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Abstract—Multi-three-phase electrically excited synchronous 

machines can enable the electrification of applications featuring 

stringent requirements in terms of fault tolerance and reliability, 

as in the aerospace industry and in sustainable energy generation. 

Indeed, the presence of multiple stator three-phase winding sets 

improves both redundancy and operational safety. Moreover, the 

regulation of the excitation achieved by means of the rotor winding 

enables the possibility of completely de-energizing the machine in 

case of faults. Furthermore, the rotor current regulation allows 

achieving high efficiency and power factor in a wide speed range. 

However, multiple stator three-phase sets and the presence of a 

variable rotor current result in nontrivial dynamic modeling, 

particularly when considering the iron saturation nonlinearities. 

In this framework, a multi-stator formulation for the nonlinear 

dynamic modeling of the multi-three-phase electrically excited 

synchronous machine is developed. The multi-stator approach 

interacts with a separate rotor model for the computation of the 

excitation flux linkage dynamics. The accuracy and capabilities of 

the proposed model in representing fault conditions are evaluated 

in simulation using the data of a quadruple-three-phase motor. 

Keywords—electrically excited synchronous motor, multi-three-

phase machines, dynamic modeling, multi-stator model, flux maps. 

I. INTRODUCTION 

The path toward the electrification of the transport industry, 
especially the aircraft sector, and sustainable energy conversion, 
such as the offshore wind generation, requires advancements in 
fault-tolerant and reliable electric machines and drives [1]-[6]. 
The stringent fault tolerance and safety requirements demanded 
by these applications can be achieved by means of multi-three-
phase machine configurations, in which the stator has multiple 
three-phase winding sets [7]-[9]. In this regard, the individual 
contributions of each set to the total flux and torque productions 
increase the redundancy of the electric machine [10]-[12]. 

Among the main multi-three-phase machine characteristics, 
there is the possibility of reducing the per-phase current rating 
for a given power, compared to three-phase machines [13], [14]. 
Indeed, multiple winding sets allow reducing the phase current, 
without increasing the corresponding phase voltage, particularly 
in high-power applications. Moreover, conventional three-phase 

DC/AC power electronics converters can also be used for the 
stator supply [15], [16]. Furthermore, the modularity associated 
with multi-three-phase machine stators enables straightforward 
reconfiguration of the drives in the event of an open-phase fault, 
in which the faulty three-phase unit can be disconnected from 
the power supply [17], [18]. Finally, reduced torque pulsations 
can be obtained with multi-three-phase machine configurations 
in healthy conditions and the low torque ripple can be preserved 
in the post-fault operation for weak magnetic couplings between 
the stator sets [19], [20]. 

For particularly safety-critical applications, the electrically 
excited synchronous machine (EESM) topology benefits from 
intrinsic fail-safe characteristics [21], [22]. Indeed, the machine 
peculiarity consists of the controllability of the excitation field, 
provided by the rotor winding [23]. In the case of a stator fault, 
the possibility of promptly acting on the field current enhances 
both the reliability and the safety of the multi-three-phase drive 
[24]. Moreover, the excitation flux can be regulated to improve 
the performance at partial load, as well as to widen the constant 
power speed range [25]. In order to overcome the challenges of 
the excitation current supply, many research activities have been 
focusing on developing low-maintenance, brushless systems for 
the rotor circuit [21]-[23]. 

 

Fig. 1. Schematic representation of a 2-pole multi-three-phase EESM. 



 

 

The implementation of accurate dynamic models for multi-
three-phase EESMs constitutes an essential tool for numerical 
simulations [26]. However, the contribution of the literature to 
the dynamic modeling of multi-three-phase electrically excited 
synchronous machines considering the nonlinearities is limited. 
These dynamic models are needed to develop control algorithms 
and to analyze the drive performance in the case of faults, when 
one or more stator three-phase sets are excluded from the total 
flux and torque productions [27]. For this purpose, the modeling 
approach must be capable of simulating the different machine 
fault conditions, while also representing the magnetic saturation 
occurring in the iron core. The scenario is further complicated 
by the presence of the rotor current, constituting an additional 
control variable for the multi-three-phase EESMs, with respect 
to the other machine types. 

