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- ABSTRACT

The ultimate feature of every electrical machine, whether a generator, motor or transformer is its output
characteristics. It is the yard-stick upon which the machine is evaluated. Obviously, the output characteristics of
all conventional transfer field reluctance machines are much inferior to that of a conventional induction
machine of comparable size and ratings. This is an attribute of their low direct axis reactance to quadrature
axis reactance ratio, coupled with the excessive leakage reactance from the quadrature axis reactance. These
are as a result of the salient nature of their rotor pole structures. To ameliorate these set-backs, their rotor
designs have to be optimized. This is achieved by the introduction of cage (rotor) windings at the periphery of
the machine shaft.
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l. INTRODUCTION

The inherent demerit of all cage-less three phase transfer field effect machines is their poor output
characteristics such as low output power, low electromagnetic torque and low power factor, when compared
with those of conventional three phase induction machine of related size and ratings. To enhance the output
characteristics of the machine set, the leakage reactance has to be minimized. This is achieved by optimizing the
rotor design. To this effect, additional windings known as rotor (cage) windings are wounded at the periphery of
the rotor shaft connecting the two stack machines. Just as in auxiliary windings, the rotor windings, are
transposed between the two machine sets, and then connected in parallel with the auxiliary windings. The idea
for such connection is that when impedance are added to the rotor circuit, of the conventional T.f machine, the
rotor power factor is improved. (Menta V. K. et al 2000).

Since the effect of improvement of power factor during starting predominates the increase in
impedance or decrease of current, the torque of the motor is improved. To bring down the effect, such reduction
in rotor-induced current or in the increase in rotor impedance, the auxiliary and cage windings of both machine
sections are connected in parallel, but transposed between the two machine halves and then short circuited.
Surely, the arrangement boosts the rotor induced current, owing to reduction in the overall impedance of the
circuit.

The use of short-circuited rotor windings, would lead to considerable improvement in its output
performance. The rotor windings do not only give rise to increase in the induced e.m.f. but also augment output
power by effectively lowering the synchronous reactance of the output windings, thus leading to a higher output
and greater synchronous stability.

To this end, there is a necessity to rise the output of the cage-less three phase transfer field machine by way of
using circuits on the rotor structure, so as to augment the effect of saliency (E.S. Obe and A. Binder 2011).

1. THE MACHINE DESCRIPTION

The structural arrangement of the machine under study is shown in figure 1. Unlike the existing three
phase transfer field cage —less machine counterpart, the three-phase transfer field machine with cage windings
comprise two identical poly-phase reluctance machine with moving conductors (rotor windings), whose salient
poles rotor are mechanically coupled together, such that their d and gaxes are in space quadrature. As depicted
in figure 1, the stator windings, are integrally wound. Each machine element has three sets of windings. Both
sets of windings of the machine are identical. The stator (primary) and the auxiliary windings are housed at the
stator slots. The main windings of the machine carry the excitation current, while the auxiliary and the rotor
windings, carry the circulating current. The (2s-1) wo low frequency current is confined in the auxiliary and the
rotor windings without interfering with the supply. The main windings of the machine sets are connected in
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series while the auxiliary windings, though also in the stator are transposed between the two machine stacks.
They are wound for the same pole number and both are star connected. The third set of windings known as the
rotor (cage) windings are wounded at the periphery of the rotor shaft connecting the two machine sets. Just as in
the auxiliary windings, the rotor (cage) windings are also transposed between the two machine stacks and then
connected in parallel with the auxiliary windings (see figure 2).
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Figure 1: Connection diagram for three phase transfer field reluctance machine with rotor (cage) winding
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Steady state analysis of three-phase transfer-field reluctance machine with rotor (cage) winding.
The steady state analysis of the configured machine can be done, using the schematic diagram of figure 2 below;
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Figure 2: Per-phase schematic diagram of 3-phase transfer field machine with rotor (cage) windings.
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Figure 3 Modified schematic diagram of 3-phase transfer field machine with cage winding under stand-
still condition, that is slip(s)=1
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Figure 4: Per-phasemodified schematic diagram of three-phase transfer machine with cage winding
under run condition, that is slip = (2s-1).

Where, V; = Main winding voltage
V, = Auxiliary winding voltage
V3 = Cage (rotor) winding voltage
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Ly = L g = L g3 = Lgq = Direct axis inductances

Ly = L g = L = Lg = Quadrature axis inductances

R; = R, = R3 = R = Resistance of the machine windings

i; = Current at the main windings

i, = Current at the Auxiliary windings

i3 = Current at the rotor windings

Also, Ly Lys. Ly; Lpg La; and L, are the mutual coupling between coil 1, 2, and 3 at the direct axis.
Similarly, Ly5,Ly3,L,ly3,L3; and Ly are the mutual couplings between coil 1, 2, and 3 at the quadrature axis.

