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Abstract: This work focuses on modelling of an electro-hydraulic brake 
system for an extended range electric vehicle equipped with axle motors,  
and proposing an optimal braking strategy which utilises a two-layer split of 
braking action such that the desired braking force is first distributed to the front 
and rear axles in order to track the ideal brake force distribution factor and, 
then, to the electro-hydraulic friction brakes and electric motors in order to 
maximise energy recuperation. With simulation results, it is shown that the 
proposed regenerative braking strategy achieves the dual objective of ensuring 
a good dynamic performance and optimal energy recovery. 
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1 Introduction 

Regenerative braking is the means of recovering vehicle’s kinetic energy during braking, 
transferring it in a special storage system and converting it back into energy for 
propulsion. In automotive applications, regenerative braking can be categorised 
according to the type of system used to store the energy. These devices include batteries 
or ultracapacitors (Yeo and Kim, 2002; Lu et al., 2007; Wang et al., 2007; Wang and 
Zhuo, 2008; Ye et al., 2008), hydraulic or pneumatic accumulators (Kepner, 2002;  
Britto et al., 2005), flywheel and elastomeric storage systems (Clegg, 1996; Diego-Ayala 
et al., 2008). Even though the concept of regenerative braking can be applied with 
different approaches to conventional vehicles, it finds full application only with Hybrid 
Electric Vehicles (HEVs). 

One of the most important features of HEVs, including Plug-in Hybrid Electric 
Vehicles (PHEVs) and full-Electric Vehicles (EVs), is in their capability to capture 
kinetic energy from braking and convert it electrically to be stored into the energy storage 
device and used for providing propulsive power or for the basic energy needs of 
supplementary electrical systems. This is achieved without any additional cost: the 
electric motor works as generator, which ultimately saves fuel and improves fuel 
economy and reduces exhaust emissions. 

On the other hand, regenerative braking cannot be applied as a standalone braking 
system in HEVs, PHEVs or EVs; it needs to be accompanied by the conventional friction 
brake system. This is because the maximum braking torque which can be provided by the 
electric motor is a decreasing function of the speed (Figure 1, area 1). Moreover, at low 
speed (Figure 1, area 2), the regenerative braking is not allowed because the electric 
motor would suffer from the ripples of torque generated and the power recovered  
would be no greater than that used to control the inverter and compensate for  
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electro-mechanical losses. Additionally, assistance of conventional friction braking is 
required when the energy management control strategy of the HEV prevents using 
regenerative braking, for instance at high State of Charge (SOC) or high temperature of 
the battery (Miller, 2004). 

Figure 1 Qualitative illustration of the maximum or minimum electric motor torque as a function 
of motor speed (see online version for colours) 

 

Friction brake system in HEVs may be hydraulically actuated by the effort of the driver 
who acts on the brake pedal, or Brake-By-Wire (BBW) type, that is controlled remotely. 
Electro-Hydraulic Braking (EHB) (Jonner et al., 1996; Nakamura et al., 2002) and 
Electro-Mechanical Braking (EMB) (Ueki et al., 2004) systems are two different types  
of BBW systems. The former is normally used on existing hybrid vehicles and it consists 
of a hydraulic circuit powered by a pump. The desired pressure inside the caliper  
is modulated by the valves which are electronically controlled (Tianjun and Changfu, 
2009; Hongyan et al., 2009). A safety hydraulics circuit connects the brake pedal directly 
to the calipers in case of a malfunction of the by-wire part (D’alfio et al., 2006).  
The EMB system on the other hand commands the calipers electro-mechanically  
without the need of a hydraulic circuit (Xiang et al., 2008; Mamilla and Mallikarjun, 
2009; Ahn et al., 2009). However this type of system does not have sufficient reliability 
yet to be installed on non-prototype vehicles. 

During regenerative braking it is important to achieve the dual objective of ensuring a 
good dynamic performance of the vehicle and maximising the recuperated energy 
without sacrificing drivability. The main task of the regenerative braking strategy is  
to distribute the braking torque request between the braking devices. With a parallel 
regenerative braking strategy, electric motor braking and friction braking are applied 
simultaneously to provide the torque desired by the driver, as shown in Figure 2(a). 
Therefore depending on regenerative brake torque availability, the pedal feel changes 
which restricts the application of this strategy to micro or mild hybrids. The market 
vehicles equipped with parallel regenerative braking strategy can provide regenerative 
braking for usually less than around 0.08 g of deceleration request coming from the 
driver, and this restricts their fuel economy enhancement. One advantage of these 
systems though is that no additional hardware is needed at the top of conventional brake 
actuation (conventional master cylinder, brake pedal, ABS, ESP, etc.). Honda Accord 
HEV, Honda Civic HEV (Pre 06), Saturn Vue HEV (Pre 06), Saturn Aura HEV, Chevy 
Malibu HEV, and Hyundai Accent Hybrid are some examples of vehicles that apply 
parallel regenerative braking strategy. 
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Figure 2 A conceptual illustration of parallel and series regenerative braking strategies.  
Note that the tiny yellow band at the bottom of both figures represents regen for engine 
compression braking: (a) parallel regen strategy and (b) series regen strategy  
(see online version for colours) 

  
 (a) (b) 

Series regenerative braking strategy, on the other hand, utilises only electric motor 
braking up until the motor torque or vehicle stability limits are reached and, if the brake 
pedal is depressed more, the strategy commands friction brakes to satisfy the driver 
request, as shown in Figure 2(b). Therefore this strategy leads not only to the consistency 
of the pedal feel but also to the full utilisation of regenerative braking and this yields a 
better fuel economy enhancement in comparison to the parallel regen braking strategy. 
Some examples of Medium or Full hybrids (> 0.08 g regen deceleration capability) that 
apply series regenerative braking strategy are Ford Escape HEV, Toyota Prius, Toyota 
Camry HEV, Mercury Mariner HEV, Chevy Tahoe HEV, and GMC Yukon HEV.  
A BBW actuation system is needed though, if a series regenerative braking strategy is to 
be implemented. 

