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Abstract:  
In order to reduce the greenhouse effect caused by CO2 emissions, a lot of 
car manufacturers are developing battery electric vehicles (BEVs). Almost 
all of these vehicles have a traditional powertrain layout with the drive unit 
located in the car body. However, in recent years, a new technology called 
in-wheel motors has appeared. It significantly improves handling and 
manoeuvrability of vehicles but it also presents a challenge for both 
researchers and manufacturers. Since the motors are fitted into a limited 
space, they must provide high torque and high efficiency. When a reducer 
is used, the amount of torque needed is decreased several times, hence the 
overall dimensions of the motor are reduced. This paper studies a number 
of issues such as the basic concepts of the in-wheel hub drive systems, 
traction balance, preliminary gear ratio and possible design solutions for 
reducers used in in-wheel hub drive units. Characteristics of single-stage 
planetary and cycloidal reducers are analysed in detail. The results show 
that planetary reducers have an advantage if a lower gear ratio is needed. 
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1. INTRODUCTION 
 

The global impact of conventional road 
transport is entangled with different kinds of 
problems such as negative effects on the 
environment and climate, resource depletion and 
rising prices of fossil fuels. Efforts to reduce these 
negative effects accompanied by requirements of 
national and international regulations forced the 
automotive industry to develop and promote more 
energy and environmentally efficient concepts of 
how to power road vehicles. Due to these 
tendencies, research and development activities 
have been intensified in the field of hybrid electric 
vehicles (HEVs), fuel cell vehicles (FCVs) and battery 
electric vehicles (BEVs), hence numerous 
researchers have been engaged in developing 
transmission [1,2], suspension systems [3,4] electric 
motors [5,6], in generation of driving cycles [2,7] 

and in studies related to other areas of automotive 
engineering. 

One of the important design features of electric 
motors is their ability to be fitted directly in the 
drive wheels (IWM). The main advantages of this 
concept include a potential to improve the dynamic 
performance of the vehicle due to a more 
favourable mass distribution, the absence of need 
for complex transmission, greater flexibility in the 
use of available space [8,9], etc. That is why this 
type of drive concept is in the focus of research. 

 Development of permanent magnet 
synchronous motors (PMSM) made it possible to 
have a direct drive without a gearbox. These motors 
provide higher torque and higher efficiency 
compared to induction motors (IM) [10]. 

Although power losses in power transmission 
generally occur when reducers are used, the 
reducers with one or two gear pairs are far more 
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efficient than the complex multi-stage gearboxes 
used in vehicles with IC engines. Furthermore, a 
reducer decreases the amount of torque that needs 
to be generated, which in turn reduces the overall 
dimensions of the motor. 

Unlike conventional electric cars with the drive 
located in the car body, where a single-stage and 
two-stage planetary reducers or reducers with 
parallel shafts [11] are generally used, in the in-
wheel hub drives, planetary [12,13] and cycloidal 
reducers [14,15] or their combinations with 
involute external gears are mainly used. 

In recent decades, these reducers have been the 
subject of intensive research. Researchers have 
dealt with dynamic load analysis [16-18], stress-
strain analysis [19,20], determination of efficiency 
[21,22], thermal analysis [23,24] and with many 
other issues. 

The aim of this paper is to perform a 
comparative analysis of the basic characteristics of 
planetary and cycloidal reducers used in in-wheel-
hub drives. The analysis was performed in the 
MATLAB software package, in which the presented 
models were implemented. 

 
2. BASIC CONCEPTS AND COMPONENTS OF THE 

IWM DRIVE UNIT 
 
IWM drive units can be installed in the non-drive 

wheels of hybrid electric vehicles (HEVs) to enable 
four-wheel drive (4WD), in the rear or the two front 
wheels of smaller electric vehicles (2 IWM), or in the 
front and rear wheels of larger vehicles (4 IWM) 
(Fig. 1). 

 

Fig. 1. Possible applications of IWM drive units 

Basically, the drive unit of the in-wheel hub 
system consists of an electric motor, a reducer and 
a wheel hub (Fig. 2). The main elements of the 
electric motor are the stator, which is attached to 
the non-rotating housing, and the rotor, which is 
connected by a shaft to the sun gear in planetary 
reducers or to the input eccentric shaft in cycloidal 
reducers.  

In order to ensure active cooling of the housing, 
i.e. of the stator and lubricating oil, there are heat  

dissipation fins on its outer surface. 

