted in Fig.6. The wedge 

principle, which provides the self-reinforcement, can also lead to an unstable open-loop system. 

Hence, a control algorithm has to be carefully designed to guarantee the closed-loop stability under 

all circumstances.  

 

Fig.3 Dual motor solution as used in the alpha prototype. 

 

Fig.4 EWB Beta prototype by Siemens VDO. 

 

Fig.5 PT1 prototype (90kN / 4500 Nm). 

http://paper.ieti.net/SCEE/


  
http://paper.ieti.net/SCEE/ 

2019, Volume 1, Issue 1, 12-35. 

16 

 

In this paper, two different control approaches are used and briefly highlighted in the ensuing 

sections. The first one is based on a cascaded controller, which was originally developed for the 

tandem-motor prototype, while the second control scheme is proposed to be a Proportional-Integral 

Linear Quadratic Regulator (PI-LQR). Since EBW is a highly dynamic system, LQR is able to 

generate almost identical step responses with minimum delay  [10]. The paper is organized as 

follows: section 2 reviews the basic operational aspect of EWB; section 3 covers the dynamic model 

of EWB subsystems (wedge, actuator and screw mechanism). Section 4 presents the mathematical 

model of the overall combined system, while section 5 focuses on classical PID controller design with 

cascaded loops. A system state space model is then developed in section 6 while discussion of the 

proposed PI-LQR design and the augmented state space model of the system are given in section 7. 

Comparison of simulation results obtained from both cascaded and PI-LQR control systems are given 

in section 8 and conclude the work. 

2. ELECTRONIC WEDGE BRAKE CONCEPT 

The EWB depicted in Fig. 6, is a single motor EWB (SMEWB). As it is revealed, the system consists 

of four main parts: an electric actuator (1), a screw spindle (2), a housing caliper (3) and a brake 

wedge(4).Theactivebrakewedgehasasurfaceinclinedatanangleαandrestsonrollingelements.

However, a brake pad is rigidly connected to the wedge. The actuator drives its spindle through a 

screw mechanism, and applies a force FM onthewedgeverticalsideatanangleβ.Thusthescrew

pushes the brake wedge into the caliper-housing with the same actuation force, forcing the wedge to 

contact the brake disc by a reaction force FR. The stiffness of caliper Kcal generates clamp force FN 

which acts on wheel disc, thus the friction between disc and wedge produces a friction force FB. 

Finally, the friction force FB recursively acts on the brake wedge in the same direction with the 

actuation force. As a result, the clamp force FN is amplified, this means a self-energizing effect. 

Because EWB utilizes a self-energizing effect, a small electrical energy can develop a large brake 

force. The high efficiency of EWB can be shown by a simple static analysis as follows. Using the free 

body diagram of wedge, the relevant equations of statics can be derived. The coordinate x is defined 

to be parallel to the brake disc and y parallel to the normal force.Assuming thatβ=α, theforce 

balance according to reads  [17], 

FM  cos α +  μ FN – FR  sin α = 0                                                                                                                                (1) 

FM sin α − FN − FR cos α = 0                                                                                                                                (2) 

By Introducing the pad friction coefficient μ, then the braking force is related to the normal force FN 

through (3), 

FB =  μ FN                                                                                                                                                  (3) 

Then, a relationship between the actuator force and the braking force can be derived, 

FM =
tanα−μ

μ
 FB cos α                                                                                                                                (4) 

Equation (4) gives the nominal actuator force FM required for generating the desired braking force FB. 

It also shows the self-reinforcing nature of the wedge mechanism that allows for using smaller 
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magnitudes of actuator force to generate large braking forces. In the limit, the actuator force would be 

minimal (FM approaches zero) for an arbitrary magnitude of braking force, as tanαapproaches 𝜇  [17]. 

Conventional EWBs attempt to exploit this observation for saving actuation energy, weight, and cost, 

assuming that the friction coefficient is known parameter to be roughly equivalent to tangent of the 

wedge angle. Since tan α is designed to be very close to pad friction coefficient 𝜇, the efficiency at 

optimal operating point reaches almost infinity. But jamming does not occur because actuation force 

FM, diminishes as brake force FB increases or even becomes negative by push-pull mechanism. 

However, due to the changes of the pad friction coefficient over time (with wear, temperature, etc.) 

there will be lost opportunities in continually maintaining this lower energy consumption benefit. 

This is not the point in this work, rather, 𝜇 would be assumed constant. 

 

Fig.6 Simplified model of the PT1 EWB system. 

3. ELECTRONIC WEDGE BRAKE SUBSYSTEMS DYNAMIC MODEL 

In order to derive a mathematical model for the PT1 prototype with taking into account assumptions 

in section1, the simple model of EWB shown in Fig.6 is adopted. If α =β,thentherelationbetween

motor force and braking force is optimal, and only this case is considered throughout this paper. 

