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ABSTRACT

STEERING AND SUSPENSION DESIGN
FOR AN EFFICIENT ELECTRIC

DRIVE SYSTEM

Matthew Smith, ME

The University of Texas at Arlington, 2019

Faculty Mentors: Raul Fernandez and Yawen Wang

As the effects of climate change have left the horizon and become a present-day
problem, the transportation industry is aggressively seeking to reduce harmful emissions.
The majority of cars currently on the road are powered by a central engine connected to
two or four wheels through a transmission driveshaft(s), and other mechanical linkages.
Each of these components, however, introduces significant inefficiencies and can result in
let power losses upwards of 15%. By replacing the central motor with four smaller motors
placed inside the wheel hubs, these mechanical inefficiencies can be eliminated. This pro-
ject develops a conceptual steering and suspension system to accommodate the inclusion
of a drive motor inside the wheel hub. Additionally, a quarter car analysis was used to

determine the necessary spring and damping rates for optimal ride comfort.
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CHAPTER 1
INTRODUCTION

1.1 In-Wheel Drive Systems

Climate change has prompted the transportation industry to aggressively pursue
reducing its carbon emissions. Engines and drivetrains are constantly refined to gain frac-
tional increases in efficiency. Thus, every improvement to the current system is invaluable.
One major source of power loss in modern systems is the drivetrain, which consists of
everything between the output shaft from the engine to the u-joint of the axle that drives
the wheel and includes the transmission and driveshaft(s). Each of these joints causes a
slight loss in power. Additionally, each of these components adds a significant amount of
rotating mass, which again siphons energy that otherwise could be used for propelling the
car. In total, these losses can add up to more than 15% of the power output from the engine
[1].

To address these inefficiencies, some have proposed eliminating these components
altogether and placing the power source directly inside the hub of the wheel. These so-
called in-wheel drive systems would not only regain the 15% power lost in traditional sys-
tems, but would also be electric, further reducing the overall carbon footprint.

Nevertheless, designing an in-wheel drive system doesn’t come without its chal-
lenges. First, the motor must be placed where the suspension strut normally mounts. Thus,
the steering knuckle and suspension joints must be redesigned to accommodate this change.

Additionally, adding the motor to the wheel greatly increases the unsprung weight of the



vehicle, or the weight of the components that are not isolated from the road via the suspen-
sion. This weight is traditionally kept as low as possible because lower weights is suppos-
edly correlated with better handling. However, Lotus Engineering performed a study that
proved this assumption to be a myth on the condition that the suspension is properly tuned
to accommodate the weight redistribution [2]. This project aimed to develop solutions that
addressed and mitigated these challenges.

1.2 Benefits of In-Wheel Drive

In addition to the efficiency gained, in-wheel drive systems allow for improved
torque vectoring. Modern cars use mechanical systems to supply power to specific wheels
for optimal traction. However, these systems are limited in the amount of power they can
redirect and introduce further inefficiency to the system. Since the in-wheel drive has in-
dividual electric motors, however, software can be used to supply different amounts of
current to each of the motors, and thus the torque supply can be completely controlled. This
can greatly improve vehicle safety by supplying power to the wheels that have the most
traction, maintaining superior control. Another benefit the in-wheel system offers is in-
creased space. The area formerly occupied by the motor can be repurposed to accommodate
more passengers, add storage space, or increase safety features of the car to improve impact
absorption.

1.3 Project Scope

NextGen Drive, the senior design team working on this project, was tasked with
designing a system that directly drives the wheels of a car via electric motors. This devel-
opment included determining the performance requirements based on the customer’s re-

quirements, determining reasonable kinematics for the suspension and steering, performing



a stress analysis on all necessary parts to ensure structural integrity, and finally providing
the customer with a complete technical data package. In addition to these, the team decided
to perform a quarter car analysis to optimize the spring and damping coefficients for pas-

senger comfort, as well as developing a 3-D printed model for visual representation.



