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Abstract 

The output performance of a conventional transfer field (TF) machine is low in 

comparison with those of other asynchronous machines. In this study, a 

reconfigured transfer field machine with simultaneous rotor induced currents 

and capacitance injection for enhancement is presented. The machine comprises 

two identical salient-pole machine elements that are coupled mechanically and 

wound integrally for the same pole number. The salient-pole half axes are 

displaced in space quadrature in the machine elements comprising the machine. 

Each stator has dual sets of identical poly-phase windings regarded as primary 

and secondary that are sinusoidally distributed in the stator slots. Primary 

windings are interconnected in series between the machine elements and the 

terminals connected to public utility source while the secondary windings are 

swapped betwixt the machine elements and then terminated on a balanced 

variable capacitor bank. Windings are also placed on the rotors. The 

mathematical model of the machine is derived, the resulting equations therefrom 

are simulated in MATLAB/Simulink environment. It is shown that with an 

optimized value of 8,300𝜇𝐹 tuned capacitor, a remarkable improvement in the 

performance characteristics of the machine over the traditional TF machine is 

obtained when compared. The starting torque, power factor and maximum 

torque increased by 384.2% (1.9N-m to 9.2N-m), 87.5% (0.32 to 0.6) and 

374.1% (6N-m to 28.45N-m) respectively, which confirm superior performance 

characteristics. 
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1.0  INTRODUCTION 

Induction motors are more widely used in industries 

for electro-mechanical energy conversion than any 

other energy conversion device. Its relative cheapness, 

ruggedness, easy maintainability and self-starting 

features are the characteristic attributes which have 

endeared the machines to the industries. Another 

energy conversion device type in similitude to the 

induction motor is the transfer–field (TF) machine. 

Both are asynchronous, self-starting and have similar 

torque-speed characteristics, although the 

synchronous speed of the TF machine is half (𝜔𝑜 2⁄ ) 

that of a typical induction motor. These inherent 

characteristic features endear the TF machine to low 

speed applications much needed in home appliances 

and other areas where low speed machine is desired 

[1, 2]. The machine has low output torque on account 

of its inherent high leakage reactance [3]. The output 

power of a normal transfer – field machine is much 

less than that of an induction motor of the same 
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dimension, being about one–third [4]. The high 

leakage reactance is on the following accounts:  

(a) the intersegment conductors between the two 

machine elements comprising the machine, which 

are not required in energy transformation, 

(b) the two machine elements connected in cascade 

lead to double end winding leakage flux and the 

associated reactance, 

(c) the two windings occupying same slots imply 

deeper slots and the attendant higher leakage 

reactance. 

 

The analyses of the machine as presented in [5, 6] 

show that the q-axis reactance adds up to the normal 

leakage reactance of the machine. The overall effects 

of the high leakage reactance are low output power 

and efficiency. Furthermore, TF machine draws 

higher magnetizing current than induction motor from 

the utility supply in order to operate and consequently, 

operates at a very low power factor especially at 

starting and under light load condition [7]. At starting, 

the power factor is about 0.2 and increases to 0.32 at 

rated speed if the motor is properly loaded. For these 

flaws, the machine has been confined to laboratories 

and research focus on it is scant.   

  

There have been attempts to boost the characteristics 

of the transfer field (TF) machine in various ways. 

Researcher [8] tried to improve the output power of 

the machine by introducing slip frequency voltage of 
(2𝑠 − 1)𝜔𝑜 into the secondary winding of the 

machine utilizing solid-state elements. The introduced 

voltage into the secondary winding was required to 

supplement the induced voltage into the secondary 

winding from the primary winding of the TF machine. 

Thus, the secondary winding current is raised, and by 

transformer action, a comparable current is taken by 

the primary winding which is connected to the public 

utility source for mmf balance; thereby boosting the 

output power of the machine. The technique 

nonetheless, never enhanced the torque at starting of 

the machine. There have also been efforts to inject 

capacitance directly into the secondary winding, 

which is electrically detached from the primary 

winding of the TF machine but magnetically coupled 

to it [9]. By varying the capacitance of the introduced 

capacitor, the high leakage reactance of the machine 

is highly attenuated, depending on the value of the 

capacitor chosen. The concomitant effect of the 

reduced reactance of the machine is the resultant 

increment in power output of the machine. However, 

the torque at starting did not show any significant 

increment. Attempt was as well made to introduce 

induced rotor currents by means of placing winding on 

the rotor of the TF machine [10 – 12]. The scheme did 

not indicate appreciable increase in the starting torque 

as well. 

 

In the present study, rotor induced currents and 

capacitance injection are simultaneously applied to 

the machine for reactive power compensation, with a 

view to improving the power factor, starting torque 

and for overall improved performance. The 

performance characteristics of the proposed machine 

will be compared with those of the primitive TF 

machine to highlight the superior output performance 

characteristics over the primitive machine.  

 

2.0  PHYSICAL CONFIGURATION OF THE 

TF MACHINE 

The machine is composed of two similar salient-pole 

machine elements whose shafts are coupled together 

mechanically but their pole axes are in space 

quadrature. Each component machine constituting the 

TF machine has dual sets of three-phase windings 

regarded as primary and secondary windings. The two 

winding sets are magnetically coupled but detached 

electrically. The axes of primary windings are aligned 

in series and connected to the public utility source 

while the secondary windings are swapped betwixt the 

component machines and then short-circuited. Unlike 

the conventional TF machine, windings are introduced 

in the rotor that span both sections of the machine 

elements. Furthermore, balanced capacitors are 

introduced in the secondary windings. The primary 

and secondary windings are all allocated in the stator 

slots only such that corresponding phases take up 

selfsame slot positions for utmost coupling. The 

connection plan of the machine now is presented in 

Figure 1. 