3.1. Wedge Model    

In order to obtain the differential equation that describes the brake wedge dynamics, a coordinate 

system is defined with its horizontal axis x paralleled to the brake disc. In this direction, forces 

balance according to Newton’ssecondlawofmotionreads:   

FM  cos α − FR sin α + μ FN = Mw V̇w                                                                                                                     (5) 

Where, Mw is the wedge mass, Vw its linear velocity in direction x. In the direction of normal force, 

the forces balance reads, 

FM sin α + FR cos α − FN = Mw V̇w  tan α                                                                                                             (6) 

Equations 5 and 6 can be both combined into one equation representing the wedge linear acceleration, 
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MwV̇w =
1

tan2 α
(
FM

cosα
+ Xw tan α Kcal( μ − tan α))                                                                                           (7) 

By first and second integration of (7) one obtains wedge velocity and position respectively. 

Ẋw = Vw                                                                                                                                                       (8) 

The normal force FN, related to wedge position, its angle and calliper stiffness can be described 

according to (9): 

FN = Xw tan αKcal                                                                                                                                                       (9) 

3.2. Screw Model 

To calculate the motor force FM, the system is modelled in axial direction by a stiffness KA and a 

viscous damping DA. The roller screw has a lead L and thus transforms the motor angle θM, the motor 

speedωM and the motor torque TM into the wedge position XW, wedge velocity VW and motor force 

FM respectively. Assuming a simple model of the roller screw where constant torque/force efficiency 

is assigned,0<η<1,onecanwrite [13]: 

FM = KA (
L

2π
θM −

Xw

cos α
) + DA (

L

2π
ωM −

Vw

cos α
)                                                                                        (10) 

3.3. Motor Model 

The motor that is used to drive the wedge is a high performance brushless DC motor. For the purposes 

of controller design, it can be modeled as a single-phase DC motor with a resistance RM, an inductance 

LM, a friction (modeled as a viscous damping) DM, a torque constant Kt, a voltage constant Ke, and a 

moment of inertia JM. The motor angle 𝜃M and its angular velocity ωM can be obtained from 

incremental encoder measurement. The motor is fed through a bi-directional H-bridge converter with a 

DC-Link voltage VDC (battery voltage) and an output voltage UM applied across the motor terminals. 

Using these variables, the differential equations that represent the electromagnetic and mechanical 

models of the motor are then given in (11) through (13),  [10]. 

İM =
1

LM
(UM − RM IM − Ke ωM)                                                                                                             (11) 

ω̇M =
1

JM
(Kt IM − DM ωM − Tscr)                                                                                                               (12) 

θ̇M = ωM                                                                                                                                                 (13) 

The motor load Tscr can be estimated using (14), 

Tscr =
L

2πη
 FM                                                                                                                                                 (14) 

4. COMBINED DYNAMIC MODEL 
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From control perspective, it is preferable to describe systems in terms of state variables. Hence, the 

individual sub-systems of EWB must be merged into one model. For this purpose, the wedge velocity, 

achieved by substituting (10) into (7) leads to (15):  

V̇w =
1

Mw(tan2α+1) 
(

L KA

2πcosα 
θM +

L DA

2πcosα
ωM −

DA

cosα 
Vw + [tanα Kcal( μ − tanα) −

KA

cosα 
] Xw)(15)           

Similarly, substituting (10) into (14) and then into (12), motor rate can be derived in terms of system 

state variables. 

ω̇M  =  
1

JM
 (KT IM  − [DM  +  

L2 DA

4π2η
]  ωM  −  

L2 KA

4π2η
 θM +

L DA

2πηcosα
 Vw +

L KA

2πηcosα
Xw )                        (16) 

Typically, (8 ) through (16) represent the dynamic model of EWB system as a combined model of 5
th

 

order. It is interesting to notice from (15) and (16) a coupling between motor speed (subsequently 

wedge speed), motor current IM, motor angle 𝜃M, wedge velocity VW and wedge position XW. This 

means that each of the state variables has its influence on the proper variables. 

5. CASCADED CONTROL DESIGN 

The control problem for electro-mechanical brake actuators is adressed in the ensuing section. Since 

EWB is a highly dynamic system, a controller is required to drive the EWB and respond as best as 

possible to brake commands from the vehicle dynamics controller. Control of a servo motor is a 

standard problem for linear motion systems. A common solution is to implement motion control 

architecture with cascaded control loops. Figure 7 reveals the cascaded architecture by which EWB 

clamp force can be controlled in terms of wedge position  [20]. 

