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Abstract 

 

This work disserts the problematics of creating and simulating reluctance network of the 
synchronous machine with V-shaped permanent magnets in the PSpice software. Firstly we 
familiarize with the construction and parameters of the machine and then we educt basic 
equations to calculate each component of the network. We calculate each component on the 
machine and then we create this network in PSpice. At the begining the simulated network is 
static and all magnetic resistivities are linear which gives us higher magnetic flux densities. Later 
we replace the steel sheets linear resistivities with nonlinear and we calculate also with working 
temperature of the permanent magnets. Then we compare our results with FEM method 
calculated values and we also calculate the induced voltage in one coil of winding. At the end we 
calculate power and torque characteristics of the machine. 
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Anotácia 

 

Táto práca pojednáva o problematike vytvárania a simulácie reluktančnej siete synchrónneho 
stroja s V tvarovanými permanentnými magnetmi v programe PSpice. Na začiatku sa 
oboznámime s konštrukciou a parametrami stroja a potom vyvodíme základné rovnice na 
výpočet každého prvku siete. Vypočítame každý prvok tohto stroja a potom vytvoríme túto sieť 
v PSpice. Na začiatku je simulovaná sieť statická a všetky magnetické odpory sú lineárne. 
Neskôr nahradíme lineárne odpory reprezentujúce plechy nelineárnymi a počítame s precovnou 
teplotou permanentných magnetov. Potom porovnáme naše výsledky s FEM metódou 
počítanými hodnotami a vypočítame indukované napätie v jednej cievke stroja. Na záver 
vypočítame výkonovú a momentovú charakteristiku stroja. 
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DEFINITION  AND MEASURE OF USED SYMBOLS 
 

B -  magnetic flux density (T) 

Bg -  air gap magnetic flux density (T) 

Br -  remanent magnetic flux density (T) 

Cm -  magnetic capacitance (H) 

Fm -  magnetic voltage (At) 

FmA -  magnetic voltage created by phase A (At) 

Fmm -  magnetic voltage created by PM (At) 

I -  electric current (A) 

M -  torque (Nm) 

N -  number of coil turns (-) 

P -  power (W) 

Rm -  magnetic resistance (H-1) 

Ra -  phase resistance (Ω) 

S -  area (m2) 

U -  electric voltage (V) 

Z -  impedance (Ω) 

g -  air gap (m) 

im -  magnetic current representing magnetic flux (Wb) 

l  -  length (m) 

pp -  number of polepairs (-) 

ui -  induced voltage (V) 

β -  load angle (˚) 

Ψ -  joint magnetic flux (Wb) 

ΨPM -  flux linkage due to permanent magnets (Wb) 

Φ -  magnetic flux (Wb) 

θ -  angle (˚) 

µr -  relative permeability (-) 

ω -  angular velocity (rad-1) 
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INTRODUCTION  
 

This work is about creating a simulation model of synchronous machine with V-shaped 
permanent magnets and was created on request of Cummins Inc.. At the begining we would like 
to explain why is this type of machine so important. This type of electric machine is todays 
mostly used type in the hybrid personal cars which are more enviromental friendly because of 
their lower oil consumption and emissions. Synchronous machine is used because of its good 
control properties and the modern permanent magnets, which are V-shaped, enable to remove the 
rotor winding of machine which connection to supply is inreliable. So there is a big effort of 
industry to design more efficient and stronger machines of this construction to enable their wider 
use in different kinds of vehicles. 

For the simulation we are using capacitance/reluctance network instead of analytical methods 
based on Laplace or Poisson equations. These methods are used for machines with surface 
mounted PM which behaves lineary. But because of the V-shaped PMs and nonlinear bridges 
holding the magnets in the rotor these methods can not be used in our case. The result of our 
work will be dynamic model of this machine with nonlinear magnetic resistors representing steel 
sheets. 
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1 PARAMETERS  OF PM MACHINE 

1.1 Winding 
 
The main parameters of given PM machine are listed below. 
 
Embedded-PM 45kW@1300rpm 
Field weakening up to 2500rpm, 
Pmax=90kW 

48 slots, 8 poles 
Laminations: M235-35A steel 
Magnet grade: NdFeB N38EH @ 70degC 
Tooth width is constant 
Slot fill factor = 48% 
Axial length=200mm 

Winding parameters: (lap winding) 
No of parallel paths: 4 
Turns in series: 22 
No of layers in a slot: 1 
Wires in hand: 6 
Wire dia: 0.95mm 
Chording: full pitch 
Nominal winding temperature: 160degC 
Nominal current: 203.7 Arms 
Nominal supply voltage: 102Vrms,phase 

Placement of the coils in the winding of machine can be seen in Fig. 1.. It displays only 12 slots 
which are repeating periodiccaly in all of the 48 slots of machine. A is beginning and A0 is the 
end of the coil. In the work we assume that the ends are connected so it is star connection 
machine. Current flowing through one coil of one phase is one quarter of nominal current because 
of the number of parallel paths. 
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Fig. 1. Placement of the coils in the winding. 

 

1.2 Construction 
 

The construction of PM machine can be seen on following pictures (Fig. 2.,Fig. 3.). Shape of the 
poles on the rotor of machine is very specific and it is defined in the d-q axis in electrical degrees 
by function: 

� = ����
��	
     ; 
 ∈< 0; 72° > ; ���� = 1.15��    (1.1) 

And it is linear on the interval: 


 ∈< 72°; 90° > ; ��72°� = 3.72�� ; ��90°� = 6.44��  (1.2) 

This shape is displayed in the picture 4.. When we want to know the shape in the real degrees we 
only need to divide the degrees in the Fig. 4. on the axis x by 4. 
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Fig. 2. Blueprint of  PM machine. 

