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This doctoral dissertation studies solutions that meet the demands made for the propulsion 

motors of off-road working machines. It has been shown that in a hybridization process, 

without a mechanical gear, it is not possible to cover all the required torque-speed 

operating points set by the driving conditions of the traditional off-road working machine 

without largely overdimensioning the electrical components.  

The dissertation presents a novel solution, which combines a two-step planetary gearbox 

and a tooth-coil permanent magnet synchronous machine with embedded magnets to 

solve the problem. The important boundary conditions in terms of the electromagnetic 

design, mechanics, and cooling are discussed. The high design flexibility offered by 

permanent magnet synchronous machines is utilized to the full to find a feasible integrated 

design. Furthermore, the dissertation presents a solution for a gear change mechanism, 

which is located inside an integrated electric motor gear assembly. 

The designed and measured performance of the integrated system meets the needs of 

many off-road working machines. The prototype motor has about 40 kW power and could 

be adapted for instance on each wheel of a farming tractor, bucket loader, or harvester. 

The same technology could also be used in on-road applications, such as buses or trucks, 

intended for difficult terrains. 

Keywords: permanent magnet synchronous machine, torque, working machine, 

planetary gearbox 
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Nomenclature 

Abbreviations and symbols 

   

 

 wetted surface proportion of the partly immersed rotor - 

𝜎𝐹tan tangential stress Pa 

µ dynamic viscosity Pas 

µ0 permeability of vacuum Vs/Am 

A surface area m2 

B flux density T 

b width m 

c constant for the calculation of traction force - 

d  lamination sheet thickness m 

Ds air-gap diameter m 

E electric field strength, induced voltage V/m, V 

ePM permanent-magnet-induced voltage V 

f  frequency 1/s 

F force N 

G conductance  1/ Ω 

g gravitational constant m/s2 

h height  m 

I current A, RMS 

is stator current A 

isd current along the d-axis A 

isq current along the q-axis A 

ix characteristic current          A                                                                            

J current density A/mm2 

k2 factor for slot leakage calculation in double-layer windings - 

kCu slot copper space factor - 

ke  excess loss constant - 

kFe  iron space factor - 

kh  hysteresis loss constant - 

kw winding factor - 

kwp winding factor of the operational harmonic - 

kwυ winding factor of the th harmonic - 

l length m 

Lew end-winding leakage inductance H 

Lm magnetizing inductance H 

Lmd magnetizing inductance along the d-axis H 

Lmq magnetizing inductance along the q-axis H 

Ls synchronous inductance H 

Lsd synchronous inductance along the d-axis H 
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Lsq synchronous inductance along the q-axis, skew leakage inductance H 

Lsσ stator leakage inductance H 

Ltt tooth tip leakage inductance H 

Lu slot leakage inductance H 

lw winding length m 

Lδ air-gap leakage inductance H 

m number of phases, mass -, kg 

npar number of parallel branches - 

Ns number of coil turns in phase - 

p number of pole pairs - 

P power, losses W 

PCu copper losses, Joule losses W 

PEddy eddy current losses W 

PExc excess losses W 

PFe iron losses W 

PHyst hysteresis losses W 

Q charge C 

q number of slots per pole and phase - 

Qs number of stator slots - 

r1 outer radius m 

r2 inner radius m 

rCu radius of copper wire m 

Rs stator phase winding resistance Ω 

SCus slot copper area m2 

Sr rotor area m2 

T electromagnetic torque, temperature Nm, °C, K 

t time s 

Toil oil friction torque  Nm 

us stator voltage V, RMS 

usd voltage along the d-axis A 

usq voltage along the q-axis A 

v velocity m/s 

zQ number of conductors around tooth  - 

α convection coefficient W/(m2K) 

γ current angle rad, ° 

δ air gap, load angle m, rad, ° 

δe effective air gap m 

λ thermal conductivity W/(mK) 

λew end-winding leakage permeance factor - 

λtt tooth tip leakage permeance factor - 

λu slot leakage permeance factor - 

ν harmonic order - 

σ  conductivity S/m 

σsq skew leakage factor - 
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σδ air-gap leakage factor - 

φ phase shift angle rad, ° 

ΨPM permanent magnet flux linkage Vs 

Ψs stator flux linkage Vs 

Ω mechanical angular frequency rad/s 

ωs electric angular frequency rad/s 

𝑙′ effective core length m 

Subscripts 

a axial 

Cu copper 

d direct axis 

e effective 

ew end winding 

Fe iron 

m magnetizing 

par parallel 

ph phase 

PM permanent magnet 

q quadrature axis 

r radial 

r rotor 

s stator, synchronous 

sq skew 

sσ stator leakage 

tt tooth tip 

u slot 

wp fundamental harmonic 

wυ th harmonic 

δ air gap 

Abbreviations 

AC Alternating current 

BLDC Brushless direct current machine 

DC Direct current 

DTC Direct torque control 

EESM Electrically excited synchronous machine 

FEA Finite element analysis 

FEM Finite element method 

FW Field weakening 

HEV Hybrid electric vehicle 

ICE Internal combustion engine 
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IM Induction machine 

LCM Least common multiple 

LPTN Lumped-parameter thermal network 

MTPA Maximum torque per ampere 

MTPV Maximum torque per volt 

NdFeB Neodymium iron boron  

p.u. per unit 

PM Permanent magnet 

PMaSynRM Permanent magnet assisted synchronous reluctance machine 

PMSM Permanent magnet synchronous machine 

QF Quality factor 

SRM Switched reluctance machine 

SynRM Synchronous reluctance machine 

TCPMSM Tooth-coil permanent magnet synchronous machine 

THD Total harmonic distortion  
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1 Introduction 

The growing demands for high energy efficiency and reduction of emissions are driving 

to increase the use of renewable energy sources. Emissions reduction is a high-priority 

issue, and improvements in different kinds of traction applications play a key role in it. 

Traction applications are one of the main sources of air pollution and a major consumer 

of fossil energy resources (Saber and Venayagamoorthy 2011). Furthermore, because of 

the increasing oil price, the development of traction applications is heading towards 

cleaner propulsion with electric machines in vehicles and working machines (Emadi et 

al. 2008). As the electric machine has a high efficiency (usually around 85–95 % at power 

levels used in small electric vehicles such as passenger cars), the energy consumption can 

be significantly decreased compared with vehicles powered by an internal combustion 

engine (ICE) alone, which has its practical peak efficiency around 40 % (Lukic and Emadi 

2004). These benefits have led to the development of various hybrid electric vehicles 

(HEVs), fuel cell vehicles, and full electric vehicles.  

Considering fuel savings, the field of heavy off-road working machines seems to offer 

the most promising opportunities. Previous works such as (Immonen 2013) promise 

savings of up to 40–50 % in fuel consumption; the results have been obtained by 

simulations, in which the model has been compared with an actual working cycle 

published by a working machine manufacturer. These prospects are also supported by the 

fact that manufacturers are launching their hybridized machines in the market.  

The electrical machine provides significant improvements to the use of HEVs or hybrid 

working machines, as the ICEs in such applications are largely overdimensioned from the 

average power point of view (Zeraoulia et al. 2006), (Montonen et al. 2016) Usually, an 

ICE is designed according to its peak power, which is needed only occasionally, and less 

attention is paid to the time for which the very high performance is actually required 

(Montonen et al. 2012). Electrical machines can be designed using the measured driving 

cycle or a duty cycle based on the average power with its negative and positive peaks. 

Hence, according to the driving cycle, the electrical machine and other components of the 

HEV or the hybrid working machine can be selected based on the average power. 

Consequently, the size of the ICE can be significantly reduced, and it can be used mainly 

in its optimal point. This means that with the help of hybridization, the size of the ICE 

can be reduced by half or even more from its original size. 

The price of oil has significantly increased after the oil crisis in the 1970s. However, the 

oil price also seems to be highly dependent on the global economic and political situation. 

At the moment, the oil price is historically low, which naturally has some adverse effects 

on the development of new energy-saving technologies. It is, however, generally believed 

that the role of electric systems in vehicles will significantly increase in the future. 

In many cases, a hybrid system has great potential to improve energy efficiency and 

thereby reduce emissions. It remains to be seen which driver will be stronger, the price of 

oil or the price of emissions. 
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1.1 Overview of motor types used in traction applications 

In principle, all electrical machine types available can be used in traction applications 

(Boldea et al. 2014), (Zeraoulia et al. 2006), (De Santiago et al. 2012, (Finken et al. 2008). 

Electrical rotating machines can be divided into machines, which either have a 

mechanical commutator or not. The only machines that have a commutator are traditional 

direct current (DC) machines. Machines without a commutator, again, are alternating 

current (AC) machines or some special machines, such as switched reluctance machines 

or brushless DC machines, which have a permanent magnet (PM) rotor and resemble 

permanent magnet synchronous machines by construction. All the types of electrical 

rotating-field machines that can be used in traction applications are shown in Fig. 1.1. 

The brushless DC machine (BLDC) is given a branch of its own. In practice, a PMSM 

and a BLDC may be similar, and it is only the control principle that determines the group 

to which a machine belongs. 

 

Fig. 1.1. Family of electrical rotating machines used in traction applications. EESM: electrically 

excited synchronous machine, PMSM: permanent magnet synchronous machine, SynRM:  

synchronous reluctance machine, BLDC: brushless DC machine, and SRM: switched reluctance 

machine (adapted from Pyrhönen et al. 2014). 

 

The most common AC industrial machine type in the world is the asynchronous squirrel-

cage induction machine, which thus represents the most mature technology and has the 

lowest production costs (Pellegrino et al. 2012). The induction machine (IM) provides 

high torque to meet the demands for hill climbing or acceleration; however, its constant 

power speed range (CPSR) is narrow as IMs usually can reach a maximum rotational 
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speed of two to three times the base speed. The constant power range of IMs is limited 

by the torque-producing capability in the field weakening. The control methods of 

induction machines are commonly known, but their accurate control is difficult in the 

vicinity of zero speed. The problem with IMs is that they always need a gear because IMs 

are mainly used in higher-speed applications owing to their low number of applicable 

pole pairs. This can be explained by the fact that the power factor of an IM is the lower, 

the higher is the number of poles; the magnetizing inductance is inversely proportional to 

the square of the number of pole pairs. 

Even though IMs are widely used in traction applications because of their advantageous 

characteristics and low manufacturing costs, the trend in traction applications is to use 

different variations of PMSM (Wang et al. 2011), (Reddy et al. 2012) (Galioto et al. 

2015), (Dorrel et el. 2011) which have numerous beneficial features for this purpose. 

PMSMs can produce high torque at low speeds and have high efficiency and power 

capability over a wide speed range. PMSMs also have the least limitations on machine 

dimensions compared with the other machine types. Furthermore, they have good 

properties to operate in a direct drive system without gear/transmission (Rilla 2012). 

Maintenance of brushes or slip rings is not needed, because they are not applied in the 

PMSMs. The drawback of a PMSM is the high price of the PM material, especially, if 

high-remanence rare-earth permanent magnets are used (Petrov 2015). Moreover, 

difficulties related to the use of field weakening may somewhat limit the use of PMSMs. 

However, PMSMs have more advantages than disadvantages, and they have the most 

promising future to be used as traction machines. 

The synchronous reluctance machine (SynRM) uses the reluctance torque in its torque 

production. Reluctance torque is based on the inductance difference of the rotor (Haataja 

2003). The SynRM is an AC machine, which has sinusoidally distributed windings in the 

stator like every other AC machine. This machine type has not been widely used in 

traction applications because of its low peak torque and low power density. However, its 

characteristics can be significantly enhanced by using permanent magnets in the rotor. In 

that case, the machine is called a permanent-magnet-assisted synchronous reluctance 

machine (PMaSynRM), which produces torque as a result of rotor asymmetry; the main 

torque component and the torque produced by the PMs thus inherently improve the torque 

quality and power factor of the machine. Further, the SynRM is an inexpensive and simple 

rotor construction. Nevertheless, the integration of magnets into the rotor core makes it 

more expensive depending on the amount and type of the magnets used. Further, the 

SynRM has high efficiency, and for example Asea Brown Boweri (ABB) is starting the 

manufacturing of SynRMs for industrial uses. The use of PMaSynRMs in variable-speed 

applications such as traction has been studied extensively for instance by (Guglielmi et 

al. 2013), (Bianchi et al. 2014), and (Barcaro et al. 2012). 

The switched reluctance machine (SRM) was introduced in 1838 (Miller 1993). Despite 

its long history, the machine has not found its place in the industry. The SRM is a 

completely different machine than the synchronous reluctance machine, even though its 

torque production is also based on the anisotropy of the rotor. The SRM has salient poles 
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both in the stator and the rotor and tooth-coil windings in the stator (Miller 2002). The 

SRM requires intelligent power electronics, which explains why it was not commonly 

used in its early days. The manufacturing costs of SRMs are low because the rotor does 

not need permanent magnets or windings as it is made from iron laminations. The SRM 

has good fault tolerance, and because of its simple rotor construction, it withstands high 

temperatures (Bilgin et al. 2012). The SRM has efficiency and power density comparable 

with those of the IM. The disadvantages of the SRM are the high noise caused by the 

sequential excitation of the stator poles and difficulties to control the machine. The torque 

quality of the SRM is also poor compared for instance with that of the IM. Moreover, the 

magnetic circuit of the SRM is very highly saturated, which makes the electromagnetic 

modelling of the machine difficult without a finite element analysis (Wu et al. 2003). 