The cascaded control architecture is built up of proportional controller (P) for clamp force and 

proportional integral (PI) for motor speed and current evenly. This structure has the advantage that 

control problem is subdivided into three lesser problems relating to each of the control loops that can 

be consecutively tested and validated. Another thing to add is that a complete flexibility is retained for 

the outer loop, since there are no longer restrictions on its closed-loop bandwidth. The clear 

relationship between the loops and the physical parameters within the brake also simplifies handling 

the nonlinearities in the system. In addition, loops can run at different sample times and therefore 

allow the computational effort to be minimized  [10].  

Normally controllers with cascaded control loops are designed beginning with the inner most control 

loop and then working outwards. Consequently, the motor current controller is addressed first, then 

motor velocity controller, and lastly caliper force controller. Classical control theory is applied at each 

stage with the general approach being to linearize the system, design a controller for the linear system 

and then allow feedback to handle non-linear disturbances when the controller is implemented with the 

actual system. To improve the controller response feed forward compensation of the back EMF and 

Coulomb friction are implemented  [20]. 

In this work, the conventional EWB is designed for a probable pad friction coefficient 𝜇 = 0.35, which 

corresponds to a nominal wedge angle of 19.60, i.e. tan (19.6) = 0.35. Hence, the actuator force would 

be minimal (FM approaches zero) and consequently more actuation energy would be conserved [17]. 

Having now designed a controller for each of the control loops, the details are summarized in Table 1. 

http://paper.ieti.net/SCEE/


  
http://paper.ieti.net/SCEE/ 

2019, Volume 1, Issue 1, 12-35. 

20 

 

Table 1. Specifications of the EWB with cascaded control loops. 

Gain values of each control loop with compensation and design method 

Control Loop Controller Type Gain Value Compensation Design Method 

EWB Motor Current (A) PI 
KP = 10 

KI  = 100 
Back EMF Trial & Error 

EWB Motor Speed (rad/s) PI 
KP = 1 

KI  = 3 

Coulomb 

Friction 
Trial & Error 

EWB Clamp Force (N) P KP = 0.05 None Trial & Error 

6. CASCADED CONTROL DESIGN 

The equations described in sections 3 and 4 represent a fifth order system which can be written in 

state-space form, 

�̇� = 𝐴𝑥 + 𝐵𝑢    &     𝑦 = 𝐶𝑥                                                                                                                                     (17) 

Where,  𝑥 = [ 𝜔𝑀      𝐼𝑀     𝜃𝑀     𝑉𝑤     𝑋𝑤 ]
𝑇   &   𝑦 = [ 𝐹𝑁     𝜃𝑀     𝐼𝑀 ]

𝑇 .    

Matrices A, B, and C are then given depending on the differential equation described in the 

aforementioned sections as follows,  

𝐴 =

(

 
 
 
 
 
 
 −

𝐷𝑀 +
𝐿2𝐷𝐴
4𝜋2𝜂

𝐽𝑀
−
𝐾𝑡
𝐽𝑀

−
𝐿2𝐾𝐴
𝐽𝑀4𝜋

2𝜂

𝐿𝐷𝐴
𝐽𝑀2𝜋𝜂 cos𝛼

𝐿𝐾𝐴
𝐽𝑀2𝜋𝜂 cos𝛼

−
𝐾𝑒
𝐿𝑀

−
𝑅𝑀
𝐿𝑀

0 0 0

1 0 0 0 0
𝐿𝐷𝐴

𝑀𝑤(tan
2 𝛼 + 1)2𝜋 cos𝛼

0
𝐿𝐾𝐴

𝑀𝑤(tan
2 𝛼 + 1)2𝜋 cos𝛼

−
𝐷𝐴

𝑀𝑤(tan
2 𝛼 + 1) cos2 𝛼

cos𝛼 sin𝛼 𝐾𝑐𝑎𝑙(𝜇 − tan𝛼) − 𝐾𝐴
𝑀𝑤(tan

2 𝛼 + 1) cos2 𝛼
0 0 0 1 0 )

 
 
 
 
 
 
 

 

𝐵 = (0 0    0    0    
1

𝐿𝑀
)
𝑇

 

𝐶 = (
0 0 0 0 𝐾𝑐𝑎𝑙 tan 𝛼
0 0 1 0 0
0 1 0 0 0

)                                                                                                                                    (18) 

In (18), the pad friction coefficient 𝜇 in the system matrix A, exists only in element that pertains to 

wedge position XW. Because the pad friction coefficient is coupled with a large parameter, that is 

caliper stiffness Kcal, a small change in 𝜇 can lead to a massive change in the system matrix 

subsequently, in system response. On the other hand, one can note that a large axial stiffness KA can 

reduce the effect of change in 𝜇. 
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Fig.7 Cascaded control architecture built up of clamp force in terms of wedge position,  

motor speed and motor current control loops. 