 

 

Fig. 3. Dimensions of the slots in the stator. 
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Fig. 4. Shape of the rotor pole in d-q axis. 
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2 EDUCTION  OF RECIPROCAL  COMPONENTS OF MAGNETIC  

CIRCUIT 

2.1 Magnetic capacitance/reluctance 
 

The magnetic capacitor corresponding to article [4] is defined: 

"� = #
$�

= %&%'
( )  (2.1) 

The magnetic capacitance is defined as the reciprocal of a pure magnetic reluctance. The 
advantages over the more usual representation of magnetic reluctances as resistors in magnetic 
circuits, and therefore energy dissipative instead of energy storing are obvious, and for pure 
reluctances the following magnetic circuit relationships which are immediately analogues to the 
corresponding electric circuit relationships, amongst other too numerous to state here, follow 
naturally: [3] 

*� = +,
+- = +.�

+-  (2.2) 

*� = "�
+/�

+-   (2.3) 

0� = #
1� 2 *� 34 = 5� 2 *� 34  (2.4) 

However later in this work we realized that placing a capacitor in the PSpice electric model of the 
magnetic circuit of machine gives hardly evaluable results and it brings more problems that it 
solves. So in the PSpice electric model we are using resistors instead of capacitors and we are still 
using the equations 2.1-2.4 because the magnetic capacitance is defined as the reciprocal of 
magnetic reluctance. In short we are using well known Ohm-Hopkins law equivalency. 

 

2.2 Coil as a supply of magnetomotive force 
 

The ammount of magnetomotive force supplied by a coil to a magnetic circuit is defined: 

0� = 67  (2.5) 

N- number of turns of coil 

I- electric current flowing thru the coil 
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N

I

Fm=N.I

Rmf

Rmf

 

Fig. 5. Equivalency of magnetic and electric circuit representing coil. 

But in the stator of electric machines the coil is placed in the slots that are not near each other so 
we need to define magnetic voltage created by a number of conductors placed in one slot 
respectivelly in our case, half of the coil: 

0� = 89
:   (2.6) 

N- number of conductors in a slot 

I- electric current flowing thru the coil 

Fm Rm

RmRm

 

Fig. 6. Part of the simplified stator  magnetic circuit. 

2.3 Permanent magnet as a supply of magnetomotive force 
 

Permanent magnet in magnetic circuit can be represented by a voltage supply with a reluctance 
representing its magnetic resistivity. The magnetomotive force can be easily derived: 

; = <=)  (2.7) 

0� = ;. 5� = ; = <= . ) (
%&%'>  (2.8) 

0� = ?'(
%&%'

  (2.9) 

Φ 

im=Φ 

µrf 
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Br - remanent magnetic flux density of PM 

l - thickness of PM 

µr - relative permeability of PM 

Rm – resistivity of PM 

Rmf – resistivity of ferrum core 

Fm

Rm

Rmf

N

S
l

 

Fig. 7. Equivalency of magnetic and electric circuit representing PM. 
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3 CALCULATION  OF RECIPROCAL  COMPONENTS FOR STATIC  

MODEL  IN  PSPICE 

3.1 Stator components 
 

In the process of calculating the reciprocal components of machine we divided its area into 
segments. Each of this component consists of a node and four resistors. In the case of winding 
and PM components they consist of additional two voltage supplies. We can see the real PSpice 
electric network representing part of stator in Fig. 8.. 

12

3 4

2526

R1xR1x

R1yu

R1yd

FmA/2FmA/2

R2xR2x

R2y

R2y

R3xR3x

R3yu

R3yd

R4xR4x

R4yu

R4yd

R26xR26x

R26y

R26y

R25xR25x

R25yd

R25yu

STATOR

SLOTTOOTH

OUTSIDE AIR

 

Fig. 8. Electric network representing magnetic reluctances of stator. 

The resistors are calculated with this equation: 

5� = (
%&%'>  (3.1) 
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l - half length of segment in the direction perpendicular to the area S of the resistor we are 
calculating 

S - area of segment that is perpendicular to the current (magnetic flux) flow of the resistor we are 
calculating 

µr – relative permitivity of the material which is the resistor representing 

Example of calcululating resistors in one segment: 

1

R1y

R1y

R1xR1x

l1x

l1y

Axial length

 

Fig. 9. Example of one segment. 

5#@ = A#@/2
CDC=A#E. F 

5#E = A#E/2
CDC=A#@. F 

a – Axial length 

The exact sizes of  lengths and areas of each segment were obtained from Autodesk Inventor 
blueprint of the machine (Fig. 9.). For the brief description not all sizes are visualized. 
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Fig. 10. The real shapes of the stator segments. 

As we can see on Fig. 10. the segments are horizontally equal so the Rx resistors of each segment 
will be same, but some segments have different areas in longitudinal direcion on their upper and 
down side so the Ryu and Ryd resistors will be different. 