 

Fig. 2. Basic components of an IWM drive unit 

 
3. TRACTION BALANCE, TORQUES AND MOMENTS 
OF INERTIA 

 
A vehicle moving at a constant speed is opposed 

by: the rolling resistance (𝐹𝑟) , aerodynamic drag 

(𝐹𝐷𝐹), grading resistance (𝐹𝑔), and, when moving 

at non-stationary speeds, by inertial forces (Fig. 3).   

 

Fig. 3. Drivetrain loading 

According to Newton's second law, the traction 
balance equation can be written as [25,26]: 

𝑚 ∙
𝑑𝑣(𝑡)

𝑑𝑡
= 𝑁𝑑𝑤 ∙ 𝐹𝑇

(𝜔𝑒𝑚) −  

−[𝐹𝑟(𝑡) + 𝐹𝐷𝐹(𝑡) + 𝐹𝑔(𝑡)] 

(1) 

where: 𝑚  – effective mass, (𝐾𝑔) ; 𝑑𝑣(𝑡)/𝑑𝑡  – 
change in speed per unit of time – acceleration, 
(𝑚/𝑠2); 𝑁𝑑𝑤 – number of drive wheels; 𝐹𝑇(𝜔𝑒𝑚) – 
tractive effort as a function of the motor angular 
velocity, (𝑁). 
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The effective mass (𝑚)  consists of the actual 
translational mass of the vehicle (𝑚𝑣)  carrying 
capacity  (𝑚𝑐) and the equivalent masses of the 
moments of inertia of rotating elements such as 
wheels(𝑚𝑤) and motor rotors (𝑚𝑒𝑚), whereby the 
values of the other equivalent masses are neglected 
[25]. 

𝑚 = 𝑚𝑣 + 𝑚𝑐 + 𝑚𝑒𝑚 + 𝑚𝑤 (2) 

The equivalent mass of the moment of inertia of 
the motor rotor can be determined using the 
following expression [26]: 

𝑚𝑒𝑚 =
𝐽𝑒𝑚 ∙ 𝑢𝑅

2 ∙ 𝑁𝑑𝑤 ∙ 𝜂𝑒𝑚 ∙ 𝜂𝑅

𝑟𝑑𝑦𝑛
2

 (3) 

where: 𝐽𝑒𝑚  – moment of inertia of the electric 
motor, (𝑘𝑔/𝑚2); 𝑢𝑅  – gear ratio of the reducer; 
𝜂𝑒𝑚  – motor efficiency; 𝜂𝑅  – reducer efficiency; 
𝑟𝑑𝑦𝑛 – effective radius of the tire, (𝑚). 

The equivalent mass of the moment of inertia of 
the wheels can be determined as [26]: 

𝑚𝑤 =
𝐽𝑤 ∙ 𝑁𝑤

𝑟𝑑𝑦𝑛
2

 (4) 

where: 𝐽𝑤 – moment of inertia of a wheel, (𝑘𝑔/𝑚2); 
𝑁𝑤 – total number of wheels. 

 The rolling resistance can be determined based 
on the expression [25,26]:  

𝐹𝑟(𝑡) = 𝑚𝑣𝑐 ∙ 𝑔 ∙ 𝜇𝑟 ∙ 𝑐𝑜𝑠(𝛼) (5) 

where: 𝜇𝑟 – rolling resistance coefficient; 𝛼 – road 
grade angle, (°); 𝑔  – acceleration of gravity, (𝑚/
𝑠2);  𝑚𝑣𝑐  – translational mass of the vehicle 
increased by the carrying capacity, (𝑘𝑔); 

The rolling resistance coefficient of the wheels, 
which is a function of the velocity of the vehicle, can 
be determined using the expression [26]: 

𝜇𝑟 = 𝜇0 ∙ (1 +
𝑣(𝑡)

161
) (6) 

where: 𝜇0  – rolling resistance coefficient for the 
velocity up to 60 𝑘𝑚/ℎ (for the smooth tarmac road 
𝜇0 = 0.01 ; for the smooth concrete road                
𝜇0 = 0.011; for the rough, good concrete surface 
𝜇0 = 0.014; for the good stone paving 𝜇0 = 0.020; 
for the bad, worn road surface 𝜇0 = 0.035) [25]; 
𝑣(𝑡) – current speed of the vehicle. 

