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Abstract - In this paper we study the comfort effects of increased unsprung mass that result from the utilization of in-wheel or 
wheel-hub mounted electric motors used in hybrid and/or electric drivetrains. For this purpose we reduce the problem to the 
analysis of the quarter car suspension model to assess how increasing unsprung mass affects the ride comfort. In order to analyze 
the changes in the ride comfort levels according to the ISO 2631 standard, the study was performed in frequency domain using 
random road profile inputs generated according to the ISO 8608 standard. Also the results were assessed using commercial multi-
body vehicle simulation software. Finally we suggest empirical solutions regarding modified suspension and tire parameters to 
compensate and mitigate the detrimental effects of increased unsprung mass using passive suspension modification. 
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I. INTRODUCTION 

Today most of the energy that we use in our everyday life 
is provided by fossil fuel resources. According to the 
statistics of International Energy Agency, 81.6% of world’s 
energy supply is from fossil fuels (32.5% from oil, 28.8% 
from coal and 21.3% from natural gas)[1, p. 6]. Rapidly 
increasing global population and ever rising demand in 
energy causes the energy crisis that we face today, where the 
limited resources of fossil fuels are not sufficient to match 
the rising demand. Also, the over exploitation and burning of 
fossil fuels is widely accepted to be the prime reason in 
global warming [1, p. 44][2].  

Automotive vehicles are one of the major consumers of 
petrol-derived fuels. Statistics say that, in U.S. 71% of 
petroleum was used by transportation sector in 2011[3]. Due 
to limited supply levels of petrol and the uncertainty in its 
future availability, the petrol price has been rising quickly in 
the past decade. When the statistics are examined, 4-5 times 
of increase in petrol prices in last decade is seen [4, p. 15]. 
Most automotive companies also take this as a sign for 
change and they are now transitioning to produce hybrid and 
electric cars for the mass market. Therefore, the demand in 
electric vehicle drivetrains has seen an increase in the recent 
years forcing engineers to answer questions that are brought 
by such systems.  

One question associated with electric drivetrains relates 
to the placement of the electric motors. Electric motors are 
significantly more efficient than internal combustion engines 
and are therefore more compact. They can be made as small 
as the size of an automotive wheel. These motors are called 

in-wheel electric motors, and utilizing such motors have 
many benefits such as reducing the sprung mass, lowering 
the overall center of gravity and space savings due to the 
removal of the motor from the car interior. However 
placement of an extra weight in the wheel has also 
undesirable side effects. Typically, higher unsprung mass 
usually leads to increased ride harshness and reduced 
comfort levels [5].  

Since the subject of effects of in-wheel motors on vehicle 
dynamics is widely studied subject in the literature, there are 
some other works on ride comfort. For example, in a 
presentation made in Cambridge University in 2011 by Lotus 
Engineering, effect of in-wheel motors on ride comfort is 
studied in several aspects and stiffer suspensions were used 
in order to recover some lost performance [6]. In this work it 
is seen that using can deteriorate the comfort, especially 
when it comes to small impact feeling. Also, there is an 
M.Sc. thesis written on this subject by R. Vos in 2010 in 
Eindhoven University of Technology [7]. In this thesis, it is 
concluded that when the in-wheel motors are introduced, 
road holding is affected more seriously than ride comfort, as 
we have also stated. The author also concludes that changing 
passive suspension parameters cannot compensate the bad 
effects sufficiently.  

In this paper we study the effects of increased unsprung 
mass that result from the use of in-wheel electric motors used 
in hybrid and/or electric drivetrains. For this purpose we 
reduce the problem to the analysis of the quarter car 
suspension model to assess how increasing unsprung mass 
affects the ride comfort. We then analyze the conditions for 
compensation for the ride comfort by changing suspension 
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and tire parameters. In order to see the change in the ride 
comfort level according to ISO 2631[8] the analysis was 
done in frequency domain using random road profile inputs 
generated according to ISO 8608[9]. Also the results were 
assessed using commercial multi-body vehicle simulation 
software. Finally we suggest empirical solutions regarding 
modified suspension and tire parameters to compensate the 
detrimental effects of increased unsprung mass.  