Traditional electrically excited synchronous machines (EESM) have not been widely used 

in EVs even though they are capable of adjusting their magnetizing flux density in the air 

gap, thereby having good field-weakening capacity. Regulation of the magnetic flux 

linkage leads even to the fact that the EESM can reach very high-speed operation because 

of the flux linkage control. The EESM usually has good efficiency and also simple 

control. A disadvantage of the EESM is that the slip rings and brushes require 

maintenance. A further problem with small EESMs is the additional rotor copper losses, 

which significantly degrade the machine efficiency. Nowadays, hybrid excitation 

machines have gained interest. In these machines, the advantageous properties of EESM 

and PMSM are combined (Di Barba et al. 2015), (Kamiev 2013). 

The brushless DC motor has PMs on the rotor surface, and it works like the AC PMSM 

but with a trapezoidal back-electromotive force (EMF). In the AC PMSM, the back-EMF 

is, in principle, sinusoidal. A well-designed BLDC machine drive has a high torque 

density and a low torque ripple. A basic BLDC machine has integral slot windings in the 

stator with two slots per pole and phase, and it has been used in traction applications 

(Miller 1989).  

The use of DC machines is not uncommon in EVs either. It has a simple manufacture,  

robust control, and relatively high reliability. It is also inexpensive and does not need 

complicated power electronics for connection to the battery; a simple four-quadrant PWM 

chopper suffices for the purpose. Position or speed sensors are not needed in DC 

machines. A separately excited DC machine can be magnetized in two ways: either by 

electrical excitation by the stator winding or by permanent magnets in the stator. The 

disadvantages of the DC machine are maintenance of the brushes, wear of the 

commutator, low power density, and low efficiency compared with AC machines. The 

simplicity of the electrical drive is perhaps the key factor why the DC machine has been 

used in EVs. 

In traction applications, a high low-speed torque and a wide field weakening area are 

emphasized. In most cases, an electric machine needs a gear to adapt the motor speed to 

the traction wheel speed. In particular, working machines may need a very high torque at 
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the start, and therefore, combining an electrical machine with a gear is an important 

aspect. 

1.2 Requirements of heavy-duty off-road working machines 

Heavy off-road working machines have to be capable of operating both at a high speed 

with a low torque and at a high torque with a low speed. A typical example is an 

agricultural tractor used for instance both for cultivating or ploughing at low speeds and 

very high torques, and on road for transporting light loads up to 50 km/h speeds. 

 

The masses of tractors vary from several thousands of kilograms to tens of thousands of 

kilograms. Let us consider a 9000 kg 44 farming tractor, which is a common tractor in 

large-scale farming. The traction force for instance in a dry clay field can be calculated 

by  

 

 cmgF  = , (1.1) 

 

where c is the difference of the circumferential force factor and the rolling resistance 

factor, m is the tractor efficient mass, and g is the gravitational constant. Traction power 

can be calculated by knowing the velocity v at which the tractor is moving in a dry clay 

field by equation 

 

 FvP  = . (1.2) 

 

If the velocity is 2 m/s and the traction force 31 kN (Ahokas 2013), the required traction 

power is 62 kW. This serves as a guideline on the prototype design, as the motor power 

must normally be 1.5–2 times the traction power. Naturally, the gear ratio must also be in 

a correct range. Thus, a tractor could be equipped with four of the electrical motors 

presented in this dissertation. 

 

Typical speed ratios may vary in the range of 1:20 or even 1:30. Traditionally, in the ICE 

traction, the engine power is delivered to the wheels through a mechanical drive train 

providing a plurality of gear ratios, which ensures, in principle, a constant power drive 

for the whole speed range. Figure 1.2 illustrates the principle of an ICE drive with a six-

step gear. The torque-producing capability of a typical electrical machine with its constant 

flux and field weakening ranges is shown for comparison.  
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Fig. 1.2. Internal combustion engine with a six-step-gear. The torque envelope curve follows a 

constant per-unit power P = 1. The Te curve illustrates the typical constant torque-producing 

capability of an electrical machine as a function of speed when the rated per-unit power and speed 

are Te = 1 and  = 1.  
 

As Figure 1.2 shows, at low speeds, the competition between the ICE and the electrical 

motor is tough for the electrical machine as the help of a shiftable gear is missing. 

However, contrary to the ICE, the electrical machine has high overloadability if only the 

motor winding and insulation temperatures remain at an acceptable level. In fact, in on-

road applications, an electric motor can compete with the ICE gearbox curve as the 

overloading at low speeds is intermittent. However, if we consider an off-road 

application, the torque and speed ranges illustrated in Figure 1.2 are far from adequate. 

The per-unit starting torque 3 must be multiplied for instance by a factor of four to achieve 

a torque range of 12:0.5 = 24:1 for the whole operating range. 

 

In principle, we have three alternatives to reach such a torque-speed range: 1) We need a 

high-speed electric machine and a high-gear-ratio reduction gear to adjust the wheel 

speed, 2) we need a large electric machine that can produce the starting torque needed 

and can go deep in the field weakening, or 3) we need to integrate a normal-speed-range 

electric motor with a gearbox. In Chapter 2, these three options are studied from the 

viewpoint of a PMSM. 

 

1.3 Practical motivation and objectives of the doctoral dissertation 

The motivation of this doctoral dissertation was to define the boundaries of electrical 

drives in very heavy traction applications and to determine the best possible integrated 

speed
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design for a heavy off-road machine traction. The focus is on the integration of a shiftable 

planetary gear and a permanent magnet motor into a compact form. In the dissertation, a 

combination of oil-immersion, oil-dropping, and oil-splashing cooling is studied. The 

gear change mechanism is designed because of the lack of commercially available 

components. A totally new mechanical way to construct the rotor is tested. 

According to a market analysis made in the project, the proposed integrated motor-gear 

design was identified to have remarkable business potential. This motivated the work to 

establish a superior electric motor drive system so that the product could also be ready 

for sale. 

 

1.4 Outline of the doctoral dissertation 

This doctoral dissertation studies the design of a traction motor combining a tooth-coil-

wound permanent magnet electrical machine and a two-step planetary gearbox into a very 

compact package. The design is intended to be used especially in off-road hybrid working 

machines. 

The structure and contributions of this dissertation are summarized as follows: 

Chapter 1 introduces the research topic of the doctoral dissertation. The study starts with 

a short presentation of different electrical motors and their benefits and drawbacks in 

relation to electric traction. The chapter presents the outline and motivation of the work. 

Finally, the chapter provides the scientific contributions of the dissertation and lists the 

author’s most important publications relevant to the dissertation. 

Chapter 2 gives design guidelines for the electrical machine and shows the theory of the 

permanent magnet synchronous machine with tooth-coil windings and embedded 

magnets. 

Chapter 3 presents the design process of the prototype machine. The machine structure 

is described in detail, and a performance analysis is made by analytical methods and a 

finite element method. 

Chapter 4 addresses the design of the linear magnetic actuator and provides the details 

of the gear changing control system. 

Chapter 5 introduces the measurement setup and verifies the calculated results by tests 

in the laboratory. 

Chapter 6 draws conclusions on the work, discusses the key contributions of the work, 

and identifies topics of future work. 



 22 

1.5 Scientific contributions 

The main scientific contribution of the doctoral dissertation is a systematic and 

multidisciplinary analysis of the design of an integrated traction system. The main part of 

the work provides a thorough analysis of the properties and performance of an 18-tooth-

coil 14-pole permanent-magnet synchronous machine, which, despite its good properties, 

has received limited attention in the literature. A comparison of various 18-slot tooth-coil 

machines is performed, and a cost factor is developed to select the most appropriate stator-

tooth-rotor-pole combination for a certain traction drive. 

One of the important properties of a traction motor is that its cross-saturation behaviour 

is at an acceptable level. Therefore, the cross-saturation properties of an 18/14 machine 

were investigated. It was found that the cross-saturation phenomenon does not degrade 

the machine torque and flux linkages as severely as in other 18-slot machines under study. 

This is due to the large difference between the numbers of rotor poles and stator slots. 

The benefits and advantages of the traditionally harmful leakage terms in the design of 

traction motors are shown. In traction motors, the stator leakage must be selected 

according to the needs of the drive system. 

The performance of the designed motor was validated by a virtual simulator. The need 

for gear change was clearly demonstrated. The study also gives guidelines and 

emphasizes the importance of the combined design of mechanical, thermal, and 

electromagnetic design of the traction motor. The dissertation also proposes a method for 

evaluating the dimensions of an electric traction motor. 

In the course of the doctoral study, also a linear magnetic actuator that allows a rotating 

shaft was designed for a gear change application.  

1.6 List of publications 

Some of the results of the doctoral dissertation are published in the following papers: 
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1.7 Summary of Chapter 1 

The speed and torque requirements for driving heavy-duty off-road machinery were 

addressed. Some societal aspects with respect to electrically driven machinery were 

discussed. Starting from these considerations, the research objectives were formulated as 

1) definition of the boundaries of electrical drives for off-road heavy duty machines, 2) 

integration of a shiftable planetary gearbox and a PMSM in order to have a very compact 

design, and 3) design of a gear change mechanism. The scientific contributions were listed 

and the author’s publication list was given. 
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2 Permanent magnet synchronous motor with embedded 

magnets and tooth-coil windings  
The traditional electric machine design relies largely on experimental knowledge about 

machine parameters based on data gathered from actual machines. Thermal performance 

characteristics of the machine can be determined with certain guidelines such as cooling 

arrangement, machine type, and size. The data given in machine design textbooks are 

normally based on continuous-duty industrial machines. However, the loading of traction 

machines may vary so much that traditional design rules may not be applicable.   

Therefore, with permanent magnet traction machines, different design criteria and an 

additional set of design tools is required. Analytical equations provide relatively accurate 

and reliable knowledge of the parameters of the electrical machine. However, they 

assume that the parameters remain constant. This will result in some inaccuracies because 

of the nonlinear properties of iron; analytically, these inaccuracies are difficult to consider 

in detail. The finite element analysis (FEA) offers a solution to this problem; a static FEA 

takes into account the nonlinear effects in iron, and by the FEA it is possible to solve the 

flux linkage surfaces for the machine. Then, a loss analysis must be performed with the 

time-stepping transient analysis. 

Accurate knowledge of the machine thermal behaviour is needed in the performance 

analysis because of the nature of the neodymium-iron-boron PM material and varying 

load conditions. In varying load conditions, the machine thermal behaviour can be 

estimated by a transient lumped-parameter thermal model. The use of the model requires 

knowledge of the power loss generation inside the machine based on the measurements 

or finite element analysis and understanding of the heat transfer mechanisms. 

This chapter presents an analysis and guidelines of the electrical dimensioning of a tooth-

coil (concentrated fractional slot non-overlapping) -wound permanent magnet traction 

machine with embedded magnets. A brief introduction to control strategy and evaluation 

of loss distribution in electrical machines is also given. 

2.1 Mathematical model of a permanent magnet synchronous machine 

The interior PM machine produces excitation torque caused by the PM interaction with 

the quadrature-axis current and reluctance torque enabled by the rotor saliency. The 

reluctance torque component can significantly improve the torque capability, especially 

below the rated speed. In principle, a rotor surface magnet machine does not have 

inductance difference at all, and therefore, there is no reluctance torque available 

(Pellegrino et al. 2012). The field weakening can be difficult with such a machine, and 

the current available must be used to produce a negative d-axis current component, which 

does not produce torque with rotor surface magnet machines.  

The vector diagram of the salient pole PMSM is presented in Fig. 2.1. The following 

analysis is made for per-unit (p.u.) quantities. The equations of PMSM are defined 

directly by using this vector diagram.  
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Fig. 2.1.  Vector diagram to illustrate the mathematical model of the PMSM.   is the angle 

between the d-axis and the current vector (current vector angle), δ is the load angle, φ is the phase 

shift angle, isd and isq are the d- and q-axis currents, respectively, is is the stator current, us is the 

stator voltage, ePM is the permanent-magnet-induced voltage, ψPM and ψs are the permanent magnet 

flux linkage and the stator flux linkage, respectively, Lsd and Lsq are the d- and q-axis synchronous 

inductance components, and ωs is the stator angular frequency. Stator resistance Rs is zero in this 

case. 

The torque and power of a permanent magnet machine can be written using the cross-

field principle as 

   sqsdsqsdsqPM iiLLiT  , (2.1) 

   sqsdsqsdsqPM iiLLiP   . (2.2) 

The dq axis voltage equations are 

 

 
sqsqssdssd iLiRu  , (2.3) 

 
sdsdsPMssqssq iLiRu   , (2.4) 

where  

 

isd, isq d- and q-axis stator currents, 

usd, usq d- and q-axis stator voltages, 

Lsd, Lsq d- and q-axis synchronous inductances, 

ψPM flux linkage caused by permanent magnet excitation, 

Rs stator resistance, 

P output power, 

T electromagnetic torque, 

Ω mechanical angular velocity, and 

ωs electrical angular frequency. 
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The stator current components can be written as  

 cosssd ii  , (2.5) 

 sinssq ii  . (2.6) 

Now, we return to the three different options to solve the problem of propulsion in an off-

road heavy-duty working machine. The options are 1) a high-speed electric machine and 

a high-gear-ratio reduction gear to adjust the wheel speed, 2) a large electric machine that 

can produce the starting torque needed and that can go deep into the field weakening, or 

3) integration of a normal speed range electric motor with a gearbox.  
 