 

 
Figure 1:  Connection plan of the new TF machine. 

 

3.0  METHODOLOGY 

3.1  Model of the TF Machine 

The windings are sinusoidally distributed on the stator 

and rotor slots of the machine. The voltage equations 

of the machine are stated as: 

𝑉𝐴𝐵𝐶 = 𝑅𝐴𝐵𝐶𝑖𝐴𝐵𝐶 + 𝑝𝜆𝐴𝐵𝐶                                              (1) 
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𝑉𝑎𝑏𝑐 = 𝑟𝑎𝑏𝑐𝑖𝑎𝑏𝑐 + 𝑝𝜆𝑎𝑏𝑐 + 𝑉𝑐
𝑎𝑏𝑐                                   (2) 

𝑉𝑞𝑑𝑟 = 𝑟𝑞𝑑𝑟𝑖𝑞𝑑𝑟 + 𝑝𝜆𝑞𝑑𝑟                                         (3)  

 

Equations (1) – (2) are for primary and secondary 

winding voltages while equation (3) is for rotor 

winding voltage, where 

{

𝑉𝐴𝐵𝐶
𝑇 = [𝑉𝐴 𝑉𝐵 𝑉𝐶]

𝑉𝑎𝑏𝑐
𝑇 = [𝑉𝑎 𝑉𝑏 𝑉𝑐] 

𝑉𝑞𝑑𝑟
𝑇 = [𝑉𝑞𝑟 𝑉𝑑𝑟]      

                                      (4) 

{

𝑅𝐴𝐵𝐶 = 𝑑𝑖𝑎𝑔[𝑅𝐴 𝑅𝐵 𝑅𝐶]

𝑟𝑎𝑏𝑐 = 𝑑𝑖𝑎𝑔[𝑟𝑎 𝑟𝑏 𝑟𝑐]      

𝑟𝑞𝑑𝑟 = 𝑑𝑖𝑎𝑔[𝑟𝑞𝑟 𝑟𝑑𝑟]          
                                           (5) 

{

𝑖𝐴𝐵𝐶
𝑇 = [𝑖𝐴 𝑖𝐵 𝑖𝐶]

𝑖𝑎𝑏𝑐
𝑇 = [𝑖𝑎 𝑖𝑏 𝑖𝑐] 

𝑖𝑞𝑑𝑟
𝑇 = [𝑖𝑞𝑟 𝑖𝑑𝑟]    

                                              (6) 

{

𝜆𝐴𝐵𝐶
𝑇 = [𝜆𝐴 𝜆𝐵 𝜆𝐶]

𝜆𝑎𝑏𝑐
𝑇 = [𝜆𝑎 𝜆𝑏 𝜆𝑐] 

𝜆𝑞𝑑𝑟
𝑇 = [𝜆𝑞𝑟 𝜆𝑑𝑟]      

                                            (7) 

𝑝 =
𝑑

𝑑𝑡
 and 𝑉𝑐

𝑎𝑏𝑐 = [𝑉𝑐𝑎
𝑉𝑐𝑏

𝑉𝑐𝑐]
𝑇                     (8) 

 

The equations of flux linkages in the primary, 

secondary and rotor windings are written as: 

𝜆𝐴𝐵𝐶 = 𝐿𝐴𝐵𝐶𝑖𝐴𝐵𝐶 + 𝐿𝐴𝐵𝐶𝑎𝑏𝑐𝑖𝑎𝑏𝑐 + 𝐿𝐴𝐵𝐶𝑞𝑑𝑟𝑖𝑞𝑑𝑟      (9) 

𝜆𝑎𝑏𝑐 = 𝐿𝐴𝐵𝐶𝑎𝑏𝑐
𝑇 𝑖𝐴𝐵𝐶 + 𝐿𝑎𝑏𝑐𝑖𝑎𝑏𝑐 + 𝐿𝑎𝑏𝑐𝑞𝑑𝑟𝑖𝑞𝑑𝑟     (10) 

𝜆𝑞𝑑𝑟 = 𝐿𝐴𝐵𝐶𝑞𝑑𝑟
𝑇 𝑖𝐴𝐵𝐶 + 𝐿𝑎𝑏𝑐𝑞𝑑𝑟

𝑇 𝑖𝑎𝑏𝑐 + 𝐿𝑞𝑑𝑟𝑖𝑞𝑑𝑟    (11) 

 

The current, 𝑖𝑎𝑏𝑐 in the secondary windings may be 

related in terms of capacitor voltage and capacitance, 

C as:    

𝑖𝑎𝑏𝑐 = 𝐶𝑝𝑉𝑐
𝑎𝑏𝑐                                                                     (12) 

 

The self and mutual inductances of primary, 

secondary and rotor windings are 𝐿𝐴𝐵𝐶 , 𝐿𝑎𝑏𝑐 and 𝐿𝑞𝑑𝑟 

respectively, while 𝐿𝐴𝐵𝐶𝑎𝑏𝑐 and 𝐿𝐴𝐵𝐶𝑎𝑏𝑐
𝑇  are coupling 

inductances between the stator windings. The mutual 

inductances betwixt the rotor and stator windings are 

𝐿𝐴𝐵𝐶𝑞𝑑𝑟
𝑇  and 𝐿𝑎𝑏𝑐𝑞𝑑𝑟

𝑇 .  

 

Note that variables related to primary, secondary and 

rotor windings are illustrated by scripts 𝐴𝐵𝐶, 𝑎𝑏𝑐 and 

𝑞𝑑𝑟 respectively. 

