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The aim of this thesis is to describe hybrid drive design problems, the advantages and 

difficulties related to the drive. A review of possible hybrid constructions, benefits of 

parallel, series and series-parallel hybrids is done. In the thesis analytical and finite 

element calculations of permanent magnet synchronous machines with embedded magnets 

were done. The finite element calculations were done using Cedrat’s Flux 2D software. 

This machine is planned to be used as a motor-generator in a low power parallel hybrid 

vehicle. The boundary conditions for the design were found from Lucas-TVS Ltd., India. 

Design Requirements, briefly: 

• The system DC voltage level is 120 V, which implies Uphase = 49 V (RMS) in a three 

phase system. 

• The power output of 10 kW at base speed 1500 rpm (Torque of 65 Nm) is desired. 

• The maximum outer diameter should not be more than 250 mm, and the maximum core 

length should not exceed 40 mm. 

The main difficulties which the author met were the dimensional restrictions. After having 

designed and analyzed several possible constructions they were compared and the final 

design selected. Dimensioned and detailed design is performed. Effects of different 

parameters, such as the number of poles, number of turns and magnetic geometry are 

discussed. The best modification offers considerable reduction of volume. 
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Abbreviations and symbols 

Roman symbols 

a number of parallel paths 

A vector magnetic potential [V·s / m] 

B  flux density [T] 

Ek  kinetic energy of vehicle moving [J] 

E electromotive force [V] or [p.u.] 

f  frequency [Hz] 

H  magnetic field strength [kA/m] 

h  height [mm] 

I  current [A] 

J current density [A/mm
2
] 

k  coefficient 

L  inductance [H] 

l  machine (core) length [m] 

m number of phases, mass [kg] 

�  number of turns 

n  rotation speed [rpm] 

n normal component to the surface  

P  power of motor [kW], losses [W] 

p  number of pole pairs 



 

q number of stator per pole and phase 

Q number of stator slots 

R  resistance [Ω] 

S surface area [m
2
] 

T  motor torque [Nm] 

U phase voltage [V] or [p.u.] 

v  speed [m/s] 

W density of thermal flow through [W/m
2
] 

w width [mm] 

x reactance [Ω] 

ZN basis impedance [p.u.] 

 



 

Greek symbols 

α convection heat transfer coefficient [W/m
2
K] 

δ air gap length [mm] 

η efficiency [%] 

Θ load angle [deg],Temperature rise in the machine windings [K] 

λ thermal conductivity [W/m K] 

µ permeability [H/m] 

ρ resistivity [Ω･m] 

τ pole pitch [m] 

Φ flux [Wb] 

ϕ phase angle [deg] 

Ψ flux linkage [Wb] 

ω electric angular velocity [p.u.] 

 



 

Subscripts 

12 twelfth harmonic 

air airflow (end winding parts) 

av average 

c coercivity (of the permanent magnets) 

Cu copper (losses) 

d direct axis  

ex additional (losses) 

Fe iron (losses) 

m magnetizing values 

max maximal (machine torque) 

N basis values 

PM permanent magnet 

ph phase 

q quadrature axis 

r rotor 

s stator 

sur surface 

th thermal 

thick thickness 

v vehicle 

ρ mechanical (losses) 



 

Abbreviations 

AC  Alternating current 

DC  Direct current 

EM  Electric machine 

EMF  Electromotive force 

HD  Hybrid Drive 

ICE  Internal combustion engine 

HEV  Hybrid electric vehicle 

NdFeB  Neodymium-Iron-Boron 

PHEV  Plug-in Hybrid electric vehicle 

PM  Permanent magnet 

PMSM  Permanent magnet synchronous machine 

p.u.  per unit 
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1. I�TRODUCTIO� 

 

Oil shortage and environmental damage from carbon, sulphur and nitric oxide emissions 

push automobile industry to improve traction efficiency, reduce oil consumption and pollu-

tion. Nowadays, it is difficult to imagine the future without hybrid and electric vehicles. A 

hybrid vehicle is a vehicle which is powered by two or more power sources to move the 

vehicle. The term usually uses to hybrid electric vehicles (HEV), which combine an inter-

nal combustion engine (ICE) and one or more electric machines. Hybrid vehicle can be 

also hydraulic, a vehicle which uses both an ICE and a hydraulic motor (pump) to provide 

motive force and energy recovery. Nowadays such devices are developed for big trucks 

and buses. 

According to the main principle of hybrid vehicles excess energy from the power source, 

or energy got from regenerative braking, charges an energy storage system. When accel-

eration is needed, stored energy is applied to the transmission system, boosting the power 

available from the main power source. Also plug-in hybrid electric vehicles (PHEV) are 

emerging. They have batteries that can be charged by connecting the vehicle to external 

electric mains. 

The storage system can be a rechargeable electric battery, a flywheel or compressed gas 

cylinder. The energy source is diesel fuel, petroleum or liquefied petroleum gas and the 

transmission is mechanical, electric or hydrostatic. 

Using a storage system enables that a hybrid electric car can use dynamic braking and even 

shut down the main power source while idling or being stationary. Reducing energy con-

sumption provides environmental benefits and economical savings. 

It is probable that the major part of the future research of vehicle systems will be in hybrid 

systems. Vehicles are one of the main sources of air pollution and a major consumer of 

fossil energy resources. Emission standards for different categories of vehicles depend on 

the power and type. Environmental requirements for cars are stricter. 
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On the other hand all automobiles and diesel locomotives in the world have larger power 

capacity than all power stations together. It means that if we could replace all common ICE 

vehicles by fully plug-in electric cars, we would have some problems with electric power 

shortage. However, in Finland, if all present day passenger-car-driven kilometres were re-

placed by electric car drive kilometres only about ten per cent larger electric energy con-

sumption should result. 

Let me do here another remark, in the United States, which has the longest railway grid in 

the world, most of lines are not electrified. Common carrier freight railroads are not electri-

fied even in those lines which are heavily operated - 70 or more trains per day. The same 

situation we can see in Canada, the United Kingdom and China. Why? Traffic electrifica-

tion should be a very clear way to reduce diesel fuel consumption and emissions and ma-

ture technology is available. It has been possible to take electric traction into use already 

several decades ago. I think Americans are good in money counting and can do assessment 

of capital costs. Diesel traction in railways is still cheaper than electric traction. Similarly, I 

am sure that the internal combustion engine will remain in automobile industry at list dur-

ing this century, maybe there will be a need to change crude oil based fuels to gas and bio 

fuels. If we take a good look at fact that in cold regions ICE is also a heating source for 

cars it will be clear that hybrid vehicle is the best compromise between fuel economy and 

practical applications. 

Hybrid and electric cars are not children of present or previous oil crisis. However, electro 

mobile was designed much earlier than common ICE automobile. The first electro mobile 

was manufactured in 1837 by Robert Davidson. For example the number of electro mo-

biles was double compared with ICE cars in Chicago in the beginning of the twentieth cen-

tury. Speed records were achieved by electro mobiles 63 km/h in 1898 and 102 km/h in 

1899. But there was not enough electric power in the mains for charging a growing number 

of electric vehicles those days. At the same time petroleum became abundant, its price was 

low and finally ICE automobiles replaced electric vehicles [2].  

By the way now petroleum price has increased significantly, there is also some shortage of 

crude oil and it is time to do something to improve the energy efficiency of cars. Now, we 

can improve the internal combustion engine’s performance by providing hybrid systems. A 
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smaller engine using a more efficient cycle contributes significantly to the higher overall 

efficiency of a vehicle. 