The paper is organized in three parts. In the first part, we 
simulated the quarter car model in frequency domain and 
checked bode plots for sprung mass acceleration ratio, 
suspension travel ratio and tire deflection ratio. After that, 
we tried to find an optimum damping coefficient in order to 
improve both ride comfort and road holding together. In the 
second part we analyzed the quarter car model for ride 
comfort according to ISO 2631 ride comfort criteria. 
Simulations are done on a road profile created according to 
ISO 8608 standard.  

 

II. QUARTER CAR MODEL AND RELATED EQUATIONS  

 

 
Figure 1. Quarter car model that we used in our analysis 

 
 

The quarter car model (QCM) that we used in our 
analysis is shown in figure 1 with these initial parameters: 
ms = 250 kg, mu =45 kg, ks =16000 N/m, cs =1000 Ns/m, 
ku =160000 N/m [10, p. 297]. Here;  

       
Throughout the analysis we changed certain parameters 

to observe the changes in the responses of QCM.  

The equations of motion that we used to perform 
simulations are; 

 
 
In these equations; 

      
 
 

 
Figure 2. Matlab-Simulink implementation of the quarter car model. 
 

 
For more information on quarter-car model, see [11, p. 

931]. The Matlab-Simulink implementation of this model 
used in the analysis is seen in figure 2. 

One can also derive the following three transfer functions 
from these equations to analyze the input-output 
relationships of the model: 
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These equations are transfer functions for road profile to 

sprung mass acceleration, suspension travel and tire 
deflection respectively. For detailed description and 
discussion of these parameters, see [12, p. 431].  

III. ANALYSIS IN FREQUENCY DOMAIN 

In this section we analyze the effect of changing 
suspension and tire parameters utilizing the bode plots 
obtained from each of the three transfer function given in 
(3), (4) and (5).  

In the following figures, dotted lines represent the 
situation for the unmodified quarter car model (parameters 
are given in section II). The other line styles in the plots 
correspond to the quarter car model with the unsprung mass 
of 60 kg (instead of 45 kg of the unmodified model). Also 
the other parameters that were changed are specified in the 
legends.  

 
A.  Effects of Changing QCM Parameters on Sprung 
Mass Acceleration Ratio  

Figures 3, 4 and 5 show us the effect of changing sus- 
pension and tire parameters on sprung mass acceleration. 
Blue straight lines show the situation, which only unsprung 
mass is increased and the other parameters remain 
unchanged. As can be seen increasing unsprung mass shifts 
the second natural frequency leftwards. Which means the 
system resonates at lower frequencies.  

The bode plots show that changing suspension stiffness 
and damping coefficient has almost no effect on second 
natural frequency. We see that increasing tire stiffness may 
increase second natural frequency again, but it increases the 
acceleration amplitude too, which is very bad for ride 
comfort. So we may say that changing suspension and tire 
parameters doesn’t compensate the bad effect of increasing 
unsprung mass in terms of ride comfort.  

 

 
Figure  3.  Effect of changing suspension stiffness on sprung mass 

acceleration ratio 

Figure  4.  Effect of changing suspension damping coefficient on sprung 

mass acceleration ratio 

Figure  5.  Effect of changing tire stiffness on sprung mass acc. ratio 
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B.  Effects of Changing QCM Parameters on 
Suspension Travel Ratio 

In figures 6, 7 and 8 we observe the effect of changing 
suspension and tire parameters on suspension travel. If we 
look at the difference between dotted lines and blue straight 
lines we see the second natural frequency decreases and 
amplitude ratio increases with increasing unsprung mass.  

Figure 6 shows that changing suspension stiffness has 
almost no effect on second natural frequency or amplitude 
ratio around it, adjustment on suspension stiffness will not 
improve the situation. In figure 7, we see that increasing 
damping coefficient of suspension decreases the amplitude 
ratio dramatically, which is a good improvement that we can 
use. And if we look at the tire deflection bode plot (figure 
7), using a softer tire decreases amplitude ratio.  

It’s observed that increasing suspension damping 
coefficient and using a softer tire decreases suspension 
travel ratio, which means less space requirement for 
accommodating suspensions.  