 

These flux linkage equations (9), (10) and (11) can be 

rewritten as: 

[

𝜆𝐴𝐵𝐶

𝜆𝑎𝑏𝑐

𝜆𝑞𝑑𝑟

] = [

𝐿11 𝐿12 𝐿13

𝐿21 𝐿22 𝐿23

𝐿31 𝐿32 𝐿33

] [

𝑖𝐴𝐵𝐶

𝑖𝑎𝑏𝑐

𝑖𝑞𝑑𝑟

]      (13) 

𝐿11 = [

𝐿𝐴𝐴 𝐿𝐴𝐵 𝐿𝐴𝐶

𝐿𝐵𝐴 𝐿𝐵𝐵 𝐿𝐵𝐶

𝐿𝐶𝐴 𝐿𝐶𝐵 𝐿𝐶𝐶

],𝐿22 = [

𝐿𝑎𝑎 𝐿𝑎𝑏 𝐿𝑎𝑐

𝐿𝑏𝑎 𝐿𝑏𝑏 𝐿𝑏𝑐

𝐿𝑐𝑎 𝐿𝑐𝑏 𝐿𝑐𝑐

], 

and 𝐿33 = [
𝐿𝑞𝑟 𝐿𝑞𝑑𝑟

𝐿𝑑𝑞𝑟 𝐿𝑑𝑟
]                                         (14) 

 

𝐿12 = ±[

𝐿𝐴𝑎 𝐿𝐴𝑏 𝐿𝐴𝑐

𝐿𝐵𝑎 𝐿𝐵𝑏 𝐿𝐵𝑐

𝐿𝐶𝑎 𝐿𝐶𝑏 𝐿𝐶𝑐

],𝐿23 = ±[

𝐿𝑎𝑞𝑟 𝐿𝑎𝑑𝑟

𝐿𝑏𝑞𝑟 𝐿𝑏𝑑𝑟

𝐿𝑐𝑞𝑟 𝐿𝑐𝑑𝑟

] 

and𝐿31 = [

𝐿𝑞𝑟𝐴 𝐿𝑑𝑟𝐴

𝐿𝑞𝑟𝐵 𝐿𝑑𝑟𝐵

𝐿𝑞𝑟𝐶 𝐿𝑑𝑟𝐶

]                                          (15) 

 

The sign ± in the coupling inductance terms 𝐿12  and 

𝐿23 are due to the swapping of the secondary windings 

and as a result, if the mutual coupling inductance is 

negative in one half of the machine, it is positive in the 

other and conversely [13 – 15]. 

 

The inductance matrix of the primary windings of the TF machine: 

𝐿11
𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐴 =

[
 
 
 
 𝐿𝑙 + 𝐿𝑜 − 𝐿𝑚𝑠 cos 2𝜃𝑟 −

1

2
𝐿𝑜 − 𝐿𝑚𝑠 cos(2𝜃𝑟 − 2𝜋 3⁄ ) −

1

2
𝐿𝑜 − 𝐿𝑚𝑠 cos(2𝜃𝑟 + 2𝜋 3⁄ )

−
1

2
𝐿𝑜 − 𝐿𝑚𝑠 cos(2𝜃𝑟 − 2𝜋 3⁄ ) 𝐿𝑙 + 𝐿𝑜 − 𝐿𝑚𝑠 cos 2(𝜃𝑟 − 2𝜋 3⁄ ) −

1

2
𝐿𝑜 − 𝐿𝑚𝑠 cos(2𝜃𝑟 + 2𝜋)

−
1

2
𝐿𝑜 − 𝐿𝑚𝑠 cos(2𝜃𝑟 + 2𝜋 3⁄ ) −

1

2
𝐿𝑜 − 𝐿𝑚𝑠 cos(2𝜃𝑟 + 2𝜋) 𝐿𝑙 + 𝐿𝑜 − 𝐿𝑚𝑠 cos 2(𝜃𝑟 + 2𝜋 3⁄ )]

 
 
 
 

 (16) 

 

𝐿11
𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐵 =

[
 
 
 
 𝐿𝑙 + 𝐿𝑜 + 𝐿𝑚𝑠 cos 2𝜃𝑟 −

1

2
𝐿𝑜 + 𝐿𝑚𝑠 cos(2𝜃𝑟 − 2𝜋 3⁄ ) −

1

2
𝐿𝑜 + 𝐿𝑚𝑠 cos(2𝜃𝑟 + 2𝜋 3⁄ )

−
1

2
𝐿𝑜 + 𝐿𝑚𝑠 cos(2𝜃𝑟 − 2𝜋 3⁄ ) 𝐿𝑙 + 𝐿𝑜 + 𝐿𝑚𝑠 cos 2(𝜃𝑟 − 2𝜋 3⁄ ) −

1

2
𝐿𝑜 + 𝐿𝑚𝑠 cos(2𝜃𝑟 + 2𝜋)

−
1

2
𝐿𝑜 + 𝐿𝑚𝑠 cos(2𝜃𝑟 + 2𝜋 3⁄ ) −

1

2
𝐿𝑜 + 𝐿𝑚𝑠 cos(2𝜃𝑟 + 2𝜋) 𝐿𝑙 + 𝐿𝑜 + 𝐿𝑚𝑠 cos 2(𝜃𝑟 + 2𝜋 3⁄ )]

 
 
 
 

(17) 

 

 

The 𝐿𝑙 in the diagonal elements of the matrices 

explains the leakage inductance of the winding and 

considered to be equal for the winding phases. The 

inductance matrix, 𝐿11 of the primary winding is the 

totality of such inductances of machine A and machine 

B comprising the TF. 