 There are some measures to improve the environmental and economic performance:  

• Improve the efficiencies of internal combustion engines (for example by using Miller or 

Atkinson cycles in the engine. Such motors have lower power density, less low-rpm torque 

but higher fuel efficiency tan present day ICEs),  

• Improvement of the neutralization of exhaust gases,  

• Application of alternative fuels (biodiesel has less carbon and zero sulphur emission),  

• Using hybrid power systems. 

Nowadays, most of automobile manufacturers such as Toyota Motor Corporation, Honda 

Motor Co. Ltd., Ford Motor Company, General Motors and others make efforts on produc-

ing hybrid vehicles. Here is a list of the most famous projects:  

• Toyota Prius,  

• Lexus RX400h, 

• Lexus GS 450h, 

• Honda Insight, 

• Honda Civic Hybrid, 

• Ford Escape Hybrid 

• Chevrolet Volt which is the most fuel efficient vehicle. 

In the thesis the ideology of the hybrid drive is discussed. Review of possible hybrid con-

struction is done: parallel, series and series-parallel hybrids.  

The main task of the thesis is to design a permanent magnet synchronous machine 

(PMSM) with embedded magnets and reluctance differences for a low power hybrid vehi-

cle setting important boundary conditions.  
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There are many classification types of HEV:  

• division of power between sources (parallel, series or series-hybrids) 

• degree of hybridization (Full hybrid, Power assist hybrid, Mild hybrid, Plug-in hybrid) 

• types of power source (electric-internal combustion engine hybrid,  electric-fuel cell hy-

brid, hydraulic-internal combustion engine hybrid, ICE-pneumatic hybrid, human power 

and environmental power hybrids) 

1.1. Parallel hybrid 

In parallel hybrid systems, both ICE and an electric machine (EM) are connected to a me-

chanical or magnetic transmission. Only one EM is needed. It works both as motor and as a 

generator. It is located between the engine and transmission or between transmission and 

wheels. In the first case this machine replaces a conventional starter motor and generator. 

In the second case extra clutch is needed between the electric motor and wheels to use it as 

a starter for the engine. Several schemes for parallel hybrids are different in the number of 

clutches and view of torque coupling. Sometimes the ICE, the EM and the gear box are 

coupled by automatically controlled clutches. Two clutches give more flexibility and effi-

ciency. For electric driving the clutch between the internal combustion engine is open 

while the clutch to the gear box is engaged.  

Another more complicated but more efficient design is to join the two sources through a 

differential gear, using a planetary gearbox for speed coupling. Thus the torques supplied 

must be the same and the speeds add up. When only one of the two sources is being used, 

the other must still supply the torque or be fitted with a reverse one-way clutch or auto-

matic clamp. 

For having a possibility to turn off the engine while moving accessories, power steering, 

air conditioning and especially brake system; should be powered by electric motors instead 

of being attached to the crankshaft. On the one hand there will be efficiency gains as the 

accessories can run, when needed, at a suitable speed, independent of engine’s speed. On 

the other hand, depending on drive type, reliability and durability will be less, while capital 

cost will increase. And of course, electric motors do not have 100 % efficiency.
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1.2. Power assist parallel hybrid 

Power assist hybrids use an electric motor to give extra output during acceleration and to 

generate power during deceleration, idle and regenerative braking. When only one of the 

two sources is being used, the other must rotate in an idling manner. Assist hybrids differ 

from full hybrids in that propulsion cannot be accomplished on electric power alone. How-

ever, since the amount of electrical power needed is much smaller, the size of the system is 

reduced. They rely more on regenerative braking and the ICE can also act a generator for 

supplemental recharging, they are more efficient on highway driving compared to city 

driving. Honda's Insight, Civic, and Accord hybrids are examples of this family.  

In this thesis, according to customer requirements, EM is mounted to crankshaft between 

the ICE and the clutch all other design of a vehicle is common. This easy structure is 

enough for a small car and can still improve the performance. The ICE can be made 

smaller and during all transients the EM assists in producing either positive or negative 

torque. All arguments were taken into account and assist hybrid scheme was chosen for 

this case.  

 

Figure 1.1. Power assist parallel hybrid schema 
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1.3. Series-parallel or power-split hybrid 

Series-parallel hybrids are commonly full hybrids. They can run on just the engine, just the 

batteries, or a combination of both. A large, high-capacity battery pack is needed for bat-

tery-only operation. These vehicles have a split power path that allows more flexibility in 

the drive train by inter-converting mechanical and electrical power, at some cost in com-

plexity. 

In a series-parallel hybrid electric drive there are two motors, an EM and an ICE. Power 

from these two motors can be shared by planetary gearbox. The ratio can be from 0–100 

percents for the combustion engine and for the electric motor. The electric motor can act as 

a generator charging the batteries. Toyota Prius, Ford Escape, Lexus Gs450 and LS600 are 

examples.  

An ICE’s torque is minimal at lower rpm, and hence, in a conventional vehicle, a larger 

engine is necessary for acceleration from standstill. An electric motor, on the other hand, 

has a high torque at standstill. In a series-parallel hybrid, a smaller, less flexible, and 

highly efficient engine can be used. The mechanical gearing design of the system allows 

the mechanical power from the ICE to be split three ways: extra torque at the wheels (un-

der constant rotation speed), extra rotation speed at the wheels (under constant torque), and 

power for an electric generator. However, electrical transmission has less efficiency, ap-

proximately 70–90 % against 90–98 % of mechanical transmission. In case of an electrical 

transmission mechanical energy is converted to electrical and afterwards to mechanical 

again. The efficiency is a result of all components’ efficiencies’ multiplication, such as: 

generator, rectifier, battery, inverter and motor while there is only friction loss in the me-

chanical transmission.  

1.4. Series hybrid 

Series-hybrid vehicles (SHV) are driven only by electric traction. Unlike engines, electric 

motors are efficient with exceptionally high power to weight ratios providing adequate 

torque over a wide speed range. Also electric motor matched to the vehicle does not neces-

sarily require a transmission between the engine and wheels shifting torque ratios. In a se-

ries hybrid system, the ICE drives an electric generator instead of directly driving the 
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wheels. The generator provides power for the driving electric motors. A battery is situated 

in the DC link between generator’s and motors’ converters. The arrangement may have 

super capacitors to assist the battery bank and claw back most of the energy from braking - 

only fitted in proven prototypes currently. 

One of the advantages of electric transmission is the smoother progressive ride with no 

stepped gear ratio changes and relatively high starting torque. This feature is one of the 

main reasons to use electric transmission in diesel locomotives. 

The engine can thus have efficiency closer to the theoretical limit of 40 %.  

The Chevrolet Volt claims that without using energy from the battery running on gasoline 

only, the gasoline consumption is expected to be 4.7 l/100 km on the city cycle of the 

EPA's test [3]. General Motors (GM) hopes to introduce the Chevy Volt by 2011, pretend-

ing for an all-electric range of 65 km [4] and a price tag of around $ 40,000 [5]. 

GM made in 1999 the experimental EV1 series hybrid using a turbine generator set. The 

turbine weighed 100 kg, dimensions 500 mm in diameter and 560 mm long. It ran between 

100,000 and 140,000 rpm. Fuel consumption was 2.4 to 3.9 l/100 km in hybrid mode. But 

it is easy to imagine how much this car could cost. Probably magnetic bearings were 

needed to operate with this speed range. Now the project is closed.  

