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Abstract: This paper presents a hybrid synchronous machine with ultra-high D QX X  ratio. A conventional synchronous machine has 

two components of output power; the excitation and the reluctance component. The reluctance power which depends on the saliency 

ratio ( D QX X ) is negligible when compared with the excitation component. A hybrid machine with variable D QX X  ratio has the 

capability of raising the reluctance component of the power to infinity theoretically. The stator frame of the hybrid machine is stacked 

with two identical cylindrical cores (A, B) that are magnetically isolated. A hybridised rotor; salient cum cylindrical is used. There are 

two windings on the stator core stacks identifiable as the main and control windings respectively which are electrically isolated but 

magnetically coupled. The main windings are connected in series across the two stacks (A and B) and the terminals connected to the 

utility supply for motor operation while for generator, the terminals feed the load busbar. The control windings are transposed in 

passing from one stack to the other and terminated across a balanced adjustable capacitor bank. It is shown that the quadrature axis 

reactance  QX of the hybrid machine can be adjusted from zero to infinity  0
Q

X    theoretically by varying the balanced 

adjustable capacitor bank. The reluctance component of the output power of the machine which depends on the reactance ratio 

 D QX X  is also seen to theoretically increase to infinity. The reluctance power is shown to be twice the excitation power when the 

capacitor 800 F is connected to the control winding. Depending on the value of the capacitive reactance, the reluctance power can be 

made even ten times the excitation power.  

.  

 
Keywords: Hybrid machine, hybridised rotor, main and control windings, magnetically isolated stacks, transposed winding 

 
1. INTRODUCTION 

A conventional salient-pole synchronous machine has two components of output power, the excitation and the 

synchronous power components. The reluctance component is usually very small and sometimes negligible in comparison 

with the excitation component, in which if the reluctance power component can be made twice the excitation component, 

could triple the unit power of a typical synchronous machine. This low reluctance component of the output power is 

predicated on the low saliency  X Xd q ratio of a typical salient-pole synchronous machine. In general terms, to achieve 

high reluctance output power and power factor, it is necessary for the direct axis reactance 
d

X to be made as large as 

possible while the quadrature axis reactance q
X is made as small as possible. The optimum conditions for this to occur is 

when the salient-pole arc is very small, about one-fifth of the pole-pitch, but for such proportions, the magnetizing current 

becomes excessive (even in the absence of saturation) and the pull-in power falls to a very low value[1]. 

Various researchers have investigated different rotor configurations in the attempt to increase X Xd q  ratio [2]–[4] through 

manipulation of rotor geometry. The search for the most optimal rotor structure is still on. A novel strategy for increasing 

the saliency ratio of a synchronous reluctance machine whose output power depends wholly on the saliency ratio was 

introduced [5]. In this, a cylindrical rotor and a primitive salient-pole rotor machine element are mechanically coupled and 

integrally wound. In this arrangement, there is no winding in the rotor of either machine element (that is, there is no field 

or damper windings). The major demerit of this machine is that the cylindrical machine element does not produce any 
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output power since there is no field winding. Its function is merely to provide a synchronous reactance 
s

X which is 

matched to the direct axis reactance 
d

X of the primitive salient-pole machine element. 

Agbachi et al [6], [7] adapted this approach to a conventional synchronous machine in which field and damper 

windings are introduced in the rotor of the two machine halves. The performance was shown to be excellent in terms of 

efficiency and power factor. The output power was shown to be more than thrice that of a single machine element. 

 The demerit of this is that the machine is bulky due to the coupling of the two machine halves. In this present study, the 

two machine elements are now configured as a unit machine with the field and damper windings in the rotor circuit. The 

machine is now having a hybrid rotor in a double stack stator core. 

 

2. MATERIALS AND METHODS 

The physical configuration of the machine is as shown in figure 1. In appearance, the machine is similar to the 

conventional synchronous machine. The major unorthodox features of the machine are: 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic diagram of the machine arrangement including the windings 

 

(a) Two magnetically isolated stator cores (A, B) with deeper slots to accommodate two sets of windings. 

