
J Electr Eng Technol.2017; 12(1): 262-271 
http://dx.doi.org/10.5370/JEET.2017.12.1.262 

 262 
Copyright ⓒ The Korean Institute of Electrical Engineers 

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ 
licenses/by-nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

A Novel Concept of Phase Swapping for Multiple Enhanced Speed 
Operations of a PM machine using Winding Switching 
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Abstract – This paper presents a novel concept of phase swapping to associate multiple flux 
weakening ranges to a non-salient PM machine without altering any hardware of the machine.  The 
proposed concept enables a dual three-phase machine to be operated with different displacement 
angles between the two three-phase windings. Hence, different flux weakening ranges using winding 
switching can be accomplished by applying this concept. It was also demonstrated that the proposed 
concept can be utilized for the discrete step as well as continuous operation of the machines. Any 
application requiring a wide speed range operation of up to thirteen times the base speed can benefit 
from this proposed concept. Analytical, simulation, and experimental results are provided to validate 
the effectiveness of the proposed concept. 
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1. Introduction 
 
Wide speed range operation of electrical machines is a 

common requirement of modern sophisticated loads 
including electric and hybrid vehicles. Permanent magnet 
(PM) machines are very popular in modern industry due to 
their compact size, high power density, high torque to 
inertia ratio, and high efficiency. However, PM machines 
utilize PMs on their rotors which result in a constant rotor 
excitation. Therefore, the back EMF of these machines 
becomes significant under high speed operation which 
limits the maximum achievable speed with a limited 
inverter voltage. Flux weakening becomes inevitable in 
this case to further increase the speed of these machines. 
The flux weakening capability of PM machines, on the 
other hand, is dependent upon the d-axis inductance [1-3]. 
Generally, machine designers have to design a PM machine 
with a large d-axis inductance to increase its flux 
weakening capability. However, non-salient PM machines 
exhibit low inductance characteristics due to their low 
permeability surface-mounted PMs. Hence, these machines 
are not considered good candidates for the flux weakening 
operation. 

Concentrated windings demonstrate high inductance 
characteristics [4, 5] and the authors in [6, 7] had 
researched the flux weakening capability of non-salient PM 
machines utilizing concentrated winding. However, the 
concentrated windings have high core losses due to spatial 

harmonic contents [8-10]. Pole changing machines have 
also been studied for extended speed operations [11]. 
Furthermore, star, delta, series, and parallel connections 
have been utilized to achieve high speed operations from 
electrical machines [12, 13].  

Recently, a dual inverter fed winding switching technique 
has been proposed for the flux weakening of non-salient 
PM machines [14-16]. This technique divides the three-
phase winding of the machine into two equal half windings, 
resulting in a dual three-phase machine. The flux weakening 
range of the machine depends upon the displacement angle 
between the resultant two half windings in this technique. 
This paper introduces a novel concept of phase swapping 
to achieve multiple displacement angles between the two 
half windings without changing any hardware of the 
machine. Thus, the proposed concept enables a machine to 
achieve multiple flux weakening ranges and can be utilized 
in any application. This paper is organized as follows. 
Section 2 describes the winding switching technique 
followed by the proposed concept of phase swapping in 
Section 3. Section 4 presents the analytical, simulation and 
experiment results of the complete operation of the 
machine utilizing the phase swapping concept. The 
conclusions of this work are then presented.  

 
 

2. Winding Switching Theory 
 
The winding of a conventional three-phase machine is 

divided into two equal half windings, ABC and XYZ, in 
this technique. The machine is operated in a cumulative 
mode before winding switching such that the flux of both 
half windings add to build the net air gap flux of the 
machine. The polarity of the XYZ winding is reversed at 
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winding switching and the machine operates in a 
differential mode such that the flux of the XYZ winding 
subtracts from the flux of the ABC winding. This results in 
a reduced net air gap flux of the machine. Net voltage drop 
of the machine can be represented by (1) 

 
 ܸ = ܧ + ܮ ௗூௗ௧ +  (1) ܫܴ

 
Where V is the terminal voltage, E is the back EMF, I is 

the phase current, L and R are the winding inductance and 
resistance respectively. 