We should remember that any transformation of energy from one form to another creates 

losses. In case of long high speed driving, a parallel hybrid or even common vehicle could 

be more efficient than SHV. What was stated above about the efficiencies of the electric 

and mechanical drive trains is even more valid here in a series hybrid system. This obser-

vation favours in many cases the selection of the parallel hybrid system where most of the 

energy is transmitted mechanically from ICE to wheels. 
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1.5. Plug-in hybrid 

A plug-in hybrid electric vehicle (PHEV) has two defining characteristics:  

• it can be plugged in to an electrical outlet to be charged and  

• has some range that can be travelled on the energy it stored while plugged in.  

They are full hybrids, able to run in electric-only mode, with larger batteries and the ability 

to recharge from the electric power grid. And can be parallel or series hybrid designs. 

Their main benefit is that they can be gasoline-independent for daily commuting, but also 

have the extended range of a hybrid for longer trips.  

 

1.6. Advantages of all hybrid vehicles 

• Fuel saves. It is possible to save from 10 to 30 % of fuel while maintaining the same driv-

ing style as originally  

• Environmental and health benefits. 

• Tax remissions. In many countries automobile tax depends on engine power and value of 

CO2 emission per km. 

• Possibility to plug in car’s battery from mains and to safe cost for petroleum. 
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1.7. Disadvantages of all hybrid vehicles 

 • High capital costs. A hybrid car is much more expensive, approximately 50 % more than 

a conventional one. Of course savings for fuel will retune some of the capital costs and 

start to gain.  

• Hybrid vehicles are more complex. Consequently, more details demand care and can also 

be broken. Batteries have a small range of operating temperatures and they are expensive 

or even impossible to repair and must be replaced and recycled. As a result the car mainte-

nance can be expensive. 

• Disposal of batteries. Hybrid cars, like electric ones, must have a recycling process for 

used batteries.
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2. ELECTRIC MACHI�E REQUIREME�TS I� A PARALLEL 

HYRID SYSTEM 

 

Common requirements to alternating current (AC) machines for car applications are reli-

ability, lightness and durability. PM machines are preferable because of their:   

• High power density, 

• High efficiency, 

• Good reliability, 

• High starting torque, if frequency converter is employed  

• Low cogging torque. 

 

2.1. Parameters of the PMSM 

As far as a parallel hybrid is more suitable for low power and low cost system it was cho-

sen. Analytical calculation of the PMSM was done with the help of MathCAD software, 

most equations were taken from [1]. Finite element calculation of the machine was done in 

Cedrat’s Flux 2D software. This machine is planned to be used as a motor-generator.  

Design Requirements and boundary conditions: 

• Battery voltage is 120 V DC, which results in a three phase system phase voltage      

Uphase = 49 V (RMS) in a star-coupled three phase system. 

• Generator rated power output of 10 kW at base speed 1500 rpm (Torque of 63.5 Nm). 

• Output power should remain constant (10 kW) in the high speed region up to 4500 rpm. 

• The machine should be capable of producing ICE starting torque of 130 Nm (approx.) for 

a short period of time. 
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• Machine should be capable of generating some output to charge the batteries already at 

idling speed (800 rpm approx.) 

Constraints: 

• The machine must be of inner rotor type  

• Maximum outer diameter should not be more than 255 mm, maximum stack length 40 

mm. 

Figure 1.1 shows the ideal power and torque requirements of the machine in per unit value. 

 

Figure 2.1. Ideal power and torque requirements of the machine (p.u.). At speeds lower 

than the rated the torque and power are for intermittent use. At speeds larger or equivalent 

to the rated speed the power is the maximum constant power.  

 

Machine Configuration & Cooling: 

• The machine is open air-cooled. Inner rotor configuration was preferred as the magnets 

will be cooled by the air and most of the heat from the stator windings will dissipate 

through outer surface and end windings without affecting the magnets. 
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Design Strategy: 

Flux weakening should be employed by suitable means to obtain this wide speed range. 

This can be achieved by partly utilizing the reluctance in torque production. A detailed 

study is needed to determine to what extent the reluctance torque and field weakening can 

be used to achieve the entire speed range. However, to start with we can assume that ψPM = 

0.7 p.u. (i.e. at base speed 70 % of the flux linkage is due to permanent magnets (PM) and 

the rest is by stator current). 

Case 1 at base speed: 

Figure 2.2 shows the vector diagram according to the motor logic at base speed (ω = 1) 

with initial assumptions (Lmd = 0.25 p.u. Lmq = 0.85 p.u. Lsσ= 0.15 p.u.). The stator resis-

tance is not taken into account in these initial studies. The angle of the current vector is ad-

justed to obtain the objective of ψs = 1 p.u. Torque output at this time instant is 0.866 p.u. 

and power factor is 0.866. 

 

Figure 2.2.  Vector diagram at base speed 



24 

Case 2 at high speed: 

Figure 2.3 a) describes the machine operation at high speed (ω = 3). Again, the current 

vector is adjusted to reduce ψs and in-turn obtain Es close to 1 p.u. Torque is 0.224 p.u and 

power factor is 0.637. 

Case 3 at low speed: 

The objective is to obtain a torque of 2.0 p.u. This can be achieved by increasing the mag-

nitude of current and using also the reluctance torque.  

Since the inductance values will change at this point because of saturation, the vector dia-

gram cannot be drawn unless inductance values are known.  

Figure 2.3 b) shows the vector representation under the assumption that the inductance de-

creases by 40 % (L`md = 0.6⋅Lmd and L`mq = 0.6⋅Lmq) 

Other Points for Consideration: 

Eight-pole configuration with q = 2 (i.e. 48 slots) can be used as a starting point. However, 

other configurations can also be explored. After calculations of many possible construc-

tions they are analyzed and compared with each other. Dimensioned and detailed design is 

performed. Effects of different parameters, such as the number of poles, the number of 

turns and the magnetic circuit geometry are discussed. The best modification offers con-

siderable reduction of volume. 
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            b) 

              a) 

Figure 2.3. Vector diagram at (a) high and (b) low speeds with low and high torque
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2.2. Parameters of the car 

Here are listed the main approximate parameters of the car, according to customer: 

• Max engine power is 38 hp (horsepower) is equal to 28 kW 

• Max torque is 59 Nm  

• Design of engine - 0.8 l displacement 3-cylinder in-line  

• Power/weight ratio is 60 W/kg 

• Fuel – petrol  

• Manual transmission (the cheapest and efficient type of transmission for parallel hybrid) 

• Permanent magnet synchronous machine (requirements were discussed already) 

• Accumulator battery: 

  - Battery voltage 120 V,  

  - Battery type Li-ion, or NiMH  

  - Capacitance is still uncertain but should be at least large enough to absorb all kinetic 

energy during regenerative braking. 

2 2

v v
k

800 33
436 kJ

2 2

m v
E

⋅ ⋅
= = =  

v

v

120km/h 33m/s   

800 kg

v

m

= =

=

  

Losses are neglected. However, the capacitor would not be empty before braking as it must 

also feed all accessories and assist moving, so we can assume that the minimum needed 

capacitor capacity is in the range of 3000 kJ or 833 Wh.  

If a battery is used instead we take into account that power density of e.g. Li-ion accumula-

tors is approximately 100 Wh/kg, the mass should be a bit less than 8.5 kg! Maybe, we can 

afford more.   