(b) A rotor that is cylindrical cum salient. 

It is assumed that if the salient-pole section of the rotor is in stack A say, the cylindrical section will be in stack B. The 

field winding spans both sections of the rotor and there are damper windings in both sections of the rotor as well. There are 

two sets of identical windings in the stator cores that are known as the main and control windings respectively. The two 

windings are electrically isolated but magnetically coupled and their corresponding phases occupy the same slots. The axes 

of the main windings are the same in both stacks(A,B) and their terminals connected to utility supply whilst the control 

winding axes are transposed in passing from  stack A to  B and the terminals connected to a variable capacitor bank. The 

role of the two windings can be interchanged without any change in performance.  Figure 2 shows the exploded view of the 

rotor in 3-dimensions. 

 
Figure 2:  The exploded rotor view.  
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2.1 Basic Theory of Operation 

It is assumed that the salient part of the hybridized rotor is in stack A while the cylindrical part is stack B as shown in 

Figure 1. When the control winding is on open-circuit, and the pole axis of the salient rotor part is on the direct axis 

position, the reactance of the main winding on stack A is, Xd . In stack B, the reactance is Xs (synchronous reactance) 

which is made equal to Xd  by the adjustment of the air-gaps of the salient and the cylindrical parts.  

The total direct axis reactance of the winding 2TX X X XD d d d   . When the pole axis of the anisotropic rotor is in the 

quadrature axis position, the reactance of the main winding in stack A is Xq , giving a total quadrature axis reactance 

TX X Xq d q   . The saliency ratio of the machine is thus  

2 2

1

XTX hdD

TX X X hQ d q
 

 
                            (1) 

where 
Xdh
Xq

  is the saliency ratio of the salient-part of the rotor. 

For a fixed machine geometry, it is shown in section 4.1 that when the control winding is closed, that the quadrature axis 

reactance qX  is modified by the capacitive reactance of the control winding while the direct axis reactance remains 

unaffected. By varying the capacitive reactance, the quadrature axis reactance of the machine becomes variable and can be 

varied from zero to infinity. 

2.2 Mathematical Model of The Hybrid Synchronous Machine 

The approach used in developing the mathematical model of this hybrid machine is based on the modelling of 

synchronous machine as contained in literature [8], [9] with due attention given to the peculiar stator configuration of this 

machine.  

In this model, the following assumptions and approximations were adopted: 

i. The stator and rotor windings are sinusoidally distributed. 

ii. The two stator windings are identical and wound for the same number of poles 

iii. The main and control windings of the stator are electrically isolated but magnetically coupled. 

iv. The two stacks of the machine are magnetically isolated. 

v. Both the main and control windings occupy the same slots (phase by phase). 

 

1) Stator Voltage Equation 

The stator voltage equation of the hybrid machine is given by 

d mcrv i rmcr mcr mcr
dt


                                     (2)

where mcrv  represents the stator (main and control) and the rotor winding voltages. The expanded form of Equation (2) is 

given in matrix form as Equation (3) and (4); 

 

 

v v v v v v v v v v v v vmcr m c r ma mb mc ca cb cc qr dr fr

i i i i i i i i i i i i imcr m c r ma mb mc ca cb cc qr dr fr

r r r r diag r r r r r r r r rmcr m c r ma mb mc ca cb cc qr dr fr

     
  


    


   
 

                 (3) 

 

while the flux linkage is given by 

11 12 13

21 22 23

31 32 33

L L L im m m m c m qdr mL L Labc abc abc abc abc abc abc

L L L L L Lmcr c c m c c qdr cabc abc abc abc abc abc
L L L L L Lqdr qdr qdrm q c

i

i i

d

cabc

i r qdr qdrabc
i

abc



 



