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ABSTRACT 
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School of Energy Systems 

Electrical Engineering 

Valerii Abramenko 

Synchronous Reluctance Motor in Direct Online Applications 

Master’s thesis, 2016 

105 pages, 76 figures, 9 tables, 7 appendices 

Examiners: Professor Juha Pyrhönen 

D.Sc. Janne Nerg 

Keywords: synchronous reluctance motor, synchronous reluctance machine (SynRM), 

direct online (DOL), rotor geometry, transversally laminated anisotropic (TLA) rotor, 

Gerges’s effect, effect of uniaxial connection, Matlab simulation, finite element method 

(FEM), high performance, start, high efficiency.  

Synchronous reluctance motor (SynRM) with transversally laminated anisotropic (TLA) 

rotor equipped with damper winding (DW) for direct online operation is studied in the 

thesis. The stator used in the SynRM is the same as in a 30 kW, 3-phase, 4-pole induction 

motor (IM).  

Matlab, Simulink software has been used for the investigation of the approximate 

performance and DW influence on the starting process. Verification of Matlab results has 

been implemented in FEM-software Flux 2D. A method for the calculation of the 

resistances RD and RQ by FEM is proposed. The influence of DW geometry on the starting 

process has been studied. The results show that the best starting performance is achieved 

with flux barriers filled with aluminium. The possibility of the motor sticking near half of 

the rated speed while starting due to Gerges’s effect has been studied. In this regard 

Gerges’s effect can significantly affect the starting process when the amount of aluminium 

along q-axis is relatively small.  

Competitive analysis with IM is done. High performance SynRM equipped with DW can 

compete and exceed IM in efficiency in DOL applications.  
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NOMENCLATURE 

Symbols 

B  magnetic flux density [Vs/m
2
], [T]  

C  flux lines calculation constant  

D  electric flux density [C/m
2
]  

Dr  rotor diameter [m]  

Drdw1  diameter of the damper winding geometry 1 [m]  

Drdw2  diameter of the damper winding geometry 2 [m]  

Drdw3  diameter of the damper winding geometry 3 [m]  

Ds  stator inner diameter [m]  

Dse  stator outer diameter [m]  

Dshaft  rotor shaft diameter [m]  

E  electric field strength [V/m]  

f  network frequency [Hz]  

H  magnetic field strength [A/m]  

I1n  rated stator current [A], root mean square  

is  space vector of stator current [A]  

ir  space vector of rotor current [A]  

iμ  space vector of magnetizing current [A]  

id, iq d-axis and q-axis stator current space vector components  respectively [A]  

iD, iQ d-axis and q-axis space vector damper winding (rotor) current components 

respectively [A]  

J  current density [A/m
2
]  

Jm  motor moment of inertia [kg m
2
]  

Jload  load moment of inertia [kg m
2
]  

kwq  insulation ratio along q-axis  

l  core length [m]  

la  sum width of flux barriers along q-axis [m]  

ly  sum width of flux conducting segments along q-axis [m]  

Ld, Lq  d-axis and q-axis components of synchronous inductances respectively [H]  

Lm  magnetizing inductance [H]  
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Lsσ  stator winding leakage inductances [H]  

LDσ, LQσ d-axis and q-axis components of damper winding leakage inductances 

respectively [H]  

Lmd, Lmq d-axis and q-axis components of magnetizing inductances respectively [H]  

m  number of phases  

n  rotational motor speed [rev/m]  

nn  rated rotational motor speed [rev/m]  

p  number of pole pairs  

Pout  shaft power of the motor [W]  

Pin  input power of the motor [W]  

PJoule  copper losses, power [W]  

PFe  iron losses, power [W]  

PAdd  additional losses, power [W]  

PMech  mechanical losses, power [W]  

Qr  number of rotor bars  

Qs  number of stator slots  

r  radius for line flux lines description in the rotor [m]  

Rs  stator resistance [Ω]  

Rr
/
  rotor resistance referred to the stator [Ω]  

RD, RQ d-axis and q-axis components of damper winding resistances       

respectively [Ω]  

RFe  iron losses resistance [Ω]  

s  slip  

Sh  width of flux conducting segment number h [m]  

T  torque [Nm]  

Te  space vector of electromagnetic torque [Nm]  

Te  electromagnetic torque [Nm]  

Tl  locked torque [Nm]  

Tload  load torque [Nm]  

Tn  rated torque [Nm]  

Tpull-out  torque pull-out [Nm]  
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Tpull-in1  torque pull-in 1 [Nm]  

Tpull-in2  torque pull-in 2 [Nm]  

TR  width of tangential ribs [m]  

Ul-l  line-to-line voltage [V], root mean square  

Uph  phase voltage [V], root mean square  

us  space vector of stator voltage [V]  

uU, uV, uW stator voltage space-vector components in 3-phase stator attached 

coordinate system [V]  

ux, uy, u0 x-axis, y-axis and zero-sequence stator voltage space-vector components in 

2-phase stator attached coordinate system respectively [V]  

ud, uq d-axis and q-axis stator voltage components respectively [V], d-axis and q- 

axis stator voltage space-vector components in rotor attached coordinate 

system respectively [V]  

Umd magnetic voltage applied to the rotor when its maximum is aligned with d-

axis [p.u.] 

Umdh average magnetic voltage over h segment when maximum of magnetic 

voltage applied to the rotor is aligned with d-axis [p.u.]   

Umq magnetic voltage applied to the rotor when its maximum is aligned with q-

axis [p.u.] 

Umqh average magnetic voltage over h segment when maximum of magnetic 

voltage applied to the rotor is aligned with q-axis [p.u.]  

Wh  width of flux barrier number h [m] 

αm rotor slot pitch [rad], [
o
]  

β additional parameter for slot pitch variation [rad], [
o
] 

δ  load angle [rad], [
o
]  

δag  air gap length [m]  

ɛ  permittivity [F/m]  

η  efficiency [%]  

θ  mechanical angle from d-axis in polar coordinate system [rad], [
o
]  

κ  current angle [rad], [
o
]  

μ  permeability, [Vs/Am, H/m]  
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σ  electric conductivity, [S/m]  

φ  phase shift angle [rad], [
o
]  

ψs space vector of stator magnetic flux linkage [Vs]  

ψd, ψq d-axis and q-axis components of stator magnetic flux linkage space vector 

respectively [Vs]  

ψm space vector of air-gap magnetic flux linkage [Vs]  

ψmd, ψmq d-axis and q-axis components of air-gap magnetic flux linkage space vector 

respectively [Vs]  

ωs  angular frequency of stator magnetic field [rad/s]  

ωr  angular frequency of rotor [rad/s]  

ωps  angular frequency of positive flux component [rad/s]  

ωns  angular frequency of negative flux component [rad/s]  

Abbreviations 

ALA  Axially laminated anisotropic  

DOL  Direct on line  

DW  Damper winding  

EM  Electromagnetic  

FDM  Finite difference method  

FEM  Finite element method  

IM  Induction motor  

SynRM Synchronous reluctance motor  

TLA  Transversely laminated anisotropic  
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1 INTRODUCTION 

Direct on line (DOL) synchronous reluctance machine (SynRM) and its properties will be 

studied in this thesis. Especially, the starting performance and prerequisites for it are in the 

focus.  

1.1 Structure of the thesis 

The thesis contains five parts.  

Chapter 1 is an introduction part where the relevance of the topic, research goals and 

background are described.  

Chapter 2 is focused on theory development based on previous investigation as a 

combination of high performance SynRM and damper winding (DW).  

In Chapter 3 a short overview of scientific approaches, their comparison and selection of 

appropriate are given.  

Chapter 4 and Chapter 5 are the main sections of this work. The first one presents an 

analysis of DW parameters effect on the starting performance of a SynRM. The second one 

is devoted to geometrical parameters of the rotor structure, namely, to iron core and to 

DW.  

Chapter 6 is a conclusion. Overview of the thesis results is done here. Some future work is 

discussed.  

1.2 Relevance 

Nowadays, one of the sharpest questions which require attention from the world 

community is the climate change. Natural cataclysms are gaining more and more negative 

influence on the ecosystem, particularly on humanity. Strong storms, floods and droughts 

in different parts of the planet, the growing amount of endangered animal species both on 

land and under water are object lessons [1].  

The main reason of the climate change is the increased carbon dioxide concentration in the 

atmosphere, which in its turn is caused by burning carbon-based fossil fuels mainly for 

generating electrical energy [2] and powering the industry, agriculture and traffic.  

Also the deficit of electrical energy is not a least problem. It is considered that to save one 

unit of energy resources is 50 % cheaper than obtaining it [3].  
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Herewith, electrical drives consume about 70 percent of electrical energy in the industry 

and about 45 percent in global energetics. Most electrical drives are still non-controlled, 

and therefore they represent special interest from the efficiency point of view. In this 

respect the work horse of the industry is the three-phase induction motor (IM), which has 

become widely used due to its ability to start directly in the network, reliability and 

relatively low price [4].  

A SynRM equipped with a DW can be an alternative to traditional IM for DOL operation. 

In the beginning of the second part of the 20
th

 century the first one was actively 

investigated by European companies and Soviet scholars [5]. There was an idea that a 

SynRM can operate more efficiently than an IM because of the absence of Joule losses in 

the rotor. However, in result the SynRM did not find a broad application as a DOL motor 

due to the following reasons: its power factor was much lower than that of IM and 

consequently the efficiency could not compete with IM efficiency as well. Low power 

factor was also the reason of adverse weight and dimension characteristics of SynRM for 

DOL application.  

However, SynRM started to be studied as part of electrical drives with frequency 

converter. Since then (1970’s) the rotor construction was subject of development that 

improved the power factor and efficiency as well. This improvement combined with 

certain control algorithm allowed achieving higher efficiency of electrical drive based on 

SynRM rather than it would be based on IM [6, 7], herewith the power factor of motor 

does not play an important role from the network point of view when supplied by a 

frequency converter. Currently ABB offers electrical drives based on SynRM which have 

40% less losses than in case of a corresponding IM drive [8].  

The rotor construction was significantly improved by simultaneous mechanical and 

electro-magnetic optimization, and as a result modern ABB’s SynRM has clearly higher 

energy efficiency in comparison with the SynRM of the previous century. Therefore, the 

interest towards this machine as a DOL motor was reborn. Some research works of the 

latest decade showed that this question is actual, and SynRM can become an alternative to 

IM in non-regulated drive proposing a better efficiency performance [9, 10].  
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1.3 Efficiency classes 

International Electrotechnical Commission established new standard on efficiency classes 

IEC/EN 60034-30-1 on March 6, 2014. The standard separates motors in different classes 

depending on efficiency and power. Each upper class corresponds to an efficiency which is 

gained with 20 percent less losses than in the previous one. In table 1 there are classes of 

efficiency and corresponding designations presented.  

Ultra Premium efficiency class E5 is currently under development.  

In figure 1 efficiency classes for 4-pole motors are presented. The standard covers motors 

with power from 0.12 kW to 1000 kW.  

Table 1 – Efficiency classes 

Efficiency class Designation 

Standard efficiency (no more allowed) IE1 

High efficiency (allowed in speed-controlled drives) IE2 

Premium efficiency (DOL motors) IE3 

Super premium efficiency IE4 

 

Figure 1.1 – Efficiency classes for 4-pole motors, 50 Hz 
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1.4 Goal of the study 

The main question the answer of which the thesis is devoted to is “Is it possible to design a 

SynRM which can compete with IM as DOL motor in efficiency and perform well during 

DOL start?” The goal of this master’s thesis is to investigate the influence of the SynRM 

construction on efficiency performance and compare the most efficiently constructed 

SynRM with IM for DOL operation.  

In order to achieve this goal the following task should be solved:  

1) Compose review of IM and SynRM.  

2) Develop a theory of SynRM with DW;  

3) Make an review of scientific works which were devoted to efficiency 

improvement of SynRM;  

4) Make a review of the methods of investigation of SynRM equipped with DW 

and choose appropriate method(s);  

5) Make corresponding investigations;  

6) Conclusion.  

1.5 IM theory 

Galileo Ferraris offered the first prototype of IM in 1885, and Nicola Tesla presented a 

similar one in 1887. In a paper under the title “A New System for Alternating Current 

Motors and Transformers” of 1888 Tesla described IM with a wound rotor that was able to 

start from zero speed itself. In 1889 Mikhail Dolivo-Dobrovolsky presented an IM with a 

cage winding. However, the first practical IM was made in 1892 by George Westinghouse, 

and it was a two-phase motor with a wound rotor. Then B.G. Lamme offered a type of 

rotor winding made from bars. As a result, Westinghouse and General Electric started to 

produce IMs equipped with a squirrel cage rotor in 1896. Since then IM was subjected to 

many investigations and improvements and today it is approaching its physical limits of 

performance characteristics [11].  

Nowadays, there are still two types of IM: either with squirrel cage rotor or wound rotor. 

As the squirrel cage IM is more widespread because of its cheapness, reliability and 

relatively high power factor and efficiency, we will consider only its construction.  
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 Construction of IM 1.5.1

The main basic electrical parts of an IM are a stator and a rotor, where the stator is 

stationary part and the rotor is the rotating part.  

The stator consists of thin steel slotted layers (sheets), which are put together, and copper 

or aluminium winding, which is located in the slots. Typically, IMs are implemented as 

three-phase motors meaning that the stator phase windings are shifted by 120 electrical 

degrees from each other. A cross section of a 4-pole IM is presented in figure 1.2. As a rule 

phase windings are designed by: U,V,W.  