Most of the HEVs in the market today that utilise series regen braking strategy have 
only one electric motor, generally connected to the front axle. The choice is usually such 
that front axle motor braking is applied for low deceleration events and conventional 
friction brakes are introduced for further braking demanded. This strategy has the 
following drawbacks:  

• The vehicle may have an understeering (oversteering if the electric motor is 
connected to the rear axle) behaviour during braking which can cause an anticipated 
ABS or ESP action as also mentioned in the literature (Hancock and Assadian, 2006) 

• The vehicle’s kinetic energy could be dissipated by friction brakes before electric 
motor can reach the torque limit due to brake force distribution concerns (Hellgren 
and Jonasson, 2007). 

In that context, this work focuses firstly on modelling of an Electro-Hydraulic Brake 
system (EHB) for a Hybrid SUV equipped with axle motors, secondly on proposing an 
optimal braking strategy that maximises the recuperated energy without deviating from 
the ideal brake force distribution factor. The EHB model is embedded to the vehicle 
simulator that has been developed at The Ohio State University, Centre for Automotive 
Research, developed within the EcoCAR Next Challenge project. The organisation of the 
paper is as follows: an analytical energy analysis on regenerative braking is performed  
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in Section 2 in order to have a better understanding of the domain of energy that can  
be recuperated with regenerative braking. In Section 3 the EcoCAR vehicle architecture 
is introduced. In Section 4, the EHB and the hybrid powertrain models are presented in 
the frame of the EcoDYN vehicle simulator. The optimal braking strategy is proposed 
which utilises a two-layer split of braking action such that the desired braking force is 
first distributed to the front and rear axles in order to track the ideal brake force 
distribution factor and, then, to the electro-hydraulic friction brakes and electric motors in 
order to maximise energy recuperation. In Section 5, simulations results for different 
braking manoeuvres and drive cycles are presented to evaluate the proposed braking 
strategy in terms of vehicle dynamics and a comparison to different braking strategies is 
performed, focusing on the energy recovered in the battery and the fuel consumption 
achieved. Finally, in Section 6, this study is concluded with some remarks and expected 
contributions to the art. 

2 Energy analysis for regenerative braking 

In this section, a preliminary energy analysis during braking of a vehicle is performed. 
This is done with the aim of reaching some quantitative results and drawing the domain 
of braking energy on which any regenerative braking strategy can act for different driving 
cycles. 

During braking, there are several factors that contribute to the decreasing kinetic 
energy of the vehicle, as illustrated in Figure 3. 

Figure 3 Resistances to motion (see online version for colours) 

 

The equation of motion along the longitudinal direction of motion of the vehicle can be 
written as: 

4 4

1 1

d
d a g ri bi

i i

VM F F F F
t = =

= − − − −∑ ∑  (1) 

where M is the equivalent mass of the vehicle and V is the vehicle longitudinal velocity, 
Fa and Fg are the aerodynamic and grade resistances respectively, Fri and Fbi are the 
rolling resistance and braking force for the ith wheel respectively. The resistances to 
motion can further be expressed as (Gillespie, 1992): 
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20.5a d f rF C A Vρ=  (2) 
4

2.5

4

Mg cos( )( )ri o s
i

f f VF α
=

= +∑  (3) 

Mg Sin( )gF α=  (4) 

where ρ is the density of air, Cd is the aerodynamic coefficient, Af is the frontal area,  
Vr is the relative velocity of the vehicle with respect to wind speed, fo and fs are rolling 
resistance coefficients and α is the road grade. The unit of velocity in equation (3) is kph. 
Assuming zero grade and no wind and substituting equations 2–4 into equation (1) and 
multiplying each term with velocity to obtain the power balance yields: 

( )
4

3 2.5

4

d 0.5
d

.d f r o s bi
i

VM V C A V MgV f f V V
t

Fρ
=

= − − + − ∑  (5) 

From the wheel dynamics, the braking force and braking torque can be related to each 
other as: 

1d
d

( )bi w bi

w

i

t I
T r Fω

= +−  (6) 

where Iw is the rotational inertia and rw is the rolling radius of the wheels respectively, 
and ωi, Tbi, and Fbi represent the angular velocity, braking torque, and braking force for 
the ith wheel during braking respectively. Substituting the expression for Fbi in  
equation (6) into equation (5) yields: 

( )
4 4

3 2.5

1 1

1 dd 0.5 .
d di i

w i
bi d f r o s

w w

IVV T M V V C A V MgV f f V
r t r t

ω ρ
= =

= − − − − +∑ ∑  (7) 

Note that the longitudinal velocity (with the assumption of motion in only longitudinal 
direction) can be related to angular velocity of the wheel considering the slip equation as: 

w i
i

V rs
V

ω−
=  (8) 

Substituting V=rwωi/(1 – si) into the term on the left hand side of equation (7) and 
dωi/dt=[(1–si)dV/dt-Vdsi/dt]/rw into the second term on the right hand side yields: 