      
        
                  
         

      

        (4) 

Equation (5) is obtained from Equation  (4),  

abc
mL  is the sum of the 3 3  inductance matrix of the three-phase main windings of both stacks of the machine. 

rL L r Lm
a

c c
c

n
b

  
                          (5) 
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where Lcr  is the inductance matrix of stack B (cylindrical rotor part) while Lncr  is for the stack A (non-cylindrical rotor 

part). The inductance matrix for the stator winding of any salient pole machine is well known in literature[9] [8] and it is 

given as Equation (6), 

1 1
cos2 cos2( ) cos2( )

2 3 2 3

1 2 1
cos2( ) cos2( ) cos2( )

2 3 3 2

1 1 2
cos2( ) cos2( ) cos2( )

2 3 2 3

L L L L L L Lls o m r o m r o m r

L L L L L L L Lncr o m r ls o m r o m r

L L L L L L Lo m r o m r ls o m r

 
  

 
   

 
   

 
        

 
 

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

          (6)  

where 

1 1
( ) ( )

3 3
L L L and L L Lo md mq m md mq   

                   (7) 

In the cylindrical stack of the machine stator, the air-gap is uniform and so L Lmd mq . From Equation(7),  2/3L Lo md  

and 0Lm , and the inductance matrix is thus reduced to Equation (8) and (9):  

2 1 1

3 3 3

1 2 1

3 3 3

1 1 2

3 3 3

L L L Lls md md md

L L L L Lcr md ls md md

L L L Lmd md ls md

 
   

 
 

     
 
 

   
 

                   (8) 

L L Lm ncr crabc
    = 

2 cos2 cos2( ) cos2( )1 2 2
3 3

2
cos2( ) 2 cos2( ) cos2( )2 1 2

3 3

2
cos2( ) cos2( ) 2 cos2( )2 2 1

3 3

L L L L L L Lls m r m r m r

L L L L L L Lm r ls m r m r

L L L L L L Lm r m r ls m r

 
  

 
   

 
   

 
        

 
 
         
 
         
  

     (9) 

where; 

1 1 1
1 2

3 2 6
L L L and L L Lmd mq md mq                           (10) 

Also, 
abc abc

m cL  is the sum of the 3 3  inductance matrix as a result of the mutual inductance between the main and the 

control stator windings of the machine. Since the main and control windings are identical, and occupy the same slot 

positions, the mutual inductance between them are equal, and given as its self-inductance minus the leakage inductance [5]. 

Therefore, if L
Mncr

 is the mutual inductance of the salient-rotor stack then, L L
lnn c

L
M c rr

  .  The cylindrical rotor stack 

is also given by; L L
lc

L
M r rc

  .  

The control winding of the hybrid machine is transposed across the two machine stacks and as a result, their mutual 

inductance is positive in one stack and negative in the other [5]. 

( )L L L L L L Lm c cr l ncr l cr ncrabc abc
        

cos 2 cos 2( ) cos 2( )3 4 43 3

2cos 2( ) cos 2( ) cos 2( )4 3 43 3

2cos 2( ) cos 2( ) cos 2( )4 4 33 3

L L L L L Lm r m r m r

L L L L L Lm r m r m r

L L L L L Lm r m r m r

   

    

    

     
 
 

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

       (11) 

where, 

3 4
3 6

L L L Lmd mq mq md
L and L

 
                        (12) 
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Also, L
m qdr

abc
 is the sum of the mutual inductances between main stator and rotor windings of the two stacks of the 

machine. 

L L Lm qdr m qdr m qdrabc abc abccr ncr
     
      

= 

( )cos 2 sin 2 Sin

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

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

L L L Lmd mq r md r md r

L L L Lmd mq r md r md r

L L L Lmd mq r md r md r

  

    

    

 
 

 
    
 
 

     

          (13) 

Since the main and the control windings are identical and occupy the same slot position, then 

 

 

( )TL Lc m m cabc abc abc abc

L Lc mabc abc

T
L Lqdrm m qdrabc abc

T
L Lqdrc c qdrabc abc
















                     (14) 

Since the control winding is transposed across the two machine stacks, the mutual inductance between the control winding 

and the rotor winding is the algebraic sum of the mutual inductances of the two machine stacks.  

