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 Abstract --This paper proposes a novel brushless wound field 

synchronous machine with only one set of stator windings. 

Employing the principles of pole phase modulation, two 

independent spatial harmonics are created: one rotates 

synchronously and the other rotates asynchronously to induce 

current on an extra set of rotor windings called the induction 

winding. This current is rectified and supplied to the rotor field 

winding. The stator current excitations are defined to provide 

independent control over the speed and magnitude of the two 

spatial flux harmonics. Furthermore, this approach allows for 

self-starting from zero speed. The impacts of varying the speed 

and magnitude of the harmonics on the motor performance for 

traction application is studied with FEA. This topology eliminates 

the need of brushes in wound field synchronous machines; 

however, the induction torque can be offset by the increased 

saturation in the machine due to the presence of the asynchronous 

harmonic. 

Index Terms— Brushless, field weakening, spatial harmonics, 

induction excitation, pole phase modulation, self-excitation, self-

starting, wound field synchronous machine (WFSM), traction 

application 

I. INTRODUCTION 

ermanent magnet (PM) machines are employed by most 

major electric vehicle (EV) manufacturers, due to their 

high torque density and efficiency. However, PM machines 

tend to have several disadvantages, such as high core losses at 

high speed, volatile PM prices, susceptibility to faults, and 

limited field weakening capability, which leads to a search for 

other alternatives [1]-[5]. Conventional wound field 

synchronous machines (WFSMs) could potentially be a 

substitute for PM machines. However, the additional brushes 

and slip ring or the pilot excitation system consume additional 

space and create losses, and the brushes may increase 

maintenance requirements or produce sparking [4]. 

Over the years, researchers have proposed various 

alternative brushless excitation strategies for inducing a 

current on the rotor to excite the field winding as a wireless 

excitation of the rotor current [1], [4] and [5]. However, many 

of these brushless excitation strategies, such as rotating 

transformers, electromagnetic coupling resonators, or 

capacitive non-contact power transfer, employ additional 

wireless excitation systems beyond the main portion of the 

motor, which increase the motor’s overall size, mass, and cost 

[1], [4]-[5]. 

Other studies utilize existing time or space harmonics in the 
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main body of the motor to induce current in an extra set of 

rotor windings. This current is rectified and supplied to the 

field winding of the WFSM. However, the pulsating 

magnetomotive force (MMF) used to induce current on the 

rotor is often not fully independent from the main MMF 

component used to generate torque, which may result in 

considerable torque ripple. Additionally, in this case, the 

design cannot start from zero speed in motoring operation, 

even with an inverter, and the field current cannot be 

controlled independently of the armature current. For example, 

[6] uses a fractional-slot concentrated winding with 18 teeth 

and 10 poles and produces spatial harmonics with 5 and 13 

pole pairs simultaneously using the same principles as a 

Vernier machine. This technique has the advantage of not 

requiring extra switches or coils on the stator but lacks 

independent control of the field and armature currents and 

cannot be used to start a motor from rest. 

However, some of the approaches with an independent 

control over field and armature current, have the disadvantage 

of requiring a dual inverter configuration, which increases the 

cost, size, and complexity of the system [7], [8]. In [9] the 

starting problem is addressed through a proposed double three-

phase winding and dual inverter with a neutral connection. 

Nonetheless, this approach increases cost and complexity. 

Additionally, [10]-[12] feed the brushless synchronous 

machine’s field winding using the induction excitation 

concept. The induction flux is produced using an extra three-

phase winding on the stator. In these models, the extra stator 

winding has a different number of pole pairs than the main 

stator winding; thus, the resultant spatial MMFs harmonics in 

the airgap are independent from each other to prevent 

excessive torque ripple. Although this provides the ability to 

start at zero speed, the need for extra stator coils and an extra 

inverter to control it is a significant disadvantage. On the other 

hand, [13] proposes a configuration of independent harmonic 

currents on the same physical set of winding on stator utilizing 

power electronic devices. The paper provides an analytical 

equation, and evaluates a few different winding arrangements, 

and pole count combinations. Furthermore, the different 

discussed topologies are briefly compared based on the 

harmonic winding factor, leakage of harmonic winding, 

copper losses due to the harmonic winding, and the machine 

rating. However, this has disadvantages of using some of the 

DC link voltage for harmonic injection and high saturation. 
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This paper proposes the asynchronously excited 

synchronous machine (AESM), as a variation of the induction 

excitation concept using the existing stator windings to create 

flux with two main spatial harmonics, one of which rotates 

synchronously while the other rotates asynchronously [14]. 