 

Calculation of stator resistors: 

Relative permitivity of electrical steel: µr=2000 

Length of machine: 200mm 

S1x=22.3*200= 4460mm2 

l1x=8.494/2= 4.247mm 

5#@ = G.:GH∗#DJK
%&∗:DDD∗GGLD∗#DJM = 378.9HP#  

S1yu=9.224*200= 1844mm2 

l1y=11.5mm 

5#EQ = ##.R∗#DJK
%&∗:DDD∗#SGG∗#DJM = 2481.4HP#  
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S1yd=7.765*200= 1552.9mm2 

5#E+ = ##.R∗#DJK
%&∗:DDD∗#RR:.T∗#DJM = 2946HP#  

S2x=22.3*200= 4460mm2 

l2x=7.521/2= 3.76mm 

5:@ = U.HL∗#DJK
%&∗:DDD∗GGLD∗#DJM = 335.5HP#  

S2y=7.521*200= 1504.2mm2 

l2y=22.3/2=11.5mm 

R2y=3041.95H-1 

S3x=(3.247+12.621+2.318+2)*200= 4037.2mm2 

l3x=7.868/2=3.934mm 

R3x=387.7 H-1 

S3yu=7.52*200= 1504mm2 

l3y=9.35mm 

R3yu=2473.6 H-1 

S3yd=8.214*200= 1643mm2 

R3yd=2264.3 H-1 

S4x=(3.247+12.621+2.318+2)*200= 4037.2mm2 

l4x=5.81/2=2.905mm 

5G@ = :.TDR∗#DJK
%&∗GDUH.:∗#DJM = 572.6VHP#  

S4yu=6.423*200= 1284.5mm2 

l4y=9.35mm 

R4yu=5792.5kH-1 

S4yd=4.5*200= 900mm2 

R4yd=8267.2kH-1 

S25x=22.3*200= 4460mm2 

l25x=11.414/2=5.707mm 

5:R@ = R.HDH∗#DJK
%&∗GGLD∗#DJM = 1018.3VHP#  

S25yu=12.14*200= 2428mm2 

l25y=22.3/2=11.15mm 

R25yu=3654.4kH-1 

S25yd=10.683*200= 2136.6mm2 
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R25yd=4152.8kH-1 

S26x=22.3*200= 4460mm2 

l26x=7.521/2=3.76mm 

5:L@ = U.HL∗#DJK
%&∗GGLD∗#DJM = 671VHP#  

S26yu=7.521*200= 1504.2mm2 

l26y=22.3/2=11.15mm 

R26y=5898.7kH-1 

 

Calculation of magnetic voltage generated by slot of winding: 

If the nominal current of machine is 203.7Arms and number of parallel paths is 4 then the current 
flowing thru the coil would be 50.925Arms. Because we are making static model IA,pk current will 
flow only by the phase A. The current in the other phases will be according to phasor diagram in 
Fig. 11.. 

IA,pk=iA

IB,pkIC,pk iC=iB

 

Fig. 11. Phasor diagram of currents. 

7W,YZ = 7W,=�	√2 = 50,925. √2 = 70.02\  

7W,YZ = 7?,YZ = 71,YZ  

*W = 7W,YZ sin `a
:b = 1. 7W,YZ = 70.02\  

*? = 7?,YZ sin `a
: + :

U db = −0.5 ∗ 7?,YZ = −35.01\  

*1 = 71,YZ sin `a
: + G

U db = −0.5 ∗ 71,YZ = −35.01\  
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Then the voltage generated by winding in a slot will be according to equation 2.6: 

0�W = 8�f
: = ::∗HD.D:

: = 770.22\4  

0�1 = g�? = 8�h
: = ::∗PUR.D#

: = −385.11\4  

The negative value of currents of phases B and C must be applied to Fig. 1. and then the resulting 
configuration of currents in the slots of winding are (the A0 represents returning wire of coil A): 

A0 B B C0 C0 A A B0 B0 A0C C

 

Fig. 12. Currents in the winding with their fluxpaths. 

The polarity orientation of the voltage supplies in the model must be in the same direction as the 
fluxpaths in the Fig. 12.. 

3.2 Air gap components 
 

Air gap in this machine is very specific because of the shape of the poles of rotor. So we need to 
simplify it by dividing it to a constant minimal air gap and two rectangles which dimension is 
average value of the selected range. Calculation of these average values is in chart 1.. 
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θ [˚] g [mm] avg [mm] 
0 1,15   
1 1,15   
2 1,16   
3 1,18   
4 1,20   
5 1,22   
6 1,26   
7 1,30   
8 1,36 1,22 
9 1,42   

10 1,50   
11 1,60   
12 1,72   
13 1,87   
14 2,06   
15 2,30   
16 2,62 2,33 
17 3,07   
18 3,72   

22,5 6,44 4,41 
Table 1. Calculation of average airgap on selected ranges. 
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R6xR6x

R6yu

R6yd

5

R5x

R5yu

R5yd
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R7xR7x

R7yu
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R8yu

R8yd

6 5 6 5
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1.22mm2.33mm

4.41mm

 

Fig. 13. Electric network representing magnetic reluctances of air gap. 

Calculation of air gap resistors: 

As mentioned before all sizes of segments were obtained from the blueprint of machine in 
Autodesk Inventor. 

