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Learning Objectives

At the end of this presentation, you should be able to:

« Explain what primary ride is

» Calculate vertical road disturbances as a function of road and vehicle
parameters

 ldentify the parameters associated with the 4-dof primary ride model

» Use 4-dof model to estimate body-on-chassis sprung mass natural and
wheel hop and frequencies

« |dentify the parameters associated with the 2-dof primary ride model

» Use the 2-dof model to estimate the body pitch and bounce natural
frequencies

» Locate the body pitch and bounce nodes
« Compare the results with general guidelines
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Introduction to Primary Ride

What is the ride attribute?

Characterize the vehicle body and occupant displacement, velocity and

acceleration while driving on different road surfaces

Primary Ride pertains to the rigid body
motion of the vehicle sprung mass. Motions
considered to be primary ride are bounce,
pitch and roll. The frequency range of interest
Is quite low (approx. 0-5 Hz) and the
displacements are relatively large, on the
order of inches.

Secondary Ride pertains to higher frequency
and smaller amplitude displacement of the
body and chassis. The frequency range of
interest is approx. 5-100 Hz for tactile and
above 500 Hz for audible. Displacements
are relatively small, on the order of millimeters

Vehicle
~ Wheelbase "

Road
Wavelength
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Introduction to Primary Ride

CarSim primary ride simulation of C-class hatchback W
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Introduction to Primary Ride

Primary Ride Disturbances — Bounce and Pitch W

- | | (m) = Vehicle wheelbase
(kph) = Venhicle velocity
(m) = Road roughness spatial wavelength
0.600 < Lgr(m) < 60.0 typ.
Ar (m) = Road roughness
0.025 < Agx(m) < 100 typ.
t (s) =time

11
Road roughness input frequency (Hz)  fgp = %IQ—

. . 1
Road input displacement (m) Yr = Agsin|(2rfp)t] = Agsin [(3.6 )t]
. . dyR 1 AR 1
Road input velocity (m/s — = — - v
P y (m/s) at 27 frAp cos[(2m fr)t] Y cos [(3.6 ) t]
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The 4-DOF Primary Ride Model

Reference

SR = e e o ,1,_
& (z-bs )
e z

)

M.J k (z-be- ZR (Z-be-zR

cp(zta-zp) .[::{ ‘R
J;{ F
Reference l L o

(1) The terms ‘spring rate’ and ‘spring stiffness’ are synonymous
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M (kg) = Sprung mass
J (kg-m?) = Sprung mass inertia

a, b (m) = Distance from sprung mass Cg
to front, rear axle

| (m) = Wheelbase
0 (rad) = Pitch angle

z (m) = Vertical displacement of sprung
mass

ke, kg (N/m) = 2x front, rear suspension
rate® at the wheel

Cr Cr (N-s/m) = 2x front, rear suspension
damping at the wheel

Mg, Mg (Kg) = Unsprung mass

Zr, zr (M) = Vertical Displacement of
unsprung mass

ks (N/m) = 2x tire rate®
Ct (N-s/m) = 2x tire damping

Ve Yr (M) = Vertical road input
displacement

¥Yr, Yr (M/s) = Vertical road input velocity




The 4-DOF Primary Ride Model

Applying Newton’s Law of Motion to Sprung & Unsprung Mass:

Vertical Motion (bounce) of Sprung Mass (body)
SF, = MZ
—kp(z+ al — zp) — cp(é + ab — ZF) — kp(z — bO — zp) — cR(é — bO — z:q) = MZ

Rotational Motion (pitch) of Sprung Mass (body)
ZTM - ]0 [ ° (X}
—kpa(z + ab — zp) — cpa(é + af — ZF) — kgb(z — b0 — zy) — cRb(é — bO — z.R) =]0

Vertical Motion (wheel hop) of Front Axle Unsprung Mass
ZFZ = mFZF
_kT(ZF — yF) + Cp(é + ab — Z.F) — kF(Z + af — ZF) —Cr (Z.F — y.F) = mFZF

Vertical Motion (wheel hop) of Rear Axle Unsprung Mass
XF, = mRZ.;

_kT(ZR _yR) + CR(é — bo _Z.R) — kR(Z — bl — ZR) —Cr (Z.R _y.R) = mRZR
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The 4-DOF Primary Ride Model