𝐿11 = 𝐿11
𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐴 + 𝐿11

𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐵 =

[
 
 
 
 2𝐿𝑙 + 𝐿𝑚𝑑 + 𝐿𝑚𝑞 −

1

2
(𝐿𝑚𝑑 + 𝐿𝑚𝑞) −

1

2
(𝐿𝑚𝑑 + 𝐿𝑚𝑞)

−
1

2
(𝐿𝑚𝑑 + 𝐿𝑚𝑞) 2𝐿𝑙 + 𝐿𝑚𝑑 + 𝐿𝑚𝑞 −

1

2
(𝐿𝑚𝑑 + 𝐿𝑚𝑞)

−
1

2
(𝐿𝑚𝑑 + 𝐿𝑚𝑞) −

1

2
(𝐿𝑚𝑑 + 𝐿𝑚𝑞) 2𝐿𝑙 + 𝐿𝑚𝑑 + 𝐿𝑚𝑞]

 
 
 
 

     (18) 

where, 𝐿𝑜 =
𝐿𝑚𝑑+𝐿𝑚𝑞

2
                                                     (19)
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For the mutual inductance matrix betwixt the primary and secondary windings, 

𝐿12
𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐴 = [

𝐿𝑙 + 𝐿𝑜 − 𝐿𝑚𝑠 cos2𝜃𝑟 𝐿𝑜 cos𝛼 − 𝐿𝑚𝑠 cos(2𝜃𝑟 − 𝛼) 𝐿𝑜 cos 𝛼 − 𝐿𝑚𝑠 cos(2𝜃𝑟 + 𝛼)

𝐿𝑜 cos 𝛼 − 𝐿𝑚𝑠 cos(𝜃𝑟 − 𝛼) 𝐿𝑙 + 𝐿𝑜 − 𝐿𝑚𝑠 cos(2𝜃𝑟 + 𝛼) 𝐿𝑜 cos𝛼 − 𝐿𝑚𝑠 cos 2𝜃𝑟

𝐿𝑜 cos𝛼 − 𝐿𝑚𝑠 cos(2𝜃𝑟 + 𝛼) 𝐿𝑜 cos 𝛼 − 𝐿𝑚𝑠 cos2𝜃𝑟 𝐿𝑙 + 𝐿𝑜 − 𝐿𝑚𝑠 cos(2𝜃𝑟 − 𝛼)
]     (20) 

 

𝐿12
𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐵 = −[

𝐿𝑙 + 𝐿𝑜 + 𝐿𝑚𝑠 cos2𝜃𝑟 𝐿𝑜 cos𝛼 + 𝐿𝑚𝑠 cos(2𝜃𝑟 − 𝛼) 𝐿𝑜 cos 𝛼 + 𝐿𝑚𝑠 cos(2𝜃𝑟 + 𝛼)

𝐿𝑜 cos 𝛼 + 𝐿𝑚𝑠 cos(𝜃𝑟 − 𝛼) 𝐿𝑙 + 𝐿𝑜 + 𝐿𝑚𝑠 cos(2𝜃𝑟 + 𝛼) 𝐿𝑜 cos𝛼 + 𝐿𝑚𝑠 cos 2𝜃𝑟

𝐿𝑜 cos𝛼 + 𝐿𝑚𝑠 cos(2𝜃𝑟 + 𝛼) 𝐿𝑜 cos𝛼 + 𝐿𝑚𝑠 cos2𝜃𝑟 𝐿𝑙 + 𝐿𝑜 + 𝐿𝑚𝑠 cos(2𝜃𝑟 − 𝛼)
]  (21) 

 

 

𝐿12 = 𝐿12
𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐴 + 𝐿12

𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐵 = (𝐿𝑚𝑞 −

𝐿𝑚𝑑) [

cos 2𝜃𝑟 cos(2𝜃𝑟 − 𝛼) cos(2𝜃𝑟 + 𝛼)

cos(𝜃𝑟 − 𝛼) cos(2𝜃𝑟 + 𝛼) cos 2𝜃𝑟

cos(2𝜃𝑟 + 𝛼) cos 2𝜃𝑟 cos(2𝜃𝑟 − 𝛼)
](22) 

where, 𝐿𝑚𝑠 =
𝐿𝑚𝑑−𝐿𝑚𝑞

2
 and 𝛼 = 2𝜋 3⁄ .                      (23) 

 

The similarity between the inductance matrices of this 

machine and those of the normal induction motor 

elicits some comments. It is noticed from equation 

(18) that the sum of the primary winding self-

inductance matrices of the component machine stacks 

which constitute the composite machine is 

independent of rotor position as reported in [16 – 17]. 

However, (22) which is the mutual inductance matrix 

of the primary and secondary windings of the TF 

machine can be seen to be dependent on the rotor 

angular position. These observations are some of the 

features the machine has in common with induction 

motor. 

 

For primary and secondary windings being identical 

and identical phases occupying selfsame slot positions 

on the stator, stator-rotor winding mutual inductances 

are expressed as:   

𝐿13 = 𝐿23 = [

𝐿𝑚𝑞 cos 𝜃𝑟 𝐿𝑚𝑑 sin 𝜃𝑟

𝐿𝑚𝑞 cos(𝜃𝑟 − 𝛼) 𝐿𝑚𝑑 sin(𝜃𝑟 − 𝛼)

𝐿𝑚𝑞 cos(𝜃𝑟 + 𝛼) 𝐿𝑚𝑑 sin(𝜃𝑟 + 𝛼)

]     (24) 

 

𝐿33 = 𝐿33
𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐴 + 𝐿33

𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐵 = 2 [
𝐿𝑙𝑞𝑟 + 𝐿𝑞𝑟 𝐿𝑞𝑟𝑑𝑟

𝐿𝑑𝑟𝑞𝑟 𝐿𝑙𝑑𝑟 + 𝐿𝑑𝑟
] =

2 [
𝐿𝑙𝑞𝑟 + 𝐿𝑞𝑟 0

0 𝐿𝑙𝑑𝑟 + 𝐿𝑑𝑟
]         (25) 

where, 𝐿𝑙𝑞𝑟 and 𝐿𝑙𝑑𝑟 report the leakage inductances of 

the rotor windings. Coupling inductances, 𝐿𝑞𝑟𝑑𝑟 and 

𝐿𝑑𝑟𝑞𝑟between the windings of the rotor along 𝑑 −axis 

and 𝑞 −axis are zeros as a result of the 900 angular 

displacement.  