The main part of the rotor is the squirrel cage winding which is made of aluminium or 

copper bars and two short-circuited rings. The squirrel cage is embedded in insulated iron 

lamination stack.  

Figure 1.3 presents a cross section of the rotor. A general view of a squirrel cage is seen in 

picture 1.4.  

The core of the stator and the rotor is made from laminated sheets in order to reduce eddy 

current losses.  

The construction of IM also includes: frame for protection of all part inside; bearings for 

rotor support; terminal box; cooling fun.  

 

Figure 1.2 – Cross section of an IM stator 
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Figure 1.3 – Cross section of an IM rotor 

 

Figure 1.4 – Squirrel cage 

 Operation principle of IM 1.5.2

The three-phase stator winding is connected to a three-phase voltage source. It creates an 

alternating current flowing in each phase with 120 electrical degrees phase shift. At the 

same time each phase of winding is shifted in slots by 120 electrical degrees. As a result, a 

rotational magnetic field is created. This field magnetizes also the rotor, and according to 

Faraday’s induction law an electromotive force is induced in the cage winding, and as it is 

short circuited currents flow in the bars. These currents interact with the air-gap 

electromagnetic (EM) flux (as a sum of stator and rotor fluxes), and an EM torque is 

produced by the Lorentz force which causes the rotor rotate.  

 Mathematical description of IM 1.5.3

In figure 1.5 T-shaped equivalent circuit of IM is given. Voltage us is applied to stator 

winding. Current is passes through stator resistance Rs and stator leakage inductance Lsσ. 

Rotor induced voltage is applied to the rotor cage. Current ir passes through the rotor 
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resistance Rr and rotor leakage inductance Lrσ. Sum of stator is and rotor ir currents results 

as magnetizing current, which passes through the parallel connection of magnetizing 

inductance Lm and resistance RFe.  

 

Figure 1.5 – Equivalent circuit of IM 

Based on this equivalent circuit equations of IM are 1.1-1.5.  

Stator space-vector voltage equation:  

m
s s s s sσ s

d
j

d
R L

t
  

ψ
u i i .     (1.1) 

Rotor space-vector voltage equation:  

m
r r s rσ r r r

d
0 j j

d
R L

t
    

ψ
i i ψ .    (1.2) 

Magnetizing flux linkage can be determined as:  

m m μLψ i .       (1.3) 

Equation for magnetizing current which is responsible for magnetizing flux linkage 

creation:  

Fe
μ s r

s m Fe

( ) ( )
j

R

L R
  


i i i .     (1.4) 

The EM torque can be expressed by the equation:  

Fe
e m s m s r s

s m Fe

Fe
m r s

s m Fe

3 3
[ ( ) ( )]

2 2 j

3
[ ( )] .

2 j

R
p p L

L R

R
p L

L R





      


  


T ψ i i i i

i i

  (1.5) 

The EM torque is produced when there is a difference between the rotational speed of the 

air gap magnetic field and the rotor rotational speed. In ideal no-load mode the magnetic 
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field and the rotor have the same speed and no current is induced in rotor bars, therefore 

EM torque is zero. If a mechanical load is applied the rotor starts to lag from the magnetic 

field, a current is induced in the rotor that creates EM torque. The value of slip 

characterizes the difference between the magnetic field and the rotor speeds s and r is 

expressed by equation:  

s r

s

s
 




 .      (1.6) 

The torque vs slip curve of an IM in general is presented in picture 1.6.  

 

Figure 1.6 – Torque-slip curve of IM and a fan load torque as example 

 IM losses 1.5.4

As the efficiency of the motor is determined by the amount of the losses it is important to 

understand what kinds of losses take place in an IM. This comprehension will make it 

easier to estimate the practicability of the idea to design a SynRM for DOL operation 

instead of an IM.  

All losses in an IM can be divided in the following groups: stator losses, rotor losses, iron 

losses, mechanical and additional losses. In picture 1.7 the dependence of the losses on the 

motor power is given.  

The largest losses are Joule losses in the stator, especially in low power motors. The Joule 

losses are seen as heating of the windings and the whole machine. These losses are 
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determined by the winding copper resistance and by distribution of the winding in the slot 

where skin effect has an influence on the resistance.  

The second significant part of losses is rotor Joule losses which are caused by copper or 

aluminium resistance of bars and short circuit rings.  

Iron losses basically exist in the stator steel and include hysteresis, eddy current and excess 

losses.  

Mechanical losses include friction and windage losses.  

The nature of additional losses is still not fully investigated. They include eddy currents in 

the rotor, for instance. Also extra Joule losses caused by AC are regarded as excess losses.  

 

Figure 1.7 – IM losses [12] 

Thus, the efficiency can be the described by formula:  

out out

in out Joule Fe Add Mech

P P

P P P P P P
  

   
.   (1.7) 

1.6 SynRM theory 

According to the knowledge of the author SynRM was first mentioned by J.K. Kostko in 

1923 in [13] and it is considered that this invention belongs to him. The performance of the 

motor was too weak in comparison with other electrical motors and SynRM could be used 
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only in auxiliary devices such as oscillographs and in rectifying devices [13]. However, the 

situation changed in the beginning of the 21
th

 century and present-day SynRM is quite 

widely used in speed-controlled electrical drives proposing more efficient performance in 

comparison with IM [8].  

 Construction of SynRM 1.6.1

The stator and rotor of a SynRM must have the same amount of poles.  

The stator of a SynRM has basically the same structure as the stator of a corresponding IM.  

The rotor of a SynRM differs from the rotor of a corresponding IM. It has high magnetic 

anisotropy that causes the motor operate synchronously and mainly determines the 

performance and the characteristics of the motor such as efficiency, power factor, value of 

peak torque (more detailed in 1.7.5). Numerically, the anisotropy is represented by the 

inductance ratio of direct- and quadrature-axes inductances Ld/Lq that is also called as 

inductance ratio or saliency. The saliency can be achieved by implementation of various 

rotor structures. In figure 1.8 several rotor types of a 4-pole SynRM are shown.  

 

Figure 1.8 – SynRM rotor types: a) Salient pole rotor, b) Axially Laminated Anisotropic 

(ALA) rotor, c) Transversely Laminated Anisotropic (TLA) rotor [10] 

In figure 1.8 a) the salient pole layout rotor type is presented. This type has relatively poor 

performance and cannot compete with IM in performance [14].  

The rotor in figure 1.8 b) has axially laminated anisotropic (ALA) structure. Accordingly 

to [15, 16] the saliency of this rotor type can exceed 10. However, it is complicated to 

manufacture such kind of a rotor because it requires lamination shaping. In addition, the 

lamination sheets with insulation material between them should be fastened together. 

Another disadvantage of the ALA rotor is the additional iron losses which are caused by 

the flux fluctuation in the laminations [17].  
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Figure 1.8 c) presents transversally laminated anisotropic (TLA) rotor structure which is 

the most spread application. The manufacturing of this rotor is significantly simpler than in 

the case of an ALA rotor. The flux barriers are typically punched in the rotor laminations 

to make a round rotor. In practice, the maximum achievable inductance ratio for this rotor 

is about 10 [18, 19]. A TLA-rotor is not difficult to equip with a DW which can be 

installed in the flux barriers. Because of the last mentioned advantage together with 

relatively high inductance ratio of a TLA rotor this structure is chosen for further 

consideration in this thesis.  

 Operation principle of SynRM 1.6.2

Similarly as in an IM three-phase currents create a rotating magnetic field in a SynRM. 

The rotor, which has saliency, always seeks the position where the direct axis aligns with 

the magnetic flux. It is because the direct axis has the smallest reluctance. This principle is 

shown in figure 1.9.  

       

Figure 1.9 – Operational principle of SynRM 

The power of SynRM depends on the difference of the d-axis and q-axis inductances and 

can be calculated by load angle equation [4]:  

q

d q2 2 d
ph ph

s d q s q

1

3 ( )sin 2 3 ( )sin 2
2 2

L

L L L
P U U

L L L
 

 




  .  (1.7) 

As torque can be expressed as power dived by rotational speed its equation takes the form  

q

2 d
e ph

s q r

1

3 ( ) sin 2
2

L

L p
T U

L


 



 .    (1.8) 

The performance improvement of a SynRM is basically a question of increasing Ld and 

reducing Lq. In theory, Lq is limited by the stator leakage inductance Lsσ. In practice,         

Lq > Lsσ because it is impossible to make the q-axis magnetizing inductance to equal zero.  

The torque dependence on the load angle is given in picture 1.10.  
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Figure 1.10 – SynRM torque vs load angle 

 Mathematical description of SynRM 1.6.3

It is common to consider a SynRM in the rotor reference frame because of the rotor 

anisotropy. dq-coordinate system attached on the rotor simplifies the comprehension of 

relations between the structure of the rotor and the parameters which are used for the 

mathematic description of the motor. T-shaped equivalent dq-coordinate equivalent circuits 

of a SynRM neglecting the iron losses are given in figure 1.11.  

     

Figure 1.11 – Equivalent circuits of SynRM in dq-coordinate system 

The voltage, flux linkage and current equations of these two-axis equivalent circuits are:  

md
d s d s sσ d r q

d
j

d
u R i L i

t
   


      (1.9) 

mq

q s q s sσ q r d

d
j

d
u R i L i

t


     ;    (1.10) 

md md dL i  ;       (1.11) 

mq mq qL i  .       (1.12) 
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Torque equation can be written in vector form on the base of magnetizing flux and stator 

current cross product and scalar from respectively:  

  e m s

3
,

2
p T i       (1.13) 

e md q mq d md d q mq q d

3 3
( ) ( ).

2 2
T p i i p L i i L i i         (1.14) 

 SynRM losses 1.6.4

The rotor losses, which are significant in IM, are much smaller in a SynRM. This fact is 

the main reason for the assumption that a SynRM can compete with IM in efficiency.   

The small air gap and flux pulsation in the rotor caused by slotting effect can be reasons of 

high iron losses. A poorly designed SynRM may have iron losses which can even be 

comparable with the rotor Joule losses in a corresponding IM [19].  

Regarding the mechanical and additional losses a SynRM does not specifically differ from 

an IM.  

 Inductance ratio 1.6.5

As it was mentioned, the inductance ratio is the ratio of the direct-axis inductance to the 

quadrature-axis inductance, which is also called saliency ratio. The motor ability to 

produce torque directly depends on the difference between d- and q- axis inductances (see 

equation 1.7) and indirectly on the inductance ratio. The dependence of the torque value on 

the induction ratio can be seen in figure 1.12, where δ is the load angle or angle between 

vector of stator flux linkage and d-axis (see figure 2.1).  

No rotor construction allows achieving Ld/Lq=50. The maximum practical saliency with a 

TLA rotor is about 10.  

Power factor also depends on the induction ratio. In figure 1.13 the power factor 

dependence on load angle with different saliencies is given. Maximum power factor is 

determined by formula:  
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Figure 1.12 – Torque vs load angle with different inductance ratios (Lqpu=0.2) [4] 

The dependence of maximum power factor on inductance ration is shown in figure 1.14.  

 

Figure 1.13 – Power factor vs load angle with different inductance ratios (Lqpu=0.2) [4] 

The inductance ratio also has a large effect on efficiency. The higher inductance ratio is the 

less current is needed for the creation of the magnetizing flux linkage, and the lower 

copper losses result in the stator. However, the best efficiency is not always achieved when 

the power factor reaches its maximum. In figure 1.15 the efficiency dependence on the 

load angle is given.  
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Figure 1.14 – Maximum power factor vs inductance ratios 

 

Figure 1.15 – Example of power factor vs load angle behaviour with different inductance 

ratios (Lqpu=0.2) [4] 

Basically, the efficiency closely corresponds to the ratio of torque to current which is 

maximum when the current angle κ (angle between current vector and d-axis, see fig 2.1) is 

45 degrees if the motor is fed by current sources. It can be seen from the form of torque 

equation  

2
e s d q

3
( )sin(2 )

4
T pi L L   .    (1.16) 
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2 THEORY DEVELOPMENT 

2.1 SynRM equipped with squirrel cage 

In mechanisms which operate with constant speed during a long time the usage of any 

additional starting appliance is not desirable because it makes the system more expensive. 

Therefore, squirrel cage IMs have had wide use in such applications as pumps and fans 

where the load torque increases with speed. Such torque-speed dependency allows a 

squirrel cage IM starting with minimum load and achieve its rated point at the rated load.  

A SynRM without damper can accelerate from zero speed only by supply from a frequency 

converter. In order to make a SynRM capable to start DOL a squirrel cage must be 

embedded in the rotor. Equivalent circuit in dq-coordinate system of SynRM equipped 

with a squirrel cage is presented in picture 2.1.  

   

Figure 2.1 – Equivalent circuit of SynRM for DOL in dq-coordinate system 

Stator voltage equations correspond to equations (1.9), (1.10). Other equations which 

describe SynRM equipped with squirrel cage are given below.  

Squirrel cage is described by the following equations:  

D
D D

d
0

d
R i

t


  ;     (2.1) 

Q
Q Q

d
0

d
R i

t


  .     (2.2) 

Flux linkage equations are:  

d sσ d mdL i   ;     (2.3) 

q sσ q mqL i   ;     (2.4) 

2 2
s d q    ;     (2.5) 
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D Dσ D mdL i   ;     (2.6) 

Q Qσ Q mqL i   ;     (2.7) 

md md d D( )L i i   ;     (2.8) 

mq mq q Q( )L i i   .     (2.9) 

Vector diagram of a SynRM equipped with a squirrel cage is given in figure 2.2. Iron loss 

components of current are not presented separately for legibility.  