The aerodynamic drag is defined as [25,26]: 

𝐹𝐷𝐹(𝑡) =
1

2
∙ 𝜌𝑎𝑖𝑟 ∙ 𝐶𝑑 ∙ 𝐴𝑓 ∙ (

𝑣(𝑡)

3.6
)

2

 (7) 

where:  𝜌𝑎𝑖𝑟  –  air  density,  (𝑘𝑔/𝑚3);  𝐴𝑓  –  vehicle 

frontal area, 𝐴𝑓 = 0,82 ∙ 𝑏𝑣 ∙ ℎ𝑣 ,  (𝑚2) ; 𝑏𝑣  – 

maximum vehicle width, (𝑚);  ℎ𝑣  – maximum 
vehicle height, (𝑚);  𝐶𝑑  – aerodynamic drag 
coefficient which depends on the outer shape of the 
vehicle and the Reynolds number. The typical value 
of this coefficient ranges from 0.18 for a perfect 
aerodynamic body to 0.25÷0.30 when tangential 
resistances and surface discontinuity resistances 
are included [25]. 

The grading resistance can be determined based 
on the expression [25,26]: 

𝐹𝑔(𝑡) = 𝑚𝑣𝑐 ∙ 𝑔 ∙ 𝑠𝑖𝑛(𝛼) (8) 

The current value of the torque on the wheel can 
be defined as: 

𝑇𝑤(𝑡) =
[𝐹𝑟(𝑡) + 𝐹𝐷𝐹(𝑡) + 𝐹𝑔(𝑡) + 𝑚 ∙

𝑑𝑣(𝑡)
𝑑𝑡

] ∙ 𝑟𝑑𝑦𝑛

𝑁𝑑𝑤

 
(9) 

The tractive effort that the motor can provide 
depends on the motor characteristics and it can be 
defined as: 

𝐹𝑇(𝜔𝑒𝑚) = [𝑇𝑒𝑚(𝜔𝑒𝑚) − 𝑇𝑓] ∙
𝑢𝑅

𝑟𝑑𝑦𝑛
 (10) 

where je: 𝑇𝑒𝑚(𝜔𝑒𝑚) – torque which depends on the 
current  speed of the motor, (𝑁𝑚) ; 𝑇𝑓  – total 

friction torque in reducers, (𝑁𝑚). 
 
4. SELECTION OF A REDUCER  

 
It is well known that a reducer significantly 

decreases the torque that needs to be produced. 
Apart from the direct drive (Fig. 4.a), the torque 

from the motor can be transmitted to the wheel 
using:  

▪ a single-stage reducer with involute external 
gears (Fig. 4.b); 

▪ a single-stage reducer with involute internal 
and external gears (Fig. 4.c); 

▪ a single-stage planetary reducer (Fig. 4.d); 
▪ a single-stage planetary reducer with double 

planet gears (Fig. 4.e); 
▪ a single-stage cycloidal reducer (Fig. 4.f); 
▪ a two-stage reducer with involute external 

gears (Fig. 4.g); 
▪ a two-stage reducer with involute external 

gears in the first stage and planetary or 
cycloidal gears in the second gear stage (Fig. 
4.h, and j). 

Reducers with drive shafts above the wheel axis 
(Fig. 4.b, c, g, h, i) are mainly used when a greater 
distance from the ground is needed, hence such 
reducers are generally found in off-road vehicles. 
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Fig. 4. Schematic presentation of the reducer in the in-
wheel hub drive 

 
4.1 Gear ratio of the reducer 

 
The speed of a vehicle at a given speed of the 

motor can be considered a preliminary criterion for 
the selection of the gear ratio of the reducer [27,28]. 

𝑢𝑅 =
0.377 ∙ 𝑛𝑚𝑎𝑥 ∙ 𝑟𝑑𝑦𝑛

𝑣𝑚𝑎𝑥
 (11) 

where: 𝑛𝑚𝑎𝑥  – maximum speed of the motor, 
(𝑚𝑖𝑛−1); 𝑣𝑚𝑎𝑥  – maximum speed of the vehicle, 
(𝑘𝑚/ℎ);  

In addition, the gear ratio can also be adopted 
based on the criterion of the ability to realize the 
driving force needed to overcome the grade of the 
road at the maximum torque of the motor, or based 
on the criterion of the maximum available adhesion 
force [27,28]. 

