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Abstract: Vehicle driveability is one of the important vehicle attributes in range-extender electric 
vehicles due to the electric motor torque characteristics at low-speed events. The process of validat-
ing and rectifying vehicle driveability attributes is typically utilised by a physical vehicle prototype 
that can be expensive and required several design iterations. In this paper, a model-based energy 
method to assess vehicle driveability is presented based on a high-fidelity 49 degree-of-freedom 
powertrain and vehicle systems. Multibody dynamics components were built according to their true 
centre of gravity relative to the vehicle datum for providing an accurate system interaction. The 
work covered a frequency at less than 20 Hz. The results that consisted of the component frequency 
domination are structured and examined to identify the low-frequency sensitivity based on differ-
ent operating parameters such as a road surface coefficient. An energy path technique was also im-
plemented on the dominant component by decoupling its compliances to study the effect on the 
vehicle driveability and low-frequency response. The outcomes of the research provided a good 
understanding of the interaction across the sub-systems levels. The powertrain rubber mounts were 
the dominant components that controlled the low-frequency contents (< 15.33 Hz) and can change 
the vehicle driveability quality.  

Keywords: Driveability; low-frequency; energy path analysis; powertrain; model-based engineer-
ing 
 

1. Introduction 
According to the International Energy Agency [1], the global volume of electric vehi-

cles (EVs) in 2030 is forecasted to reach 245 million, an increase from 7.2 million in 2019. 
The market demand for the type of EV varies based on several factors such as the vehicle’s 
range and price. One of the EV architectures that can increase the vehicle range is a range-
extender electric vehicle (REEV). A report by Grand View Research [2] estimated the 
REEVs will have a market growth of 100% in 2026 compared to 2018. The concept of REEV 
uses an electric motor (EM) for the sole propulsion of the vehicle, and range-extenders 
(REx) such as internal combustion (IC) engine or microturbine generator to charge the 
battery energy storage (BES) or to provide the electrical energy to the EM through power 
electronics hardware [3].  

One of the issues with REEVs is the higher vehicle mass due to the REx and BES that 
will affect the vehicle dynamics characteristics [4]. Milliken and Milliken [5] established 
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four important criteria that influence the driver perception such as ride, handling, perfor-
mance, and driveability. The ride attribute refers to the vertical responses of the vehicle 
when driven on different road surface coefficients (mu) [6]. The handling attribute relates 
to the lateral responses due to the transverse wheel motion to the direction of the vehicle 
such as lane change and cornering [7]. The refinement of handling quality and ride com-
fort is a continuous process through the vehicle development stage to determine the opti-
mum vehicle set-up between these vehicle attributes. For instance, Liu et al. [8] established 
this process using the dynamics kinematics and compliance rigs, suspension dynamome-
ter testing, and other testing equipment. On the other hand, the vehicle performance at-
tribute describes the powertrain (PT) capability to meet specific loads at anticipated 
speeds. It uses the gear ratios strategies [9] and the shift quality [10] to achieve the vehicle 
system targets and has less dependency on the ride and handling attributes. In terms of 
vehicle driveability, which is the main focus of this work, Shah et al. [11] indicated that 
the driveability attribute reflects the vehicle longitudinal responses to torque demand in 
the form of throttle pedal excitation under specific driving conditions.  

According to Dorey and Holmes [12], vehicle driveability typically focuses on vehicle 
low-speed events such as acceleration/deceleration, one of the important factors for con-
tinuous product decision making and has demanding characteristics at the vehicle system 
level. Previously, the process of vehicle driveability assessment used a prototype vehicle. 
and at a later stage of the vehicle development process that can be challenging to rectify 
any design issue. To meet the future REEVs market demands and challenges, advanced 
simulation tools have been used to study vehicle driveability in the early stage of the ve-
hicle development process as performed by Wang et al. [13]. The implementation of a 
model-based method in REEVs highlights the complex nonlinear system interaction un-
der torque demand and identifies the factors associated with vehicle driveability concerns. 
For instance, Ciceo et al. [14] used the model-based method to design and validate the 
control strategy of the electric PT system to improve vehicle driveability. The model-based 
method in REEVs can also study the low-frequency response below 20 Hz that influences 
the vehicle driveability behaviour [15]. Previous studies showed that the arrangement of 
IC engine mounts can influence vehicle driveability [16] and the low-frequency response 
[17]. A previous study by Shah et al. [18] also highlighted the vehicle shuffle frequency 
migration due to the throttle responses at low-speed events due to the torque amplifica-
tion. The vehicle frequency responses are expected to be similar in REEVs due to the high 
EM torque at the low-speed region [19]. From the literature, the high EM torque excitation 
at vehicle low-speed event manifests the complex interaction between the sub-system 
components such as the driveline system [20,21] and the 6-degree-of-freedom (DoF) rub-
ber mounts [22] that dominates the vehicle's low shuffle frequency response. Similar to 
ride comfort, the irregularities of road surfaces can also influence the low-frequency re-
sponse. For instance, Ivanoz et al. [23] investigated the torque compensation for the 
driveline system on a polished ice road to improve the vehicle driveability. Also, a split-
mu road surface has the same influence on the driveline response as found in the literature 
[24,25].     

