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Abstract: The paper presents the steady-state analysis of a new hybrid synchronous 

machine with a higher reluctance to excitation power ratio. The machine comprises a round 

rotor and a salient-pole machine elements that are mechanically coupled together and 

integrally wound. In each stator, there are two sets of identical poly-phase windings 

identifiable as the primary and secondary windings which are electrically isolated but 

magnetically coupled. The primary windings are connected in series between the two 

sections of the hybrid machine while the secondary windings are connected in anti-series 

and terminated across a balanced capacitor bank. The hybrid machine exhibits a special 

feature that when running at the synchronous speed, its effective XD/XQ ratio can be 

amplified and hence its output by the tuning of the variable capacitance bank which 

capacitive reactance XC neutralizes only the quadrature axis reactance XQ while the direct 

axis reactance XD remains unaffected. It is shown that at XD/XQ = 3, the reluctance 

component of the output power is 2.5 times the excitation power. The calculated and the 

measured results from the machine are in good conformity. 
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1 Introduction1 

YNCHRONOUS reluctance machine is an electrical 

machine whose torque production utilizes the 

concept of reluctance and rotating sinusoidal 

magnetomotive force. This machine has attracted the 

attention of researchers due to its robustness, low cost as 

well as high overload capabilities [1-3]. However, the 

machine has inherent low torque/power density and 

power factor when compared with permanent magnet 

synchronous machine or induction machine of the same 

dimension [4, 5]. 
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There are various studies aimed at improving the output 

power of the machine through the ingenious design and 

re-design of the rotor structure [6]–[8]. These attempts 

have been targeted towards enhancing the saliency ratio 

(Xd/Xq) of the machine on which the output power 

depends through the reduction of the q-axis reactance 

Xq. The problem with this approach is the attendant 

reduction in the d-axis reactance Xd as well which 

results in a ratio that is less than the intended value. 

   Due to the problems associated with the manipulation 

of rotor geometries to increase the saliency ratio, some 

researchers undertook investigative studies on capacitor 

assisted synchronous machines so as to overcome some 

of the problems. Anih and Agu [9] introduced a novel 

scheme of increasing the saliency ratio without altering 

the rotor geometry. This scheme consists of two sets of 

identical windings on the stator designated as the main 

and auxiliary windings. The main winding is connected 

to the mains supply while the auxiliary winding is 

connected to a balanced capacitor. In this scheme, 

varying of the capacitance value of the auxiliary 

winding varies the overall q-axis reactance of the 

machine. Obe et al. [10-12] presented a machine 

operating on this scheme with improved power factor 
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and with minimized losses at certain capacitor values. 

   Anih et al. [13, 14] in their recent study investigated 

that even though varying the capacitor value reduces the 

q-axis reactance, it also has an attendant deleterious 

effect on the d-axis reactance. They then introduced a 

hybrid reluctance machine comprising two machine 

elements (one round rotor and the other salient-pole 

rotor) in which the first machine provides only d-axis 

reactance Xd. By this, the d-axis reactance of the hybrid 

machine remains constant irrespective of the value of 

the q-axis reactance. The round rotor half of this hybrid 

machine has neither field nor damper windings and 

subsequently does not produce any torque. Its function 

is merely to produce a synchronous reactance XS which 

is made equal to the direct axis reactance Xd of the 

salient-pole section. 

   This study is an extension of the work reported 

in [14], whereby a dc field winding which spans both 

halves of the hybrid machine is now introduced in the 

combined rotor and transforms the machine from 

synchronous reluctance machine to a pure synchronous 

machine. Also, this hybrid machine will be able to 

operate as a standalone generator and when operated as 

a motor, it will be self-starting and self-synchronizing. 

 

3 Description of the Hybrid Machine 

   The hybrid machine consists of two synchronous 

machine elements; a salient-pole type mechanically 

coupled to a round rotor type and each of them has two 

sets of poly-phase stator windings. One set of the 

windings is connected in series phase by phase but 

transposed between the two sections of the machine 

while the other is connected simply in series phase by 

phase and identical phases occupy the same slots. Any 

of the winding sets may be connected to the mains while 

the other is connected to a variable capacitor bank. The 

windings connected to the mains will henceforth be 

referred to as the primary stator winding while that 

connected across the capacitor bank as the secondary 

stator winding. A simple dc field winding spans both 

halves of the machine rotor and also included in the 

respective rotors are damper windings. The 3-phase and 

per phase schematic diagrams of the machine are shown 

in Fig. 1 

 

3 Enhancement of XD/XQ Ratio of the Hybrid 

Machine 

   The round rotor half of the machine has a constant 

synchronous reactance Xs  while the salient-pole half 

has two definite axes of geometry, known as the direct 

and quadrature axes and their associated direct and 

quadrature axes reactances Xd and Xq respectively. 