4 4 4
2

2 2 2
1 1 1

3 2.5

4 dd
1 d d

0.5 ( ).
i i i

f

i bi w w w i
i

i w w w

d o s

T I I I sVM s V V
s t tr r r

C A V MgV f f V

ω

ρ
= = =

 
= − + − + −  

− − +

∑ ∑ ∑  (9) 

To get the summation of four wheel slip values and their time rates of change, i.e.,  
Σsi and isΣ , the knowledge of the drive cycle as a priori and the Pacejka tyre formula 
(Pacejka, 2003) for longitudinal force can be used. The normalised longitudinal force vs. 
longitudinal slip behaviour of the tyre with respect to the Pacejka model can be expressed 
by equation (10), and is shown in Figure 4. 

sin( arctan( ( arctan( ))))x
x x x x x

z

F C B s E B s B s
F

µ= − −  (10) 
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where µ is the coefficient of adhesion, Bx, Cx and Ex are tyre parameters, and Fz is the 
normal load on the tyre. 

Figure 4 Longitudinal force vs. slip characteristics (see online version for colours) 

 

Note that taking the normal load as the weight of the vehicle, normalised longitudinal 
force can be treated also as the deceleration in units of g as an approximation. By means 
knowing the drive cycle (velocity and deceleration as a function of time) as a priori yields 
the knowledge of the total slip value (and its time rate of change) at each instant as a 
function of deceleration using the tyre characteristic in an inverse manner for each road 
surface, as shown by the arrows in Figure 4. Defining i totals sΣ = and i totals sΣ = and 
integrating both sides of equation (9) to find the energy yields: 

2 2
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2 24
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∫

( )
2

1

2.5Mg ( ) ( ) d .
t

o s
t

V t f f V t t + 
∫

(11) 

Note that equation (11) gives the domain of potential braking energy that any 
regenerative braking strategy can act on during braking. It is the energy taken away by 
the brake system of the vehicle after other dissipative forces are subtracted from the drop 
in its total kinetic energy. 

With the set of data given in Table 1, the change in kinetic energy of the vehicle  
(1st term on the right hand side of equation (11)) and the percentage of energy dissipated 
to aerodynamic (2nd term on the right hand side of equation (11)) and rolling (3rd term 
on the right hand side of equation (11)) resistances during braking and the remaining 
domain of energy that regenerative braking can act on for different drive cycles is 
tabulated in Table 2.1 

This percentage of brake energy corresponds to 2.96 MJ, 0.59 MJ and 2.99 MJ for 
FUDS, FHDS and US06 respectively.1 Therefore the urban driving cycle FUDS which 
contains deceleration schemes at low magnitudes and US06 that contains less frequent 
deceleration, occasionally at higher magnitudes, are the two drive cycles that have a 
higher potential for regenerative braking in comparison to the highway drive cycle FHDS 
which does not contain many deceleration schemes. With simulation results in Section 5, 
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it is analysed what portion of this energy is recuperated with the braking strategy 
proposed in this paper, and the results are discussed. 

Table 1 Vehicle data used for the preliminary energy analysis 

Equivalent mass  2215 kg 
Aerodynamic coefficient 0.386 
Vehicle frontal area  2.64 m2 
Density of air 1.2 kg/m3 
Tyre rolling radius 0.33 m 
Wheel inertia 1.5 kg.m2 
fo 0.01 
fs 4.93 10–8 kph–2.5 

Table 2 The change in kinetic energy and contribution of braking and dissipative resistances 

 FUDS FHDS US06 

∆KE [MJ] 3.99 1.58 4.51 
Eaero 7.6% 30.9 18.5% 
Eroll 18.4% 31.6 15.2% 
Ebrake 74.0% 37.5 66.3% 

3 EcoCAR vehicle 

EcoCAR competition (EcoCAR,2008) is a program sponsored by General Motors and the 
United States Department of Energy with the aim of exploring means of achieving better 
fuel economy and lower emissions while maintaining safety, performance and utility 
through the use of advanced powertrain technologies. An Extended-Range Electric 
Vehicle (E-REV) was designed by the Ohio State team. This vehicle is equipped with a 
1.8 L dedicated E85 engine, 82 kW front electric motor and a 103 kW rear electric motor, 
powered by A 21 kWh lithium ion battery pack (split into 5 parts for weight distribution 
and packaging issues). The vehicle architecture is shown in Figure 5. Details on design of 
this vehicle can be found in Bayar et al. (2010).  

Figure 5 OSU EcoCAR vehicle architecture (see online version for colours) 
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4 EcoDYN vehicle simulator 

EcoDYN vehicle simulator is a dynamic model of this experimental HEV that is 
developed to facilitate the evaluation of control strategies in terms of vehicle dynamics, 
drivability, fuel economy and performance. The overall structure of the simulator is 
shown in Figure 6.  

Different subsections of the simulator are explained in the remaining part of this 
section. 