Figure  6. Effect of changing suspension stiffness on suspension travel ratio 

C.  Effects of Changing QCM Parameters on Tire 
Deflection Ratio  

      These final three figures (9, 10 and 11) are the bode 
plots for tire deflection ratio. Tire deflection is a measure for 
road holding capability of vehicles. Higher deflections in 
tire means higher possibility for the tire to lose road contact, 
so we want the tires to deflect less. With a simple 
calculation we may see how this tire deflection affects road 
holding. For example, for 60 kg of unsprung mass the 
downward vertical force on tire caused by masses is: (ms + 
mu)·g = 310kg · 9.81m/s2 = 3041.1 N. Let’s say, at a point 
the compression on the tire with 60 kg of unsprung mass is 
2 cm.  

Figure  7. Effect of changing suspension damping coefficient on suspension 

travel ratio 

Figure  8. Effect of changing tire stiffness on suspension travel ratio 

Figure  9. Effect of changing suspension stiffness on tire deflection ratio 
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This causes an upward vertical force of: kt·∆y =160000 
N/m · 0.02m = 3200N. This exceeds the downward force, 
which means with that much of tire deflection the tire gets 
disconnected from the road and the driver may lose the 
control of the car. 

      Again, bode plots show us increasing unsprung mass 
increases tire deflection around second natural frequency. 
Increasing suspension stiffness decreases amplitude around 
second natural frequency a little, but increases it around first 
natural frequency dramatically. Increasing damping 
coefficient decreases amplitude around both natural 
frequencies at a good rate, but it increases deflection in 
between the natural frequencies so it may affect overall road 
holding badly.  

Figure  10. Effect of changing suspension damping coefficient on tire 
deflection ratio 

Figure  11. Effect of changing tire stiffness on tire deflection ratio 

This means only until a point increasing damping coefficient 
can be good for road holding. And if we look at figure 11, at 
low frequencies deflections look lower with stiffer tires, but 

since the tire stiffness is higher resulting upwards vertical 
force doesn’t decrease which means it can’t be considered as 
an improvement. Around second natural frequency both 
stiffness and deflections are higher, which is very bad for 
road holding. 

D. Trade-off curve  

     When all these nine bode plots are analyzed, one can 
conclude that using both softer suspension springs and softer 
tires is good for all three aspects considered. But when it 
comes to damping coefficient, one should find an optimum 
point for ride comfort and road holding criteria. For this 
purpose, we can plot a trade-off graph for ride comfort and 
road holding [13]. We will do this by dividing the integral of 
bode plot magnitude of modified vehicle by that of 
unmodified reference model. If the rate is greater than 1, then 
we know that modified model are worse then reference 
model for investigated aspect. If it is less then 1, it means 
that the bad effects of increasing unsprung mass is 
compensated and a better model is obtained. We can define 
these criteria mathematically;  

                 (6) 

where Frc and Frh are frequency response gains of the 
modified system with different damping coefficients, and 
Fref

rc
 and Fref

rh are the frequency response gains of 
unmodified model which is taken as reference. Ride comfort 
is analyzed between 0 and 20 Hz of disturbances, and road 
holding is analyzed between 0 and 30 Hz of disturbances. 
The function C: R×R×R→R is defined as;  

                                       (7) 

     Using this method on the car with the initial parameters 
given in section II when its unsprung mass is increased to 60 
kg, we obtain the curve shown in figure 12.  

     This curve shows us that when the unsprung mass is 
increased to 60 kg, the damping coefficient should also be 
increased to 1180 Ns/m in order not to deteriorate both ride 
comfort and road holding. Notice that one may choose to 
further improve ride comfort or road holding, of course in 
the expense of deteriorating the other. But it is seen that the 
effect on road holding is more significant than that on ride 
comfort, so good improvements can be made on road 
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holding by causing little deterioration on ride comfort. 

Figure  12. Trade-off curve between ride comfort and road holding 

IV. ISO 2631 RIDE COMFORT ANALYSIS 

     In this section we analyzed our quarter car model 
according to ISO 2631 standard. For this analysis, we found 
the sprung mass acceleration signal that corresponds to the 
input road profile using the transfer function shown as eq. 3. 
And then we converted this signal to the weighted 
acceleration signal using the method proposed by Zuo and 
Nayfeh [14]. Root mean square of this signal gives us the 
ride comfort index according to ISO 2631. Lower the ride 
comfort index, better the comfort of ride. The road profile 
was created according to ISO 8608 standard and shown in 
figure 13.  