• Inverter 

Inverter, which controls the flow of electrical energy, will be very important component to 

making the car highly efficient. Apart from converting DC to AC to drive the PMSM the 
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inverter also will convert AC to DC when it takes power from the generator to recharge the 

batteries. 

However, the three phase inverter is not included in this thesis. It should be bought or de-

veloped elsewhere. Most probably, the rated power of an inverter will have to be signifi-

cantly more than 10 kW, because the PMSM machine is a low voltage machine and re-

quires high current during cranking.   

 



28 

3. DESIG� OF THE THREE PHASE PERMA�E�T MAG�ET 

SY�CHRO�OUS MACHI�E  

 

3.1. Eight poles PMSM 

Most of analytical and finite element calculations were done for eight poles (p = 4) ma-

chines. In all eight poles configurations number of stator slots (Q) was 48.   

Q = 2pmq = 2･4･3･2 = 48 

where q is the number of slots per pole and phase. It was chosen equal to 2 for nice end 

winding distribution. Stator slot has traditional pear-shape. Its draft with dimensions for 

final design is shown in Figure 3.1. The mainwall insulation thickness is 0.5 mm. 

There are several magnetic geometries and key values in Table 3.1. Design of each geome-

try was done in such a way that the motor can produce its rated torque with rated current 

and double torque with double current. Rated phase current varies from 90 to 100 A for 

different designs. The stator outer diameter rises from 230 mm, almost in all models, to 

252 mm in the final design.  

The reluctance ratio is a very vital factor for the reluctance torque. The flux of PM is only 

70 % of stator flux in the rated point. During high speed application we will not need big 

torque and to get high speed the flux should be reduced by the stator current. But we need 

high torque during ICE startup (approximately double magnitude) it is why reluctance 

torque must be employed.  
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Slot dimensions 

Slot opening height  h1 1 mm 

Wedge height  h2 1 mm 

Folding of insulation  h3 1.5 mm 

Main insulation h6 0.5 mm 

Insulation between coils  h´ 0.5 mm 

Coils height h4 31.7 mm 

Coils height while tooth has the same width  h5 28 mm 

Slot opening b1 2 mm 

Wedge width  b4 4.6 mm 

Width of upper part of coil  b4c 3.8 mm 

Diameter of coil bottom part   b5c 7.5 mm 

Diameter of slot bottom part   b5 8.5 mm 

Fill factor  kCus 0.63 - 

Slot cross section  Sslot 223.6 mm2 

Copper cross section  SCus 179.7 mm2 

Conductor cross sectional area  Scs 7.935 mm2 

 
Figure 3.1. Stator slot
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Table 3.1.a. Eight poles PMSMs 
 

 

Air gap 
diameter, 

mm 

Air gap 
length, 

mm 

Motor 
length, 

mm 

Number 
of wind-
ing turns 

Magnetiz-
ing induc-

tance 
ratio 

Current 
density, 
A/mm2 

144.8 2.4 70 36 1.49 4.5 

 

In the first version the magnetizing inductance ratio and 

the amount of permanent magnet material (2 magnets per 

pole) were low. The rotor yoke and rotor pole shoes are 

manufactured from laminated steel. The most probable 

way to fix the pole shoes is to bolt them with an axial 

bolt, which would be fastened in special end plates on 

both sides of the rotor core.  

144.8 2.4 75 36 1.58 4.5 

 

Here the inductance ratio is slightly bigger than in the 

previous design but more magnets are used (three mag-

nets per pole). The problem of fixing the pole shoes is the 

same as it was in the previous design.  

141 0.5 50 36 2.09 4.6 

 

This one has six magnets per pole, and as a result we get 

the most complicated design but also a fairly good induc-

tance ratio. Basically this model was calculated for proof 

that it is possible to make 10 kW machine shorter than 50 

mm. (at the rated speed 1500 rpm. And outer diameter is 

230–240 mm). 
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Table 3.1.b. Eight poles PMSMs 
 

 

Air gap 
diameter, 

mm 

Air gap 
length, 

mm 

Motor 
length, 

mm 

Number 
of wind-
ing turns 

Magnetiz-
ing induc-

tance 
ratio 

Current 
density, 
A/mm2 

142 0.7 – 1 77 36 2.1 4.6 

 

This model was a start point for increasing the inductance 

ratio by making separate q-axis teeth on the rotor. The 

tooth helps to get a good ratio with a small amount of 

magnet material.  

142 0.7 – 2 90 32 3.5 4.45 

 

This design shows the best magnetizing inductance ratio. 

The rotor frame and pole shoes are made of laminated 

steel. In that case the main difficulty is to fix the lami-

nated poles and PMs, because of the small dimensions of 

the pole shoes. Another suggestion was to make solid 

pole shoes. There would be eddy current losses, due to 

slot opening harmonics and winding harmonics, approxi-

mately 20 W at rated and 47 W at maximum speed. 

142 
q-axis 

0.7     
d-axis 2 

95 32 2.66 4.6 

 

The design is almost the same as above but pole shoes are 

punched in laminations, too. The resulting inductance ra-

tio is less because of the two iron bridges retaining the 

magnets.  

142 0.7 - 2 90 32 3.48 4.5 

 

This one gives a good inductance ratio but the length is 

still very big. The length is very big and the ratio will de-

crease while decreasing the length. Additional elements 

are still required for poles fastening 
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Table 3.1.c. Eight poles PMSMs 
 

 

Air gap 
diameter, 

mm 

Air gap 
length, 

mm 

Motor 
length, 

mm 

Number 
of wind-
ing turns 

Magnetiz-
ing induc-

tance 
ratio 

Current 
density, 
A/mm2 

142 1 80 32 1.92 4.2 

 

We can be sure that this model is the easiest one from the 

manufacturing point of view. To be honest the iron 

bridges (0.8 mm) create a trouble spot. In case of manu-

facturing imprecision they would not hold the weight of 

pole. 

156.4 0.7 40 56 2.06 5.5 

 

The final motor design. The results of the analytical cal-

culation are given in Table 3.3. 

Question of the reliability of the iron bridges is the same. 

It was necessary to increase the number of turns, current 

density and air gap diameter (stator yoke flux density) for 

proper length. It is worth to mark that in the final design 

the stator leakage inductance is a bit larger than it was 

earlier. The result of the increased stator leakage induc-

tance is the fact that the synchronous inductance ratio has 

dropped to 1.72. 
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3.2. Six and Ten poles PMSM 

Table 3.2. Six and Ten poles PMSMs 

 

Air gap 
diameter, 

mm 

Air gap 
length, 

mm 

Motor 
length, 

mm 

Number 
of wind-
ing turns 

Magnetiz-
ing induc-

tance 
ratio 

Current 
density, 
A/mm2 

156.4 0.7 40 60 2.2 5.5 

 

Design with number of poles smaller than 8 leads for:  

longer end winding parts for this air gap diameter, ratio 

r

'l

D
 rise as 

r

' π

4

l
p

D p
χ= ≈  i.e. machine with small 

number of poles should be longer and has less diameter, 

but we have very strict length limitation. Even for 8 poles 

configuration machine should be longer than 40 mm. 

Number of stator slots is 36, the value is more convenient 

for this diameter.  