Determining the sprung mass bounce natural frequency
Vertical Motion (bounce) of Sprung Mass (body)
SF, =Mz . .
—kp(z +ad — zp) — cp(z + ab — 2) — kp(z — b0 — 2p) — cp(z — b — 25) = Mz

Rearrange to Obtain Classical Mechanical Vibration Format
. (CF;,_[CR)é N <kF1-|V-IkR>Z N <acF1;bcR> 5 N <akpl;ka> o_ (CMF) .
_ (l;/I—F)zF - (CMR)ZR + (%)zR =0

Sprung Mass (Body) Bounce Natural Frequency

rad kF + kR
Wpo|\—~ | =

sec M
1 |k + kg Sprung Mass Bounce Natural Frequency
faolHz) =50 |7y (Body on Chassis)
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The 4-DOF Primary Ride Model

Determining the sprung mass pitch natural frequency
Rotational Motion (pitch) of Sprung Mass (body)

—kpa(Z + ab — ZF) — Cpa(é + ab — Z.F) — ka(Z — bl — ZR) — CRb(é — bl — Z.R) =]6

Rearrange to Obtain Classical Mechanical Vibration Format

aZCF + bZCR> ° (Clzkp + bZkR> (ClCF — bCR> . (Clkp — ka) _ (ﬂ) .
+ ( i 6 + i 6 + i Z+ i Z i Zp
k b . bk
(5 ()5 5

Sprung Mass (Body) Pitch Natural Frequency

rad \  |a?kp + b%kg
@p.0 sec | Ji

1 JaZkF+b2kR Sprung Mass Pitch Natural Frequency

fro(Hz) = i (Body on Chassis)
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The 4-DOF Primary Ride Model

Determining the front axle wheel hop natural frequency

Vertical Motion (wheel hop) of Front Axle Unsprung Mass

ZFZ == mFZF

—ki(zp — ygp) + CFG + ab — ZF) —kp(z+ab — zp) — ¢y (ZF — yF) = mpZp

Rearrange to Obtain Classical Mechanical Vibration Format
()i ()= ()i ()= ()= () o - () )
Front Axle Unsprung Mass (wheel hop) Natural Frequency
rad\  |kp + kg
o (seC) - \/m—p

fup(Hz) = 21 /kF + Kr Front Axle Wheel Hop Natural Frequency
VA mpg
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The 4-DOF Primary Ride Model

Determining the rear axle wheel hop natural frequency

Vertical Motion (wheel hop) of Rear Axle Unsprung Mass

ZFZ == mRZR

—ky(zg —yr) + cR(é + ab — z.R) —kr(z+ab — zz) — ¢y (z.R — 3;R) = mgZy

Rearrange to Obtain Classical Mechanical Vibration Format
()i () ()i (o) = (Re) - () o= (e G
Rear Axle Unsprung Mass (wheel hop) Natural Frequency
rad\ _ |kg +kr
R <seC> - U

1 |kp+k
fur(Hz) = — / RmR T Rear Axle Wheel Hop Natural Frequency
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The 4-DOF Primary Ride Model

Exemplar values for wheel hop natural frequencies

input
calculated
2019 Jeep Cherokee Trailhawk AWD @ SSF loading condition f (HZ) . 1 kp + kT
HF -
Inputs 21 Mr
a mm | 1169.6 cgto frt axle
b mm | 1552.2 cgto rear axle —
M, kg |2083.0 mass 1 |kg+kr
Mye kg  1187.9 front mass fHR (HZ) = T m
My r kg 895.1 rear mass R
Mg kg 118.8 front unsprung mass (assume 10% of total front mass)
mg kg 89.5 rear unsprung mass (assume 10% of total rear mass)
Mg kg 1069.1 front sprung mass (assume 10% unsprung)
Mg kg 805.6 rear sprung mass (assume 10% unsprung)
M k 1874.7 Sprung mass .
Ke N/n%m 73.9 2>F<Jfrogt suspension rate - VEhICle param eters
K  N/mm | 81.0 2xrear suspension rate
Krg N/mm | 600.0 2xtire rate
Krr  N/mm | 600.0 2xtire rate
Ke N/mm 65.8 LF+RFride rate
Kr N/mm 713 LR +RRride rate
I kgm"2 | 2721.8 wheelbase
Jv  kgm"2| 3526.0 Total vehicle inertia
J  kgm"2 3147.8 Sprung mass pitch inertia —_
[y
Outputs a
Microsoft Excel