S5x=1.22*200= 244mm2 
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l5x=2.404/2=1.202mm 

5R@ = #.:D:∗#DJK
%&∗:GG∗#DJM = 3920.2VHP#  

S5yu=2.413*200= 482.6mm2 

l5y=1.22/2=0.61mm 

R5yu=1005.8kH-1 

S5yd=2.395*200= 479mm2 

R5yd=1013.4kH-1 

S6x=1.22*200= 244mm2 

l5x=9.615/2=4.8mm 

R6x=15654.6 kH-1 

S6yu=9.651*200= 1930.2mm2 

l6y=1.22/2=0.61mm 

R6yu=251.5kH-1 

S6yd=9.579*200= 1915.8mm2 

R6yd=253.4kH-1 

S7x=3.19*200= 638mm2 

l7x=11.759/2=5.88mm 

R7x=7333.5kH-1 

S7yu=11.86*200= 2372mm2 

l7y=3.19/2=1.595mm 

R7yu=535kH-1 

S7yd=11.66*200= 2331.9mm2 

R7yd=544.3kH-1 

S8x=1.11*200= 222mm2 

l8x=11.895/2=5.95mm 

R8x=21328.2kH-1 

S8yu=11.927*200= 2385.3mm2 

l8y=1.11/2=0.555mm 

R8yu=185.2kH-1 

S8yd=11.863*200= 2372.7mm2 

R8yd=186.1kH-1 
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3.3 Rotor components 
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Fig. 14. Electric network representing magnetic reluctances of rotor. 
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Fig. 15. The real shapes of the rotor segments. 

Calculation of stator resistors: 

Process of calculating is same as used in the previous subchapters so we are mentioning only the 
results. 

R9x=12325.2 H-1 R14yd=932.8 H-1 

R9yu=80 H-1 R15x=2652.4 H-1 

R9yd=80.5 H-1 R15y=712.3 H-1 

R10x= R11x =5593.4 H-1 R16xr=63.9 H-1 

R10yu= R11yu=175.9 H-1 R16xl=60.2 H-1 

R10yd= R11yd=177.2 H-1 R16yu=30949.7 H-1 

R12xr=10203.7 H-1 R16yd=5834 H-1 

R12xl=3450.2 H-1 R17=1480.8kH-1 

R12yu=229.4 H-1 R18x=2034.7kH-1 

R12yd=3343.3 H-1 R18y=1764.3kH-1 

R13x=1713.9 H-1 R19x=3044kH-1 

R13y=779.7 H-1 R19y=1179.3H-1 

R14x=1093.3 H-1 R20=1160.3kH-1 

R14yu=878.8 H-1 R21xr=430.7 H-1 
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R21xl=207.4 H-1 R22yd=837.8 H-1 

R21yu=2334.6 H-1 R23x=1241.5 H-1 

R21yd=1130.4 H-1 R23y=731.5 H-1 

R22x=1225.5 H-1 R24x=382 H-1 

R22yu=779 H-1 R24y=2535.9 H-1 

 

Calculation of magnetic voltage generated by PM: 

Parameters of PM are from datasheet that is in the enclosure of this work. The magnetic voltage 
is calculated with equation 2.9. 

Br=1.235T 

µr=1.05 

l=10mm 

0�� = ?'(
%&%'

= #.:UR∗D.D#
%&∗#.DR = 9359.8\4  
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4 PSPICE SIMULATION  RESULTS 

4.1 Model without winding current 
 

Firstly we have made simulation of the model without winding current to see how it behaves. To 
simulate this machine we dont need to make model of entire machine but only a quarter of it and 
then connect the intersection with wires to the other side of it to encircle the fluxpaths. The 
complete electric network is too big to visualize it in the work so we will place only a sections of 
it. The whole network is in the enclosure of this work.  The PSpice is software for simulating 
electrical circuits but we are using magnetoelectric equivalency so the current in simulation is 
representing magnetic flux. According to this if need to know magnetic flux density we use this 
equation: 

< = ,
>   (4.1) 

Φ – magnetic flux (current in the simulation through a segment) 

S – area of the segment which density we need to know 

In one of the first simulations we were observing that only a fraction of magnetic flux is passing 
thru the airgap of the machine. After carefull review we realized that segments 12 and 16 acts as 
a magnetic short circuit and they are drawing nearly all of the magnetic flux supplied by PMs. 
These segments were oversaturated and it was happening because of their linear magnetic 
resistivity. To eliminate this error without making them nonlinear we raised the magnetic 
resistivity by multipling it by 1000 to reach resistivity simmilar to air. By this step we eliminated 
these short circuits and the air gap magnetic flux raised to expected values. 

 

Fig. 16. Section of network representing air gap over the pole without winding. 

The example of the section of network with corresponding currents representing magnetic fluxes 
is shown on Fig. 16.(the indexes of resistors are automatically generated by PSpice).  
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The distribution of magnetic flux over air gap is visualized in Fig. 17. in mechanical degrees. 

 

Fig. 17. Distribution of magnetic flux density over air gap without winding. 

In graph on Fig. 17. we can see very good the influence of stator slots to the shape of the 
magnetic flux density of the machine. We also must mention that the value of density is greater 
than in the real machine and this is caused by the linear resistors representing the magnetic 
resistivity of steel which is nonlinear. 

 

4.2   Model with winding current 
 

After familiarizing with the simulation without winding we proceed to the complete static 
simulation. We placed voltage supplies representing winding to the corresponding segments over 
the slots and we oriented  them correctly according to the Fig. 12.. The result of the part of 
simulation is on picture 18.. The whole network with simulation results is in enclosure. 
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Fig. 18. Section of network representing air gap over the pole with winding. 

 

 

Fig. 19. Distribution of magnetic flux density over air gap with winding. 

In graph on Fig. 19. we see a shift to the right side. This is caused by the placing of the rotor teeth 
which represents the magnetic pole of stator on the right side instead of center of the rotor pole. 
So this distribution corresponds to the situation when there is an angle between the stator and 
rotor resulting magnetig flux. 
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 Fig. 20. Distribution of magnetic flux density over air gap with changing current. 

