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Abstract—This paper presents a fully analytical procedure 

for the computation of the no-load characteristic of salient-pole 

wound field synchronous machines. The proposed method 

consists of applying the Ampere’s law to the magnetic circuit 

along the d-axis divided into five different parts. The procedure 

considers the magnetic shunt of the stator slots and the 

distortion of the air gap flux density caused by the lamination 

saturation. Moreover, the waveform of the air gap flux density 

also takes into account the anisotropic shape of the rotor pole. 

The procedure has been validated by means of finite elements 

simulations on two different machines.  

Keywords— electrical machines, wound field synchronous 

machines, electromagnetic design, transportation electrification, 

propulsion motors, no-load characteristic. 

I. INTRODUCTION 

The selection of the most preferred electric machine type 
for transportation electrification depends on a tradeoff among 
different aspects, such as power density, efficiency, costs, 
dynamics, without forgetting controllability, reliability, and 
resilience. The impact of these different criteria on the 
machine selection heavily depends on the considered field of 
transportation, namely transports of land, water, and air.  

Rotor-excited synchronous machines are frequently a 
primary choice in transportation applications thanks to their 
enhanced efficiency compared to other alternatives, such as 
the induction motor. Furthermore, superior power density 
values can be achieved for machines equipped with permanent 
magnets (PMs) [1]. However, the price volatility of the rare-
earth materials used for high energy magnets is driving 
towards PM-free alternatives to guarantee a sustainability for 
a future large volume production of electrified vehicles [2]. 
Also thanks to the upcoming European Critical Raw Materials 
Act (planned for first quarter 2023 [3]) it is evident that the 
raw materials crisis makes it necessary to limit the dependence 
on rare earths in the supply chain of transport systems, which 
are increasingly destined to become electrified. 

The wound-field synchronous machine (WFSM) 
undoubtedly represents an interesting PM-free option for 
transportation applications [4]. In fact, the complete 
controllability of the magnetic field through the regulation of 
the excitation current provides to this machine topology 
enhanced benefits. For instance, the possibility of operating 
the machine with a leading power factor allows using load 
commutated converters. This is particularly welcome in large 
propulsion systems to reduce the cost of the power electronics 
[5]-[7]. Furthermore, the possibility of completely removing 
the machine excitation guarantees for the WFSM an excellent 
fault mitigation capability, strictly requested by the aviation 
industry to match their high safety standards [8]. 

The application of WFSMs in propulsion systems has not 
been widely investigated yet. The reasons might be multiple, 
such as their historical application for large fixed-speed 
generators, or the necessity to bring the excitation current to 
the rotor side [9]. While the former reflects in a still limited 
number of experienced producers of small-size variable speed 
WFSMs, the latter usually induces fear for the additional 
maintenance, volume and weight required for the rotor current 
supply apparatus. Furthermore, salient-pole configurations 
can present some limits at high-speed operations to avoid 
mechanical stress on the rotor windings [8], [10]. 

However, the recent trend on the automotive market 
highlights an upward interest for WFSMs as traction motors 
[9], [11]-[13]. The benefits brought by the complete 
controllability of excitation field are, for instance, extended 
constant power speed range operations, improved power 
factor, enhanced safety management in case of inverter faults. 
Also, higher efficiency values can be achieved in low-torque 
operations, where EVs are frequently driven [12]. The market 
shows that some car manufacturers are using slip ring 
solutions to supply the dc current to the wound rotor [14]. This 
makes reasonable to consider the brush wear compatible with 
the maintenance needs. Anyway, wireless alternatives based 
on harmonic, capacitive, and inductive power transfers can 
also be used, as amply demonstrated in the context of aircraft 
on-board auxiliary generation [15]-[17].  

The additional degree of freedom introduced by the rotor 
current makes the electromagnetic design not trivial. Both the 
stator current vector and the rotor current must be imposed for 
each load point in the torque-speed range required by the 
vehicle driving cycle, significantly expanding the design 
space. Consequently, a new WFSMs design from scratch, as 
often required to satisfy unconventional constraints imposed 
to propulsion motors, could be extremely time consuming if 
faced using finite element tools or optimization algorithms. 
Dedicated design approaches, as well as electromagnetic 
analyses of built machines, have been proposed to facilitate 
the design of WFSMs. Examples are based on magnetic 
equivalent circuits [18], surrogate modeling or metamodeling 
[19], analytical models [20]. 