The model-based method can study the energy flow from a throttle pedal input to a 
vehicle body, and define the transfer function that controls the vehicle longitudinal re-
sponse. A transfer path analysis (TPA) technique can be used to study the energy flow 
between system components, the low-frequency response, and determine the dominant 
components that control the system response [26]. Most of the TPA studies on vehicle 
systems were focused on high-frequency vibration as discussed in [27-30]. In terms of 
driveability, Jimbo et al. [31] used an experimental TPA technique to analyse the behav-
iour of the vehicle during acceleration. The TPA technique also allowed for a couple-de-
couple process of the compliances to identify the shuffle frequency domination and to 
determine the tuning parameters for the driveability refinement [16]. Zhang et al. [32] also 
used the couple-decouple method to identify the dominant mode for a ride and handling 
characteristics of the 7-DoF vehicle systems based on suspension system elements.  
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This paper is to present the model-based method for vehicle driveability study of 
REEV model at low-speed events using energy path analysis (EPA) technique derived 
from the TPA technique. It consists of two objectives 1) simulation on different road mu 
and identify the dominant component for the low-frequency response and 2) decoupling-
coupling of the dominant component and its properties to investigate the influence on 
vehicle driveability and low-frequency response. 

2. System model and methodology for vehicle driveability study 

2.1. REEV model architecture 
The study was based on a previous study performed by Shah et al. [33] using an IC 

engine propulsion four-wheel-drive (4WD) vehicle architecture. The 4WD vehicle model 
was correlated with a full nonlinear ADAMS vehicle model and vehicle test data. In this 
study, the vehicle architecture was replaced with a two-wheel-drive (2WD) vehicle archi-
tecture by removing the rear drivetrain system and the IC engine propulsion system. The 
concept of REEV uses EM as the sole propulsion of the vehicle and an IC engine as the 
REx to charge the BES or provide the electrical energy to the propulsion system through 
power electronics hardware as shown in Figure 1. Other subsystem arrangements re-
mained the same as 4WD vehicle architecture. 

 
Figure 1. The basic architecture of REEV with an electric motor, generator, IC engine REx, BES, 
and power electronics. 

Figure 2 shows the block diagram of the high fidelity 49-DoF REEV model with linear 
and nonlinear compliances connected between the components. All PT (EM and REx) 
components were mounted on a structural PT cradle and to the vehicle structural compo-
nents using a right-hand (RH) rubber mount, a left-hand (LH) rubber mount, a front roll-
stopper, and a rear roll-stopper. The DoF of rubber mounts was reduced to three, namely 
longitudinal, yaw, and pitch directions that have significant effects on the low-frequency 
response [34]. Other linear and nonlinear compliances were fixed in the longitudinal di-
rection that dominated the vehicle driveability response. 
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Figure 2. Block diagram of 2WD REEV system architecture interaction. 

A REEV high-fidelity model was constructed based on Figure 2 using a multibody 
dynamic library in DYMOLA, a multiphysics modelling tool. The RH rubber mount and 
the LH rubber mount consisted of longitudinal nonlinear stiffness properties, yaw, and 
pitch linear stiffness properties as shown in Figure 3(a). Both RH and LH rubber mounts 
were connected to the front subframe and vehicle body. The PT cradle pitch was con-
trolled by the front and rear roll-stoppers and consisted of a nonlinear rubber bush, rig 
rod, and linear rubber bush as shown in Figure 3(b). The nonlinear rubber bush and the 
linear rubber bush were connected to the PT cradle and the front subframe respectively. 
The nonlinear stiffness properties and the linear properties of PT rubber mounts and roll-
stopper rubber bushes are shown in Table 1 and Figure 3 (c). 