156.4 0.7 40 60 1.61 5.5 

 

While increasing number of poles we would increase the  

number of slots (to 60) and face next difficulties:  

• inductance ratio becomes less; 

• slot becomes deeper (difficulties for manufacturing); 

• stator yoke thinner (less machine mechanical strength); 

• iron losses, because of higher frequency. 
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3.3. Outer rotor PMSM 

 

Figure 3.2. Outer rotor PMSM 

Taking into account the dimensions restriction it seems that outer rotor machine should be 

the best solution for our problem. In present inner rotor design we have much useless space 

inside the rotor. As a permanent magnet rotor does not need deep slots the outer rotor solu-

tion with the same air gap diameter results in a smaller machine outer diameter. Here are 

the advantages of the outer rotor machine: 

• air gap could be increased with the same outer diameter and consequently the tangential 

stress would be significantly less (less iron and copper losses, no saturation of steel); 

• less cooling is needed 

• stator slots could be situated in useless space inside the machine 

Unfortunately this model was refused in the beginning of the design process, because of 

the next substantial difficulties: 

• for manufacturing.   

• ventilation losses  

• protective shroud 
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3.4. Axial flux electric machine 

Axial flux EM can be used in applications where a short axial length of the machine is 

needed. Actually it is what we want. Let us look at the design and priorities of the machine. 

The most widespread design is one-rotor and two-stators construction. Figure 3.3. illus-

trates the structure of such a permanent magnet synchronous motor [7]. 

 

Figure 3.3. Magnetic circuit of an axial flux EM with a one-rotor-two-stators topology 

(Kinnunen 2007) 

 

Figure 3.4. Stator lamination of an axial flux EM made of a single long electric steel band 

(Kinnunen 2007) 
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In the figure the magnets are glued on both sides of the ferromagnetic rotor. In this case d 

and q inductances are the same. In some applications rotor can be non-ferromagnetic, for 

instance aluminium, this reduces the moment of inertia of the rotor, but the inductance ra-

tio is still the same. For employing reluctance torque q-axis part should remain ferromag-

netic, while d-axis has only embedded permanent magnet (relative permeability is equal 

1.04). The structure of stator of an axial flux PMSM is illustrated in Figure 3.4. 

By the way the design of axial flux EM was refused, like the outer motor machine because 

of the next peculiarities. The stator slot pitch shortens towards the inner radius of the stator 

core and hence the manufacturing of such a stator is more difficult than the stator of the 

radial flux machine. However, this manufacturing method allows saving much lamination 

material for stator. 

Disk type rotor should be solid, it can not be rolled into a circular form like stator because of 

high centrifugal force during rotating. But in this case eddy current losses, due to stator slot 

opening, will occur in the rotor and the PM surfaces. Also probability of magnets’ demag-

netization during short circuit is high. 

The axial flux permanent magnet machine has advantages and disadvantages. As it can be 

seen, the space for the end windings, at the inner radius, is very small. The end windings 

are close to the rotor shaft and it can cause problems.  

In practice using of a small number of poles can not be achieved in axial flux machines. 

The stator tooth width becomes narrow towards the inner radius. The result of this con-

struction is that the flux densities reach high values at the inner radius of the tooth and can 

saturate it.  

If the stator has small diameters it will be difficult to bend the stator teeth of the steel sheet. 

Stator slots are cut with a stamping tool and controllable distribution head, when the 

stamping of a slot is finished, the distribution head drives the stator lamination with a suit-

able angle before the next stamping. 

Even though the machine type has its own benefits it will no further be studied in this the-

sis. 
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3.5. Final design of the electric machine 

Initial data and results of analytical calculation for final motor design are given in          

Table 3.3. 

 

Table 3.3.a. Initial data of the machine and design data 

Initial data of the machine 

Power P 10 kW 

Phase voltage (RMS) Uph 49 V 

Frequency f 100 Hz 

Rotation speed n 1500 rpm 

Number of pole pairs p 4 - 

Phase number m 3 - 

Temperature rise in the machine windings Θ 80 K 

Data from analytical calculation 

Stator outer diameter Dse 252 mm 

Stator inner (air gap) diameter Ds 156.4 mm 

Rotor outer diameter Dr 155 mm 

Rotor inner diameter (shaft) Dsh 80 mm 

Air gap length δ 0.7 mm 

Motor length l 40 mm 

Permanent magnets NdFeB (demagnetization curves in Figure 4.21.) 

Number of permanent magnets (PM) - 16 - 

PM height hPM 9 mm 

PM width wPM 23 mm 

Coercivity of the permanent magnets Hc 826 kA/m 

Remanent flux density of the permanent magnets Br 1.08 T 
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Table 3.3.b. Initial data of the machine and design data 

Winding parameters  

Number of winding turns � 56 - 

Number of parallel paths a 2 - 

Number of stator slots Q 48 - 

Number of conductors in a slot z 14 - 

Winding pitch W 5/6 - 

End winding parameters 

End winding round cross section Send.w 1711 mm2 

Length of end winding  l end.w 50 mm 

Mass 

Stator core mst 5.23 kg 

Rotor core mro 3.13 kg 

Stator winding copper mCu 1.21 kg 

PM material (assume that length is 50 mm) mPM 0.95 kg 
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Table 3.4. Operational properties and Inductances of the PMSM 

Operational properties 

Phase current (RMS) I 92.8 A 

d-axis current Id − 67.7 A 

q-axis current Iq 63.5 A 

Current density J 5.5 A/mm2 

Peak flux density in air gap Bpeak1 0.877 T 

Permanent-magnet-induced voltage (0.7 Phase voltage) (RMS) EPM 34.3 V 

Air gap flux Φm 1.48 mWb 

Load angle Θ 80.8 deg 

Efficiency η 92.36 % 

Power factor cosϕ 0.794 - 

Inductances and resistance  

d-axis magnetizing inductance Lmd 0.459 mH 

q-axis magnetizing inductance Lmq 0.973 mH 

d-axis synchronous inductance Ld(xd) 0.66 mH 

q-axis synchronous inductance Lq(xq) 1.17 mH 

Stator leakage inductance Lsσ 0.199 mH 

Basis inductance LN 0.841 mH 

Stator resistances R 24.5 mΩ 

Base impedance ZN 528 mΩ 

d-axis magnetizing inductance (reactance) per unit value Lmd(xmd) 0.547 - 

q-axis magnetizing inductance (reactance) per unit value Lmq(xmq) 1.158 - 

Stator leakage inductance (reactance) per unit value Lsσ(xsσ) 0.237 - 

Stator resistance per unit value R 0.046 - 
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3.6. Thermal steady-state analysis of the PMSM 

Thermal state is the main limitation factor of electrical machine load. Steady-state analysis 

was done with help of [6], but the value of the thermal conductivity was taken in [1], be-

cause it is more actually. The heat transfer calculation method of I. N. Rabinovich and I. 

M. Shubov for DC machine design is quite old but still it was chosen for thermal calcula-

tion, because it has very easy and applicable tools, which allows estimating the tempera-

ture of a compounded coil in case of forced cooling. Also some equations, like convection 

heat transfer coefficient αth and average thermal conductivity of the compounded coil λav , 

were approved from the method given in [1]. 