Figure 6 Overall structure of EcoDYN (see online version for colours) 

 

4.1 Driver model 

The hybrid vehicle modelled has a single speed gearbox and the engagement of the two 
clutches is commanded by the supervisory control. Therefore the only driver inputs 
modelled in EcoDYN are accelerator and brake pedal positions and the steering wheel 
input. On a straight line motion where the steering wheel input is zero such as the case for 
the driving cycle simulations, the driver model for accelerator and brake pedal positions 
are computed by a PID controller representing the driver, expressed as: 

( ) ( ) ( )cyc cyc cyc
d/ d
dp i dk V V k V V t k V V

t
α β = − + − + −∫  (12)  

where α and β represent the accelerator and brake pedal positions depending on the sign 
of the PID output, and Vcyc is the driving cycle speed. 
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4.2 Powertrain model 

The emphasis is given to the brake system and hybrid powertrain modelling in this 
section since the braking control strategy proposed in this study considers blending 
regenerative motor braking with wheel friction braking. For the rest of the powertrain 
such as the engine, differentials and halfshafts, the reader is referred to Biasini (2010). 

4.2.1 EHB model 

The isolated brake circuit is composed of a pump, high pressure reservoir, inlet or outlet 
valve and wheel brake cylinder for each wheel, and a low pressure reservoir. The isolated 
brake circuit and the dynamic variables for the portion of the circuit for a single wheel are 
shown in Figure 7(a) and (b) respectively. 

The pump works in order to maintain a specific pressure in the reservoir.  
The delivered flow rate is calculated from a look-up table with the pressure difference as 
the input, as illustrated in Figure 8 (Borchsenius, 2003). 

( ).p acc aq f p p= −  (13) 

Figure 7 An illustration of the hydraulic circuit: (a) the electro-hydraulic brake circuit  
(1) pump (2) high pressure reservoir, (3) inlet valve, (4) outlet involved in the model 
valve, (5) wheel brake cylinder, (6) reservoir at ambient pressure and (b) illustration  
of the dynamic variables (see online version for colours) 

 
 (a) (b) 

Figure 8 The pump characteristic for the flow rate vs. the input-output pressure difference  
(see online version for colours) 

 

The reservoir is simulated as a hydro-pneumatic accumulator, which contains a bubble 
with gas that has greater compressibility than the hydraulic fluid. The accumulator is 
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therefore able to absorb and deliver a relatively high quantity of hydraulic fluid. Based on 
the Poisson equation, the non-linear differential equation for the accumulator pressure 
can be written as (Backe et al., 1994) 

1/

acc acc acc
acc

o o

q p pp
V p

κ
κ  

=  
 

 (14) 

where κ is the polytropic gas index and Vo is the initial volume of the fluid in the 
accumulator. 

The valves are modelled as an orifice with a continuously controllable cross-section. 
The Bernoulli equation to calculate the valve flow can be written as (Beater, 1999) 

/ /
2 ( )I Oi I Oi in outq Au p pα
ρ

= −  (15) 

where qI/Oi is the fuel flow rate across the ith inlet or outlet valve, A is the orifice  
cross-section, α is the flow coefficient, ρ is the fluid density, and uI/Oi is the controlled 
input for pressure modulation. The flow rate vs. the pressure difference is shown in 
Figure 9(a). 

The wheel brake cylinder consists of a cylinder with a piston. The hydraulic fluid 
flows into the cylinder and pushes the piston with the friction pads onto the brake disc. 
The system is based on a lookup table that calculates the cylinder pressure from the 
cylinder volume, as given in Figure 9(b) (Seewald, 1997). 

dc cV q t= ∫  (16) 

( )c cp g V=  (17) 

The last component of the brake system is the brake discs. The brake torque is calculated 
simply as: 

 =2 ( )B B B c abT r A p pµ −  (18) 

where µB is the brake disc friction coefficient, rB is the radius between the contact point 
and centre of the wheel, and AB is the brake disc friction area. 

Figure 9 Valve and wheel brake pressure characteristics: (a) the inlet valve characteristics at 
wide open and (b) the wheel brake pressure as a function of the condition fluid volume 
in the cylinder (see online version for colours) 

 
 (a) (b) 
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4.2.2 Hybrid powertrain model 

In this subsection, the defining equations for the battery and the motor models are given. 
The battery of the OSU EcoCAR vehicle is a 21 kWh lithium ion battery pack, composed 
of three modules in parallel, with each module consisting of 110 cells in series, as shown 
in Figure 10(a). 

The battery model used in EcoDYN is a zero-th order battery model used to estimate 
the battery SOC. The equivalent circuit that represents the battery is shown in  
Figure 10(b). The voltage at the battery terminals Vbatt is given by 

batt oc batt battV V R I= +  (19) 

Figure 10 Battery modelling: (a) battery architecture of the OSU EcoCAR and (b) equivalent 
circuit representing the battery vehicle (see online version for colours) 

 
 (a) (b) 

where Ibatt is the battery current, Rbatt and Voc are the equivalent battery resistance and 
open circuit voltage which can be represented as functions of SOC of the battery 
respectively. Measured data for the open circuit voltage as a function of the state of 
charge for a single cell is shown in Figure 11. 

Battery power can be obtained by multiplying both sides of equation (19) by battery 
current Ibatt, and battery current can then be derived in terms of the battery power, open 
circuit voltage and the equivalent resistance as: 

2 4
.

2
oc batt batt oc

batt
batt

V R P V
I

R
− −

=  (20) 

Using equation (20), battery efficiency during charging can be derived as 

2 24
.

2
oc oc batt batt ococ batt

batt
batt batt batt

V V R P VV I
P R P

η
− −

= =  (21) 

Note that the battery efficiency is the reciprocal of the expression given in equation (21) 
during discharging as it is defined as Pbatt/VocIbatt for discharging. 