Hence Li;=Liz=Ln=Lyp=La= Ly =k /LsLs = Lg
Slmllal’ly, L1’2:L1’3:L2’1:L3’1 = L3’2: k,[Lq Lq = Lq
Owing to the fact that the pole structure of the machine is salient in nature as in fig, Lq # L. that is;

d —axis

Figure 5 The Salient pole structure of the machine with d-axis and g-axis positions

From figure 5,

2
L= NP = )
Sa
_n2p _ N?
L= NPy = -
Sy=1L > (1)
lA
Si= L

Also from figure ﬁq>ld, at constant p1a and N,S;>Sy

:>Ld>|—q

Where, |4 = Direct axis air-gap length,

I, = Quadrature axis are gap length

Pg4, Sq¢ = Direct axis permeance and reluctance respectively

Py Sq= Quadrature axis permeance and reluctance respectively

Ly = Direct axis inductance

L, = Quadrature axis inductance

Taking the voltage equation of the machine sections of figure 2, we obtain;

Vi=(Ri+Ry) i+ Le— dll +L dll +Llp—~ 4Lz -Lpp (ZZ Lis—~ dis - Ly %
Vi=(Ri+Ry) i+ Lot + Lg ngMd
t

dlz
V1 =2R;i; +jolg iy +JcoL iy +_|de Iz —Ju)L I2+J03Ld i3—joLq i3
Vi=2R; !1 + ]:Xd iy + jXq i1+ jXq iz_'jx_q ip + de_is - JXq i3 o _
V1 =2Ry iy + j(Xa + Xq— (Xd = Xg) 11+ J(Xa - Xg)i1+ (Xa - X)iz+ j(Xa - Xg)i3

dll dll

dl
+Ld 2

Vi =2Rqip +] (2xq)i1 +(xd xq) (ip +ip +13) 2
V2 = (Rz + Rz)lz + Ld—z + L —i24 I_zj[dl1 LZl (21 + L23d_' L23 d
Vo= (Ry+ Ry) i + Ly +Ld”+gm1Lﬁf+gﬁ3 s
t t

Vo= 2Ry i + (25 -1) [_]O)Ld i HjoLq iz joLg i; — joLg iy + joLg i3— joLg i3]

V2 =2Ryip+ (25 -1) [ jXq Iz + [Xq I2 + JXq 11 - JXq 11 + [Xq I3 - JXq 13]

V2= 2Ry ip + (25 -1) [ [(Xa + Xq — (Xa - Xq)) T2 + J(Xd - Xg)iz* j(Xa - Xg)iz+ j(Xq - Xg)ia]
Vo =2Rpip + (25 -1) [ (2Xq) T2 +] (Xa - Xg) (i2 + i1 + 13)
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v 2Ryiy . - L
e = S ] ()i + (X Xq) (i + 1y + g) ®
Also, V3 = (R3 + Ry)iz + |-d—3 + |— >+ |—31 -Ly dl + |—32 - Lz dlz
V, —(R3+R3)|3+Ld +|_ l3+|_ dn “+|_ JZ qu
t t
V3= 2Rzi3+ (25 -1) [ joLyg i3 +J0)Lq |371mL |1+]coLd i1—joLg i+ joLqg i)
Vs =2Rg i3+ (25 -1) [jXgis + jXqis + JXg 1= jXqis + JXgi2 - jXq 0] _
= 2Rz i3+ (25 -1) [(Xa + X —( X4 - Xq))iz+j( Xa - Xq) Is + J(Xa - Xg)ix + J( X4 - Xg)iz
=2R3 i3 +2(25 -1) [I(2Xq)is + j( X4 - Xg) (i3 + i1 + i2)
V- R3i - . . . . R
—= T (2Xg) it (X Xg) (i1 + i + ) @)
Equation 2-4 result an equivalent circuit of figure 6 below

Equation 2-4 result an equivalent circuit of figure & below 3R
3
-»
r 3
j2x
o MR (5500 s
¥
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Wy 2z —1
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L

Figure 6 Per-phase steady state equivalent circuit of 3-phase transfer field machine with rotor windings

Since the rotor and auxiliary windings are short urcuned — -0 = 0. Hence, figure6 yields;
Fr— 2R,

1244 25 -1

E
!