We have also simulated models with lower currents. In the graph on Fig. 20. we can see the 
change of magnetic flux density with increasing current thru the coil of winding. The 
corresponding chart and simulations are in the enclosure of this work. The nominal value of 
current in coil A is 50,92Arms (70,02Apeak) and in the graph we have visualized results of 
simulations with currents below this value also including zero value which is same as graph on 
Fig. 17.. We can see that the change of density is same with each step of increase of the current 
so it is linear function. This is caused by using linear magnetic resistors and with using the 
nonlinear resistors also this function will be nonlinear. 

On the other hand the value above 2 T is too high for this machine and we think it is also caused 
by the linear resistors representing the magnetic resistivity of steel which is nonlinear. Also some 
segments in this simulation are oversaturated. We think that these problems will be solved by 
placing nonlinear resistors to the network and then the results will match very accurately with 
real values of these parameters. 
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5 IMPROVING  OF PSPICE MODEL 

5.1 Nonlinear resistors 
 

As we mentioned before the results of magnetic flux densities in simulations were too high 
because of the linear resistors representing steel sheets. So we must replace them with nonlinear 
resistors corresponding to the BH curve of the used material. In the PSpice software there is not 
such component. So after some search we realized that we can use GVALUE part, which is 
voltage input dependent current source that can be programmed with mathematical equations. We 
used following connection of GVALUE part (Fig. 21.). 

 

Fig. 21. GVALUE part connection. 

The current output of this part is defined by equation: 

7 = i. g     (4.1) 

The voltage U is represented with V(%IN+,%IN-) inscription. We need to input BH curve data to 
the equation which will make the resistor behave nonlineary. To do this we use TABLE 
command which is linear aproximation function. Input to this function must be H and it will give 
us back B on the part which is resistor representing corresponding to the BH curve. After that we 
must recalculate it to the magnetic flux using length l and area S of the segment which is 
represented by this resistor. We use following equations(Fm=U,Φ=I):  

j = /�
(        (4.2) 

; = <. )       (4.3) 

For the segment that l=4,247mm and S=4460mm2 which are R1x resistor parameters the final 
inscription will be: 

TABLE((1/0.004247)*V(%IN+,%IN-),+ -30000,-2,-7000,-1.7,-1800,-1.5,-170,-
1.2,0,0,170,1.2,1800,1.5,7000,1.7,30000,2)*(0.00446) 

The length of the inscription of GVALUE part is limited so we can not put the whole BH curve 
data but only the main points of the curve (Fig. 22.). Also we must define the negative values to 
have this resistor symetrical in positive and negative voltage. 
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Fig. 22. BH curve of the M235-35A steel inscripted to GVALUE part. 

 

Fig. 23. GVALUE part representing R1x. 

 

 

Fig. 24. Nonlinear behavior of GVALUE part representing R1x. 

Then we replaced every resistor in the simuation representing stell sheets with GVALUE parts 
with corresponding values of length and area (Fig.25.). And we visualized the value of magnetic 
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flux density over air gap over a pole of machine without and with nominal current in the winding 
(Fig.26.). Also the problem with magnetic short circuit on rotor segments 12 and 16 was solved. 

 

 

Fig. 25. Section of network over pole with nonlinear resistors. 

 

Fig. 26. Magnetic flux density over air gap with nonlinear resistors with zero and nominal 
current in winding. 
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5.2   Working temperature of PM 
 

In our model we calculated with magnetic flux density of permanent magnets at 20˚C but we 
must take into consideration that working temperature of PM in this machine is 70˚C and this will 
decrease the magnetic flux density of magnet and also in the air gap. Parameters of N38EH 
magnet: 

Br20= 1,24T (Coercive force at 20˚C) 

µr= 1,08 (Recoil permability) 

αB= -0,11 (Temperature coeficient of B) 

T= 70˚C (Working temperature) 

Blm = <n20 o1 + p<
100 �q − 20�r = 1,24q o1 + −0,11

100 �70 − 20�r=1,1718T       (4.4) 

According to this magnetic flux density we must recalculate the magnetic voltage of the PM in 
the rotor of the machine and change that value in the model. This will decrease the air gap flux 
density to real value. 

0�� = <=A
CDC=

= 1.1718 ∗ 0.01
CD ∗ 1.08 = 9099,83\4    

 

5.3   Angle shift of rotor 
 

To achieve angle shift of the rotor we again used GVALUE part, but with different equations. We 
realized that during angle shift between -90˚ to +90˚ electrical each segment of rotor is connected 
maximally to 6 nearest teeth segments through the air gap. The selection of the concrete segment 
depends of exact value of the angle shift. Also to simpilfy this switching we replaced the 
segments 5 and 6 of air gap with one segment. 

S5x=244mm2 

l5x=2.404mm 

l6x=9,615mm 

l56x=12,019/2=6 

5RL@ = L∗#DJK
%&∗:GG∗#DJM = 19568,23VHP#  

l56x=0,61mm 

S56yu=482,6+1930,2= 2412,8mm2 

5RLE+ = 0,61 ∗ 10PU
CD ∗ 2412,8 ∗ 10PL = 201,19VHP# 

S56yd=479+1915,8= 2394,8mm2 
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5RLE+ = D,L#∗#DJK
%&∗:UTG,S∗#DJM = 202,7VHP#  => GRLE+ = #

:D:,HZtJu = 4,933Cj  

 

Fig. 27. Part of network with replaced air gap segments. 