7. PROPORTIONAL-INTEGRAL LQR DESIGN 

If higher dynamics is needed (for example in braking scenarios where ABS is applied) and more 

energy conservation is aimed, different control approach would be used to generate faster response 

while expends less power. For this purpose, a state feedback control scheme is proposed. Generally, 

State feedback controller design is accomplished either by pole placement or in the context of optimal 

control by means of linear quadratic regulator (LQR)  [21]. In pole placement, the designer specifies 

the desired eigenvalues of the closed loop system in the left half plane. LQR design minimizes a 

weighted squared state error and control effort.  

The optimal feedback state regulation minimizes the quadratic cost function J. An advantage of the 

quadratic optimal control method over the pole placement method is that the former provides a 

systematic way of computing the state feedback control matrix K. The solution of optimal regulator 

problem for a given system in (20) is to determine the matrix K of the optimal control vector u. 

u = −Kx(t)                                                                                                                                                    (19) 

So as to minimize the performance index J, 

J = ∫ (xTQx + uTRu)dt
 ∞

 0 
                                                                                                                             (20) 

Where Q is a positive-definite (or positive-semi definite) Hermitian or real symmetric matrix and R is 

a positive-definite Hermitian or real symmetric matrix. The second term on the right hand side in (20) 

accounts for the expenditure of the energy of the control signals. 

 

 

Fig.8 The optimal control architecture. 
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Fig.9. The proposed Proportional-Integral LQR scheme. 

The matrices Q and R determine the relative importance of the error and the expenditure of the 

energy. In this problem, it is assumed that the control vector u(t) is unconstrained. The block diagram 

showing the optimal configuration is shown in Fig.8 which is adopted from  [22]. 

The optimal gain matrix K, 

K = R−1BP                                                                                                                                                     (21) 

is obtained from the soludtion P of the algebraic Riccati equation, 

AT P +  PA −  PB R−1 BT P +  Q =  0                                                                                                                                  (22) 

The weight matrices are specified such that the closed loop system is able to track the reference signal 

with a control signal that does not significant violates the saturated actuator limits. For a fixed weight 

matrix Q, the control penalty R is chosen such that for the maximum state error, the feedback control 

signal corresponds to (19) [22]. 

Having now presented the design approach, Fig.9 describes the proposed control scheme, being a 

servo Proportional-Integral LQR (PI-LQR). It is designed to have three control loops for wedge 

clamp force, motor speed and current respectively. The outermost loop responsible for caliper force 

control FN. In this control loop the input is the caliper force command FN
∗  and the output is the motor 

rate command ωM
∗ . An integrator is inserted in the feed-forward path in this case; therefore the system 

expands in its order to be of 6
th

. The middle control loop is the motor rate, and the input is the motor 

speed reference signal ωM
∗ , obtained from the previous loop. The output of this loop, commands the 

motor current IM. To compensate disturbances and model uncertainties of the rate of DC model the 

integral of output error  ζωM is introduced as an additional state variable. Hence the system order is 

further increased to be a 7
th

 order.  

The innermost loop stands for actuator current control, and its input command is the rate loop output 

IM
∗ . Again, to compensate the actuator current uncertainties, another integrator is inserted in the feed 

forwardpathofthisloop.ThesystemisaugmentedwithadditionalstatevariableζIM and becomes of 

the 8
th

 order. 
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The output of current loop represents a part of the control law u, while the second part is obtained 

from the rest of state variables weighted with K3 and K4 elements of optimal gain vector K as shown 

in Fig.9. Errors of different control loops, can be described in general form as: 

ζ̇ = r − y = r − Cx                                                                                                                                                                       (23) 

Where: r is the reference signal and Cx is the output to be controlled. Thus, the three control loops 

errors are, 

ζ̇Xw = X w
∗  − Xw                                                                                                                                                      

ζ̇ωM = ω M
∗  − ωM = ζ̇XwK5 + ζXwK6  − ωM                                                                                          (24) 

ζ̇IM = I M
∗  − IM = ζ̇ωMK1 + ζωM  K7 − IM 

Where: ζ  is the output of the integrator (state variable of the system, scalar) and given in (25), 

 ζXw = ∫ ζ̇Xw  dt 

 ζωM = ∫ ζ̇ωM  dt                                                                                                                                      (25) 

 ζIM = ∫ ζ̇IM  dt 

The control law including feed-forward compensation of motor friction DM can be written in details 

as in (26), 

u = −K3θM − K4Vw  + DMωM + K2ζ̇IM+ K8ζIM                                                                                           (26) 