A PMSM can be designed to operate in a wide speed range by selecting its per-unit 

characteristic current ix,pu depending on the permanent magnet flux linkage PM,pu and the 

synchronous inductance Ls,pu close to unity 
 

 

pus,

puPM,

pux,
L

i


 . (2.7) 

If ix = 1, the theoretical speed range of the machine is infinite as its stator flux linkage can 

be driven to zero with the rated current. In practice, the mechanics does not allow that. In 

principle, such a motor should be capable of meeting the targets of cases 1) and 2). Despite 

this kind of selection, the practical solution might have difficulties in providing the 

required practical torque range.  

 

If the synchronous inductance per-unit value Ls,pu of a PMSM is selected high, the motor 

can be overloaded only at the lowest speeds, and its torque capabilities already at 

moderate speeds close to the rated speed are limited based on the load angle  equation 

and the voltage limit 

 

 



sin

pus,pus,

pus,puPM,

pu
L

ue
P  , (2.8) 

where ePM,pu is the permanent-magnet-induced voltage, us,pu is the supply voltage, and 

ωs,pu is the angular frequency per-unit value. With high Ls,pu, the field weakening starts 

well before the rated voltage no-load speed if PM,pu = 1. 

 

The synchronous inductances consist of the magnetizing inductance Lm,dq and the stator 

leakage inductance Lsσ 

 

 
dqm,sσdqs, LLL  .    (2.9) 

If the magnetizing inductance is large, the machine is prone to armature-reaction-caused 
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saturation unless a significant negative d-axis current id is used. If the machine does not 

have saliency, the maximum torque per ampere is reached with id  = 0. In such a case, the 

absolute value of air-gap flux linkage increases as a function of q-axis current  

 

  2mqq

2

PMm Liψψ  .     (2.10) 

If we assume a typical distributed winding machine case for instance with PM,pu = 1, 

Lmd,pu = 0.7, and Ls,pu = 0.85 and neglect saturation, the air-gap flux linkage increases even 

to m,pu = 1.72 and s,pu = 1.97 with iq,pu = 2 in initial acceleration. The field weakening 

of this drive starts at 51 % of the no-load speed. Such a flux linkage value would 

inevitably saturate the machine, and in reality, the increase in the air-gap flux linkage 

remains clearly lower. Nevertheless, the motor speed range with a high current should be 

limited. At the speed pu = 3, the stator flux linkage at no load should only be s0,pu  0.2 

to leave space for the q-axis armature reaction and to keep s,pu = 0.33 under the rated 

load. Thus, we need the demagnetizing current 

 

 
941.0

pud,

pus0,puPM,

pud, 



L

ψψ
i .     (2.11) 

The current reserve for the torque producing current should be  

 

 
338.01 2

pud,puq,  ii ,     (2.12) 

which is just enough to produce the torque Te,pu = 0.33 for the rated power at pu = 3. 

This example shows that a normal PMSM should be close to its limits to produce a torque 

range of 6:1 (2:0.33) within its speed range from 0 to 3 per unit. If the motor can be 

temporarily overloaded up to Te,pu = 3 at the lowest speeds, we can increase the torque 

range to 9:1. This is still far from the desired torque range needed for heavy off-road 

machines as it was shown in the introduction. 

 

The problems related to the above example are obviously the very high armature-reaction-

caused saturation, high Joule losses at low speeds, and difficulties to reach the required 

top speed. There also seems to be a need to increase the synchronous inductance further 

and change the ratio of magnetizing inductance and leakage inductance. A tooth-coil 

PMSM might provide a solution. 

 

In TCPMSMs, the leakage inductance Ls may be significantly larger than the 

magnetizing inductance Lm. In such a case, saturation is not as obvious as in the integral 

slot winding PMSMs discussed above. Therefore, in a traction machine with a wide speed 

range, the synchronous inductance should preferably consist mainly of leakage 

inductance that does not saturate the main flux magnetic circuit. Among different motor 

types, a tooth-coil PMSM should thus be preferred (Finken et al. 2008), (Nerg et al. 2014), 
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and (El-Refaie 2010).  

 

A suitable TCPMSM can meet the demands of typical electric vehicle traction but may 

be in difficulties with the torque-speed demands of heavy working machine load cycles. 

This machine type offers several alternatives to tune the ratio of the leakage inductance 

and the magnetizing inductance to reach a favourable field weakening range (Montonen 

and Pyrhönen 2016). Table 2.1 shows that there are alternatives in which the air-gap 

leakage inductance  

 

 
mδδ LL       (2.13) 

can be small or even tens of times the magnetizing inductance. In tooth-coil machines the 

air-gap leakage is the dominating part of leakage inductance.  

The leakage inductance components have previously been analysed analytically for 

instance by (Ponomarev 2013), (Ponomarev et al. 2013), and (Pyrhönen et al. 2008). The 

equations are given below. The leakage inductance is the sum of the air gap Lδ, the end-

winding Lew, the slot Lu, the tooth-tip Ltt, and the skew leakage Lsq  

 
sqttuewδsσ LLLLLL  , (2.14) 

where   

 

m

1

2

wp

wν
mδδ L

k

k
pLL

p

























 

 , (2.15) 

 
ew

2

sw0

s

ew

4
 Nql

Q

m
L  , (2.16) 

 
u

2

s

'

0

s

u

4
 Nl

Q

m
L  , (2.17) 

 
tt2

2

s

'

0

s

tt

4
 kNl

Q

m
L  , (2.18) 

 
msqsq LL  , (2.19) 

 

where σδ is the air-gap leakage factor, kwυ is the winding factor of the th spatial harmonic, 

kwp is the winding factor of the operating harmonic, Qs is the number of stator slots, q is 

the number of slots per pole and phase, lw is the end winding length, λew is the end-winding 
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leakage permeance factor, λu is the slot leakage permeance factor, λtt is the tooth tip 

leakage permeance factor, k2 is the factor that takes into account the presence of different 

phases in a same slot, and σsq is the skew leakage factor. 

 

The air-gap leakage component results directly from the number of slots per pole and 

phase chosen and the magnetizing inductance. The other components can be increased or 

decreased in various ways of design.  

 

In the case of a heavy working machine, the working speed range should be very large. 

In this case, the maximum speed should be for instance 20–30 times the maximum-torque 

speed. From the perspective of the reduction gear, this may be a disadvantage. The 

reasoning above easily excludes alternatives 1) and 2) and suggests integrating the 

electrical machine with a shiftable gear to increase the torque and speed ratios. Both 

approaches 1) and 2) may face certain difficulties; either the motor is too large (about 

three times the one with integrated gear) or its speed range is challenging for the reduction 

gear. 

 

In an integrated solution, the planetary gear offers a natural choice. It is possible to build 

an electrical machine around a strong enough planetary gearbox to achieve the shortest 

possible drive system. A TCPMSM is also an obvious selection for this kind of integration 

as it may be easily implemented as a thin rim around the gearbox and use the limited 

space in the wheel hub in an efficient way.  

 

To reach a practical solution we found a commercial gearbox with gear ratios 3.64:1 or 

1:1 and designed a TCPMSM around it. If we limit the electrical machine torque to Te,pu 

= 2 at speeds below s,pu = ½ and if the machine can reach s,pu = 3 per-unit maximum 

speed and produce Te,pu = 0.33, we end up in a torque range of 22, which should suffice 

for a heavy off-road working machine. The gear ratio of the planetary gear was not 

thoroughly optimized, but the torque range of 22 matches fairly well the assessment of 

the torque needs in Section 1.2. A thorough analysis of the optimal gear ratio requires 

exact information of the application where the integrated design is to be used. However, 

the gear ratios of planetary gears cannot typically be much wider than the one selected 

here. 

 

Figure 2.2 illustrates the target torque as a function of the rotational speed curves of the 

integrated design at the direct 1:1 gear ratio and the reduction 3.64:1 gear ratio. The torque 

curves are calculated by using the current at the thermal limit of the machine. 
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Fig. 2.2. Operating regions to be achieved by using the motor with an integrated two-step 

planetary gear switchable between gear ratios 3.64:1 and 1:1. The stars * indicate the electrical 

machine design points. The chart assumes 50 % overload capacity in the constant flux area. 

 

2.2 Electromagnetic design 

High torque density is needed in heavy-duty off-road working machines. It can be 

achieved by using a tooth-coil PMSM with a high-quality neodymium iron boron 

(NdFeB) permanent magnet material. The BH curve, which gives the important magnetic 

properties of the permanent magnet for the selected N38UH permanent magnet, is shown 

in Fig. 2.3. This N38UH magnet has a remanent flux density value typically in the range 

of 1.22–1.26 T at room temperature (20 °C). The normal coercive force is in the range of 

900–950 kA/m, and the maximum operating temperature is 180 °C. In principle, this 

means that the permanent magnet tolerates more heat in the case of PMSMs than the 

insulation of the winding copper wire. However, at so high temperatures the PM material 

is prone to the risk of permanent demagnetization in the occurrence of a terminal short 

circuit. 
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Fig. 2.3. BH curve of the NdFeB N38UH permanent magnet applied in the study (Eclipse 

Magnetics 2016). 

Tooth-coil windings have current linkage distributions with a much higher spatial 

harmonic content than traditional distributed windings. This higher harmonic content can 

cause high rotor losses, high torque ripple, noise, and unbalanced radial forces. The 

electromagnetic properties of the windings of an electrical machine are characterized by 

the number of slots per pole and phase 

 

pm

Q
q

2

s , (2.20) 

where Qs is the number of stator slots, p the number of rotor pole pairs, and m the number 

of stator phases in the machine.  

Figure 2.4 illustrates the behaviour of the winding factor as a function of q. On the left 

side of the blue line there are the designs that have more rotor poles than stator slots. 

Correspondingly, the designs that have more stator slots than rotor poles are located on 

the right. Figure 2.5 depicts the leakage factor σδ as a function of the number of slots per 

pole and phase.  

-2500 -2000 -1500 -1000 -500 0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Magnetic field strength [kA/m]

F
lu

x
 d

e
n

si
ty

 [
T

]

 

 

20°C

80°C

100°C

120°C

140°C

180°C



 33 

 

Fig. 2.4. Operating harmonic winding factor as a function of the number of slots per pole and 

phase. The highest practical value kw = 0.951 is reached at q = 5/14 or q = 5/16. The blue line lies 

at Qs/(2p) = 1, which is a prohibited design and would lead to high noise and cogging torque. 

 

Fig. 2.5. Air-gap leakage factor as a function of the number of slots per pole and phase. The 

smaller q is, the larger are the values of the leakage factor . The blue line lies at Qs/(2p) = 1 

(e.g. 12 slots 12 poles) corresponding to q = 1/3, which is a prohibited design. 

As can be seen in the figures above, depending on the application, it is always a question 

of balance between the winding factor and the air-gap leakage factor. There is no optimum 

between the high winding factor and the leakage factor. Table 2.1 shows parameter 

selection for double-layer tooth-coil-wound PMSMs with various pole and slot 

combinations. The table provides information about the number of slots per pole and 
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phase q, the air-gap leakage factor σδ, the operating harmonic winding factor kw, and the 

least common multiple of Qs and p (LCM). A high LCM is an indication of a possibly 

good torque quality. The influence of slot and pole combinations on torque quality has 

been discussed for example in (Zhu et al. 2014). Only the designs that have q ≤ 0.5 are 

listed in the table, and the design chosen for study is given in bold. Table 2.1 also shows 

the quality factor QF, which ranks the machines based on different boundaries according 

to the four previously presented factors. The QF is calculated by multiplying the four 

numbers a–d defined as 
 

QF = abcd,     (2.21) 

 

where 

5.0

q
a  ,      

δ

1


b ,  

953.0

wk
c  ,   

336

LCM
d . 

 

The factors a–d are calculated by dividing each machine value by the best possible table 

value to get the relative value of each factor. The highest torque is found by q = 0.5 

(Salminen et al. 2005), and therefore, a = 2q. The leakage term b is calculated in this case 

to favour a low leakage because the machine has to produce a large torque in the constant 

flux area, and on the other hand, it does not need a large rotational speed range because 

of the integrated gear. In the case of a very large field weakening area, the factor b should 

be selected to facilitate a large air gap leakage inductance. The factor c favours a high 

operating harmonic winding factor to minimize the Joule losses and d a high least 

common multiple of Qs and p to produce as high inherent torque quality as possible. As 

it can be seen in Table 2.1, the 18/14 machine has the best QF with these criteria, and is 

thus selected for prototyping. 

In the case of a very large field weakening area, the factor b in the above-mentioned QF 

should be selected to favour a large air gap leakage inductance. For example, an 18/20 

machine has an air gap leakage value of  = 2.4, which results in a very high air gap 

leakage, thereby enabling a high synchronous inductance. 
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Table 2.1. Parameters for various slot and pole combinations for double-layer tooth-coil-wound 

PMSMs. 