In this scenario, this paper proposes a fast computation of 
the no-load characteristic for wound field synchronous 
traction motors, which represents one of the first step needed 
in WFSM design and analysis. The proposed procedure is 
based on a fully analytical approach and considers the 
lamination saturation that leads to the distortion of the air gap 
flux density waveform, together with the slot shunt effect in 
presence of heavy saturation of the stator teeth. In addition, 
the distorted air gap flux density waveform includes the 
anisotropic structure of the salient pole.  



 

Fig. 1. Magnetic cirtcuit along the d-axis.  

II. AIR GAP FLUX DENSITY & TOTAL AMPERETURNS 

COMPUTATION 

The no-load characteristic of wound field synchronous 

machines is the curve 𝐸(𝐼𝑟), where 𝐸 is the no-load induced 

voltage and 𝐼𝑟  is the rotor current. This characteristic can be 

simply obtained starting from the characteristic 𝐵𝑔(𝐴𝑇) , 

where 𝐵𝑔 is the magnetic flux density in the air gap and 𝐴𝑇 

are ampereturns required to magnetize the machine [21]. The 

proposed computation of 𝐵𝑔(𝐴𝑇) is based on the subdivision 

of the magnetic circuit of the machine along the d-axis into 5 

different parts, as shown in Fig. 1: the air gap, the stator and 

rotor yoke, the stator teeth, and the rotor pole. For a fixed 

value of the maximum value of the air gap flux density, the 

magnetic flux density of each branch of the circuit is 

computed as explained in the following sections. Based on 

the obtained values, the magnetic field is found by means of 

the magnetic characteristic of the material, and thus the MMF 

drop is computed. The characteristic 𝐵𝑔(𝐴𝑇) is defined by 

plotting the fundamental component of 𝐵𝑔 as a function of the 

sum of the computed MMF drops. 

A. Air gap MMF Drop 

The air gap length of salient-pole WFSM is generally 

shaped to be inversely proportional to the cosine of the angle 

that starts from the center of d-axis, as expressed in (1), being 

𝛼𝑚 the mechanical angle, 𝑝 the number of pole pairs, and 𝑔0 

is the minimum air gap length. 
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The value of the MMF drop in the air gap can be 

computed as in (1), where 𝐵𝑔,𝑚𝑎𝑥 is the maximum value of 

the magnetic flux density in the air gap, 𝑘𝑐 is the Carter factor 

computed for the average air gap length. 
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B. Stator teeth MMF Drop 

The saturation of the stator teeth has a significant impact 
on the total amount of ampereturns required to magnetize the 
circuit. In light saturation conditions, it is generally assumed 
that the magnetic flux relative to one slot pitch entirely goes 
through the teeth.  

(a)  

(b)  

Fig. 2. Shunt effect of the slot (a), teeth working point (b). 

In this case, the maximum value of magnetic flux density 
at the beginning of the tooth 𝐵𝑡0 can be found as expressed in 
(3) and (4), where 𝜏𝑠 is the slot pitch, and 𝐿 is the axial length. 
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However, in strong saturation conditions, the amount of 
magnetic flux in the slot becomes non-negligible. The 
magnetic shunt of the stator slot is evaluated by an iterative 
procedure. In this procedure, the slot and the tooth are divided 
into 𝑁 layers, as shown in Fig. 2a, and it is assumed that the 
equipotential lines of the magnetic field are parallel [22]. 

For each layer, the magnetic flux of both the stator tooth 
(5) and the stator slot (6) are computed. 

 t t st tB L k w =     (5) 

 (1 )s s s s st tB L w B L k w =   +   −   (6) 

Where 𝐵𝑡  and 𝐵𝑠 are the magnetic flux density in the tooth 
and in the slot respectively, 𝑘𝑠𝑡 is the lamination stack factor, 
𝑤𝑡  and 𝑤𝑠 are the widths of the tooth and the slot respectively. 
In equation (6), the first term represents the flux shunt of the 
slot, while the second the flux shunt of the air between the 
lamination sheets in the tooth. The sum of the magnetic flux 
of the tooth and the slot is the magnetic flux relative to one 
slot pitch. 

 sp t s =  +  (7) 

Substituting (4)-(6) in (7), the value of 𝐵𝑡0  can be 
expressed as in: 
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In (8), 𝐻𝑠𝑡  is the value of the magnetic field assumed equal 
for both the tooth and the slot. The working point of the teeth 
is thus obtained by intersecting the iron magnetic 
characteristic with the line 𝐵𝑡0 − 𝑚𝐻, as expressed in (9) and 
shown in Fig. 2b. 