The synchronous harmonic interacts with flux created by the 

field winding to produce torque, while the asynchronous 

harmonic is used to induce current on the rotor. Both of these 

spatial flux harmonics are created using a single set of stator 

windings via pole phase modulation [15]-[17], and, since the 

concept of induction excitation is being used, the machine is 

able to start from zero speed. This bears some similarities to 

the concept presented in [13], but the combination of slots, 

poles, and phases in this paper yields higher winding factors 

than those in [13]. Unlike [13], this paper evaluates a range of 

different operating conditions to characterize the machine’s 

performance more broadly with an analysis of the torque 

contribution of the synchronous and asynchronous harmonics 

and studies the saturation effect on the AESM concept.  

II. CONCEPT AND OPERATING PRINCIPLE 

To implement independent control of the two different 

spatial flux harmonics, this design employs the same 

principles as pole phase modulation, which is used in induction 

machines to change the pole count between low-speed and 

high-speed operating modes [15]-[17]. This provides 

independent control of the field and armature currents. 

Depending on the design specification, different combinations 

of pole counts can be created for the two spatial harmonics 

using different numbers of slots and phases, such as six-pole 

and four-pole in 36 slots or six-pole and two-pole in 18 slots. 

In this paper, a nine-phase winding is used to simultaneously 

produce six-pole and two-pole magnetic flux harmonics with 

independent rotational speeds and flux magnitudes. 

Fig. 1 shows the stator winding arrangement of nine-phase 

configuration capable of producing independent two-pole and 

six-pole magnetic fields. Common-mode current in the three 

phases of a single color (eg. 1, 4, and 7) produces a six-pole 

magnetic field. The two-pole magnetic field is produced with 

different currents in each of the nine phases. The current of the 

nth phase, in is 

 𝑖𝑛 = √2𝐼𝐴 cos (𝜔𝐴𝑡 + 𝜃𝐴 −
2(𝑛−1)𝜋

9
) +

                         √2𝐼𝑆 cos (𝜔𝑆𝑡 + 𝜃𝑆 −
6(𝑛−1)𝜋

9
),                       (1) 

where 𝐼𝐴 and 𝐼𝑆 are the RMS values of the two-pole and six-

pole currents, respectively, 𝜔𝐴 and 𝜔𝑆 are their respective 

frequencies, and 𝜃𝐴 and 𝜃𝑆 are their respective angular offsets 

in electrical degrees. These nine currents can be supplied by a 

single nine-phase inverter. 

By applying winding function theory, independent control 

of the two spatial harmonics on the resultant stator MMF, can 

be demonstrated. The winding function of the nth phase, Nn, 

can be generally expressed in terms of Fourier series 

components, 

 𝑁𝑛(𝜑) = ∑ 𝑁ℎ 𝑐𝑜𝑠 (ℎ𝜑 − ℎ(𝑛 − 1)
2𝜋

9
) ,∞

ℎ=1,3,5,…  (2) 

where 𝑁ℎ represents the magnitude of the hth harmonic 

component and φ represents the mechanical angle.  

Then, the MMF for each phase can be expressed as the 

product of its winding function and current. The total MMF 

from all nine phases, ℱ𝑇𝑜𝑡𝑎𝑙, is 

ℱ𝑇𝑜𝑡𝑎𝑙 =
9√2

2
𝐼𝐴 ∑ 𝑁ℎ cos(ℎ𝜑 + 𝜔𝐴𝑡 + 𝜃𝐴)∞

ℎ=17,35,53,…

       +
9√2

2
𝐼𝐴 ∑ 𝑁ℎ cos(ℎ𝜑 − 𝜔𝐴𝑡 − 𝜃𝐴)∞

ℎ=1,19,37,55,…

    +
9√2

2
𝐼𝑆 ∑ 𝑁ℎ

∞
ℎ=15,33,51,… cos(ℎ𝜑 + 𝜔𝑆𝑡 + 𝜃𝑆) 

       +
9√2

2
𝐼𝑆 ∑ 𝑁ℎ cos(ℎ𝜑 − 𝜔𝑆𝑡 − 𝜃𝑆)∞

ℎ=3,21,39,57,…   (3) 

Thus, the total MMF has four separate sets of spatial 

harmonics. For both IA and IS, there is a set of forward rotating 

harmonics and a set of reverse rotating harmonics, and none of 

the spatial harmonics appear in multiple sets of harmonics. 