Vy

Figure 7 Per-phase steady state equivalent circuit of 3-phase transfer field machine with rotor (cage
winding) when rotor and auxiliary windings are short circuited.

From figure 3, So far R; =R, = R3 =R,

(Zs 1)+(] xq)(zs 1)+(12xq)
ZZTT 23 (Zs 1)+]2xq+(25_1)+ (]qu)

[(25 1)+ (2 xq)]

2[(25—1)+ (12 x4)]
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2R J2%g
2(2s—-1) 2
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LI Zs =5 Hxq ()

Hence, figure7 can be redrawn as below;

Aaaatarg A § AL A MM TR e A T g .
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b xa) g R
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Figure 8 Modified steady state equivalent circuit of the machine under short circuit condition.

2R 2R (1—
Also, 2R =R +209
2s5—1 2s—1

Hence, Figure 8 becomes;

o 12 : % R
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Figure 9 Per-phase steady state equivalent circuit machine with electrical (representing Cu-loss) and
mechanical loads.

From figure 9,
Vy = [’ (o) V;
j(xg—xq)+ (2R+j2 x4) 1
- [ j("d_xq) ] V.
2R+j (xg—xq+2x¢) | 1
If 2R <<j (xd — xq + 2 xq), we have;
Vg = [, J(Xd—xq) ]Vl

(xqg—xq+2xq)

. —|Xd™*q
S Vy —[Xd+xq] 1’4 volts (6)
Also
z _Jj(xa—xq)(2R+j2 x¢)
TH —

Jj(xa—xq)2R+j2 x4)
_Jj(xa—xq)2R+j2x4)
2R+j (xg—xq+2xq)

If 2R <<<j (xd — xq + 2 Xq), then;
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y j(xa—xq)2R+j2 x4)
j(xd—xq +2xq)

_ (xa=xq)(2R+j2xq)

- (xd+xq)

But (xd — xq) (2R +j2 xq) = 2R (xd — xq) + j(2xq (xd — xq))

= 2R (xd — xq) + j(2xqg xd — 2xq Xq)) @)

L 2R(xgxq) J(2xgxa=2(xg)?)

© L = Gatrg) | Gatro)

But Zy = Ryy + Xy

Hence Rry = % - Real value of Zy 8)

Jj(2xqxd —2(xg)?) _ j2xg (Xg4—Xq
(Xg+Xq) T (XgtXg)

Xy = ). Imaginary value of Zty 9

Hence figure 9reduces to;

2R (1-s)
Viw é/‘ 7s-1

Figure 10 Thevenin equivalent circuit model of 3-phase transfer field machine with cage (rotor) windings

From figure 10,

. . _Vrn Vru

11 =lpa=——= —

VT8 20 T (Rew + R D)1 gy 1)

VrH
= 10
(RTH+Z:;_1)+J' XrH +Xq) (10)
Wrn)?
[(RTH + 2:;_1)+1' Xrn +X)I?

2
- (VTH ) (11)

R \? 2
(Rrn +55) + (71 +Xg)

—if =

Power Across Air-gap, Torque and Power Output in three-phase transfer field machine with cage (rotor)
winding

With regards to the equivalent circuit of figure 9, the power crossing the terminal ab in the circuit is the
power that is transferred from the stator windings to auxiliary and cage windings, through the machine air-gap
magnetic field. This is called the power across the air gap or simply air-gap power, whose three phase value is
shown below;

PG =3 (i23)22:;_1 Watts (12)
Also, Auxiliary Rotor windings copper loss P, (aux/rotor) = 3(i»3)°R (13)
Putting equation 13 into equation 12, we have;

P.= Pc(aux /rotor )

¢ 25—1
= Pc (aux/rotor) = (2s-1) P Watts (14)
But Mechanical Output (gross) Power (Pm) of the machine is given by;
Pm = Pg — Pc (aux/rotor)
= Pp= [3(i )2 L] -[3(i25)? R]= 6 (izs)’R &=2 Watts

m= 23 251 23 =0 ls) o

=P = 2Pg(1-s) Watts (15)
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From equation 14 and 15, it can be inferred that high slip operation of the machine will favour
auxiliary/rotor winding copper losses Pc(aux/rotor) at the detriment of the mechanical output (gross) Power
(Pm), and would make the machine highly inefficient. Hence, the machine is particularly designed to operate at
low slip, even at full load.