Table 3.5. Thermal steady-state analysis of the PMSM 

Copper losses (assume that heat transfer through end winding) PCu 632 W 

Iron losses (are not taken to consideration in this analysis) PFe  77 W 

Additional losses (are not taken to consideration in this analysis) Pex 100 W 

Mechanical losses (are not considered, they are mostly in rotor) Pρ 18 W 

Airflow in end winding parts (radial) vair 8 m/s 

End winding surface area (two end winding coils)  Ssur 0.15 m2 

Density of heat flow through end winding surface   Wsur 4213 W/m2 

Thermal conductivity of the typical insulation λi 0.2 W/m K 

The average thermal conductivity of the compounded coil λav 4 W/m K 

Temperature rise over the thickness of the coil  ∂Θthick 24 K 

Convection heat transfer coefficient αth 51 W/m2K 

The excess surface temperature  ∂Θsur 83 K 

Temperature rise in the machine windings Θ 107 K 

Temperature of ambient air  Θair 40 ºC 

Temperature of winding copper  ΘCu 157 º C 

The average thermal conductivity of a compounded coil can be calculated as follows 

3

i
av i 3 3

i Cu

1.42 10 W
0.2 4

1.42 10 1.35 10 m K

d

d d
λ λ

−

− −

⋅
= ⋅ = ⋅ =

− ⋅ − ⋅
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where di is diameter of a insulated wire (is chosen according to slot opening, which is 2 

mm) and dCu  is diameter of copper. Values are taken from [6]. 

Density of heat flow through the end winding surface  

Cu
sur 2

sur

632 W
4213

0.15 m

P
W

S
= = =  

Temperature rise over the thickness of the coil 

coil
thick sur

av

0.023
4213 24 K

4

R
Wθ

λ
∂ = = =  

coil end winding unified coil radiusR −  

Convection heat transfer coefficient  

[ ]

[ ]

air
th 2

air air
th 2

coil

1 0.125 1 0.125 8 W
44.5 6

0.045 0.045 m K

8 W
3.89 3.89 3.89 51 1

2 2 0.023 m K

v

v v

L R

α

α

+ ⋅ + ⋅
= = =

= = = =
⋅ ⋅

 

Heat transfer by convection is based on the transfer of heat between a solid surface and a 

fluid. Forced convection is used for better cooling. The flow of fluid (here air) is assisted 

by fan. 

The excess surface temperature  

sur
sur

th

4213
83K.

51

W
θ

α
∂ = = =  

According to electrical machine standards the temperature of ambient agent (here air) 

should be equal to 40 degrees of Celsius. During regimes when the temperature of ambient 

agent is less than 40 ºC machine load can be increased but the temperature rise in the ma-

chine windings should be equal or less than rated. 
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So the class of the stator winding insulation should be at least 180 (H)…, it seems to be 

expensive. Every electric machine designer knows that 180 class insulation materials are 

widely available, but they are more difficult to handle in the manufacturing process and 

hence the prices increase! 

It was assumed that the winding heat transfer takes place only through the end winding to 

the air. But a mistake (result of this assumption) is not big because: 

• machine (slot part of the winding) is very short (40 mm); 

• square area of the stator outer surface is small and likely is not well ventilated. The stator 

fixing in the frame is still uncertain; consequently heat flow is small, too; 

• stator core has its own losses and will not absorb much heat from winding; 

• air gap length of 0.7 mm will not provide proper cooling; 

• real end winding surface area can be less than it was assumed in the analysis (because, in 

case of rectangular cross section of end winding unified coil, one or two sides of coil can 

be bounded with stator core or frame); 

• the average thermal conductivity of the coil heavily depends on conductor diameter, 

number of conductors in one wind, copper fill factor, type of wire insulation and type 

(thermal conductivity) of impregnation resin (compound). As a result average thermal con-

ductivity of the coil could be only one half. 

All mentioned are serious causes to work hard with improvement of the machine cooling. 

Cooling during low speed application, when the current is twice the rated current, needs a 

high air flow. An independent fan would be preferable, in comparison with fan mounted on 

the main shaft. 

 

3.7. Mechanical calculations of the machine 

Mechanical state of any design is a very important issue, because it is directly related with 

safety. Rotating body stores much kinetic energy. There are cases reported when mechani-

cal damages of high speed rotating electrical machines have caused deaths of people.  
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Analysis of iron bridges, which carry rotor poles and magnets was done in Table 3.6. The 

accelerated rotor speed usually 120 % of nominal speed for generators (except hydro gen-

erators, 160 % of rated speed for them). Accelerating may happen during unexpected load-

shedding of generator or as a result of failure in the engine drive. 

During calculation mechanical stress was assumed as tension and constant (no bending 

moment, no cyclic load, no cyclic fatigue). Stress, which was found, is appreciably less 

than the yield stress of electrical steel. 

Critical rotor speeds and bending of the rotor were not found because exact bearing places 

and shaft design (with fans) are uncertain. Usually the first critical speed of such short ma-

chine is much more than rated rotating speed and bending is negligibly small. 

Table 3.6. Iron bridges mechanical calculation 

One pole of the PMSM 

  

Yield stress of electrical steel 300 MPa 

Pole centre mass radius  72 mm 

Two magnets’ volume  16.1 cm3 

Pole volume  14.7 cm3 

Laminated steel density (iron fill factor is 0.97) 7.27 g/cm3 

NdFeB density 7.4 g/cm3 

Pole and two magnets mass  0.226 kg 

Square area of each iron bridge per motor length (iron fill factor is 0.97) 31 mm2 

Max rotating speed (during normal operation) 4500 rpm 

Accelerated rotor speed  5400 rpm 

Centrifugal force 5212 N  

Mechanical stress (assume that only constant tension stress) 84 MPa 
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4. FI�ITE ELEME�T A�ALYSIS  

 

4.1. Main assumptions of numerical calculation 

The main processes of electromechanical energy conversion in electrical machine occur in 

the central part, where magnetic fields of rotor and stator windings are rotating and have  

2D character. However, the distribution of these fields is highly dependent on the geomet-

rical configuration, magnetic system, winding current distribution and nonlinear properties 

of ferromagnetic materials. In the exploration and analysis of such fields electromagnetic 

problems should be adopted.  

The following main assumptions:  

• magnetic field is two-dimensions and connected with rotor coordinate system; 

• ferromagnetic core of the rotor and stator are non-linear, but have isotropic properties;  

• magnetic field of the rotor and stator do not extend beyond ferromagnetic cores;  

• a valid current distribution in stator slot is replaced by calculated current density which 

distributed evenly in the slot area. In such way that real current linkage is the same. 

• permanent magnets are described by specifying a certain constant remanent flux density 

(Br) and a constant value of the relative permeability. 

 

4.2. Boundary conditions 

In many finite element software the boundary conditions are set based on the physical con-

ditions of existence of a magnetic field on external borders of the computational region. 

Boundary conditions for vector potential must be follows:  
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During all calculations: 

• on the outer surface of the ferromagnetic stator core vector magnetic potential (vector po-

tential) is zero (A = 0) – Dirichlet (or first-type) boundary condition;  

• on the inner surface of the ferromagnetic rotor core is Dirichlet boundary condition too. 

During calculation of the excitation (PM) field and direct axes (d-axes) anchor reaction: 

• on the quadrature axis (q-axis) normal derivative of the vector potential is zero       

(dA/dn = 0) - Neumann (or second-type) boundary condition. 

During calculation of q-axes anchor reaction: 

• on the q-axis first-type boundary condition. 

In Flux_10.3 it is enough to defined periodicity about z-axis (machine length) and number 

of repetition (cyclic boundary condition). Periodicity can be odd or even (number of poles 

in model), when only one pole of electric machine is modulate it is odd. In case of two 

poles it should be even. Two poles model is necessary in case of short pitch winding.  