   The synchronous reactance of the round rotor half is 

made equal to the direct axis reactance Xd of the salient-

pole half in magnitude (ie. XS = Xd) by the adjustment of 

the air-gaps of the round rotor and salient pole 

halves [15] . When the axis of the salient-pole half 

coincides with the d-axis, the overall d-axis reactance is 

XD = Xd + Xd = 2Xd. And when it coincides with the q-

axis, the overall q-axis reactance is XQ = Xd + Xq, giving 

a saliency ratio of XD/XQ = 2Xd/(Xd + Xq) = 2k/(1+k), 

where k = Xd / Xq. 

   The reluctance component of the output power of the 

hybrid machine is directly proportional to the XD/XQ 

ratio [14, 16]. It is shown in the subsequent subsection 

of this paper that XQ is dependent on the negative 

variable capacitance bank reactance XC which 

neutralizes the quadrature axis reactance XQ as XC is 

varied while XD remains unaffected by the variation. As 

XQ tends to zero, XD/XQ tends to infinity 

theoretically [17]. In practice, the machine will be 

operated at a load angle below the infinite output region 

for stability consideration. 
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(b) 

Fig. 1 a) 3-Phase schematic diagram of the hybrid 

synchronous machine and b) Per-phase schematic diagram of  
 

the hybrid machine. 
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4 Mathematical Model of the Hybrid Synchronous 

Machine 

   The mathematical model development of this machine 

will be based on the modeling of synchronous machine 

as contained in classical texts [18, 19]. In the analysis 

that follows, subscripts abc will be used to represent 

primary stator winding terms while subscripts xyz will 

be used to represent the secondary stator winding terms. 

   The voltage equations of the hybrid machine in 

machine variables are given in compact form as 
 

H

H H H

d
V I R

dt


   (1) 

 

where, VH represents the (primary and secondary) stator 

and the rotor winding voltages and it is given in matrix 

form as: 
 

H abc xyz qdr a b c x y z qr dr frV V V V V V V V V V V V V       
 

(2) 

 

The current matrix is given by 
 

H abc xyz qdr a b c x y z qr dr frI I I I I I I I I I I I I         (3) 

 

while the resistance matrix is 
 

H a b c x y z qr dr dfR diag R R R R R R R R R     (4) 

 

The flux linkages may be expressed compactly as 
 

11 12 13

21 22 23

31 32 33

abc abc

H xyz xyz

qdr qdr

abc abcxyz abcqdr abc

zxyabc xyz xyzqdr xyz

qdrabc qdrxyz qdr qdr

L L L I

L L L I

L L L I

L L L I

L L L I

L L L I



 



    
    

     
        

   
   

    
   
   

 

 

 

 

 

(5) 

 

   From (5), Labc is the sum of the 3×3 inductance matrix 

of the three-phase primary windings of both halves of 

the machine. 
 

abc RR SSL L L    (6) 
 

where, LRR is the inductance matrix of the round rotor 

half while LSS  is for the salient-pole half. The 

inductance matrix for the stator winding of any salient 

pole machine is well known in literature [18, 19] and it 

is given as 
 

1
cos 2 cos 2( )

2 3

1 2
cos 2( ) cos 2( )

2 3 3

1 1
cos 2( ) cos 2( )

2 3 2

ss

ls o m r o m r

o m r ls o m r

o m r o m r

L

L L L L L

L L L L L

L L L L


 

 
 


  




    


     


     


 

 

1
cos 2( )

2 3

1
cos 2( )

2

2
cos 2( )

3

o m r

o m r

ls o m r

L L

L L

L L L




 





   


  


  


 

(7) 

 

where 
 

1 1
( ) and ( )

3 3
o md mq m md mqL L L L L L     (8) 

 