The battery power on the other hand is composed of the motor power requests and the 
auxiliary load that can be expressed by: 

1   0
( , )
( , )    0

i
i i ibatt acc i i

i
i i i i

T
TP P T
T T

η ωω
η ω

 ≥ = +  
 < 

∑  (22) 
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where Pacc is the electrical load of the accessories assumed to be constant, Ti and ωi are 
the motor speed and torque and ηi is the combined energy conversion efficiency of the ith 
electric machine (FEM or REM) and its power converter. The efficiency map for the 
front electric motor is shown in Figure 12. 

Figure 11 Open circuit voltage as a function of state of charge (see online version for colours) 

 

Figure 12 The efficiency contours as a function of speed and torque for the front electric motor 
(see online version for colours) 

 

The motor, differential, half shafts and the wheels are illustrated in Figure 13.  
The electrical response characteristics of the permanent magnet electric motors are 
represented by a first order system since the electric machines exhibit a short time lag 
between the torque request and the actual torque (Kim et al., 2008). The equation 
representing this relation can be expressed by: 

d
d

act
act req

T
T T

t
τ + =  (23) 

and the equation of motion for electric motor speed: 

em em act diffJ T Tω = −  (24) 

where Treq and Tact are the requested and realised torque respectively, Jem is the motor 
output shaft rotational inertia and Tdiff is the resistive torque at the input of the 
differential.  
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Figure 13 An illustration of the motor, differential, half shafts and wheels 

 

4.2.3 Vehicle dynamics model 

EcoDYN assumes four degrees of freedom vehicle dynamics model, namely longitudinal 
and lateral motion, and yaw and roll motions. However, considering the drive cycle 
simulations performed in the next section where the motion is a straight line motion, the 
equation of motion in longitudinal direction is sufficient for representing the vehicle 
dynamics. 

4

1

d
d i

xi a r
VM F F F
t =

− −∑  (25) 

where Fa and Fr are air and rolling resistance expressed by equations (2) and (3) 
respectively, Fxi is the longitudinal force generated by the ith tyre, represented by the 
Pacejka formula (Pacejka, 2003) as: 

sin( arctan( ( - arctan( ))))F F C B s E B s B sxi zi xi xi i xi xi i xi iµ= −  (26) 

where µ is the coefficient of adhesion, Bxi, Cxi and Exi are tyre parameters, si is the 
longitudinal slip for the ith wheel and Fzi is the dynamic normal load on the ith wheel 
represented as: 

2 2

2 2

2 2

2 2

x
zfl

x
zfr

x
zrl

x
zrr

Ma hMgbF
l l

Ma hMgbF
l l

Ma hMgaF
l l

Ma hMgaF
l l

= −

= −

= +

= +

 (27) 

where M is the total mass of the vehicle, a and b are distances form front and rear axles to 
the centre of mass, and l is the wheelbase. 
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4.2.4 Control strategy 

The Energy Control Strategy, as implemented in EcoDYN simulator, is composed of two 
layers, as shown in Figure 14: the Supervisory Control Strategy and the Energy 
Management Strategy. 

The Supervisory Control Strategy decides the state of the clutches, i.e., the driving 
mode, depending on SOC, vehicle speed and pedal positions. OSU EcoCAR vehicle’s  
twin-clutch transmission allows the vehicle to operate in multiple modes, to optimise 
vehicle performance under various driving conditions. Different operating modes 
depending on the status of the clutches are shown in Figure 15. 

Figure 14 An illustration of the control strategy (see online version for colours) 

 

Figure 15 An illustration of the different operating modes of operation (see online version  
for colours) 
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During braking, i.e., when the brake pedal is depressed, the Supervisory Control Strategy 
commands the disengagement of Clutch 1 and the engagement of Clutch 2 (top right 
mode in Figure 15). In this operating mode both electric motors are connected to the 
wheels so that both axles can be utilised for regenerative braking while the ICE is 
disconnected from the powertrain in order to avoid the energy dissipation caused by 
engine drag. The presence of an electric motor on each axle and the EHB system allows 
achieving the optimal brake torque distribution on both axles using motor braking 
exclusively in most of the braking manoeuvres. The two-way split proposed is as follows:  

Total braking force: Total braking force FB is decided by the driver who acts on the brake 
pedal where the brake force is a non-linear function of the brake pedal position as shown 
in Figure 16(a) until the ABS control is activated. Drivers prefer to have a low level of 
braking force sensitivity during the first part of the pedal stroke and a fast increment of 
the braking force in the last part of the pedal stroke (abrupt braking).  

In addition to the force as a function of the brake pedal position, emulated engine 
drag is also taken into account. Considering the engine drag torque as a function of 
engine speed, the emulated engine drag force as a function of vehicle speed can be 
generated as shown in Figure 16(b). 

Figure 16 Components specifying the brake force request: (a) brake force as a function  
of pedal position and (b) emulated engine drag (see online version for colours) 

 
(a)  (b) 

So the brake force request can be expressed as: 

( ) ( )b beF f F Vβ= +  (28) 

Front-rear braking force split: An ideal brake force distribution factor can be defined  
by which both front and rear wheels lock simultaneously. An expression for such an  
ideal distribution factor as a function of the total braking force can be derived as  
(Biasini, 2010): 

Mg

Mg

b
bf b

b
bf b

Fb h
F F

l l

Fa hF F
l l

 
= +  

 
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 (29) 
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where b is the distance between centre of gravity of the vehicle and rear axle, l is the 
wheelbase, and h is the height of centre of gravity. The ideal distribution is shown in 
Figure 17. 