Assuming that the reference input (step function) is applied at t = 0, then, for t > 0, the system 

dynamics can be described by a combination of equations. The linear part of the state space model is 

augmented by the auxiliary integral state variables as, 

[
ẋ
ζ̇
] = [

A 0
−C 0

] [
x(t)
ζ(t)

] + [
B
0
] u(t)                                                                                                        (27) 

Hence, the state variables of the augmented system become, 

x = [ ωM   IM    θM   Vw    Xw    ζXw      ζωM   ζIM  ]
T
                                                                                           (28) 

The feedback matrix gain K has eight elements,  

K = (K1 K2    K3    K4   K5  K6   K7   K8)                                                                                           (29) 
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In addition, the system matrix A, input matrix B and output matrix C of the augmented system 

expanded to, 

  𝐴 =

(

 
 
 
 
 
 
 
 
 
 −

𝐷𝑀 +
𝐿2𝐷𝐴
4𝜋2𝜂

𝐽𝑀
−
𝐾𝑡
𝐽𝑀

−
𝐿2𝐾𝐴
𝐽𝑀4𝜋

2𝜂

𝐿𝐷𝐴
𝐽𝑀2𝜋𝜂 cos𝛼

𝐿𝐾𝐴
𝐽𝑀2𝜋𝜂 cos𝛼

0 0 0

−
𝐾𝑒
𝐿𝑀

−
𝑅𝑀
𝐿𝑀

0 0 0 0 0 0

1 0 0 0 0 0 0 0
𝐿𝐷𝐴

𝑀𝑤(tan
2 𝛼 + 1)2𝜋 cos𝛼

0
𝐿𝐾𝐴

𝑀𝑤(tan
2 𝛼 + 1)2𝜋 cos𝛼

−
𝐷𝐴

𝑀𝑤(tan
2 𝛼 + 1) cos2 𝛼

cos𝛼 sin 𝛼 𝐾𝑐𝑎𝑙(𝜇 − tan𝛼) − 𝐾𝐴
𝑀𝑤(tan

2 𝛼 + 1) cos2 𝛼
0 0 0

0 0 0 1 0 0 0 0
0 0 0 0 −1 0 0 0
−1 0 0 0 0 0 0 0
0 −1 0 0 0 0 0 0

  

)

 
 
 
 
 
 
 
 
 
 

 

B = (0
1

LM
    0    0    0   0    0    0)

T

 

C = (
0 0 0 0 Kcal tan α 0 0 0
0 0 1 0 0 0 0 0
0 1 0 0 0 0 0 0

)                                                                                          (30) 

The design of quadratic optimal regulator system is fulfilled with the aid of MATLAB command, 

[K, P, E] = lqr (A, B, Q, R). 

The instruction results in three outputs; optimal vector gain K, solution of the Riccati equation P and 

the new closed loop system eigenvalue E. The weight matrices Q and R tuned so as to get the optimal 

response and their final values found to be, 

𝑄 =  𝑑𝑖𝑎𝑔 (0.5   0.0007  1.35   8.1   0.003   0.0015   50   10 )     and       𝑅 = [ 0.1 ] 

The optimal gain vector K, is given in Table 2 according to (29). 

Table 2. Values of optimal feedback gain matrix K 

LQR Control Loop LQR Type Gain Value 

EWB Motor Current (A) Optimal PI-LQR 
K2   = 3.3149 

K8   = 0.0528 

EWB Motor Speed (rad/s) Optimal PI-LQR 
K1   = 1.8186 

K7   = 22.356 

EWB Clamp Force (N) Optimal PI-LQR 
K5   = 0.0433 

K6   = 0.0036 

-------- State Feedback K3   = 10.693 

-------- State Feedback K4   = 0.0147 

8. SIMULATION RESULTS 

The performance of the EWB and control approaches developed in this study was evaluated by 

simulation. Several simulation results will be presented to verify the behavior of suggested controller. 

Simulation test were performed with the aid of Matlab/Simulink environment. The first section of this 

discussion will be dedicated for discussing of EWB with classical PID controllers. As for the second 

part, it is allocated for the suggested optimal PI-LQR controller. This is done for the comparison 
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between conventional and proposed PI-LQR controller in this research as highlighting the advantages 

of the latter controller. The results will be presented in terms of dynamic response and control signal 

energy. For this purpose, the EWB system is first built as individual subsystems consists of actuator, 

screw and brake Wedge models as shown in Fig.10. In this case, the motor is driven under 

conventional PID controller. Implementing of PI-LQR controller requires later on that the individual 

EWB parts (subsystems) to be merged before long in one combined model. 

Figure 11 demonstrates the EWB combined model, which is represented in state-space form of 5th 

order. Figure 12 shows the whole EWB system represented in state-space form works under 

conventional PID controllers with cascaded loops. The three cascaded control loops of clamp force, 

motor rate and current are illustrated in Fig.13.   