   In a round rotor machine, the air gap is uniform and so 

Lmd = Lmq. From (8), Lo = (2/3)Lmd and Lm = 0, and the 

inductance matrix is thus reduced to:  
 

2 1 1

3 3 3

1 2 1

3 3 3

1 1 2

3 3 3

ls md md md

RR md ls md md

md md ls md

L L L L

L L L L L

L L L L

 
   

 
     
 
 
   
  

 (9) 

abc SS RRL L L       

1 2

2 1

2 2

2

2

1

2 cos 2 cos 2( )
3

2
cos 2( ) 2 cos 2( )

3 3

cos 2( ) cos 2( )
3

cos 2( )
3

cos 2( )

2
2 cos 2( )

3

ls m r m r

m r ls m r

m r m r

m r

m r

ls m r

L L L L L

L L L L L

L L L L

L L

L L

L L L


 

 
 


  




 





    


     


     



   


   


  


 

 

 

 

 

 

 

(10) 

 

where, 
 

1 2

1 1 1
and

3 2 6
md mq md mqL L L L L L      (11) 

 

   Also, Labcxyz is the sum of the 3×3 inductance matrix as 

a result of the mutual inductance between the primary 

and the secondary stator windings of the machine. 

   On the assumption that the primary and secondary 

windings are identical, mutually coupled and occupy the 

same slot positions, the mutual inductance between the 

two sets of windings are equal, and each of them is 

equal to its self-inductance minus the leakage 

inductance [14]. 

   Therefore, if, LMS is the mutual inductance of the 

salient pole side; then, LMS = LSS – Ll. For the round 

rotor, LMR = LRR – Ll. 

   Since the secondary winding of the machine is 

transposed between the two halves, the mutual 

inductance between the primary and secondary 
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windings will be positive in one half of the machine and 

negative in the other half [14]. 
 

( )abcxyz RR l SS l RR SSL L L L L L L           

3 4

4 3

4 4

4

2

3

cos 2 cos 2( )
3

2cos 2( ) cos 2( )
3 3

cos 2( ) cos 2( )
3

cos 2( )
3

cos 2( )

2cos 2( )
3

m r m r

m r m r

m r m r

m r

m r

m r

L L L L

L L L L

L L L L

L L

L L

L L

 

  

  



 



   



   

    


 

  

 


 

 

 

 

 

 

 

(12) 

 

where, 
 

3 4and
3 6

md mq mq mdL L L L
L L

 
    (13) 

 

   Also, Labcqdr is the sum of the mutual inductances 

between the primary stator and rotor windings of the 

two halves of the machine. 
 

abcqdr abcqdr abcqdrRR SS
L L L             

( ) cos 2 sin

2 2( ) cos( ) 2 sin( )
3 3

2 2( ) cos( ) 2 sin( )
3 3

2

22 ( )
3

22 ( )
3

md mq r md r

md mq r md r

md mq r md r

md r

md r

md r

L L L

L L L

L L L

L Sin

L Sin

L Sin

 

  

  











  


   






 




 

 

 

 

 

 

 

(14) 

 

   Since the primary and the secondary windings are 

identical and occupy the same slot position, then 
 

 

 

( )T

xyzabc abcxyz

xyz abc

T

qdrabc abcqdr

T

qdrxyz xyzqdr

L L

L L

L L

L L

 











  (15) 

 

   Due to the transposition of the secondary stator 

winding between the two-machine halves, the mutual 

inductance between the secondary winding and the rotor 

winding will be the algebraic sum of the mutual 

inductances of the two machine halves. 
 

xyzqdr xyzqdr xyzqdrRR SS
L L L           

( ) cos 0 0

2( )cos( ) 0 0
3

2( )cos( ) 0 0
3

md mq r

md mq r

md mq r

L L

L L

L L







 
 

 
   
 
  
  

  (16) 

 

   Also, Lqdr is the self-inductance of the rotor winding 

of the hybrid machine and it is equal to the summation 

of self-inductance of the two machine halves. It is given 

as; 
 

0 0

0 2( ) 2

0 2 2( )

qdr qdr qdrRR SS

lq mq ld md

ld md md

md lf md

L L L

L L L L

L L L

L L L

       

   
 

  
  

  

 
 

(17) 

 