Torque/slip Characteristic of 3-phase transfer field reluctance machine with cage windings

From figure 10, the expression for the steady-state electromagnetic torque of the machine is given as below;
_Pn _ Pm

Te= Wm - w(1-s)

R (iR A=), 1 4 6(i23)°R

=[6 ()R 251X w(l—s)]_ w (25-1)

_ 6(i23)%R

=D N-m (16)

Putting equation 11 into equation 16, we have;

e —

2
Rrp+5) + (X1 +X)?
Equation 17 is the expression for torque developed as a function of voltage (V1) and slip (s).

N-m (7)

Production of Torque/Slip Curve for 3-Phase Transfer field Machine with cage (rotor) winding
It is the interaction between the windings (main, auxiliary and the rotor) current that produce the fluxes, which
is responsible for torque production.

Table 1 — Parameters for 3-phase transfer field reluctance machine with cage (rotor) windings

S/No Parameter Value

1 Lmy 133.3mH

2 Lm, 25.6mH

3 Lis=La=Lgy 0.6mH

4 m=r=r=2R 3.0Q

5 J 1.98x10°kgm®
6 \Y 220V

7 F 50Hz

8 P 2

With the values of the machine parameters and using equation 6 through equation 17 a plot for the Torque/Slip
curve of the machine is developed as in figure 11.

Plot of Electromagnetic Torque against Slip
U T T T R 5

157

-
) Ty

Electromagnetic Torque Te (N-m)
o
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Sip (s)

06 07

08

09
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Figure 11 A plot of Torque/Slip characteristics of the 3-phase transfer field machine with cage winding.

Efficiency/Slip characteristics of the configured 3-phase transfer field machine

The efficiency-slip relationship for the configured 3-phase transfer field machine can be studied for
better, using the per phase steady-state equivalent circuit of the machine as in figure 9.
The input impedance looking through the input terminals is;

DOI:10.9790/1813-0903011331 www.theijes.com Page 20



A Novel Three Phase Transfer Field Machine With Cage (Rotor) Windings
: [ (Xa=Xq) Gx g o) . J(Xa=Xq) GxqH5ms)
Z=2R+i2 +] q 4" 2s5-1 =2R +j2 + q q 751 18
J Xq |:25R_1+J'(Xq+(Xd—Xq)):| J Xq [ 2:;_1+de ] ( )
(19)

The current I, in the main winding is giving by;

. Vi
=L ==
A

Similarly, the current in the auxiliary and rotor windings (i,3) is given by;

. j(Xa—Xq) .

i3 = 20

2 LSL_N g+ (xd—xq)] g (20)

The copper losses in the main, auxiliary and rotor winding = 3[2R(i1)? + R(iy3)?]
=3R[2(1)* + (i2)*]  (21)

But, Input Power = Output Power + Copper losses in the main, auxiliary and rotor winding, excluding windage

and friction losses;
. Input Power = 6R (5—) (i23)? + 3R (2()° + (ize)")
(22)

1- , , .
=3R [2 (25_51) (iz3)? + 2(11)2"‘(123)2]
2 1= ei 92
. The machine efficiency () = —= ,(23‘1)(12,3) ,
2(55 ) (123)2+ 2(11)2 +(i23)?
The characteristics curve of the relationship between the machine efficiency against slip(s) is obtained, using

(23)

equation 23, as in figure

Plot of Efficiency against Slip
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Figure 12 Efficiency/Slip characteristics of 3- phase transfer field machine with cage winding

Power factors/Slip characteristic of 3-phase transfer field machine
From the Thevenin equivalent of the configured machine of figure 9 the machine’s power factor (cosf) is given

by;
Power factor (cos0) = Real (Z)
Real (Z)*+Imag (Z)
R
Rri+3, o

- 2
\/(RTH +§s—1)2+ (XTH +Xq)

A plot of the power factor (cos0) against slip(s) is shown in using equation 24
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Plot of Power factor against Slip
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Figure 13 Power factor/Slip characteristics of 3-phase transfer field machine with cage winding

Rotor current (i) /Slip(s) characteristic of 3-phase transfer field machine with rotor windings
Using equation 10, a plot of rotor current (i,3) against slip(s) is obtained as in figure 14.

| I 1 I 1 [ 1 1 1
05 0.55 08 0.85 o7 0.75 08 0.85 09 0.95 1
slip (S)

Figure 14 A plot of Rotor current/slip characteristics of 3-phase T.F machine with cage winding.

Dynamic Model of 3-Phase transfer Field Machine with cage (rotor) windings

For us to derive the dynamic equations of the circuit model of the configured transfer field reluctance
machine it is paramount to take a look at the variation of inductances with rotor position since the rotor has
salient poles. In general, the peameance along the d and g axes is not the same.