Figure 17 Graphical method for obtaining the brake force distribution when the total braking  
force is assigned (see online version for colours) 

 

In conventional vehicles equipped with a standard hydraulic brake system directly 
actuated by the master cylinder, it is not possible to change the braking distribution factor 
continuously in real time. The problem is partially solved by the adoption of appropriate 
devices such as a proportioning valve which allows approximation of the parabolic ideal 
brake force distribution factor with a polygon curve with 1 or 2 angles (Bosch, 2005).  
On the other hand, BBW type systems which use the existing ABS system’s hydraulics 
and sensors with the addition of improved valves are getting more popular especially 
among EVs and HEVs of the last generation, and the aim of reaching an ideal braking 
force distribution factor can be achieved in most of the driving conditions. 

Note that the analysis above considers the knowledge of mass as a priori. This can be 
realised with a measurement unit such as the one proposed in Spelta et al. (2010). 

Motor-friction brake force split: once the braking force for each axle is set, the 
distribution of the braking force between the electric motors and the friction braking 
needs to be defined in order to obtain the maximum value of the regenerated power into 
the battery at each instant: 

. ( , )net b aux i i i i i
i

P P T Tη ω η ω = − + 
 

∑  (30) 

where Paux is the auxiliary power assumed to be constant and ηb is the battery efficiency 
expressed by equation (21). Since the auxiliary load does not depend on the power 
regenerated by the motors, it is sufficient to maximise (magnitude wise) the second term 
on the right hand side of equation (30). The control of each electric motor can be handled 
independently to reach the optimal solution. Considering the optimisation of each electric 
motor instead of the optimisation of their sum can cause a potential problem if the battery 
power limitation is taken into consideration as a constraint. However, the lithium-ion 
battery pack used in EcoCAR vehicle has a maximum limit of 300 Amps of current 
during charging which is higher than the sum of the currents that the two motors can 
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provide. This can be verified by substituting the sum of the power ratings of the two 
motors into equation (20). This is also verified by simulation results in the next section. 

So the optimisation problem can be formulated as: 

( )* arg max | ( , ) |i i i i iiT T Tωη ω=  (31) 

with the constraints being 

0

( )

SOC SOC
min

i i ti bi

i i i

i i

max

max

T k T

T T

η
ω

ω ω

≤ ≤

≤

<

<

 (32) 

where Ti
* is the motor torque value for the ith motor (front or rear) that maximises the net 

power stored in the battery, ki and ηti are the transmission ratio and efficiency of the ith 
electric motor, Tbi is the torque for the ith axle specified by the first level of split, namely 
using equation (29), |Ti(ωi)|max is the maximum (magnitude wise) electric motor torque 
depending on motor speed (refer to Figure 12), ωimin is the motor threshold speed for 
regenerative braking, and SOCmax is the maximum SOC of the battery for which 
regenerative braking is allowed.  

Once the electric motor torque is specified, the friction brake torque command is 
obtained by substituting the motor torque command from the total torque desired as: 

fbi bi i i tiT T T k η= −  (33) 

EHB pressure control adopted: The control adopted is a closed loop control on the brake 
caliper pressures. The inputs and outputs are the desired braking torques Tfbi as explained 
in the previous sections and the actual braking torques Tbi at each wheel respectively,  
as illustrated in Figure 18. 

Figure 18 Block scheme of the EHB pressure control 
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The first block on the left is used to convert the desired torque to desired pressure values. 
The difference between the desired pressure and the pressure measured for each calipers 
is amplified by the gain k which has a marginal importance, since it is preferable not to 
operate in a condition where the valve is partially open in order to avoid a slow system 
response. Saturation with a range of 0–1 is used after the gains because of limits of the 
cross sectional areas of the valves (refer to equation (15)). For the outlet valve there is an 
ulterior gain of –1 before the saturation. Therefore if the objective is to increase the 
pressure in the caliper the corresponding inlet valve is opened and the outlet valve is 
closed, and vice versa if the target is to decrease the pressure in the caliper. 

The response of the EHB system is depicted in Figure 19 when the input is a step of 
180 bar followed by a complete pressure release. The time response characteristics  
of the system shows that 80 bar of effective pressure is reached inside the calipers in 
approximately 50 milliseconds. This value is well below the limit of 120 ms as imposed 
in Reuter et al. (2003). 

Figure 19 EHB response for a step of 180 bars of desired pressure (see online version  
for colours) 

 

5 Simulation results 

Two simulation scenarios are considered: the constant brake pedal, and driving cycles 
simulations. 

5.1 Constant pedal travel 

The first scenario is braking with a constant brake pedal travel which characterises  
a driver with a desire of constant deceleration rate. For this case the driver model  
is kept out of the loop and a step input for the brake pedal position is commanded at  
38 s when the vehicle speed is 108 kph. The results for a pedal position of 50, 60 and 
65% are depicted in Figures 20–22 respectively. The figures are structured such that front 
and rear EHB friction torque and motor torque values are shown at the 1st row 1st 
column, vehicle speed is shown in the 1st row 2nd column, desired and actual brake force 
values for front and rear axles are shown in the 2nd row 2nd column, the brake pedal 
percentage and deceleration in units of g is given in the 2nd row 2nd column, SOC of the 
battery is given in 3rd row 1st column and battery power and current are given in 3rd row 
2nd column. 