   It can be seen from (10), (12), and (14) that the 

inductance of the hybrid synchronous machine has some 

components that are rotor position-dependent and 

therefore, there is a need for transformation using the 

transformation matrix of (18) to get rid of the rotor 

position-dependent functions 
 

2 2cos cos( ) cos( )
3 3

2 2 2( ) sin sin( ) sin( )
3 33

1 1 1
2 2 2

r r r

qdo r r r rT

   

    

  
 
 

   
 
 
  

  

(18) 

 

   Therefore, applying (18) to (10), (12), and (14), the 

transformed flux linkage equations are given by 
 

2

2

Qs

qs

qcg

ls md mq md mq md mq

md mq ls md mq md mq

md mq md mq ld lq md mq

Qs

qs

qcg

L L L L L L L

L L L L L L L

L L L L L L L L

I

I

I







 
 

 
 
 

    
 

    
      

 
 
 









  

 

 

 

 

 

 

 
 

(19) 

2( ) 0 2 2

0 2( ) 0 0

2 0 2( ) 2

2 0 2 2( )

Ds

ds

dcg

df

ls md md md

ls md

md ld md md

md md lf md

L L L L

L L

L L L L

L L L L









 
 
  
 
 
  

 
 


 
 
 

  
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Ds

ds

dcg

df

I

I

I

I

 
 
 
 
 
  

  

(20) 

 

   From (20), it is seen that the overall d-axis 

inductances are completely decoupled from the q-axis 

inductances whereas there are coupling terms between 

the d and q axes inductances in the overall q-axis 

inductance. This explains why the d-axis inductance is 

independent of the variation of the capacitor bank in the 

secondary winding. 

   It is worth noting that in this study, the primary and 

secondary windings have the same number of turns 

which implies unity turns ratio. Therefore, referring any 

of the machine parameters from secondary to primary or 

vice versa will retain the same value and consequently, 

referred parameters are not primed. 

   The voltage equations of this hybrid machine are 

given in (1) and when transformed to the rotor reference 

frame are given by 
 

2

2

Qs s Qs r Ds Qs

Ds s Ds r Qs Ds

V r I P

V r I P

  

  

  


  

  (21) 

2

2

qs s qs r ds qs cq

ds s ds r qs ds cd

V r I P V

V r I P V

  

  

   


   

  (22) 

2 0

2 0

2

qcg cg qcg qcg

dcg cg dcg dcg

df f f f

V r I P

V r I P

V r I P







   


  


 

  (23) 

 

   Equations (21)-(23) represent the primary, secondary 

and rotor windings respectively. It can be seen that the 

secondary stator winding has Vcd and Vcq components 

which account for the capacitor bank connected to it. 

They are given by Obe [12] in d-q as 
 

cd d

r cq

cq q

r cd

dV i
V

dt C

dV i
V

dt C






 


  


  (24) 

 

5 Steady-State Modeling of the Hybrid Machine 

   At steady-state, all the time-dependent components 

of (21)-(23) are set to zero and when (19) and (20) are 

substituted we have 
 

2 2 2

2 2 ( )

2 2

2 2 ( )

Qs s QS DS DS i

DS s DS QS QS mr QS qs

qs s qs ds ds c ds

ds s ds qs qs mr Qs qs c qs

V r I X I E

V r I X I X I I

V r I X I X I

V r I X I X I I X I

  


   


  
     

  (25) 

 

where, Ei = XmdIdf [20] and Xmr = (Xmd–Xmq). 

   The secondary stator winding of the machine is short-

circuited, and therefore, Vqs = Vds = 0. Also, since the 

primary and secondary stator windings of the machine 

are identical, their reactances are equal, (∴ XDs = Xds = 

Xd and XQs = Xqs = Xq). 

   In a sinusoidal steady-state at synchronous speed, the 

following expressions hold [20]; 
 

sin

cos

ds s

qs s

v V

v V





 



  (26) 

 

where Vs is the supply voltage rms value and δ is the 

load angle. 

