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Abstract— The modeling and dynamic analysis of hybrid
synchronous machine is presented. This modelled machine,
comprises a salient-pole and round rotor machine components
with each having two sets of identical windings referred to as
main and auxiliary windings. The g-axis reactance could be
varied by varying the capacitor on the auxiliary winding of

the machine. In this case, the reactance ratio (xp/xp) on

which the reluctance
theoretically to infinity.
It is shown that unlike the conventional synchronous machine
which has small reluctance torque, the hybrid machine has the
capability of producing reluctance torque that is twice the
excitation torque. The modelled machine under ramp loading
demonstrated higher loading capability

torque depends can increase
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1. INTRODUCTION

The reluctance torque component of a typical synchronous
machine is negligible when compared with the excitation

component. This is as a result of low saliency ratio (xd/xq)

upon which the reluctance torque depends [1]. The attempts
to enhance the (xq/xy) ratio has been to reduce the xg ;

which has an attendant reduction of xg7 as well. Effective
enhancement of the saliency ratio will have a positive effect
on the output power, torque and the power factor. Some
studies that have been carried out to achieve high saliency
ratio include redesign of the rotor geometry [2]-[5], double
stator winding and capacitor injection [6].

This research intends to make the reluctance torque of a
synchronous machine high by adapting the approach in [1] to
a salient pole and round rotor synchronous machine in which
case, the round rotor half will contribute to the output power.

II. FUNDAMENTAL CONCEPT OF HYBRID
SYNCHRONOUS MACHINE

The hybrid synchronous machine comprises a salient-pole
and a round-rotor elemental synchronous machines that are
mechanically coupled and each machine having two sets of
identical stator winding. One set of the windings is transposed
across the machine halves while the other is in series. The
windings are referred to as the main and auxiliary windings
and, while the main winding is connected to the mains, the
auxiliary winding is connected to a capacitor bank as in fig. 1
The synchronous reactance x, of the round rotor half is made

equal to the d-axis reactance x, of the of the salient pole half
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such that when the salient pole half operates on the d-axis, the
overall d-axis reactance will be xp=x,+x;=2x,4

Also, when the salient pole half operates on the g-axis, the
overall g-axis reactance will be xp=x 4+, .
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— P
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Figure 1: Schematic diagram of the hybrid synchronous
machine

It is shown that the overall g-axis reactance depends on the

value of the capacitor on the auxiliary winding, and can be

made zero, thereby making the reactance ratio (xp/xp)
infinity[7], [8] .
III. MATHEMATICAL MODEL OF THE HYBRID
SYNCHRONOUS MACHINE

The modelling of this machine, is based on the approached
that are available in a classical text for the modeling of a
typical synchronous machine[9], [10]

The stator and rotor windings are sinusoidally distributed.

A. Stator Voltage Equation

In this modelling, the main winding will be represented by
abc while the auxiliary winding will be represented as xyz .

B. Main Winding ((abc)

The voltage equations are

Vabc = Rslabc + Pﬂ‘abc (1)
where,
Vabe :[Vas Vbs Ves ]T
Iape =[1as Ipg Ics]T (2)

Aabe :[ﬂas Abs /1L§‘:|T
Ry = di”g[Rs Ry Rs]

The flux linkage equation is given as

Kibes =Labeslabes  Labes sl zs * Labogr I 3)

where;

L, 1, =fluxlinkage due to abc stator winding current

L pesyes] 2= flux linkage due to the current in xyz stator
winding

L pesgird jar = flux linkage due to the rotor winding current
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The subscript abc is for the main windings while xyz is for the
auxiliary winding

C. Inductance Matrix

Labm = main winding inductance matrix.