During these braking manoeuvres, the requirements that should be satisfied by the 
proposed braking strategy are:  
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• The desired force for front and rear wheels as specified by equations (28) and (29) 
should be satisfied. The plot showing the desired and actual force (2nd row 1st 
column) values for front and rear axles show that this condition is satisfied as the 
actual force values reach within 90% of the desired values within less than a second.  

• Smooth deceleration should be satisfied since the brake pedal travel is constant.  
The plot showing the deceleration and pedal (2nd row 2nd column) shows that the 
deceleration is smooth for all three cases. In Figure 20 where the pedal is 50%, 
although the braking force is dominant, the effect of aerodynamic resistance can also 
be observed. As the vehicle slows down, the aerodynamic resistance decreases as 
specified by equation (2), causing a slight decrease in deceleration. This effect is not 
quite clear in Figures 21 and 22 as the highly dominant decelerating force is the 
brake force for these cases.  

• Smooth transition from motor braking torque to EHB friction torque should be 
satisfied. The motor braking torque is disabled below a specific motor threshold 
speed as dictated by the proposed control strategy. As the motor reaches this speed, 
motor regenerative braking torque drops to zero and EHB friction torque supplies the 
demanded braking torque. This can be seen at the 55th second in the top left plot of 
Figure 20, as the front electric motor threshold speed is reached corresponding to a 
vehicle speed of 8 kph and the front EHB friction torque starts supplying the 
demanded braking torque. The same behaviour can be observed also for the rear 
powertrain as around the 56th second for the rear electric motor corresponding to a 
vehicle speed of 4 kph (the gear ratio for the rear electric motor is almost twice the 
gear ratio of the front one) the motor torque is cut and braking is provided by EHB 
friction braking.  

During this transition, due to different internal dynamic characteristics of the EHB 
system and electric motors, there is a slight deviation of actual force for the front 
axle from the desired one, as can be seen in the force plots (2nd row 1st column).  
This is due to the fact that the EHB system realises the torque compensation as 
commanded by the control with a delay. This can be avoided by appropriate filtering 
of the control signals before feeding them into the actuators, namely the motors and 
the EHB system. Although, that slight deviation of force does not cause a major 
roughness with the deceleration as can be seen in the plot showing deceleration 
values for three different braking manoeuvres.  

• The battery current and power should not approach the physical limits of the battery 
for battery durability issues. As seen in the plot showing the battery current (3rd row 
2nd column) the current is well below the limit of 300 amps for charging.  

As a final observation for these simulation results, it is seen that the rise in the SOC of 
the battery is 1, 0.6 and 0.45% in Figures 20–22 respectively. This is an expected result 
as the motors are providing regenerative braking torque for a longer duration of time for 
lower decelerations.  

To analyse the energy efficiency, similar simulations are performed with different 
initial speeds (1–40 m/s) and deceleration (1–9 m/s2) values. The results are collected in 
Figure 23.  



   

 

   

   
 

   

   

 

   

    Modelling and control of a brake system 419    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 20 Vehicle response for a constant brake pedal travel of 50% (see online version  
for colours) 

 

Figure 21 Vehicle response for a constant brake pedal travel of 60% (see online version  
for colours) 
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Figure 22 Vehicle response for a constant brake pedal travel of 65% (see online version  
for colours) 

 

Figure 23 The percentage of vehicle kinetic energy that is recovered in the battery, for braking 
manoeuvres with different initial speed and deceleration rates (see online version  
for colours) 

 

It is observed from the figure that for high initial speeds and decelerations the recuperated 
energy efficiency is low, in fact, the electric motors work in saturation and a certain 
amount of vehicle kinetic energy is simply converted to heat by friction brakes.  
Results are similar for low initial speeds since the motors work at low speed region where 
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the regenerative braking is not very efficient; also in this case EHB friction brake system 
is utilised more. For low-medium value of deceleration (lower than 4 m/s2) and for 
medium-high initial vehicle velocity (higher than 10 m/s) simulation results show a 
higher efficiency. In this situation both the battery and the electric motors work in their 
high efficient region. 

5.2 Drive cycle simulations 

Simulations to assess the efficiency of the proposed braking strategy are performed for 
the FUDS, FHDS and US06 drive cycles as depicted in Figure 24. The proposed strategy 
is compared with a parallel braking strategy which distributes 60 and 40% of the total 
braking force to the front and rear axles, respectively, and commands motor braking 
corresponding to an amount of 30% of the friction braking (if it is available and 
convenient) on each axle. The choice of these values is suggested by the automotive 
industry. This strategy corresponds to a reasonable parallel braking strategy that could be 
applied to a hybridised stock vehicle such as the EcoCAR vehicle for which there is no 
control authority on friction brakes. The proposed control strategy is also compared with 
pure friction braking strategy, i.e., having to regenerative motor braking. Pure friction 
braking strategy is taken as a reference point to evaluate the enhancement on net energy 
consumption for the other two strategies. 

Figure 24 FUDS, FHDS and US06 driving cycles, from top to bottom respectively (see online 
version for colours) 

 

The tabulated results show the brake energy Eb in the first row, computed by the 
expression: 

4

1

d
i

B i bicyc
E T tω

=

=∑∫  (34) 

where ωi is the rotational speed of the ith wheel and Tbi is the net braking torque for the 
ith wheel. Note that this is the total braking energy computed differently by 
approximations in Section 2 with the expression given in equation (11). 