This indicates that there is no interaction between the fields 

produced by the synchronous and asynchronous currents 

(neglecting the effects of saturation). In this case, the h = 1 

(two-pole) and h = 3 (six-pole) spatial harmonics are used as 

the asynchronous and synchronous harmonics, respectively. 

As demonstrated by (3), the magnitudes, speeds, and phase 

angles of these two harmonics can be controlled 

independently, which can reduce torque ripple, vibrations, and 

acoustic noise. However, in practice, saturation may prevent 

the spatial harmonics from being completely independent. 

The rotor is equipped with two sets of windings and a 

rectifier, as shown in Fig. 2. Each set of windings on the rotor 

has the same number of poles as one of the spatial flux 

harmonics produced by the stator. The two-pole MMF 

produced by the stator rotates asynchronously to induce a 

current in the two-pole, three-phase rotor induction winding. 

The six-pole field winding is connected via a three-phase 

rectifier to the two-pole rotor induction winding. The DC 

rectified current serves as the synchronous motor field current 
 

 
Fig. 1. Stator winding arrangements for a nine-phase motor capable of 

producing independent two-pole and six-pole fields 
 

 
(a)                                      (b)              (c) 

Fig. 2. Example winding arrangement with (a) a nine-phase, two-pole winding 

arrangement on the stator inducing a current in a three-phase, two-pole 

winding on the rotor, which is (b) rectified.  (c) The rectified current excites 

the six-pole field winding on the rotor, which interacts with the three-phase, 

six pole winding on the stator. 
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and interacts with the synchronous six-pole flux harmonic 

produced by the stator to produce torque. 

III. FINITE ELEMENT ANALYSIS OF PROPOSED TOPOLOGY 

A 2-D finite element analysis (FEA) model, Fig. 3, was 

created in ANSYS Maxwell to evaluate an example motor and 

analyze its performance. As in the previous section, the two-

pole harmonic is used as the asynchronous harmonic, while the 

six-pole harmonic serves as the synchronous harmonic. Table 

I summarizes the geometric parameters of the FEA model. A 

25 Arms/mm2 current density is selected to be comparable to 

liquid-cooled traction motors [18]. Table II gives the 

parameters related to the synchronous and asynchronous 

harmonics. 

The operating principle of the machine is a synchronous motor 

with asynchronous excitation of the field current. In Table II, 

asynchronous current distribution (ACD) defines what 

percentage of the total RMS current in the stator windings is 

to being utilized for the asynchronous two-pole component 

with 𝜔A frequency, while the rest of the stator current is used 

generate the six-pole synchronous harmonic, which is 

responsible for producing the main electromagnetic torque by 

interacting with the rotor field magnetic flux. This relationship 

is expressed by  

 𝐼𝐴 = (𝐴𝐶𝐷)𝐼𝑡𝑜𝑡𝑎𝑙  (4) 

 𝐼𝑡𝑜𝑡𝑎𝑙 = √𝐼𝐴
2 + 𝐼𝑆

2, (5) 

where Itotal is the total RMS current in each stator phase. (Note 

that the current distributions in Table II add up to more than 

100% because they are based on the total RMS as in (4)). 

Fig. 4(a) shows the radial flux density produced in the airgap 

resulting from the stator excitation stated in (1) for a current 

density of 10 A/mm2 and ACD of 15% for M19 cores and for 

cores made of a hypothetical magnetically linear steel (to 

exclude the effect of saturation). Fig. 4(b) provides the fast 

Fourier transform (FFT) of the radial flux density in the airgap 

peripheral for the nonlinear steel, while Fig. 4(c) shows the 

FFT of the radial flux density for the linear steel. The major 

components that appear in the spectrum are the harmonic 

orders derived in (3). However, a comparison of Fig. 4(b) and 

(c) illustrates that saturation produces small-magnitude 

harmonics that do not appear in (3), such as the fifth harmonic. 