The main winding inductance is the summation of the
inductances of the salient pole and the round rotor half of the
machine. This is given in the expression below;

L

abe

Lipe = Lgg + Lpg

Lgg(salient pole machine) + Lgp (Round rotor machine) (4)

2L, +L —L,cos26, =L, L, cos2(6, —%) —L,— L, cos2(6 + %)

L~ L cos2(6, - %) 2L +L L, cos2(6, - %”) L~ L, cos2(0. + 1)

—L, —1L,cos2(6, + %) —L,—L,cos26,+m) 2L, +L —L, cos28 + %”)

(5)
where;

1 1
=Lyd+= Lmq and L2— Liypd +— Lmq

L

ey — Mutual inductance between the main and auxiliary
winding

On the assumption that the main and auxiliary windings are

identical and are mutually coupled and occupy the same slot

position, it implies that the mutual inductance between the

two sets are equal, and each of them is equal to self-

inductance minus the leakage inductance[1].
Therefore, if, Ly is the mutual inductance of the salient pole

side; then, Lyg=L¢s—1L, . Also, for the round rotor,

Lyg = Leg =1
Since the auxiliary winding of the machine is transposed, the
direction of current flow will aid the main current in one half

of the machine and in opposition to the main current in the
other half.

e Labcxyz =Lpg =L —(Lgs —1Ly)
=Lpg —Lgs
L +L, cos26 L,+L cos2(6 —%) L,+L, cos2(8 +%)

=|L,+L, cos2(0 —%) L +L, cos2(0 —%) L,+L, cos2(8 +x)
L,+L, cos2(8 +%) L,+L cos2(0 +m) L,+L, cos2(6 —&
(6)
- L L, —L

L
where L, = Zme - " gnd L, = = - nd

Labchr = Mutual inductance between the main winding

and the rotor winding
This is the sum of the mutual inductances of the salient pole
half and the mutual inductance of the round rotor half.

+[Labcqﬂlr J o5

2Ly4 sin 6,

Labeqdr :[Labchr :I RR

(Lmd +Lng ) cos 6 2Ly, q Sin 6,

(Lnd +Lmg ) <0s(6,=2F) 2Ly sin(8y~2F) 2Ly Sin(6,~2F) | (7)
(Lmd+Lmq)cos(9,,+zT”) 2Lmdsin(9,.+27”) 2LmdSin(9r+zT”)

The Auxiliary Winding (xyz)
The auxiliary winding is connected across a balanced
capacitor bank and transposed across the two machine halves.

The voltage equation for the winding is as (8)
Ve = Ryl + pﬂm%—ch (8)

xyz

where

Var, = [

[zm " zsf
[1“ ys zs]

Verz, = [Vew Veys VCZSJT

Xyzg

)

r)z

Ry =diag[R; R R]

The current oz, is expressed in terms of capacitor voltage,

since the current in the winding is as result of the capacitor
(10)
The flux linkage for the auxiliary winding is expressed as;

Ayzg = Logzabelabe + Lyzloz + Luyzgarledr (1)

where

d
R =c—Ve
Xyzs dt Xyz&

nyzabc] abc = flux linkage due to abc stator winding current

nyz] xyz = flux linkage due to the current in xyz stator
winding

nyzqdrl qdr = flux linkage due to the rotor winding current

Since the main and the auxiliary windings are identical and

occupy the same slot position, then

T
Lyyzabe = (Labexyz)
(12)
Lyz = Lgbe

Due to the transposition of the auxiliary winding between the
two-machine halves, the mutual inductance between the
auxiliary winding and the rotor winding will be the algebraic
sum of the mutual inductances of the two machine halves.

(Lind ~Ling ) cos 6 00
= | L ~Lng ) e05(6,~
(Lind ~Lmgq ) 0s(6y +27”) 00

(13)

2Ty g 9
Lyyzqdr = [nyzqdr ] RR _[nyzqdr :I S5 3

Rotor Voltage Equations

The rotor circuit is equipped with field and two caged
windings. The field winding is on the d-axis while caged
winding is on both the d-axis and g-axis.