In this paper, a dynamic modeling approach for multi-three-
phase electrically excited synchronous machines is proposed. 
The modularity of the developed model, consisting of separate 
blocks for the different machine windings, is achieved by means 
of the multi-stator (MS) formulation, which permits highlighting 
flux and torque contributions of each stator three-phase set [17]. 
In addition, the MS approach constitutes a convenient method to 
simulate the disconnection of the three-phase sets following an 
open-phase fault. High fidelity in representing the nonlinearities 
of the iron saturation is obtained using flux-error maps, which 
are derived from the current-to-flux maps, i.e., the relationships 
between the stator and rotor flux linkages and currents. The MS 
model interacts with a separate rotor electromagnetic model to 
simulate the rotor dynamics, considering also the nonlinearities 
and enhancing the modularity of the EESM modeling approach. 
Finally, the results accuracy and the machine model capabilities 
in simulating the fault conditions are analyzed in a state-variable 
based environment, namely MATLAB/Simulink, using the data 
of a quadruple-three-phase EESM prototype obtained by finite 
element simulations. 

II. MULTI-STATOR FORMULATION 

The multi-stator dynamic model of the EESM is derived by 
applying the Clarke and Park transformations to the equations in 
phase variables of each stator three-phase winding unit. In this 
way, the electromagnetic variables of the sets are all referred to 
the dq reference frame, in which the d-axis corresponds to the 
rotor winding magnetic axis. For every unit, a different angle 𝜃𝑘 
is used for the Park transformation, as highlighted in Fig. 1 for a 
representative 2-pole machine. In addition, the proposed model 

can be adopted for the simulations of multi-three-phase EESMs 
with symmetrical or asymmetrical stator windings [28]. 

Neglecting the iron losses, in an EESM with a number 𝑛 of 
three-phase stator winding sets, the dynamic equation of the MS 
formulation in the rotating dq reference frame, for the k-th set 
(𝑘 = 1,  2, … , 𝑛), consists of: 

 𝒗𝒔,𝒌 = Rs,k 𝒊𝒔,𝒌 +
𝑑𝝀𝒔,𝒌

𝑑𝑡
+ 𝜔𝑒  𝐉 𝝀𝒔,𝒌 (1) 

where 𝒗𝒔,𝒌, 𝒊𝒔,𝒌 and 𝝀𝒔,𝒌 are vectors containing the d- and q- 

voltages, currents and flux linkages, respectively, in the form 

𝒙𝒔,𝒌 = [𝑥𝑑,𝑘;  𝑥𝑞,𝑘]. Rs,k is the k-th winding resistance, 𝜔𝑒 is the 

electrical pulsation and 𝐉 = [0, −1;  1,  0]. In order to solve (1), 
the current 𝒊𝒔,𝒌 is retrieved by means of (2), in which Lσs,k is the 

leakage inductance of the k-th set and 𝝀𝒎𝒂𝒈 is the magnetizing 

flux linkage of the stator, generated by the combined action of 
all the three-phase units and of the rotor winding. 

 𝝀𝒔,𝒌 = Lσs,k 𝒊𝒔,𝒌 + 𝝀𝒎𝒂𝒈 (2) 

The current vector expression can be also directly substituted 
into (1), leading to the stator k-th set model in (3) represented by 
the scheme in Fig. 2. As it can be observed, 𝝀𝒎𝒂𝒈 is needed in 

the computation of the flux linkage time derivative for the stator 
k-th three-phase unit. 

 
𝑑𝝀𝒔,𝒌

𝑑𝑡
= 𝒗𝒔,𝒌 +

Rs,k

Lσs,k
 𝝀𝒎𝒂𝒈 −

Rs,k

Lσs,k
 𝝀𝒔,𝒌 − 𝜔𝑒  𝐉 𝝀𝒔,𝒌 (3) 

For the purpose of the model implementation including iron 
saturation, the current-to-flux maps constitute the starting point 
of the procedure. For each stator three-phase winding, the maps 
can be expressed as: 

 {
𝜆𝑑,𝑘 = 𝜆𝑑,𝑘(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 𝑖𝑓)

𝜆𝑞,𝑘 = 𝜆𝑞,𝑘(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 𝑖𝑓)
 (4) 

in which the flux linkage, with both leakage and magnetizing 
contributions, is a function of all the stator d- and q- currents and 
of the rotor field f- current. In this regard, the magnetizing flux 
linkage can be retrieved for the different operating conditions: 

 {
𝜆𝑚𝑎𝑔,𝑑 = 𝜆𝑑,𝑘(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 𝑖𝑓) − Lσs,k 𝑖𝑑,𝑘