We can see in Fig.26. how we replaced the segment 5 and 6 with one segment. Also we can see 
that on this figure is missing the R56yd resistor. That is because we will replace him with 
GVALUE part which will have conductivity G56yd in the fully switched state. 
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Fig. 28. One rotor segment connection. 

On Fig.28. we can see the right rotor segment connected to 6 nearest teeths through airgap 
resistors R56yd represented with GVALUE part. All angles on the figure are mechanical. The 
angles at bottom are overlapping angles in which the according teeth is conductively connected to 
the rotor segment. The angle is calculated as 0 plus half of the teeth angle and 7,5 minus half of 
the teeth angle for rotor segment connected on the Fig.28. and for the next segments it is 
calculated similary.  
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The GVALUE parts are enscripted: 
G1: V(%IN+,%IN-)*TABLE(A,12.03,1p,17.97,4.93u,19.53,4.93u,25.47,1p) 
G2: V(%IN+,%IN-)*TABLE(A,4.53,1p,10.47,4.93u,12.03,4.93u,17.97,1p) 
G3: V(%IN+,%IN-)*TABLE(A,-2.97,1p,2.97,4.93u,4.53,4.93u,10.47,1p) 
G4: V(%IN+,%IN-)*TABLE(A,-10.47,1p,-4.53,4.93u,-2.97,4.93u,2.97,1p) 
G5: V(%IN+,%IN-)*TABLE(A,-17.97,1p,-12.03,4.93u,-10.47,4.93u,-4.53,1p) 
G6: V(%IN+,%IN-)*TABLE(A,-25.47,1p,-19.53,4.93u,-17.97,4.93u,-12.03,1p) 
 
The A parameter in the enscritpion is shift of the rotor in mechanical angles which is declared in 
PSpice include file .inc as follows .PARAM A value. This is input angle which defines angle 
shift of rotor in mechanical degrees (at zero teeth is at the center of the rotor pole). From the G3 
part enscription we can see that the teeth above the rotor segment is connected to it from angle 
2,97˚ to 4,53˚ with conductivity G56yd= 4,933µH and then to the nearest overpalling angles -2,97˚ 
and 10,47˚ the conductivity is decreasing lineary. For better understanding we can see this in 
parametric simulation with changing angle from -22,5˚ to 22,5˚ on Fig.29.(the currents are just 
demonstrative). 

Fig. 29. Changing of conductivity with angle. 
We connected all rotor segments to according teeth with this technique and we get a model in 
which we can by defining the parameter A change the angle shift of rotor. 

 
Fig. 30. Part of the network with angle shift. 
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Later in this work we calculate induced voltage ui at the nominal rpm. The voltage is calculated 
as a derivation of average magnetic flux through one coil in time. We would discuss this problem 
more in next chapter but in short – linear change o fair gap conductivity and also its constant 
value makes the derivation with peaks and too many zero values of ui. The conductivity and also 
magnetic flux through the air gap changes continuously in the real machine. So we must change 
the shape of the changing conductivity. We realized that we can change the trapezium shape to 
cosinus function with equivalent area. After some calculation and testing we get these equations 
of cosinus function for G3 part: 
 
-2,465µ.cos(2.π.0,66667+0,25.2.π)+2,465µ 
 
The GVALUE parts with cosines function are enscripted: 
G1: V(%IN+,%IN-)*(-2.465u*cos(2*PI*0.0666667*A-
0.75*2*PI)+2.465u)*TABLE(A,11.24,1p,11.25,1,26.25,1,26.26,1p) 
G2: V(%IN+,%IN-)*(-2.465u*cos(2*PI*0.0666667*A-
0.25*2*PI)+2.465u)*TABLE(A,3.74,1p,3.75,1,18.75,1,18.76,1p) 
G3: V(%IN+,%IN-)*(-2.465u*cos(2*PI*0.0666667*A+0.25*2*PI)+2.465u)*TABLE(A,-
3.76,1p,-3.75,1,11.25,1,11.26,1p) 
G4: V(%IN+,%IN-)*(-2.465u*cos(2*PI*0.0666667*A+0.75*2*PI)+2.465u)*TABLE(A,-
11.26,1p,-11.25,1,3.75,1,3.76,1p) 
G5: V(%IN+,%IN-)*(-2.465u*cos(2*PI*0.0666667*A+1.25*2*PI)+2.465u)*TABLE(A,-
18.76,1p,-18.75,1,-3.75,1,-3.74,1p) 
G6: V(%IN+,%IN-)*(-2.465u*cos(2*PI*0.0666667*A+1.75*2*PI)+2.465u)*TABLE(A,-
26.26,1p,-26.25,1,-11.25,1,-11.24,1p) 
 
For better understanding we can see the comparison of the trapezium and cosinus shaped 
conductiviy changes in Fig.31.. 

 
Fig. 31. Comparison of trapezium and cosinus change of conductivity. 

We also calculate the G3 part conductivity area of this functions to be sure we have equal areas. 
Trapezium: 
) = 4,933C. �4,53 − 2,97� + 4,933C. �10,47 − 4,53� = 36,975C 
Sinus: 

) = v −2,465µ. cos�2. π. 0,66667 + 0,25.2. π� + 2,465µ = 36,9748μ
##,:R

PU,HR
 

With using cosinus shaped change of conductivity we get better shape of  induced voltage ui. 
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6 FINAL  PSPICE SIMULATION  RESULTS 

6.1 No load test 
 

To compare our results with my colleage Bc. Petr Chmelíček, who is making the model of the 
same machine with FEM method using Ansys software [2], we calculated distribution of 
magnetic flux density in the air gap during no load test at 0˚ angle shift of rotor with zero current 
in the winding. 