The voltage equation is as shown;

Vaar = Rgarlgar + PAgdr (14)
where
qur = [Vqr Var VdeT
T
[qdr :[Iqr 1y Ia!f] (15)

Agar =[2gr Aar Aar |

Rydr = diag| Rgr Rar Ry |
The flux linkage equations for the rotor winding are given by
lqdr = qdmbc[ abe T qurxyzlxyz + qurlqdr (16)
where
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L

qdrabc = mutual inductance between the rotor and

main windings of the stator

L

qdrxyz = mutual inductance between the rotor and

auxiliary windings of the stator

Since the main and auxiliary windings of the stator are
identical and occupy the same slot, then

gdr = Self-inductance of the rotor winding

T
qurabc = [Labchr } (l 7)
T
qurxyz = I:nyzqdr ] (1 8)
L/q +Lmq +Lid +Lnd 0 0
Lodr :[qu"]RR +[qur ] <5 = 0 2(Ljg +Lmnd ) 2Lg (1 9)
0 2Lnd 2(Lif +Lmd )

The Hybrid Machine Voltage Equations
The voltage equations describing the hybrid machine are as
shown;

Vabe =  Rabelape + P/iabc
nyz = nyz 1 xyz +p /lxyz + chyz (2 0)
Vadr = Rearlgar + p/iqdr

While the flux linkages are
Aabe = Labelape + Labcxyz I wz t LabchrI qdr
/lxyz = nyzabc]abc + nyzlxyz + nyzqdrlqdr (2 1 )
iqdr = qurabclabc + qurxyzlxyz + qurlqdr

Transformation to qdo
The inductance matrix of equations of (5), (6), (7) and (13)
have some parts that are rotor dependent. This rotor
dependence can be eliminated by transforming to the rotor
reference frame using park’s transformation equation as
shown in equation(22).

Cos 6y Cos(Hr—zT”) c(;s(aﬁ%”)
qu(,(er)% Sinéy sm(er—%”) sm(erﬁT”) (22)
1 1

1

2 2 2
The transformed flux linkage equations are given equations
(23) and (24)

A0s 2Ljs+Lnd+Lng — Lind—Lmg Lyd +Lmg Ios
Zgs |=|  Lmd~Lmg  2Lis+Lmd+lmg Lind ~Lmg Igs | (23)
e Lind+Lmg Lind ~Limg Lig+LigtLmd +Llmg | | 1gcg
Aps (2L +Lna ) 0 2Lymd 2Lmg IDs
Ags | _ 0 2Lig+Ld) 0 0 Igs (24)
Adeg 2Uypd 0 2ALg+Lmd)  2Lmd ldeg
ﬂdf 2Ld 0 2Ld 2(L[f +Lyd )7 I df

The qdo Voltage equations
The voltage equations in machine variable is given as;

Vabe =2RsIgpe + PAgpe (25)
This machine variables can be transformed to qdo as shown
by Ong[10]

_ ~1 —1
Vado =TqdoRsT 4 qdo+ gdo T 4, qdo (26)

Simplifying this gives

0 10
quu = ZRSquU + @, -1 0 0 ﬂqdo + Pﬂ'qda
0 0 0

27)

Now simplifying equation (27) and representing main
winding components with capital letters while representing
auxiliary winding components with small letters, gives

Vos =2r5105 + @y ADs +PAQs
Vps =215l ps =@y AQs +PAps
Vos=2r510s+PA0s

Vas =2rs1gs + @y Ads +Plgs +Veq
Vs =2rs1ds —@r Ags + PAds +Ved
Vos =211 o5 +PAos+Vco

(28)

Vaca =2reggeq +PAgeg =0
Vieg =2rcgldcg +PAdeg =0
Vdf =2rf[f +Plf

D. The Equivalent Circuit of the Hybrid Machine Model
The dynamic equivalent circuit of the hybrid machine model

is drawn based on equations (23), (24) and (28) and it is

shown in figure 2
:li' l‘id +Lw/

B

Figure 2a: Q — axis equivalent circuit of the hybrid
synchronous machine

Figure 2b: D-Axis Equivalent Circuit of the Hybrid
Synchronous Machine

E. Capacitor Voltage Equation

The auxiliary winding of the machine is connected to a
balanced capacitor.
For the three-phase capacitive circuit connected to the
auxiliary winding,

d

izxy = ;quz (29)

Applying Park’s transformation equations to (29) and
simplifying gives

Peg="1-ay7a (30)
PV(’d=i%+@ch (3 1)

Since the auxiliary winding of this machine is short-circuited,
the current in the winding will be the current as a result of the

capacitor. Therefore i, =1, and i, =1, as in equation
(30) and (31)
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IV. THE ELECTROMAGNETIC TORQUE