 

Figure 2.2 – Vector diagram of squirrel cage equipped SynRM 

Based on a given above cross product of magnetizing flux and stator current the equation 

of the EM torque of squirrel cage equipped SynRM can be developed in the following 

scalar form:  

e md q mq d

q md d d mq q q md D d mq Q

q md d D d mq q Q
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  (2.10) 
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2.2 Asymmetry of SynRM squirrel cage 

The form of a squirrel cage in a SynRM can have different shapes. One variant is filling 

the flux barriers with aluminium completely, figure 2.2. Also it is possible to embed 

smaller aluminium bars in barriers, figure 2.3.  

 

Figure 2.2 – Rotor of SynRM with DW as completely filled flux barriers 

 

  Figure 2.3 – Rotor of SynRM with DW as bars in flux barriers 

The DW has anisotropy in each variant. The isotropy causes two different fluxes – one 

with positive – and one with negative-sequence. The positive component of the flux rotates 

with angular frequency:  

ps s s s(1 )s s       .    (2.11) 

Thus, the positive flux component rotates synchronously with the stator magnetic field, 

where both of them are motionless relative to each other.  
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The negative component of flux rotates with the angular frequency of counter-rotating 

field:  

ns s s s(1 ) (1 2 )s s s        .   (2.12) 

The last component makes the resulting flux pulsate which affects the torque while 

starting, figure 2.4. It can be a reason of start failure and the motor achieves only half of its 

rated speed [12]. This effect was opened by G. Gerges in 1896 and is called the “Gerges’ 

effect” or ”effect of uniaxial connection” [29].  

This phenomenon is not studied deeply in SynRM equipped with a squirrel cage at present 

time. It is a question how the construction of DW affects the torque produced by the 

counter rotating field. There are no studies about resistances RD and RQ as analytical 

parameters and how their values depend on the structure of the DW.  

 

Figure 2.4 – Asynchronous torque components of asymmetrical DW  

This gap is also the point of the thesis.  

2.3 Rotor design 

There is a series of scientific papers published since 1923 when Kostko made the first 

attempt to analyse the rotor structure [13]. One of the most thorough tests of research were 

presented in these papers and further development of the topic was made by Reza Rajabi 

Moghaddam in his master thesis, 2007 [18] and in his doctoral thesis, 2011 [19]. As a 

result he proposed an analytical procedure of SynRM rotor design with subsequent FEM 
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optimization, herewith the number of modeled rotor geometries is minimized to about 10, 

while previously about 50 designs of SynRM were needed to verify and optimize the 

geometry calculated by others methods, for example [17]. The novelty of the method is to 

make the shape of barriers which are along with d-axis flux lines and perpendicular to q-

axis flux lines as much as possible. That idea and the main geometrical parameters of the 

rotor are presented in figure 2.5. The flux lines in the d-axis can be described analytically 

with N.E. Joukowski equation [19]:  

2 2
shaft 4 sin ( )

( ) ( )
2 2 sin( )

p C C pD
r

p






  



,   (2.13) 

where r(θ) is the radius and θ is mechanical angle from the d-axis in polar coordinate 

system, Dshaft is the rotor shaft diameter, C is a constant, which depends on the coordinates 

of the point the flux line curve passes through and p is a number of pole pairs.  

Equation 2.13 for the angle θ has the following form  
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If r and θ are known then coefficient C can be determined by the equation  
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Figure 2.5 – To idea of the rotor flux barriers’ positioning [19] 

The design of the rotor structure has certain steps which are described in the following 

subchapters.  

Rotor slot pitch 

In order to minimize torque ripples rotor slot pitch should be constant. Also angle β is used 

as an additional controller of slot pith. Based on the angle β and the number of barriers k 

points Di will be as shown in figure 2.5 and the slot pitch is calculated as follows [18]:  

m

π

2

1

2

p

k











.     (2.16) 

It is the first step of the rotor design.  

Size and position of barriers 

Then the insulation ratio should be determined. The insulation ratio in the q-axis is the 

ratio of the sum width of barriers la and the sum width of conducting segments ly in q-axis. 

This parameter has the main impact on the average value of torque. It can be expressed in 

the following form  



31 

 

1
shaftr

a 1
wq 1

y

1

( )
2 2

k

h

h

k

h

h

DD
S

l
k

l
S









 

 




.    (2.17) 

Initially the value of kwq is chosen in a way that the sum width of the conducting segments 

ly is equal to the width of the stator yoke [18].  

The mathematical expressions 2.18-2.29 are related to geometrical ratios between the rotor 

diameter, flux segments and barriers. These ratios are proportional to the ratios of average 

values of magnetic voltages over segments and barriers and do not directly depend on the 

values of magnetic voltages. Therefore, the per unit peak value of magnetic voltage applied 

to the rotor is assumed to be 1 with the goal to avoid additional coefficients in equations 

2.18-2.19, 2.23-2.27. This assumption does not comprise any physical meaning and is used 

only for simplification the equations forms which also does not affect the final results 

obtained in expressions 2.20 and 2.28.  

The width of segments depends on the average per unit magnetic voltage Umdh which 

applied over each segment when maximum of magnetic voltage applied to the rotor is 

aligned with d-axis (figure 2.6), where:  
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The following system of equations determines the width of segments:  
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The width of barriers depends on the differences between average per unit magnetic 

voltages Umqh over barriers when maximum of magnetic voltage applied to the rotor is 

aligned with q-axis (figure 2.7). In this case, values of average per unit magnetic voltages 

over segments are calculated by formulas:  

mq1 0,U       (2.22) 
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Then, the differences between average per unit magnetic voltages Umqh over barriers are 

expressed as follow:  
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The following system of equations determines the width of barriers:  
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Optimization procedure 

1. Insulation ratio kwq is chosen initially and then varied to maximize the average 

torque value.  

2. β is assumed to be equal to αm/2 initially and then varied to minimize the torque 

ripple. Accordingly to each variation of β width of segments and barriers are 

recalculated by equations 2.16, 2.17–2.29.  

3. Yqk is adjusted to minimize torque ripple while barriers width is kept constant.  

4.  Accordingly to each variation of Yqk points B1k, B2k are determined and calculation 

of lines potentials C1k, C2k is implemented [19].  

2.4 Summary of chapter 2 

Based on the procedure described in this chapter the rotor structure is designed in chapter 

5. Then, the main focus is on an adjustment of shapes of the squirrel cage bars which are 

placed in the flux barriers of the SynRM rotor. The idea is to fill the barriers completely 

and partially with aluminium and understand how it affects the starting performance of 

SynRM.  
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Figure 2.6 – Conceptual magnetic voltage distribution over the segments when maximum 

of magnetic voltage applied to the rotor is aligned with d-axis  

 

Figure 2.7 – Conceptual magnetic voltage distribution over the segments when maximum 

of magnetic voltage applied to the rotor is aligned with q-axis  
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3 METHOD OF INVERSTIGATION 

3.1 Short observation of scientific approaches 

Electrical motor is an EM system which can be investigated by different methods.  

One of them is experimental. In this method the object should be built and examined for 

subjects of interests. In case of SynRM a certain model of SynRM can be proposed and 

manufactured, whereupon the motor should be examined for efficiency, power factor, 

torque etc. In order to study another SynRM construction another model has to be 

manufactured and tested. Apparently, results will be the most reliable. However, 

experimental method requires time and significant monetary expenses. Therefore, this 

method is basically used for verifying a certain theory, which is tested before by 

mathematical methods, where the real system is described in some abstract language, for 

instance, mathematical equations or algorithms. Thus, mathematical methods applied to 

mathematical models, not to real objects.  

Analytical analysis is a type of mathematical methods. This method has a high accuracy 

and allows directly seeing the dependence between input and output variables and 

parameters. It is very valuable for comprehension of general theoretical dependences in 

simple linear circuits, systems or devices. However, it is challenging to apply analytical 

method to complicated system with significant number and order of equations, which 

describe certain object. Solving bulky and sophisticated equations makes calculation 

process laborious and long. In order to simplify that, essential assumptions can be accepted 

when an analytical method is applied to a complex object, but then results are more 

approximate [20].  

Another approach is to use numerical methods. They can be separated by two groups: 1. 

Numerical methods for the system with concentrated parameters (Euler method, Runge-

Kutta method, etc.) and 2. Numerical methods for the system with distributed parameters 

(FDM, FEM).  

The most numerical methods for the systems with concentrated parameters start from 

transformation of initial differential equations to a Cauchy problem, where one derivative 

is in the left side of equation and variables of function and arguments are in the right side. 
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In short, the Cauchy problem can be formulated as following: It is required to solve the 

equation type:  

/ ( , )y F x y ,     (3.1) 

when 0 0( )y x y  – initial condition. The most prevalent method of solving a Cauchy 

problem is the classical Runge-Kutta method (RK4). Its advantages are the ability of use a 

variable step, relatively low error (order of error is h
5
, where h is step). This method is 

common in engineering practice and widely used in the field [21].  

In scientific research FEM has become typically used. The point of FEM follows from its 

name. The space field, where differential equations’ solution is found, separated by finite 

quantity of small subfields. This procedure is called meshing (figure 3.1). Each such 

subfield or element usually has a triangular form with vertexes called nodes. In every 

element certain approximation is chosen, which is equal to zero out of the subfield. The 

values of function at boundaries (nodes) are the solution of task and unknown in advance. 

The coefficients of the approximation functions (e.g. µ, ǫ and σ) are calculated from the 

conditions of neighbouring function values equality at the boundaries (nodes) between 

elements. Then these coefficients are expressed through function values in element nodes. 

A system of linear equations is created, where the quantity of equations is equal to the 

number of unknown values in the nodes. In matrix terms, stiffness matrix is compiled and 

boundary conditions (Neumann’s or Dirichlet’s) are applied to this matrix. In result, a 

system of linear equations is obtained and solved [22].  

 

Figure 3.1 – Mesh in FEM – an example 
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The idea of this method was developed in the USSR in 1936 but due to lack of 

computational technologies it did not find application. Nowadays, the computational 

engineering is significantly developed and therefore FEM has become widely used in 

science. Along with mechanics, heat exchange, hydrodynamics FEM is used for analysis of 

EM phenomena such as saturation of magnetic circuit, iron losses, flux leakage [23]. The 

main advantage of FEM is taking anisotropy of material into account. For example, in 

electrical machine design EM materials are described by the equations defining relations 

between electric field strength E, electric flux density D, magnetic field strength H, 

magnetic flux density B, electric field strength E and electric current density J:  

D E ;      (3.2) 

B H ;      (3.3) 

J E .      (3.4) 

Here, permittivity , permeability  and conductivity  are not constant:  and  depend on 

E,  depends on H accounting saturation effect.  

FEM’s approach allows studying the influence of complex motor geometry and 

determining EM parameters. Also behaviours of many physical processes are not possible 

to trace in laboratory while they can be seen and investigated with FEM. EM objects can 

be studied as 2D and 3D simulation models in static, steady-state and transient modes.  

FEM in EM motor analysis is more detailed described in [24–26].  

3.2 Methods comparison and selection 

The description of investigation methods given above is summarized in table 3.1 where the 

discussed methods are compared based on time expenses, volume of initial data and 

accuracy (+ and – characterized advantages and drawbacks of methods on certain 

criterion). The comparison was made accordingly to humble knowledge and experience of 

the author and does not pretend to be ideal guidance. However, in this work the method 

selection was basically implemented on the basis of table 3.1.  

Experimental method is not included in the table because it requires certain expenditures, 

and the scale of this thesis does not assume expenses.  

In table 3.1 it can be seen that high accuracy can be achieved both by analytical method 

and FEM. At present time analytical calculation of SynRM is not well enough studied and 
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developed (that is not to say about e.g. IM). Therefore, in order to get reliable results FEM 

should be used. In this case mathematical model is with distributed parameters. However, 

at initial stage of investigation, SynRM can be described as a model with concentrated 

parameters by differential equations and studied by numerical method such as Runge-

Kutta, which does not require a lot of time. It will help to understand the influence of 

certain parameters (e.g. resistance of DW) on acceleration time and overall performance of 

the motor in general. After approximate results about parameters which keep high motor’s 

performance will be obtain, an interrelation between these parameters and the geometry of 

the SynRM can be studied by FEM.  

Table 3.1 – Comparison of mathematical investigation methods  

Method of investigation 

(type of mathematical model) 
Time expenses 

Volume of 

initial data 
Accuracy 

Analytical method 
– – – 

(+++) 
+ + – 

+ + + 

(– – –) 

Numerical method 

(concentrated parameters) 
+ + – + + – + – – 

Numerical method (distributed 

parameters, FEM) 
+ – – – – – +++ 
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4 MODELING AND SIMULATION OF SYNRM AS A SYSTEM WITH 

CONCENTRATED PARAMETERS 

The goal of this paragraph is to estimate approximately which values of DW parameters 

make high performance SynRM start efficiently. Software Matlab with Simulink 

environment was used for this purpose.  

4.1 Modeling 

The mathematical model is based on equations (1.9) – (1.10), (2.1) – (2.10). Because the 

model is in dq-coordinate system, the transformation from 3-phase stator attached 

coordinate system to 2-phase rotor attached coordinate system should be described. First, 

the conversion from 3-phase stator coordinate system to 2-phase stator coordinate system 

can be made by matrix:  

o o

x U

o o
y V

W0

cos( ) cos( 120 ) cos( 240 )
2

sin( ) sin( 120 ) sin( 240 ) ,
3

1/ 2 1/ 2 1/ 2

u u

u u

uu

     
    

       
         

  

     (4.1) 

where   is angle between 3-phase and 2-phase coordinate system (both attached to the 

stator). Practically,   is considered equal zero, as well as component of zero sequence. 