Figures 14 and 15 show the EWB system modeled in one combined state space model under the 

proposed optimal PI-LQR control. The last part of EWB system is the H-Bridge converter as clarified 

in Fig. 16. The inverter is needed here to interpret the control law 𝑢 from controller into real voltage 

UM that can be directly applied across the motor terminals. 

 

Fig.10. EWB individual subsystems. 

 

Fig.11 EWB combined model represented in state-space form. 
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Fig.12 EWB and the control of cascaded PI-Controller. 

 

Fig.13 Cascaded control loops. 

 

Fig.14 EWB system modeled combined in one state space model with optimal PI-LQR controller. 

 

Fig.15 The proposed PI-LQR control scheme. 

 

Fig.16  H-Bridge converter which supplies DC motor. 
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As mentioned in previous sections, the control system is configured with three cascaded control 

loops. The outer loop controls caliper force in terms of wedge position control. This means that the 

reference command FN
∗  is translated into position command by a constant value described in Fig.7. 

Thisisapplicableasthewedgeangleαis assumed to be constant and the caliper house stiffness Kcal 

alsois.ThemiddleloopdominatestheactuatorrateωM, while the inner loop commands the actuator 

current IM.  

Another thing to add is that the EWB is verified with a full vehicle model. Hence the command is 

changed into brake torque command Tbrk
∗  instead of force command FN

∗ . This is done by multiplying 

the force command with pad friction coefficient and wheel effective radius parameters 𝜇 Ref. The last 

consideration is accomplished in order to perform brakes in both conventional and anti-lock brake 

system ABS control.  

For the purpose of demonstrating the performance of the suggested PI-LQR controller as compared to 

conventional PI controller, the same input is applied on both control schemes. The output responses 

are plotted together showing the superiority of PI-LQR over conventional PI controller.  

Figure 17 shows the EWB brake torque response for a step reference input of 4500 Nm applied at 

time 0s then, the torque demand falls to 500 Nm after 2s. At first glance, the PI-LQR controller 

exhibits faster with a settling time of 0.4s, while the PI controller takes up 1s. The same comparison 

remains true for caliper force response FN and brake force Fbrk as demonstrated in Fig.18 and 19 

respectively.  

Figure 20 shows the wedge position in response to the same input torque command; here the torque is 

interpreted into position command as described above. EWB wedge position is plotted with its 

reference command showing the distance traveled by wedge in order to develop the required torque 

demand. From Fig. 20, the wedge linearly moved a distance of about 1.5mm in the direction of actua-

tion force FM to generate a brake torque of 4500 Nm, and then the wedge goes back to a distance of 

0.18mm from its initial position delivering 500 Nm. 

To highlight the advantage of PI-LQR control as a fast dynamic response compared to PID controller, 

the wedge linear velocity is plotted for both controllers in Fig.21. It is obvious that the wedge 

responses faster when the EWB works under the proposed control system. The last observation can be 

verified by looking to the actuator angular velocity and position presented in Fig.22 and 23 

respectively.  

As the actuator exhibits faster dynamically, the wedge will behave so since the actuator dynamic is 

directly transferred into wedge by a screw mechanism as described in previous sections. The current 

consumed by the actuator is the last comparison between proposed and conventional controller.  

As depicted in Fig.24, one can notice that the current is significantly reduced in both running 

directions when the system is operated under the proposed PI-LQR control. In addition, the system no 

longer experiences a backlash movement as compared to classical cascaded control in which the 

actuator goes deeply into generator mode, due to the backlash mechanism. 
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Fig.17 Brake torque response Tbrk for a step command. 

 

Fig.18 Caliper force response FN for step command. 

 

Fig.19 Brake force response Fbrk to a step command. 

 

Fig. 20 Wedge position in response for a step brake torque input. 

 

Fig.21 Wedge linear velocity in response to a brake torque command. 
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Fig.22 Actuator angular velocity. 

 

Fig.23 Actuator angular position. 

 

Fig.24  Actuator current. 

For the purpose of brake torque and brake distance verifying based on EWB, a vehicle dynamic 

model is built in MATLAB/SIMULINK as shown in Fig.25. The vehicle model designed to have 

10-DOFs, where longitudinal, lateral and vertical motion can be demonstrated also. However, in this 

study the longitudinal behavior with the EWB is needed only to show the EWB performance. The 

VDMmodelisaccomplishedwiththetires“MagicFormula”modeltosimulatethevehiclebehavior

under EWB system as it is revealed in the figure.  