Table 1. Linear stiffness and damping properties of PT cradle rubber mounts and roll-stopper 
rubber bushes 

Components Properties Values Units 

RH rubber mount 
Damping 190 N·s/m 

Pitch stiffness 1.528 x 10-2 N·m/º 

Yaw stiffness 3.898 x 10-1 N·s/m 

LH rubber mount 
Damping 100 N·s/m 

Pitch stiffness 1.528 x 10-2 N·m/º 

Yaw stiffness 3.898 x 10-1 N·m/º 

Front roll-stopper rubber bush 
Stiffness 1 x 108 N/m 

Damping 60 N·s/m 

Rear roll-stopper rubber bush 
Stiffness 1 x 108 N/m 

Damping 130 N·s/m 
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(a) (b) 

 

 
(c) 

Figure 3. PT cradle mounting models: (a) 3-DOF RH and LH rubber mounts; b) longitudinal front and rear roll-stopper 
rubber bushes and rigid rod; c) longitudinal nonlinear stiffness properties. 

Figure 4(a) shows the model of the front subframe and rear subframe that has the 
same bushes arrangement. The front subframe was connected to the vehicle body using 
four bushes; bush_1 – 2 at the top-end position and bush_3 – 4 at the low-end position. 
Also, the rear subframe was connected to the vehicle body using the same four bushes 
(bush_1 – 4). In Figure 4(b), the front RH and LH suspensions were connected to the front 
wheels and the front subframe, and the rear RH and LH suspensions were connected to 
the rear wheels and the rear subframe. The subframe bushes and the properties of the 
suspension are shown in Table 2 and Figure 4(c). 

Table 2. Linear damping properties of subframe bushes and suspensions. 

Components Values Units 
Front subframe bush_1 – 2 1.81 x 103 N·s/m 
Front subframe bush_3 – 4 1.01 x 103 N·s/m 
Rear subframe bush_1 – 4 5.5 x 102 N·s/m 

Front RH and LH suspensions 3.5 x 102 N·s/m 
Rear RH and LH suspensions 2.5 x 102 N·s/m 
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(a) (b) 

 

 
(c) 

 

Figure 4. Longitudinal nonlinear compliance models: (a) front and rear subframe with bushes; b) front and rear suspen-
sions; c) stiffness properties. 

Pacejka tyre model was used to excite the REEV model in a longitudinal direction 
using two inputs, namely wheel slip ratio, and normal load. The wheel slip ratio, sw is 
defined by equation 1 [5], where Va is the actual vehicle speed. The normal load, Fz can be 
calculated based on the dynamic weight transfer acting on the wheel and given by equa-
tion 2, where ax is the vehicle longitudinal acceleration, Fz’ is the initial normal load, h is 
the vehicle body centre of gravity (CoG) relative to the front wheel centre in z-axis direc-
tion and l is the wheelbase (distance between the front wheel centre and the rear wheel 
centre in y-axis direction). The tyre model coefficient was parameterised from the experi-
ment data from the tyre supplier. The vehicle parameters are listed in Table 3. 

 

sw = ( rew / Va ) - 1, (1)

Fz = Fz’ + ms ax( h / l ), (2)
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Table 3. 2WD REEV parameters. 

Parameters Symbols Values Units 
Frontal area A 2.5 m2 

Coefficient of drag Cd 0.3  
Vehicle body (including BES) mass ms 1670.5 kg 

PT mass mpt 251.3 kg 
Front subframe mass mfsf 38.7 kg 
Rear subframe mass mrsf 15.6 kg 

Front tyre mass mfw 41.6 kg 
Rear tyre mass mrw 38.2 kg 

Static weight distribution  57 : 43  
Maximum EM torque τem 320 N·m 

Transmission  7.139 Total ratio 
Differential type  50 : 50 Open 

Tyre rolling resistance Crr 0.018  
Effective tyre rolling radius rew 0.3415 m 

 
To simulate the effect of multibody dynamics, all components were built to their ac-

tual CoG using Cartesian coordinates about the front RH wheel coordinate as shown in 
Table A1. 