L L Lc qdr c qdr c qdrabc abc abccr ncr
    
     

( ) cos 0 0

2( ) cos( ) 0 0
3

2( ) cos( ) 0 0
3

L Lmd mq r

L Lmd mq r

L Lmd mq r







 
 

 
   
 
  
  

                    (15) 

Also, L
qdr

 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 stacks. It is given as; 

L L Lqdr qdr qdrcr ncr
    
    = 

0 0

0 2( ) 2

0 2 2( )

L L L Llq mq ld md

L L Lld md md

L L Lmd lf md

   
 

 
 
 

            (16) 

It can be seen from Equation (9), (11) and (13) that the inductance of the hybrid synchronous machine has some 

components that are rotor position dependent and therefore, there is need for transformation using the transformation 

matrix of Equation (17) to get rid of the rotor position dependent functions. 

2 2cos ( ) ( )
3 3

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

1 1 1
2 2 2

cos cosr r r

T sinqdo r r r r

   

    

  
 
 

   
 
 
 

                     (17) 

Therefore, applying Equations (17) to (9), (11) and (13), the transformed flux linkage equations are given by Equation (18) 

and (19) 

2

2

L L L L L L L iQs ls md mq md mq md mq Qs

L L L L L L L iqs md mq ls md mq md mq qs

L L L L L L L L iqcg md mq md mq ld lq md mq qcg







       
    
        
    

            

             (18) 
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2( ) 0 2 2

0 2( ) 0 0

2 0 2( ) 2

2 0 2 2( )

iL L L LDs Dsls md md md
iL Lds dsls md

iL L L Ldcg dcgmd ld md md

L L L L imd md lf mddf df









    
    

        
    

        

                  (19) 

Simplifying equations (18) and (19) gives the flux linkage Equations (20), 

2 2 2 ( )( )

2 2 ( )

2 2 ( )( )

2 2

( ) 2 2 ( )(

L i L i L i L L i i iQs ls Qs mq Qs mq qcg md mq Qs qs qcg

L i L i i iDs ls Ds md Ds dcg df

L i L i L L i i iqs ls qs mq qs md mq Qs qs qcg

L i L ids ls ds md ds

L L i L i L i L L i i iqcg ld lq qcg mq qcg mq Qs md mq Qs qs q











      

   

     

 

        )

2 2 ( )

2 2 ( )

cg

L i L i i idcg ld dcg md Ds dcg df

L i L i i idf lf df md Ds dcg df














    

    


              (20) 

From Equation(19), it is seen that the overall d-axis inductances are completely decoupled from the q-axis inductances 

whereas there is a coupling term between the d and q axes inductances in the overall q-axis inductance of Equation  (18). 

This explains why the d-axis inductance is independent of the variation of the capacitor bank in the control winding. 

 

2) The qdo Voltage Equation  

  The voltage equation in machine variable is given as Equation (21); 

2v r i pabc s abc abc                            (21)  

These machine variables can be transformed to qdo  [8]. 

