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Abstract: This paper presents a hybrid synchronous machine with ultra-high X, /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 (XD/XQ) is negligible when compared with the excitation component. A hybrid machine with variable XD/XQ 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 (XQ) of the hybrid machine can be adjusted from zero to infinity (0 <X, < oo) theoretically by varying the balanced
adjustable capacitor bank. The reluctance component of the output power of the machine which depends on the reactance ratio
(XD/XQ) is also seen to theoretically increase to infinity. The reluctance power is shown to be twice the excitation power when the

capacitor 800xF 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(xd/xq)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 X, to be made as large as
possible while the quadrature axis reactance 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 Xq/Xq 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 X which is
matched to the direct axis reactance 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:
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Figure 1: Schematic diagram of the machine arrangement including the windings

(@) 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, x4 . In stack B, the reactance is xg (synchronous reactance)
which is made equal to x4 by the adjustment of the air-gaps of the salient and the cylindrical parts.
The total direct axis reactance of the winding Txp=xg4+Xg=2Xq - When the pole axis of the anisotropic rotor is in the
quadrature axis position, the reactance of the main winding in stack A is Xg, giving a total quadrature axis reactance

TXq=Xd+Xq - The saliency ratio of the machine is thus

T™Xp  2X{d 27h (1)
TXQ Xd+Xgq h+l

where h:i—d is the saliency ratio of the salient-part of the rotor.
q

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

Vmer =lmer fmer +— )

where V.. 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);

Vmer =[Vm Ve Vr }Z[Vma Vmb Vmc Vea Veb Vee Var Vdr Vir }

imer =[im ic ir ]{ima imb imc Ica icb icc Igr idr ifrJ

®)
fmer =[fm e Irr]=0|'a§l[rma 'mb fmc fca fcb fec fqr fdr rfr}
while the flux linkage is given by
Amape | [lu1 L2 137 'manc Lmape  LmabcCane  Lmancadr || imapc
Amer=| Acgne 7|21 122 123 || cape |7 LeabeManc Leanc Leapcadr || icanc 4
Aqar | LB8L L2 L33} iggr Lgdrmape  Ladregpe Lgdr iqdr
Equation (5) is obtained from Equation (4),
L, i is the sum of the 3x3 inductance matrix of the three-phase main windings of both stacks of the machine.
”Lmabc =Ler +Lner ©)
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where L., is the inductance matrix of stack B (cylindrical rotor part) while L, 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),

Ls +Lo—Lm cos26; —%Lo—Lm cos2(6r —%) —%Lo —Ly cos2(6¢ +%)
2
Lner = —%LO—Lm 0052(0 ~%) Lis+Lo~Lin c0s2(0r ~7) —%Lo—Lm cos2(6y +7) ©
—%LO —Lm cos2(6¢ +%) —%LO—Lm cos2(6r+7)  Ljg+Lo—Lmcos2(6y +2?”)
where
1 1
I—o=§(|-md +Lmg) and Ly =§(|—md —Lmq) %

In the cylindrical stack of the machine stator, the air-gap is uniform and s0 Lyg=Lmg . From Equation(7), Lo=(2/3)tng
and Ly=0, and the inductance matrix is thus reduced to Equation (8) and (9):

2 1 1
s +=L, —=L -1
Is 3 md 3 md 3 md
1 2 1
sler=| —=L s +=L, —=L
Ler 3md Is 5 tmd 3md
1 1 2 8
=1 -1 s +=L,
T3 md 3 md Is 3 md_
2Us+lg—Lmcos26,  —Lp—Lmy cos2(6y —%) —Lo—Lyy cos2(6r %)
—Lo—Lm cosZ(Hr—z) 25+ -Lm cosZ(@r—Z—”) —Lp—Lm cos2(6y +7)
" bmgpe =Lner + Ler = 3 3 5 ©)
—L2—LmC082(0r+%) ~Lp—Lyy cos2(6y +7) 2L|S+L1—me052(6r+?7[)
where;
1 1 1

Also, L, . isthe sum of the 3x3 inductance matrix as a result of the mutual inductance between the main and the

abc ~abc

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 is the mutual inductance of the salient-rotor stack then, L L —LI . The cylindrical rotor stack

Mncr Mncr ~ “ner

is also given by; LMcr = Lcr - LI :

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].