 

All tooth-coil-wound machines (in Figs. 2.4 and 2.5) that have an odd number of stator 

slots are omitted from the analysis as they can have unbalanced radial forces. The limit 

for the air-gap leakage factor is put to  = 1.2 so that the machine torque capability in 

the constant flux linkage area does not suffer too much. All the machines that are based 

on the 3/2 base machine are also neglected as the leakage factor   = 0.46 is low for high-

speed operation. Moreover, its winding factor is poor, which results in significant Joule 

losses. Its torque quality is low because the LCM is low. The PMSMs with over 2p = 20 

poles are also neglected because of difficulties in the mechanical manufacturability in the 

requested size. 
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2.3 Synchronous inductance and performance analysis 

The importance of synchronous inductance analysis cannot be overvalued in the design 

of electrical machines. Especially, the effect of d-axis synchronous inductance is decisive 

in salient pole machines as it basically defines the operating speed range of an electrical 

machine and, on the other hand, limits the maximum torque as shown in the modified 

load angle equation for a salient pole PMSM 
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(2.22) 

The maximum speed range can be extended with the help of leakage inductance, 

especially in tooth-coil-wound machines, where the magnetizing inductances are 

typically small but air-gap leakage inductances can be large. In the industrial electrical 

machines this is totally different, as the leakage is usually minimized because a large 

leakage weakens the power factor of the machine. In traction machines instead, where the 

load is continuously changing, it is not advisable to look operation only in one point but 

in the whole speed range. It is found that the effect of large enough leakage is really 

important and beneficial especially in the field weakening region as it can increase the 

operating range in tooth-coil-wound machines. Figure 2.6 compares torque production of 

three machine designs as a function of increasing leakage inductance. In the same figure, 

the machine operation under current vector control in the rated point with the rated load 

is shown to demonstrate the performance in the field weakening region. The benefits of 

the leakage inductance in TCPMSMs can be seen by the considerably increased speed 

range. The drawback is the reduced torque production in the low-speed–high-torque 

situation. A high leakage inductance does not harm the machine in the rated operation 

very much as can be seen from Fig. 2.6 b. 

  
a)                                                                b) 

Fig. 2.6 Torque production capability curves a) and machine operation in the rated point under 

the converter control b). The parameters of the motor are EPM,pu = 0.9, Lmd,pu = 0.17, Lmq,pu = 0.22, 

Rs, pu = 0.02. The phase voltage is 230 V, the rotational speed 1200 min1, and the number of 

phases m = 3. The pole pair number p is 7. The green torque curve is the one from the prototype. 
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This means that the leakage inductance can be used to adjust the amount of the total 

synchronous inductance 

 
sσmdsd  = LLL  , (2.23) 

 
sσmqsq  = LLL  . (2.24) 

As can be seen in Eq. (2.22), the torque has a strong dependence on the synchronous 

inductances. Again, if the leakage inductance can be used to increase the field weakening 

range, it will, on the other hand, decrease the maximum available torque. As can be seen, 

the stator voltage is the second power term in the latter part of the torque equation. 

Therefore, it is beneficial to increase the voltage to speed ratio, especially in traction 

applications. This leaves us the option to have a higher d-axis magnetizing inductance 

and thus, a higher leakage inductance. Of course, the smaller the d-axis synchronous 

inductance is, the better are the acceleration properties of the traction machine.  

The magnetizing inductance can be written similarly for both the d- and q-axes by 

changing the effective air-gap term δde in  

 
 2sw

'

0

de

2

s
md

π
Nkl

p

mD
L 


 , (2.25) 

where p is the number of pole pairs, m is the number of phases, μ0 is the permeability in 

a vacuum, l’ is the effective length, Ds is the air-gap diameter, Ns is the number of coil 

turns, and kw is the winding factor of the working harmonic. Usually, the q-axis 

magnetizing inductance needs some numerical method such as finite element analysis to 

validate the calculations as it is difficult to calculate analytically. 

Based on the analytical calculations and Eq. (2.22), the load angle curve was built; see 

Fig. 2.7. It is compared with the curve calculated by the FEA. 
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Fig. 2.7. Load angle curves calculated analytically and by the FEA for the PMSM. The machine has its 

maximum value around 96–97° and the rated torque at 26°. 

2.4 Machine loss calculation 

In permanent magnet synchronous machines there are five different loss components. On 

the stator side there are copper losses and iron losses. Some iron losses are also present 

in the rotor. The rotor also has permanent magnet eddy current losses and mechanical and 

friction losses caused by the rotating movement. In some cases, also PM hysteresis losses 

may be present. Moreover, when a converter is applied, there are converter switching 

losses. All other losses are summed up and are referred to as additional losses. Copper 

losses in the stator windings can be calculated directly from the winding resistance and 

current  

 2

ssCu ImRP  , (2.26) 

where m is the number of phases, Rs is the phase winding resistance, and Is is the stator 

current. Iron losses in the stator and the rotor can be calculated with the same equations. 

The total iron losses can be divided into hysteresis, eddy current, and excess losses, which 

are calculated as follows 

 
ExcEddyHystFe PPPP  , (2.27) 

where 

 fBkP ˆ
hHyst  , (2.28) 
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  2
3

ˆ
eExc fBkP  , (2.30) 

where f is the frequency, σ is the conductivity of the material, d is the lamination sheet 

thickness, B̂  is the maximum flux density, kh is the hysteresis loss constant, ke is the 

excess loss constant, and kFe is the iron space factor (Bertotti 1988), (Pippuri 2010), 

(Pyrhönen et al. 2014). The calculation of mechanical and friction losses is presented in 

Chapter 3 when the overall machine prototype is analysed as this machine needs a special 

equation for the mechanical losses because of the direct oil cooling. 

Figure 2.8 presents the stator and rotor iron losses and permanent magnet eddy current 

losses calculated by the FEA at different speeds. 
 

 

Fig. 2.8. Speed-dependent losses of the motor under study, based on the FEA. 

2.5 Control principles of the traction salient pole PMSM 

In vehicle applications, the PMSM drives use the stator current vector control rather than 

the direct torque control as the focus is on the current control (Nalepa and Orlowska-

Kowalska 2012). Direct torque control (DTC) can also be adapted to indirectly provide 

the different control modes. In this section, the three current control algorithms that 

maximize the torque production in different operating states are presented. The 

algorithms are the maximum torque per ampere, the field weakening, and the maximum 

torque per voltage. 

2.5.1 Maximum torque per ampere control (MTPA)  

At speeds below the rated rotational speed, the maximum torque per ampere (MTPA) 

control method is used. The objective of the method is to minimize the current to achieve 

the maximum torque. Only one current component pair produces the maximum torque, 
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and it can be found by finding the derivative of the torque equation as a function of current 

angle and by setting it to zero 

   02cos)(cos
2

3

d

d 2

ssdsqsPM  


iLLi
pT

. (2.31) 

Here, we see that the reluctance torque component has importance only with a significant 

inductance difference. The optimal current components for the MTPA algorithm after 

substituting  can now be written in the form   
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, (2.32) 

 2

sd

2

ssq iii  . (2.33) 

The current references are obtained in previous Eqs. (2.32) and (2.33).  

2.5.2 Field weakening control  

After the MTPA control when the speed is close to its rated value and the voltage is at its 

limit, it is no more possible to supply more voltage. Then, the field weakening (FW) 

control must take place. The target of the control method is to weaken the stator flux 

linkage level of the PMSM to enable a higher speed. In the field weakening, the torque 

production capability of the drive is limited but the output power can be kept constant 

depending on the field weakening capability of the motor and the current capacity of the 

converter. The equations for the current components can be calculated by defining them 

under the voltage constraint (Morimoto et al. 1990) as follows  
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(2.34) 

 2

sd

2

ssq iii  . (2.35) 

When the speed is increasing, the internal induced voltage is proportional to the rotating 

speed of the machine, and therefore, the stator flux linkage has to decrease. Depending 

on the strategy, the FW control can keep the total resultant stator current constant at its 

rated value. Such a selection maintains the motor temperature at its rated value. 

Depending on the current and cooling resources of the drive system, it is also possible to 

increase the current from its rated value also in the FW to produce power above the rated 

level. The stator resistance is neglected in these equations as the traction machines usually 

have 0.01–0.03 p.u. stator resistance, which does not have a significant effect on anything. 
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The control of machines having a high stator resistance and a high level of magnetic 

saturation has been reported for example in (Jo et al. 2008), (Tursini et al. 2010). 

When the stator flux linkage level is reduced and the current angle γ is controlled, the 

magnitude of the stator current stays at its rated value. When the speed increases further, 

the control aims towards the end of the FW control, and in some special situations the 

output characteristics can be improved by changing the control method to the maximum 

torque per volt, which is presented in brief in the next section. 

2.5.3 Maximum torque per volt control (MTPV) 

The stator current must be controlled in the case of limited stator voltage operation. The 

target of this method is that for a given torque demand, the voltage is limited. This 

condition occurs when the characteristic current (Eq. (2.7)) of the machine is smaller than 

1 p.u., meaning that the d-axis per-unit inductance is higher than the PM flux linkage per 

unit value. Taking the first derivative of the torque equation with respect to dT/did and 

using Eqs. (2.3) and (2.4), the stator current vector producing the maximum amount of  

torque under the voltage constraint can be derived (Illioudis and Margaris 2010). The 

equations for the current components with the MTPV method are 
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(2.38) 

The equations are valid only in the MTPV control. The MTPV control is used only on 

special occasions at the highest speeds if the machine design is applicable for its use. In 

the MTPV region, the current is always smaller than the rated current, and the voltage 

amplitude is at its rated value, which is equal to the voltage limit. Figure 2.9 demonstrates 

the principles of the previously presented control strategies. 
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Fig. 2.9. Current control in different control strategies. The cyan curve has three different control 

modes (MTPA, FW, MTPV). The current limit is indicated by a blue circle (is = 1 p.u.), and the 

ellipses show the voltage limits at different speeds (s = 0.5, 1, or 2) when operating with the 

rated permanent magnet flux linkage PM = 0.45 p.u. The smaller the ellipse at a higher speed is, 

the more current must be used to decrease the stator flux linkage level. At a certain speed the 

operation must take place both inside the ellipse and the current limit circle. The green trajectories 

represent constant torques. The lowest curve represents operation at the rated torque. The MTPA 

curve meets the trajectory in the point when field weakening starts at the rated torque. The upper 

curves represent high-current excess per-unit torques of 1.25 and 1.5, respectively. 

2.6 Summary of Chapter 2 

The chapter focused on the TCPMSM. Its mathematical model was explained in brief 

assuming that the reader has sufficient background knowledge of the machine type. The 

decision to choose of the TCPMSM instead of some other PMSM type was discussed. 

The TCPMSM has at least two important features in traction applications: its speed range 

can be adjusted by suitable selection of synchronous inductance and according to its 

general suitability for mechanical integration. The electromagnetic design of the 

TCPMSM together with the control principles was described.  



 43 

 

3 Integrated solution 

It has been shown in the introduction of this work that some kind of a mechanical gear is 

needed in heavy-duty working machines. A reduction gear is needed to achieve high 

torque, for instance when cultivating or loading the bucket, or in the start-up; on the other 

hand, a direct gear is needed when high speed is required for instance to move the machine 

on the road. This chapter presents the construction and a novel solution for the prototype 

machine. 

Figure 3.1 presents a schematic and a realistic figure of the tooth-coil-wound permanent 

magnet synchronous machine (TCPMSM) with an integrated two-step planetary gearbox 

inside the rotor.  

  

Fig. 3.1. TCPMSM with an integrated two-step planetary gearbox and its simplified schematic.  

The rotor of the electric machine is directly connected to the sun gear of the planetary 

gear system. The green plate in the figure illustrates the connection between the rotor and 

the sun gear. If the right-hand dog clutch is engaged, the motor output is directly 

connected to the output shaft. If the left-hand dog clutch is engaged, the torque is taken 

via the planet carrier and a speed reduction, depending on the teeth number of the sun, 

planet, and ring cogwheels. The gear ratio is the division between the teeth number of the 

sun gear and the sum of the teeth numbers of the sun gear and the ring gear. Typical 

values that can be easily achieved are from 1:2 to 1:10 (Lynwander 1983). In the case of 

the prototype, the reduction is 1:3.64. 

The planetary gear also dictates the maximum speed of the motor. In this case, according 

to the manufacturer, the fairly large planetary gear tolerates about 2400 min1 at the sun. 

ring
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sun
clutchclutch

PM rotor

stator

fixed
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Based on this, the rated speed of the electric motor was selected to be half of this speed 

to reach a base speed area of 0–1200 min1 and a field weakening area with a constant 

power output of 1200–2400 min1. 

The above-mentioned example of an agricultural tractor showed that one of the toughest 

tasks is ploughing at 2 m/s with 31 kN, resulting in 62 kW of power. The top speed of a 

normal agricultural tractor is 50 km/h, which corresponds to 13.9 m/s. The integrated 

design motor runs at 2400 min1 at this top speed with the direct gear. At the rated motor 

speed, the tractor speed is 6.95 m/s. With the 1:3.64 reduction gear, the tractor speed is 

1.9 m/s. Therefore, with the reduction gear, the ploughing speed goes slightly into the 

field weakening. Four 40 kW units should cope with the task. 

 

3.1 Electromagnetic design 

The design procedure of the electric machine design can be found for instance in 

(Pyrhönen et al. 2014). The important boundaries for the design are usually 

 Rated output power  

 Rated voltage  

 Rated rotational speed  

 Number of phases 

 Winding type 

 Desired tangential stress σFtan, which indicates the cooling type required 

 Maximum torque and speed (typical for traction applications) 

 Size limitations for the machine dimensions; diameters and length 

(typical for traction applications) 

 Maximum voltage and current of the inverter 

All the machines can be designed mainly by knowing all the characteristics listed above. 

Typically, in traction applications as in the case of this doctoral dissertation, there are 

mechanical and dimensional limitations that have to be known at the start of the 

electromagnetic design. The design process is outlined in the flow chart of Fig. 3.2. The 

guidelines of the traction motor design process have been given by the author previously 

in (Montonen et al. 2014) and (Montonen et al. 2012). 
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Fig. 3.2. Flow chart of the design process. 