The total input power to the machine in gdo variable is given
as;

3
qu() =E( VQS[QS +VpsIps+2Voslos+ Vqslqs +Vaslds +2Voslos+ Vf If )

(32)
Substituting equation 34 into equation 38 gives

(5 (2 +Iés +12 1 )+rf1}. +4 (D51 05 ~A0s s 1+ @ (Ads s —Aqsds )+

_ Power loss Energy conversion
=
2
IpsPAps+19s PAQs +14sPAds +1qu/7'qs +[fPﬂf + Vedlds +Veqlgs
Energy stored Energy stored in capacitor
(33)

From equation (33), the second term is the part that indicates
the electrical to mechanical energy conversion. Therefore, the
electromagnetic power is given as

3
FPopy = E[wr (ZDSIQS - le[Ds) + @ (ﬂds[qs - ﬂqslds )] (34)

For a P-pole machine, @, = (£)®,

m °
where @, is the rotor speed in mechanical radians per

second. The expression for the electromagnetic torque is
written from (34) as

Tem =%§{(ADSIQ3_ﬂQs[Ds)‘*'Mds[qs_ gs1ds )} (35)
Substituting (23) and (24) into (35), we have

(Lmd _Lmq )’Ds’Q\‘ +(Lmd _Lmq )[dS[qS +(Lmd _Lmq )([qs"DS +iQsids )
3P Reluctance Torque

em=,
22|+ 2Ly, dfiQs +2Lmq idegiQs ’ZLmqichiDs ’(Lmd ’Lmq )(ichiDs Fgcglds )
- 7=

Excitation Torque

Induction Torque

(36)
From equation (36), it can be seen that the electromagnetic
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;

1. Reluctance torque due to the stator main
winding.
T zgg(Lmd _Lmq )iDsiQs (37)
il. Reluctance torque due to the stator control
winding
Tr2:%§(Lmd —Lg )idsiqs (38)
iii. Reluctance torque due to the interaction
between the stator main and control
winding
T3 :%g(Lmd —Lpg )(iDsiqs +iQsids ) (39)

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

Pwr - (T: - TL%

40
6, =[wdt (40)

Where J is the moment of inertia, TL is the load torque and

@ is the rotor mechanical speed.

V. THE SIMULATION RESULT

In the analysis of the performance of this machine, we will
look at its performance as a motor under which it will be
observed under step load and ramp loading.

A. Simulation Result Under Step Load

The dynamic performance analysis of this hybrid
synchronous machine is carried out using the parameters of a
4-pole, SkW, 220V, 50Hz, 3-phase line-start salient-pole
synchronous machine. The unsaturated inductances of the
machine are: 1,4=00211H , L;u=0.0182H , I1;;=0.00095H ,

Ljfp=00009H , Ljgr=Ljq-=0.001375H , 1;=1.05Q and =21 .

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 [11], [12]

Ly —0.221,(~0-91is+0.21i2-0.025i3) ./

(41)
The magnetic flux due to the field excitation is assumed not
to have been affected by the saturation.

The speed of the machine is shown in figure 3.
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Figure 3: Torque-speed characterictics of the hybrid
machine
The reluctance toreque component of the machine is shown
in figure 4.
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Figure 4: Reluctance torque
Figure 4 show the three components of the reluctance torque
and the summation. The comparative view of the excitation
and the total reluctance torque is shown in figure 6.
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Figure 6: Comparative view of excitation and reluctance
torque
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B. Simulation Under Ramp Loading

The loading capability of the machine can be observed under
ramp loading. The speed and torque characteristics are shown
in figures 7 and 8
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Figure 7: Speed characteristics under ramp loading
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Figure 8: Speed load characteristics under ramp loading

VI. CONCLUSION

A hybrid synchronous machine is modeled and the dynamic
performance analysis carried out. The modeled machine has a
higher reluctance to excitation torque ratio. This machine has
the capability of making the reluctance torque component
more than four times the excitation component depending on
the value of the capacitor at the auxiliary winding of the
machine.

This machine will find application in renewable energy
resources when used in micro-hydro power generation and
wind energy harvesting due to variability of the reactance
ratio.
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