𝜆𝑚𝑎𝑔,𝑞 = 𝜆𝑞,𝑘(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 𝑖𝑓) − Lσs,k 𝑖𝑞,𝑘

 (5) 

During the simulation, the 𝝀𝒎𝒂𝒈 needed to compute the state 

variable time derivative in (3) is expressed as: 

 𝝀𝒎𝒂𝒈 = 𝝀𝒔𝒇 + 𝐌𝐝𝐪 ∑ 𝒊𝒔,𝒌𝑘 − 𝚫𝝀𝒎𝒂𝒈 (6) 

in which the maps corresponding to the right-hand side terms 
are determined prior to the simulation, using the stator maps in 
(5). In particular, 𝝀𝒔𝒇 in (6) is the part of stator magnetizing flux 

linkage generated by the field winding, equal to: 

 𝝀𝒔𝒇 = [𝜆𝑚𝑎𝑔,𝑑(0,0, 𝑖𝑓); 0] (7) 

 

Fig. 2. Electromagnetic dq model of the stator k-th three-phase winding. 



 

 

Moreover, 𝐌𝐝𝐪 is a 2 × 2 diagonal matrix storing the d- and 

q- stator magnetizing inductances: 

 {
Md =

𝜆𝑚𝑎𝑔,𝑑  (∑ 𝑖𝑑,𝑘𝑘 , 0, 𝑖𝑓) − 𝜆𝑠𝑓,𝑑

∑ 𝑖𝑑,𝑘𝑘

Mq =
𝜆𝑚𝑎𝑔,𝑞 (0, ∑ 𝑖𝑞,𝑘𝑘 , 𝑖𝑓)

∑ 𝑖𝑞,𝑘𝑘

 (8) 

The calculation of Md and Mq for the different field currents 

can be performed for any d- or q- stator current values. However, 
the unsaturated condition represents the most convenient choice 
for (8), as it minimizes the interpolation errors at the borders of 
the model maps during the simulations. Indeed, the choice of the 
𝐌𝐝𝐪 strongly affects the 𝚫𝝀𝒎𝒂𝒈 values. The sum of (7) with the 

product of currents and magnetizing inductances will hereinafter 
be referred to as ‘reference model’, characterized by an intrinsic 
deviation with respect to the current-to-flux relationships in (5), 
depending on the machine operating point. 

Finally, 𝚫𝝀𝒎𝒂𝒈 consists of the d- and q-axis flux-error maps 

and compensates for the deviation between reference model and 
the magnetizing flux linkage in (6) [29]. The flux-error maps are 
derived in the form of 3-D maps, as functions of the magnetizing 
flux linkage components and of the rotor current. However, the 
maps need manipulation to be included in the simulation model, 
so as to take into account the effects of the variable rotor current 
on the interpolation domain. The detailed elaboration procedure 
to determine the flux-error maps is provided in Section III. 

In this framework, the stator current vector derived using (2) 
can be substituted into (6), thus leading to the formulation in (9) 
for the magnetizing flux linkage. 

 𝝀𝒎𝒂𝒈 = 𝐗−1 (𝐌𝐝𝐪
−1 𝝀𝒔𝒇 + ∑

𝝀𝒔,𝒌

Lσs,k
𝑘 − 𝐌𝐝𝐪

−1 𝚫𝝀𝒎𝒂𝒈) (9) 

In (9), 𝐗 = 𝐌𝐝𝐪
−1 + ∑ (Lσs,k

−1  𝟙2×2)𝑘  for clarity reasons, being 

𝟙2×2 the identity matrix. Moreover, it is important to notice that, 
during the model numerical integration, the d- and q- flux-errors 
correspond to the previous simulation time instant. Indeed, the 
magnetizing flux linkage is needed to retrieve 𝚫𝝀𝒎𝒂𝒈, as shown 

by the scheme in Fig. 3. 

Regarding the advantages of the multi-stator dynamic model 
and the introduction of the magnetizing flux linkage term, there 
is the opportunity to separate the contribution 𝑇𝑒,𝑘 of each three-

phase unit to the total machine electromagnetic torque. Indeed, 
starting from the conventional torque calculation with the cross-
product between the flux linkage and current vectors, the current 
determined using (2) can be substituted into the cross-product, 
leading to (10) for the contribution of the k-th three-phase set, in 
which 𝑝 is the number of pole pairs of the machine. 