 

The mesh used in the FEM model is presented in Fig. 3.3. Because of the symmetry, only 

half of the machine was modelled. By dividing the model into smaller parts, it was also 

possible to significantly reduce the calculation time. The mesh nodes are smaller near the 

air gap, where the most important effects take place. 
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Fig. 3.3. Mesh of the FEM model applied. 

 

Fig. 3.4 presents the flux density contour plot of the machine. It is noteworthy that the 

values of the flux density are in the region of 2.1–2.3 T on the q-axis. The flux density 

values in the stator yoke and teeth are in the range of 1.0–1.6 T, which is a typical value 

for electrical machines (Pyrhönen et al., 2014).  
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Fig. 3.4. Flux density plot of the 18/14 machine in the rated operating point. 
 

The FEA-calculated normal components of the flux density waveforms in the air gap at 

no load at the rated speed and at the rated load for the design under study are presented 

in Fig. 3.5.  
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a)    b) 

Fig. 3.5. Waveform analysis of the flux density normal components; a) comparison of the air-gap 

flux density curves at no load (blue) and at the rated load (red) and b) harmonic spectra at no load. 

The seventh, that is, the working harmonic of the machine is clearly dominating. 

Because of the open slots of the machine, stator slot wedges are needed to hold windings 

in their places. A study was made to get information of material properties most 

appropriate for the slot wedges. The options were to use non-magnetic glass fibre or semi-

magnetic material with a relative permeability of µr = 3. Fig. 3.6 compares the air-gap 

flux density waveforms for non-magnetic and semi-magnetic slot key materials. 

 

a)     b) 

Fig. 3.6. Waveform analysis of the flux density normal component; a) comparison of the air-gap 

flux density curves at no load b) and at the rated load. 

By using the semi-magnetic slot wedge, the highest peaks of the flux density wave are 

smoothed, as a result of which the current will also be smoother. Therefore, semi-

magnetic slot keys are selected instead of glass fibre ones. 

It is important to ensure that the current density J remains at an acceptable level in the 

slot. The total copper cross-sectional area in the slot can be estimated by   
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Cu
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2

Cu

Cus

π

k

nzr
S  , (3.1) 

where rCu is the wire radius, in this case copper, zQ is the number of turns around one 

tooth, npar is the number of parallel branches, and kCu is the slot fill factor, which is 

normally in the range of 0.55 for round wires. 

Compared with traditional industrial motors with integral slot windings, the prototype 

motor has a large slot, which guarantees a low current density value in the rated operation 

of the motor. According to (Pyrhönen et al 2014), for instance typical slot pitches of 

industrial induction motors vary between 7 and 45 mm. In this case, the slot pitch is 58 

mm. The current density value of 4 A/mm2 used here is so low that the machine can, in 

practice, be overloaded by 150 % continuously below the rated operating speed. 

The slot dimensions are presented in Fig. 3.7.  

 

Fig. 3.7. Slot dimensions in the prototype: b1 = 31 mm, b4 = 40 mm, h1 = h2 = 2 mm, h3 = 0.7 mm, 

and h4 = 30 mm. This will result in a total slot height of 34.7 mm. A large slot guarantees a low 

current density. 

3.1.1 Winding configuration 

The machine winding was chosen to be a two-layer tooth-coil winding to achieve the 

shortest possible end windings. Next, an overall comparison of the four most suitable 18-

slot machines is made; on average, the 18-slot machines seem to be the best choice for 

this application. The selected candidates were chosen based on the calculated quality 

factor (overall, the 18-slot machine seemed to have the best QF in this case). The 

machines selected for the analysis are 18/12 (3/2), 18/14, 18/16, and 18/20 ones. The 

18/12 machine operates with the base machine 3/2 fundamental, and the machine 

produces traditional three-phase machine harmonics. The 18/14 machine is the base 

machine itself and therefore operates with the seventh harmonic. This machine also 

produces the same harmonic ordinals as traditional three-phase machines. The base 

machine of the 18/16 machine is a 9/8 machine operating with the fourth air-gap 
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harmonic. The base machine of the 18/20 machine is a 9/10 one, operating again with the 

fifth harmonic. Therefore, the machine produces similar air gap harmonics as a traditional 

three-phase machine. All harmonics, except for the operating one, do not participate in 

torque production. These harmonics, which do not produce torque induce additional 

voltage in the windings and contribute to the leakage inductance increasing the armature 

reaction. This is harmful as they might lead to saturation in the iron core and an increase 

in the rotor iron and PM losses.  

Table 3.1. Comparison of the significant current linkage harmonics and their moving directions 

and per-unit frequencies seen at the rotor surface of machines under study. 

 

3/2 

ν +1 5 7 11 13 -17 19 23 

f 0 6 6 12 12 18 18 24 

 

18/14 

ν +1 5  7 11 13 17 19 23 

f 0.86 1.7 0 2.57 0.86 3.43 1.71 4.29 

 

9/8 

ν +1 2 +4 5 7 8 10 13 

f 0.75 1.5 0 2.25 0.75 3 1.5 2.25 

 

9/10 

ν +1 5 7 11 13 17 19 23 

f 1.2 0 2.4 1.2 3.6 2.4 4.8 3.6 

 

The induced voltage waveforms of the machines are compared in Fig. 3.8 at the rated 

speed of 1200 min1 at 20 °C temperature. 

 

Fig. 3.8. Induced voltage waveforms of the machine alternatives in the no-load condition at a 

1200 min1 rotational speed. The 18/14 machine provides the best voltage waveform purity, but 

all alternatives are good, except maybe the 3/2 (18/12) machine, which is known for its problems. 
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The curves in Fig. 3.8 also indirectly indicate that a large LCM is preferred in order to 

have a low torque ripple. The induced voltages are almost at the same level, but the most 

sinusoidal waveform is found in the 18/14 design. High air-gap leakage factors were the 

main reason to avoid 18/16 and 18/20 PMSMs because a high leakage sacrifices the peak 

torque in the constant flux linkage area. The deep field weakening range is not so 

significant in this application, and therefore, a fairly low synchronous inductance is 

preferred. The 18/12 machine (3/2 base machine with q = 0.5) produces a high torque but 

also a high torque ripple, and should thus be skewed. 

The grounds for selecting the 18/14 machine are the following: 1) It has been shown that 

machines with a high q have usually an adequate torque producing capability (Salminen 

et al. 2005). The value of q = 0.43 is close to the limiting value of q = 0.5, beyond which 

we have distributed windings. However, the value of q = ½ produces poor torque quality. 

2) The air-gap leakage factor with q = 0.43 is moderate, σδ = 0.83 resulting in a moderate 

stator leakage inductance (Ponomarev 2013). This is now desirable as the field weakening 

range is not wide because a gearbox has to be used. 3) The winding factor of the operating 

harmonic ( = 7) is also acceptably high, kw = 0.902, resulting in low Joule losses. 4) The 

18/14 machine configuration has a high LCM resulting in almost purely sinusoidal 

induced voltage and smooth torque. A higher LCM would yield an even lower waveform 

of the cogging torque, but it results in higher-frequency torque fluctuation. Based on these 

factors, the 18/14 machine is kept as a good starting point for the integrated design. The 

winding configuration is presented in Fig 3.9. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

+U +U +U+U +U+U-U -U-U -U-U-U+V +V +V+V +V+V-V-V -V -V-V -V+W +W +W+W+W +W-W -W-W -W -W-W

U1 U2
W2

W1 V2 V1

Figure 3.9. Winding arrangement of the designed prototype machine. 

Despite its good properties, the 18/14 machine has received little attention in the literature 

compared with other types of machine. Previously, the 18/14 machine has been analysed 

for instance in (Dutta et al. 2013). The geometry, winding structure, and harmonic 

analysis of the machine are presented in Fig. 3.10. 
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c) 

 
d) 

 
e) 

Fig. 3.10. a) Geometry and winding structure of the 18/14 machine and b) harmonic analysis of 

the winding function. The operational harmonic of the machine is the 7th one. The same winding 

could also operate with a 22-pole rotor and have  = 11 as the operating harmonic. c) Harmonic 

analysis of the winding function of 18/16, d) 18/12 (3/2 base machine), and e) 18/20 (9/10 base 

machine) machines.  
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A small fundamental winding factor kw1 = 0.04 also occurs. The low value of the 

fundamental is a benefit of this machine as it results in low rotor losses caused by the fast 

rotating armature fundamental. The stator with this winding arrangement could also work 

with the 11th harmonic to make an 18/22 machine. However, increasing the pole pair 

number from 7 to 11 would result in an increased frequency and thereby higher iron 

losses, and also permanent magnet eddy current losses. 

Based on the analysis and the QF, the 18/14 machine will be studied in the following. Its 

overall properties for this traction drive task seem the most appropriate. 

3.2 Saturation and cross-saturation 

Normal saturation is calculated for each axis individually. Fig. 3.11 presents the flux 

linkages and inductances of the motor as all the current is supplied to one axis only to 

obtain the flux linkage from the selected axis. The plots are obtained by linearization of 

differential inductances by using Eqs. (3.2) and (3.3). The step used in the calculation is 

Δid,q = 10 A. 

 

a)                                                                                    b) 

Fig. 3.11. a) Flux linkages and b) synchronous incremental inductances of the 18/14 machine as 

a function of peak stator current. The current step used in the calculation is Δid,q = 10 A. 

The flux linkages and synchronous inductances were obtained from the static FEA when 

the coils were supplied by direct currents and the rotor was locked either in the q-axis or 

d-axis position. Incremental synchronous inductances for both axes are shown in Fig. 

3.12, respectively. The incremental synchronous inductances can be determined 

numerically in locked-rotor positions as follows by using the differential flux linkage 

method (Stumberger et al. 2003), (Qi et al. 2009) 
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As Fig. 3.12 illustrates, the incremental synchronous inductances are strongly dependent 

on the axis currents. At no load, the machine is fairly non-salient, Ld  Lq. Saliency can 

be observed based on different saturations; furthermore, a fairly strong cross-saturation 

phenomenon can be observed. The d-axis incremental synchronous inductance remains 

relatively stable as a function of q-axis current with id = 0. The cross-saturation reduces 

Ld from 1.5 mH at no load to about 1.2 mH at the 200 A q-axis current with id = 0. 

 

The q-axis incremental synchronous inductance has strong self-saturation at low values 

of iq, which is natural as the magnet retaining ring starts to saturate under the q-axis 

armature reaction. Lq is fairly insensitive to negative d-axis currents, and therefore, the 

cross-saturation does not significantly affect the machine control. 

 

 

             a)                                                                          b) 

Fig. 3.12. Incremental synchronous inductances of the motor as a function of d- and q-axis 

currents, a) d-axis inductance, and b) q-axis inductance. 

 

All the positive direct-axis currents are causing heavy saturation. The armature reaction 

caused by a high quadrature-axis current component amplitude also saturates the machine 

heavily. In normal operation, magnetizing positive d-axis current is not used, but high q-

axis current values occur when high torque is produced. The q-axis inductance varies 

more than the d-axis inductance as a function of currents, because the permanent magnets 

affect the q-axis inductance only by cross-saturation (e.g. torque).  

The machine saturation must be taken into account to reach high accuracy, also in the 

driving cycle analysis, and hence, an analysis with rated-point equivalent circuit 

parameters would lead to somewhat erroneous results and should be avoided when the 

control logic is designed. These inductance maps can be embedded by look-up tables in 
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the memory of controllers. In that way, a good overall torque quality can be reached in 

every operating state, and hence, optimal control logic can be used to drive the machine. 

3.3 Torque quality 

Different techniques to minimize cogging torque and torque ripple have been presented 

in the literature (Li et al. 2009), (Bianchi et al. 2002), (Petrov et al. 2014), (Wang et al. 

2013), (Alberti et al. 2014) and (Azar et al. 2012). Next, the cogging torque and torque 

ripple of the 18-slot 14-pole machine are analysed. Their waveforms and harmonic 

analysis are shown in Figs. 3.13 and 3.14 both over one electrical cycle.  

From the cogging torque spectrum, it can be seen that the most crucial component is the 

tooth harmonic component, which is the 18th one in this machine. The machine produces 

less than 0.1 % cogging torque, which is negligible. If desired, the cogging, and thereby 

the torque ripple, can be further decreased by decreasing the slot openings, increasing the 

air-gap length, or skewing the slots. Open slots and semi-magnetic wedges are used in the 

prototype machine to enable easy winding work. Naturally, manufacturing imperfections 

can also lead to an increasing cogging torque (Gasparin et al. 2009). 

The no-load voltage and its harmonic spectrum are presented in Fig. 3.15. The total 

harmonic distortion (THD) estimates the sinusoidal waveform of the no-load PM-induced 

voltage. It can be expressed as  

 

 

1

2

2

ν

 =THD
E

E


 , 
(3.4) 

where E1 is the RMS or peak voltage of the fundamental harmonic, and Eν is the RMS or 

peak voltage of the νth harmonic. 

 

The no-load voltage THD of the motor is less than 2 %, consisting mostly of the 6th, 12th, 

and 18th harmonics. This is a major benefit of the 18/14 optimized construction. Stresses 

caused to the drive train are practically free of torque ripple caused by the motor itself.  
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Fig. 3.13. Cogging torque; a) waveform and b) harmonic spectrum. The cogging torque compared 

with the rated torque of the machine is less than 0.1 % of the rated torque of the machine. 