2.2. Throttle pedal excitation   
One of the effective methods to excite the vehicle for the driveability study is a tip-in 

event to obtain the maximum torque excitation from the EM to the half-shaft [35,36]. In 
this study, the initial vehicle speed was set at 40 km/h and coasted down to 20 km/h. Sub-
sequently, 70% throttle position was applied within 0.12 seconds (s) rate and kept constant 
until the REEV model reached 40 km/h. Figure 5 shows the simulation procedures of the 
tip-in event for the REEV driveability study. Three types of road mu were used on the 
vehicle driveability analysis, namely tarmac, polished ice, and split–mu as shown in Table 
4. From the simulation, the investigation will be concentrated on the interaction between 
the PT cradle and structural vehicle components, namely the front subframe and rear sub-
frame. The frequency response of each of the compliances will also be investigated. 

Table 4. Three road mu values for driveability analysis of REEV. 

Road surfaces Right wheels Left wheels 
Tarmac 0.85 0.85 

Polished ice 0.10 0.10 
Split-mu 0.85 0.10 
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Figure 5. Tip-in test procedures for REEV driveability analysis at 70% throttle position. 

The EM torque required to excite the model can be defined from equation 3. 

τem = ( mt ( ax + g Crr) + 0.5 ρ Cd Va
2) rew, (3)

Where mt is the vehicle's total mass, = ms + mfw + mrw. The vehicle frequency migration, 
fm is calculated using equation 4, where kv_e is the vehicle effective stiffness. 

fm = ඥkv_e/mt, (4)

A mode shape analysis was also performed to study the vehicle driveability behaviour of 
three road mu. The dynamic equations for rotating and multibody dynamic components 
are given by equation 5 and equation 6 respectively to form a square matrix. 

Fw (t) = mn ẍ + Bn ẋ + Cn x,   (5)

τem (t) = Jz θ̈ + Dz θ̇ + Kz θ (6)

m, J, B, D, C and K are the component mass, shaft inertia, compliance damping, shaft 
damping, compliance spring stiffness and shaft stiffness respectively. n and z are the num-
ber of mass and rotating components. The REEV model was linearized using the 
DYMOLA linearization facilities to generate an A matrix to obtain an eigenvector, vሬሬ⃗  and 
an eigenvalue, using equation 7 to identify the dominant components for the low-fre-
quency response on each of the road mu. 

A vሬሬ⃗  = λ vሬሬ⃗ , (7)

3. Results 

3.1. REEV model on three road mu 

In Figure 6(a), the vehicle body longitudinal acceleration on the tarmac is higher as 
the half-shaft can wind up at a faster rate and helped the front wheels to gain better trac-
tion compared to polished ice and split-mu. It can be observed that during torque ramp-
up, an acceleration dip occurred on all roads mu particularly on the tarmac. The PT cradle 
acceleration responses in longitudinal, lateral, and vertical directions are shown in Figure 
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6(b), (c), and (d). Similar to the vehicle body longitudinal acceleration, the PT cradle lon-
gitudinal acceleration was higher on the tarmac compared to the polished ice and the split-
mu. 

 

Figure 6. Tip-in event components acceleration on different road mu: a) vehicle body longitudinal; b) PT cradle longitu-
dinal; c) PT cradle lateral; d) PT cradle vertical. 

Each of the PT cradle longitudinal acceleration responses generated low-frequency 
responses of 15.3 Hz with an additional frequency on the split-mu surface due to the 
weight surge event as a result of the front RH and the LH wheels interaction (see Figure 
7). In terms of the PT cradle lateral acceleration, the values were relatively small compared 
to the longitudinal acceleration and more responsive on the tarmac. These responses 
showed that the lateral excitation was adequately controlled by the rubber mount yaw 
properties. The vertical acceleration was more responsive on all road mu compared to the 
lateral acceleration due to the fast EM torque excitation. The front and rear roll-stoppers 
minimized the magnitude of the vertical acceleration to the adequate level that might af-
fect the vehicle ride attribute [37]. 
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Figure 7. Tip-in event tractive force on different road mu: a) front wheel; b) rear wheel. 