Since the rotor is of salient poles, its mmfs are always directed along the d and g axes. Also, the
direction of the resultant mmf of the stator windings relative to these two axes will vary with the power factor. A
common approach to handling the magnetic effect of the stator’s resultantmmf is to resolve it along the d and q
axes, where it could be dealt with systematically. Let us consider the magnetic effect of current flowing in phase
aof the stator. The resolved components of the a-phase mmfFa, will produce the flux components:

¢d = PyF,sin Or and ¢q = PgFacos6r along the d and ¢ axes respectively.

Where P = peameance
The linkage of these resolved flux components with the a-phase windings is;
Xaa = Ns (¢pd Sin Or + ¢pq cos Or) Wb turn.

= Ns F, (Pq sin20r + Py cos26r)

= Ns F, (222 2229 o5 20r) (25)
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Similarly, the linkage of the flux component, ¢d and ¢q by the b - phase winding that is 2?" ahead may be
written as:
Apa = NgF (Pd sin Or sin (Or - 2?”) + pqcosbrcos (Or - 2?ﬂ))

= N, (— PP PP 605 2(6r- 3) (26)
Based on the functional relationship of A, with the rotor angle, 8r, we can deduce that the self inductance of the
stator a-phase winding, excluding the leakage has the form;

L.,=L,— Lyscos 2 6r, H

Where;

Liypg +L Lpg +L
Lo==—""  and Lpm=—"—7""

Those of the b — and ¢ — phases, Ly, L are similar to that of L,, but with 8r replaced by (6r- 2?”) and (Or+ 2?”),

respectively.
Similarly, it can be deduced that the mutual inductance between the a and b phase of the stator is of the form,

Lap = Loa = L? - Lyngcos 2 (Or- 2?”) H 27)

Similarly, expression for Ly, and L, can be obtained by replacing Or with (Or- 2?71) and (Or+ 2?71)

respectively.

Since a conventional T.F. effect machine is composed of two components with two windings each, if
the parameter referring to the main winding is increased with the subscript A, B, C (ie phase quantities) while
that referring to the auxiliary winding will have subscript a, b, ¢, the dynamic model can be derived as follows:
Vasc = rasciasc + Phasc
Vabg = apclane + Phane
qurABC = rdqrAE!CidqrAE!C + PkdqrABC (28)
qurabc = rdqrabcidqrabc + P}\'dqrabc
Where P < 2= flux
RABC = dia\g [(rArBrC)] andrabc: diag [(rarbrc)]

The flux linkages are expressed as;

Mpsc = Leclase + Leniane

Aabe = Lhciasc + Lunianc (29)

where Lgg, Lgn, Lug and Ly are inductance matrices obtained from the inductance sub matrices of the two
components machines as shown below.

Let Ly; be the self inductance of the main winding and L,, be the self inductance of the auxiliary
winding; then the mutual inductance between the main and the mutual inductance between the main and the
auxiliary winding will be L, or L, as the case may be;

Laa Lap  Lac Laa  Lap Lac
Now; Ly, = [LBA Lpp LBcl Lp== [LBa Lgy LBC]
LCA LCB LCC LCa LCb LCc

LaA LaB LaC Laa Lab Lac
Lyy== [LbA Lyp Lbcl L=+ [Lba Lpp Lbcl

LCA LCB LCC Lca ch Lcc
So far the main and the auxiliary winding are identical,

Lcc = Ly1 (Machine A) + Ly, (Machine B)
= Ly +LY,

The individual inductance expressions are as follows;

Laa =Las + Lacos 2 6,

Lag=Lga=-% Lyt Lpcos(260,—a)

Lac=Lca=-% Lyt Lycos (20,4 o)

Lec=Leg=-% Lyt Lypcos?2 6,

Lgg= %2 Ly % Lgycos (2 0, -a)

Lec= Y2 Ly + Lgcos (26, + a)

Laa: ) I—al + La2COS 2 9r

Lap = Lpa= ¥ La t Lpycos (2 6, - o)

I—bc = ch: Y Lbl + Lbzcos 2 Gr

Lbb =Y I—bl + Lb2COS (2 0, - (1)

Le = % Ly £ Lpycos (26, + o)