 

Fig. 3.14. Torque ripple at the rated speed and torque (1.7 % peak to peak); a) waveform and b) 

harmonic spectrum. 
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Fig. 3.15.  Calculated permanent-magnet-induced voltage at the rated speed at 20 °C; a) waveform 

and b) harmonic spectrum, the FEA results. THD = 2 %. The induced voltage corresponds to the 

peak value of 287 V (203 VRMS). 

Iron saturation causes harmonic content, which is usually present in tooth-coil machines 

and thereby influences the behaviour of the inductances (Barcaro et al. 2012), (Yamazaki 

et al. 2014). Saturation is the natural explanation as the harmonic analysis of the 

synchronous inductances and flux linkages includes the 6th and 12th harmonics (Chen et 

al. 2015). Those components directly affect the torque as it can be seen in the second term 

of the torque equation 

 
        cogdqqdqPM

2

3
 = TiiLLipT   . (3.5) 

The 18th harmonic to the torque ripple comes directly from the cogging torque.  

3.4 Short-circuit test 

It is important to control the surviving capability during the short-circuit condition when 

the machine is designed for traction applications (Choi and Jahns 2013), (Welchko et al. 

2003). During symmetrical short-circuit operation, the steady-state values of currents can 

be calculated by introducing zero values for voltage components and setting the time 

derivatives in the voltage equations to zero 
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If a normal three-phase salient pole PMSM is shorted at standstill and then rotated, the 

machine axis sustained currents can be calculated from Eqs. (3.6) and (3.7) and 

substituted into the torque equation to obtain the equation for the short-circuit situation 

torque 
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The peak torque condition is achieved at the speed  
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 . (3.11) 

 

Fig. 3.16. Normalized d- and q-axis currents and the total stator current in the three-phase short-

circuit case. 
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Fig. 3.17. Normalized peak torque in the three-phase short-circuit case. The peak torque value is 

0.89 p.u. in the worst case. 

FEA-calculated sustained three-phase short-circuit currents are shown in Fig. 3.18 a. The 

RMS value is 91 A and the peak value 128 A. The synchronous inductance calculated 

with the induced voltage and this sustained short-circuit current at 140 Hz results in Ld = 

2.55 mH. The rated phase voltage and current are 230 V and 67 A, respectively. 

Therefore, the per-unit synchronous inductance in this short-circuit test is 0.65 pu. This 

corresponds well to the value given in Fig. 2.6. Figure 3.18 b illustrates the lowest flux 

density value in a permanent magnet in the worst case. 

 

Fig. 3.18. a) Currents in a sustained three-phase short-circuit. The peak current is 128 A and RMS 

91 A. b) Flux densities in the magnets in a sudden short-circuit in the worst case. The minimum 

flux density observed in a magnet remains at about 0.4 T. 
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3.5 Control of the prototype machine 

The behaviour of the prototype machine with the methods presented in Chapter 2 is 

studied and verified. As the PM flux density is so large because of the torque required in 

this case, the MTPV control is not applied at all. The machine is driven to its voltage limit 

according to the MTPA, and after that, the FW takes place. Fig. 3.19 presents the 

prototype in the d-q axis current diagram. One curve takes the saturation into account, 

and the other assumes the machine parameters constant. 

 

Fig. 3.19. Control of the prototype machine. The red curve represents the case with the saturation 

included, and the cyan curve the theoretical curve using only the rated parameters. 

3.6 Mechanical design 

For practical reasons, the prototype motor employs direct oil cooling. The planetary gear 

requires lubrication, which makes the use of the already present manual transmission oil 

the most cost-effective solution in this case. Indirect water cooling was considered 

effective enough at higher speeds because of internal oil splashing. Given the potential 

application of the motor, it was deemed that the cooling of the stator coils has to be 

secured at lower speeds. It is, after all, in those “the tractor stuck in a muddy field” 

situations where the maximum torque is needed, and thus, the maximum heat may be 

generated in the motor. 

In this oil cooling concept, the oil is circulated outside the motor for cooling. The cooled 

oil is pumped back to the motor through eight holes (four on both sides of the stator) in 
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the upper parts of the frame. The entry points are located so that the coils above the oil 

level receive fresh oil.  

The rotor has a special mechanical structure (Fig. 3.20.); the rotor stack does not have a 

frame inside it, but the stack is pressed against a plate-like rotor body with long screws 

and an end plate. The basic idea behind the structure is that the screws and friction within 

the lamination together provide a core rigid enough to support itself. Preliminary tests on 

the rotor of the prototype motor have yielded promising results. 

 

Fig. 3.20. Rotor mechanics. 

The mechanical strength of the rotor laminations was calculated; the stress contour is 

shown in Fig. 3.21. In the stress study at the rated rotational speed of the rotor, the radial 

force caused by the centrifugal force of the magnets in the point where the magnets are 

glued to the rotor has to be taken into account. The figure presents the von Mises stress 

levels obtained by a calculation (Solidworks) in a situation where the maximum torque 

of approx. 1000 Nm is driven at the rated rotational speed of 1200 min1. A similar 

evaluation was performed at the maximum speed. The value of the magnetic steel stress 

is in the range of 320 MPa. The yield strength is 450 MPa. 
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                                 a)                                                                                b) 

Fig. 3.21. a) Von Mises stress levels at the rotor at maximum torque at the rated speed of 1200 

min1 and b) electromagnetic torque with the same q-axis current and different widths of iron 

bridges on the q-axis of the rotor. 

The stress values remain at acceptable levels in all cases. The mechanical strength of the 

rotor against torque and centrifugal forces is thus confirmed. As the rotor has no other 

frame than the laminated yoke, the tangential shear (caused by motion) between the 

laminations was prevented by strong split pins and screws shown in Fig. 3.20. Figure 3.21 

also shows that the thickness of the iron spokes retaining the rim has a significant effect 

on the performance of the motor. Obviously, wide bridges increase the permanent magnet 

leakage flux but strengthen the rotor mechanically. Finally, 2 mm wide iron bridges were 

manufactured.  

3.7 Thermal design 

A thermal design analysis was performed during the design process. However, it was 

made without the planetary gearbox as the system would have been too complex to model 

with it. In this concept, three cooling methods are used. First, oil is dropped on the top of 

the stator, then, the machine is partly immersed in oil, and finally, when the rotor is 

rotating, the cooling oil is splashed to the end windings and other parts. This has worked 

well in the laboratory. 

All the heat transfer cases can, at least to a certain degree, be handled by a lumped-

parameter thermal model. This means that the partial differential equations can be 

replaced by a system of linear equations. All the structural parts of electrical machine are 

of cylindrical form, which enables the use of simplified T-equivalent blocks (Nerg et al. 

2008), (Mellor et al. 1991), (Incropera and DeWitt, 1985), and (Rostami et al. 2013). The 

thermal resistances for conduction and convection can be calculated as follows: 
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A
R



1
conv  , (3.13) 

where l is the length of the body in the heat flow direction, λ is the thermal conductivity, 

α the convection coefficient, and A is the cross-sectional area. The parameters for the T-

equivalent lumped-parameter thermal model can be calculated as presented in Table 3.2. 

In the table, r1 is the outer radius, r2 is the inner radius, λa and λr are the thermal 

conductivities in the axial and radial directions, respectively. Figure 3.22 shows how the 

resistances are connected in the T-elements. 

 
Table 3.2. Parameter calculation of the T-equivalent model for a cylindrical component. 
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Fig. 3.22 T-element blocks consisting of three thermal resistances both in the axial and radial 

directions. Tm denotes the average temperature. 
 

In the steady-state analysis, the temperature rise vector in each node of the thermal 

network relative to the reference temperature can be calculated by the matrix equation 

 

 PGT
1 , (3.14) 
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where G is thermal conductance matrix, and P is the power loss vector containing the 

losses in each node. The thermal conductance matrix is defined by the thermal resistances 

as 
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In this oil cooling concept, the oil is circulated outside the motor for filtering and cooling. 

The cooled oil is pumped back to the motor through eight nozzles (four on both sides of 

the stator) in the upper parts of the frame. The entry points are placed so that the coils 

above the oil level receive fresh oil. The worst-case value of oil friction can be evaluated 

by a sentence assuming the whole air gap filled with oil  

 









rrSvrS
T

π2rr
oil  . (3.16) 

Here, r is the radius measured from the rotor centre line to the middle of the air gap, Sr is 

the rotor surface area facing the air gap, v is the velocity of the rotor surface,  is the 

rotor mechanical angular velocity,  is the air-gap length, and  is the dynamic viscosity 

of oil (Stachowiak and Batchelor, 2005). In our case, the machine air gap is only partly 

filled with oil, and therefore, an appropriate proportion   [0,1] of this value will be the 

practical result. The dimensioning of the planetary gear cogwheels dictates the desired 

viscosity level. In this case, the surface pressures of the cogwheels remain low, and 

therefore, for instance automatic transmission gear oil can be used inside the integrated 

design resulting in acceptable friction losses. 

In the calculation, three different oils at the temperature of 100 °C are analysed. This 

temperature was selected as the manufacturers only give the oil properties at 100 °C. Oils 

are collected from the website of the oil company Teboil and the datasheets are found in 

(Konetex 2014). The oil types compared are EP 75W-90 synthetic transmission oil, 

Hypoid 80W-140 semi-synthetic transmission oil, and Fluid E, which is semi-synthetic 

automatic transmission oil. 

In the case of totally oil-immersed rotor, the results for viscous loss as a function of air-

gap length are shown in Fig. 3.23. 
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Fig. 3.23. Maximum viscous losses as a function of air-gap length based on Eq. (3.16). 
 

The air-gap length is chosen to be 3 mm because the oil viscous losses are then reasonably 

low, and it does not excessively degrade the machine electromagnetic efficiency. It can 

be seen that increasing the air gap any further does not considerably reduce the losses, 

but more permanent magnets are needed to achieve the same flux density to the air gap, 

which, in turn, decreases the torque production of the machine. However, the oil friction 

losses are lower because only one-third of the machine is filled with the lubricating and 

cooling oil. Estimation of the total mechanical losses at the rated speed is around 300–

400 W and 1200–1400 W at the maximum speed. 

If bulk magnets are used the permanent magnet losses can be high as a result of eddy 

currents. Fig. 3.24 shows the amount of eddy current losses in permanent magnets as a 

function of the number of magnet slices.  

 

 
Fig. 3.24. Permanent magnet losses caused by eddy currents as a function of the number of 
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permanent magnet slices. 
 

The steel lamination retaining the magnets is so thin that some flux density fluctuations 

take place in the magnets, and therefore, the magnets are manufactured of six galvanically 

separated slices to limit the PM losses. Bulk magnets cannot be used as they would 

produce more than 1 kW of PM eddy current losses despite the steel bridge over the 

magnets. Using six isolated slices reduced the total PM losses to less than 50 W. It can 

be seen that six magnet slices seem to suffice as the additional reduction in the losses with 

more than six slices is marginal. Furthermore, it is also possible to use fewer pieces of 

magnets as the oil cooling ensures heat removal from the machine. Because of oil 

splashing cooling, the rotor in this machine is actually cooler than the stator because part 

of the rotor is all the time inside the oil. For further information on direct oil cooling, the 

reader is referred for instance to (Ponomarev 2013), (Ponomarev et al. 2012). 

 

In the prototype, Shell Spirax (similar to Teboil Fluid E) automatic transmission oil is 

used for cooling and to lubricate the parts of the planetary gearbox. The most important 

characteristics are given in Appendix A. Correspondingly, in Table 3.3, the amount and 

distribution of losses are shown as the LPTN model needs them for the input. 

 

Table 3.3. Losses in the motor in the rated operation calculated analytically and by the 2D FEA.  

 

Loss type 
Computed 

Analytically 

Calculated 

with FEA 

 Copper [W]  991 991 

Stator iron [W] 180 186 

Rotor iron [W] 100 103 

Magnet loss [W] 50 48 

Mechanical [W] 400 - 

 

As it was shown above, the usage of oil causes friction losses, which are minimized by 

using a low stack length and a large air gap. In that way, Eq. (3.16) gives the highest 

possible amount of losses. Oil cooling causes more problems if the rotational speed of the 

motor is high. Therefore, it should only be used in cases where the speed is relatively low 

and the torque density is high at the same time. The frictional loss of the rotor is directly 

proportional to the radius and mechanical angular velocity r, that is, the peripheral 

speed. The lubrication of the planetary gear also needs a suitable rotational speed for the 

cogwheels. Foaming of the oil is also problematic for the lubrication of planetary gearbox. 

 

Fig. 3.25 shows the used lumped-parameter thermal network of the motor. 
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Fig. 3.25. Lumped-parameter thermal network (LPTN) of the PMSM. The rectangular nodes are 

placed in the cooling matrix as the oil flow is considered in those locations inside the electric 

machine. 

 

The numbered nodes are as follows 

1. Frame left end 

2. Frame above stator 

3. Frame right end 

4. Stator yoke 

5. Stator teeth 

6. Windings in the stator slot 

7. End windings on the left side 

8. End windings on the right side 

9. Rotor iron 

10.   Permanent magnets 

11.   End ring on the left side 

12.   End ring on the right side 

13.   Rotor yoke 

14.   Shaft 
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15.   Area above the right-side end winding 

16.   Area below the right-side end winding 

17.   Area above the left-side end winding 

18.   Area below the left-side end winding 

19.   Air gap         

 

 

Fig. 3.26 presents the results when cooling by partial oil immersion is adopted. The 

lubrication and cooling oil level inside the motor at rest wets 1/2 of the rotor diameter. 