   When (26) is substituted into (25) and solving 

explicitly for IDs, IQs, Ids, and Iqs gives 
 

cos 2

2

( 2 ) sin

2 4 ( )

0

sin

2 4 ( )

s i

Ds

d

mr c q s

Qs

c mr c q q mr q

ds

mr s

qs

c mr c q q mr q

V E
I

X

X X X V
I

X X X X X X X

I

X V
I

X X X X X X X











   


  

 




  

  (27) 

 

   For a typical double stator winding synchronous 

machine at steady-state, the following relationship 

exists between the two windings in rotor reference 

frame variables and synchronously rotating phasor [18]: 
 

 

 

1 1 1

2 2 2

j

q d

j

q d

F F jF e

F F jF e





  


 

  (28) 

 

where, F could be flux linkage, voltage or current 

phasors. If it is assumed that the q-axis is aligned to the 

phase A of the three-phase ABC system at this 

particular instant, the voltage input to the machine can 

be deduced from (25) to (28) and expressed as: 
 

12 2 2 ( )A s A d A i mr A aV r I j X I E jX I I U        (29) 
 

where,  1 1 1 22( ) ( )j j j

d q q mr d dU j X X I e X I e I e         . 

 

22 2 ( )a s a d a c a mr A aV r I j X I jX I jX I I U        (30) 
 

where,  2 2 1 22( ) ( )j j j

d q q mr d dU j X X I e X I e I e         . 

   The per-phase steady-state equivalent circuit of the 

hybrid machine can be deduced from (29) and (30) and 

it is shown in Fig. 2. 

 

5.1 Performance Characteristics of the Hybrid 

Machine 

   For the purpose of examining the performance of the 

hybrid machine, two identical 4-pole, 5kW, 220V, 

50Hz, 3-phase line-start salient pole synchronous
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Fig. 2 Steady-state equivalent circuit of the hybrid machine. 
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Fig. 3 Variation of axis reactances with load angle. 

 

machines were acquired. The axial length of the 

machine is 85mm and the stator bore diameter is 

92.5mm. The main air-gap length and the inter-polar 

slot air-gap are 0.4mm and 4mm respectively, while the 

pole-arc to pole-pitch ratio β is 0.65mm 

   The unsaturated reactances of the machine are: Xmd = 

26.512Ω, Xmq = 16.996Ω, Xls = 1.194Ω, Xlfr = 94.248Ω, 

Xldr = Xlqr = 1.729Ω, while the resistances are rs = 2.1Ω 

and rlfr = 21Ω. The stator windings of both machines 

were split into two equal halves to form the primary and 

secondary windings respectively, thereby making the 

winding reactances one-quarter of its original value 

while the resistance will be half the original value. The 

salient rotor of the second half of the machine was 

discarded and now replaced with a fabricated round 

rotor with air-gap length g0 of 0.39mm. The connection 

of the machine is as described in Section 2. 

Consequently, the parameters of the salient pole half of 

the hybrid machine now become: Xmd = 6.628Ω, Xmq = 

4.249Ω, Xls = 0.2985Ω, Xlfr = 94.248Ω, Xldr = Xlqr = 

1.729Ω, rs = 1.05Ω and rlfr = 21Ω. 

   In the steady-state analysis, an experimental 

variation [21, 22] of axes reactances Xd and Xq with load 

angle were determined. The quadrature axis reactance 

Xq was not affected by loading but the d-axis reactance 

was affected. These variations are shown in Fig. 3. To 

include the effect of saturation on the steady-state 

analysis, a third-degree polynomial curve-fit of the d-

axis reactance was obtained as in (31) and used for the 

calculations at all values of change in load angle. 

3 24.1 9.4 2.4 28dX         (31) 
 

   The synchronous reactance of the round rotor half Xs 

was made equal to the d-axis reactance of the salient-

pole half Xd (i.e. Xs = Xd) by the adjustment of their air-

gaps as described in [15] and given by 
 

0

2 1 2

1

sin1 1 1
g

g g g







        

         
       

  

(32) 

 

where, g0 is the air-gap length of the round rotor half, g1 

and g2 are the main air-gap length and inter-polar air-

gap length respectively of the salient-pole half, while β 

is the pole arc to pole pitch ratio. 

 

6 The Hybrid Machine Input Impedance 

   The input impedance of the hybrid machine can be 

obtained by finding the ratio of the input voltage VAs to 

the primary winding input current IAs. 
 

As

in

As

V
Z

I
   (33) 

 

where, , andAs Qs Ds As Qs DsV V jV I I jI    . 
 