The front subframe and the rear subframe longitudinal acceleration responses are 
shown in Figure 8. On the polished ice, the front wheel and the rear wheel tractive forces 
were slightly damped by the front subframe bushes. As the EM torque increased, the front 
subframe bushes properties could not cope with the high force transfer rate; subsequently 
became rigid and generated a higher amplitude and oscillation. It was suggested that this 
response caused the acceleration dip during torque ramp-up on the vehicle body and also 
existed on the tarmac and split-mu. A judder was apparent particularly on the tarmac due 
to the mechanical coupling where the high-frequency vibration was transmitted to the 
front subframe through the rear roll-stopper bushes. It can also be observed in Figure 8(b) 
that the rear subframe nonlinear bushes characterized the vehicle body longitudinal 
acceleration response. On the tarmac, the rear subframe produced high excitation during 
torque ramp-up but reduced significantly on the low friction surfaces as the effect of the 
bushes nonlinearity. 

 

Figure 8. Tip-in event longitudinal acceleration on different road mu: a) front subframe; b) rear subframe. 

The fast Fourier transform (FFT) method was used to determine the power spectral 
density of the vehicle body response and the dominant components as shown in Figure 9. 
It can be observed that the low-frequency resonant of vehicle body longitudinal 
acceleration on all road mu was dominantly controlled by the PT cradle and the front 
wheel longitudinal accelerations. For instance, on the tarmac, the vehicle body 
longitudinal acceleration produced low-frequency resonant of 15.33 Hz and 18.66 Hz, 
which were similar to the PT cradle longitudinal and the front wheel longitudinal 
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accelerations low-frequency resonant respectively. In terms of the vehicle body 
longitudinal acceleration on the polished ice, these low-frequency resonant were only 
controlled by the PT longitudinal acceleration. As the result of a complex interaction 
between the front RH wheel and the LH wheel on the split-mu, the vehicle body 
longitudinal acceleration response produced eight low-frequency resonant; 2.66 Hz, 4.66 
Hz, 7.33 Hz, 10 Hz, 12 Hz, 14 Hz, and 20 Hz that was controlled by the front wheel 
longitudinal acceleration, and 15.33 Hz that was controlled by the PT cradle longitudinal 
acceleration.     

 

Figure 9. Tip-in event low-frequency resonant of component acceleration: a) vehicle body longitudinal on different road 
mu; b) dominant component on tarmac; c) dominant components on polished ice; d) dominant components on split-mu. 
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Figure 10. Mode shape analysis of linearized REEV model on; a) tarmac; b) polished ice; c) split-mu.. 

Using the mode shape analysis method; the eigenvalue, the eigenvectors, and the 
magnitude were obtained for the linearized REEV model with no EM torque input on 
different road mu as shown in Figure 10. The linearization of the REEV model produced 
similar results to the steady-state and transient-state conditions, where the PT cradle 
longitudinal properties and the front wheel altered the mode shape array and amplitudes 
on different road mu for every eigenvalue. 

3.2 EPA on decoupled dominant components 

From the analysis on three road mu, it has been identified that the PT cradle has the 
dominant effect on the vehicle body driveability and low-frequency resonant, which 
aligns with the literature. The importance of 3-DOF rubber mounts and roll-stoppers 
concerning the vehicle driveability was investigated further by decoupling their 
properties from the REEV model on the tarmac and compared to the reference REEV 
model. To implement the EPA technique, five case studies were investigated as shown in 
Table 5 with the same tip-in test procedure. 
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Table 5. Case studies of PT cradle mounting properties decoupled process. 

Case studies 
RH/LH rubber mount properties 

Front roll-stop-
per properties 

Rear roll-stopper 
properties 

Longitudinal Yaw Pitch Longitudinal Longitudinal 
Case 1 decoupled     
Case 2  decoupled    

Case 3   decoupled   
Case 4    decoupled  
Case 5     decoupled 

 
3.2.1. RH and LH rubber mounts properties (case 1 – 3) 

From Figure 11(a), the RH and LH rubber mount longitudinal properties were sig-
nificantly characterised the PT cradle longitudinal acceleration response. The amplitude 
and the damping ratio of PT cradle longitudinal acceleration response were substantially 
changed and developed a frequency migration. The effect of the rubber mount's yaw and 
pitch properties on the PT cradle longitudinal acceleration response was minimal and 
negligible. In terms of the PT cradle lateral and vertical acceleration, the decoupled rubber 
mounts longitudinal properties also provided similar responses and relatively insignifi-
cance as shown in Figure 11(b)–(c). 