 

Transformation of stator quantities to arbitrary 𝑞𝑑𝑜 

reference frame is given by [18] using transformation 

matrices: 

[𝐾𝑆(𝜃)] =
2

3
 

[
 
 
 
 cos 𝜃 cos (𝜃 −

2𝜋

3
) cos (𝜃 +

2𝜋

3
)

sin 𝜃 sin (𝜃 −
2𝜋

3
) sin (𝜃 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 

      (26) 

[𝐾𝑆(𝜃)]
−1

= [

cos 𝜃 sin 𝜃 1

cos (𝜃 −
2𝜋

3
) sin (𝜃 −

2𝜋

3
) 1

cos (𝜃 +
2𝜋

3
) sin (𝜃 +

2𝜋

3
) 1

]             (27) 

 

Employing 𝐾𝑆(𝜃) to voltage equation (1) of the 

primary winding gives 

𝑉𝑄𝐷𝑂 = [𝐾𝑆]𝑃[𝐾𝑆]
−1𝜆𝑄𝐷𝑂 + [𝐾𝑆]R[KS]

−1𝑖𝑄𝐷𝑂
       (28)   

𝑉𝑄 = 𝑅𝑖𝑄 + 𝜔𝜆𝐷+ 𝑝𝜆𝑄          (29)  

𝑉𝐷 = 𝑅𝑖𝐷 −  𝜔𝜆𝑄+ 𝑝𝜆𝐷         (30) 

𝑉𝑂 = 𝑅𝑖𝑂 + 𝑝𝜆𝑂 (31) 

where, 𝑅 is the entirety of the resistances of the 

primary windings of both machine elements. 

 

In the same manner, transformation of rotor quantities 

is stated by [18] using transformation matrices: 

[𝐾𝑅(𝛽)] =
2

3

[
 
 
 
 cos 𝛽 cos (𝛽 −

2𝜋

3
) cos (𝛽 +

2𝜋

3
)

sin 𝛽 sin (𝛽 −
2𝜋

3
) sin (𝛽 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 

       (32) 

where, 𝛽 = 2𝜃𝑟 − 𝜃          (33) 

[𝐾𝑅(𝛽)]
−1

=

[
 
 
 

cos 𝛽 sin 𝛽 1

cos (𝛽 −
2𝜋

3
) sin (𝛽 −

2𝜋

3
) 1

cos (𝛽 +
2𝜋

3
) sin (𝛽 +

2𝜋

3
) 1]

 
 
 

            (34) 

 

Again, employing 𝐾𝑅(𝛽)to voltage equation (2) of the 

secondary winding gives 

𝑉𝑞 = 𝑟𝑖𝑞 − (𝜔 − 2𝜔𝑟)𝜆𝑑 + 𝑝𝜆𝑞 + 𝑉𝑐𝑞                    (35) 

𝑉𝑑 = 𝑟𝑖𝑑 + (𝜔 − 2𝜔𝑟)𝜆𝑞 + 𝑝𝜆𝑑 + 𝑉𝑐𝑑                   (36) 

𝑉𝑜 = 𝑟𝑖𝑜 + 𝑝𝜆𝑜                                                        (37) 

where, 𝑟 is the entirety of the resistances of the 

secondary windings of both machine elements, 𝑉𝑐𝑞 

and 𝑉𝑐𝑑 in equations (35) and (36) are capacitor 

voltages. 

 

Analogously, the rotor winding voltage can be 

expressed as: 

𝑉𝑞𝑟 = 𝑟𝑟𝑖𝑞𝑟 + (𝜔 − 2𝜔𝑟)𝜆𝑑𝑟 + 𝑝𝜆𝑞𝑟         (38) 
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𝑉𝑑𝑟 = 𝑟𝑟𝑖𝑑𝑟 − (𝜔 − 2𝜔𝑟)𝜆𝑞𝑟 + 𝑝𝜆𝑑𝑟              (39) 

where, 𝑟𝑟 is also the entirety of the resistances of the 

rotor windings in both machine elements.  

 

The 𝑉𝑐𝑞 and 𝑉𝑐𝑑 in equations (35) and (36) may be 

expressed as: 

{
𝑝𝑉𝑐𝑞 =

𝑖𝑞

𝐶
− (𝜔 − 2𝜔𝑟)𝑉𝑐𝑑

𝑝𝑉𝑐𝑑 =
𝑖𝑑

𝐶
+ (𝜔 − 2𝜔𝑟)𝑉𝑐𝑞

                                      (40) 

 

Employing 𝐾𝑆(𝜃) to ABC flux linkage of (9) and (13) 

of the primary winding gives: 

𝜆𝑄𝐷𝑂 = [𝐾𝑆(𝜃)]𝐿11[𝐾𝑆(𝜃)]
−1

𝑖𝑄𝐷𝑂 +

[𝐾𝑆(𝜃)]𝐿12[𝐾𝑅(𝛽)]
−1

𝑖𝑞𝑑𝑜 + [𝐾𝑆(𝜃)]𝐿13𝑖𝑞𝑑𝑟                         (41)           