Then, the matrix can be rewritten as  

U x ;u u        (4.2) 

V x y

1 3
;

2 2
u u u        (4.3) 

W x y

1 3
.

2 2
u u u        (4.4) 

Next, the transformation from 2-phase stator coordinate system to 2-phase rotor coordinate 

system is made by equations:  

d x r y rcos( ) sin( );u u t u t       (4.5) 

q x r y rsin( ) cos( ).u u t u t        (4.6) 

In the model the following assumptions are accepted:  

-   Phase voltage and currents are sinusoidal in time;  

-   Spatial pattern of MMF and current linkages are sinusoidal;  
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-   Magnetic system is linear;  

-   Circuit parameters so not vary in time;  

-   Iron losses are absent;  

-   Mechanical losses attributed to the load torque.  

The implemented mathematical model in software Matlab R2014a, Simulink is presented 

in figure I.1 in appendix I. All blocks of the model are entitled, and the function of each 

block follows from its title. Data script is given in appendix I as well.  

4.2 Simulation and results 

Input parameters of accepted model:  

Power Pout, voltage U, pole-pair number p, frequency f, inertia Jm, stator resistance Rs, 

damper direct axis resistance RD, damper quadrature axis resistance RQ, damper direct axis 

leakage inductance LDσ, damper quadrature axis leakage inductance LQσ, direct axis 

magnetizing inductance Lmd, quadrature axis magnetizing inductance Lmq and load torque 

Tload.  

Investigated parameters: RD, RQ, LDσ, LQσ.  

Because of the goal of this thesis is to design a SynRM that can compete with IM in DOL 

application, as a reference point was chosen the data of a 30 kW IM, ABB [27], which is 

given in appendix II (the data was recalculated for 690 V line-to-line voltage).  

Firstly, saliency was established in the model. The maximum inductance ratio in a 4-pole 

SynRM with TLA-rotor is about 10 [28]. This value of inductance ratio makes a SynRM 

more efficient than an IM when controlled by a frequency converter [19]. Therefore, we 

assume that the saliency ratio of a SynRM for DOL-application also equals to 10 at this 

stage, otherwise, with less values of saliency, it hardly can compete with an IM because no 

control algorithm supporting a highly efficient operation mode can be applied in DOL 

operation. Power consumption indicators at steady state, obtained in result of simulation, 

are presented in table 4.1. According to this table the SynRM is more efficient than the IM 

but yields in power factor. Of course, the results are optimistic because of the assumptions 

of the model. Actually, these results do not show the realistic values of power consumption 

indicators, they only show the possibility of a SynRM to compete with an IM in DOL 

applications in efficiency.  
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Table 4.1 – Power consumption indicators of IM and SynRM 

 IM SynRM 

Stator outer diameter, [mm] 323 323 

Efficiency, [%] 95.6 96.2 

Power factor 0.869 0.771 

 Isotropic damper winding 4.2.1

Next important step is to investigate the damping parameters. In advance let us agree that 

the starting possibilities of the motor will be estimated by torque values in per unit which is 

defined by formula:  

p.u. p.u.

p.u.

p.u.

cos( )
.

U i
T




 


    (4.1) 

If at the rated mode per unit values of voltage, current, and speed are assumed to be equal 

to 1, then the rated torque in per unit values is determined by the rated power factor and 

efficiency:  

n, p.u. n ncos( ) .T         (4.2) 

Thereby, the rated torque of SynRM which is equal to 191 N.m. corresponds to 0.75 in per 

unit values.  

Resistances and inductances also can be expressed in per unit values. In order to do that 

base values should set first. Base value for impedance is  

l-l
b

1n

12.45
3

U
Z

I
  .    (4.2) 

Base value for inductance is  

l-l
b

1n

0.04
2π 3

U
L

f I
 


H.    (4.2) 

Then IM rotor resistance which is equal to 0.53 Ohm corresponds to 0.043 in per unit 

values and IM leakage inductance which is equal to 5.212 mH corresponds to 0.13 in per 

unit values.  

Assume initially that the DW is isotropic and its parameters in the d- and q-axes are the 

same. The most significant parameter which influences the starting torque of the motor is 

the DW resistance. It can be easily varied by the selection of conducting material with 
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appropriate conductivity and also by damper bar dimensioning. The torque dependencies 

on DW resistances are presented in figure 4.1 (data of curve is summarized in table III.1 in 

appendix III). The meaning of oscillation Tpull-in1 and locked Tl torques can be seen in 

figure 4.3. In figure 4.2 different transients are presented. Based on these transients the 

starting torque is described by the conceptual torque curve in figure 4.3. In figures 4.1 and 

4.3, one can see that increasing SynRM damper resistance can give a good starting torque 

in the beginning Tl but at the same time the torque near by the rated point of operation  

Tpull-in1 can be sometimes insufficient to pull the motor in synchronism, and the motor 

remains oscillating near by the rated point. Thus, according to the graph in figure 4.1, 

when the rotor resistance of the SynRM is 1.5 times as high as the rotor resistance of the 

corresponding IM (IM Rr
/
IM, p.u. = 0.043), the motor can start with a load torque which is in 

per unit values less than 0.88 and more than 0.81 but is not able to synchronize (see figure 

4.2, where there is as example Tload, p.u. = 0.83); and it can start and synchronize with a load 

torque which is in per unit values less than 0.81 (see figure 4.2, where is as example     

Tload, p.u. = 0.75).  

 

Figure 4.1 – Locked rotor and pull-in torques as a function of rotor resistance 
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Figure 4.2 – Possible starts of a SynRM with isotropic damper properties                         

(Rr
/
, p.u. = 1.5Rr

/
IM, p.u. = 0.065) 

The pull-out torque does not depend on the damping resistance (table C1 in appendix) and 

depends only on the values of inductances.  

The results show that, when the squirrel cage of the SynRM is made isotropic, the torque 

curve has no dip near by the half speed but the motor can oscillate near by the rated speed. 

Such a mode is fairly similar with IM operation where the motor always operates with a 

certain slip. A SynRM has a significant oscillation when working in this mode because of 

the oscillating reluctance torque. Therefore, the rotor resistance should be chosen in such a 

way that the torque in the point of possible oscillation exceeds the load torque in order to 

pull the motor in synchronism.  
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Figure 4.3 – Conceptual torque curve of SynRM with isotropic damping                        

(RD, p.u. = RQ, p.u. = 0.043...0.065, LDσ, p.u. = LQσ, p.u. = 0.13) 

 Anisotropic damper winding 4.2.2

It is supposed that the damper is anisotropic. The squirrel cage resistances and inductances 

in the d- and q-axes are not the same. Because it is not possible to make a realistic 

estimation of these parameters without FEM regarding certain geometry of the motor, at 

this stage only a rough estimation is done in order to understand approximately how the 

parameters investigated tend to influence the torque curve.  

In figure 4.1 (or table III.1) it can be seen that the best starting performance is achieved 

with rotor damper resistance which is 1.5 times as high as the rotor resistance of the IM. 

That was chosen as the reference point. Therefore, let us assume resistance 1.5Rr
/
IM as a 

new reference point and the values of the d- and q-axis resistance are varied near the new 

reference point in order to investigate the starting torque behaviour. Simultaneously, the 

leakage inductances of the DW LDσ and LQσ are also varied. IM rotor leakage inductance is 

accepted as a leakage inductance reference point. The variation of parameters was made in 

the following way: if the parameter of one axis is increased with a certain multiplier, then 

the parameter of the other axis is reduced with a divider equaled to the multiplier of the 

first parameter. Thus, for instance, when the ratio RD/RQ is assumed to be equal to 5 the 
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result is RD = 5 ∙1.5Rr
/
IM and RQ = 1.5Rr

/
IM/ 5 ; or when the ratio LDσ/LQσ is assumed to be 

equal to 1/3, that means LDσ = LrσIM/ 3  and LQσ = 3 ∙LrσIM.  

The experimental data shows that depending on the damping parameters different torque 

curves are possible:  

1) Torque curve has no dip near by the half of the nominal speed but has a dip near by 

the nominal point of operation. This curve is the same as in the case of isotropic 

damping, figure 4.3. Possible starts of motor are as in figure 4.2.  

2) Torque curve has no dip near by the nominal point of operation but has a dip near 

by half of the nominal speed, figure 4.4. Possible starts of motor are as in figure 

4.5.  

3) Torque curve has a dip near by the nominal point of operation and has dip near by 

half of the nominal speed, figure 4.6. Possible starts of the motor are as in figure 

4.7.  

The data with torque values (locked, pull-in 1, pull-in 2) is summarized in tables III.2-III.4 

and presented in figures 4.8-4.10, in which it can be seen how the DW parameters 

influence the torque values and the torque curves. Torque dips pull-in 1 or pull-in 2 happen 

not always, sometimes only one of these dips takes place.  

In order to increase the accuracy the same investigation was done with the reference point 

of resistance 1Rr
/
IM. Results are summarized in tables III.5-III.7 and presented in figures 

4.11-4.13. The locked torque dependencies on the damping resistance ratio RD/RQ are 

similar with case 1.5Rr
/
IM; pull-in 1 and pull-in 2 torques dependencies on the damping 

resistance ratio RD/RQ differ from the case with 1.5RIM, especially when LDσ/LQσ = 1 and 

LDσ/LQσ = 1/3.  

The main conclusion of this chapter and recommendation for FEM-based analysis is the 

following: In cases when LDσ/LQσ = 1 and LDσ/LQσ = 1/3, the best starting performance 

(highest values of torques) of SynRM is achieved with RD/RQ = 3. If LDσ/LQσ = 3, the best 

starting performance is achieved with RD/RQ = 1. That is summarized in tables 4.2 and 4.3. 

The best of all parameters are marked in tables 4.2 and 4.3.  

Therefore, DW of SynRM should be constructed in such a way that the leakage 

inductances in the d- and q-axis are equal or the leakage inductance in the d-axis is smaller 

than in the q-axis and the damper resistance in the d-axis is larger than in the q-axis. If it is 
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not possible, the construction of the damper should be varied to find the best practical 

solution. The results of this subchapter can help making the process of optimization faster 

if the relationships between DW structure and its parameters are specified.  

Table 4.2 – Parameters for the best starting performance (ref. points of damper resistance 

and leakage inductance are 1.5Rr
/
IM, p.u. = 0.065 and LrσIM, p.u. = 0.13 respectively, the rated 

torque is Tn, p.u. = 0.75)  

 
LDσ/LQσ = 1 

RD/RQ = 3 

LDσ/LQσ = 1/3 

RD/RQ = 3 

LDσ/LQσ = 3 

RD/RQ = 1 

Locked torque, Tl [pu] 1.01 1.25 0.88 

Pull-in torque, Tpull-in1[pu] N.A. 0.74 0.76 

Pull-in torque, Tpull-in2 [pu] 0.88 0.98 0.97 

Table 4.3 – Parameters for the best starting performance (ref. points of damper resistance 

and leakage inductance are 1Rr
/
IM, p.u. = 0.043 and LrσIM, p.u. = 0.13 respectively, the rated 

torque is Tn, p.u. = 0.75)  

 
LDσ/LQσ = 1 

RD/RQ = 3 

LDσ/LQσ = 1/3 

RD/RQ = 3 

LDσ/LQσ = 3  

RD/RQ = 1 

Locked torque, Tl [pu] 0.7 1.09 0.84 

Pull-in torque, Tpull-in1[pu] N.A. 0.87 N.A. 