I—Aa = LaA: %) Lb12 + Lblzcos 2 Gr

+
+
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Lap = Lpa= ¥ Lgpcos a =+ Lyjocos (2 6, - o)
Lac = Lea= %2 Lgpcos o+ Lyjocos (2 6, + o)
Lgs = Lap= %2 Lgipcos o+ Lyjocos (2 6, - o)
Lgp = Lyg= %2 Lgipcos o+ Lyjocos (2 6, + a)
Lgc = Leg= %2 Lappcos o+ LyoC0S 2 6,
Lca = Lac= %2 Lagpcos o+ Lipjpcos (2 0, + o)
Lcp = Loc= Y2 Lapcos o+ Lyocos 2 6,
Lee = Lee= %2 Lagpcos o=+ Lypcos (2 6, - o)
Where , o= 25, and; Loss = Lazo = Latz = ¥ (Lna + Ling)
Loz = Lizz = Loz = %2 (Ling = Ling)
However, the expressions for the individual inductances above, can further be used for the inductance matrix for
the main windings for both machines A and B.

For machine A, the inductance matrix for the main winding is;

1 my 1 T
Lis + Lq = Ling €052 6, = 5Ly = Lipg cos 2 (er —5)—LD — L, cos?2 (er +—)

2 3
4 1 T 2r 1
Lf1- =5 Lo = L cos 2 (6, ‘§) Ly + Ly — L oS 2 (er +?) —5 Lo = Lys 052 (6, =)
1 T 1 21
| -5 Lo + L co52 (6, +§) = Lo + Ly €052 (6, =ML + Ly = L OS2 (ar —?)_

For machine B, the inductance matrix for the main winding is;
r 1 T 1 T
Lis + Lq + Ly 0526, ==Ly + Ly cos 2 (8, —5) — ~ Lo + Lis cos 2 (6, + )

2 2 3
N 1 T 2 1
Li1= _ELO + L5 cos 2 (Hr - §) Lis+ Ly + Ly cos2 (Br + ?) _EL“ + L, cos2 (0, —m)
1 T 2m
_ELO + L, cos 2 (Or + §) L, + Ly, cos2 (0, —m)Lig + Ly + L,y cos 2 (Br - ?>
2Lys + 2Ly~ Lo-Ly
Hence Lgs =L{; +L5, | —L, 2Lis+ 2Ly — Lo
—Ly— Ly 2L, + 2L

Where LLs = leakage inductance, and Lo = Lmd *img

1 1
[ZLLS + Ling + Ling =5 (Lma + Lng) =5 (Lna + Lmg)
1 1
o Loe=| =5 (Lmd + Limg )2Lis + Lima + Lng =5 (Lma + Lmg)
1 1
~>(Lma + Ling) =5 (Lna + Ling)2L1s + Ling + Limg J
Now for mutual inductance

For machine A, the mutual inductance matrix is given as;
L+ Ly — Lys cos20,L, — L, cos(20, — a)L,cosa — L, cos(26, + a)

(30)

A —
= Locosa — Ly c05(20, — @) Lig + Ly — Lysc0s(26, + a)L,cosa — Ly, cos 20,

|L,cosa — L, cos(26, + a) L,cosa — L, cos26, L+ L, — L,,;cos(20, —a)]
Likewise, for machine B, the mutual inductance matrix is given as;

L+ L, + Ly cos20,.L,+ L, cos(20, — a)L,cosa + L,,; cos(26, + a)

B _
1 = L,cosa + Ly, cos(26, —a) Lig + Ly + Ly cos(26,. + a)L,cosa + L, cos 28,

[L,cosa + L, cos(26, + a) L,cosa + L,,s cos26, L+ L, + L,scos(20, —a)]

But Ley =L, + LY,
[—2Lns €0S 2 6, — 2Ly cos(26, — a) — 2L,,; cos(20, + a)]

“Len = —2Lyys €08(20, — @) — 2Ly c05(26, + @) — 2L, cos 26,
—2L,,s cos(26, + a) — 2L, cos20, — 2L, ,cos(26, — a)
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[ cos 20, cos(26, — a) cos(20, + a) ]

=Ley = —2Lys

cos(26, — a) cos(20, + a) cos 20,
cos(26, + a) cos26, cos(20, — a)
ButL,, = -4 —ltme ;Lmq

- 2Lms = Z0me )

[ cos 26, cos(26, — a) cos(20, + a) ]

SoLgy = Ling — Ling cos(26, — a) cos(20, + a) cos 20, D

cos(26, + a) cos26, cos(260, — a)
Where, o =2?n
Since the main and auxiliary winding for machine A and B are identical, Lyg and Lyy will be the same as Lgy
and Lgg respectively.