 

Fig. 32. Distribution of magnetic flux density in the air gap during no load test (PSpice model). 

 

Fig. 33. Distribution of magnetic flux density in the air gap during no load test (FEM 
calculation) [2]. 
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The Bg in our graph (Fig.32.) was calculated as a magnetic flux through the segment divided by 
its area: 

<� = ;
) = 2,598.10PU|}

2403.10PL�: = 1,081q 

The 1st harmonic was calculated as a sum of the flux densities through the pole divided by the 
area of pole multiplied with π/2 to get the amplitude: 

<�W~� = ∑ ;H#
∑ )H#

d
2 = 8,7113.10PU|}

16826,6.10PL��:
d
2 = 0,8135q 

The FEM method calculated results can be seen in Fig.33. When we compare the figures 32. And 
33. we can see that our PSpice calculated values of Bg are slightly higher but the 1st harmonic of 
Bg is very similar. The PSpice calculation is very fast (few seconds) but the results need to be 
interpreted correctly according to the construction of the machine (winding, pole areas,…) to get 
graphical charts that can be compared to Ansys FEM method calculated diagrams.  

6.2 Induced voltage calculation 
 

We made a parametric simulation with changing the rotor angle shift from -22,5˚ to 22,5˚ with 
step 0,01˚ and we visualized all 12 segments (2 poles) flux densities (Fig.34.). 
 

 
Fig. 34. Change of magnetic flux through segments according to angle shift (I=Φ). 

To calculate the induced voltage ui we assume that rotor is rotating at the nominal speed 1300 
rpm and the visualized voltage will be induced in one coil. 

�� = 3�
34 = 63;

34  

N=4.22=88 

n=1300rpm => 21,667s-1 => 7800,12˚/s 

360˚=>0,04615s 

one step= 0,01˚=> dt= 1,282.10-6s 
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As magnetic flux through the coil we assume average value of the magnetic fluxes through the 
coil, corresponding to winding it is first 7 fluxes (Fig.35.). 

 

 

Fig. 35. Average value of magnetic flux through one coil (I=Φ). 

We exported the data from Fig.35. to Excel and according to ui equation we execute numerical 
derivation to get the shape of ui . The chart according to the step size has 4500 rows so it is not 
enclosed. Firstly we were using trapezium change of conductivity in the air gap which gave us 
unreal results of the shape of ui (Fig.36.). After that we used cosinus change of conductivity in air 
gap which gave us better shape of ui (Fig.37.). 

 

 

Fig. 36. Shape of the ui with trapezium change of conductivity in air gap. 
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Fig. 37. Induced voltage ui. 

We make also numerical derivation of the 1st harmonic of Bg from the no load test (Fig. 32.) and 
we get the 1st harmonic of ui that as we can see on figure 37. describes the same area as the ui 
calculated directly from the segment fluxes. The value of the 1st harmonic of Bg was recalculated 
to middle value and then to average value of the magnetic flux through the one coil to get the 
correct result. 

 

6.1 Power and torque calculation 
 

We calculated power and torque of the machine from two different equations so we can be sure 
that the results are right if the two equations give same results. In both equations we used 
subsidiary circuits to calculate all needed parameters. We assumed that the machine is working as 
a generator at nominal rpm.  Firstly we calculated according to this equation: 

P = 3 o��.�u
��.��

sinβ + U#:
��P��

:.��.��.��
sin2βr       (6.1) 

We know these parameters: 

Ld = 0,3268mH 

Lq = 0,6089mH 

f = 1300rpm/60 = 21,667 Hz 

Ui = 59,65V/√2 = 42,17 V 

Only one unknown parameter is voltage U1 which we can get from subsidiary circuit of machine. 
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Ui

Ld
Ra

R

Inom

U1

 
Fig. 38. Reciprocal circuit of machine. 

 
In reciprocal circuit (Fig. 38.) the Ra = 0,0281Ω is phase resistance which we know from 
parameters of machine and the R is the load of the machine that the Inom=203,7A. 

7��� = g*
� = g*

�. �3 + 5F + 5 

5 = g*
7��� −  �. �3 − 5F = 42,17

203,7 −  2. d. 21,667.0,0003268 − 0,0281 = 0,1344Ω 

g1 = 5. 7��� = 0,1344.203,7 = 27,38� 
 
When we have all needed parameters we calculated the power of the machine according to the 
change of load angle β. 
 

P = 3 o 27,38.42,17
2. π. 21,667.0,0003268 sinβ + 27,38: 0,0003268 − 0,0006089

2.2. π. 21,667.0,0003268.0,0006089 sin2βr 

 
 

 
Fig. 39. Power characteristic of the synchronous machine according to load angle from first 

equation. 
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Nominal power of machine from first equation is: 

���� = 2 �3�#SD°
D°

180 = 49564| 

 
We also calculated the power and torque of machine from this equation to verify our reults: 
P = 3. M. ω = 1,5. pp�ψ��. i� + �L� − L� . i�. i� . ω. 3       (6.2) 

From the parameters of machine we know: 
pp = 4 
ΨPM = 0,1883 Wb 
We need to calculate the id and iq current through the d-q axis reciprocal circuits of the machine 
and for that we need to transfer Ui voltage to d-q axis. According to Park’s transformation we 
calculated the direct and quadrature part of Ui. We calculated this transformation only for one 
phase and thats the reason why we need to multiply equation 6.2 with number 3. 
 