 𝑇𝑒,𝑘 =
3

2
𝑝 (𝝀𝒔,𝒌 ∧ 𝒊𝒔,𝒌) =

3

2
𝑝 (

𝝀𝒎𝒂𝒈 ∧ 𝝀𝒔,𝒌

Lσs,k
) (10) 

As it can be noted, the current vectors of the three-phase sets 
are not needed to solve the stator model, since the 𝒊𝒔,𝒌 are always 

replaced using (2). However, as detailed in Section IV, the stator 
currents are needed to interpolate the multidimensional maps of 
the rotor model, so as to compute the electromagnetic dynamics 
of the field winding variables. 

In addition, the proposed MS formulation is characterized by 
enhanced simulation capabilities for the representation of faults. 
Indeed, the stator unit disconnection following the occurrence of 
a fault can be simulated performing the summations in (9) only 
for the active sets 𝑛𝑎𝑐𝑡𝑖𝑣𝑒 . In this way, the units in open-circuit 
are excluded from the machine flux and torque productions. 

Furthermore, the developed modular approach for the stator 
modeling including iron saturation is suitable for the numerical 
simulation of multi-three-phase EESM with different resistances 
and leakage inductances among the three-phase sets. This allows 
taking into account the differences in the parameters which can 
be measured by means of experimental tests. 

III. STATOR FLUX-ERROR MAPS 

In order to improve the numerical efficiency of the proposed 
flux-error approach, the 𝚫𝝀𝒎𝒂𝒈 maps must be determined for a 

domain containing regularly spaced d- and q- stator magnetizing 
flux linkages, as expressed by (11). 

 𝚫𝝀𝒎𝒂𝒈 = 𝚫𝝀𝒎𝒂𝒈(𝝀𝒎𝒂𝒈,  𝑖𝑓) (11) 

Starting from (6), the flux-error maps can be computed for a 
regular grid of stator d- and q- currents. The main reason for the 
introduction of the magnetizing flux linkages consists of using 
the d- and q- components of 𝝀𝒎𝒂𝒈 in the 𝚫𝝀𝒎𝒂𝒈 determination, 

instead of all the currents in the stator three-phase sets from the 
previous simulation time instant. 

Moreover, to improve the model accuracy and to reduce the 
computational burden, the flux-error maps formulation must be 
capable of considering the effect of the variable rotor current on 
the boundaries of the interpolation domain. For this purpose, a 
method similar to those developed in [26] and [30] is applied, in 
which the domain of the multidimensional maps is regularized 
and normalized for each value of the rotor current. 

Regarding the domain of the d- and q- flux-error maps, two 
rounds of interpolation are performed, also iterating over all the 
values of rotor current. The regular grid of d- and q- currents for 
which 𝚫𝝀𝒎𝒂𝒈 can be determined corresponds to a 𝝀𝒎𝒂𝒈 domain 

 

Fig. 3. Computation of the stator magnetizing flux linkage. 



 

 

with non-regularly spaced elements, due to the iron saturation. 
Therefore, a regular grid of d- and q- magnetizing flux linkages 
is defined and the corresponding 𝚫𝝀𝒎𝒂𝒈 values are obtained by 

means of the first interpolation. The domain points for a regular 
current grid and the results of the first interpolation are presented 
in Fig. 4a and Fig. 4b, respectively, for a positive rotor current. 

The second interpolation is performed to consider the effect 
of the rotor current on the boundaries of the regular magnetizing 
flux grid. Indeed, for different excitations, the 𝝀𝒎𝒂𝒈 boundaries 

in Fig. 4b change, as the 𝑖𝑓 varies. Therefore, the minimum and 

maximum d- and q- components of the magnetizing flux linkage 
are determined. It is important to notice that the minimum and 
maximum 𝜆𝑚𝑎𝑔,𝑑 depend solely on the rotor current, while the 

maximum 𝜆𝑚𝑎𝑔,𝑞 depends also on the 𝜆𝑚𝑎𝑔,𝑑 value. 