In general, single-stage planetary reducers are 
limited to a gear ratio of 10:1. Above this gear ratio, 
they become inefficient (large overall dimensions 
and high price), so it is more practical to increase 
the number of gear stages to two. Yet another 
limitation occurs at small gear ratios from 4 to 1, 
because of a small module and problems in its 
manufacture [29].  

The gear ratio for one gear stage of a cycloidal 
reducer equals the number of the cycloid disc teeth 
(𝑢𝐶𝑅 = 𝑧1). This feature allows cycloidal reducers 

to achieve much higher values of gear ratios 
compared to planetary reducers. For a single-stage 
cycloidal reducer, the gear ratio ranges from 3 to 
119 [30].  

However, cycloidal reducers, as power 
transmissions of a newer generation, require very 
precise manufacturing, especially when it comes to 
their essential elements such as a cycloidal gear. 

 
4.2 Average loads 
 

Load and dynamic behaviour analysis of reducer 
elements is a very complex task which can be 
realised in several ways. 

In real conditions, loads acting on a moving 
vehicle are not of constant intensity and of idealised 
sinusoidal shape, they are random and change 
depending on the driver's preferences and road 
conditions. 

Therefore, in order to evaluate the reliability and 
durability of the reducer components under 
random load, it is necessary to collect load signals 
and create a driving cycle. Since there are different 
road conditions in different areas, data is collected 
for city driving conditions, local road driving 
conditions, mountain road driving conditions and 
high speed driving conditions [2]. 

This paper uses a simplified version of The 
Worldwide Harmonised Light Vehicles Test 
Procedure Cycle (WLTP cycle) [31] which has been 
used to determine fuel consumption and exhaust 
gas emissions for all passenger vehicles since 2017. 
The duration of the cycle is 30 𝑚𝑖𝑛 , the average 
speed of the vehicle is 46.6 𝑘𝑚/ℎ , and the 
maximum speed is 131 𝑘𝑚/ℎ. Vehicle speed and 
motor torque as a function of time are presented in 
Fig. 5 and 6. 

In order to define the relevant load, in addition 
to the load spectrum that shows how many times 
the reducer works under the nominal and less than 
nominal torque [32], simplified statistical 
parameters such as average, maximum and 
minimum values can be used for preliminary results 
[33]. 

The average torque of the input shaft can be 
obtained using the expression [33]: 

𝑇𝑒𝑚 = √𝑡1 ∙ 𝑛1 ∙ 𝑇1

10
3 + ⋯ + 𝑡𝑖 ∙ 𝑛𝑖 ∙ 𝑇𝑖

10
3

𝑡1 ∙ 𝑛1 + ⋯ + 𝑡𝑖 ∙ 𝑛𝑖

10
3

 (12) 

where: 𝑇𝑖 – motor torque, (𝑁𝑚); 𝑛𝑖 –motor speed, 
(𝑚𝑖𝑛−1); 𝑡𝑖 – amplitude duration time; (𝑠). 

The average speed of the input shaft is given by 
the expression [33]: 
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𝑛𝑒𝑚 =
𝑡1 ∙ 𝑛1 + ⋯ + 𝑡𝑖 ∙ 𝑛𝑖

𝑡1 + ⋯ + 𝑡𝑖
 (13) 

 

Fig. 5. Vehicle speed as a function of time [31]  

 

Fig. 6. Vehicle motor torque as a function of time  

 
4.3 Dimensions 
 

Since motors with reducers are mounted in all 
wheels, their length in direction of the axle should 
be kept as short as possible, while their diameter is 
limited by the inner diameter of the wheel. 

  Dimensions of the planetary reducer primarily 
depend on the gear ratio (𝒖𝑹), the module (𝒎) and 

the number of gear teeth  (𝒛𝒂, 𝒛𝒃, 𝒛𝒈), as shown in 

Fig. 7.  

 

Fig. 7. Dimensions of the main elements of the 
planetary reducer 

The basic design relations between the number 
of teeth and the number of planet gears are as 
follows [34]: 

𝑧𝑏 = 𝑧𝑎 + 2𝑧𝑔 (14) 

𝑧𝑎 + 𝑧𝑏

𝑁
= 𝐼𝑛𝑡𝑒𝑔𝑒𝑟 (15) 

𝑧𝑔 + 2 < (𝑧𝑏 − 𝑧𝑔) ∙ 𝑠𝑖𝑛 (
𝜋

𝑁
) (16) 

where: 𝑧𝑎 – number of sun gear teeth; 𝑧𝑔 – number 

of planet gear teeth; 𝑧𝑏 – number of ring gear teeth; 
𝑁 – number of planet gears. 