The temperatures are valid for a situation where the motor is operating at its rated torque 

at the rated speed and the incoming temperature of the cooling oil is 60 °C. It can be seen 

that the machine design does not suffer from too high temperatures of permanent magnets 

or any other active parts. 

 
Fig. 3.26. LPTN results for the oil-cooled PMSM. The highest temperatures can be found at 

windings in the stator slot (6), end windings on the left side (7) and the end windings on the right 

side (8). The permanent magnets (10) remain at a very moderate temperature of about 60 C. 

3.8 Manufacturing a prototype 

Based on the analytical and field computations, a prototype machine was manufactured. 

The main performance parameters are given in Table 3.4, and the main dimensions of the 

active magnetic parts of the machine are given in Table 3.5. 
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Table 3.4. Operating parameters of the machine. 

Parameter Value 

Rated speed [min1] 1200 

Rated frequency [Hz] 140 

Rated line-to-line voltage  [V] 400 

Rated phase voltage [V] 230 

Rated current [A] 67 

Rated apparent power [kVA] 45 

Rated power factor 0.92 

Rated-point efficiency 0.957 

Rated mechanical power [kW] 40.8 

Rated torque [Nm] 324 

Maximum torque [Nm] at 240 A 976 

Tangential stress [kPa] 24 

Stator resistance [Ω, p.u.] 0.0768, 0.02 

Induced voltage [V, p.u.] 203, 0.88 
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Table 3.5. Main magnetic dimensions and winding characteristics of the machine. 

Parameter Value 

Stator slots 18 

Poles 14 

Number of slots per pole and phase 0.43 

Length of the stator stack [mm] 75 

Length of the rotor stack [mm] 80 

Stator outer diameter [mm] 444 

Stator inner diameter [mm] 336 

Rotor inner diameter [mm] 280 

Air-gap length [mm] 3 

Number of coil turns in a phase  138 

Effective coil turns in a half slot 23 

Working harmonic winding factor 0.902 

Dimensions of permanent magnet [mm] 59.5  9.7  13.1 

 

The target was to achieve as short end windings as possible, Fig. 3.27. The total length of 

the machine stator including end windings is approx. 130 mm, and the length of the stator 

stack 75 mm. 
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Fig. 3.27. Two-layer tooth-coil winding is the shortest possible option to wind the stator of an 

electrical machine. The winding is compact and slot wedges are used to close the open slots, at 

the same time guaranteeing that the windings are kept properly in the slots.  

The prototype stator is illustrated in Fig. 3.28 and the rotor in Fig. 3.29. The figure shows 

the very short end windings in the stator, the Pt-100 temperature sensors, and the semi-

magnetic slot wedges, which were added to increase the main flux of the machine and to 

reduce the rotor losses. As it can be seen, the electric motor itself is compact, but the 

mechanical parts need more space. However, the overall system length is reduced 

considerably compared with an electric motor and a separate two-step planetary gearbox 

combination by integrating these two. 

 

 



 73 

 
Fig. 3.28. Stator after the winding process. Very short end windings are obtained. The slots are 

closed by semi-magnetic slot wedges. 

 

 
Fig. 3.29. Rotor construction under manufacturing. The smooth air-gap surface guarantees low 

oil friction losses. 

 

The machine with the mobile cables of the inverter is presented in Fig. 3.30. The overall 

mass of the prototype is 295 kg, and the mass of the electrical machine only is around 85 

kg. 
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Fig. 3.30. Photograph of the prototype motor. 

3.9 Summary of Chapter 3 

The integrated design of the TCPMSM with a two-stage planetary gearbox was elaborated 

on. The PMSM rotor is driving the sun. Two clutches are needed to operate gear shifting. 

The PMSM rotor is either driving the output shaft directly or the planet carrier is 

connected to the shaft. Two gear ratios 1:1 and 3.64:1 are available. The selection of the 

gear ratio was based on a commercially available gear, but the gear ratios also meet  the 

required speed–torque range fairly well.  

The electromagnetic design of the PMSM was also explicated based on the boundary 

conditions set by the mechanics and the drive speed–torque needs. The analysis shows 

that an 18/14 machine is optimal for the given application. Its field weakening range is 

suitable for this application and its torque quality is very high. 

As there is gear-lubricating oil in the chamber, it is used also for the cooling of the 

machine. Oil is filtered and cooled outside the machine, and it is sprayed on the topmost 

end windings of the PMSM. The heat transfer was analysed by a lumped parameter 

model. The viscous losses may be significant, but the analysis shows that a large enough 

air gap and a moderate peripheral speed of the motor result in an acceptable loss level.  
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4 Additional equipment 

This chapter presents the additional equipment needed in the operations of the integrated 

gear PMSM drive system. The first one is the gear change actuator. This chapter also 

provides the basic guidelines on the control system that synchronizes the speeds in the 

gear changing process. The gear change program is built on the MID070S platform and 

by using the software Guitu and Canto by the Finnish company Exertus (Exertus 2016).  

4.1 Linear electromagnetic actuator 

The dog clutches used in the system need only a small force for operation, mainly for 

accelerating the clutch moving part. The movement track is also short. In this very case, 

the moving dog clutch half has to travel a distance of 8 mm. Therefore, an electromagnetic 

actuator was considered. A desired property of the actuator might also be self-detention 

at both operating ends to make sure that the dog clutch does not move unintentionally if 

its control current is lost.  

The lack of suitable commercially available equipment for changing gear led to design a 

special actuator for the purposes of this study. The idea for the gear change mechanism 

comes from loudspeakers. The “voice coil” actuator has the same operating principle as 

a loudspeaker voice coil. From here onwards, it is referred to as a linear electromagnetic 

actuator. 

The Lorenz force equation 

  BvEF  Qdd  (4.1) 

explains the operating principle of the voice coil actuator. In Eq. (4.1), F is the force 

vector, Q is the charge, E is the electric field strength vector, v is the velocity vector of 

the moving charge, and B is the magnetic flux density vector. Both the electric field and 

the magnetic field exert a force on a moving charge. In practice, the sentence can be 

simplified into the form used in the operation of the voice coil as the force caused by the 

electric field is insignificant in this case: 

  BvF  Qdd . (4.2) 

It is possible to write  

 lv dd IQ  , (4.3) 

where I is the current and dl is the differential conductor length carrying the current. Now, 

the Lorenz force equation can be written in the form 
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  IlBF  . (4.4) 

This equation shows that a current-carrying conductor that is located in a magnetic field 

is affected by a force. If the magnetic flux density B is produced for instance by a 

permanent magnet, a counter-acting force will be exerted on it while the current conductor 

experiences the Lorenz force. 

In the linear magnetic actuator of this study, we use this counteracting force. Permanent 

magnets are glued on the surface of a dog clutch, which is the mover in this application. 

In the stationary iron part there are a number of coil turns. When current is supplied, the 

mover starts to make a linear movement produced by the force. In the linear magnetic 

actuator, as constant radial flux as possible is provided through the coil to avoid eddy 

current losses in solid parts. 

In Fig. 4.1, simplified cross-sectional illustrations of the ring-shaped concentric linear 

magnetic actuator parts are shown. The figure presents two options: It is possible to 

arrange the system geometry so that the reluctance force holds the moving part in its end 

position, or a small holding current can be used to keep the clutch stationary.   

 

Fig. 4.1. Voice coil clutch actuator. In each figure, the stationary iron part with the coil is located 

on the left, whereas on the right side there is the moving part containing the permanent magnets. 

The design shown in Fig. 4.1 is extraordinary in that the clutch, when engaged, transmits 

the torque of the motor and is, at the same time, rotating at the same speed as the shaft. It 

is possible to design this kind of a rotating low-loss clutch linear actuator when the whole 

magnet surface is uniform. No significant eddy current losses are produced by rotation 

when uniform magnetization through the magnet is obtained.  

With this kind of a configuration, relatively high forces and linear movements can be 

obtained by parts that are also rotating at the same time. This seems not possible with 

commercially available devices, and thus, this could be the solution also for many other 

applications. 
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Fig. 4.2 presents the overall construction of the voice coil actuator. 

 

Fig. 4.2. 3D model of the actuator that works on the voice coil principle. 

In Fig. 4.2, the green section is the moving clutch part with surface-mounted magnets. 

The purple section is the stationary iron part, which has the coil on its inner surface. 

A magnetostatic FEA is made to verify the analytical calculation. In Fig. 4.3, the 

equivalent magnetic flux lines and the flux density surface are shown at no load supplied 

with zero current. The mover is in its end position. The overall distance that the clutch 

has to move is 8 mm. 

 

Fig. 4.3. Magnetic flux lines and the flux density surface when the coil is supplied with zero 

current. The reluctance differences at the ends provide the self-retaining property without holding 

current. 

In this case, the permanent magnet produces reluctance force, and the mover is held in 

this position if no negative current is supplied. The magnetic flux density waveform in 

the middle of the air gap is shown in Fig. 4.4. 
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Fig. 4.4. No-load flux density waveform in the middle of the air gap along the length of the 

actuator corresponding to the position shown in Fig. 4.3. 

The total force of the linear magnetic actuator is approx. 120 N, and the reluctance force 

in the end positions is 35 N. This suffices to hold to mover at both ends, but 10 % of the 

total current is reserved for holding to ensure the holding performance in all conditions. 

4.2 Rotor position sensing 

Many sensorless methods have been developed for PMSM control (Song et al. 2016). 

There are back-EMF methods (Cui et al. 2015), which cannot be used accurately in the 

lowest speed area and also signal injection-based methods (Cupertino et al. 2011), which 

work in a low-speed area but suffer from cross-saturation and secondary saliency 

problems. Therefore, mechanical sensors such as encoders and resolvers are the most 

commonly used position sensors in traction drive applications. 

It is important to know the rotor position in the system especially in a low-speed large-

torque situation. In that case, the converter must know the position of the magnetic d-axis 

accurately as the machine has to deliver very high torques. In this case, the resolver was 

adopted. 

This prototype motor system also needs another speed sensor to match the speeds between 

the rotor and the output shaft. This sensor is mounted on the shaft. 

4.3 Overall system control 

In this machine, the control of the gear change is a highly important issue. The electrical 

machine itself is controlled by an inverter with the algorithms presented in Chapter 2. The 

overall control logic is illustrated in Fig. 4.5. 
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Fig. 4.5. Overall control logic of the integrated hub gear motor. 

In Fig. 4.5, the control logic is shown. The process from top to bottom consists of the 

following steps: Sensor signals of the clutch positions are supplied to the MID070S 

mother board. If the reduction gear is to be engaged, the torque of the motor is first driven 

to zero. Then, the direct gear is disengaged with the maximum current through the voice 

coil PWM supply unit, and the sensor gives the position signal telling that the clutch is in 

the ‘open’ state. After that, the control logic reads the rotational speed of the reduction 

gear, and the motor inverter matches the speed of the motor to the desired speed. 

Obviously, there has to be a speed difference (approx. 10–20 min1) so that the teeth of 

the clutch and the sun gear can correctly mesh with one another. Next, the reduction clutch 

is engaged. Again, the maximum current is supplied to the actuator through the PWM 

unit. When the position sensor indicates that the reduction clutch is in the ‘closed’ state, 

the PWM unit supplies 10 % of the maximum current to ensure that the clutch will 

definitely be closed in all special cases. Then, torque is applied to the motor. The very 



 80 

same procedure is also performed when the direct gear is changed. Figure 4.6 shows the 

behaviour of the currents in the operating states of the gear changing process. 

 

Fig. 4.6. Principle of the gear changing process. 

4.4 Summary of Chapter 4 

The integrated gear motor design relies on smooth operation of two mechanical dog 

clutches. Electromagnetic actuators can be used to engage and disengage the dog clutches, 

which need low forces for operation. To this end, accurate speed control is needed to 

synchronize the mechanical parts before operating a clutch. To operate the clutches, fast 

actuators are required. As suitable commercial actuators were not available, an 

electromagnetic actuator design was developed for the purpose and reported in this 

chapter. The control principles of the actuators were discussed in brief. 
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5 Measurements 

This chapter presents the experimental results and verifies the properties and performance 

of the prototype motor. The schematic of the measurement bench arrangements is given 

in Fig. 5.1. It includes a cooling circuit, a data acquisition system, and mechanical and 

electrical power transmissions.  

 

Fig. 5.1. Schematic of the measurement setup. 

A photograph of the measurement setup is shown in Fig. 5.2. The test PMSM with an 

integrated two-speed planetary gearbox is driven as a motor and supplied by a Visedo 250 

kW Powermaster frequency converter. A large 480 kW, 1590 min1 DC machine, used as 

a load, was controlled by an ABB DCS850 converter.  

 

The oil circulation unit uses a 550 W pump, and the cooling unit for the oil uses a 750 W 

induction machine to rotate the fan. The oil level in the measurements was adjusted so 

that half of the standing motor was filled with oil. The oil flow rate during operation was 

set to 3–5 l/min. The traditional input–output measurement method was applied in the 

experimental tests.  
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Fig. 5.2. Test setup in the laboratory. The large blue DC machine on the left is used to load the 

integrated PMSM (black machine on the right). The oil-cooling laboratory system is seen on the 

right. 