Pull-in torque, Tpull-in2 [pu] N.A. N.A. 0.77 

 

 

 

 

 

 

 

 

*N.A. – not applicable  
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Figure 4.4 – Conceptual torque curve of a SynRM with anisotropic damping (1). This 

curve mainly happens when RD/RQ > 1 and LDσ/LQσ ≥ 1 (ref. points of damper resistance and 

leakage inductance are Rr
/
, p.u. = 1Rr

/
IM, p.u.…1.5Rr

/
IM, p.u. = 0.043...0.065 and Lrσ, p.u. = 0.13 

respectively)  

 

Figure 4.5 – Possible starts of SynRM with anisotropic damping, RD/RQ = 5, LDσ/LQσ = 3 

(reference points are Rr
/
, p.u. = 1.5Rr

/
IM, p.u. = 0.065, Lrσ, p.u. = 0.13; LDσ/LQσ = 3 means            

LDσ = 3 LrσIM, LQσ = LrσIM
 /
/ 3 )  
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Figure 4.6 – Conceptual torque curve of SynRM with anisotropic damping (2). This curve 

mainly happens when RD/RQ ≤ 1 and LDσ/LQσ > 1 or when RD/RQ > 1 and LDσ/LQσ < 1 (the 

reference points are the same as in figure 4.4)  

 

Figure 4.7 – Possible starts of SynRM with anisotropic damping, RD/RQ = 3, 

LDσ/LQσ = 1/3 (reference points are Rr
/
, p.u. = 1.5Rr

/
IM, p.u. = 0.065, LrσIM, p.u. = 0.13; the same 

variation principle of LDσ/LQσ as in figure 4.5 is valid)  
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Figure 4.8 – Locked and pull-in torques as a function of rotor resistances, LDσ = LQσ 

(reference points are Rr
/
, p.u. = 1.5Rr

/
IM, p.u. = 0.065, Lrσ, p.u. = 0.13; RD/RQ = 3 means                

RD = 3 Rr
/
, RQ = Rr

/
 / 3 ; RD/RQ = 5 means RD = 5 Rr

/
, RQ = Rr

/
/ 5 ; RD/RQ = 1/3 means 

RD = Rr
/
/ 3 , RQ = 3 Rr

/
; RD/RQ = 1/5 means RD = Rr

/
/ 5 , RQ = 5 Rr

/
)  

 

Figure 4.9 – Locked and pull-in torques as a function of rotor resistances, LDσ/LQσ = 3 

(reference point Rr
/
, p.u. = 1.5Rr

/
IM, p.u. = 0.065, Lrσ, p.u. = 0.13; the same explanation of RD/RQ 

variation as for figure 4.8 is valid, the same variation principle of LDσ/LQσ as in figure 4.5 is 

valid)  
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Figure 4.10 – Locked and pull-in torques as a function of rotor resistances, LDσ/LQσ = 1/3 

(reference points are Rr
/
, p.u. = 1.5Rr

/
IM, p.u. = 0.065, Lrσ, p.u. = 0.13; the same explanation of 

RD/RQ variation as for figure 4.8 is valid, the same variation principle of LDσ/LQσ as in 

figure 4.5 is valid)  

 

Figure 4.11 – Locked and pull-in torques as a function of rotor resistances, LDσ = LQσ 

(reference points are Rr
/
, p.u. = 1Rr

/
IM, p.u. = 0.043, Lrσ, p.u. = 0.13; the same explanation of 

RD/RQ variation as for figure 4.8 is valid, the same variation principle of LDσ/LQσ as in 

figure 4.5 is valid)  
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Figure 4.12 – Locked and pull-in torques as a function of rotor resistances, LDσ/LQσ = 3 

(reference points are Rr
/
, p.u. = 1Rr

/
IM, p.u. = 0.043, Lrσ, p.u. = 0.13;  the same explanation of 

RD/RQ variation as for figure 4.8 is valid, the same variation principle of LDσ/LQσ as in 

figure 4.5 is valid)  

 

Figure 4.13 – Locked and pull-in torques as a function of rotor resistances, LDσ/LQσ = 1/3 

(reference points are Rr
/
, p.u. = 1Rr

/
IM, p.u. = 0.043, Lrσ, p.u. = 0.13;   the same explanation of 

RD/RQ variation as for figure 4.8 is valid, the same variation principle of LDσ/LQσ as in 

figure 4.5 is valid)  



52 

 

5 MODELING AND SIMULATION OF SYNRM AS A SYSTEM WITH 

DISTRIBUTED PARAMETERS (FEM) 

The purpose of this chapter is to understand what kind of an impact the geometry of a 

SynRM rotor, particularly DW, has on the motor performance. Software Flux v12.0 was 

used for FEM.  

5.1 IM simulation 

In order to compare the SynRM performance with the original IM it is necessary to know 

the possibilities of the last one. Therefore, firstly, the IM should be modeled and tested.  

The geometry of 30 kW IM parameters is given in appendix IV, tables IV.1 – IV.3. A 

quarter of the 2D model of the simulated motor is given in figure 5.1 (because there are 4 

poles, other parts of the motor are symmetrically similar). The rated point performance 

data which was calculated by FEM is given in table 5.1.  

 

Figure 5.1 – Model of 30kW IM in Flux 12.0 2D 
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Table 5.1 – Performance data of 30 kW IM from Flux 2D simulation 

Parameter Denomination Dimension Value 

Rated speed nn rev/m 1478 

Rated torque Tn Nm 194 

Maximum starting torque Tstart Nm 240 

Pull-out torque Tpull-out Nm 470 

Power factor (at rated point) cos(φ)  0.83 

Efficiency (at rated point) η % 94.6 

5.2 SynRM simulation 

SynRM geometrical parameters of the stator part, rotor diameter and air gap length are the 

same as for IM (tables IV.1 – IV.2). The rotor structure is different. The geometry of the 

SynRM rotor was designed according to the procedure described in chapter 2 and is 

presented in figure 5.2.  

 

Figure 5.2 – Model of the 30kW SynRM in Flux 12.0 2D 
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The geometrical parameters of barriers, segments and tangential ribs are given in table 

IV.4.  

Calculation of the inductance ratio 

The inductance ratio of SynRM can be calculated by formula:  

qd d

q q d

IL

L I




  .      (5.1) 

The general expression for the flux linkage is the following:  

s s s s( )dR t  u i .     (5.2) 

Then flux linkages in d- and q-axis are expressed respectively as  

d d d s( )du i R t   ,     (5.3) 

q q q s( )du i R t   .     (5.4) 

Based on above equations (5.1, 5.3 – 5.4) the following experiment was implemented in 

Flux 2D simulation for inductance ratio calculation with a rotor with no DW. The stator 

resistances were assumed to be equal to zero that means the flux linkage components can 

be rewritten as  

d ddu t   ;      (5.5) 

q qdu t   .       (5.6) 

Then the motor was supplied by one phase voltage as presented in the figure 5.3, which 

creates the flux linkage with non-rotating vector aligned with only one axis. These 

conditions ensure constant value of flux linkage independently on the rotor position. It 

means the inductance ratio expression can be simplified in this case as  

qd

q d

IL

L I
 .      (5.7) 

Now, the rotor was 90 degrees rotated with 1 degree steps. Because the value of the flux 

linkage amplitude in such a test is always constant, different current is required to maintain 

this flux linkage at different rotor positions. Herewith, maximum current is required when 

q-axis (attached to the rotor) is aligned with the axis which the flux linkage aligned with, 

and minimum current is required when d-axis is aligned with the axis which the flux 

linkage aligned with. From the figure 5.4 the result of experiment can be seen: minimum 
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current is when rotor position is 0 and 90 degrees (0 and 180 electrical degrees as it is 4-

pole motor) that corresponds to Id; and maximum current is when rotor position is 45 

degrees (90 electrical degrees) that corresponds to Iq. Flux lines at 0 and 45 mechanical 

degree rotor position are shown in the figure 5.5. Thus, the value of inductance ratio is 

equal to  

d

q

80.51
12.44

6.47

L

L
  .      

As stator slotting influence in the experiment was not taken into account, assume 

inductance ratio value equal to 12.  

The rated point performance data of the SynRM from FEM is given in table 5.2. It should 

be noticed that the SynRM has slightly lower power factor than the original IM but wins in 

efficiency by 0.7 percent.  

Table 5.2 – Performance data of 30 kW SynRM from Flux 2D simulation 

Parameter Denomination Dimension Value 

Rated speed nn rev/m 1500 

Rated torque Tn Nm 190.99 

Pull-out torque Tpull-out Nm 400 

Inductance ratio Ld/Lq  12 

Power factor  cos(φ)  0.81 

Efficiency  η % 95.3 

 

Figure 5.3 – Circuit for the inductance ratio calculation in single phase supply with no DW 
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Figure 5.4 – Voltage and current dependence on angular rotor position in single phase 

supply 

  

a)      b) 

Figure 5.5 – Flux lines distribution along d- and q-axis, a and b respectively 

5.3 Damper winding investigation 

This subchapter is devoted to finding relationships between the geometry of DW and its 

parameters RD and RQ and to its influence on starting possibilities of SynRM. Because of 

thesis writing time limits influence of leakage inductance, which importance was studied in 

chapter 4, was not investigated further by FEM in this thesis.  
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 Calculation method of damper winding parameters 5.3.1

The conventional method for the calculation of the rotor resistance in IM is a short-circuit 

experiment [29]. The idea is to supply the stator winding by a 3-phase voltage with a value 

that causes rated current in the stator winding, herewith the rotor is locked. Basically, the 

value of this voltage is a fraction of the rated one resulting in a low magnetizing flux value 

and therefore magnetizing losses can be neglected. Therefore, all losses can be treated as 

Joule losses. If the stator resistance is known then the calculation of the rotor resistance 

reduced to the stator can be implemented by formula [30]  

2
/ Joule 1n s
r 2

1n

.
3

P I R
R

I


      (5.8) 

However, this method is not suitable when the calculation of d- and q-axis rotor resistance 

components of SynRM is required because the created magnetic field is rotational. In order 

to calculate these components the motor should be magnetized along one axis when the 

rotor position is appropriate. Based on this idea the following method is proposed: stator is 

supplied by single phase voltage in a way when only one certain axis is magnetized, 

analogically to the case when the inductance ratio was calculated (picture 5.3). Thus, for 

the d-component of the DW resistance the rotor is positioned to align the d-axis with the 

magnetic flux linkage vector. Then, as in short circuit experiment in IM, voltage value is 

increased until current value in the voltage source achieves its rated value. Next, DW 

losses are divided by the rated current value similarly to the formula 5.8 and the obtained 

result is assumed as d-component of the rotor resistance. The same is done to calculate the 

q-component, when the rotor is positioned to align the q-axis with the magnetic flux 

linkage vector.  

Apparently, the proposed method (let us call it a short-circuit single phase supply method) 

does not allow obtaining the rotor resistance values which can be directly compared with 

the rotor resistance of the IM calculated by the conventional short-circuit experiment, but 

the ratio RQ/RQ could be estimated at least. It can be assumed that to compare the IM 

resistance with the SynRM resistance components it should be determined by the short-

circuit single phase supply method as well.  

The tested geometry of the DW by short-circuit with one phase method and results are 

given in table 5.3 (aluminium is black, air is white). It should be clarified what round 
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filling and elliptical variation mean: Round filling means that aluminium is inserted inside 

the flux barriers outside a certain diameter Drdw. Elliptical variation type 1 means reduction 

of aluminium amount on the physical d-axis and increase of aluminium amount on the 

physical q-axis when the initial damper structure is having a round filling geometry. This 

should result in increased RQ and decreased RD. (See figure in table 5.3). Respectively, 

elliptical variation 2 means reduction of the aluminium amount on the physical q-axis and 

increase of aluminium amount on the physical d-axis when the initial structure for the 

variation is a round filling geometry as well. Hereafter, when it is said that the amount of 

aluminium is reduced along any axis, it means reduction goes in the direction from the 

rotor centre to outer part; and when it is said that amount of aluminium is increased along 

any axis, it means that the increase goes in the direction from the outer rotor part towards 

the rotor centre. For example, in elliptical variation 1 the amount of aluminium is increased 

in the q-axis in the direction from the rotor outer part towards the rotor centre and 

aluminium is reduced in the d-axis in the direction from the rotor centre towards the outer 

part; and it is vice versa in elliptical variation 2.  

Precise data of elliptical variations of the DW geometry is given in appendix IV, table IV.5 

and variation principle can also be seen in figure IV.3.  

Table 5.3 – Damper winding geometries and resistance parameters, f = 50 Hz  

G
eo

m
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Induction motor 

 

 

Filled flux barriers 

 

 

Round filling, 

Drdw3 = 204,8 mm 

R
o
to

r 

re
si
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an

ce
 

RIM = 1.6  
RD/RQ = 1.61 

 RD = 0.71 , RQ = 0.44  

RD/RQ = 2.51 

 RD = 2.21 , RQ = 0.88  
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Continue of table 5.3 (1)  
G

eo
m

et
ry

 

 

Round filling,  

Drdw1 = 197,2 mm 

 

Elliptical variation 1 

(Variation of Drdw1 1) 

 

Elliptical variation 2 

(Variation of Drdw1 2) 

R
o
to

r 

re
si

st
an

ce
 

RD/RQ = 1.41 

RD = 0.79 , RQ = 0.56  

RD/RQ = 1.1 

 RD = 0.77 , RQ = 0.7  

RD/RQ = 2.58 

 RD = 1.68 , RQ = 0.65  

Continue of table 5.3 (2)  

G
eo

m
et

ry
 

 

Round filling,  

Drdw2 = 186,4 mm 

 

Elliptical variation 1 

(Variation of Drdw2 1) 

 

Elliptical variation 2 

(Variation of Drdw2 2) 

R
o
to

r 

re
si

st
an

ce
 

RD/RQ = 1.82 

 RD = 0.71 , RQ = 0.39  

RD/RQ = 1.53 

 RD = 0.72 , RQ = 0.47  

RD/RQ = 2.4 

 RD = 1.32 , RQ = 0.55  

It can seem strange that the resistances of the rotor with filled barriers do not differ so 

much from the resistances of the rotors with roundly filled barriers with diameter Drdw1 or 

Drdw2. The reason is that at 50 Hz supply the flux magnetizing the rotor tends to be 

extruded towards the outer part of the rotor. Consequently, only outer parts of filled 

barriers are magnetized and the current is induced mainly in those parts. This effect can be 
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seen in figure 5.6. Approximately the same amount of current density with similar 

distribution picture is induced in rotor DW with roundly filled barriers (e.g. Drdw1), figure 

5.7, because, even though magnetizing flux is not displaced to the outer rotor part, 

aluminium amount is reduced.  

        

a)      b) 

Figure 5.6 – Flux lines distribution and current density in fully aluminium filled barriers 

during short-circuit single phase supply experiment at 50 Hz; a) Calculation RD, b) 

Calculation RQ 

        

a)      b) 

Figure 5.7 – Flux lines distribution and current density in round filled flux barriers with 

short-circuit single phase supply experiment at 50 Hz (Aluminium is used in the flux 

barriers outside diameter Drdw1); a) Calculation RD, b) Calculation RQ 

The resistance variation in DWs with other geometries follows a clear logic: when less 

aluminium is put on the physical d-axis and more on the q-axis, which is made in the 

elliptical variation 1 rotor type, then the resistance RD tends to be lower and the resistance 

RQ tends to be high in comparison with the round filling, therefore RD/RQ ratio decreases. 