Wheel hop natural frequencies

f 1199  hz Worksheet
HF . .
e o — Wheel hop natural frequencies
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The 4-DOF Primary Ride Model

Some comments about the 4-DOF Ride Model

« Can be used to assess the forced pitch and bounce response of the
sprung mass

Can be used to assess the transmissibility between the unsprung mass
response and the sprung mass response

45
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(o]
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Unsprung Mass Vertical

25
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mplitude Rati

A
5 &

o
n
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« Switching from an ‘axle model’ (left and right lumped together) to a 4-
corner model allows for additional analysis of the roll degree of freedom

(aka 7-dof model)

0
10°
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The 2-DOF Primary Ride Model

If we make the following simplifications:

1. Treat the suspension vertical stiffness at the wheel and the tire
vertical stiffness as springs in series

2. Assume tire damping is much less than suspension damping

We can reduce the 4-dof primary ride model to a 2-dof model and
directly get the sprung mass response as a function of road input

(4 coupled equations) (2 coupled equations)
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2-DOF Primary Ride Model

Taking the suspension rates® Kk, kg in series with the tire rate,

K:, give us the ride rates, k', k'g

1 1 1
S
kF I(F T
K = K-k,
Ke +Kk;
K = KoK,
Ke +K;

(1) The terms ‘spring rate’ and ‘spring stiffness’ are synonymous
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M (kg) = Sprung mass
J (kg-m?) = Sprung mass inertia

a, b (m) = Distance from sprung mass Cg to front,
rear axle

I (m) = Wheelbase

6 (rad) = Pitch angle of sprung mass

z (m) = Vertical displacement of sprung mass
K'e, Kr (N/m) = 2x front, rear ride rate

Cr, Cr (N-s/m) = 2x front, rear suspension damping
at the wheel

Mg, Mg (kg) = Unsprung mass

Y& Yr (M) = Vertical road input displacement




The 2-DOF Primary Ride Model

Ride frequency and frequency ratio

Knowing the axle ride rate (2x corner) and the axle sprung mass, we can
calculate the sprung mass natural frequency of the front and rear of the
vehicle. These are known as the ‘ride frequencies.

1 [k
frr = o m,i Front Ride Natural Frequency (Hz)
fap = 1 |k Rear Ride Natural Frequency (Hz)
21 |mp

The ratio of rear-to-front ride frequencies is called the Ride Freguency Ratio

. fR,r

- fr f Ride Frequency Ratio (-)

Rg

We will see later that there are ‘guidelines’ for these values that will enable
good primary ride in the absence of damping
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The 2-DOF Primary Ride Model

Exemplar values for ride frequency and frequency ratio 3

input Microsoft Excel
calculated Worksheet
2019 Jeep Cherokee Trailhawk AWD @ SSF loading condition
Inputs -
a mm | 1169.6 cgto frt axle
b mm | 1552.2 cgto rear axle
My kg 2083.0 mass
My g kg 1187.9 front mass
My r kg 895.1 rear mass
me kg 118.8 front unsprung mass (assume 10% of total front mass)
mg kg 89.5 rear unsprung mass (assume 10% of total rear mass) M, J
Mg kg 1069.1 front sprung mass (assume 10% unsprung)
Mg kg 805.6 rear sprung mass (assume 10% unsprung) Veh | CI e Er CR
M kg 1874.7 Sprung mass S— k! v k! y
Ke N/mm | 73.9 2x front suspension rate param eters = "F e B
Ke N/mm  81.0 2xrear suspension rate
Krg  N/mm | 600.0 2xtire rate
Krgr  N/mm | 600.0 2xtire rate
Ke N/mm 658 LF+RFriderate
Ke N/mm 71.3 LR +RRride rate
| kgm~2 ' 2721.8 wheelbase
Jyv  kgm"2| 3526.0 Total vehicle inertia
J kgm*2 3147.8 Sprung mass pitch inertia
Outputs —
Wheel hop natural frequencies
fue 11.99 hz .
fie 1388 hz Wheel hop natural frequencies