Rotor Winding Inductance

The stages of transformation of the voltage equations are to first transform the a.b.c. phase variables
into g-d-o frame where the quantities are in stationary reference fame. Secondly is to convert the stationary
reference g-d-o frame into the rotor reference frame iedr and gr. Since the rotor of this machine is salient pole,
the axis of the rotor quantities are already in the g and d axis, so that the g-d-o transformation need only by
applied to the stator quantities.

The Machine Model in Arbitrary g-d-o Reference Frame

In order to remove the rotor position dependence on the inductances seen in equation 31, the voltage
equations in equation 28 need to be transferred to g-d-o reference frame. The technique is to transform all the
stator variable to an arbitrary reference frame.

Here, all the stator variable will be transform to the rotor. In the voltage equations for the main and
auxiliary windings of the transfer field machine of equation 28, there is no need to include the rotor equation
here since our intension is to adopt rotor reference frame.

Hence, the voltage equations of the main winding of the machine will after the transformation yield;
Vo =oAD + pAQ + 1iQ
Vb = 0AQ + pAD + riD (32)
Vo =pAO +r1iO
Doing like — wise for the auxiliary and cage (rotor) windings, we have,

= (w-20r) A + pAq + riq
V¢ = (0-2wr) Aq+ pAd+ rid
V, = pAo+ rio (33)
Vq’r = (o -20r) A4 * Prgr T Tqr iq'r
Vi = (0 -20r) Aq’r + Paar + Tl

Transformation of flux Linkages
The ABC and abcsubscripts denote variables and parameters associated with the main and auxiliary

windings respectively. Both ragc and rq, are diagonal matrices each with equal non zero elements. For a

magnetically linear system, the flux linkages may be expressed as;

[Aapc] _ [LecLen] [lasc

] = e [iee Jwo s (34)

Where G = main winding, H = Auxiliary winding.

To transform the above equation in respect to the cage winding, we have as follows,
AABC LegLorLgraLorp tapc
Aabe l LycLyyLuraLurs Labe (35)

Adqr1| ™ |LracLranLraraLrars | |Lagr1

Adqrz LRBG LRBH LRBRA LRBRB idqu

The inductance matrix terms Lgg, Len, Lne and Lyy are obtained from inductance sub-matrices Ly; Li,,Ly; and

L,, for machine A and B.

Lgra is the mutual inductance matrix between main winding of machine A and rotor winding of machine A.

Lgre is the mutual inductance matrix between main winding of machine B and rotor winding of machine B.

Lyra is the mutual inductance matrix between auxiliary winding of machine A and rotor winding of machine A

Lyre is the mutual inductance matrix between auxiliary winding of machine B and rotor winding of machine B.
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Lrara is the inductance matrix of rotor winding of machine A.
Lrars is the mutual inductance matrix between the rotor winding of machine A and the rotor winding of
machine B.

Stator Winding inductances

To reduce the mathematical complexities of equation 34, it is rewritten in g-d-o frame as;
AQADAO]T: [KGLGGK(;_lKGLGHKI-Tl] [iQ iDiU] (36)
Aqdado Ky Ly K ' KoLy Ki* | Ligiato

cosOcosith — a)cosith + a)
Where KG = 2| sin@sinifp — a)sini{p + a) (37)
3 111

222

cos(0 —a)sin(0 —a) 1
cos(0 +a)sin(0+a) 1

K;l=

cosfsinf 1
] (38)