Dimensions of the cycloidal reducer depend on 
the size of the cycloid disk (Fig. 8), whose profile is 
generated based on the equations [35]: 

𝑥 = 𝑟 ∙ 𝑐𝑜𝑠(𝛼) + 𝑒 ∙ 𝑐𝑜𝑠(𝛼 + 𝛽) − 

−
𝐷0

2
∙ 𝑐𝑜𝑠(𝛼 + 𝜙) 

𝑦 = 𝑟 ∙ 𝑠𝑖𝑛(𝛼) + 𝑒 ∙ 𝑠𝑖𝑛(𝛼 + 𝛽) − 

−
𝐷0

2
∙ 𝑠𝑖𝑛(𝛼 + 𝜙) 

(17) 

where: 𝑟 – radius of the pitch circle of the ring gear 
rollers, (𝑚𝑚); 𝑒  – eccentricity, (𝑚𝑚);  𝐷0  – ring 
gear roller diameter, (𝑚𝑚);  𝛽 – drive angle, (°). 

 

Fig. 8. Dimensions of the main elements of the cycloidal 
reducer  

The values of the angles 𝛼  and 𝜙  are given by 
the expression [35]: 

𝛼 =
1

𝑢𝑅
∙ 𝛽 (18) 

𝜙 = 𝑎𝑟𝑐𝑡𝑎𝑛 [
𝑠𝑖𝑛(𝛽)

𝑟
𝑒 ∙ 𝑧2

+ 𝑐𝑜𝑠(𝛽)
] (19) 

where: 𝑧2 – number of ring gear rollers. 
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4.4 Efficiency of the reducer  
 

Efficiency is defined as the ratio of input and 
output power and it depends on the amount of lost 
energy. In general, power losses in reducers can be 
divided into load-independent and load-dependent 
losses. Load-independent losses are mainly related 
to the lubricant and the shaft sealing. Load-
dependent losses are the result of friction in the 
contact of power transmission components and 
rotary motion components. This primarily refers to 
the contact of the teeth of the sun gear, the planet 
gear and the internal ring gear in the planetary 
reducer, the contact between the cycloid disc teeth 
and the ring gear rollers, between the output rollers 
and holes in the cycloid disc, between the elements 
of the rolling bearings, as well as the contact 
between the rollers and their pins in cycloidal 
reducers. 

 As a result of many years of research, numerous 
models are now available to predict the efficiency.  
Certain models take into account the friction that 
occurs in meshing and supports and are based on 
the calculation of forces and external loads [21,22]. 
However, it is quite complex and often unreliable to 
determine the efficiency using such models because 
there is a small amount of reliable information 
about the actual values of the friction coefficient. 
Other models are based on the assumption that the 
forces acting on the reducer elements do not 
change during rotation, hence their relations can be 
expressed through efficiency of fixed axes 
transmissions [34,36]. It is obvious that the latter 
method is more or less approximate because it does 
not take into account the losses in the lubricant, 
which are almost impossible to determine due to 
the complex configuration of the reducer 
components. These power losses, which depend on 
the type of reducer and the configuration of its 
elements, can be determined more accurately only 
experimentally. 
 
4.4.1 Efficiency of the planetary reducer 

 
If only the power losses that occur in meshing 

and the losses in the planet gear bearings are 
considered, the efficiency for a planetary reducer 
with an internal ring gear (Fig. 7) can be determined 
using the expressions defined by Kudryavcev [36]: 

𝜂𝑃𝑅 = 1 −
𝑧𝑏

𝑧𝑎 + 𝑧𝑏
∙ 𝜓𝑃𝑙𝑜𝑠𝑠 (20) 

where: 𝜓𝑃𝑙𝑜𝑠𝑠  – power loss coefficient of the 

planetary reducer.  