S UmgpeCape = Ler—U —(bner—W) = Ler—Lner
L3+Lm cos 26, Lg+Lm cos2(6y —%) Lg+Lm cos2(6y +%)
= | Lg+Ly cos2(6y —%) L3+Ly cos2(6y —2?”) Lg+Ly cos 2(6p +7)

(11)
Lg-+Lmcos2(0r+73)  La+lmcos2(Or+x)  Lg+Lm cos2(6r —2?”)

where,

Lmg—Lmd

Lmd —L
Lg= md —mg -

and Lg= (12)
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Also, Lm is the sum of the mutual inductances between main stator and rotor windings of the two stacks of the

abcqd
machine.

“Lmapcadr :[ Lmabcadr ]cr i [Lmabchr }ncr

(Lmd +Lmq)C059r 2Lmd Singr 2Lmd Singr
(Lmd +Lmq) cos(ér —Zl) 2L sin(@r —7) 2Lind Sln(&,———)
= (13)
Since the main and the control windings are identical and occupy the same slot position, then

_ T
LcabcMabe = (Lmabccabc)
Leanc = Lmapc

T
Ladrmape ={ Lmapeqr ) (14)
T

Lgdrcane =( I‘Cabchr)

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.

Leancadr = I:Lcabchr ]CI’ _|: Leancadr ]ncr

(Lmd—Lmq)Coser 00
2z
=|(Lpg -L cos(6p—=<5) 0 O
(Lmd —Lmg) cos( 3) (15)
(Lmd —Lmq) cos(fr +2%) 0 0
md —tmg rt-3
Also, qur 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;

Lgar = Laar ], [ Laar | = 0 2(Hd+tmd)  2Lmd (16)
0 2Lmd 2(L4f +Lmd)

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.

cos & cos(ar— Ty cos(9r+ 48]

2 . .
Tgdo (t9r):§ singr  sin(6, —?) s|n(9r+ ) -
1 1 1
2 2 2

Therefore, applying Equations (17) to (9), (11) and (13), the transformed flux linkage equations are given by Equation (18)
and (19)

AQs | |2Us+Lmd +Lmq Lmd —Lmq Lmd +Lmq iQs
Ags |7/  Lmd—Lmgq 2Ls+Lmd +Lmg Lmd —Lmq igs (18)
Aqceg Lmd +Lmq Lmd —Lmgq Lid +Lg+Lmd +Lmq | igeg
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ADs | [ 2(Us+Lmd) 0 2Llmd 2Lmd iDs
Ads | 0 2(4s+Lmd) 0 0 ids
Adeg | | 2Lmd 0 2(Ud+Lmd)  2Lmd | ldcg (19)
Adf 2Lmd 0 2Lmd 2(L4f +Lmd) | igf

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

AQs=2 L|5iQS +2 Lmqus +2 Lmqich +(Lmd —Lmg )(iQS +iqs +ich )
ADs=2Ls5iDs+2Lmd (iDs+ideg +idf )

Ags =2L1sigs +2Lmqigs +(Lmd —Lmq)(iQs +igs +igcg )

Ads=2L1sids +2Lmd ds

Aqcg =(Hd +Uq)igeg +2Lmgligeg +2LmqiQs +(Lmd —Lmq)(iQs +igs +igeg )
Adeg=2Udidcg +2Lmd (iDs+idcg *idf )

Adf =2L1f igf +2Lmd (iDs +idcg +idf )

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

whereas there is a coupling term between the d and g axes inductances in the overall g-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.

(20)

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

Vabc=2slabc +Pabc (21)

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

-1. -1
Vgdo = Tado's Tqdo'qdo * TqdoP Tadoqdo (22)
Simplifying this gives Equation (23)
0 10
Vgdo=2fsigdo+@r| -1 0 0 |Agdo+PAqdo (23)
0 0O

Simplifying Equation (23) and representing main winding components with capital letters while representing control
winding components with small letters, gives Equation (24)

VQs=2 rSiQS +or ADs+PAQs

VDs=2I5iDs ~@r Qs+ PADs

VOos=2fsi0s +PA0s

Vgs=2 rSiqs +or Ads +PAgs +Veg

Vds=2rsids —@r Aqs + PAds +Vcd

Vos=2rsips+PAos +Vco (24)
Vaeg =2cgiqeg + PAqeg =0

Vdcg =2'cgidcg + PAdcg =0

Vidf =2rdf ldf +pAdf

The g-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.

https://doi.org/10.53982/ajerd 6
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Figure 3: Q — axis equivalent circuit of the hybrid synchronous machine
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Figure 4: D-Axis equivalent circuit of the hybrid synchronous machine

3) Capacitor Voltage Equation

Anih et al.