𝜆𝑄 = 2(𝐿𝑙 + 𝐿𝑚𝑑)𝑖𝑄 + (𝐿𝑚𝑞 − 𝐿𝑚𝑑)(𝑖𝑄 + 𝑖𝑞 + 𝑖𝑞𝑟)   (42) 

𝜆𝐷 = 2(𝐿𝑙 + 𝐿𝑚𝑞)𝑖𝐷 + (𝐿𝑚𝑑 − 𝐿𝑚𝑞)(𝑖𝐷 + 𝑖𝑑 + 𝑖𝑑𝑟)   (43) 

𝜆𝑂 = 2𝐿𝑙𝑖𝑂               (44) 

 

In a similar fashion, employing 𝐾𝑅(𝛽) to abc flux 

linkage of (10) and (13) of the secondary winding 

gives: 

𝜆𝑞𝑑𝑜 = [𝐾𝑅(𝛽)]𝐿21[𝐾𝑆(𝜃)]
−1

𝑖𝑄𝐷𝑂 +

[𝐾𝑅(𝛽)]𝐿22[𝐾𝑅(𝛽)]
−1

𝑖𝑞𝑑𝑜 + [𝐾𝑅(𝛽)]𝐿23𝑖𝑞𝑑𝑟                      (45)                   

𝜆𝑞 = 2(𝐿𝑙 + 𝐿𝑚𝑑)𝑖𝑞 + (𝐿𝑚𝑞 − 𝐿𝑚𝑑)(𝑖𝑞 + 𝑖𝑄 + 𝑖𝑞𝑟)    (46) 

𝜆𝑑 = 2(𝐿𝑙 + 𝐿𝑚𝑞)𝑖𝑑 + (𝐿𝑚𝑑 − 𝐿𝑚𝑞)(𝑖𝑑 + 𝑖𝐷 + 𝑖𝑑𝑟)   (47) 

𝜆𝑜 = 2𝐿𝑙𝑖𝑜                                                                (48) 

 

In a like manner, the rotor winding 𝑞𝑑𝑟 flux linkage 

of (11) and (13) may be expressed as: 

𝜆𝑞𝑑𝑟 = 𝐿31[𝐾𝑆(𝜃)]
−1

𝑖𝑄𝐷𝑂 + 𝐿32[𝐾𝑅(𝛽)]
−1

𝑖𝑞𝑑𝑜 + 𝐿33𝑖𝑞𝑑𝑟      (49) 

𝜆𝑞𝑟 = (2𝐿𝑙𝑟 + 𝐿𝑚)𝑖𝑞𝑟 + (𝐿𝑚𝑞 − 𝐿𝑚𝑑)(𝑖𝑞𝑟 + 𝑖𝑄 + 𝑖𝑞)        (50) 

𝜆𝑑𝑟 = (2𝐿𝑙𝑟 + 𝐿𝑚)𝑖𝑑𝑟 + (𝐿𝑚𝑑 − 𝐿𝑚𝑞)(𝑖𝑑𝑟 + 𝑖𝑑 + 𝑖𝐷)          (51) 

where, 𝐿𝑚 = 𝐿𝑚𝑞 − 𝐿𝑚𝑑              (52) 

 

The electromagnetic torque can be derived 

considering the energy available in the air gap as: 

𝑇𝑒 =
𝑛

2
{[(𝐾𝑆(𝜃))

−1
𝑖𝑄𝐷𝑂]

𝑇 𝜕[𝐿12]

𝜕𝜃𝑟
(𝐾𝑅(𝛽))

−1
𝑖𝑞𝑑𝑜 +

[(𝐾𝑆(𝜃))
−1

𝑖𝑄𝐷𝑂]
𝑇 𝜕[𝐿13]

𝜕𝜃𝑟
𝑖𝑞𝑑𝑟 + [(𝐾𝑅(𝛽))

−1
𝑖𝑞𝑑𝑜]

𝑇 𝜕[𝐿23]

𝜕𝜃𝑟
𝑖𝑞𝑑𝑟} (53) 

 

Equation (53) may be stated in terms of inductance 

and current as: 

𝑇𝑒 =
3

2
(
𝑛

2
) (𝐿𝑚𝑑 − 𝐿𝑚𝑞)[(𝑖𝑄𝑖𝑑 + 𝑖𝑞𝑖𝐷) + (𝑖𝑄𝑖𝑑𝑟 + 𝑖𝑞𝑟𝑖𝐷) +

(𝑖𝑞𝑖𝑑𝑟 + 𝑖𝑞𝑟𝑖𝑑)]                                (54) 

where, n is the pole number of the machine. 

 

The torque produced is consequent upon the 

interactions betwixt and among the primary winding, 

secondary winding and rotor winding. 

 

3.2  Simulation of the TF Machine 

The simulation of the model TF and conventional TF 

machines was accomplished on MATLAB/Simulink 

environment. Synchronously rotating reference frame 

was adopted. This was effected by relating the 𝜔 in 

arbitrary reference frame to 𝜔𝑠 [19], while 𝜔𝑠 is the 

synchronous speed. The simulation was conducted 

with simulink model for a computer time of two (2) 

seconds. 

 

The different starting transients of the two machines 

were noticed during simulations. The results of the 

simulation were observed with the use of simulink 

scopes to be satisfactorily in order. A load torque of 

2N-m was introduced at one (1) second when the 

motors have reached a full speed and transients had 

eased off. The performance characteristics of the 

machines were then observed.  