The back EMFs of phase-A from the ABC winding and 
phase-X from the XYZ winding are represented by (2) and 
(3), respectively. 

 
௔ܧ  = ܧ sinሺ߱௘ݐሻ (2) 
௫ܧ  = ܧ sinሺ߱௘ݐ −  ሻ (3)ߜ

 
Here, E is the magnitude of the back EMF, ωe is the 

electrical angular velocity, and δ is the angle between the 
two half windings. 

The cumulative back EMF, Ecum, which is equal to the 
back EMF of the basic three-phase machine can be 
represented by (4). 

 
௖௨௠ܧ  = ܧ sinሺ߱௘ݐሻ + ܧ sinሺ߱௘ݐ −  ሻ (4)ߜ

 
The differential back EMF of the machine after winding 

switching, Edif, is shown below in (5). 
 

ௗ௜௙ܧ  = ܧ sinሺ߱௘ݐሻ − ܧ sinሺ߱௘ݐ −  ሻ (5)ߜ
 
The ratio of the net back EMF of the basic three-phase 

machine to the net back EMF of the machine in the 
differential mode is the net reduction in the voltage drop in 
terms of the back EMF of the machine Efw and can be 
represented by (6). 

 
௙௪ܧ  = ா೎ೠ೘ா೏೔೑  (6) 

 
Eqs. (4) and (5) show that the net reduction in the back 

EMF of the machine is dependent upon the angle between 
the two half windings. This fact will be used in the 
proposed concept of phase swapping for the multiple wide 
speed range operations of a PM machine. 

Similarly, the ratio of the inductive voltage drops in 
cumulative mode to the inductive voltage drop in 
differential mode can be generalized by general inductance 
equations of the two coils connected in series with same 
polarity in cumulative mode and opposite polarity in 
differential mode. 

 
௡௘௧ܮ  = ௔ܮ + ௫ܮ ∓  ௔௫ (7)ܮ2

 
Where Lnet is the net inductance of the resultant coil 

obtained by connecting two coils in series. La is the 
inductance of phase-A, Lx is the inductance of phase-X 
Lax is the mutual coupling of phase-A and phase-X. 
Whereas mutual inductance between phase-A and phase-X 
of the machine can be represented as (8). 

 
௔௫ܮ  = ௔ܮ cosሺߜሻ (8) 

 
where δ is the angle between phase-A and phase-X. 

However, the resistive voltage drop in cumulative and 
differential mode remains the same. Furthermore, the 
resistive voltage drop for well-designed large machines are 
ignored for simplicity of analysis. Hence, resistive voltage 
drop is ignored for the winding switching technique while 
calculating the net voltage drop in cumulative mode and 
the differential mode. 

In order to achieve the above mentioned flux weakening 
operation using winding switching, suitable drive topologies 
have been proposed [14, 15]. The machine is operated with 
a dual inverter topology with the drive circuit shown in 
Fig. 1.  

The machine is operated in a dual three-phase machine 
configuration with currents entering at the dotted ends of 
the machine winding in the cumulative mode. Hence, the 
MMF of both half windings are positive and the machine 
operates in the normal operation with a strong flux. 
Thyristros establish neutral connections which are turned 
off for winding switching. The machine operation is 
converted into the open winding configuration and the 
currents enter at the dotted ends of the ABC winding and 
leave at the dotted ends of the XYZ winding. Hence, the 
MMF of the ABC winding is positive whereas the MMF of 
the XYZ winding is negative, resulting in the flux 
weakening operation. The flux of the machine is reduced 
by at least Efw calculated by (6). Hence, the machine 
should achieve a final speed of Efw times the base speed of 
the machine (Nfw) due to this flux weakening. However, 
for winding switching, not only is the flux of the machine 
reduced by Efw but also the machine configuration is 
converted into an open winding configuration. Inverters 
need to overcome the phase voltage in the open winding 
configuration to inject a proper current compared to the 
line voltages in a neutral connected machine. The phase 
voltage is √3 times lower than the line voltage. Hence, the 
inverter faces a √3 times lower voltage in the differential 

Fig. 1. Drive circuit for flux weakening using winding
switching 
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mode in addition to flux weakening of the machine. 
Therefore, the speed of the machine can be increased by 
√3 times further in addition to the flux weakening speed 
(Nfw) due to the open winding configuration. The final 
achievable speed of the machine can therefore be 
calculated using Eq. (9) [14]. 