On the second row of Table 3 the net energy stored in the battery Enet is given.  
This is computed by: 
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On the third row the regenerative braking energy efficiency is given which is computed 
by Enet/EB*100. On the fourth and fifth rows of the table, the drop in SOC of the battery 
∆SOC during pure electric operation of the vehicle (when the initial SOC is taken as 
90%), and fuel consumption FC during charge sustaining operation of the vehicle  
(when the initial SOC is taken as 30%) are given respectively. These values show  
the impact of the braking strategy on energy consumption of the vehicle, during  
both modes of operation. On the fifth row, the fuel economy improvement in  
comparison to the no-regen scenario is given during charge sustaining operation of the 
vehicle. 

Table 3 Drive cycle simulation results 

 Proposed Parallel No regen Proposed Parallel No regen Proposed Parallel No regen 

FUDS FHDS US06 

EB [MJ] 3.17 0.71  3.22 

Enet [MJ] 2.51 0.44 – 0.31 0.12 – 1.87 0.55 – 

ηregen 79.2 13.9 – 43.6 16.9 – 58.1 17.1 – 

∆SOC [%] 14.1 16.9 17.6 23.1 23.8 24.0 25.0 28.3 30.0 

Gain [%] 20 4 – 3.8 1 – 17 6 – 

FC [l/100 km] 6.27 7.61 7.95 7.34 7.57 7.62 7.82 8.47 8.82 

Gain [%] 21 4 – 4 1 – 11 4 – 

FE 
improvement 
[mpg] 

7.93 1.33 – 1.18 0.21 – 3.42 1.11 – 

The first observation is that the brake energy EB for each cycle given in Table 3 obtained 
by the simulations is slightly higher than the values found in Section 2 by the preliminary 
energy analysis, namely in the 1st paragraph of Page 8. One of the reasons of this 
difference is that the preliminary energy analysis neglects the powertrain efficiencies 
between the motors and the wheels that have a crucial role in specifying the braking 
energy. Another reason for this difference is that the assumption of knowing the drive 
cycle as a priori for the preliminary energy analysis yields zero braking for decelerations 
that can be caused only by rolling and aerodynamic resistances. On the other hand the 
PID driver model in the simulator applies braking to fit the drive cycle even when 
resistances are sufficient to decelerate the vehicle at a low rate. Therefore, the simulator 
applies the brakes more which contribute to this difference in brake energy for the two 
approaches. 

The second observation is the regenerative braking energy efficiencies. For FUDS, 
the efficiency is quite higher that the efficiencies for the other cycles. This is an expected 
result since in this cycle the required braking torque can be supplied by the electric 
motors exclusively with a high efficiency for most of the deceleration events. For the 
US06 cycle, although the braking energy EB is greater than the one for the FUDS cycle, 
due to a sharper deceleration trend in this cycle the motor braking is not sufficient  
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occasionally and the EHB friction brakes are applied. This causes a regen efficiency of 
58.1%. For the FHDS cycle on the other hand, there are just a few sharp decelerations 
which yield low values for both EB and Enet. 

The last observation is the reflection of the regen efficiencies on ∆SOC and FC 
during electric and charge sustaining modes of operation the vehicle respectively.  
The percent gain (with respect to the results for the no regen strategy) for ∆SOC and FC 
reaches 20% and 21% respectively, for FUDS, and 17% and 11% respectively, for US06 
whereas for the parallel regen braking strategy this improvement is 4% and 4% for ∆SOC 
and FC respectively, for FUDS, and 6% and 4% for ∆SOC and FC respectively, for 
US06. These results show the superiority of the proposed control strategy to the parallel 
strategy in terms of regen efficiency and energy recuperation, which is an expected result.  

6 Conclusions 

In this work regenerative braking for an E-REV has been investigated in terms of both 
brake system modelling and proposing a control strategy. In particular an EHB system is 
modelled and implemented to the OSU Eco-CAR simulator.  

The proposed regenerative braking strategy achieves the dual objective of ensuring a 
good dynamic performance of the vehicle by applying the ideal brake force distribution 
and maximising the energy recovered by drawing advantage of the axle motors which 
allows the regenerative braking on both axles.  

Although the proposed control considers a vehicle architecture with two axle motors, 
the two-layered split structure of the braking strategy can be easily modified for 
implementation to different vehicle architectures. For instance, in the very common case 
of an HEV with a single axle motor, it would be possible to modify the distribution of the 
braking torque by increasing the amount of motor braking on one axle and compensating 
this with EHB friction braking on the other axle for stability purposes. Consequently,  
the second split between the electric and friction torque could be applied only to the 
motorised axle.  

Simulation results can be analysed to figure out some important considerations:  
the effectiveness of regenerative braking depends mainly on the driving condition. It is 
shown by simulations that the E-REV equipped with the EHB system and axle motors 
together with the proposed control strategy can go up to 80% regen efficiency that would 
yield saving 21% of fuel in urban driving condition. These results can lead to the 
adoption of this vehicle layout and control strategy, for instance, in the case of EVs and 
PHEVs. The initial cost due to the implementation of the EHB system can be recovered 
during the vehicle life time thanks to the enhanced energy economy. Moreover, it is 
disputable that the adoption of two electric motors (one per axle) conducts to an 
increment of the cost and/or weight of the vehicle, although this solution is more 
cumbersome and increases the vehicle layout complexity. It is shown in Hellgren et al. 
(2007) that having a big electric motor which provides all the vehicle electric power in 
comparison to the case of having two smaller motors, each supplying one half of the total 
vehicle electric power, is actually worse in terms of weight and cost. 
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