 
0

( )t

t t

B B H

B B m H

=


= − 
 (9) 

Magnetic

Equipotential

Lines



              

Fig. 3. Curve of the MMF drop in the teeth and in the air gap Fig. 5. Typical air gap flux density by FEM. 

                   

Fig. 4. Air gap flux density distortion Fig. 6. Distorted air gap flux density computation. 

Therefore, for a given value of 𝐵𝑔,𝑚𝑎𝑥, the MMF drop in 

the teeth is obtained by implementing the following steps: 

• The tooth and the slot are divided into 𝑁 layers and, for 
each layer, the widths of the tooth and the slot are 
computed, as well as the value of the coefficient 𝑚, 
implicitly defined in (8). 

• The value of 𝐵𝑡0 is computed using equation (3) and 
(4) and it is assumed as the starting value of the 
magnetic flux density in the tooth 𝐵𝑡 .  

• The value of 𝐻𝑠𝑡  is obtained by using 𝐵𝑡  in the 
material characteristic. 

• The new value of 𝐵𝑡  is computed through equation (8). 

• If the new value differs from the previous one more 
than a fixed tolerance, the computation is repeated 
assuming the new value of 𝐵𝑡  as starting value. 

The MMF drop in the teeth is obtained by summing the 
MMF drop of each layer, as in (10), where 𝐻𝑖  is the magnetic 
field of the i-th layer and Δx is the length of the layer. 
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By varying the value of 𝐵𝑔,𝑚𝑎𝑥  the function 𝐴𝑇𝑡(𝐵𝑔,𝑚𝑎𝑥) 

is obtained, e.g., as depicted in Fig. 3.  

C. Air gap flux density waveform 

The computation of the MMF drop in the stator yoke, as 
well as in the remaining considered machine parts, requires 
the estimation of the distribution of the magnetic flux density. 
The specific shape of the rotor pole, described in (2), leads to 
a sinusoidal MMF distribution at the air gap. In saturation 
conditions, the waveform of the magnetic flux density 
produced by a sinusoidal MMF waveform is distorted along 
the air gap circumference, as shown in Fig. 4. It is assumed 
that the distortion is mainly caused by the teeth saturation, 
while the MMF drops in the stator and rotor yoke and in the 
pole do not affect the magnetic flux density distortion. 

Therefore, considering a sinusoidal MMF at the air gap, its 

maximum value is obtained from the function 𝐴𝑇𝑔𝑡(𝐵𝑔,𝑚𝑎𝑥), 

for a given value of 𝐵𝑔,𝑚𝑎𝑥 . Let us define the angular variable 

𝛼  starting from the center of the pole and expressed in 
electrical radians. The function of the MMF in the air gap is 
thus built as stated in (11). 

 ,max( ) ( ) cos( )gt gAT AT B =   (11) 

For the computation of the air gap flux density, it must be 
considered that its value in the area between two consecutive 
poles is nearly zero. Indeed, the presence of a large area of air 
in the q-axis causes the air gap flux density to decrease 
abruptly, as it can be seen in Fig. 5 (where it is also evident 
the effect of the permeance harmonics of the stator slot 
openings). Therefore, the air gap flux density can be modelled 
as a function of 𝛼 as in (12).  
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Where 𝑘𝑏 represents the percentage of one electric pole 
occupied by the pole head, and 𝐵𝑔,0 is the air gap flux density 

without considering the cited reduction. In particular, the 
distorted flux density distribution of 𝐵𝑔,0  can be obtained 

following the procedure shown in Fig. 6 [22]. The 
fundamental value of the obtained magnetic flux density is 
thus computed as in (13). 

 
/2

,1

0

4
( ) cos( )g gB B d



  


=     (13) 

This procedure is discretized by dividing half pole of the 
air gap into 𝑁𝑦  pieces, hence the variable 𝛼  is the angular 

position of the center of each piece.  



 

Fig. 7. Sketch of the wound field synchronous machine. 