Through the rest of Figure 11, the decoupled of all rubber mount properties have less 
influence on the front wheel longitudinal acceleration. This is because the PT cradle was 
not directly connected to the front wheel, where the force intensity was considerably low 
and damped by the front wheel and the front suspension. However, without the rubber 
mount longitudinal properties, the front subframe longitudinal acceleration was more re-
sponsive compared to the other two properties. The vehicle body longitudinal accelera-
tion response was altered corresponded to the front subframe and the PT cradle responses 
by decoupling the rubber mount longitudinal properties. The vehicle body longitudinal 
acceleration response also required a longer settling time and generated a lower natural 
frequency. The acceleration dip was still present in all decoupled rubber mount properties 
cases. The nonlinear rear subframe bushes were affected by the decoupling of rubber 
mount longitudinal properties compared to the yaw and pitch properties, with higher 
amplitude and a lower damping ratio. A similar effect on the rear suspension was also 
observed where it excited the rear wheel with a low damping ratio. 
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Figure 11. Tip-in event components accelerations EPA on the tarmac and decoupled PT cradle rubber mount properties: 
a) front wheel longitudinal; b) front subframe longitudinal; c) PT cradle longitudinal; d) vehicle body longitudinal; e) PT 
cradle lateral; f) rear subframe longitudinal; g) PT cradle vertical; h)PT cradle vertical acceleration; h) rear wheel longitu-
dinal. 
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In Figure 12(a), the decoupled rubber mount yaw and pitch properties generated the 
same vehicle body longitudinal acceleration low-frequency resonant. However, the de-
coupled rubber mount longitudinal properties migrated the low-frequency resonant from 
15.33 Hz to 10.33 Hz. Figure 12(b)–(c) provide the frequency response sensitivity for each 
of the dominant components' acceleration magnitude corresponded to the decoupled of 
rubber mount properties. In all cases, the low-frequency resonant were controlled by the 
PT cradle longitudinal acceleration and the front wheel longitudinal acceleration domi-
nated the low-frequency resonant above 16.66 Hz 

 

Figure 12. Tip-in event low-frequency responses on the tarmac: a) vehicle body; b) case 1; c) case 2; d) case 3. 

3.3 Front and rear roll-stoppers (case 4 – 5) 

The components acceleration energy path and the influence of front and rear roll-
stoppers on vehicle driveability can be observed in Figure 13(a)–(h). The PT cradle was 
pitched enormously without the rear roll-stopper and changed the acceleration response 
in all directions and its frequencies. The decoupling of the front roll-stopper also caused 
an aggressive PT cradle longitudinal acceleration response but has a marginal effect in the 
lateral and vertical accelerations. The diversity of PT cradle accelerations was due to the 
different mounting positions of the front and rear roll-stoppers. 
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Figure 13. Tip-in event components accelerations EPA on the tarmac and decoupled PT cradle rubber mount properties: 
a) front wheel longitudinal; b) front subframe longitudinal; c) PT cradle longitudinal; d) vehicle body longitudinal; e) PT 
cradle lateral; f) rear subframe longitudinal; g) PT cradle vertical; h)PT cradle vertical acceleration; h) rear wheel longitu-
dinal. 
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The differences of front wheel longitudinal acceleration for both roll-stoppers were not 
significant compared to the reference model within 10.6 seconds of the excitation but 
changed the response subsequently due to the higher force excitation from the PT cradle, 
which was then transferred to the front subframe. By decoupling the front roll-stopper, 
the front subframe generated a high frequency during the tip-in event and suggested that 
the rear roll stopper has a rigid connection between the PT cradle and the front subframe 
through the nonlinear bushes. The decoupled of both roll-stoppers also caused a phase 
shift between the vehicle body and the reference model. From the power spectral density 
analysis in Figure 14(a), the low-frequency resonant vehicle body longitudinal 
acceleration was migrated from 15.33 Hz to 13.33 Hz and dominated by the PT cradle 
longitudinal acceleration as shown in Figure 14 (b). On the other hand, the decoupled of 
rear roll-stopper as shown in Figure 14(c), migrated the vehicle body longitudinal 
acceleration low-frequency resonant from 15.33 Hz to 5.33 Hz, 8.66 Hz, 10.66 Hz, 12.66 
Hz, and 7.33 Hz that were dominated by the PT cradle vertical acceleration and PT cradle 
longitudinal acceleration respectively. Other resonant frequencies were controlled by the 
front-wheel longitudinal acceleration. 