Qs Ds

in

Qs Ds

V jV
Z

I jI





  (34) 

 

   Substituting (26) and (27) into (34) and simplifying 

gives:
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   

  

2 2 4 cos sin

2 4 cos 2 ( 2 )sin

d c mr c q q mr q

in

c mr c q q mr q d mr q c

X X X X X X X X j
Z

j X X X X X X X X X X X

 

 

   


     
  (35) 
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Fig. 4 Variation of the axes reactances and XD/XQ ratio with 
 

capacitive reactance. 

Fig. 5 The torque against load angle plot. 

 

6.1 Axis Reactances of the Hybrid Machine 

   The input impedance of the hybrid machine of (35) 

can be resolved into two-axis components. The d-axis 

component will be referred to as the overall d-axis and 

will be represented as XD, while the q-axis component 

will be referred to as the overall q-axis which will also 

be represented as XQ. 

 

6.2 Direct Axis Reactance 

   The overall direct axis reactance of the hybrid 

machine can be deduced by taking limit of δ → 0 

in (35) and given by: 
 

2D dX j X   (36) 
 

It can be seen from (36), that the d-axis reactance is 

independent of the capacitive reactance. 

 

6.3 Quadrature Axis Reactance 

   As δ → π/2, the overall q-axis reactance is given by 
 

 4 ( 2 )

2

q mr q mr q c

Q

mr q c

X X X X X X
X j

X X X

  


 
  (37) 

 

   It is evident in (37) that the overall quadrature axis 

reactance is dependent on the capacitance XC of the 

capacitor that is connected in the secondary winding of 

the hybrid machine. Consequently, if the capacitive 

reactance is varied, only the overall q-axis reactance of 

the hybrid machine XQ that will vary, without affecting 

the overall d-axis reactance XD. It is thus possible to 

minimize XQ without any deleterious effect on XD. 

   It can be seen from (37) that the quadrature axis 

reactance is zero when; 
 

4 ( )

2

q mr q

c

q mr

X X X
X

X X





  (38) 

6.4 XD/XQ Reactance Ratio 

   The reactance ratio (XD/XQ) of the hybrid synchronous 

machine can be evaluated by taking the ratio of (36) 

and (37). The variation of XD/XQ with capacitive 

reactance XC is shown in Fig. 4.  It is seen that XD is 

constant and independent of the capacitive reactance XC 

while XQ varies with the capacitive reactance XC. At 

capacitive reactance XC = 10.98Ω, which translates to 

290 μF capacitor that XQ = 0 and consequently, XD/XQ 

tends to infinity. 

 

6.5 Steady-State Torque Equation 

   The expression for the electromagnetic torque of the 

hybrid machine is given by 
 

    
3 1

2 2
e Ds Qs Qs Ds ds qs qs ds

b

P
T I I I I   


   

  

(39) 

 

where the flux linkages are given as; 
 

2 ( )

2 2

2 ( )

2

Qs Qs Qs mr Qs qs

Ds Ds Ds i

qs qs qs mr Qs qs

ds ds ds

X I X I I

X I E

X I X I I

X I









  


 


  
 

  (40) 

 

Substituting (41) into (40) gives 
 

 

  

  

1

3 1
2 2

2 2

2 2

2

e Ds Qs

b

Qs mr
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Qs Qs Dsqs ds ds qs

qs qs ds qs smr Q

P
T X I E I

X I X I I X I I

X I X

I

II I


 

 

 

 

 


  

 

 

 

 

(41) 

 

Substituting the expression for currents (27) and 

simplifying gives 
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Fig. 6 Torque-reactance ratio plot. Fig. 7 Winding currents against load angle δ. 
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Fig. 8 Power factor-load angle plot. Fig. 9 Efficiency plot of the hybrid machine. 

 

22 sin3 1 1
sin 2
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   
    

  

  (42) 

 

where, k' = XD/XQ. 

   As can be seen from (42), just like the conventional 

synchronous machine, it is made up of the excitation 

and the reluctance torque components. Close 

examination of (42) shows that the excitation torque, 

which is the first component is independent of the 

quadrature axis reactance XQ and hence capacitive 

reactance XC. The reluctance torque, which is the second 

component is a function of the reactance ratio XD/XQ of 

the hybrid machine. 

   The plot of the torque against the load angle is as 

shown in Fig. 5. 