 
 ௙ܰ௜௡௔௟ = √3 ௙ܰ௪  (9) 

 
Where Nfinal is the final achievable speed of the 

machine and Nfw is the flux weakening speed of the 
machine defined as fw times the base speed of the machine. 
It should be noted that winding switching yields flux 
weakening without using the negative d-axis current. 
Hence, the speed of the machine calculated by Eq. (9) is 
determined without applying the negative d-axis current. 
Therefore, the speed of the machine can be further 
increased using the negative d-axis current beyond the 
speed of the machine calculated by Eq. (9). However, this 
increment of the speed of the machine depends upon its 
inherent flux weakening capability using the negative d-
axis current [15]. 

 
 

3. Proposed Concept of Phase Swapping 
 
This paper proposes a novel phase swapping concept 

which takes advantage of the natural tendency of a 
machine design to be operated with different displacement 
angles between two 3-phase windings of a dual three-phase 
machine. As stated earlier, the flux weakening range in the 
winding switching technique depends on the displacement 
angle between two 3-phase windings of the machine. 
Therefore, the multiple flux weakening ranges of the 
machine are possible using the proposed concept of phase 
swapping without altering any hardware. A 2-pole, 24-slot 
machine design with surface mounted permanent magnets 
is proposed where each slot is π/12 radians apart. This 
machine design can utilize the proposed concept of phase 

swapping. When the winding of a basic three-phase 
machine is divided into two equal half windings, a dual 
three-phase machine results as shown in Fig. 2. 

There are twelve leads coming out of the machine due to 
the six phase configurations at this point, as shown in the 
stator of the experiment machine in Fig. 3. These leads can 
be assigned different phases such that 5π/12, π/4, and π/12 
radians apart ABC and XYZ windings can be achieved. 
The resultant machine models with 5π/12, π/4, and π/12 
radians apart windings are referred to as model-I, model-II, 
and model-III, respectively, throughout the remainder of 
this paper. 

 
3.1 Model-I 

 
The model-I machine winding configuration is achieved 

if the leads of the winding coils are assigned phases such 
that the resultant ABC and XYZ windings are 5π/12 
radians apart. Fig. 4 shows the phase assignment to the 
leads of the winding coils on the stator periphery for 
model-I. It is clear that the axis of phase A is 5π/12 radians 
apart from the axis of phase X. These windings can be 
connected in the cumulative mode to obtain basic three-
phase machine normal operation or in differential mode to 
obtain flux weakening operation (10-14). 

 
௔ܧ  = ܧ sinሺ߱௘ݐሻ (10) 

௫ଵܧ  = ܧ sinቀ߱௘ݐ − ߨ5 12ൗ ቁ (11) 

௖௨௠ଵܧ  = ܧ1.5867 sinቀ߱௘ݐ − ߨ5 24ൗ ቁ (12) 

ௗ௜௙ଵܧ  = ܧ1.2175 sin൫߱௘ݐ + ߨ7 24ൗ ൯ (13) 

௙௪ଵܧ  = |ா೎ೠ೘భ|หா೏೔೑భห = ଵ.ହଷଶଵଵ.ଶଷସ ≅ 1.30 (14) 
 
Here, subscript ‘1’ represents model-I. 
Similarly, the reduction in net inductive voltage drop 

while switching from cumulative to differential mode can 
be calculated using (15-18). 

 
௖௨௠ଵܮ  = ௔ܮ + ௫ܮ + ௔ܮ2 cosቀ5ߨ 12ൗ ቁ (15) Fig. 2. Simulation model of the machine 
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Fig. 4. Winding assignment for model-I 

 
Where Lcum1 is the net inductance in cumulative mode. 

For a balanced machine, the phase inductances are equal. 
Considering phase inductance as L, the net inductance of 
the machine in cumulative mode can be calculated as (16). 