CHAPTER 2
PERFORMANCE REQUIREMENTS

2.1 House of Quality Analysis

At the beginning of the project, the team put together a house of quality to help
translate the customer’s requirements into specific technical requirements. This process is
used to ensure that each of the customer’s requirements (stated or implied), which tend to
be more nebulous, is represented by at least one specific technical requirement. It also helps
to eliminate perceived technical requirements that don’t relate to any of the customer’s
desires for the product. It also clarifies the relationship between the numerous variables in
a system, which can help quantify the trade-offs that must be made in a design. Based on
the analysis performed in this project, the most heavily weighted variables were the gear
ratio, motor torque, and motor RPM. The full house of quality is shown in Appendix A.

2.2 Vehicle Operational Requirements

Once the gear ratio, motor torque, and motor RPM had been designated as the
preeminent parameters, an analysis was performed to quantify each of these. Table 2.1 lists
the assumptions made for this analysis. Most of these regarded the geometry of the vehicle
itself because the system was not designed with a specific vehicle in mind. As such, the

frontal area, drag coefficient, weight, and driving conditions had to be assumed.



Table 2.1: Vehicle Dynamics Analysis Assumptions

Drag Coefficient (Cp) 0.3[3]

Vehicle Weight (W) 4500 Ibs (fully loaded)
Frontal Area (Ar) 24 ft?

Tire Outer Diameter 30 in

Minimum Environmental Temperature -30°C

Maximum Environmental Pressure 102 kPa

Grade 0to 33%

Based on these assumptions, the resistive forces, specifically the drag force, rolling re-
sistance, and resistance due to the weight while driving up an incline were calculated using
equations 1-3. The necessary power and torque to overcome these forces was then calcu-
lated for eight different scenarios, as described in Table 2.2. The results of this analysis are

presented in Tables 2.3 and 2.4.

1
Fp = EpairvéirCDAf (1)
Frr = W fg - cos (8) (2)
Fy =m- g -sin (0) 3)

Table 2.2: Driving Conditions for the Vehicle Dynamics Analysis

Constant Velocity Accelerating
100 mph, 0° grade 8.9 mph/s at 5 mph
85 mph, 5° grade 6.7 mph/s at 30 mph
60 mph, 8° grade 3.9 mph/s at 50 mph
30 mph, 18.4° grade 2.2 mph/s at 60 mph

Table 2.3: Motor Power Requirements

Constant Velocity Accelerating
81.1 hp 25.4 hp
118.5 hp 132.5 hp
124.5 hp 194.8 hp
120.6 hp 220.2 hp




Table 2.4: Motor Torque Requirements

Constant Velocity Accelerating
380 ft-1b 3234 ft-1b
741 ft-1b 2807 ft-1b
973 ft-1b 2476 ft-1b
1884 ft-1b 2333 ft-lb

2.3 Motor and Gearing Selection

Based on the performance requirements, the team set out to choose a commercially
available motor and gearbox. Initially, the EMRAX 228, a brushless DC (BLDC) motor
developed by the Slovenian company EMRAX, was chosen for its compact size and ability
to meet the power requirements when paired with a gearbox that had a gear reduction of
four. However, when the gearbox and the motor were placed inside the wheel, the system
protruded a significant distance from the wheel, as can be seen in Figure 2.1(a). This was
determined to no longer meet the “in-wheel” designation. Since designing a custom gear-
box that would fit the geometry constraints of the application was beyond the scope of this
project, a larger motor that met the performance requirements without a gearbox, the

EMRAX 348, was chosen instead. This condensed the overall envelope significantly, as

can be seen in Figure 2.1(b).

Motor

Gearbox

/

~14 inches

(a)

(b)

Figure 2.1:(a) Initial Design with Motor and Gearbox; (b) Second
Design Iteration without Gearbox



CHAPTER 3
STRUCTURAL DESIGN DEVELOPMENT

3.1 Steering Knuckle Development Process

Once the motor had been chosen, the surrounding structural components were de-
signed. The first iteration of this design can be seen in Figure 3.1. In this design, the hub
bearing was press fit onto the wheel hub, which served as the central piece for the entire
system. The brake rotor, caliper, and wheel rim would bolt onto the lug nuts that protruded
from the wheel hub. On the other side, the hub bearing was connected to the steering
knuckle, which held the motor mount. Finally, the axle from the motor would mate with
the wheel hub via a machined multi-point star pattern. Of the parts in this iteration, only

the steering knuckle and motor mount were custom designed. Each of the other parts were

commercially available.