   Since the reactance ratio depends on the capacitive 

reactance at the secondary stator winding, then the 

reluctance torque is dependent on the capacitive 

reactance. The effect of the reactance ratio on the output 

torque of the hybrid machine can be seen in Fig. 6. It 

can be readily seen in Fig. 5 that at XD/XQ = 3 that the 

reluctance component of the output power is 2.5 times 

the excitation power 

   The primary winding current of the hybrid machine 

can be obtained from (33) while the secondary winding 

is obtained by applying current divider with respect to 

Fig. 2 and the plot of the currents against load angle is 

shown in Fig. 7. 

 

7 The Power Factor of the Hybrid Synchronous 

Machine 

  The power factor of the hybrid machine could be 

obtained from the consideration of the machine input 

impedance and can be readily shown as: 
 

2 2
cos e

e e

R

R X
 


  (43) 

 

where, φ is the power factor angle, Re is the real part of 

the input impedance, and Xe imaginary part of the input 

impedance. 

   The plot of the power factor against load angle for 

different values of the capacitive reactance XC is shown 

in Fig. 8. 

 

8 Efficiency of the Hybrid Machine 

   The efficiency of the machine is given as 
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Fig. 10 The experimental setup of the hybrid machine; a) Connection diagram and b) Photograph. 
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P P

P P P
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
  (44) 

 

where, Pout is the output power of the machine and it can 

be gotten from (42) (i.e. P = ωbTe), and Ploss is the I2R 

losses in the windings, neglecting friction and windage. 

It is given as; 
 

 

 

 

2 2 2 2 ' '2

2 2 '2 '

2 2 '2 '

3

2

3 2

loss s Ds Qs ds qs f f

s A a f f

s A a f f

P r i i i i r i

R I I I R

R I I I R

    

  

    

  

 

 

 

 

(45) 

 

   The plot of the efficiency of the hybrid synchronous 

machine against load angle is as shown in Fig. 9 

   The efficiency of the hybrid machine is 89% which 

indicates much improvement from the conventional 

synchronous machine. 

 

9 The Practical Machine 

   The description of the practical machine has been 

given in Section 5.1. The winding connection and the 

photograph of the hybrid machine are shown in Fig. 10. 

   The two machine elements were mechanically 

coupled together and then coupled to drive a dc 

generator feeding a variable resistance load through an 

RWT321 digital torque sensor. Two wattmeter method
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Fig. 11 a) Winding current and b) Torque. 
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Fig. 12 Efficiency of the machine. 

 

was used to measure the input power from which the 

power factor was calculated 

using
1 1 2

1 2

cos tan 3
P P

pf
P P







  
  
  

. The primary and 

secondary winding currents were measured with the 

variation of loads at a secondary winding capacitive 

reactance of 10.86Ω (which translates to 293μF) for 

optimal performance, while maintaining synchronous 

speed. The open-circuit and short-circuit tests were also 

carried out for determination of losses (hysteresis, eddy 

current, and copper losses). An open circuit was 

accomplished when the capacitors were removed from 

the secondary winding and their terminals left open, the 

primary winding being the only one in operation. The 

short circuit test was realized when the capacitors were 

inserted and tuned to the value for minimum impedance 

which in this case was 290µF. The winding currents and 

the torque were measured and their plots in comparison 

with the calculated values are shown in Fig. 11. The 

efficiency is as shown in Fig. 12. 

 

10 Conclusions 

   A new hybrid synchronous machine is modeled and 

the steady-state performance analysis is carried out. At 

XD/XQ = 3, the reluctance component of the output 

power is 2.5 times the excitation component. As the 

XD/XQ ratio is further increased by the capacitor tuning, 

the reluctance component of the output power increases 

proportionally up to the steady-state stability limit, 

which can be made much greater than the excitation 

power. 

   The machine is quite suitable for bulk power 

generation because of the inherent high output 

capability which could be optimized for wind power 

generation because of the ease of adjusting the output 

power to compensate for variation in wind speed. 

   It is observed that the maximum output power of the 

hybrid machine occurs very close to the load angle of a 

salient-pole synchronous machine operating in the pure 

synchronous reluctance mode. This is because the 

reluctance component of the output power is much 

higher than the field excitation component, and hence 

dominates the behavior of the machine. 
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