 
௖௨௠ଵܮ  = ܮ + ܮ + ܮ2 × 0.25 =  (16) ܮ2.5

 
Similarly, net inductance of phase A and phase X in 

differential mode can be calculated as (17). 
 

ௗ௜௙ଵܮ  =  (17) ܮ1.5
 
Ratio of the inductive voltage drop in cumulative mode 

to the ratio of the inductive voltage drop in differential 
mode can be calculated as (18). 

 
௙௪ଵܮ  = ܮ2.5 ൗܮ1.5 ≅ 1.67 (18) 

 
Eq. (14) and (18) show that the net voltage drop reduces 

by at least 1.30 time while switching from cumulative 
mode to the differential mode.   

 
3.2 Model-II 

 
The output leads of the winding coils can be reassigned 

to achieve a different dual three-phase machine where the 
ABC and XYZ windings are π/4 radians apart. This results 
in the model-II winding configuration shown in Fig. 5. It is 
obvious from this figure that the axis of phase A is π/4 
radians apart from the axis of phase X. Moreover, it is also 
clear that the physical placement of the coils on the stator 
of the machine does not change when converting from the 
model-I to model-II winding configuration. The net 
reduction in back EMF voltage drop while switching from 
cumulative mode to the differential mode of operation can 
be calculated using (19-23). 

 
Fig. 5. Winding assignment for model-II 

 
௔ܧ  = ܧ sinሺ߱௘ݐሻ (19) 
௫ଶܧ  = ܧ sin൫߱௘ݐ − ߨ 4ൗ ൯ (20) 

௖௨௠ଶܧ  = ܧ1.8477 sin൫߱௘ݐ − ߨ 8ൗ ൯ (21) 

ௗ௜௙ଶܧ  = ܧ0.7654 sin൫߱௘ݐ + ߨ3 8ൗ ൯ (22) 

௙௪ଶܧ  = |ா೎ೠ೘మ|หா೏೔೑మห = ଵ.଼ସ଻଻଴.଻଺ହସ ≅ 2.41 (23) 
 
   Similarly, the reduction in inductive voltage drop 

while switching from cumulative mode to the differential 
mode can be calculated using (24-27) 

  
௖௨௠ଶܮ  = ௔ܮ + ௫ܮ + ௔ܮ2 cos൫ߨ 4ൗ ൯ (24) 
௖௨௠ଶܮ  = ܮ + ܮ + ܮ2 × 0.71 =  (25) ܮ3.42
ௗ௜௙ଶܮ  =  (26) ܮ0.58

௙௪ଶܮ  = ܮ3.42 ൗܮ0.58 ≅ 5.89 (27) 
 
Eq. (23) and (27) show that the net voltage drop on 

model-II reduces by at least 2.41 times while switching 
from cumulative mode to the differential mode.  Although 
the inductive voltage drop shows significant reduction 
compared to back EMF of the machine, however, the 
overall voltage drop depends upon ratio of the back EMF 
voltage drop to the inductive voltage drop and varies from 
machine to machine. Moreover, the surface mounted 
permanent magnet machines are well known for their low 
inductance profile. Hence, in general. The back EMF of the 
machine is the major contributor in the net voltage drop of 
the surface mounted permanent magnet motors. 

 
3.3 Model-III  

 
There is yet another way to assign different phases to the 

output leads of this machine, as shown in Fig. 6. The axis 
of phase A is π/12 radians apart from the axis of phase X. 
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Hence, in this winding configuration, the ABC and XYZ 
windings are π/12 radians apart. The net back EMF voltage 
drop while switching from cumulative mode to differential 
mode can be calculated using (28-32). 