 

The circuit parameters for the proposed TF machine 

modified from the conventional machine presented by 

[6] are shown in Table 1. The parameters given in 

Table 1 are for one machine element. 

 

Table 1: Circuit parameters of the newly modeled TF 

machine [6] 
Parameters Values 

𝐿𝑚𝑑 133.3× 10−3 (H) 

𝐿𝑚𝑞 25.6× 10−3 (H) 

𝐿𝑙 6.0× 10−3 (H) 

𝑅 = 𝑟 = 𝑟𝑟 3.0 (Ω) 

𝐽 1.98 × 10−3 (Kg𝑚2) 

V 220 (V) 

n 4 

 

3.3  Steady-State Model of the TF Machine 
The equations of the steady state performance of the 

new TF machine may be drawn by subjecting all time 

varying components of the voltage equations (29) to 

(31), (35) to (37) and, (38) and (39) to zero. The d – 

axis equations reduce to: 

{

𝑉𝐷  =  𝑅𝑖𝐷  −   𝜔𝜆𝑄                          

𝑉𝑑  =  𝑟𝑖𝑑 + (𝜔 − 2𝜔𝑟)𝜆𝑞 + 𝑉𝑐𝑑  

𝑉𝑑𝑟 = 𝑟𝑟𝑖𝑑𝑟 − (𝜔 − 2𝜔𝑟)𝜆𝑞𝑟        

           (55) 

 

To set the d – axis to be aligned with the a-phase, the 

ensuing relationships coexist betwixt the q- and d-axes 

variables; 

{

𝐾𝐷 = 𝑗𝐾𝑄    (Circuit of primary winding)         

𝐾𝑑 = −𝑗𝐾𝑞    (Circuit of secondary winding)

𝐾𝑑𝑟 = 𝑗𝐾𝑞𝑟       (Circuit of rotor winding)        

           (56) 

where, K may be flux linkage, current or voltage as 

the case may be. 

 

As d – axis is put in order with phase a, accordingly 

𝑉𝐷 = 𝑉𝐴, 𝑖𝐷 = 𝑖𝐴, 𝑖𝑑 = 𝑖𝑎, 𝑖𝑑𝑟 = 𝑖𝑎𝑟  and 𝜔 = 𝜔𝑠      (57) 
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Therefore, in the primary winding, 

𝑉𝐴 = 𝑅𝑖𝐴 + 𝑗2(𝑋𝑞)𝑖𝐴 + 𝑗(𝑋𝑚𝑑 − 𝑋𝑚𝑞)(𝑖𝐴 + 𝑖𝑎 + 𝑖𝑎𝑟)   (58) 

where, 𝑗𝜔𝑠𝐿 = 𝑗𝑋𝐿 and 𝑋𝑞 = 𝑋𝑙 + 𝑋𝑚𝑞 

 

In like manner, it can be revealed that for secondary 

winding, 
𝑉𝑎

(2𝑠−1)
=

𝑟𝑖𝑎

(2𝑠−1)
+ 𝑗2(𝑋𝑞)𝑖𝑎 + 𝑗(𝑋𝑚𝑑 − 𝑋𝑚𝑞)(𝑖𝑎 + 𝑖𝐴 + 𝑖𝑎𝑟) −

𝑗𝑋𝐶𝑖𝑎

(2𝑠−1)2
                                            (59) 

where, s is slip and 
1

𝑗𝜔𝑠𝐶
= −𝑗𝑋𝐶. 

Analogously, for rotor winding,  
𝑉𝑎𝑟

(2𝑠−1)
=

𝑟𝑟

(2𝑠−1)
𝑖𝑎𝑟 + 𝑗(𝑋𝑟)𝑖𝑎𝑟 + 𝑗(𝑋𝑚𝑑 − 𝑋𝑚𝑞)(𝑖𝑎𝑟 + 𝑖𝑎 + 𝑖𝐴)                                                

               (60) 

where, 𝑋𝑟 = 2𝑋𝑙𝑟 + 𝑋𝑚 

 

Equations (58), (59) and (60) imply the steady-state 

equivalent circuit in Figure 2a. Figure 2b is the steady-

state corresponding circuit while the secondary and 

rotor windings are short-circuited. 

 

 

 
Figure 2:  Steady-state equivalent circuit of the 

new TF machine 

     

The input (equivalent) impedance may be obtained by 

simple approach of circuit theory and given as: 

𝑍 = 𝑅 + 𝑗2𝑋𝑞 + (𝑍𝑎//𝑍1) = 𝑅 + 𝑗2𝑋𝑞 +
𝑍𝑎×𝑍1

𝑍𝑎+𝑍1
       (61) 

where, 𝑍𝑎 = 𝑗2𝑋𝑞 −
𝑗𝑋𝐶

(2𝑠−1)2
+ 

𝑟

(2𝑠−1)
; 𝑍𝑟 =

𝑟𝑟

(2𝑠−1)
+ 𝑗𝑋𝑟  (62) 

𝑍𝑚 = 𝑗(𝑋𝑚𝑑 − 𝑋𝑚𝑞); 𝑍1 =
𝑍𝑟×𝑍𝑚

𝑍𝑟+𝑍𝑚
             (63) 

 

The steady state torque is the totality of torques 

developed at both secondary and rotor windings and 

may be expressed by: 

T = 6
𝑖𝑎
2

𝜔𝑠

𝑟

(2𝑠−1)
+ 6

𝑖𝑎𝑟
2

𝜔𝑠

𝑟𝑟

(2𝑠−1)
= 6

𝑟

𝜔𝑠(2𝑠−1)
[𝑖𝑎

2 + 𝑖𝑎𝑟
2 ]        (64) 

where, 𝑟 = 𝑟𝑟, 𝑖𝑎 and 𝑖𝑎𝑟 winding resistance, 

secondary and rotor winding currents respectively. 