 
Figure  13. Input road profile 

 
     For the quarter car parameters given in section II ride 
comfort index was obtained as 0.8159. When the unsprung 
mass is increased to 60 kg, the index increases to 0.8522. 
Then we made the analysis for different damping and spring 

stiffness values and by dividing the obtained comfort index 
value by the comfort index of unmodified model, we found a 
‘relative comfort index’ for each point. These points are 
represented in a surface plot, in figure 14. If relative comfort 
index is 1, it means at that point the ride comfort is as good 
as the unmodified model. If it is lower than 1, the comfort is 
even better.  

     As it is seen in figure 14, we can restore the ride comfort 
by both decreasing the suspension stiffness and damping 
coefficient. One should decide which way to go. To help this 
decision we should check the effects on ride comfort too. 

     Figure 15 shows that with decreasing damping 
coefficient, road holding is deteriorated exponentially. So 
one must avoid decreasing damping coefficient too much. 
But making this decrease in only the spring stiffness would 
lead to too soft springs, which could affect pitch and roll 
motions badly, which is not in the scope of this paper.  

 

Figure  14. Relative comfort index vs. Suspension stiffness and damping 
coefficient for first parameter set. 

 

Figure  15. Relative road holding vs. Suspension stiffness and damping 
coefficient 

     In figure 16 we see that the deteriorated ride comfort can 
be restored by decreasing damping coefficient by 5% and 
decreasing spring stiffness by 19%.  
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     We can try this approach with a second parameter set. 
The new set will be ms =350 kg, mu =50 kg, ks =22000 N/m, 
cs = 1200 Ns/m, ku = 190000 N/m. With this parameters ride 
comfort index is obtained as 0.7059. To check the 
deterioration we increased mu to 70 kg and obtained the 
surface seen in figure 17. Here we observe that a similar 
adjustment can work with the second parameter set too. A 
decrease of 4% in damping coefficient and a decrease of 
14% in spring stiffness gives the same ride comfort as the 
unmodified parameters, when the unsprung mass is increased 
to 70 kg.  

 

Figure  16. Magnified version of figure 14. 

 

Figure  17. Relative comfort index vs. suspension stiffness and damping 

coefficient for second set. 

V. CONCLUSION 

     In this paper we analyzed the effects of increasing 
unsprung mass in automotive vehicles originating from the 
use of in-wheel electric motors. We found that it reduces 
comfort as measured by various dynamic parameters. As a 
remedy, we looked into increasing comfort parameters using 
passive suspension modifications by changing stiffness and 
damping rates.  

     We performed the suspension analysis in two parts. The 
result of the first part is based on an analysis in frequency 
domain, which involved changing certain parameters of the 
quarter car model. As a result it is observed that the changes 
can improve certain comfort aspects. To sum up, decreasing 
suspension stiffness is good for all three aspects that we 
analyzed, but only at low frequencies. In high frequencies it 
has almost no effect.  

     For suspension travel, it is observed that the damping 
coefficient should be increased as much as possible, because 
it decreases the amplitude ratio. But for the sprung mass 
acceleration and the tire deflection parameters, this results in 
an increase in amplitude ratio between natural frequencies; 
so an optimum point should be found for damping 
coefficient. For all three aspects, we observe that using softer 
tires decreases the amplitude ratio at the second natural 
frequency. But using soft tires may affect other parameters 
such as fuel consumption, so this adjustment should be 
handled carefully.  

    The second part of the analysis shows that deteriorated 
ride comfort of the vehicle due to the added unsprung mass 
can be restored back by decreasing suspension stiffness 
and/or damping coefficient. We suggest a solution where 
both factors should be decreased, but as discussed in sections 
III-D and IV the damping coefficient should not be 
decreased in order keep an acceptable level of the road 
holding. This is a factor affecting the safety in a negative 
way, which can be prevented by a decrease on spring 
stiffness factor alone. According our observations, a 
reduction of approximately 5% on the damping coefficient 
and 15 to 20% on spring stiffness can provide an acceptable 
level of ride comfort.  
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