 
௔ܧ  = ܧ sinሺ߱௘ݐሻ (28) 
௫ଷܧ  = ܧ sin൫߱௘ݐ − ߨ 12ൗ ൯ (29) 

௖௨௠ଷܧ  = ܧ1.9829 sin൫߱௘ݐ − ߨ 24ൗ ൯ (30) 

ௗ௜௙ଷܧ  = ܧ0.2611 sin൫߱௘ݐ + ߨ11 24ൗ ൯ (31) 

ଷݓ݂  = |ா೎ೠ೘మ|หா೏೔೑మห = ଵ.ଽ଼ଶଽ଴.ଶ଺ଵଵ ≅ 7.59 (32) 
 
It is obvious that there is no change of the stator winding 

coils in all three models. Only the output leads of the 
winding coils are assigned different phases to achieve the 
three different models with three different flux weakening 
ranges. The phase assignment to the output leads of the 
winding coils can be configured through the DSP program 
to drive the machine using inverters. Moreover, the location 
of phases on the stator periphery is different for all three 
machine models. This information is already available from 
machine structure while driving the machine. Hence, 

proper phase shift can be amended in the rotor position 
measured by the position encoder to inject proper currents 
into the machine winding while operating under different 
models configuration. 

The proposed concept of phase swapping resulted in 
three different displacement angles (5π/12, π/4, and π/12) 
between the two half windings of the machine. Hence, the 
same machine design can achieve three different flux 
weakening ranges (1.30, 2.41, and 7.59) without altering 
any hardware of the machine. Fig. 7 shows the flux 
weakening capability of the machine models compared to 
the rated flux of the machine using the proposed phase 
swapping concept. 

 
 

4. Machine Operation 
 
The variable speed operation requirements of an 

electrical machine depend upon the load characteristics and 
can be divided in two sub categories depending on the 
machine operation over its entire speed range. 

 
• Discrete step operation 
• Continuous operation 
 
There are certain applications which require discrete step 

speed operations. These applications either operate in a 
low speed mode or in a high speed mode such as washing 
machines. On the other hand, there are some applications 
which require continuous operation over the entire speed 
range such as electric and hybrid vehicles. It will be 
demonstrated in this study that the proposed concept of 
phase swapping is equally valid for both of the applications 
mentioned above. The specifications of the machine used 
for verification of the proposed concept are given in 
Table 1. 

 
Table 1. Machine specifications 

Item Value Unit 
Number of slots 24 - 
Number of poles 2 - 

Stator outer diameter 120 mm 
Stator inner diameter 68 mm 

Magnet thickness 5.5 mm 
Air gap thickness 1 mm 

Magnet Br 1.15 T 
 
 

5. Discrete Step Operation 
 
All three machine models are validated for the discrete 

step operation of the machines using simulation and 
experimental results in this section. 

 
5.1 Model-I Operation  

 
Model-I in the proposed machine design has dual three-

 
Fig. 6. Winding assignment for model-III 

 
Fig. 7. Flux weakening capability of machine models 
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phase winding displaced by 5π/12 radians and a flux 
weakening range of 1.3. The rated speed of the machine 
was selected to be 700 rpm with a rated phase current of 4 
Arms. When the basic three-phase machine model was 
simulated using Maxwell 2D software, it generated an 
output torque of 4.51 Nm. However, when the machine 
was simulated in the flux weakening mode, the machine 
generated a torque of 3.51 Nm. This resulted in a flux 
weakening range of 1.28 which agrees well with the 
calculated flux weakening range of 1.30. A prototype 
machine was also tested under the same conditions. The 
normal torque of the machine was measured to be 4.36 Nm 
whereas the flux weakened torque was measured to be 3.23 
Nm, resulting in a flux weakening range of 1.35. The 
simulation and experimental results for model-I under the 
discrete step operation are depicted in Fig. 8 (a) and (b), 
respectively. 

 
5.2 Model-II Operation  

 
For model-II operation, the dual three-phase windings 

are displaced by π/4 radians and the flux weakening range 
of this machine model was calculated to be 2.41. When the 
machine was simulated under the rated conditions, the 
conventional three-phase machine generated an output 
torque of 5.17 Nm. The simulated output torque of the 
machine was found to be 2.20 Nm in the flux weakened 
operation. Hence, the simulated flux weakening range of 
the machine obtained was 2.35. The prototype machine 
was also tested under the same conditions. The output 
torques of the machine during normal operation and the 
flux weakened operation were measured to be 5.05 Nm and 

2.07 Nm, respectively. The experimented flux weakening 
range of the machine was measured to be 2.43. The 
simulation and experimental results for normal and flux 
weakened operation of the machine with the model-II 
winding assignment are depicted in Fig. 9(a) and (b), 
respectively. 