The UVW set of windings refers to the two-pole induction 

rotor winding while the F winding is the field winding. The  
 

 
Fig 3. The finite element model 

 

TABLE I 

DESIGN PARAMETERS 

Parameter Unit Value 

Stator Outer Diameter mm 215 

Stator Inner Diameter mm 132 

Stack Length mm 125 

Air gap Length mm 0.7 

Stator Number of Slots  18 

Rotor Number of Slots  6 

Stator Winding Turns  35 

Number of Phases  9 

Reference Speed rpm 1800 

Copper Fill Factor  0.6 

RMS Stator Current Density A/mm2 25 
 

TABLE II 

SYNCHRONOUS AND ASYNCHRONOUS PARAMETERS 

Parameter Synchronous Asynchronous 

Number of Poles 6 2 

Stator Excitation Frequency 90 Hz 150 Hz 

Current Distribution 96.8% 25.0% 

Rotor Field Winding Turns 160 - 

Rotor Induction Winding Turns - 60 

 

excitation of each winding on the stator, represents both two-

pole and six-pole current excitation components with their 

separate amplitude and frequencies, as exemplified in (1).  

Based on the operating principles of an induction machine, 

the two-pole 150 Hz asynchronous excitation from the stator 

induces a three- phase voltage in the rotor induction windings 

with a slip frequency of 120 Hz, when the rotor speed is 1800 

rpm. Fig. 5 shows FEA flux density plot, in which the six- pole 
 

 
 (a) 

 
 (b) 

 
(c) 

Fig. 4. FEA results of 10 A/mm2 and 15% ACD (a) Airgap radial flux density 

of nonlinear and linear steel, (b) FFT of the flux density with nonlinear steel, 

(c) FFT of the flux density with linear steel  
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Fig 5. Flux density plot on core material 

 

 
       (a) 

 
       (b) 

Fig. 6. (a) Induced current in one of the rotor induction windings (Phase U) 

and in the (b) field winding (F coils) current 

 

Fig. 7. Actual torque of the example machine, torque produced by the 

asynchronous portion of the machine (TA), torque produced by synchronous 

portion of the machine (TS), and the sum of the synchronous and asynchronous 

torques (TA+TS) 
 

dominant flux is affected by the two-pole flux. 

Fig. 6(a) shows the induced current on one of the rotor 

induction windings with 120 Hz frequency, and Fig. 6(b) 

shows the field current, which is rectified from the rotor 

induction currents. The actual electromagnetic torque is shown 

in Fig. 7. This torque includes the torques of two machines, 

asynchronous machine, and an asynchronous machine. In 

order to separate these torques, a new set of simulations were 

defined. To model the synchronous-only machine, the currents 

in the induction rotor windings (UVW) were set to zero, and 

the field winding fed by a DC current source based on the 

average field current observed in the whole machine. 

Additionally, the stator was excited with only the synchronous 

component of the stator current. Similarly, the asynchronous-

only machine was set up with zero current in the field winding, 

and the output of the rectifier was instead connected to an 

equivalent resistance and inductance. In this case, the stator 

was excited with only the asynchronous component of the 

stator current. Fig. 7 also shows the torques produced by the 

asynchronous and synchronous portions of the machine and 

compares the sum of the torques produced by the separate 

operations with the torque produced by the whole machine. 

The average of actual torque of the whole machine is 350 Nm 

while the average of the sum of the asynchronous and 

synchronous torques from the separate simulations is 385 Nm. 

The dominant source of torque ripple is the slotting harmonics, 

which can be mitigated by skewing or tooth shaping. Also, this 

can be reduced with other combinations of pole pairs and slots. 