The power factor of the new machine can easily be 

obtained from theory of ac circuit as:  

Power factor, cos𝜑 =
𝑅𝑒𝑎𝑙(𝑍)

𝐴𝑏𝑠(𝑍)
=

𝑅𝑒𝑎𝑙[𝑅+𝑗2𝑋𝑞+
𝑍𝑎×𝑍1
𝑍𝑎+𝑍1

]

𝐴𝑏𝑠[𝑅+𝑗2𝑋𝑞+
𝑍𝑎×𝑍1
𝑍𝑎+𝑍1

]
            (65) 

 

4.0  RESULTS AND DISCUSSION 

The run-up speed characteristics of the TF machines 

are shown in Figure 3. The simulation of the machines 

was carried out to begin on no-load and then 

accelerated to half of the synchronous speed. 

 

 
Figure 3:  Conventional TF and proposed TF 

machines’ rotor speed characteristics 

 

These speed characteristics of the two machines are 

similar to each other. However, the new machine has 

shorter transient period and settled down quickly even 

after the employment of load. It is noted that the 

normal TF took about 0.4 second to attain a 

synchronous speed of 157.08 radians per second after 

having initial a higher speed transient rises of 176.1 

radians per second at start-up. On the other hand, the 

proposed TF reached a synchronous speed of 157.079 

radians per second at an earlier time of 0.3 seconds, 

after an initial transient speed rise of 180.0 radians per 

second.  

 

On application of load torque at 1 second, a speed 

transient rise of 159.2 radians per second was 

observed for the conventional TF which later settled 

at a synchronous speed of 149.4 radians per second at 

1.25 seconds. Whereas, the proposed TF at the 

introduction of load had a speed transient rise of 

157.18 radians per second and later settled at a 

synchronous speed of 149.35 radians per second at 1.2 

seconds.  

 

Figure 4 presents the characteristics of the primary and 

secondary winding currents of the conventional TF 

machine and modeled TF machine with rotor winding 

and capacitance injection against time for phase A 

only; (a) is for primary windings, while (b) is for 

secondary windings of the two TF machines. 
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Figure 4:  Conventional TF and proposed TF 

machines’ primary and secondary winding currents 

 

In Figure 4, it is visibly clear that for the new TF 

machine, the currents of the windings have shorter 

transient time, which suggests that an online starting 

of the machine can simply be achieved with no serious 

disturbance to supply. Furthermore, there is a rise in 

both primary and secondary winding currents of the 

proposed machine and is clearer during load 

application, implying greater output power. The rotor 

currents of the new TF machine model are as well 

presented in Figure 5. While (a) is for the rotor d – axis 

current, (b) is for the rotor q – axis current.  
 

  

 
Figure 5:  Proposed TF machine rotor d-q currents 

 

Plots of the torque – speed characteristics of the 

conventional TF and the proposed TF machines are 

indicated in Figure 6. It is seen that the conventional 

TF machine has more oscillations before attaining 

synchronous speed of 157.1 radians per second at zero 

torque than the proposed TF machine. This shows how 

the proposed machine is more stable.  

  

 
Figure 6:  Conventional TF and proposed TF 

machines’ torque – speed characteristics 

 

On employment of load torque, however, the 

machines swung and settled at speed of 149.3 radians 

per second while the load torque is 2N-m. The Figure 

6 reveals improvement in torque of the new TF 

machine. 

 

Figure 7 reveals the plots of the steady state torque 

versus slip of the conventional TF machine and the 

proposed TF machine. The torque – slip curve of TF 

machine is analogous to that of an induction motor 

beside that the synchronous speed of TF is 𝜔 2⁄ . This 

infers that at slip s = 0.5, that is, at speed 𝜔𝑟 = 𝜔 2⁄ , 

the torque is zero, given that the secondary winding 

current is zero. 

   

 
Figure 7:  Conventional TF and proposed TF 

machines’ torque – slip curves 

 

It is seen clearly in Figure 7 that the new machine has 

higher starting and pullout torques. 

 

 
Figure 8:  Conventional TF and proposed TF 

machines’ power factor – slip curves 
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The plots of the power factors of the conventional TF 

and Proposed TF machines are indicated in Figure 8.  

 

It is noted that the power factor of the new TF machine 

is superior to that of the conventional counterpart. 

Both Figures 7 and 8 display the new machine 

performance conspicuously enhanced. 

 

5.0  CONCLUSION 

A new transfer field (TF) machine with enhanced 

output performance by rotor induced currents and 

capacitance injection is modeled and the performance 

analysis has been successfully carried out. The 

introduced rotor winding current increased the 

induced electromotive force (EMF) in the machine 

and lowered the winding impedance. This impedance 

reduction was accentuated by the negative capacitive 

reactance of the secondary winding, thus lowering the 

overall impedance of the machine and resulting in 

high output performance as indicated in Figures 7 and 

8. The juxtaposition of the simulation results of the 

new TF machine and the conventional counterpart is 

made. The two machines exhibit performance 

attributes highly analogous to those of induction 

motor that is wound for double the pole number. The 

performance characteristics at start-up and on 

application of load torque after 1 second reveal the 

better performance of the new TF machine. Although 

new machine indicated relative higher transients at 

start but for a shorter duration. The enhanced 

performance of the new TF machine is accompanied 

with increased outputs at improved power factor. With 

this enhancement, the machine can compete 

favourably with induction motors of comparable size. 

One special merit of TF machine is for control 

purposes. The terminals of the secondary windings 

can be located outside the machine where the input 

signal for control studies can be more conveniently 

applied. 
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