Conversely, RD/RQ ratio increases in comparison with the round filling when more 

aluminium is put on d-axis and less on q-axis, which is made in the elliptical variation 2 
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rotor type; herewith it happens due to significant raise of RD, while the value of RQ also 

slightly grows.  

It should be noticed that the rotor resistance of the IM calculated by short-circuit one phase 

method is equal to 1.6 Ohm, while the IM rotor resistance calculated by the conventional 

short-circuit method is equal to 0.53  (table II.2). Therefore, a comparison between the 

SynRM rotor resistance components and the IM rotor resistance does not find reasonable 

grounds. However, RD/RQ ratio can be estimated by this method as it corresponds to a 

simple logic based on the electromagnetic theory, which was discussed in this paragraph.  

None of geometries from table 5.3 do not give RD/RQ ratio that is less than 1. RD/RQ < 1 

can be probably achieved with elliptical variation 1 by putting even less aluminium on the 

d-axis than in proposed geometries. However, it is not crucial to do it in this thesis as 

tables 4.2 and 4.3 show that the best starting performance of the SynRM is not found when 

RD/RQ < 1.  

Damper winding resistance parameters were also calculated at frequencies of 25 and 5 Hz. 

Results are given in appendix V. RQ reduces more significantly than RD when the 

frequency is reduced. It is because, when RQ is calculated (when the rotor is positioned to 

align with the q-axis with the magnetic flux linkage vector), magnetic flux more easily 

passes through the flux barriers at a lower frequency and does not concentrate so much at 

the rotor outer part as at higher frequency. Therefore, currents and Joule losses induced in 

the rotor bars are smaller at lower frequencies; and according to formula 5.8 the damper 

winding resistance is also smaller. However, when RD is calculated (when the rotor is 

positioned to align the d-axis with the magnetic flux linkage vector), magnetic flux still 

basically passes through its favourable path, flux segments, as at higher frequency but 

induces slightly lower currents and Joule losses in the rotor bars, where the currents 

reduction is explained by a reduction of electromotive force which is proportional to the 

frequency of the penetrating flux.  

In fully aluminium filled barriers type damper winding RQ does not reduces so much with 

frequency as in other damper winding types. It is explained by the fact that, when 

magnetizing flux penetrates into fully aluminium filled barriers, the rotor currents and 

Joule losses are also created in deeper parts of flux barriers because aluminium is 
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conducting material unlike air. Figures V.1, V.3 and V.2, V.4 represent pictures as in 

figures 5.6 and 5.7 relatively but with frequencies of 25 and 5 Hz.  

 Influence of damper winding on torque-slip curve and current density distribution 5.3.2

In order to estimate the impact of DW shape on the torque-slip curve a computation was 

made in steady state, which takes into account the magnetic harmonics caused by the 

relative rotor-stator position. Therefore, torque-slip curves were calculated with Flux 2D 

steady state process at different rotor positions (from 0 to 45 degrees with 5 degrees steps). 

This experiment does not allow observing the influence of the Gerges’s effect because it 

assumes all voltages and currents sinusoidal. However, a general influence of the DW 

geometry on the torque-slip curve still can be estimated. The curves obtained (figures 5.8 – 

5.15) indirectly represent the damper winding influence on the torque during the motor 

starting.  

 

Figure 5.8 – Torque-slip curves for fully aluminium filled barriers 
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Figure 5.9 – Torque-slip curves for round filling with Drdw3 

 

Figure 5.10 – Torque-slip curves for round filling with of Drdw1 
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Figure 5.11 – Torque-slip curves for elliptical variation 1 of round filling with Drdw1 

 

Figure 5.12 – Torque-slip curves for elliptical variation 2 of round filling with Drdw1 
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Figure 5.13 – Torque-slip curves for round filling with Drdw2 

 

Figure 5.14 – Torque-slip curves for elliptical variation 1 of round filling with Drdw2 
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Figure 5.15 – Torque-slip curves for elliptical variation 2 of round filling with Drdw2 

It can be seen that a reduction of aluminium amount on the d-axis, which means increasing 

RQ resistance, does not have a significant influence on the torque-slip curves. While 

reduction of aluminium amount on the q-axis, which means increasing RD resistance, quite 

considerably affects the curve by moving the point of maximum torque towards higher slip 

values (figures 5.9, 5.12, 5.15); it is similar to the behaviour of the torque-slip curve in an 

IM when the rotor resistance is increased (figure 5.16).  

Such a phenomenon is explained by the maximum concentration of current in aluminium 

in the smallest outer flux barrier because it is the thinnest barrier; consequently, excited 

current is significantly larger in comparison with the current excited in those barriers 

which are closer to the shaft. This theory is explained with an example of the elliptical 

variation 2 of the round filling with Drdw2 (figure 5.17, 0 and 45 degrees rotor positions are 

given). Therefore, the amount of aluminium in the outer barrier has a significant influence 

on the torque-slip curve and hence on the starting performance. Thus, elliptical variation 2 

and round filling with Drdw3 are not the best DW geometries for high starting performance.  
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Figure 5.16 – Torque-slip curve change when RD/RQ ration increase 

     

a)      b) 

Figure 5.17 – Flux lines distribution and current density in the elliptical variation 2 of 

round filling with Drdw2 DW when slip is 1, with lower value of slip current density 

distribution is fairly similar, only its values decrease; a) 0 degrees rotor position, b) 45 

degrees rotor position 

Torque-slip curves for the round filling geometries of DW (figures 5.10, 5.13) look more 

acceptable for successful motor start in comparison with the elliptical variation 2. It can be 

explained by more even current density distribution in DW. To illustrate this figure 5.18 is 

given.  
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a)      b) 

Figure 5.18 – Flux lines distribution and current density in round filling with Drdw2 DW 

when slip is 1, with lower value of slip current density distribution is fairly similar, only its 

values decrease; a) 0 degrees rotor position, b) 45 degrees rotor position 

Finally, figures 5.11, 5.14 show that the elliptical variation 1 of DW geometry provides an 

increase of the starting torque at slip 1 without moving the point of maximum torque 

towards high slip values as it happens in case with elliptical variation 2. Thus, comparing 

all partially filled flux barriers DW structures it can be considered that the best starting 

performance is achieved with elliptical variation 1. In figure 5.19 it is presented that the 

current density distribution is even more equable than in the round filling type of DW.  

     

a)      b) 

Figure 5.19 – Flux lines distribution and current density in elliptical variation 1 of round 

filling with Drdw2 DW when slip is 1, with lower value of slip current density distribution is 

fairly similar, only its values decrease; a) 0 degrees rotor position, b) 45 degrees rotor 

position 

In figure 5.8 torque-slip curve when flux barriers are fully filled with aluminium is 

presented. The torque does not change a lot with slip that means that the theoretical torque-

slip curve aims to be as in the figure 5.20, which is the best curve for starting. Especially 
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high torque values near by the zero slip are important for start because there are the most 

problematic points when SynRM are not able to pull in synchronism.  

 

Figure 5.20 – Ideal torque-slip curve which torque-slip curve should provide with fully 

filled barriers DW aims to 

However, a flux distribution picture is different in comparison with previous rotor types 

(round filling and elliptical variations), which is shown in figures 5.21. It is important to 

notice that the flux lines behave differently at different slip values. The lower the slip is the 

more the flux penetrates in the flux barriers. At zero speed (s = 1) the rotor current is 

induced by a high-frequency flux, therefore the induced current pushes the flux to the outer 

part of rotor and does not allow it to penetrate closer to the inner rotor parts. Consequently, 

the highest current density is in outer part of rotor. When the speed increases the flux 

frequency in the rotor decreases, and the flux can now easier penetrate into the flux barriers 

in parts closer to the inner rotor part. Thus, the higher the speed the more evenly the 

current density distributes in a fully aluminium filled DW.  

Actually, this principle takes place in previously discussed DW geometries but not so 

excessively, and the current density distribution does not vary so much depending on the 

slip, which can be seen in figures given in appendix VI. Based on the described analysis 

the following can be concluded: the more flux barriers are filled with aluminium the more 

the current density distribution depends on the speed.  
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Also based on figures 5.8, 5.11, 5.14, it can be inferred: the more the flux barriers are filled 

on the physical q-axis the more torque-slip curve aims to curve in figure 5.20.  

     

a)      b) 

     

c)      d) 

     

e)      f) 

Figure 5.21 – Flux lines distribution and current density in fully aluminium filled barriers 

DW with different slips and rotor positions; a) 0 degrees rotor position, s = 1, b) 45 degrees 

rotor position, s = 1, c) 0 degrees rotor position, s = 0.5, d) 45 degrees rotor position, s = 0.5, 

e) 0 degrees rotor position, s = 0.1, f) 45 degrees rotor position, s = 0.1 

It was mentioned above that fully filled flux barriers DW should be the best for the motor 

start. However, figure 5.14 shows that elliptical variation 1 of round filling with Drdw2 

gives high torque values: stating torque values are about the same as in the fully filled 
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barriers case, and the maximum torque values are the highest in comparison with other 

damper geometry variations. Therefore, it is possible that the elliptical variation 1of Drdw2 

can compete with the fully filled flux barriers DW geometry from the starting point of 

view. It will be checked in the next subchapter, in transient analysis.  

The IM can probably not compete with a SynRM with fully filled barriers and elliptical 

variation 1 DW in starting possibilities because the starting and maximum torque are 

smaller (figure 5.22), which also will be checked in the next subchapter.  

 

Figure 5.22 – Torque-slip curve of IM 

 Influence of damper winding resistance on the starting performance with rated 5.3.3

torque 

The estimation of the starting performance (or dynamic, efficiency is not estimated while 

starting) is done by comparison of time values: tr is time of rise when motor achieves its 

rated speed the first time, ts is time of steady state when steady state is achieved (it is 

assumed that steady state begins when the speed oscillation does not exceed 1% of the 

rated value). The motor was tested with rated load, Tn = 191 Nm; load inertia Jload is 

accepted equal to the motor inertia Jm = 0.217 kgm
2
. Results are given in table 5.4. The best 

damping winding geometries are marked in bold: fully filled flux barriers and elliptical 

variation 1 of round filling with Drdw2. Starting transients of these best options are given in 

figures 5.23 and 5.24. Also a starting transient of the IM is given in figure 5.25 for 

comparison.  



72 

 

Table 5.4 – Starting performance of damping winding geometries  
G

eo
m

et
ry

 

 

Induction motor 

 

 

Fully filled flux barriers 

 

 

Round filling, 

Drdw3 = 204,8 mm 

S
ta

rt
in

g
 

d
y
n

am
ic

 

tr = 0.45 s 

ts = 0.45 s 

tr = 0.24 s 

ts = 0.44 s 

tr = N.A. 

ts = N.A. 

Continue of table 5.4 (1)  

G
eo

m
et

ry
 

 

Round filling,  

Drdw1 = 197,2 mm 

 

Elliptical variation 1 

(Variation of Drdw1 1) 

 

Ellipse variation 2 

(Variation of Drdw1 2) 

S
ta

rt
in

g
 

d
y
n
am

ic
 

tr = 0.27 s 

ts = 0.62 s 

tr = 0.30 s 

ts = 0.56 s 

tr = N.A. 

ts = N.A. 
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Continue of table 5.4 (2)  
G

eo
m

et
ry

 

 

Round filling,  

Drdw2 = 186,4 mm 

 

Elliptical variation 1 

(Variation of Drdw2 1) 

 

Elliptical variation 2 

(Variation of Drdw2 2) 

S
ta

rt
in

g
 

d
y
n

am
ic

 

tr = 0.34 s 

ts = 0.52 s 

tr = 0.28 s 

ts = 0.43 s 

tr = 0.46 s 

ts = 0.69 s 

 

Figure 5.23 – Starting transient of SynRM with fully filled barriers at the rated load torque, 

Jload = Jm (tr = 0.24 s, ts = 0.44 s)  
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Figure 5.24 – Starting transient of SynRM with elliptical variation 1 of Drdw2 at the rated 

load torque, Jload = Jm (tr = 0.28 s, ts = 0.43 s)  

 

Figure 5.25 – Starting transient of IM at the rated load torque, Jload = Jm (tr = ts = 0.45 s)  

The results show that SynRM motor with fully filled barriers and elliptical variation 1 of 

Drdw2 win the IM in starting dynamics.  

SynRM with fully filled barriers has the best starting performance. The fact that the time of 

steady state achievement is slightly longer than in case with the elliptical variation 1 of 

Drdw2 is caused by slightly higher oscillatory transient. It could be a point of discussion if 

the load had an extremely small inertia, then the oscillation of the transient should be 

considered as an important factor which negatively impacts on dynamic. However, DOL 

motors are mainly used in applications with inertia which is several times as big as the 

motor inertia. Therefore, these two DW geometries were tested with load inertia that is five 

times as high as the motor inertia, Jload = 5Jm = 5·0.217 = 1.085 kgm
2
. Results presented in 

figures 5.26 and 5.27 have proven said above statement.  
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Figure 5.26 – Starting transient of SynRM with fulfilled barriers, Jload = 5Jm (tr = 0.7 s, ts = 

0.93 s) 

 

Figure 5.27 – Starting transient of SynRM with ellipse variation 1 of Drdw2, Jload = 5Jm (tr = 

0.95 s, ts = 1.23 s) 

Thus, SynRM with fully filled barriers DW has the best starting performance when the 

load inertia is higher than the motor inertia. When the load inertia is small and oscillation 

damping is required optimization of the ellipse variation 1 can be implemented.  