IV. IV. LINEAR SIMULATIONS AND THE IMPACT OF 

SATURATION 

Fig. 7 shows that the average torque produced by the whole 

machine is about 9% lower than the average sum of the 

synchronous and asynchronous torques. As the equations 

derived in Section II indicate independent spatial flux 

harmonics, the previous simulations were repeated using a 

hypothetical linear BH curve for the stator and rotor cores with 

µr selected to yield a similar torque as the nonlinear model, 

instead of the nonlinear steel BH curves used in previous 

simulations, to model the motor without saturation. Table III 

summarizes the results of both the linear and nonlinear 

simulations. For the case without saturation, the sum of the 

asynchronous and synchronous torques almost exactly 

matches the torque of the complete machine. (Note that the 

rotor leakage inductances of the linear case are much larger 

than those in the saturated case, which can explain why the 

linear case produces less asynchronous torque.) Thus, 

saturation is the cause of the discrepancy in Fig. 7. This reveals 

an inherent disadvantage of the induction excitation scheme 

for brushless WFSMs: the flux required to excite the rotor 

current reduces the amount of flux that can be used for primary 

synchronous operation. Thus, although the induction 

excitation scheme eliminates the need for adding an extra 

section to the motor for the purposes of rotor current 

excitation, it can reduce the torque density of the motor itself, 

especially when operating in highly saturated conditions. In 

the case of the proposed machine, this is partially mitigated by 

using the asynchronous excitation of the rotor currents to 

generate some small positive torque, but the small induction 

torque will not outweigh the impacts of increased saturation 

when the machine is operating with high flux densities. 

V. IMPACT OF CHANGING FIELD CURRENT CONTROL 

PARAMETERS 

The stator current is separated into two parts, one of which 

is used to generate the synchronous harmonic while the other 

generates the asynchronous harmonic, which is used to excite 

the rotor field current. There are two parameters that can be 

used to control the field current. The first parameter is the 

amount of stator current used to generate the asynchronous 

harmonic. For a fixed stator current density, this is reflected in 

the ACD. The second parameter that can be used to control the 

field current is the slip frequency of the asynchronous 

harmonic. Fig. 8 shows the impacts of varying these two 

parameters for simulations with ACD of 15%, 25%, and 35% 

at asynchronous current frequencies from 50 Hz to 250 Hz 
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TABLE III 

COMPARISON OF LINEAR/NO SATURATION AND 

NONLINEAR/SATURATED SIMULATIONS 

Operation 

RMS Stator 

Current (A) 

Avg Torque  

(Linear) 

(Nm) 

Avg Torque 

(Nonlinear) 

(Nm) 
IA IS 

Synchronous - 85.5 364 364 

Asynchronous 22.1 - 10 21 

Complete 22.1 85.5 377 350 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Impact of current distribution and asynchronous current harmonic 

frequency on (a) the RMS induced current in a rotor induction winding, (b) 

the average induced rotor field current, and (c) the average torque of the whole 

machine. 

 

 (slip frequencies from 20 Hz to 220 Hz for a synchronous 

speed of 1800 rpm). Increasing the magnitude of either the 

asynchronous current or the slip frequency will increase the 

induced current in the rotor induction windings, as shown in 

Fig. 8(a), which increases the average field current, as shown 

in Fig. 8(b). Since the torque of a synchronous machine is 

proportional to the current flowing in the stator winding times 

the rotor flux, which is proportional to the field current if 

saturation is neglected, the increase in field current in Fig. 8(b) 

is generally reflected by an increase in average torque in Fig. 

8(c). However, increasing the asynchronous component of the 

stator current reduces the synchronous component of the stator 

current for a fixed stator current density. Together with the 

impact of saturation, this means that the highest asynchronous 

current component does not always produce the highest overall 

torque. On the other hand, increasing the asynchronous 

frequency may increase the voltages that the inverter is 

required to supply.  

Figs. 9(a) and (b) represent the impacts of the asynchronous 

frequency and ACD on the synchronous and induction torques. 

The synchronous torque follows a similar pattern to the overall 

average torque in Fig. 8(c). However, the induction torque 

behaves differently; increasing the ACD consistently increases 

the induction torque. Additionally, the induction torque is 

maximized at some nontrivial slip frequency. However, 

because the induction torque is such a small portion of the 

overall torque for this particular design, these trends are not 

evident in Fig. 8(c). 

Figs. 10(a) and (b) shows how changing ACD and 

asynchronous frequency affect the copper losses and core 

losses, respectively. Ultimately, the efficiency results in Fig. 

10(c) show that the large copper losses with higher ACD result 

in poor efficiency. The low range of efficiencies can 

potentially be improved by design optimization or by 

operating at a lower current density. A comparison of Figs. 

8(c), 10(a) and 10(c) indicates that operating at a higher slip 

frequency with a lower ACD may be the optimal way to 

achieve a target torque with minimal copper losses and 

enhanced efficiency. Fig 10(d) provides the starting torque 

with zero synchronous speed and slip frequencies similar to 

the 1800 rpm studies. The results show that the motor can start 

from rest with the asynchronous excitation method.  