Finally, the domain of magnetizing flux linkage components 
is normalized. However, the normalization procedure does not 
preserve the regularly spaced grid, as shown in Fig. 4c. Thus, a 
second interpolation of the 𝚫𝝀𝒎𝒂𝒈 values is needed to obtain a 

regular domain for (11), in which the 𝝀𝒎𝒂𝒈 elements are equally 

spaced and do not change with the rotor current. The regularized 
and normalized grid is presented in Fig. 4d. The boundaries of 
the domain are also used in the simulation for the normalization 
of 𝝀𝒎𝒂𝒈, to retrieve the flux-errors by means of (11). 

The 𝚫𝝀𝒎𝒂𝒈 for a positive rotor current is shown in Fig. 5. In 

order to provide a straightforward explanation of the behavior 
for the flux-error maps, the domain of Fig. 4b has been chosen. 
As it can be observed in Fig. 5a, the d-axis component of 𝚫𝝀𝒎𝒂𝒈 

is close to zero for low 𝜆𝑚𝑎𝑔,𝑑 values, since the reference model 

approximates well the magnetizing flux linkage. Conversely, for 
higher 𝜆𝑚𝑎𝑔,𝑑 values, which correspond to relatively high stator 

d-axis currents, the reference model derived in the unsaturated 
condition results in larger 𝜆𝑚𝑎𝑔,𝑑. Therefore, according to (6), 

Δ𝜆𝑚𝑎𝑔,𝑑 compensates for the deviation with the current-to-flux 

maps. Furthermore, the cross-saturation impact can be noted, as 
the flux-error values increase as 𝜆𝑚𝑎𝑔,𝑞 rises, at a fixed 𝜆𝑚𝑎𝑔,𝑑. 

Similar observations can be formulated for the q-axis flux-error 
map in Fig. 5b. 

IV. ROTOR DYNAMIC MODEL 

In regard to the modeling of the rotor winding, neglecting 
the iron losses, the following equations are used: 

 𝑣𝑓 = Rf 𝑖𝑓 +
𝑑𝜆𝑓

𝑑𝑡
 (12) 

 𝜆𝑓 = Lσf 𝑖𝑓 + 𝜆𝑓,𝑚𝑎𝑔 (13) 

where 𝑣𝑓, 𝑖𝑓 and 𝜆𝑓 are the voltage, current and flux linkage 

of the field winding, respectively, while Rf is the resistance and 
Lσf  is the leakage inductance. 𝜆𝑓,𝑚𝑎𝑔  is the rotor magnetizing 

 

(a) 

 

(b) 

Fig. 5. Flux-errors for a positive rotor current: (a) for the d-axis, (b) for the 

q-axis. 

    
     

 
    

   

 
   

   
   

   

    

 

   

 

   

  

     

    

     

 

    

   

    

 

    

   

    
     

 
    

   

 
   

   
   

   

 

    

   

    

   

     

      

 

     

    

     

   

     

    

     

   

 

Fig. 4. Flux-error maps domain: (a) magnetizing fluxes for a regular current 
grid at positive rotor current, (b) regularized domain, (c) normalized 

domain, (d) regularized and normalized domain. 



 

 

flux linkage, which is generated by the combined action of the 
stator and rotor windings. 

In a similar way to the stator approach, the expression of the 
field current obtained by means of (13) can be replaced into (12), 
leading to (14). The model schematic representation is presented 
in Fig. 6. 

 
𝑑𝜆𝑓

𝑑𝑡
= 𝑣𝑓 +

Rf

Lσf
𝜆𝑓,𝑚𝑎𝑔 −

Rf

Lσf
𝜆𝑓 (14) 

In order to implement the field winding model including the 
iron saturation nonlinearities, the rotor current-to-flux map (15) 
is used, along with the corresponding magnetizing flux linkage 
map (16). 

 𝜆𝑓 = 𝜆𝑓(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 𝑖𝑓) (15) 

 𝜆𝑓,𝑚𝑎𝑔 = 𝜆𝑓(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 𝑖𝑓) − Lσf 𝑖𝑓 (16) 

During the numerical simulations, the rotor magnetizing flux 
linkage, which is a function of all the stator d- and q- currents in 
the units and of the rotor current, can be expressed as: 

 𝜆𝑓,𝑚𝑎𝑔 = 𝜆𝑓𝑠 + Mf 𝑖𝑓 − Δ𝜆𝑓,𝑚𝑎𝑔 (17) 

in which the terms in the right-hand side are determined with 
a similar procedure to the stator model. In this regard, the rotor 
flux linkage 𝜆𝑓𝑠 generated by the stator windings is derived as: 