Starting transients of round filling with Drdw1, ellipse variation 1 and 2 of Drdw2 geometries 

are given in appendix VII.  

Transients of round filling with Drdw3, round filling with Drdw2 and ellipse variation 2 of 

Drdw2 geometries are given in this sub chapter below because investigation in the next 

subchapter refers to them.  
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Figure 5.28 – Starting transient of SynRM with round filling with Drdw3 at the rated load 

torque, Jload = Jm (tr = N.A., ts = N.A.)  

 

Figure 5.29 – Starting transient of SynRM with round filling with Drdw2 at the rated load 

torque, Jload = Jm (tr = 0.3 s, ts = 0.56 s)  

 

Figure 5.30 – Starting transient of SynRM with ellipse variation 2 of Drdw2 at the rated load 

torque, Jload = Jm (tr = 0.28 s, ts = 0.43 s)  
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 Influence of damper winding resistance on starting capability with maximum load. 5.3.4

Research of Gerges’s effect impact probability  

In order to find relationships with Matlab simulation results and understand close to real 

torque-slip curve some additional tests were done. Motors with fully filled, round filling 

with Drdw2, ellipse variations 1 and 2 of Drdw2 and round filling with Drdw3 DWs were 

investigated on the subject of maximum load starting capability. Especial attention was 

paid to the elliptical variation 2 of Drdw2 and round filling with Drdw3 for testing the 

oscillation point near by half of the rated speed because, as figures 5.28 and 5.30 show, 

there is certain slowdown in the acceleration at speed 900 rpm that should be caused by 

Gerges’s effect which is suitably higher than half of the synchronous speed 750 rpm. It can 

be explained by a total torque-slip curve, which is the sum of torque-slip curve caused by 

fundamental harmonic (see figure 5.15) and torque-slip curve caused by Gerges’s effect.  

Firstly, fully filled, round filling with Drdw2, ellipse variation 1 of Drdw2 DWs were tested 

with maximum load torque with which the motor is able to accelerate from zero speed.  

Transients with maximum possible starting torque of fully filled, round filling with Drdw2 

and elliptical variation 1 of Drdw2 have similar behaviour that is presented in figures 5.31, 

5.32 and 5.33 respectively. The motor smoothly starts and achieves speed near by the rated 

one but does not synchronize. With lower load torque the motor is pulled in synchronism 

as in figures 5.23, 5.29 and 5.24. Such starts fairly correspond to the transients in figure 4.2 

and to the curve in figure 4.3, where the only one possible dip, where SynRM can stick in, 

is near by the rated speed. This curve was assumed in the Matlab simulation when DW is 

isotropic. These tested DWs are not isotropic because RD/RQ ratio is more than 1 (as it was 

agreed LD/LQ influence is not tested here) but their RD/RQ ratios are close to 1 and smaller 

than 3 (see table 5.3), that means that the FEM analysis of the rotor geometries supplement 

and meet the Matlab results.  
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Figure 5.31 – Starting transient of SynRM with fully aluminium filled barriers when 

maximum starting load is applied, Tmaxstart = 450 Nm, Jload = Jm 

 

Figure 5.32 – Starting transient of SynRM with round filling with Drdw2 when maximum 

starting load is applied, Tmaxstart = 300 Nm, Jload = Jm 

 

Figure 5.33 – Starting transient of SynRM with elliptical variation 1 of Drdw2 when 

maximum starting load is applied, Tmaxstart = 350 Nm, Jload = Jm 
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Thus, Gerges’s effect is not observed here. However, it still can exists but does not have a 

significant influence on the starting process because the torque pull-in 1 Tpull-in1 is bigger 

than the locked torque Tlocked, and the motor can easily accelerate through this point. Such a 

curve can look like in figure 5.34.  

 

Figure 5.34 – Conceptual torque-slip curve when Gerges’s effect does not impact on pull-

in synchronism. Sticking can happen only near by the rated speed. Fully filled, round 

filling and ellipse variation 1 DWs can behave according to this curve 

Then, the motor with elliptical variation 2 of Drdw2 DW was tested with the maximum load 

torque when the motor is able at least to accelerate from zero speed. After achievement of 

steady state where the motor oscillates near by the speed of 900 rpm load torque was 

gradually increased until value where the motor’s speed goes to zero (figure 5.35).  

 

Figure 5.35 – Transient of SynRM with elliptical variation 2 of Drdw2 Gerges’s effect is 

tested 
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Also the behaviour of the motor with elliptical variation 2 of Drdw2 DW above 900 rpm was 

tested when from oscillation near 900 rpm the load torque was gradually decreased until 

the motor pulled into synchronism. This process is shown in figure 5.36.  

 

Figure 5.36 – Transient of SynRM with round filling with Drdw3 where the motor behaviour 

approximately between 0.6 and 0 slip values was tested 

Based on figures 5.35, 5.36 conceptual torque-slip curve can be reproduced in figure 5.37. 

Synchronous-rotating component corresponds to the curve in figure 5.15 where Gerges’s 

effect was not taken into account and the curve shows only the torque due to the currents 

of the positive sequence. Since the torque-curve in figure 5.15 has maximum torque near 

0.35 slip value (0.65 speed value), then probably the real curve with Gerges’s effect should 

have torque increase near this slip value as it is shown in figure 5.37. This curve is similar 

with one that is in figure 4.6.  
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Figure 5.37 – Conceptual torque-slip curve when Gerges’s effect has an impact on pull-in 

synchronism. The motor can stick near by half of the rated speed and near by the rated 

speed as well. Elliptic variation 2 DWs behaviour can be possibly described by this curve 

Similar experiments were implemented for the motor with round filling with Drdw3 DW. 

The results are given in figures 5.38 and 5.39, based on which the conceptual torque-slip 

curve was built in figure 5.40. This curve is also similar to the curve in figure 4.6 but pull-

in torque is less than the rated one. Synchronously rotating component corresponds to the 

curve in figure 5.9.  

 

Figure 5.38 – Transient of SynRM with round filling with Drdw3 when Gerges’s effect is 

tested 
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Figure 5.39 – Transient of SynRM with round filling with Drdw3 when the motor behaviour 

approximately between 0.6 and 0 slip values is tested 

 

Figure 5.40 – Conceptual torque-slip curve when Gerges’s effect has an impact on the pull-

in synchronism. The motor can stick near by half of the rated speed and near by the rated 

speed. Round filling with Drdw3 DWs can be possibly described by this curve  

Thus, transients of the motor with elliptical variation 2 of Drdw2 and round filling with 

Drdw3 DW geometries in figures 5.35, 5.36, 5.38, 5.39 and torque slip curves in figures 

5.37, 5.40 correspond to the curve in figure 4.6 when RD/RQ > 1 and LDσ/LQσ < 1 because 

these DWs have RD/RQ ratio more than one, closer to 3 (see table 5.3). Therefore, it can be 

supposed that these DWs have LDσ/LQσ < 1, which explains why the FEM simulation did 
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not give a similar result as the curve in figure 4.4. The FEM result is not missing the 

oscillating point near by the rated point.  

In sum, a simple logic of Gerges’s effect impact is derived:  

1) The closer the point of maximum torque is to slip value of 1 the higher chance there is 

for a motor to stick near by half of the rated speed while starting. In a SynRM the Gerges’s 

effect has a perceptible influence on starting performance when RD/RQ ratio is relatively 

high (more than 2 in the current research). It can be understood by taking a look at figures 

5.16 and 5.37, 5.40. Concerning DW geometry this regularity can be formulated: The less 

aluminium there is on the q-axis the more probability there is of Gerges’s effect influence.  

2) The closer the point of maximum torque is the slip value of 0 in the torque-slip curve the 

less chance there is for a motor to stick near by half of the rated speed while starting. It is 

explained by the fact that as in IM in a SynRM equipped with a DW the closer the point of 

maximum torque to slip value of 0 is the smaller the locked torque value will probably be. 

This logic can be understood from figure 5.34. In SynRM Gerges’s effect has no influence 

or imperceptible influence on start when RD/RQ ratio is relatively low (less than 2 in current 

research). Concerning DW geometry this regularity can be formulated as the more 

aluminium there is on the q-axis and the less aluminium there is on the d-axis (less than on 

the q-axis) the less probability there is for the Gerges’s effect influence. With fully filled 

barriers DW the Gerges’s effect was not manifested, too.  
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6 CONCLUSION 

The goal of this thesis is to investigate high performance SynRM designed for DOL 

operation and compare it with IM on the subject of efficiency. A 30 kW ABB IM has been 

simulated and tested and 30 kW SynRM has been designed on the base of the 

aforementioned IM: the stator part has been accepted the same, all changes have been done 

in the rotor part.  

In chapter 4 SynRM and IM have been studied as a system with concentrated parameters in 

Matlab software. The results show that the SynRM is more profitable than IM from 

efficiency point of view (IM = 95.6% and SynRM = 96.2%). Appropriate DW parameters of 

SynRM, RD/RQ and LDσ/LQσ ratios, have been found for the best starting performance. 

Possible torque-slip curves have been considered. There are two problematic points in 

starting: near by the rated and half of the rated speed.  

In chapter 5 SynRM and IM has been studied as a system with distributed parameters by 

FEM. The rotor for high performance SynRM has been designed. According to FEM the 

operation of the designed SynRM is more efficient (SynRM = 95.3%) in comparison with 

the original IM (IM = 94.6%).  

In order to correlate DW geometry and its parameters a tool for RD/RQ ratio estimation in 

FEM has been developed.  

Starting performance of the SynRM with different DW geometries has been tested. The 

results basically confirm the simulation done in Matlab software.  

The main conclusion and contribution of the thesis is that SynRM can compete with IM 

and have higher efficiency in DOL applications. The best starting performance is achieved 

when DW is implemented by fully filling the flux barriers with aluminium bars. Also a 

good starting capability is found when more aluminium is put on the physical q-axis and 

less on the physical d-axis (elliptical variation 1).  

Another important contribution is the investigation of the Gerges’s effect in a SynRM 

equipped with DW. It significantly affects the starting performance when there is a small 

amount of aluminium in the flux barriers, especially on q-axis. At best, the motor 

acceleration slows down at the slip range between 0.5 and 0 but rated speed is still 
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achieved (figure 5.30); at worst, the motor does not achieve the rated speed and sticks at a 

speed slightly higher than half of the rated speed (figure 5.28).  

It was proven in this thesis that a SynRM can accelerate to its rated speed faster than IM 

(Tn = 191 Nm, Jload = Jm = 0.217 kgm
2
). Probably, SynRM can provide higher efficiency in 

comparison with IM during starting but it should be tested, which is the point for future 

studies. If a SynRM has sufficient efficiency during starting, it also can be considered as an 

alternative to an IM in DOL application with frequent start-breaking modes. Then, thermal 

analysis can be done as well.  

The influence of rotor leakage inductance on the starting performance has not been studied 

by FEM. It can be another point for further research. In this regard, DW connection with 

end windings can be studied.  
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APPENDICES 

APPENDIX I, 1 

 

Figure I.1 – Simulation model of SynRM for DOL operation in dq-coordinate system 

Script for simulation model  

%%Synchronous reluctance machine 

  

close all; clear all; 

open('Reluctance_motor_start1.slx'); 

  

%========================================================== 

%           motor parameters 

%========================================================== 

% initial parameters 

  

U = 690/sqrt(3);        %V, nominal phase voltage 

P = 30000;              %W, nominal power 

p = 2; 

f = 50;                 %Hz 

Jm = 0.385;              %kg*m^2, rotor inertia 

  

%==================================== 

%equivalent circuit parameters 

  

Rs = 0.338;             %Ohm, stator resistance 

  

RD = 0.53;            %Ohm, rotor resistance in d-axis 

reduced to the stator  

RQ = 0.53;            %Ohm, rotor resistance in q-axis 

reduced to the stator  
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APPENDIX I, 2 

Lmd = 0.1244;           %H, magnetizing inductance in d-axis  

Lmq = 0.1244/10;        %H, magnetizing inductance in q-axis  

  

Lssigma = 0.0035892;    %H, stator leakage inductance  

LDsigma = 0.0052115;    %H, rotor leakage inductance in d-

axis 

LQsigma = 0.0052115;    %H, rotor leakage inductance in q-

axis 

  

Ld = Lmd + Lssigma;     %H, stator inductance in d-axis  

Lq = Lmq + Lssigma;     %H, stator inductance in q-axis  

  

LD = Lmd + LDsigma;     %H, rotor inductance in d-axis 

LQ = Lmq + LQsigma;     %H, rotor inductance in q-axis 

  

%==================================== 

%Load 

  

T_load = 190.99;       %Nm, nominal torque 

t_load = 0;             %s, start load time 

  

%==================================== 
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APPENDIX II 

Table II.1 – Nominal data of IM, ABB  

Parameter Denomination Dimension Value 

Rated power Pn kW 30 

Rated speed nn rev/m 1474 

Rated torque Tn Nm 194 

Line-to-line voltage Ul-l V 690 

Rated current I1n A 32 

Number of phases m - 3 

Number of pole pairs p - 2 

Power factor cos(φ) - 0.83 

Efficiency η % 92.3 

Inertia Jm kg·m
2 

0.217 

Table II.2 – Parameters of 30 kW IM, ABB  

Parameter Denomination Dimension Value 

Stator resistance Rs  0.338 

Rotor resistance referred to the 

stator side 
Rr

/
  0.53 

Magnetizing inductance Lm H 0.124 

Stator leakage inductance Lsσ mH 3.589
 

Rotor leakage inductance Lrσ mH 5.212 
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APPENDIX III, 1 

Table III.1 – Locked and pull-in torques dependences on rotor resistances when RD = RQ, 

LDσ = LQσ  

 
Rotor resistance, RD,RQ 

0.5Rr
/
IM 1Rr

/
IM 1.5Rr

/
IM 2Rr

/
IM 

Locked torque, Tl [pu]  0.33 0.63 0.88 1.1 

Pull-in torque, Tpull-in [pu] 0.33 0.63 0.81 0.6 

Pull-out torque, Tpull-out [pu] 0.99 0.99 0.99 0.99 

Table III.2 – Torques dependences on rotor resistance ratios when LDσ = LQσ (reference 

point Rr
/
 = 1.5Rr

/
IM)  

 
Rotor resistance ratio, RD/RQ 

1/5 1/3 1 3 5 

Locked torque, Tl [pu] 0.85 0.85 0.88 1.01 1.08 

Pull-in torque, Tpull-in1 [pu] 0.75 0.74 0.81 N.A. N.A. 