 

Figure 14. Tip-in event low-frequency responses on the tarmac: a) vehicle body; b) case 4; c) case 5. 
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4. Conclusions 
The model-based EPA technique was a useful tool to determine the responses of 

dominant components acceleration on the vehicle body acceleration. The mode shape 
analysis method has provided a good insight into the components and the compliances 
responses under different road conditions. These parameters can then be tuned for vehicle 
driveability refinement. Based on the road surfaces simulations, the relationships with the 
dominant components have been established such as the front wheel and the PT cradle 
mainly due to its longitudinal response. The level of coupling between the torsional com-
ponents and the chassis components was sensitive to the low surface coefficient, where it 
has changed the components' responses. The EPA technique identified the unwanted 
characteristics of the vehicle acceleration such as the acceleration dip as a result of the 
interaction within the vehicle system such as the front suspension and the subframe 
bushes.  

The decoupled simulation method was significant to determine the design require-
ment of the dominant components such as rubber mount, front roll-stopper, and rear roll-
stopper. These components were significant to characterise the resonant frequency of the 
front wheel and the PT cradle. The longitudinal and the pitch responses of the PT cradle 
were seen to have the predominant effect on the vehicle body longitudinal acceleration 
behaviour either in the time domain or frequency domain, which has been highlighted for 
detailed attention of the hardware tuning. 
 

Author Contributions: Conceptualization, Raja Mazuir Raja Ahsan Shah; Formal analysis, Raja Ma-
zuir Raja Ahsan Shah; Funding acquisition, Mansour Al Qubeissi; Investigation, Raja Mazuir Raja 
Ahsan Shah; Methodology, Raja Mazuir Raja Ahsan Shah; Project administration, Raja Mazuir Raja 
Ahsan Shah; Resources, Raja Mazuir Raja Ahsan Shah; Software, Raja Mazuir Raja Ahsan Shah and 
Alessandro Picarelli; Validation, Raja Mazuir Raja Ahsan Shah; Visualization, Raja Mazuir Raja Ah-
san Shah; Writing – original draft, Raja Mazuir Raja Ahsan Shah and R. Peter Jones; Writing – review 
& editing, Raja Mazuir Raja Ahsan Shah, R. Peter Jones, Caizhen Cheng, Alessandro Picarelli, Abd 
Rashid Abd Aziz and Mansour Al Qubeissi. 

Funding: This research was funded by the European Commission, KA107 British Council grant 
numbers: 2020-1-UK01-KA107-078517. 

Acknowledgments: The authors would also like to thank the School of Engineering, the University 
of Warwick, United Kingdom for their commitments and ideas 

Conflicts of Interest: On behalf of all the authors, the corresponding author states that there is no 
conflict of interest. 

Appendix A 

Table A1. Cartesian coordinates of REEV components and compliances in mm. 

Parameters X Y Z 
Front RH wheel (datum) 0.0 0.0 0.0 

Front LH wheel 0.0 1596.0 0.0 
Vehicle body 1000.0 798.0 -500.0 

Front subframe 1000.0 798.0 0.0 
Front subframe bush 1 630.2 253.7 222.7 
Front subframe bush 2 630.2 1349.7 222.7 
Front subframe bush 3 1510.2 440.7 -14.3 
Front subframe bush 4 1510.2 1162.7 -14.3 

Powertrain cradle 877.6 766.5 255.3 
Front roll stopper rod 853.6 287.7 661.6 
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Front roll-stopper bush to powertrain cradle 756.1 287.7 648.8 
Front roll-stopper bush to vehicle body 950.9 287.7 674.7 

Rear roll stopper rod 1082.7 498.1 20.6 
Rear roll-stopper bush to powertrain cradle 1024.2 498.1 11.7 

Rear roll-stopper bush to front subframe 1141.7 498.1 29.5 
RH rubber mount 862.2 266.2 542.2 
LH rubber mount 923.2 1259.7 470.5 

Rear subframe 2000.0 798.0 -500.0 
Rear subframe bush 1 1800.0 498.0 -200.0 
Rear subframe bush 2 1800.0 1098.0 -200.0 
Rear subframe bush 3 2200.0 1098.0 -200.0 
Rear subframe bush 4 2200.0 498.0 -200.0 

Rear RH wheel 3000.0 1.3 -500.0 
Rear LH wheel 3000.0 1594.7 -500.0 
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