 
5.3 Model-III Operation 

 
In the model-III winding assignment, the ABC and XYZ 

windings are π/12 radians apart and a flux weakening range 
of 7.59. The machine generated an output torque of 5.53 
Nm when simulated under normal conditions. Under flux 
weakening conditions, the machine generated an output 
torque of 0.75 Nm. Hence, the simulated flux weakening 
range of the machine is 7.37. The prototype machine 
generated an output torque of 5.38 Nm under normal 
conditions with the model-III winding assignment. However, 
the machine generated an output torque of 0.68 Nm under 
flux weakening operation, resulting in a flux weakening 
range of 7.91. The simulation and experimental results for 
machine operation with the model-III winding assignment 
are shown in Fig. 10(a) and (b), respectively.  

The torque per ampere ratios of the three machine 
models are shown in Fig. 11(a) and (b) for the simulation 
and experimental cases, respectively. It is obvious from 
these figures that the same phase current can generate a 
higher output torque in the normal mode compared to the 
flux weakened case. Another interpretation that can be 
made from Eqs. (12), (21), and (30) is that the cumulative 
back EMF of the machine is higher for the case where the 
angle between two half windings is smaller. Therefore, the 
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Fig. 8. Discrete step operation of model-I: (a) simulation
and (b) experimental results 
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(b) 

Fig. 9. Discrete step operation of model-II: (a) simulation
and (b) experimental results 
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same phase current can generate a higher output torque for 
model-II compared to model-I and model-III compared to 
model-II, which is obvious in Figs. 8-10. 

A summary of the three machine models obtained from 
the proposed machine design using the proposed concept 
of phase swapping is presented in Table 2. 

 
 

6. Continuous Operation 
 
Some applications such as electric and hybrid vehicles 

require continuous operation of electric machines from 
zero to maximum speed. In this case, an electric machine 
first operates from zero speed to its maximum speed in 
normal operation. The windings of the machine are then 
switched to achieve flux weakening operation so as to 
reduce the internal voltage of the machine. Hence, the 
speed of the machine is further increased due to flux 
weakening using winding switching and the √3  times 
extra voltage due to the open winding configuration. The 
thyristors in Fig. 1 are turned off to achieve this operation 
condition. 

Model-I was used to validate the continuous operation of 

the machine over its entire speed range. SIMULINK 
simulations were carried out for this purpose. Fig. 12 
shows the results of the operation of the machine over its 

Table 2 Flux weakening ranges obtained using phase 
swapping 

Machine 
Model 

Displacement 
angle 

Simulated 
fw 

Experimented 
fw 

I 5π/12 1.28 1.35 
II π/4 2.35 2.43 
III π/12 7.37 7.91 

 
 

 
(a) 

 
(b) 

Fig. 10. Discrete step operation of model-II: (a) simulation 
and (b) experimental results 
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(b) 

Fig. 11. Torque per ampere ratios of the machine models:
(a) simulation and (b) experimental results 

 

 
Fig. 12. Simulated continuous operation of the machine
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entire speed range. It was assumed that one p.u is the rated 
speed of the conventional three-phase machine which is 
achieved through one p.u inverter voltage. However, when 
the conventional three-phase machine is converted into a 
six-phase machine, the back EMF of the machine is 
reduced due to the reduction of the number of turns per 
phase of the six-phase machine compared to the basic 
three-phase machine. It is obvious from Eqs. (10-12) that 
the back EMF of the basic three-phase machine (Ecum1) is 
1.58 times higher than the phase back EMF of the six-
phase machine (Ea). Hence, the internal voltage of the 
machine is reduced but the inverter voltage is maintained 
to be one p.u. Therefore, the six-phase machine is operated 
beyond one p.u speed in normal operation, as shown in Fig. 
12. When the machine reaches its maximum speed limit in 
the normal mode, a negative d-axis current is utilized to 
further speed up the machine. However, the negative d-axis 
current increases the speed of the machine at the cost of its 
output torque. The negative d-axis current continues to 
increase until the machine torque was reduced by a factor 
of 1/1.30, i.e., flux weakening by winding switching.  The 