Wheel Rim /

Brake Rotor &
Caliper

Hub Bearing

Wheel Hub
Axle
Motor

Steering Knuckle /

Motor Mount
*Assembly model courtesy of Jake Lamatte-Dawaghreh

Figure 3.1:

First Iteration of the In-Wheel System Design




Upon submitting this design for review, however, an issue with the steering axis
was raised. For optimal handling, the steering axis should be as close to the center of the
wheel as possible. This minimizes the amount of slipping between the tire and the road
when the driver turns the steering wheel. The steering axis in the first iteration, however,
was several inches outside of the wheel, as can be seen in Figure 3.2. Thus, the steering

knuckle had to be redesigned.

Ball Joint
Mounts

Steering Axis

Figure 3.2: Steering Axis in the First Iteration Design
In the first iteration, two ball joints were used to combine the pivot points for the
steering with the pivot points for the suspension. To prevent the suspension control arms
from interfering with the motor, however, these joints had to be split into two pin joints
each. This divided the knuckle into three separate pieces: two elbows and a new, smaller
knuckle (see Figure 3.3). This allowed the steering axis to move toward the center of the

wheel while avoiding interference between the suspension control arms and the motor.



Figure 3.3: Second Iteration Steering Knuckle and Elbows

A section view of this second iteration shows the new steering axis achieved.

Suspension
Pivot Points

Steering Axis

Figure 3.4: Steering Axis and Suspension Pivots in the Second Iteration Design
Figure 3.3 also shows that an extra horizontal arm was added to the new steering
knuckle. This arm connected to the new motor mount that was now also oriented horizon-
tally to allow the motor to rotate with the wheel during steering. Figure 3.5 shows an ex-

ploded view of the complete second iteration design.



Upper Elbow

Hub Bearing /

Motor Mount

Wheel Rim

Brake Rotor &
Caliper Wheel Hub

Steering Knuckle

Lower Elbow /

Motor

‘Assembly model courtesy of lake Lamotte-Dawaghreh

Figure 3.5: Exploded View of the Complete Second Iteration Design

Another design characteristic that a reviewer addressed was the size of the brake
rotor and caliper in the first iteration. As mentioned before, these parts were commercially
available for use on cars with conventional drive systems. The reviewer pointed out that
the use of a BLDC motor, such as the EMRAX 348, allowed for the implementation of
regenerative braking, where some of the car’s kinetic energy can be used to drive the motor
in reverse and recharge the car’s battery. Thus, through some simple software in the motor
controller, 70% to 80% of the cars kinetic energy can be removed without a friction brake.
This meant that the brake rotor and caliper could be resized to have 30% of the original
frictional contact area, making the components much smaller.

The final adjustment made between the first and second iterations was to include a
caster angle. Caster is one of three alignment specifications in cars. It functions on the same
principle as the front wheels of a shopping cart. Since the contact point between the wheel
and the ground is behind the intersection of the steering axis and the ground, a moment is

generated around the steering axis that forces the wheel back in line with the direction of

10



travel. In a car, this angle determines how hard it is to turn the steering wheel into a turn
and how quickly the steering wheel returns to straight if allowed to freely rotate out of a
turn. In the second iteration of the design, a standard caster angle of five degrees was added
to the surfaces between the steering knuckle and the elbows. This angle is described graph-
ically in Figure 3.6 below. Once the caste angle had been added, the design concept was
finalized, and the parts were passed on to the rest of the senior design team for stress anal-

ysis.

I Steering Axis

Figure 3.6: Caster Angle in the Steering Axis

11



CHAPTER 4
QUARTER CAR SUSPENSION ANALYSIS

4.1 Analysis Process

While the rest of the team was performing the stress analysis, this project began
focusing on developing a quarter car suspension analysis to determine the optimal spring
and damping coefficients for a theoretical shock that would minimize the vibration of the
car for maximum passenger comfort. Since the motor now occupied the space where the
suspension strut would have normally mounted in a traditional MacPherson strut or double
a-arm suspension system, it was decided that a rocker arm suspension would be used (see

Figure 4.1).