1 1
v T r T i T PTqdo qdo s qdo qdo qdo qdo qdo

 
                       (22) 

Simplifying this gives Equation (23) 

0 1 0

2 1 0 0

0 0 0

v r i pqdo s qdo r qdo qdo  

 
 

   
 
  

                    (23) 

 Simplifying Equation (23) and representing main winding components with capital letters while representing control 

winding components with small letters, gives Equation (24) 

2

2

2

2

2

2

2 0

2 0

2

V r i pQs s Qs r Ds Qs

V r i pDs s Ds r Qs Ds

V r i pOs s Os Os

V r i p vqs s qs r ds qs cq

V r i p vds s ds r qs ds cd

V r i p vos s os os co

V r i pqcg cg qcg qcg

V r i pdcg cg dcg dcg

V r I pdf df df df

  

  



  

  









   


  


 
    



   


  
   

   


 



                       (24) 

 

The q-axis and d-axis dynamic equivalent circuits of the hybrid machine are drawn using Equations (20) and (24) are 

shown in Figures 3 and 4 respectively. 
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0qcgV QsV

r Ds 

cqV

0qsV 

r ds 

Q si

2 sr

2 sr

qsi

2 l sL

md mqL L

q c gi
ld lqL L

2 c gr

2 m qL 2L Lls mq

 
          Figure 3:   Q – axis equivalent circuit of the hybrid synchronous machine 

 

 

Figure 4:  D-Axis equivalent circuit of the hybrid synchronous machine 

 

3) Capacitor Voltage Equation 

The contl winding of this hybrid machine is connected to a balanced capacitor and the current flowing through the 

winding is given by: 

abc abcc c

d
i q

dt
                               (25) 

Applying Park’s transformation equations to Equation  (25) gives Equation (26); 

1 1 1[( ) ] ( )qdos qdos qdosi TP T q T T Pq                            (26) 

Since 

0 1 0
1[( ) ] 1 0 0

0 0 0

TP T r

 
   
 
  

 Then; 

0 1 0

1 0 0

0 0 0

i q pqqdos r qds qdos

 
 

   
  

                   (27)

  

where,  [ ] [ 0]Tq q q
qds ds qs

  

In expanded form 

i q pqqs r ds qs                            (28) 

i q pqds r qs ds                             (29) 

But              q CV   

Then, 

Ds
i 2

s
r

r Qs

 
2

ls
L 2 lfL 2 fr

d fi

2 ldL 2 c gr
d fi

dfV
0dcgV 

2 mdL

2 sr

2 lsL

dsi

r qs 

dsV

cdV

2 mdL

Ds

V
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i CV CpVqc r cdc cqc                           (30)

i CV CpVdc r cqc cdc                            (31) 

Simplifying further, 

iqc
pv vcq r cd

C
                              (32) 

idcpv vcd r cq
C

                              (33) 

Since the control winding of this machine is terminated on a balanced capacitor bank, the current in the winding will be the 

same as the capacitor current. Therefore 
qc qs dc dsi I and i I   as in Equation (32) and (33). 

2.3 The Electromagnetic Torque 

The total input power to the machine in machine variable is given as Equation (34); 

abc As As Bs Bs Cs Cs as as bs bs cs cs f fP v i v i v i v i v i v i V I                       (34) 

Transforming the power to rotor reference frame using Park’s equation gives 

1 1( ) ( )T TP v T T iqdo qdoqdo
    

where 
1 1

1 0 0
3

( ) ( ) 0 1 0
2

0 0 2

TT T 

 
 


 
  

  

Therefore 

3
( 2 2 )

2
qdo Qs Qs Ds Ds Os Os qs qs ds ds os os f fP v i v i v i v i v i v i V I                     (35) 

The expression for the electromagnetic torque can be derived using power balance equation of the machine. The zero 

sequence currents Os osI and I  are usually zero, and hence the instantaneous power, inP  flowing into the machine can be 

written from the dq  frame variable as 

3
( )

2
in Qs Qs Ds Ds qs qs ds ds f fP v i v i v i v i V I                         (36) 

Substituting Equation (24) into Equation (36) gives Equation (37), 

2 2 2 2 2

3
2

( ( ) ( ) ( )s Ds Qs ds qs f f r Ds Qs Qs Ds r ds qs qs ds

Power loss Energy conversion

in

Ds Ds Qs Qs ds ds qs qs f f cd ds

Energy stored

r i i i i r I i i i i

P
i p i p i p i p I p v i

     

    

        


      cq qs

Energy stored in capacitor

v i

 
 
 
 
 
  

        (37) 

From Equation(37), the second term is the part that indicates the electrical to mechanical energy conversion. Therefore, the 

electromagnetic power is given as Equation (38). 