The power loss coefficient (𝜓𝑃𝑙𝑜𝑠𝑠)  is equal to 

the sum of coefficients of power loss in meshing 
(𝜓𝑐) and the sum of coefficients of power loss in 
the planet gear bearings (𝜓𝑏), i.e.: 

𝜓𝑃𝑙𝑜𝑠𝑠 = 𝜓𝑐 + ∑ 𝜓𝑏

𝑗

 (21) 

where: 𝑗 – number of the planet gear bearings. 
Since power branching from the ring gear to 

several planet gears does not affect meshing losses, 
only one power flow is used to determine the 
meshing coefficient (𝜓𝑐)  [34]. The modern 
technical literature recommends several 
expressions to get its approximate value. One of the 
most common expressions that takes into account 
both internal and external meshing is the following 
[34,36]: 

𝜓𝑐 = 2.3 ∙ 𝜇𝑝 ∙ [(
1

𝑧𝑎
+

1

𝑧𝑔
) + (

1

𝑧𝑔
−

1

𝑧𝑏
)] (22) 

where: 𝜇𝑝  – coefficient of friction on the teeth 

flanks. 
The value of the coefficient of friction on the 

teeth flanks  (𝜇𝑝 = 1.25 ∙ 𝑓𝑝) depends on the sum 

of circumferential velocities at meshing                   
𝑣Σ = (𝑣1 + 𝑣2) ∙ 𝑠𝑖𝑛(𝛼𝑤𝑡) [36]. 

The value of the coefficient of power loss in the 
rolling bearings (𝜓𝑏) is determined as: 

𝜓𝑏 =
𝑇𝑓𝑝

𝑇𝑝𝑔
 (23) 

where: 𝑇𝑓𝑝 – friction torque in the bearing, (𝑁𝑚); 

𝑇𝑝𝑔 – planet gear torque, (𝑁𝑚). 

The approximate value of the friction torque in 
the bearing 𝑇𝑓𝑝 is given by the expression: 

𝑇𝑓𝑝 = 0,5 ∙ 𝜇𝑏 ∙ 𝐹𝑟 ∙ 𝑑𝑖𝑛 ∙ 10−3 (24) 

where: 𝜇𝑏 – friction coefficient in the bearing; 𝐹𝑟 – 
radial load of the bearing, (𝑁); 𝑑𝑖𝑛 – inner diameter 
of the bearing, (𝑚𝑚). 
 
4.4.2 Efficiency of the cycloidal reducer  

 
If only the power losses that occur in meshing of 

the rollers and the cycloid disc and the losses in the 
cycloid disc bearings are considered, the efficiency 
of the cycloidal reducer, shown in Fig. 8, can be 
determined using the expression also defined by 
Kudryavcev [36]:  

𝜂𝐶𝑅 =
1 − 𝜓𝐶𝑙𝑜𝑠𝑠

1 + 𝑧1 ∙ 𝜓𝐶𝑙𝑜𝑠𝑠

 (25) 
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where: 𝑧1 – number of the cycloid disc teeth; 𝜓𝐶𝑙𝑜𝑠𝑠
 

– coefficient of the cycloidal reducer power loss. 
The coefficient of the cycloidal reducer power 

loss (𝜓𝐶 𝑙𝑜𝑠𝑠) equals the sum of the coefficient of 

power loss due to friction between the ring gear 
rollers and the cycloid disc teeth  (𝜓1), coefficient 
of power loss between the output rollers and the 
holes in the cycloid disc (𝜓2)  and coefficient of 
power loss in the cycloid disc bearing (𝜓3). 

𝜓𝐶𝑙𝑜𝑠𝑠
= 𝜓1 + 𝜓2 + 𝜓3 (26) 

The coefficient of power loss 𝜓1  is defined by 
the expression: 

𝜓1 =
𝐾3 ∙ 𝜇𝑍𝑂

𝑧2
 (27) 

where: 𝐾3 – factor accounting for the correction of 
the cycloid disc tooth [36,37]; 𝜇𝑍𝑂  – coefficient of 
sliding friction between the ring gear rollers and 
their pins [36,37].  

The coefficient of power loss 𝜓2 is given by the 
expression: 

𝜓2 =
30 ∙ 𝑃𝑉𝐾

𝑇3 ∙ 𝜋 ∙ (𝑛𝑖𝑧 − 𝑛𝑢𝑙)
 (28) 

where: 𝑃𝑉𝐾 – the power lost due to friction in the 
contact between the output rollers and  the cycloid 
disc, (𝑊); 𝑇3 – torque at the cycloid disc, (𝑁𝑚). 