Ride Frequencies
fre 1.25 hz

fex 150  hz Ride frequencies and frequency ratio
Rg 120  (fre/fre)
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The 2-DOF Primary Ride Model

Sprung mass bounce and pitch in classical mechanical vibration format

Vertical Motion (Bounce) of Sprung Mass

o CF+CR)- krp + kg bcgp —acg\ *© [bkp — akg
z+< i z+< M z+ — 0 + — 0

Cr\ * kt Cr\ ° ki
- (s () (i) ()

Rotational Motion (Pitch) of Sprung Mass

. a’c. + b%cy)\ * a’kl. + b%k; bc, — acz\ » bk, — ak!
9+( F] R>9+( F] R>0+( R] F>z+< R] F)z

= (%) )’.F + <a1;;:) YF — (b%) J;R - <b1;;2> YR
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The 2-DOF Primary Ride Model

Sprung mass bounce and pitch transfer functions in classical mechanical
vibration format

Vertical Motion (Bounce) of Sprung Mass
z(s)
yr(s)

e [(Cp+ CR) . kp + kg bcg —acp\ *  (bkp—akp\
z+( W Z+< W )Z+<—M 0 + — 0 =
Cp\ * ki Cp\ * ki
(555 + (50 ) e+ (55) 50 + ()
Rotational Motion (Pitch) of Sprung Mass

6(s)
yr(S)

‘9‘+ <a2cF -]I- b2cR> é N <a2k1'; j/l- b2k§> o+ <bCR ; aCF>é+ <bqu ; ak}) ;=

(57 ()= (5= ()
] YF ] YF ] YR ] YR

TE,(s) =

TFy(s) =
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The 2-DOF Primary Ride Model

Two Deqgree of Freedom Undamped Primary Ride Model

Vertical Motion (Bounce) of Sprung Mass Without Damping

FUCET N P
kl

Rotational Motion (Pitch) of Sprung Mass Without Damping

. “kp + b%k; bkp — ak;
o (B (e,

Defining the following coefficients and substituting into the above equations:

ki + kg
M

(Spring
- _@P Center)

a =
.z.+az+,89=0 Bounce
_ (b= aki —>
p = W . MpB
6 +y6+ N z=0 Pitch

ak} + b2k
y = ;
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The 2-DOF Primary Ride Model

Two Degree of Freedom Undamped Primary Ride Model

M

ki + k;
. (Spring a = < F R)
& Center)

.z.+az+,86=0

4.9.+y9+(MT'B)z=O

_ (bky — aky
B M

o)

)

J

a2k} + b2k}
‘}/ =

6 = A, coswt Ag

@) Recall that the solution to a 2™ order differential equation takes the form of A*cos(wmt
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The 2-DOF Primary Ride Model

Two Degree of Freedom Undamped Primary Ride Model

_ (kp+ kg
Bounce Node @ = M
g=-8.2"

bkl — ak}
r= ()

a2k} + b2k}
y = 7

Pitch and Bounce Natural Frequencies

Units = rad/s

7 T T TR ST A AT AT AT A AT G [T S ST £ AT S L

@) Recall that the solution to a 2™ order differential equation takes the form of A*cos(wmt
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Pitch and Bounce
Amplitude Ratio’s
(aka Nodes)

Units = m/rad

)2 N MﬂZ




The 2-DOF Primary Ride Model

Two Degree of Freedom Undamped Primary Ride Model

Q: Which pair of amplitude ratio and
Bounce Node  ngtural frequency is pitch and which is
bounce?

_— ]
b —_—

== ’ A: We will show with an example
R

//////////i//////

Pitch

Node A, __ P Pitch and Bounce
2 Ay w?+a Amplitude Ratio’s
- (aka Nodes)
////://///////l////// AZ_ ]/—(1)2 ]
Ay B M Units = m/rad
Pitch and Bounce Natural Frequencies w2, = (“ + V) n (“ ~ V>2 + Mp?
Units = rad/s b2 2 /7 2 J

@) Recall that the solution to a 2™ order differential equation takes the form of A*cos(wmt
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2-DOF Primary Ride Model