Uia= 59,65V (amp)  
Uic=Uib= 0 V 

U¡� = 2
3 cos�0�U¡¢ + 2

3 cos�−120°�U¡£ + 2
3 cos�120°� U¡¤ = 2

3 cos�0�U¡¢ = 39,766V 

U¡� = − :
U sin�0�U¡¢ − :

U sin�−120°�U¡£ − :
U sin�120°� U¡¤ = − :

U sin�0�U¡¢ = 0V  

 
From this transformation we can see that voltage Uid is cosinus shaped with amplitude 39,766V 
and Uiq is sinus shaped with amplitude 39,766V (28,118Vrms) with phase shift 90˚. 
 

Uid

Ld
Ra

R

Id

Uiq

Lq
Ra

R

Iq

  
Fig. 40. Reciprocal circuits in d-q axis. 
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We calculated Id and Iq currents and the load resistor R is same as we calculated before (Fig.38.). 

73 = g*3
�. �3 + 5F + 5 = 28,118

2. d. 21,667.0,0003268 + 0,0281 + 0,1344 = 135,84\ 

7¦ = g*¦
�. �¦ + 5F + 5 = 28,118

2. d. 21,667.0,0006089 + 0,0281 + 0,1344 = 114,58\ 

 
Then we calculated power of machine according to the change of load angle β. 
P = 1,5.4. �0,1883. √2. 114,58. sinβ + �0,0003268 − 0,0006089�√2. 135,84cosβ. √2. 114,58. sinβ . 2. π. 23,33.3 
 

 
Fig. 41. Power characteristic of the synchronous machine according to load angle from second 

equation. 
Nominal power of machine from second equation is: 

���� = 2 �3�#SD°
D°

180 = 47598,6| 

 
The power characteristics from both equations are very similar and for better comparison we put 
them in one characteristics (Fig. 42.). The nominal given machine power is 45kW and in our 
results from the equations we get 49,5kW and 47,6kW which is slightly higher than nominal 
value and from this we can assume that our results are correct. Also from the characteristics we 
can see that nominal power is around load angle β = 50˚. 
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Fig. 42. Power characteristic of the synchronous machine according to load angle from both 

equations. 
At least we calculated torque characteristics from the first equation by simple dividing of power P 
with angular velocity ω (Fig. 43.). 

 
Fig. 43. Torque characteristic of the synchronous machine according to load angle from first 

equation. 
 

Nominal torque of machine from first equation is: 

§��� = 2 §3�#SD°
D°

180 = 3646� 
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7 CONCLUSION 
 

By using the proposed method of capacitance/reluctance network firstly we created a static model 
of the synchronous PM machine with linear magnetic resistors. The shape of the resulting 
magnetic flux density in the air gap was correct but the value of density is higher than in the real 
machine. In the continuation of this work we replaced the linear magnetic resistors with nonlinear 
corresponding to the BH curve of the used steel sheets. We compared our results with the FEM 
method calculated values. Then we made a dynamic parametric simulation from which we 
calculated induced voltage in one coil of the winding. At the end we calculated power and torque 
characteristics using induced voltage and reciprocal circuits of machine and two methods of 
calculation. The calculated nominal values of power correspond to the nominal values of this 
motor. 
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ENCLOSURE 
Datasheet of used PM manufactured by MagnetUK: 

 

BH curve of used electrical steel sheets: 
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Chart of the values of magnetic flux density in the air gap depending on the current (Fig. 19.): 

  B [T] 
θ [˚] I=0A I=17,505A I=35,01A I=52,52A I=70,02A 

0 0,036 0,029 0,022 0,015 0,008 
1,5 0,036 0,029 0,022 0,015 0,008 

3 0,036 0,029 0,022 0,015 0,008 
4,5 0,036 0,029 0,022 0,015 0,008 

6 0,036 0,029 0,022 0,015 0,008 
7,5 0,009 0,025 0,041 0,056 0,072 

9 0,85 0,836 0,822 0,809 0,795 
10,5 0,85 0,836 0,822 0,809 0,795 

12 0,85 0,836 0,822 0,809 0,795 
13,5 0,85 0,836 0,822 0,809 0,795 

15 0,16 0,167 0,173 0,179 0,185 
16,5 1,5 1,564 1,634 1,704 1,774 

18 1,5 1,564 1,634 1,704 1,774 
19,5 1,5 1,564 1,634 1,704 1,774 

21 1,5 1,564 1,634 1,704 1,774 
22,5 0,278 0,299 0,321 0,343 0,365 

24 1,5 1,666 1,833 1,998 2,165 
25,5 1,5 1,666 1,833 1,998 2,165 

27 1,5 1,666 1,833 1,998 2,165 
28,5 1,5 1,666 1,833 1,998 2,165 

30 0,275 0,297 0,319 0,340 0,362 
31,5 0,864 0,906 0,948 0,990 1,032 

33 0,864 0,906 0,948 0,990 1,032 
34,5 0,864 0,906 0,948 0,990 1,032 

36 0,864 0,906 0,948 0,990 1,032 
37,5 0,156 0,155 0,154 0,154 0,153 

39 0,045 0,106 0,166 0,227 0,288 
40,5 0,045 0,106 0,166 0,227 0,288 

42 0,045 0,106 0,166 0,227 0,288 
43,5 0,045 0,106 0,166 0,227 0,288 

45 0,007 0,001 0,005 0,011 0,017 
 