 𝜆𝑓𝑠 = 𝜆𝑓(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 0) (18) 

while the rotor magnetizing inductance Mf corresponds to: 

 Mf =
𝜆𝑓,𝑚𝑎𝑔(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 𝑖𝑓) − 𝜆𝑓𝑠

𝑖𝑓
 (19) 

The considerations formulated for the determination of the 
stator magnetizing inductances in different operating conditions 
remain valid also for the rotor case (19). The computation of Mf 
in the unsaturated condition represents a convenient choice, as it 
strongly affects the Δ𝜆𝑓,𝑚𝑎𝑔 values, improving the accuracy of 

the model at the borders of the maps. Moreover, similarly to the 
stator modeling approach, the sum of (18) with the magnetizing 
inductance contribution will hereinafter be referred to as ‘rotor 
reference model’, which intrinsically deviates from the map in 
(16) depending on the operating point of the machine. 

Finally, Δ𝜆𝑓,𝑚𝑎𝑔 is the flux-error map for the field winding, 

compensating for the deviation between rotor reference model 
and magnetizing flux linkage. Differently from the stator model, 
the rotor flux-error map can be directly expressed as a function 
of the machine currents in the simulation environment. Indeed, 
since the field winding modeling relies on scalar equations, the 
flux-error map approach is more straightforward than the one of 
the stator, with Δ𝜆𝑓,𝑚𝑎𝑔 not requiring the normalization [29]. In 

this case, starting from (17), the flux-error map for the rotor can 
be determined as in (20) for a domain of equally spaced currents. 

 Δ𝜆𝑓,𝑚𝑎𝑔 = Δ𝜆𝑓,𝑚𝑎𝑔(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 𝑖𝑓) (20) 

In order to complete the model, the field current, determined 
by means of (13), can be substituted into (17), leading to: 

 𝜆𝑓,𝑚𝑎𝑔 =
1

Y+1
 (Y𝜆𝑓 + 𝜆𝑓𝑠 − Δ𝜆𝑓,𝑚𝑎𝑔) (21) 

where Y = (Mf Lσf
−1) for clarity reasons. The corresponding 

scheme is provided in Fig. 7, in which the stator current impact 
on the rotor approach can be noted. In addition, the field current 
from the previous time instant must be used for the solution, to 
interpolate the maps of the flux-error approach. Furthermore, the 
𝑖𝑓  from the previous simulation step constitutes also an input of 

the stator model, as it can be seen in Fig. 3. 

A possible alternative to the rotor flux-error map approach is 
based on the inversion of (15), as thoroughly presented in [26]. 
In this case, the relationship in (22) is computed for a domain of 
regularly spaced current and flux values using the field winding 
current-to-flux map, for a computationally efficient model. The 
use of the field current from the previous time instant is needed 
also for this alternative approach, which is equivalent to the one 
with the flux-error map in terms of results accuracy. 

 𝑖𝑓 = 𝑖𝑓(∑ 𝑖𝑑,𝑘𝑘 , ∑ 𝑖𝑞,𝑘𝑘 , 𝜆𝑓) (22) 

In both cases, the separate rotor block in the dynamic model 
of the EESM, interacting by means of the currents with the stator 
one, provides enhanced simulation capabilities [26]. Indeed, the 

 

Fig. 6. Electromagnetic model of the field winding. 

 

Fig. 7. Computation of the rotor magnetizing flux linkage. 



 

 

overvoltage induced in the field winding due to a sudden stator 
current variation can be simulated using the separate block, by 
acting directly on the stator current at the input of the block. 

V. SIMULATION RESULTS 

The developed modular modeling approach for multi-three-
phase EESMs has been analyzed in the simulation environment 
using the data coming from a quadruple-three-phase prototype, 
whose cross-section is represented in Fig. 8. The machine model 
parameters and the current-to-flux relationships needed for the 
flux-error maps have been obtained by means of finite element 
analyses. For the four stator three-phase sets, the same Rs,k and 

Lσs,k values have been used. In addition, the current ratings of 

each stator three-phase set and of the field winding are 75 A and 
13 A, respectively. Although the model numerical efficiency has 
been optimized by means of the interpolation of the flux-error 
maps, simulations have been performed for stator currents up to 
73.5 A in each set, so as to exclude the errors at the borders of 
the multidimensional maps from the results. 