So far in this paper, all the previous simulations were based 

on 25 Arms/mm2 current density. However, for traction 

applications, it is necessary to study the EM performance of 

the motor at different operating points; therefore, a study of 

changing the current density with 1, 5, 10, 15, 20 Arms/mm2 

values have been performed with varying asynchronous 

frequencies and ACDs. The impact on EM torque from 

changing ACD from 25% to 35% is extremely minor at most 

of the current densities. This is likely due to saturation, as at a 

current density of 1 A/mm2, there was an approximately 30% 

difference in average torque between the 25% and 35% ACD 

cases. Moreover, the flux plots for 5 A/mm2 with 15% and 35% 

ACDs shown in Figs. 11(a) and (b) illustrates that for the same  

 

 

 
(a) 

 
(b) 

Fig. 9. Impact of asynchronous current distribution and asynchronous current 

harmonic frequency on (a) torque produced by the synchronous portion of the 

machine and (b) torque produced by the asynchronous portion of the machine 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 10. Impact of asynchronous current distribution and asynchronous current 

harmonic frequency on (a) copper losses, (b) core losses, (c) efficiency at 1800 

rpm and (d) average starting torque at zero speed 

 

total stator current, when a larger amount of current is injected 

into 2 pole operation, the model experiences more saturation. 

On the other hand, Figs. 12(a) and (b) illustrate the average 

torque and efficiency at different asynchronous frequencies 

and current densities with 25% ACD. As the copper losses are 

the dominant source of losses in this range of current densities, 

reducing the current density tends to increase efficiency. The 

AESM concept provides flexible control for the motor 

employing the three control parameters, ACD, current/current 

density, and asynchronous frequency. However, for one single 

ACD, the results of Fig. 12 (a) and (b) indicate that to obtain 

amid-range torque, a higher frequency with lower current 

density can increase efficiency by reducing copper losses. 

 

 
(a) 

 
(b)  

Fig. 11. Flux density plot on core material at 5 A/mm2 current density (a) 15% 

ACD (b) 35% ACD 

 

 

 
         (a) 

 
        (b) 

Fig. 12. Impact of varying current density and asynchronous frequency for 

25% ACD on (a) torque and (b) efficiency. 

VI. NEGATIVE SLIP FREQUENCY EXCITATION 

The machine can also be operated with negative slip 

frequency using an asynchronous current frequency lower than 

the synchronous frequency of the rotor, which is 30 Hz for  
 

 
Fig. 13. Impact of asynchronous current distribution and slip frequency on the 

average torque of the whole machine for positive and negative slip frequencies 

with the same magnitudes 
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this1800 rpm example. This will still induce a current in the 

rotor induction winding to excite the rotor field winding. In the 

positive slip frequency cases, both the asynchronous and 

synchronous torques are positive, but a negative slip frequency 

will result in negative induction torque, reducing the overall 

torque. Fig. 13 compares the average torque with positive and 

negative slip frequencies with the same magnitudes in each 

case. While this negative slip frequency does reduce the torque 

slightly, it can also reduce the voltage requirements of the 

inverter, especially at high rotor speeds. 

VII. CONCLUSION 

The proposed AESM, effectively combines an induction 

motor and a synchronous motor that share the same stator 

windings, stator steel, and rotor steel, as well as the same 

housing, bearings, and cooling. The rotor windings of the 

induction motor are connected to a rectifier, which supplies 

DC current to the field winding of the synchronous motor’s 

rotor. A single set of stator windings can create two 

independent spatial harmonics through the principles of pole 

phase modulation which requires a multiphase inverter; these 

two spatial harmonics are used to drive the two motors. Thus, 

the proposed means of exciting the field current has 

advantages over other excitation strategies.  First, no brushes 

or slip rings are required to transfer current to the rotor.  

Second, although the rotor excitation consumes an existing 

portion of the electromagnetic capability of the motor, it only 

employs an additional winding and rectifier on the rotor 

without the need of introducing an extra volume for a separate 

exciter system for the motor. Third, an induction motor serves 

as the means of exciting the rotor field current, which means 

that the process of exciting the rotor field current also produces 

some useful torque. Finally, the proposed scheme offers 

extremely flexible control employing the three control 

parameters, ACD, current/current density, and asynchronous 

frequency to allow for optimization of the efficiency across a 

wide range of operating points. Future work includes an 

optimization study and a prototype of the topology. 
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