The performance of EWB control developed in this study is evaluated by simulation. The braking 

simulation was carried out at deceleration rates of 0.2g, 0.4g, 0.8g and full g from initial vehicle speed 

of 110km/h (30.55m/s) to rest at zero speed. Finally, Anti-Lock brake system ABS was performed on 

EWB to check out the feasibility of ABS on EWB.  

Figure 26. shows the vehicle deceleration with the wheel linear velocity. The brake is initiated at time 

2s and this is the case for all next brakes scenarios. The vehicle takes up about 12.5s to rest to zero 

speed. In comparison, the brake process persists for less than 7s when the brake torque demand 

increased to reach a deceleration ratio of 0.4g as demonstrated in Fig. 27. Next, the deceleration ratio 

is further increased as twice as the last case to a value of 0.8g. As can be seen from Fig. 28, the vehicle 
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speed begins falling from initial speed 110 km/h, at time 2s and becomes zero at 6.8s. This means that 

brake time is significantly plummeted to 4.8s.  

Figure 29 reveals the vehicle speed at high deceleration of absolute g. As can be observed from the 

figure, the vehicle speed reaches zero at time 6.8s. The most remarkable trend here is that the wheel 

speed falls sharply to zero before vehicle body at time 2.7s. This phenomenon happens when any 

wheel is exposed to a locking case. It is evident that when wheel experiences a locking case, no matter 

whether the brake torque increased or persisted constant in reducing stopping distance. 

On the other hand, once one or more-wheel lock, the vehicle loses its stability. To prevent wheel from 

locking up, and subsequently decrease brake distance and preserve the vehicle maneuverability over 

brake period, anti-lock brake system ABS is applied on EWB. As in conventional hydraulic ABS, 

vehicle is braked under constant slip ratio of around 15%, where maximum adhesion between tire and 

road surface, hence maximum force can be maintained for different road surfaces.  

Figure 30 indicates vehicle speed when it is braked under EWB ABS, the most significant 

characteristic when ABS is applied is that the brake time is less than 4.5s, which is the shortest brake 

time compared to previous cases when ABS was idle. 

 

Fig.25. Vehicle dynamic model with tire, In-Wheel-Motors and EWB models. 
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Fig. 26 Vehicle speed at deceleration ratio of 0.2g. 

 

Fig.27 Vehicle speed at deceleration ratio of 0.4g. 

 

Fig.28 Vehicle speed at deceleration ratio of 0.8g. 

 

Fig.29 Vehicle speed at deceleration ratio of 1g, leading to wheel locking up case. 
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Fig.30 Vehicle deceleration with Anti-lock brake system ABS. 

 

8. CONCLUSION 

In this study, a single motor electronic wedge brake system (SMEWB) for electric vehicle (EV) was 

developed and Proportional-Integral linear quadratic regulator (PI-LQR) control architecture was 

proposed. The EWB is equipped on the front and rear wheels of vehicle. In order to assess the vehicle 

behavior under the proposed PI-LQR control, a vehicle dynamic model (VDM) was simulated in 

MATLAB/SIMULINK. VDM includes longitudinal, lateral and vertical vehicular motion 

subsystems for vehicle brake verifying based on EWB. In addition, the VDM is equipped with four 

modular in-wheel-motors and each wheel equipped with independent EWB and brake control as well.  

The EWB is derived at first as individual subsystems of actuator, screw mechanism as well as the 

brake wedge itself. Next, a combined model of EWB is developed based on state-space model for the 

optimal controller design. Two control schemes are highlighted here; a conventional cascaded control 

architecture is designed first which is in the mainstream of research of EWB control currently in the 

industry. Second, the proposed PI-LQR controller is designed based on three-control loops structure.  

The outer loop responsible of caliper force in terms of wedge position control while, the middle and 

inner are actuator rate and current control loops respectively. For the force, rate and current loops, an 

integrator is inserted in the feed-forward path of each loop to compensate disturbances, and model 

uncertainties of wedge, actuator rate and current. The resulting system is augmented with three 

additional state variables, and hence the system becomes an 8
th

 order one. Matrices Q and R were 

tuned, and then the optimal feedback gain matrix K is obtained by the aid of MATLAB commands.  

To highlight the performance of proposed controller, a similar step reference input torque demand is 

applied on EWB under both conventional and suggested controllers. Simulation results revealed 

preeminence of PI-LQR over conventional PI controller in terms of fast dynamic response, actuation 

energy requirements, controller gain tuning simplicity and backlash mechanism cancellation. To 

study the longitudinal vehicle behavior during brake based on EWB under PI-LQR controller, a 

vehicle dynamic model is simulated in Matlab. The vehicle model designed to have 10-DOFs, where 

longitudinal, lateral and vertical motions can be verified also in upcoming studies.  