In order to analyze the accuracy of the results and simulation 
capabilities of the developed multi-three-phase EESM modular 
model, the scheme in Fig. 9 has been implemented. The adopted 
procedure is based on the closed-loop flux control of the stator 
three-phase units and of the rotor winding. For the simulation, 
sinusoidal reference currents are generated for each stator set 
and for the rotor winding. In this analysis, it has been chosen to 
use the same current components for all the stator sets, without 
compromising the validity of the obtained results. Moreover, the 
current waveforms have different frequencies, so as to include 
many possible combinations in the simulation. The reference 
current 𝒊𝒔,𝒌

∗  for the stator k-th set and the reference current 𝑖𝑓
∗ for 

the rotor winding are shown in Fig. 10a. The generated currents 
are the input for the machine current-to-flux maps, to determine 
the reference flux linkages 𝝀𝒔,𝒌

∗  and 𝜆𝑓
∗ . The currents and fluxes 

allow also retrieving the corresponding reference torque 𝑇𝑒,𝑘
∗  for 

each stator three-phase set, whose value is depicted in Fig. 10b. 

In this scenario, the closed-loop control of the flux linkages 
is achieved by means of PI regulators. The output voltages 𝒗𝒔,𝒌 

and 𝑣𝑓 allow imposing the fluxes in the stator and rotor models. 

Moreover, the electrical pulsation 𝜔𝑒 for the stator sets varies as 
in Fig. 10c, to further analyze the numerical performance of the 
proposed modeling approach. The current interruption in one set 

at a time is also simulated, excluding a stator unit every 5 s with 
additional random delays, to evaluate the accuracy of the model 
in representing fault conditions. The number of stator active sets 
is also reported in Fig. 10c. Finally, the currents of the stator and 
rotor models and the torque produced by each set are compared 
to the reference ones to evaluate the results accuracy. 

For the comparison of the stator variables with the reference 
ones, the three-phase set which remains active through the entire 
simulation is chosen as representative of the model performance, 
as the active stator sets have the same reference variables. The 
differences between the reference and model currents are shown 
in Fig. 10d, while the torque difference for the considered set is 
presented in Fig. 10e. The differences are indicated by 𝜀𝑑,𝑘 and 

𝜀𝑞,𝑘 for the stator current components, by 𝜀𝑓 for the rotor current 

and by 𝜀𝑇,𝑘 for the torque. Considering the errors magnitudes, it 

could be concluded that excellent agreement is obtained for the 
model currents and torque, while the spikes in the differences 
correspond only to the first few instants following the openings 
of the stator sets. In this framework, the developed modeling 
approach based on the flux-error maps formulation presents high 
fidelity in representing the iron saturation effects related to large 
currents, as well as in simulating the electromagnetic dynamics 
when one or more three-phase sets are in open-circuit. 

VI. CONCLUSION 

A modular dynamic model for multi-three-phase electrically 
excited synchronous machines has been developed. The multi-
stator approach interacts with a separate field winding model by 
means of the currents. The iron saturation and the corresponding 
nonlinear relationships between the machine currents and flux 
linkages are considered using flux-error maps, both for the stator 
three-phase sets and for the rotor winding. 

 

Fig. 9. Scheme of the closed-loop flux control. 
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Fig. 8. Cross-section of the quadruple-three-phase EESM. 
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The MS formulation allows distinguishing the contribution 
of each set to the magnetizing flux linkage and machine torque. 
Moreover, different resistance and leakage inductance values for 
the stator sets can be considered in the model. Furthermore, the 
convenient representation of fault conditions in the simulation is 
also achieved, thanks to the definition of the stator magnetizing 
flux linkage. Regarding the rotor modeling, the field flux linkage 
dynamics is computed in a separate block. The corresponding 
rotor current is also used in the interpolation of the stator model 
maps, to consider the effects of the variable excitation field. 

The numerical validation of the proposed multi-three-phase 
EESM model has been performed in a simulation environment 
using the data of a quadruple-three-phase prototype, which have 
been derived by means of finite element analyses. The accuracy 
of the results for the closed-loop flux control has illustrated the 
high fidelity achievable with the proposed model in representing 
the machine electromagnetic dynamics, for both the healthy and 
faulty conditions. The subsequent development of the presented 
work will focus on the model experimental validation and on the 
application of the flux-error maps formulation to the nonlinear 
dynamic modeling of conventional three-phase machines.  
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