Example — Simplified 2-DOF Undamped Primary Ride Model

input
calculated
2019 Jeep Cherokee Trailhawk AWD @ SSF loading condition

Inputs

a mm | 1169.6 cgto frt axle

b mm | 1552.2 cgto rear axle

My kg 2083.0 mass
My e kg 1187.9 front mass
Myr kg 895.1 rear mass

me kg 118.8 front unsprung mass (assume 10% of total front mass)
mg kg 89.5 rear unsprung mass (assume 10% of total rear mass)
Mg kg 1069.1 front sprung mass (assume 10% unsprung)
Mg kg 805.6 rear sprung mass (assume 10% unsprung)
M kg 1874.7 Sprung mass

Ke N/mm | 73.9 2xfront suspension rate

Ke N/mm  81.0 2xrear suspension rate
Kre N/mm | 600.0 2xtire rate
Krr N/mm | 600.0 2xtire rate

Kt N/mm 65.8 LF +RFride rate

Kr N/mm 71.3 LR +RRriderate

I kgm"2 | 2721.8 wheelbase

Jv  kgm"2 | 3526.0 Total vehicle inertia

J kgm”2 3147.8 Sprung mass pitch inertia

Outputs
Pitch/Bounce Natural Frequencies
™1 9.64 rad/s 1.53 hz
™, 7.96 rad/s 1.27 hz

Pitch/Bounce Amplitude Ratios
Az/Ag; 091 mfrad 909.44 mm/rad
AplAy, -1.85 mirad -1846.31 mm/rad

11/1/2022

Bounce Node

Bounce
b Amplitude
— Ratio
‘é_ —
1
k R

7 ST T O

3

//////i//////

Pitch
Amplitude Microsoft Excel
Ratio Worksheet
Pitch
Node
////://///////l//////
Azl
w1, = (1.53,909.44 .
L dg, ( ) Ok, but which
pair is pitch
Az and which is
B (1,27,—1849.31) bounce?
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The 2-DOF Primary Ride Model

Q: How do we relate ‘amplitude ratio’ to ‘node location’
A: By the circular arc equation; s = r0

N AXB

Az I s IAZB
.......................... 1@)?/6'“-6 ....._,‘.;........,,.u.,,.,.,.,-.,.t.........i Deree X

\4

Utilizing small angle approximation:

Azp = AxpAgp Azp = AxpAgp
_Agp Bounce: _Agp
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The 2-DOF Primary Ride Model

Example — Simplified 2-DOF Undamped Primary Ride Model

input
calculated
2019 Jeep Cherokee Trailhawk AWD @ SSF loading condition

Inputs

a mm | 1169.6 cgto frt axle

b mm | 1552.2 cgto rear axle

My kg 2083.0 mass
My e kg 1187.9 front mass
Myr kg 895.1 rear mass

me kg 118.8 front unsprung mass (assume 10% of total front mass)
mg kg 89.5 rear unsprung mass (assume 10% of total rear mass)
Mg kg 1069.1 front sprung mass (assume 10% unsprung)
Mg kg 805.6 rear sprung mass (assume 10% unsprung)
M kg 1874.7 Sprung mass

Ke N/mm | 73.9 2xfront suspension rate

Ke N/mm  81.0 2xrear suspension rate
Kre N/mm | 600.0 2xtire rate
Krr N/mm | 600.0 2xtire rate

Kt N/mm 65.8 LF +RFride rate

Kr N/mm 71.3 LR +RRriderate

I kgm"2 | 2721.8 wheelbase

Jv  kgm"2 | 3526.0 Total vehicle inertia

J kgm”2 3147.8 Sprung mass pitch inertia

Outputs
Pitch/Bounce Natural Frequencies
™1 9.64 rad/s 1.53 hz
™, 7.96 rad/s 1.27 hz

Pitch/Bounce Amplitude Ratios
Az/Ag; 091 mfrad 909.44 mm/rad
AplAy, -1.85 mirad -1846.31 mm/rad

11/1/2022

Bounce Node

Bounce
b Amplitude
— Ratio
‘é_ —
1
k R

3

//////i//////

Microsoft Excel
Worksheet
Pitch
Node
////://///////l//////
A
w, =22 ) = (1.53,909.44)
Agy
A
,, =22 ) = (1,27,-1849.31) Bounce
Ag,
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The 2-DOF Primary Ride Model