Pull-in torque, Tpull-in2 [pu] N.A. N.A. N.A. 0.88 0.48 

Pull-out torque, Tpull-out [pu] 0.99 0.99 0.99 0.99 0.99 

Table III.3 – Torques dependences on rotor resistance ratios when LDσ/LQσ = 3 (reference 

point Rr
/
 = 1.5Rr

/
IM)  

 
Rotor resistance ratio, RD/RQ 

1/5 1/3 1 3 5 

Locked torque, Tl [pu] 1.03 1.04 1.00 0.96 0.98 

Pull-in torque, Tpull-in1 [pu] 0.60 0.66 0.76 N.A. N.A. 

Pull-in torque, Tpull-in2 [pu] 0.91 0.98 0.97 0.56 0.26 

Pull-out torque, Tpull-out [pu] 0.99 0.99 0.99 0.99 0.99 
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APPENDIX III, 2 

Table III.4 – Torques dependences on rotor resistance ratios when LDσ/LQσ = 1/3 (reference 

point Rr
/
 = 1.5Rr

/
IM)  

 
Rotor resistance ratio, RD/RQ 

1/5 1/3 1 3 5 

Locked torque, Tl [pu] 0.80 0.84 1.03 1.25 1.32 

Pull-in torque, Tpull-in1 [pu] N.A. 0.79 0.77 0.80 N.A. 

Pull-in torque, Tpull-in2 [pu] N.A. N.A. N.A. 0.98 0.62 

Pull-out torque, Tpull-out [pu] 0.99 0.99 0.99 0.99 0.99 

Table III.5 – Torques dependences on rotor resistance ratios when LDσ = LQσ (reference 

point Rr
/
 = 1Rr

/
IM)  

 
Rotor resistance ratio, RD/RQ 

1/5 1/3 1 3 5 

Locked torque, Tl [pu] 0.73 0.70 0.70 0.83 0.92 

Pull-in torque, Tpull-in1 [pu] N.A. N.A. N.A. N.A. N.A. 

Pull-in torque, Tpull-in2 [pu] N.A. N.A. N.A. N.A. 0.71 

Pull-out torque, Tpull-out [pu] 0.99 0.99 0.99 0.99 0.99 

Table III.6 – Torques dependences on rotor resistance ratios when LDσ/LQσ = 3 (reference 

point Rr
/
 = 1Rr

/
IM)  

 
Rotor resistance ratio, RD/RQ 

1/5 1/3 1 3 5 

Locked torque, Tl [pu] 0.98 0.95 0.84 0.79 0.81 

Pull-in torque, Tpull-in1 [pu] 0.64 0.72 N.A. N.A. N.A. 

Pull-in torque, Tpull-in2 [pu] 0.87 0.87 0.77 0.51 0.28 

Pull-out torque, Tpull-out [pu] 0.99 0.99 0.99 0.99 0.99 
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APPENDIX III, 3 

Table III.7 – Torques dependences on rotor resistance ratios when LDσ/LQσ = 1/3 (reference 

point Rr
/
 = 1Rr

/
IM)  

 
Rotor resistance ratio, RD/RQ 

1/5 1/3 1 3 5 

Locked torque, Tl [pu] 0.65 0.68 0.84 1.09 1.21 

Pull-in torque, Tpull-in1 [pu] N.A. N.A. N.A. 0.87 0.66 

Pull-in torque, Tpull-in2 [pu] N.A. N.A. N.A. N.A. 0.94 

Pull-out torque, Tpull-out [pu] 0.99 0.99 0.99 0.99 0.99 
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APPENDIX IV, 1 

Table IV.1 – 30 kW IM geometrical parameters  

Name of parameter Denomination Dimension Value 

Stator outer diameter Dse mm 323 

Stator inner diameter Ds mm 215 

Rotor diameter Dr mm 213.4 

Shaft diameter Dshaft mm 70 

Air gap length ag mm 0.8 

Core length l mm 205 

Number of pole pairs p  2 

Number of stator slots Qs  48 

Number of turns in slot Nst  13 

Number of rotor bars Qr  36 

Table IV.2 – Stator slot parameters 

Name of 

parameter 
Denomination Dimension Value 

Slot opening x1 mm 3.8 

Slot width 2 x2 mm 7.7 

Slot width 3 x3 mm 9.9 

Slot height 1 y1 mm 1.0 

Slot height 2 y2 mm 1.0 

Slot height 3 y3 mm 16.85 

Slot height 4 y4 mm 23.8 

 

 

Figure IV.1 – Stator slot 
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APPENDIX IV, 2 

Table IV.3 – Rotor slot parameters 

Name of 

parameter 
Denomination Dimension Value 

Bar width 1 x1 mm 6.0 

Bar width 2 x2 mm 2.5 

Bar width 3 x3 mm 6.6 

Bar width 4 x4 mm 2.9 

Bridge height y1 mm 0.7 

Bar height 2 y2 mm 5.7 

Bar height 3 y3 mm 8.0 

Bar height 4 y4 mm 3.05 

Bar height 5 y5 mm 21.2 

Bar height 6 y6 mm 1.45 

 

Figure IV.2 – Rotor slot 

Table IV.4 – 30 kW SynRM rotor geometrical parameters  

Name of parameter Denomination Dimension Value 

Segment width 1 S1 mm 8.53 

Segment width 2 S2 mm 12.88 

Segment width 3 S3 mm 9.03 

Segment width 4 S4 mm 5.92 

Barrier width 1 W1 mm 11.61 

Barrier width 2 W2 mm 8.81 

Barrier width 3 W3 mm 6.08 

Barrier width 4 W4 mm 3.69 

Tangential rib TR mm 2 
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APPENDIX IV, 3 

    

a)       b) 

Figure IV.3 – Elliptical variations; a) Variation 1, b) Variation 2 (Db – big diameter, Ds – 

small diameter) 

Table IV.5 – Damper winding parameters  

Name of parameter Denomination Dimension Value 

Big diameter of ellipse variation 1 

of round filling with Drdw1 
Db1rdw1 mm 224.4 

Small diameter of ellipse variation 

1 of round filling with Drdw1 
Ds1rdw1 mm 192.3 

Big diameter of ellipse variation 2 

of round filling with Drdw1 
Db2rdw1 mm 204.8 

Small diameter of ellipse variation 

2 of round filling with Drdw1 
Ds2rdw1 mm 177.3 

Big diameter of ellipse variation 1 

of round filling with Drdw2 
Db1rdw2 mm 251.1 

Small diameter of ellipse variation 

1 of round filling with Drdw2 
Ds1rdw2 mm 171.8 

Big diameter of ellipse variation 2 

of round filling with Drdw2 
Db2rdw2 mm 204.8 

Small diameter of ellipse variation 

2 of round filling with Drdw2 

Ds2rdw2 
mm 141.6 
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APPENDIX V, 1 

Table V.1 – Damper winding geometries and resistance parameters, f = 25 Hz, f = 5 Hz  

G
eo

m
et

ry
 

 

Induction motor 

 

 

Filled flux barriers 

 

 

Round filling, 

Drdw3 = 204,8 mm 

R
o
to

r 
re

si
st

an
ce

 

f 
=

 2
5
 H

z 

RIM = 0.46  
RD/RQ = 2.22 

 RD = 0.59 , RQ = 0.26  

RD/RQ = 4.26 

 RD = 2.05 , RQ = 0.48  

f 
=

 5
 H

z 

RIM = 0.21  
RD/RQ = 3.81 

 RD = 0.42 , RQ = 0.11  

RD/RQ = 49.34 

 RD = 1.58 , RQ = 0.03  

Continue of table V.1 (1)  

G
eo

m
et

ry
 

 

Round filling,  

Drdw1 = 197,2 mm 

 

Elliptical variation 1 

(Variation of Drdw1 1) 

 

Elliptical variation 2 

(Variation of Drdw1 2) 

R
o
to

r 
re

si
st

an
ce

 

f 
=

 2
5
 H

z 

RD/RQ = 1.69 

RD = 0.68 , RQ = 0.4  

RD/RQ = 1.46 

 RD = 0.65 , RQ = 0.45  

RD/RQ = 4.43 

 RD = 1.51 , RQ = 0.34  

f 
=

 5
 H

z RD/RQ = 9.57 

RD = 0.66 , RQ = 0.07  

RD/RQ = 10.77 

 RD = 0.61 , RQ = 0.06  

RD/RQ = 18.34 

 RD = 1.15 , RQ = 0.06  
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APPENDIX V, 2 

Continue of table V.1 (2)  

G
eo

m
et

ry
 

 

Round filling,  

Drdw2 = 186,4 mm 

 

Elliptical variation 1 

(Variation of Drdw2 1) 

 

Elliptical variation 2 

(Variation of Drdw2 2) 

R
o
to

r 
re

si
st

an
ce

 

f 
=

 2
5
 H

z 

RD/RQ = 2.15 

 RD = 0.58 , RQ = 0.27  

RD/RQ = 1.8 

 RD = 0.59 , RQ = 0.33  

RD/RQ = 5.31 

 RD = 1.18 , RQ = 0.22  

f 
=

 5
 H

z RD/RQ = 6.04 

 RD = 0.5 , RQ = 0.08  

RD/RQ = 4.77 

 RD = 0.42 , RQ = 0.09  

RD/RQ = 11.21 

 RD = 0.82 , RQ = 0.07  

        

a)      b) 

Figure V.1 – Flux lines distribution and current density in fully aluminium filled barriers 

during short-circuit single phase supply experiment at 25 Hz; a) Calculation RD, b) 

Calculation RQ 
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APPENDIX V, 3 

        

a)      b) 

Figure V.2 – Flux lines distribution and current density in round filled flux barriers with 

short-circuit single phase supply experiment at 25 Hz (Aluminium is used in the flux 

barriers outside diameter Drdw1); a) Calculation RD, b) Calculation RQ 

        

a)      b) 

Figure V.1 – Flux lines distribution and current density in fully aluminium filled barriers 

during short-circuit single phase supply experiment at 5 Hz; a) Calculation RD, b) 

Calculation RQ 
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APPENDIX V, 4 

        

a)      b) 

Figure V.2 – Flux lines distribution and current density in round filled flux barriers with 

short-circuit single phase supply experiment at 5 Hz (Aluminium is used in the flux 

barriers outside diameter Drdw1); a) Calculation RD, b) Calculation RQ 
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APPENDIX VI, 1 

     

a)      b) 

     

c)      d) 

     

e)      f) 

Figure VI.1 – Flux lines distribution and current density in round filling (Drdw2) DW with 

different slips and rotor position; a) 0 degrees rotor position, s = 1, b) 45 degrees rotor 

position, s = 1, c) 0 degrees rotor position, s = 0.5, d) 45 degrees rotor position, s = 0.5, e) 0 

degrees rotor position, s = 0.1, f) 45 degrees rotor position, s = 0.1  
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APPENDIX VI, 2 

     

a)      b) 

     

c)      d) 

    

e)      f) 

Figure VI.2 – Flux lines distribution and current density in ellipse variation 1 of Drdw2 DW 

with different slips and rotor position; a) 0 degrees rotor position, s = 1, b) 45 degrees rotor 

position, s = 1, c) 0 degrees rotor position, s = 0.5, d) 45 degrees rotor position, s = 0.5, e) 0 

degrees rotor position, s = 0.1, f) 45 degrees rotor position, s = 0.1 
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APPENDIX VI, 3 

     

a)      b) 

     

c)      d) 

     

e)      f) 

Figure VI.3 – Flux lines distribution and current density in ellipse variation 2 of Drdw2 DW 

with different slips and rotor position; a) 0 degrees rotor position, s = 1, b) 45 degrees rotor 

position, s = 1, c) 0 degrees rotor position, s = 0.5, d) 45 degrees rotor position, s = 0.5, e) 0 

degrees rotor position, s = 0.1, f) 45 degrees rotor position, s = 0.1 
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APPENDIX VII 

 

Figure VII.1 – Starting transient of SynRM with round filling with Drdw1 at the rated load 

torque, Jload = Jm (tr = 0.27 s, ts = 0.62 s)  

 

Figure VII.2 – Starting transient of SynRM with ellipse variation 1 of Drdw1 at the rated 

load torque, Jload = Jm (tr = 0.3 s, ts = 0.56 s)  

 

Figure VII.3 – Starting transient of SynRM with ellipse variation 2 of Drdw1 at the rated 

load torque, Jload = Jm (tr = N.A., ts = N.A.)  