The power loss lost due to friction in the contact 
between the output rollers and the cycloid disc is 
defined as: 

𝑃𝑉𝐾 =
4 ∙ 𝑇3

𝜋 ∙ 𝑅0 𝑖𝑧𝑙
∙ 𝑒 ∙

𝜋 ∙ (𝑛𝑖𝑧 − 𝑛𝑢𝑙)

30
∙ 𝜇𝑉𝑂 (29) 

where: 𝑅0 𝑖𝑧𝑙 – radius of the circle where the cycloid 
disc holes are placed, (𝑚𝑚) ;  𝑒  – eccentricity, 
(𝑚𝑚) ; 𝜇𝑉𝑂  – coefficient of friction between the 
output rollers and their pins. 

The power loss 𝜓3 is defined as: 

𝜓3 = 1.25 ∙
𝑇𝑓𝑐

𝑇3
 (30) 

where:  𝑇𝑓𝑐 – friction torque in the bearing, (𝑁𝑚). 

The torque (𝑇𝑓𝑐) in the cycloid disc bearing  is 

given by the expression [36,37]: 

𝑇𝑓𝑐 = 1.3 ∙
𝑓𝑏

1000
∙ (1 +

𝑑𝐶𝑍

𝑑𝑘𝑡
) ∙

1000 ∙ 𝑇3

𝑟1
∙ 

∙ √1 + (
4

𝜋
∙

𝑟1

𝑅0 𝑖𝑧𝑙
− 𝐾𝑌)

2

 

(31) 

where: 𝑓𝑏 – lever arm of the rolling friction of the 
cycloid disc bearing (𝑓𝑏 =0.005 𝑚𝑚 ) [36];  𝑑𝐶𝑍  – 
inner diameter of the bearing, (𝑚𝑚); 𝑑𝑘𝑡  – 

diameter of the rolling body of the cycloid disc 
bearing, (𝑚𝑚); 𝑟1 – the radius of the stationary 
circle, (𝑚𝑚) ; 𝐾𝑌  – factor accounting for the 
correction of the cycloid disc tooth [36,37]. 
 
5. VEHICLE DESIGN CHARACTERISTICS  

 
Nowadays, commuting from home to work with 

a distance under 50 km is the most common form 
of driving. That is why, in this paper, the focus is 
placed on a small passenger vehicle intended for 
city driving. Some typical vehicle characteristics are 
given in Table 1.  

Table 1. Vehicle design characteristics  

Characteristics Units Value 

Translational mass of the vehicle, 𝑚𝑣 𝑘𝑔 850 

Vehicle carrying capacity, 𝑚𝑐  𝑘𝑔 350 

Maximum speed, 𝑣𝑚𝑎𝑥  𝑘𝑚/ℎ 150 

Rolling resistance coefficient, 𝜇0 - 0.01 

Frontal area of the vehicle, 𝐴𝑓 𝑚2 1.75 

Aerodynamic drag coefficient, 𝐶𝑑 - 0.3 

Effective radius (185/60 R14), 𝑟𝑑𝑦𝑛 𝑚 0.281 

Reducer efficiency, 𝜂𝑅 - 0.95 

Motor efficiency, 𝜂𝑒𝑚 - 0.90 

Based on the given vehicle characteristics, four 
motors with permanent magnets, manufactured by 
Dana TM4, marked as IPM 200-50-AH01 [38], were 
chosen. Their characteristics are shown in Fig. 9. 

 

Fig. 9. Characteristics of the chosen motors [38] 

Using the equations from section 3, values of the 
tractive effort and resistance as a function of the 
vehicle speed were determined. Here, the effect of 
the grading resistance is analysed for several 
different values of the longitudinal grade angle: 0° 
(0%), 5°  (8.7%), 10°  (17.6%), 15°  (26.8%), 20° 
(36.4%), 25° (46.6%). The character of the change 
in the overall resistance to motion of the vehicle 
and the actual circumferential force hyperbola are 
shown in Fig. 10. 



Vasić et al. / Advanced Engineering Letters Vol.1, No.4, 115-125 (2022) 

 122 

 

Fig. 10. Dependence of the tractive effort and the 
resistance on the current vehicle speed 

Maximum speeds for different grade values are 
shown in Table 2. 