 

4.3. Finite element mesh and physical properties 

First part of the finite element simulation was done in magneto static. Main benefit of such 

way of calculation is that it very fast and easy, electric circuit is not necessary. Geometry 

of cross section can be uploaded from (.dxf) file or can be drawn in Flux. In second case it 

will be easier to change dimensions, if it is necessary for searching the best machine pa-

rameters.  

But there is one disadvantage in 2D magneto static calculation, end winding leakage is not 

taken into account. It means that for relatively short machine (as this one), calculation does 

not give very precise result. We can bring value of end winding leakage to electric circuit 

from analytical calculation. But, are we sure that it is right value?  
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Figure 4.1. Two poles of the machine and its finite element mesh (stator: magenta- positive 

orientation of the current in phase C , green- negative orientation of the current in phase A 

(i.e. phase X), black- B, yellow- Z (or -C), red- A, white- Y (or -B); rotor: red- magnets, 

green- air) 

 

3D modulation takes much time and computer resource for calculating, especially during 

transient analyze.  

It is better to have exact 3D model of machine with exact end windings, cooler and bearing 

baffle forms. But usually working drafts are done after all, analytical and finite element, 

calculations.  
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Three element layers air gap can be used to improve accuracy of results (it would provide a 

dense mesh in the air gap).  

There are four types of homogeneous materials in PMSM:  

• ferromagnetic cores of the rotor and stator (laminated steel M 270 – 50 A);  

• permanent magnets (NdFeB); 

• air, non-magnetic gap and air from both sites of the magnets (from mechanical point of 

view they are two different regions, the first is compressible and the second can rotate with 

rotor);  

• nonmagnetic regions occupied by the stator winding currents. 

 

4.4. Current values and direction 

There are current values in Table 4.1. and their phase zones in Figure 4.2. Currents corre-

spond to the time when the current in phase A is maximum and equal to its peak value. In 

this case the instantaneous currents in all remaining phase areas are defined as projections 

of vectors on the vertical axis (the direction of the vector IA).  

 

Figure 4.2. Phase zones (all degrees are electrical) 
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Table 4.1. Current in different phase zones 

Phase zone Phase current Value, A 

А IA = Iam 131 

Z IZ = Iam ･ cos 60 º
 = + 0.5 Iam 65.5 

B IB = Iam ･ cos 120 º
 = − 0.5 Iam −65.5 

X IX = Iam ･ cos 180 º
 = − Iam −131 

C IC = Iam ･ cos 240 º
 = − 0.5 Iam −65.5 

Y IY = Iam ･ cos 300 º
 = + 0.5 Iam 65.5 

 

4.5. Permanent magnet excitation and no load test 

PM excitation and no load test are very important tools which show degree of magnetic 

circuit saturation and real flax density in the air gap. Flux density, as result of PM excita-

tion, in machine cross section (per pole pair), is colour displayed in Figure 4.3. The peak 

flux density of the fundamental component (Bpeak1) in the air gap is considerably more than 

it was in the analytical calculation (0.88 T), which means that the EMF of the EM is larger, 

too.  

In this regime the flux density in all elements is relatively small, but we should remember 

that the PM flux is only 70 % of the stator rated flux. In overload regime (for short time), 

when we need extra torque, saturation of magnetic circuit (especially stator) will take 

place. 
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Figure 4.3. PM excitation, air gap flax density (fundamental component – 1.04 T) 
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For the no load test and transient analysis electric circuit of the stator winding is needed, it 

is shown in Figure 4.4. The values of phase inductances and resistances were taken from 

analytical calculation and were divided by 4, as only one fourth part of the PMSM is im-

plemented. Here each phase has two coils, positive and negative sides of the phase, but 

their current linkages are summarized. 

 

Figure 4.4. Electric circuit 

 

Figure 4.5. EMF as a function of time (peak value 52 V, RMS 37 V) 
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4.6. Direct and Quadrature axis Armature Reactions 

 

        

 

 

  

 

Figure 4.6. Direct (left) and quadrature (right) –axis armature reactions (fundamental com-

ponents – 0.56 and 1.16 T correspondingly) 
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Figure 4.7. Flux linkage due to armature reaction as a function of the rotor position 

Table 4.2. Inductances (reactances) in p.u. and ratio from analytical and field calculations 

 Analytical calculation Field calculation 

Magnetizing inductances (reactances) 

Lmd(xmd) 0.55 0.41 

Lmq(xmq) 1.16 0.85 

Ratio 2.12 2.07 

Synchronous inductances (reactances) 

Ld(xd) 0.79 0.55 

Lq(xq) 1.4 0.95 

Ratio 1.77 1.73 

Sort circuit test (d- axis)  0.49 

Leakage inductances (reactances) 

0.09 d-axis 
Lsσ(xsσ) 0.237 

0.1 q-axis 

 

There is big ratio difference, because of rough estimation of d and q-axes air gap in ana-

lytical calculation. The end winding effect was neglected during calculation of the flux 

linkage due to armature reaction as a function of the rotor position.



53 

4.7. Torque at the rated point 

 

Figure 4.8. PM and reluctance torques estimated in the analytical calculation as functions 

of the load angle.(rated load angle 56 º, angle of Tmax is 117 º, Tmax = 170 Nm) 

 

 

Figure 4.9. The motor torque of one pole pair as a function of the rotor position with re-

spect to the current angle at the rated current (93 A – Tmax = 75 Nm) and double value of 

rated current (186 A – Tmax= 131 Nm) 
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In load mode axis of armature reaction is located between the axes of magnetic symmetry 

(d and q). It is necessary to find the current angle which maximizes the mechanical torque 

for a given value of the stator current. In this case for estimating torque stator current vec-

tor is fixed and constant, while the poles are rotated for a full electrical cycle. 

For getting the whole machine torque the torque magnitude and the current angle from 

Figure 4.9. should be multiplied by 4. In this case maximum torque (Tmax) is 75 Nm, and 

current angle of Tmax is 116º.. Of course with help of the Flux software we have got more 

possible result because in the analytical calculation it was significantly difficult to estimate 

the flux from embedded magnets, leakage, saturation and to calculate d- and q-axis air gap 

lenghts. 

The rated torque is calculated from power and rotating speed it is 63.5 Nm. So according to 

Figure 4.9. the rated current angle should be 108 º.  

 

Figure 4.10. The flux density distribution at rated 
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4.8. Transient Analysis 

Transient analyses were done for investigating the machine torque in dynamic with respect 

of transient behaviour. In this test the stator winding of rotating no loaded PMSM was 

connected to network with the same frequency. This test was done for three speed opera-

tions at 1500 rpm, 4500 rpm and 750 rpm  

The torque value is highly depends on rotor position in instant of connecting. As the results 

of this test torques and stator currents as the function of the rotor position (load angle) are 

presented in Figures 4.11 – 4.13.  
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Figure 4.11. Torque and stator current as a function of the load angle for 1500 rpm (voltage 

is 49 V) 

 

As we can see in Figure 4.11. the machine is quite capable to produce the rated torque 

(63.5 Nm). Also it can produce double torque with double current but the load angle in this 

regime is near maximum (too big for stable operating). That is why at low speed cranking 

the machine flux level is increased to ensure stable operation. 
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Figure 4.12. Torque and stator current as a function of the load angle for 4500 rpm (voltage 

is 49 V)  

 

 

Figure 4.13. Torque and stator current as a function of the load angle for 750 rpm        

(voltage is 25 V)  
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In high speed operating the PMSM should carry out torque a bit more than 21 Nm, it 

means that the load angle is approximately 40 º. Almost all stator current (90 A) is spent for 

flux weakening.  