A conventional brake system is applied first with different vehicle deceleration ratios ranging from 

0.2g to 1g. Simulation results show that the brake time decreases as the brake torque command 

increases. However, when a driver fully applied the brakes at deceleration ratio of 1g, a wheel locking 

up case occurs due to excessive braking force applied on wheel disc. To prevent wheel from locking 
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up and maintain adhesion between tire and road surface at its maximum value, Anti-Lock brake 

system ABS was performed. Results reveal that when ABS is applied the brake time can be 

significantly decreased to 4.5s, which is the shortest brake time compared with previous cases when 

ABS was idle. Furthermore, with ABS vehicle steering maneuverability can be preserved over brake 

distance, ensuring that obstacles can be securely avoided beside driver and passenger safety keeping. 

 

Table 3. Acronyms 

 

ABS 
Anti-Lock Brake 

System 
ICE Internal Combustion Engine 

AWM Active Wheel Module IWM In-Wheel-Motor 

BBW  Brake-By-Wire PI -LQR 
Proportional Integral 

LinearQuadratic Regulator 

CU Control Unit RW Robot Wheel 

DBW Drive-By-Wire SMEWB Single Motor EWB 

ECM Electric Corner Module SBW Simply-By-Wire/Steer-By-Wire 

EHB  
Electro-Hydraulic 

Brake 
SS Suspension System 

EMB 
Electro-Mechanical 

Brake 
TBW Throttle-By-Wire 

EWB Electronic Wedge Brake VDM Vehicle Dynamic Model 

EV Electric Vehicle WCM Wheel Corner Module 

FBW Fly-By-Wire XBW X-By-Wire 

Table 4  System parameters 
Related 

System 
Parameter 

Related 

System 
Parameter 

EWB Vehicle 

Wedge 

α 0.342 

Chassis 

Mv 1250 

β 0.342 Av 2.17 

μ 0.352 Dv 0.3 

Mw 0.7 L1 1.07 

Kcal 1.2x10
8
 L2 1.605 

η 0.85 Twf 1.517 

Axial 

Screw 

KA 8x10
8
 Twr 1.505 

DA 1x10
4
 HCG 0.543 

L 0.5x10
-3

 Ix 540 

DC Motor 

RM 11.8 Iy 2398 

LM 0.2 Iz 2617 

DM 
5.74x10

-

4
 

Tire 

IT 
1 

JM 6.8x10
-3

 Rw 0.316 

TM 1.558 Reff 0.2 

ωM 209.8 Frr 0.0146 

UM 220 ɑ 0.1 

IM 1.64   

Ke.φ 0.949   

Kt.φ 0.949   
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Table 5  Notations 

 
α rad Wedge angle 

β rad 
Angle at which  actuator force applied onbrake 

wedge (equals 𝛼 in this study) 

𝜇 None Friction coefficient between brake disk and pad 

𝜃M rad Motor angle  

ωM rad/s Motor velocity 

η None Screw mechanism efficiency 

ω Rad/s Wheel angular velocity 

φ Web Motor flux 

ɑ m Tire contact patch length  

AV m2 Vehicle frontal area  

DA N.s/m Axial damping 

DM Nm.s/rad Motor damping 

DV None Vehicle drag coefficient  

L1 m Distance between  HCG  and front axle  

L2 m Distance between HCG  and rear axle  

FR N Reaction force 

FB N Actual braking force 

FM N Motor (actuator) force 

FN N Normal force 

Frr N Rolling resistance force  

HCG m Vehicle center of gravity height  

IM A Desired motor current 

JM Kg.m2 Motor moment of inertia 

Jw Kg.m2 Wheel moment of inertia 

Jx Kg.m2 Vehicle moment of inertia with respect to x axis  

Jy Kg.m2 Vehicle moment of inertia with respect to y axis  

Jz Kg.m2 Vehicle moment of inertia with respect to z axis  

KA N/m Actuator stiffness 

Kcal N/m Normal stiffness of brake caliper 

Ke V.s/rad Motor back electromotive force constant 

Kt Nm/A Motor torque constant 

L m Screw mechanism lead 

LM H Motor inductance  

Mw kg Brake wedge mass 

Mv kg Vehicle mass 

Reff m Brake effective radius  

Rw m Wheel effective radius 

RM Ω Motor resistance 

Tbrk Nm Desired braking torque 

TM Nm Motor torque 

Tscr Nm Screw mechanism torque 

Twf m Vehicle front track width 

Twr m Vehicle rear track width 

UM V Actual motor voltage 

V m/s Vehicle initial speed 

VDC V Inverter dc link voltage 

Vw m/s Wedge linear velocity in 𝑥𝑤 direction 

Xw m Wedge position in 𝑥𝑤 direction 
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