Table 2. Dependence of the speed on the road grade 

angle 

Angle, 𝜶 (°) 
Maximum speed of the 

vehicle, 𝒗 (𝒌𝒎/𝒉) 

0 150 

5 116 

10 80 

15 60 

20 30 

25 0 

The chosen motors with the given characteristics 
enable the vehicle to accelerate from 0 to 100 
𝑘𝑚/ℎ in 13 𝑠 and to cover a distance of 219 𝑚. The 
dependence between the acceleration time and the 
distance travelled is shown in Fig. 11.  

 
Fig. 11. Dependence of the acceleration time and 

distance travelled on the current vehicle speed 

 
6. COMPARATIVE ANALYSIS OF PLANETARY AND 

CYCLOIDAL REDUCERS 
 
In order to make an accurate comparison of the 

basic characteristics of planetary and cycloidal 
reducers in in-wheel-hub drive units, both reducers 
were designed to have the same operating 

characteristics which were determined according to 
the design characteristics of the vehicle and the 
WLTP cycle. They are presented in Table 3. 

The value of the gear ratio of the reducer       
𝑢𝑅 = 5 was determined for the maximum vehicle 
speed and the maximum motor speed. 

Table 3. Drive unit characteristics 

Characteristics Units Value 

Average torque, 𝑇𝑒𝑚  𝑁𝑚 37.4 

Average motor speed, 𝑛𝑒𝑚 𝑚𝑖𝑛−1 2195.1 

Gear ratio of the reducer, 𝑢𝑅 - 5 

 The overall dimensions are one of the most 
important characteristics of a reducer. They are 
given in Fig. 12 and 13.  

 

Fig. 12. Planetary in-wheel hub reducer, 𝑢𝑅 = 5 

 

Fig. 13. Cycloidal in-wheel hub reducer, 𝑢𝑅 = 5 
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The diameter of the cycloidal reducer is 25% 
larger than the diameter of the planetary reducer, 
while the length of the cycloidal reducer is 9.1% less 
compared to the planetary reducer. This means that 
planetary reducers have an advantage when a 
lower gear ratio (𝑢𝑅 = 5) is needed, while at higher 
gear ratios, the advantage goes to cycloidal 
reducers because of a minimal increase in their 
dimensions. 

The mass of the planetary reducer with the 
housing is 23.3 𝑘𝑔, while the mass of the cycloidal 
reducer with the housing is 22.9 𝑘𝑔, which is 1.7% 
less than the mass of the planetary reducer. 

The efficiency of the planetary and cycloidal 
reducer was also determined following the 
procedure described in section 4.4. The values of 
the used friction coefficients and necessary factors 
are shown in Table 4 

Table 4. The values of the used friction coefficients and 

factors  

Characteristics Units Value 

Coefficient of friction in the planet 
gear bearing, 𝜇𝑏 

- 0.0025 

Factor accounting for the cycloid disc 
tooth correction, 𝐾3 

- 1.62 

Factor accounting for the cycloid disc 
tooth correction, 𝐾𝑌  

- 0.223 

Lever arm of the rolling resistance of 
the cycloid disc bearing, 𝑓𝑏 

𝑚𝑚 0.005 

Efficiency as a function of the current speed of 
the vehicle is shown in Fig. 14. 

 

 Fig. 14. Dependence of the efficiency on the current 
speed of the vehicle 

The efficiency of the planetary reducer varies in 
the range of 0.969÷0.947 and has a tendency to 
decrease with the increase in the speed of the 
vehicle. The efficiency of the cycloidal reducer is 
4÷5% lower and ranges between 0.930÷0.902 and 
also has a tendency to decrease with the increase in 
the vehicle speed. 

This means that planetary reducers have an 
advantage in terms of efficiency at lower gear 
ratios, while cycloidal reducers have an advantage 
at higher gear ratios. 

 
7. CONCLUSION 

 
This paper describes possible design solutions 

for reducers in in-wheel hub drive units and gives a 
detailed analysis of main characteristics of single-
stage planetary and cycloidal reducers. 

In order to perform a comparative analysis, both 
types of reducers are designed for the same 
operating characteristics of an actual vehicle. 

The results show that planetary reducers have 
an advantage in terms of dimensions and efficiency 
when a lower gear ratio is needed, such as 𝑢𝑅 = 5,  
while cycloidal reducers have an advantage at 
higher gear ratios. 

Our further research will include creation of a 
load spectrum based on which the exact value of 
the equivalent moment will be determined. A 
comparative analysis of reducers in terms of their 
reliability is also planned. 
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