3
[ ( ) ( )]

2
P i i i i
em r Ds Qs Qs Ds r ds qs qs ds

                            (38) 

For a P-pole machine, 2
( )P

r rm  ; 

where rm  is the rotor speed in mechanical radians per second. Thus, for a P-pole machine, Equation (38) can be written 

as Equation (39) 

 
3

( ) ( )
2 2

em rm Ds Qs Qs Ds ds qs qs ds

P
P i i i i                          (39) 

The electromagnetic torque is given as Equation (40); 

 3
( ) ( )

2 2

P
T i i i iem Ds Qs Qs Ds ds qs qs ds                              (40) 

Substituting Equation (20) into Equation (40), gives Equation (41) 
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      

  
Re tan3

2 2 2 2 2

L L i i L L i i L L i i i imd mq Ds Qs md mq ds qs md mq qs Ds Qs ds

luc ce TorqueP
Tem

L I i L i i L i i L L i i i imd df Qs md dcg Qs mq qcg Ds md mq qcg Ds qcg ds

Excitation Torque Induction Torque

     


     

 
 
  
 
 
 
  

            (41) 

From Equation(41), it can be seen that the electromagnetic output torque of this hybrid machine has three major 

components.  

The first component is the reluctance torque. This reluctance torque can be seen to comprise three components which are; 

i. Reluctance torque due to the stator main winding. 

 3
1

2 2

P
T L L i ir md mq Ds Qs                         (42) 

ii. Reluctance torque due to the stator control winding 

3
( )2

2 2

P
T L L i ir md mq ds qs                         (43) 

iii. Reluctance torque due to the interaction between the stator main and control winding 

  3
3

2 2

P
T L L i i i ir md mq Ds qs Qs ds                        (44) 

These reluctance torque components are affected by the variation of the value of the capacitor at the control winding. 

Here the q-axis inductances are affected by the variation of the capacitor value while the d-axis inductance is not affected 

by the variation. 

The second component is the excitation torque. This torque is as a result of the field excitation. The third component is 

the induction torque. This component of the torque vanishes once the machine attains the synchronous speed and it is as a 

result of the interaction between the stator windings and the caged windings. 

The rotational motion of the motor is   

( )e L
r

r r

T T
P

J

dt



 

 

 
 

                              (45) 

where, J  is the moment of inertia, LT    is the load torque and r  is the rotor mechanical speed. 

 

2.4 Dynamic Performance Analysis of the Hybrid Machine 

The dynamic performance analysis of this hybrid synchronous machine is carried out using the parameters of a 4-pole, 

5kW, 220V, 50Hz, 3-phase line-start salient-pole synchronous machine. The unsaturated inductances of the machine are: 

0.0211HL
md

 , 0.0182HL
mq

 , 0.00095HL
ls
 , 0.0009HL

lfr
 , 0.001375HL L

ldr lqr
  , 1.05r

s
    and 

21r
lfr

  . 

The effect of saturation was confined to the direct axis and did not affect the quadrature axis and given by the 

polynomial curve fits. These parameters are expressed as a function of the flux linkages and  used to adjust the direct axis 

inductance and are given as [10], [11] 
2 3( 0.91 0.21 0.025 )

0.221 s s si i i

dL e H
  

                        (46) 

The magnetic flux due to the field excitation is assumed not to have been affected by the saturation. 