Therefore, it is possible to compute the fundamental value 
of the distorted magnetic flux density as in (14), being the 
discretization of equation (13).  
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D. Stator yoke MMF drop 

In the stator yoke, the flux density takes the minimum 
value in the d-axis, and it progressively increases moving 
towards the q-axis. Indeed, as shown in Fig. 7 for a 6-poles 
machine, the value of the magnetic flux density increases with 
the angular coordinate 𝛼.  

The air gap flux density in the stator yoke can be, 
therefore, expressed as in (15), starting from the function of 
the magnetic flux density in the air gap. 

 
0

1
( ) ( )

2

g

sy g

sy st

D
B B d

h k p



  =   
   (15) 

Being 𝐷𝑔  the diameter at the air gap and ℎ𝑠𝑦  the stator 

yoke height. For a discrete variable 𝛼 , the magnetic flux 
density in the yoke can be expressed as (16), where 𝑛𝑦 is the 

number of yoke pieces for 𝛼 = 𝛼𝑖. 
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Finally, the MMF drop in the stator yoke is computed as 
in (17), where 𝐷𝑠𝑦  is the diameter at the center of the yoke. 
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E. Rotor yoke and pole MMF drop 

For what concerns the computation of the MMF drop in 
the rotor yoke and pole, a constant value of the magnetic flux 
is considered in both branches. Indeed, as shown in Fig.7, due 
to the absence of the slots in the rotor, the whole magnetic flux 
flows through all the rotor yoke and pole body. However, such 
assumption implies the small approximation of neglecting the 
magnetic flux variation on the root of the tooth body where 
the magnetic flux funnels into the rotor pole body. 

The value of the flux per pole must be found to compute 
the remaining ampereturns, and it is obtained by integration of 
the magnetic flux density in the air gap as in equation (18).  
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Being the value of the integral of the magnetic flux density 
for the discrete variable 𝛼 obtained the sum of all the 𝐵𝑔(𝛼𝑖) 

in half of the pole, as expressed in (19). 
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Therefore, the values of the magnetic flux density in the 
rotor yoke and pole are computed as in equations (20) and (21) 
respectively, that is by dividing the flux for the width of the 
path and considering that half of the flux per pole goes through 
the rotor yoke. 
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From the magnetic curve of the material the magnetic field 
in the rotor yoke (𝐻𝑟𝑦) and in the pole (𝐻𝑝) are obtained. Thus, 

it is possible to compute the MMF drops as in (22) and (23), 
which means by multiplying the magnetic field of each branch 
for the length of the branch. 
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Where 𝐷𝑟𝑖  is the inner rotor diameter, ℎ𝑟𝑦 is the rotor yoke 

height, and 𝑙𝑝 is the rotor pole length.  

F. Total MMF drop 

Finally, for a given value of 𝐵𝑔,𝑚𝑎𝑥 , the total ampereturns 

required to magnetize the circuit in the d-axis is obtained by 
summing all the computed MMF drops of each considered 
machine part, as in (24). 

 tot d t sy ry pAT AT AT AT AT AT= + + + +   (24) 

III. NO-LOAD CHARACTERISTIC COMPUTATION 

At this stage the characteristic 𝐴𝑇𝑡𝑜𝑡 - 𝐵𝑔1  has been 

identified by varying the value of 𝐵𝑔,𝑚𝑎𝑥  and following the 

proposed procedure. The curve must now be manipulated to 
obtain the no-load characteristic 𝐸-𝐼𝑟 . The rotor current value 
is simply obtained dividing the total amepereturns by the 
number of rotor turns 𝑁𝑟. The fundamental component of no-
load voltage can be obtained starting from the fundamental 
component of the magnetic flux density in the air gap, as 
shown in (25). where 𝐸 is expressed in rms, 𝑓 is the electrical 
frequency, 𝑘𝑤  is the winding factor, 𝑁𝑠  is the equivalent 
number of turns in series per phase of the stator. 
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 (a) (b) (c) 

Fig. 8. Results for WFSM1: 2D sketch (a), no-load characteristic (b), air gap flux density (c). 

TABLE I.  NO-LOAD CHARACTERISTIC VALUES COMPARISON FOR WFSM1. 