Upper Suspension Arm

Wheel
/ Suspension Strut

<

1/4 Car Mass

Lower Suspension Arm

Figure 4.1: Rocker Arm Suspension Diagram
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For the purposes of this analysis, it was assumed that the tire maintained perfect
contact with the road, that the body of the car didn’t rotate, and that the input was stochastic
and continuous. The assumption that the tire maintained perfect contact with the road
meant that the mass of the tire became irrelevant since it would be displaced the same

amount regardless of the mass. This resulted in the following free body diagram (FBD):

Ry
u z Fy Fy
S TR
1 A 1_lv 1, .J-j , F +Fy . K
Ry l Fr+Fq k b l
R, JZ .|-J z
O
mg mz
Figure 4.2: Suspension Free Body Diagram (FBD)
The FBD was then used to develop the system model equations as follows:
Ly <L1 - Lz) 4
vV=—u-— z 4)
L, %1
L,
= (=2 5
r (Ll) )
Fk+Fd+R1—R3:O (6)
_ mg
F,=k(w+2)+ (T) r (7)
Fg=b{+2) (8)
mZ+mg+2(F,+F;—R3) =0 9)

Finally, the transfer function for the displacement of the car was obtained in terms of the

displacement input. That transfer function is presented here:
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bs + k

%(2—2)2 +bs+k (19)

F(s) =

Combining this transfer function with the input PSD transfer function and adding a filter

to attenuate the response above the maximum relevant frequency gives:

2nvVAv(bs? + ks)
st () +[3 () + 2l (Ero)ss "

where C is the filter frequency in radians per second. The mean square value of the PSD

Fy(s) =

was then calculated using the tables in Dr. David Hullender’s [4] book using symbolic
math in MATLAB. Finally, a series of spring and damping coefficients were passed
through the symbolic function and the minimum root mean square value of the car vibration
(%) was used to choose the optimum coefficients. This approach, however, failed to con-
sider alternative optimization goals or system constraints, such as keeping the suspension
from bottoming out, achieving an acceptable settling time, or maintaining contact with the
road. Thus, the “optimization” process simply selected the minimum spring and damping
coefficients used in the simulation since those would result in the smallest mean accelera-
tion.

4.2 Analysis Results

The minimum values passed into the simulation were a spring constant of 10,000
N/m and damping coefficient of 500 Ns/m. These values resulted in the following time
response given an impulse input of 5 cm (see Figure 4.3). The full optimization code is

presented in Appendix B.
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Figure 4.3: Time Response of the System Given k = 10,000 N/m and b =500 Ns/m

As can be seen, the system takes almost four minutes to reach steady state, but the ampli-

tude of the acceleration is only 0.015 m/s, or 0.0015 g’s, which is well below the comfort

threshold of 0.08 g’s.
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CHAPTER 5
CONCLUSIONS

5.1 Results from Current Project

This project showed that an in-wheel drive system is an attractive alternative to
conventional drive systems due to its increase in overall efficiency, improved safety
through torque vectoring, and increased cabin space. Not only does it eliminate numerous
mechanical inefficiencies present in standard drivetrains, it also utilizes electric motors
rather than an internal combustion engine, greatly reducing the carbon footprint. Addition-
ally, the potential safety of the vehicle is significantly greater than conventional vehicles
due to the improved torque vectoring capabilities and the opportunity to utilize the regained
space for additional safety features. Nevertheless, the specific concept developed in this
project would greatly benefit from some additional work to become an optimal design.

5.2 Recommendations for Further Work

The first and possibly most important change would be to use a custom designed
motor that is tuned to meet the power and torque requirements and has an integrated hub
bearing. This would significantly reduce the size of the motor and increase the design en-
velope for the remaining components. Not only does this have positive implications for the
overall weight of the system, but it would also allow for structural component shapes that

would better meet the loading conditions of the vehicle.

16



The second recommended improvement would be to design a custom gearbox to
pair with the new custom designed motor. Most BLDC motors are more efficient at higher
RPMs and lower torques. Thus, designing a custom gearbox that would meet the geometric
constraints of this system would allow the motor to operate at ideal efficiencies while meet-
ing and exceeding performance requirements.