 

Figure 5.3 presents the permanent-magnet-induced voltage at the rated speed of 1200 

min1 at room temperature (20 °C) when the PMSM was driven at no load as a generator. 

As can be seen, the back-emf waveform is purely sinusoidal because of the extraordinary 

winding configuration (there are always two coils of one phase next to each other and one 

coil apart, Figs. 3.10 and 3.11). This further promises a very good efficiency; it is 

somewhat better than the calculated value as the magnet material remanent flux density 

of 1.2 T is slightly better than the magnet used in the calculations. 

 

Fig. 5.3. Measured no-load voltage waveform from three phases of the machine at 1 p.u. speed. 

In Fig. 5.4, the winding temperatures are shown in three different loading states. Three 

individual Pt-100 temperature sensors were installed for each phase in the same locations; 
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both at the D- and N-ends and in the middle of the slot. The differences between the 

temperatures can be explained by the fact that the sensors of the windings in different 

phases are located in different places when considering the oil inlet so that the cooling 

will have an immediate effect. 

 

       a) 

 

b) 

Figure 5.4. Measured temperature in the end winding and in the slot; a) temperature at the rated 

power at the rated speed of 1200 min1, 330 Nm and b) temperature at the 1.5 p.u. torque and at 

the 0.4 p.u. speed. U, W, and V are the phases where the sensors are installed.  

The temperature measurements show that there is temperature reserve left in this PMSM 

at the rated load. It was tested that the machine can be driven continuously at 50 kW at 

its rated speed. Thus, the combination of oil immersion and oil drop cooling suffices to 

keep the winding temperature below the thermal limit of the insulation in this kind of a 

heavy-duty application. The temperature of the permanent magnets is not problematic in 

this case as they are partly below the oil level all the time. This was proven by the thermal 

analysis in this doctoral dissertation. To sum up, the oil flow is sufficient to keep the 

winding temperature below the thermal limit.  

Naturally, when the application of working machines is considered, ambient temperatures 

can be even above 50 °C; on the other hand, conditions can be very cold. One can see 

from the measured temperatures that there is still clear temperature reserve left. The 

highest temperatures that can be tolerated by the machine components are around 155 °C 

as the PM and the insulation are manufactured to tolerate that temperature. 
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The efficiency map measurement of the motor with the gear installed and with the gear 

removed was carried out. The difference in these measurements indicates the extra oil 

friction caused by the non-operating gear system. Figure 5.5 shows the efficiency 

measurements in both cases and the efficiency difference caused by the gear friction with 

gear not engaged. 

  

a)                                                                        b) 

 

 

c) 

Fig. 5.5. Measured efficiency map a) with the planetary gearbox installed but rotating freely and 

b) with the planetary gearbox totally removed. c) Efficiency difference caused by the friction loss 

of the gear (difference of a) and b)). 

The gear efficiency is of interest; thus, the efficiency map of the drive system with the 

gear engaged was measured next. Figure 5.6 illustrates this result, compares the 

efficiencies of the direct drive (Fig 5.5 a)) and the gear-engaged system (Fig. 5.6 a)), and 

gives the difference in Figure 5.6 b). As a result, it is possible to decide that the planetary 

gear in this case reduces the efficiency of the system by about 0.5 % when engaged. 
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a)                                                              b) 

Fig. 5.6 a) Measured efficiency map with power travelling through the gear and b) difference 

compared with Fig. 5.5 a) (the efficiency reduction caused by the gear transmission) 

The loss components from the measurements are collected in Table 5.1. These losses have 

been measured from the no-load power but cannot be experimentally divided into separate 

parts. Permanent magnet eddy current losses are negligible at no load. The division 

between the iron losses and the oil friction losses is made based on the FEA calculation 

results for the iron losses and assuming that all other losses of the total losses come from 

oil friction. The chamber is half filled. Using  = 0.5 gives oils friction of 266 W. The 

sum of no load losses is then about 600 W, which is more than the measured no-load loss. 

It is obvious that the proportion of the wetted rotor surface may be lower than  = 0.5, 

which could explain the higher calculated loss. 

Table 5.1 Power loss components 

Losses [W] Calculated  Measured 

Iron losses 

(incl.PM) 

326 - 

Oil friction 

losses 
  531 = 266 - 

No-load losses - 520 

Stator Joule 

losses 

991 980 

 

In Table 5.2, the design parameters and the measured parameter values are given. A good 

correlation between the parameters was achieved. The induced voltage of the prototype 

was slightly higher because of the PM with a higher remanent flux density than that of 

the material used in the calculations. 

 

0.2

0.4
0.6

0.8
1

0.5

1

1.5
0.8

0.85

0.9

0.95

1

 

Rotational speed [p.u.]Torque [p.u.]
 

E
ff

ic
ie

n
c
y

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.2

0.4

0.6

0.8

1

0.5

1

1.5

2

4

6

8

10

12

x 10
-3

 

Rotational speed [p.u.]Torque [p.u.] 

D
if

fe
re

n
c
e

4

5

6

7

8

9

10

11

12
x 10

-3



 86 

Table 5.2 Comparison of the design and measured parameters. 

Parameter Calculated  Measured 

Rated current [A] 67 68 

Induced voltage [V] 203 209 

Resistance [Ω, p.u.] 0.0768 0.078 

d-axis synchronous 

inductance [mH, p.u.] 

2.5 0.65 2.5 0.65 

Rated torque [Nm] 324 330 

 

The torque as a function of the rotational speed of the machine is given in Fig. 5.7. The 

figure focuses on the field weakening properties of the machine. At the same time, the 

figure shows that the required overload capability is achieved. 

 

Fig. 5.7. Torque curve as a function of rotational speed. The measured points are indicated by *. 

5.1 Summary of Chapter 5 

The integrated motor–gear system was tested in the laboratory. The design parameters 

were confirmed. The cooling effectiveness of the system was verified. The motor 

efficiency at different operating points is very important from the viewpoint of the overall 
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energy efficiency of an electric traction system. The 18/14 PMSM design was shown to 

be very efficient in all operating areas. 

Some attempts were made to analyse the efficiency of the planetary gear itself. The 

measurements show that the gear efficiency is high, and about 1% of power is lost at the 

maximum in the gear.  
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6 Conclusions 

Electric traction systems for heavy machinery were studied. An electric traction motor in 

off-road vehicles has to meet challenging demands. The motor drive system should be 

capable of producing very high traction forces in difficult terrain operations at the lowest 

operating speeds, and maybe the same machine should be capable of travelling 40–50 

km/h on the road. 

 

Traditionally, off-road machinery has been driven with an internal combustion engine 

and a gearbox offering all the required speed ranges for the vehicle with multiple gear 

ratios. For example, an agricultural tractor can run at 0.4 km/h with the lowest creeping 

gear at the rated ICE rotating speed and at 40 km/h with the highest gear. The speed range 

is 1:100. In principle, also the torque range is thus 100:1. In practice, such a torque range 

is not applicable as the wheel-terrain friction cannot transfer forces produced by the 

lowest gear in theory. It is aimed only at producing the low operating speed for the tractor 

because the ICE cannot be driven at speeds lower than the idling speed. The speed range 

of a typical off-road diesel engine is between 800 min1 idling and 2500 min1 maximum 

rotational speed. The practical operating speed varies between 1000 and 2000 min1 while 

the practical operating speed of an electrical motor varies for instance between 0 and 2500 

min1. Such a motor does not need a similar gear system as the competing ICE. 

 

A correctly designed and efficiently cooled electrical traction motor can produce its rated 

torque already at the zero speed guaranteeing its off-road machine also the lowest speed 

range without excessive gear ratios as in an ICE drive. In this work, the option of using 

the simplest possible gearbox, a two-step planetary gear, in conjunction with a correctly 

chosen permanent-magnet synchronous machine for heavy machinery traction 

applications has been studied. 

 

The work studies first the boundary conditions set on a traction motor drive system. To 

be able to compete with an ICE drive system with multiple gears, it is obvious that at least 

these two gear ratios are needed. A planetary gear offers gear ratios typically in the range 

of 1:4 while 1:10 is a practical minimum. At the beginning of the work it was found that 

a gear ratio in the range of 1:4 (1:3.63 in practice) is fairly suitable for the case under 

study. If the electric traction motor can be temporarily overloaded with three times its 

rated torque and if the same machine can go to twice the rated speed still producing its 

rated power at 50% of the rated torque, the speed and torque ranges of the drive system 

will be 1:24, and vice versa. As the electric machine is offering torque from zero speed, 

these ratios should suffice for off-road machinery drives.  

 

After these intermediate conclusions, it was obvious that an electric motor meeting the 

required torque and speed ranges should be found. Three times the rated torque during 

low-speed operation results in nine times the rated Joule losses in the stator winding, and 

therefore, efficient cooling for the machine is needed. 
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Thus, the machine was cooled by partly immersing it in lubrication and cooling oil, partly 

splashing the same oil with the rotating rotor and the gear system, and injecting oil onto 

the upper end windings of the machine. The oil itself is filtered and cooled outside the 

motor enabling efficient protection for both the gear and the electric motor. 

 

Special attention was paid to select the right motor type of all possible permanent magnet 

synchronous machines. As there is always a need to minimize the size of any traction 

apparatus, the motor should have a plurality of poles to make its yoke as thin as possible 

thus enabling the lowest possible outer diameter for the gear system. Fortunately, a 

PMSM does not suffer from a high number of poles similarly as an induction motor does, 

and its performance can be excellent also in the case of a large number of poles in a low-

power small machine.  

 

The traction motor should also have a suitably high synchronous inductance enabling an 

adequate field weakening range and also heavy overloadability without excessive 

saturation caused by armature reaction. In this case, a design with a synchronous 

inductance division 50/50 by magnetizing inductance and leakage inductance was 

selected. It was also shown that the 18/14 machine delivers a smooth torque in a wide 

operating range, and it was thus selected as the motor type for the purpose. The operating 

modes of a PMSM in different operating conditions were re-evaluated during the work: 

the MTPA, field weakening, and MTPV modes were studied.  

 

The inductance behaviour of the motor was also studied in detail to be able to control the 

motor in the best possible ways. As there is a need for heavy overloading, the inductance 

behaviour must be studied in a more thorough way than in the case of an industrial S1 

motor. 

 

An analysis of the thermal behaviour of the motor was also one of the important elements 

of the work. The traditional lumped-parameter method was used here as it was found to 

be the most reliable approach in addition to the measurement results. There are, however, 

additional aspects in the analysis of the thermal behaviour as the oil splashing with a 

semi-filled compartment is one of the most difficult cases to be evaluated accurately. 

 

A lot of iterative design effort was put into the system engineering approach to optimize 

the motor with the two-step planetary gearbox, cooling, and lubrication systems. The 

mechanical features enabling the thinnest possible rotor were found with a design 

approach where the rotor active parts also act as the rotor mechanical parts. 

 

The gearbox system also needs a gear-shifting arrangement. To this end, various actuators 

starting from stepper motor drives and solenoid arrangements were studied, yet no final 

solution was found. Finally, a novel actuator based directly on the Lorentz force was 

constructed. A contactless actuator is capable of engaging and disengaging the dog clutch 

halves used in the gear shifting. The rotating part of the clutch actuator has permanent 
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magnets, and the stationary part of the actuator has a voice coil enabling well-controlled 

eight millimetre movement of the dog clutch mover in both axial directions. 

 

As a result of the research and engineering work, a new integrated design was developed, 

built, and tested in the laboratory. The 18-slot 14-pole tooth-coil machine designed and 

manufactured in the study showed to have excellent properties for the purpose. Its torque 

production capability is high, the torque quality is good, and the oil-cooling performance 

excellent. The construction was made thin enabling a low overall diameter for the whole 

traction drive system. 

The tests with the gear-shifting system showed that the gear changing can be efficiently 

handled without pneumatics, hydraulics, or sliding clutch arms. The gear changing 

mechanism proved to be fast and reliable.  

The work covers the main features of designing an integrated traction motor gear system 

for off-road machinery. The work provides a good basis for future development of a 

modern electric traction system. 

6.1 Suggestions for future work 

The doctoral dissertation is mostly based on straightforward engineering work, and 

maybe lacks in-depth analyses of various issues. There are several topics whose scientific 

depth could be significantly improved; for instance, the actual behaviour of the motor 

developed in the dynamic control should be modelled more accurately. The applicability 

of the incremental inductances in the machine control should be studied in more detail. 

 

There is also a need to deepen the thermal behaviour analysis and the fluid dynamic 

studies of the motor system. The complicated mechanical structure of the system is a 

challenging task for anyone willing to fully understand the fluid dynamics of the 

integrated design. 

 

There are also practical design needs for the system. The cooling solution used in the 

laboratory setup is far from a practical heavy-duty off-road working machine application, 

and should be redesigned to have oil circulation so that no additional oil tank is needed. 

The motor must run all the time with the same amount of oil so that no oil level control 

is needed. 

 

A combined simulation tool including the electromagnetic, mechanical, and thermal 

behaviour of the drive system could be developed. A comprehensive virtual design tool 

is needed. The dynamics of the gear shifting could then be studied in more detail. 

Furthermore, the present gear shifting process automation requires position sensors for 

the dog clutch. Novel design ideas are needed to eliminate extra sensors. It might be 

possible to redesign the actuator so that its position could be estimated from the voltage 

and current signals of the main coil itself. 
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The design is now protected with two patent applications (see Section 1.6.). A step further 

could be to develop the integrated design into an actual innovation and commercialize the 

ideas presented in this study.  
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