Graphs of the nominal torques and stator currents as a function of time are given in       

Figures 4.14 – 4.16  

  

Figure 4.14. The torque of one pole pair and the phase current, as a function of time (Im-

posed speed is 1500 rpm, rated voltage) 

 

  

Figure 4.15. The torque of one pole pair and the phase current, as a function of time (Im-

posed speed is 4500 rpm, rated voltage) 
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Figure 4.16. The torque of one pole pair and the phase current, as a function of time (Im-

posed speed is 750 rpm, half of the rated voltage) 

 

4.9. Short Circuit Test 

Three phase stator winding short circuit is the worst disaster which can occur with perma-

nent magnate electric machine. During the regime high stator current can: 

• demagnetize permanent magnets;  

• end winding parts can be destroyed due to big Lorentz force; 

• winding can be overheated and insulation will suffer. 

Demagnetization risk of PMs was evaluated in the rated point. The first peak value of the 

current (see Figure 4.17.) is 361 A, so the RMS value is 255 A. If the rated current is 95 A, 

then the first peak value will be 255/95 = 2.69 times of the rated current. The same Figure 

can be utilized for determination of d-axis synchronous reactance. Peak value of the phase 

EMF should be divided by peak value of the long-term phase current, the result is in Table 

4.2. 

The demagnetization risk of permanent magnets is considered when the current is equal to 

2.69 p.u.   
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Figure 4.17. Short circuit current as a function of time 

 

 

Figure 4.18. Flux lines when the first peak occurs (maximum peak of the stator current) 

and paths along PM widths Paths 1 and 2 related to the first pair of PMs and  Paths 3,4 re-

lated to the second pair of PMs. 

-200

-100

0

99,999

200

299,999

50 100 150

(E-3) s.

Ampere



60 

There are pictures of demagnetizing field in Figure 4.18. and normal component of the flux 

density along Paths in Figure 4.19. The permanent magnets remnant flux density and coer-

cive force are 1.08 T and 826 kA/m respectively. The minimum normal component of the 

flux density is positive and it equals to 0.13 T. We have proved that demagnetizing of PM 

will not happen in case of the short circuit with nominal rotating speed, but critical knee of 

the magnet’s BH-curve at the working temperature should be lower than 0.13 T (the work-

ing temperature of the magnets should not exceed 100 ºC). 

 

  

  

Figure 4.19. Normal component of the flux density along Path 1 - 4
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4.10. Estimating of permanent magnets’ temperature 

Assumptions of thermal analysis: 

• temperature of the magnets is equal to temperature of the rotor; 

• all heat flow, from the rotor, takes place only through the outer rotor surface (thermal 

conductivity along the machine length is neglected, because of lamination; in fact the PMs 

will conduct heat to end winding parts and their temperature will be a bit less); 

• only rotor surface losses (eddy current losses, no hysteresis losses), from the stator slot 

opening exists (twelfth harmonic), the stator winding distribution harmonics are neglected; 

• the losses occur in about half of the rotor surface (it would be clear after analysing Figure 

4.20., where, under load mode, high flux density distributes in the left part of the pole 

pitch); 

• the flux density of the twelfth harmonic is sinusoidal and its amplitude value is           

Bm12 = 0.5 T. 

• the losses are calculated for the rated point (during high speed the first and the twelfth 

harmonic frequencies increase but flux density          decrease) 

-1

0

1

0 50 100

mm

Tesla

 

Figure 4.20. Flux density in the air gap (0.1 mm. from the rotor surface) during rated load 

(rated current and flux)  
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Rotating mechanical frequency of twelfth harmonic  

12 112 12 25 300 Hzf f= ⋅ = ⋅ =  

Surface losses were calculated with help of [15] 

2 2
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m12 Fe
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3 2 2
2
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24 2

6 12 2
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ρ π
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ex 1.8k = − coefficient of manufacturing defects 

Fe 0.5mm.d = − lamination thickness 

6

Fe 0.5 10 m.ρ −= ⋅ Ω ⋅ −  resistivity of the electric steel  

Fe 0.97k = −  space factor of the stator core 

The degree of losses looks quite expected. The finite element calculation, of the solid pole 

shoe losses, got 20 W (Table 3.1.b.); in that case EM had a bit smaller diameter and was 

more than twice longer. 

Density of thermal flow through the outer rotor surface  

sur
sur.r 2

sur.r Fe

0.51 W
27

0.0189 m

P
W

S k
= = =

⋅
 

Convection heat transfer coefficient [6]  

1
r
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th 2

1001 0.125 2 1 0.125 2 0.0775
1 0.125 W4 56

0.045 0.045 0.045 m K

f
R

v p
π π
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The excess surface temperature  

sur.r
sur.r

th

27
0.5K.

56

W
θ

α
∂ = = =  

The PMs temperature  

PM sur.r air 0.5 40 40.5 C.θ θ θ= ∂ + = + = �  

Of course the temperature of the PMs can be more than 41 C� , because of air heating. Also 

during the low speed operating the convection heat transfer coefficient will be significantly 

less than in the rated speed. 

To be sure that PMs will not be demagnetized it is better to choose heatproof magnets. 

 

4.11. Demagnetization BH and JH curves of the PMs  

Neorem 700 series grades are characterized by improved remanence and corrosion         

resistivity. Many another NdFeB magnet’s types can be utilized.  

 

Figure 4.21. Typical demagnetization curves BH and JH at different temperatures       

(Neorem 799a [16]) 
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4.12. Vector diagrams for generator regime with respect of refined values 

Table 4.3. Refined values of inductances in p.u. from field calculations 

 Rated current Double current 

Is 1 2 

Magnetizing inductances  

Lmd 0.41 0.23 

Lmq 0.85 0.49 

Leakage inductances  

Lsσ 0.1 0.057 

Resistance 

Rs 0.046 0.046 

 

The vector presentations in the motor mode were given in Chapter 2. of the thesis, they 

were corrected after d and q-axis magnetizing inductances were refined. Here only the vec-

tor diagrams for the generating mode are expressed. 

 

Figure 4.22. Vector diagram of generator mode in rated rotating speed and current (load 

angle is 62º, power factor is 0.819) 
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Figure 4.23. Vector diagram of generator mode in high (ω = 3) rotating speed and rated 

current (load angle is 40º, power factor is 0.81) 
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5. CO�CLUSIO�S 

 

From the results of finite element calculation of a PMSM the value of the current required 

to reach the maximum torque was corroborated. Steady-state and transient conditions have 

been found and analysed. 

In case of a short circuit, it is estimated that the permanent magnets will not be demagnet-

ized. 

In this study the thermal evaluations were done only analytically and the thermal state is a 

reason of big anxiety. According to this analysis the temperature rise in the machine wind-

ings is 107 K, it is 27 K more than was required. Finite element ventilation and thermal 

calculations with regard of certain end winding distribution will be good continuation of 

the research. 

Probably a precise mechanical estimation will not be odd. Endurance limit of the weakest 

elements should be found. It would be useful to notice that the strength of the rotor poles’ 

iron bridges (0.8 mm) is highly depended on manufacturing tools and steel quality.  

This work was based on many assumptions. The investigations should be corroborated by 

comparing results with measurements in prototype.
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