virtue of flux weakening using winding switching is that it 
achieves flux weakening by reversing the polarity of the 
XYZ winding and does not utilize the negative d-axis 
current. This phenomenon is also obvious in Fig. 12 where 
at winding switching, the negative d-axis current was 
removed. Application of a negative d-axis current before 
winding switching was also necessary to reduce the torque 
of the machine by a factor of 1/Efw to avoid any steady 
state torque transient after winding switching. If the 
negative d-axis current was not applied, the torque of the 
machine would decrease by 1/1.30 abruptly at the winding 
switching instant and there is a large transient in the 
continuous operation of the machine in terms of the torque 
and winding currents. Hence, the torque of the machine 
was reduced using the negative d-axis current to a 
magnitude that the machine could maintain after winding 
switching. There is still a transient in the machine 
operation at the winding switching instant, but it is not 
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Fig. 13. Experimental results of the (a) balanced operation of the two inverters; (b) steady state operation in the normal 
mode; (c) winding switching transient, and (d) steady state operation in the flux weakened mode 
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significant to jeopardize the continuous operation of the 
machine. After winding switching, the machine operation 
is converted into an open winding configuration. It can 
maintain its constant torque operation by √3  times the 
Nfw according to Eq. (9). The machine should achieve a 
final speed of 2.25 p.u (√3x1.30) according to Eq. (9). 
However, the machine achieved a final speed of 2.57 p.u 
due to the application of the negative d-axis current again 
at the end. 

Experiments were also conducted to validate the analytical 
and simulation behaviors of the machine. In the experiments, 
it was not possible to obtain a continuous graph of the 
machine currents and torque over the entire speed range, 
as shown in Fig. 13. However, the currents and torque of 
the machine were measured at all important points to 
demonstrate the successful implementation of the continuous 
operation of the machine. These important points included 
steady state operation during normal operation, winding 
switching transient, and the final steady state operation 
during flux weakened operation of the machine. 

Dual inverter voltage controlled machines face the 
problem of imbalance current sharing between the two 
power sections [17-19]. On the other hand, current regulated 
systems have been demonstrated to possess superior 
current control compared to the voltage controlled system 
[20, 21]. Hence, a current controlled system was utilized in 
this research to avoid any imbalance currents sharing of 
the two power sections of the machine. Fig. 13(a) shows 
the balanced operation of the two inverters while feeding 
the two half ABC and XYZ windings. Therefore, only 
dq0 currents are shown in Fig. 13(b)-(d) instead of the 
dq01 and dq02 currents from inverter-1 and inverter-2, 
respectively. 

Initially, the machine was operated in the constant torque 
region with Id=0 control with a rated torque of 4.36 Nm, as 
shown in Fig. 13(b). A negative d-axis current was applied 
to further increase the speed of the machine at the end of 
the constant torque region. This increase of the speed was 
achieved at the cost of its output torque. The machine 
speed continued to increase until the torque of the machine 
was reduced by 1/1.35 times the rated torque of the 
machine. At this point, the windings of the machine were 
switched to operate the machine in the flux weakened 
mode and the negative d-axis current was removed, as 
shown in Fig. 13(c). It is obvious from this figure that the 
machine was operating with a negative d-axis current 
before winding switching which was removed at the 
winding switching instant. 

Operation of the machine was converted into the open 
winding configuration at this point. Hence, the machine 
maintained its torque for its speed from Nfw to √3 times 
Nfw. A negative d-axis current was again applied to further 
increase the speed of the machine. The final operation 
point of the machine was determined to be 1720 rpm with a 
torque of 1.77 Nm with one p.u power. Hence, the machine 
increased its speed by about 2.45 times its rated speed 

while operating with the model-I winding configuration. 
 
 

7. Conclusion 
 
In this study, we propose a novel concept of phase 

swapping which enables multiple wide speed range 
operations of a non-salient PM machine without altering 
any hardware of the machine. The proposed concept 
generalizes machine utilization in any application requiring 
different speed range operations. Also, the proposed concept 
is equally valid for the discrete step operation as well as the 
continuous operation of the machine. Analytical, simulation, 
and experimental results validated the proposed concept. 
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