The third component that could be further developed would be the suspension anal-
ysis. The analysis performed only considered the vibration experienced by the car passen-
gers in its optimization. This, however, reduced the problem from an optimization problem
to a pure minimization. As such, to obtain truly optimized spring and damping coefficients,
other optimization parameters such as the stroke of the suspension, the desired time re-
sponse of the system, and the tire contact with the road based on a spring-damper-modelled
tire should also be considered.

Finally, many of the structural components could be improved for stress through
what is known as topology analysis. This analysis would identify the loading path of the
system and determine the shape of the structural components that resulted in the lightest
part while maintaining all necessary safety factors and remaining within the geometric de-
sign envelope.

Should these changes be incorporated, the resulting system would provide stiff

competition against current conventional drive systems.
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APPENDIX A

HOUSE OF QUALITY
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APPENDIX B

QUARTER CAR ANALYSIS MATLAB CODE
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g = 9.81; %ft/s"2
L1 = 10; %in

L1 = L1 * .0254; %converts to meters
L2 = 11; %in
L2 = L2 * .0254; %converts to meters

v = 1056; %in/s

v =v * 0.0254; %m/s
ml = 55; %kg

m = 455*2; %kg

Imin = 2.5; %minimum feature size (in); based on contact patch of
tire

Imin = 1lmin * 0.0254; %converts to m

fmax = v/lmin %maximum input frequency

H = 1/(2*fmax); %time interval; input for PSD function

r = (L1/L2)"2;

$ a=4.8 * 10"-7; %smooth highway

a=4.4 * 107-6; Shighway with gravel

C = fmax; S%upper limit of filter

kinit = 10000;

kfin = 100000;

binit = 500;

bfin = 5000;

kmat = kinit : kinit : kfin; $spring constants (N/m)
$https://www.engineeringtoolbox.com/hookes-law-force-spring—-con-
stant-d 1853.html

bmat = binit : binit : bfin; %damping coefficients (Ns/m)
%see pg. 6 (labeled pg. 40) http://transportprob-
lems.polsl.pl/pl/Archiwum/2011/zeszyt2/2011t6z2 05.pdf
[~,P] = size (kmat);

[~,Q0] = size (bmat);

syms b k cO ¢l c2 d0 dl d2 d3 Zddms

c0 = 0;

cl = 2*pi*sqrt(a*v) *k;

c2 = 2*pi*sqrt(a*v) *b;

do = k;

dl = (k/C + b);

d2 = (m*r/2 + b/C);

d3 = m*r/ (2*C);

Zddms = (0.5)* (c272*d0*dl + (cl”2 - 2*c0*c2)*d0*d3 +

c072*d2*d3) / (2*d0*d3* (-d0*d3 + d1*d2));
%$from Dr. Hullender's Notebook, p. 141

t = 0;

21



for p = 1:P

k = kmat (p);

for g = 1:Q
t = t+1;
b = bmat (q) ;
cOhold = double (subs (c0));
clhold = double(subs(cl));
c2hold = double (subs(c2));

dOhold = double (subs (d0));
dlhold = double (subs (dl)):;
d2hold = double (subs(d2));
d3hold = double (subs (d3));

ZTF = tf([c2hold clhold cOhold], [dOhold dlhold dzhold
d3hold]) ;

evals(t,:) = eig(ZTF)"'

Zddms hold = subs (Zddms) ;

ZDDMS (p,q) = double (Zddms hold) ;

if ZDDMS (p,q) < O
ZDDMS (p,q) = 10e9; %negative mean square values are
meaningless
end
end
end

ZDDRMS = sqgrt (ZDDMS) ;
[minaccelvec, I1l] = min (ZDDRMS) ;
[minaccel, I2] = min (minaccelvec);

optB = bmat (I2);
optK = kmat (I1(I2));

b = optB
k optK

cOhold = double (subs (c
clhold double (subs (c
c2hold = double (subs(c2));

dOhold = double (subs (d0)) ;
dlhold = double (subs(dl));
d2hold = double (subs (d2));
d3hold = double (subs (d3));

ZTF = tf([c2hold clhold cOhold], [dOhold dlhold d2hold d3hold]);
figure

impulse (.05*ZTF)

figure

nyquist (ZTF)
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figure
rlocus (ZTF)

sag = 4; %allowable spring sag under weight of car (in)
sag = sag*0.0254;
kreal = (m/2)*g/sag; %more realistic k value
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