 

3. RESULTS AND DISCUSSIONS 

The dynamic performance characteristics of the hybrid synchronous machine was carried out in MATLAB/Simulink 

environment using the characteristic equation derived in section 2. The performance analysis is done under step loading 

and ramp loading. Figures 4 to 13 show the simulation resuls under step load. The speed/time characteristics of the 

machine is shown in Figure 4. Just like a conventional synchronous machine, its speed bulds from zero to synchronous 

speed. 
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Figure 4: Speed-time characteristics of the machine 

 

It was shown in Equation (41) that the output electromagnetic torque of this machine comprises three components, 

which are; the reluctance torque, excitation torque, and the induction motor torque. The plots of the different components 

of the output torque of the hybrid machine are shown in Figures 5 to 8. 

The first component of the electromagnetic torque which is the reluctance torque also comprises three components as 

shown in Equations(42), (43)  and (44).  The comparative view of the total reluctance components is shown in Figure 5. It 

can be seen that the reluctance torque due to the main winding is highest, followed by that due to the interaction between 

the main and the auxiliary winding. The reluctance torque due to the auxiliary winding is the least. This can be attributed to 

the fact that the current in the auxiliary winding is due to the capacitor connect to it and subsequently, the flux due to the 

current in the auxiliary winding is small. 

 
Figure 5: Total reluctance torque of the hybrid machine 

 

The third component of the torque is the induction motor torque which is as a result of the induced voltage on the 

damper at starting. It becomes zero at synchronous speed. The two torque components of a typical synchronous machine 

are the excitation and the reluctance torque. The comparative view of the excitation and the reluctance torque is shown in 

Figure 6. It is shown that unlike the conventional synchronous machine, the reluctance torque is higher than the excitation 

torque. The value of the reluctance toque could be increased further by varying the capacitor on the control winding. 
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Figure 6: Comparative view of the reluctance and excitation torque 

 

The currents in the main and the control windings are shown in Figures 7 and 8. It can be seen from the figure that at 

no-load, the current in the control winding is approximately zero. The current drawn in the main winding indicates the 

machine performance is at the rated power. 

 
Figure 7: Main winding stator current (phase A) of the hybrid synchronous machine 

 

 
Figure 8: Control winding stator current (phase a) of the hybrid synchronous machine 

 

The loading capability of the hybrid machine is investigated under ramp loading. The simulation results of the 

performance of the machine under ramp loading are shown in Figures 9. The loading capability of a machine shows the 

maximum load the machine can support under over-load condition. A conventional synchronous machine of the same 

rating can support a load torque of 20Nm while as can be seen from the speed-load characteristics, this hybrid machine can 

support load torque of 62Nm. This is indeed great improvement.  

 

0 1 2 3 4 5
-60

-40

-20

0

20

40

60

Time, (sec)

To
rq

ue
s

 

 
Reluctance torque

Texc=(Excitation torque)

0 1 2 3 4 5
-40

-20

0

20

40

60

80

Time (Sec)

St
at

or
 C

ur
re

nt
 (A

)

0 1 2 3 4 5
-15

-10

-5

0

5

10

15

Time (Sec)

St
ato

r C
urr

en
t (

A)

https://doi.org/10.53982/ajerd.2023.0601.01-j
https://doi.org/10.53982/ajerd


https://doi.org/10.53982/ajerd.2023.0601.01-j        Anih et al. 
Ajerd, Volume 6, Issue 1 

https://doi.org/10.53982/ajerd  12 

 
  Figure 9: Speed – load characteristic of the hybrid synchronous machine under ramp load   

    

 

4. CONCLUSION 

The mathematical modelling and dynamic analysis of a hybrid synchronous machine has been carried out. The 

machine, though having a salient cum cylindrical rotor, operates like a salient-pole synchronous machine. It is shown that 

unlike the conventional synchronous machine, this hybrid machine has a higher reluctance torque than the excitation 

torque and thus a higher output capability than the conventional type. The machine has a better synchronising characteristic 

because 
D QTX TX  ratio can be adjusted very low at synchronisation and thereafter raised higher. The machine can be 

optimized for wind power application because of its adjustable output power. 
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