Some comments about the simplified 2-DOF ride model

. The pitch and bounce nodes are centers of
rotational oscillation

Bounce Node

. The node will always be the one
: : Bounce
inside the wheelbase s Amplitude
. ——— Rati
«  The bounce node will always be the one = 4 — e

outside the wheelbase

. When the sprung mass is excited at the
natural frequency, the driver will feel
mainly feel a sensation since the
node is close to the driver -

. When the sprung mass is excited at the Node
bounce natural frequency, the driver will
feel mainly a bounce sensation, even
though the sprung mass is rotating around 7
a node, albeit far away from the driver

!
k R

//////i//////

A common ‘rule of thumb’ is to have the pitch node close to the drivers h-point and the bounce
node as far away from sprung mass Cg as possible.
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Maurice Olley and Guidelines for Primary Ride

Maurice Olley was a mechanical engineer with Rolls Royce and General
Motors, whose career stretched from the late 1920’s until the early 60’s. In the
1930’s, while Olley was a suspension engineer with Cadillac, he conducted
extensive testing relating to ride balance and comfort.

According to Olley, there exists a relationship between front and rear wheel
rates that provides desirable primary pitch and bounce characteristics in the
absence of shock damping. Once this relationship is established, the
development engineer needs to apply minimal shock damping to finely tune
the primary ride.

This follows the general development principal that the best shock control for
ride is the least shock control that will do the job.

In Part 2 of this discussion - Primary Ride Tuning Guidelines - we will
examine Olley’s Criteria for good primary ride in the absence of damping
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* Primary Ride pertains to the low frequency, relatively high amplitude rigid
body motion of the vehicle sprung mass

« Vertical road disturbance displacement and velocity can be calculated as a
function of vehicle speed, road amplitude and road wavelength

e Sprung mass, unsprung mass, suspension stiffness and damping and tire
stiffness and damping are inputs to the 4-dof ride model

« Examination of the 4-dof model equations reveal estimates for wheel hop
and body-on-chassis sprung mass natural frequencies

11/1/2022 Tim Drotar/tdrotar08 @gmail.com



« Sprung mass and inertia and ride stiffness and damping are inputs to the
the 2-dof primary ride model

« Closed form solution of the 2-dof model equations reveal estimates for the
sprung mass pitch and bounce natural frequencies and corresponding
amplitude ratios (nodes)

* Results can be compared to historical design guidelines (‘rule of thumb’) for
good primary ride in the absence of damping

 More to come in Part 2 - Primary Ride Tuning Guidelines
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Parameter Definitions

A,(L) = bounce amplitude

Ay(L) = pitch amplitude

a(L) = horizontal distance between the front axle and the sprung mass center of gravity
a(t?) = equation coefficient

b(L) = horizontal distance between the rear axle and the sprung mass center of weight
B(Lt-?) = equation coefficient

C.G. = sprung mass center of gravity

c(FtLY) = front damping coefficient (double the vehicle corner damping coefficient)
cr(FtL1) = rear damping coefficient (double the vehicle corner damping coefficient)
cr(FtL1) = tire vertical damping coefficient

v(t?) = equation coefficient

fg(Hz) = body-on-chassis bounce natural frequency

fur(Hz) = wheel hop natural frequency

fo(Hz) = body-on-chassis pitch natural frequency

J(ML?) = sprung mass pitch moment of inertia relative to the sprung mass center of gravity
ke(FL-1) = front suspension rate (double the vehicle corner suspension rate)

K'=(FL-%) = front suspension ride rate (double the vehicle rate)

kg(FL1) = rear suspension rate (double the vehicle corner suspension rate)

kK'r(FL1) = rear suspension ride rate (double the vehicle corner rate

k+(FL1) = tire vertical static spring rate

I(L) = wheel base

M(M) = sprung mass (also called body mass)

mg(M) = front axle unsprung mass

mg(M) = rear axle unsprung mass

V(L) = vertical displacement of the road at the front axle

yr(L) = vertical displacement of the road at the rear axle

z(L) = vertical displacement of the sprung mass C.G. relative to its static position

ze(L) = vertical displacement of the front unsprung mass C.G. relative to its static position
zg(L) = vertical displacement of the rear unsprung mass C.G. relative to its static position
O(rad) = sprung mass pitch angle relative to horizontal

wg(rad/s) = body bounce natural frequency

wye(rad/s) = wheel hop frequency

wp(rad/s) = body pitch natural frequency
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