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

winding is given by:

i —iq
Cabc dt Cabc

Applying Park’s transformation equations to Equation (25) gives Equation (26);
iqdos = TP[(T)_l qgc:iLOS] +T (T)_l qudos

010
Since TPI(T) Y=wr| -1 0 0| Then;
000
0 1 0
igdos = @r|-1 0 0dgds + Pdgdos
0O 0O

where, [qqu ]T = [qu qqs 0]
In expanded form

igs = ®r0ds + Pdgs

ids = —ardgs + Pdds

But g=CV
Then,

https://doi.org/10.53982/ajerd
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igc = orCVedc + CpVcqce (30)
idc=—@r CVeqc + CpVede (31)
Simplifying further,
igc
PVeq =%—ercd (32)
_lde

Ped =~~+@rVeq (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 iqc =1 o and i,, =1 asinEquation (32) and (33).

2.3 The Electromagnetic Torque
The total input power to the machine in machine variable is given as Equation (34);
Pic =Vaslas +Vielas +Veeles +Vaslas +Vighys + Vol Vi 1 (34)

Cs'Cs

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

Rado=Ygio ™" (T Digdo

3 1 00
where (T H)T(T™) =5 010
0 0 2
Therefore
Pao = g (vQSiQS + Vpelps T 2Vpelos +vq5|qs + Vg + 2V, i +Vi 1) (35)

The expression for the electromagnetic torque can be derived using power balance equation of the machine. The zero
sequence currents 1o, and 1 are usually zero, and hence the instantaneous power, P,, flowing into the machine can be
written from the dq frame variable as

3

P = (VQs Qs +VDs|Ds +Vqs|qs *+Vislgs +Vf I f ) (36)

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

(r(IDs+IQs+|ds+l )+r|2+a)(/1Dst st)+a)( dsqs qsds)+

Power loss Energy conversion

IDs pﬂ’Ds + IQs pﬂ’Qs + Ids pﬂ’ds + Iqs p/lqs + I f plf + Vcdlds + chlqs

Energy stored Energy stored in capacitor
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).

(37)

P = g[wr ( (38)

em )+ o (/ld

DsiQs h leiDs s'gs qsids )l
For a P-pole machine, @, = (%)@,
where @, is the rotor speed in mechanical radians per second. Thus, for a P-pole machine, Equation (38) can be written

as Equation (39)

3P
IDem = E 2 DOy, {(X'DS Qs Ds) +( ds} as Ids)} (39)
The electromagnetic torque is given as Equation (40);
Tem :gg{(ﬂDsiQs —2QsiDs )+(Adsigs —ﬂqsids)} (40)

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

https://doi.org/10.53982/ajerd 8
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('—md ~Lmq )iDsiQs+(Lmd ~Lmg )idsiqs +(Lmd ~Lmg )(iqsiDs +igsids )
3P Reluctance Torque

Tem =7 ) o o S (41)
+ 2LmdldfiQs +2LmdidcgiQs—2LlmgigegiDs —( Lmd —Lmg )('ch'Ds +geg 'ds)

Excitation Torque Induction Torque

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.

3P L
Trlziz( Lmd —Lmq )'Ds'Qs (42)
ii. Reluctance torque due to the stator control winding
3P A
TrZZEE(Lmd —Lmq)idsigs (43)

iii. Reluctance torque due to the interaction between the stator main and control winding
3P o
Tr3=55( Lmd —Lmq )('Ds'qs +iQsids ) (44)

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

— (Te _TL)
Pw, = A (45)
6 = jwrdt

where, J is the moment of inertia, T, is the load torque and @, 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:

Lmd =0.0211H , L__ =0.0182H , LIS =0.00095H , Llfr =0.0009H ler =0.001375H , IS =1.05Q and

mq = qur

Nfr = 21Q.

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]

Ld _ O.221e(—0.91i5+0.21i52—0.025i53) 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.

https://doi.org/10.53982/ajerd 9
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1501} A

100

50
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-50
o

1 2 3 4 5
Time(sec)

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.

80 :
— Total
60 —_— Main H
= Main & Aux
40 = Auxiliary H
L 20 L
=3 |
= o
-20
-40
% 1 2 3 a4 5

Time, (sec)
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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60

- Reluctance torque
40 -— Texc=(Excitation torque) ||

20 A

(0]

Torques

-20

-40

6% 1 2 3 a 5
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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.

80

60

IN
@]

L R R R R L B

Stator Current (A)
N
©]

O
i" ‘ \}H “ I\I\HH |\‘\‘ ‘ ‘H " ‘mu" “\m\\‘ H“\”ﬂ o “m |

i i i i

L L L L

1 2 3 4 5
Time (Sec)

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