Ir, (A) 0.00 0.10 0.24 0.42 0.66 0.97 1.39 1.94 2.66 3.61 4.86 6.52 

EFEM, (V) 0.00 20.43 48.14 84.63 131.7 173.4 192.8 206.8 218.5 228.6 237.7 246.7 

EAnalytical, (V) 0.00 19.58 46.60 82.28 127.8 171.3 189.7 202.3 213.6 223.4 232.4 240.3 

Error, (%) - -4.2% -3.2% -2.8% -2.9% -1.2% -1.6% -2.2% -2.3% -2.3% -2.3% -2.6% 

 

 (a) (b) (c) 

Fig. 9. Results for WFSM2: 2D sketch (a), no-load characteristic (b), air gap flux density (c). 

TABLE II.  NO-LOAD CHARACTERISTIC VALUES COMPARISON FOR WFSM2. 

Ir, (A) 0.00 0.16 0.37 0.65 1.02 1.51 2.15 3.00 4.12 5.59 7.53 10.09 

EFEM, (V) 0.00 17.86 41.78 72.99 103.7 118.4 128.4 136.5 143.5 150.0 156.6 163.7 

EAnalytical, (V) 0.00 17.41 41.09 71.96 103.7 118.9 128.2 135.9 142.6 148.6 153.9 159.0 

Error, (%) - -2.5% -1.7% -1.4% 0.0% 0.4% -0.2% -0.5% -0.7% -0.9% -1.7% -2.9% 

 

IV. PROCEDURE VALIDATION  

The proposed procedure is validated by means of 
simulations with finite element method. Two machines of 4 
and 6 poles are used as reference for the results comparison, 
hereinafter WFSM1 and WFSM2 respectively. For both 
machines the values of 𝑁 and 𝑁𝑦 are set to 100. The obtained 

results are reported in Fig. 8 and Fig. 9, together with a 2D 
sketch of the lamination geometry (Fig. 8a and Fig. 9a). 
Fig. 8b and Fig. 9b show the obtained no-load characteristics 
analytically and with FEM simulations. The obtained values 
can be directly compared by looking at Table I and Table II, 
which collect the no-load voltages for each rotor current, as 
well as the error between FEM and analytical procedures.  

 100
analytical FEM

FEM

E E
Error

E

−
=   (26) 

Low percentage errors occur in computing the no-load 
characteristic with the proposed procedure. This is especially 
welcome in the saturation region since this type of machines 
usually work in high saturation conditions. On the contrary, a 
higher percentage error can be seen in the first part of the 
curve, especially for WFSM1, albeit with a limited absolute 
deviation, i.e., 0.86 V for the first rotor current different from 
zero. In any case, the maximum error is always less than 4.2%, 
while it decreases up to 0-3% in the saturation region. The left 
side of Fig. 8c and Fig. 9c compares the FEM and analytical 
air gap flux density curves for 𝐵𝑔,𝑚𝑎𝑥 = 1 𝑇, while the right 

side shows their fundamental components. In the analytical 
curve, that does not consider the variation due to the slot 
openings, it is easy to appreciate both the distortion and the 
construction of the waveform as expressed in (11).  



V. CONCLUSION 

This paper proposes an analytical procedure for the 
computation of the no-load characteristic for wound field 
synchronous machines for traction applications, although the 
technique can be extended to other field of applications. The 
proposed procedure starts from the lamination geometry data, 
basic winding layout information, and the magnetic 
characteristic of the ferromagnetic material. The algorithm 
considers the shunt of the stator slots, the distortion of the air 
gap flux density due to the iron saturation, as well as its 
distinctive waveform caused by the salient-pole rotor 
geometry of WFSMs. 

The procedure has been validated by means of finite 
elements simulations for two different WFSMs. Results have 
shown a good prediction of the no-load characteristic, with a 
maximum error of 4.2%, obtained for low values of the 
induced voltage. The predictions in the saturation region are 
underestimated of 0-3%. 

The computational time required by the proposed 
analytical procedure for computing thousands of points of the 
no-load characteristics resulted less than 6 seconds in a 4-core, 
1.8 GHz personal computer, while more than 2 minutes are 
required by non-parallelized FEM to compute only twelve 
points on the same computer. This reduction on the 
computational time can be highly beneficial, for instance, 
when multiple no-load characteristics of WFSMs need to be 
computed several times during the execution of optimization 
algorithms. Also, the time required to implement the 
explained procedure might be less than setting up a dedicated 
FEM simulation, depending on the user experience. 
Moreover, the collection of all the used equations makes this 
paper of essential help for the reader seeking the procedure to 
compute the no-load characteristic of wound field 
synchronous machines. 
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