cosBcosiB — a)cosHp + a)
KH = 2| sinBsinip — a)sinifB + a) (39)
3 111

222
cosfsinf 1
Kl =[cos(B —a)sin(B—a) 1 (40)
cos(B+a)sin(B+a) 1
Where 8 = 06 — = Speed of rotation of the arbitrary reference frame
Or = Angular rotor position
Therefore the flux linkage of equation 11 is now expressed as;
)‘Q = (2|—L + I—mq + Lmd) iQ - (Lmd_ Lmq) (iq+ iq'r)
= 2I—LiQ + Lmqu + I—mdiQ - Limg (iq+iq’r) + I—mq(iq+ iq’r)
=2Liq + Limgig + Ll + Lindig- Lmdig~ Lma(iq+ igr) + Ling(iq+ igr)
= ZLLiQ+ 2LmdiQ+ Lmqu- LmdiQ' (iq+ iq'r) + Lmq(iq+ iq'r)
=2 (I—L+ Lmd) iQ + [iQ(I—mq' Lmd) +(iq+ iq’r) (Lmq' Lmd)]
=2 (I—L+ Lmd) iQ + (iQ + iq+ iq'r) (Lmq' Lmd)
"')‘Q =2 (I—L+ Lmd) iQ + (Lmq' Lmd) (iQ + iq+ iq’r) (41)
Similarly;
XD: (2|—L + Lmq + Lmd) iD + (I—md* I—mq) (id + id'r)
=2 (I—L+ Lmq) ip + (Lmd' Lmq) (iD + id +ia’r) (42)
XOZZLLiO (43)
AISO, }\,q = (2L|_ + Lmq + I—md) iq — (Lmd_Lmq) (lQ +iq'r)
=2 (I—L+ Lmd) iq + (Lmq‘ I—md) (iQ + iq+iq’r) (44)
)\d: (ZLL + Lmq + I—md) id + (Lmd_ Lmq) (iD + ia’r)
=2 (LL+ Lmq) g + (I—md' I—mq) (iD +1g +id'r) (45)
ho=2L i, (46)
Also; Aq'r:(LLqr + I—mq + Lmd) iq’r — (I—md _I—mq) (lQ +iq)
:(LLqr + 2I—md) L'q'r + (Lmq' I—md) (iQ + iq+ iq'r) (47)
Aa(r:(LLdr + Lmq + I—md) gy — (I—md *Lmq) (iD +id)
:(LLdr + 2I—mq) id'r + (Lmd - I—mq) (id + id + id’r) (48)

NB: Upper case letters represent the main winding parameters, while the lower case letters and the primed lower
case letters represent the auxiliary winding parameters and rotor winding parameters respectively

As before equations 41 - 43 represent the flux linkages of the main winding circuit while equations 44 - 46
represent the flux linkages of the auxiliary winding circuit. Also equations 47 -48 represent the flux linkages of
the caged (rotor) winding circuit, and r in equations 32 and 33 is the sum of the resistances of the main,
auxiliary and rotor windings in both machine halves. Hence equations 41 - 48 can be put into equations 32 and
33 to yield;

Vo= 0hp +p [2 (LL+ Ling) ig + (Lmg~ Lma) (iq + iq+ ig-)] + rig (49)
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Vq: (0-20)Ag+p[2(Lo+ I—md) iq + (I—mq' Lmd) ('Q + iq+iq’r)] + riq (50)
Vq’r = (o - 20) Ag+ p[(Ligr + 2Lma) ig + (Ling~ Lma) (i + g+ iq’r)+ Tig (51)
Vo =0hgt p [2 (Li+ Lig) Ip + (Limd- Limg) (i + ig +ig )] + rip (52)
V= (© - 20r) kg +p [2(LL+ Ling) Tg + (Lma- Lmg) (ip + g +ig )] + rig (53)
Vi = (@ - 200) e+ [p (Liar + 2Limg) i + (Lma - Limg) (ia + I+ i, )]+ Tig, (54)
Also for O-variables;
Vo= photrio

= p(2L4io) * rio (55)
Vo= photrio

= p(2Lio) + rig (56)
Vo'r = p}\o'r + rio’r

= p(l—rio'r) +igr (57)

Equations 49 - 51 result the equivalent circuit shown in figure 15.

*
Figure 15 Arbitrary reference frame equivalent circuit for a 3-phase symmetrical transfer field machine
with cage (rotor) winding in the g-variable.

Also, equations 52 - 54 result the equivalent circuit shown in figure 16

Also, equations 52 - 54 result the equivalent circuit shown in figure 16

Loi2L. (o020 )

Vo

L ]
L 4
L

&
Figure 16 Arbitrary reference frame equivalent circuit for a 3-phase symmetrical transfer field machine with
cage (rotor) winding in the d-variable
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Similarly, equation 55 - 57 combines to yield the equivalent circuit shown in figure 17

L
L b r
Lo em s AR, 7;1i) MWW °
& — i 2L, r
A _‘_M__. &
W V-
el or
Vv
0
9
L
[ ]

Figure 17 Arbitrary reference frame equivalent circuit for a 3-phase symmetrical transfer field machine
with cage (rotor) winding in the O-variable.

15. Rotor to stator winding inductances

Obviously, both rotors of the machine halves are identical. Therefore, they possess equal and similar

parameters. Let us consider the complying between the rotor winding, and the stator windings of machine A.
The winding placements are depicted in figure 18 below

q

Mai I‘, Main
A mzlﬁma A winding
y s s %
< ': <
Auxiliary I'I
a Winding ! . F-.u.xili.aryr
! Winding
' &
- ' '/ \%
Rotor, [Cage) :
Winding :. Botor (Cage)
: Winding

M/C.A

M/C.B
Figure 18. Rotor to Stator winding inductances
From figure 18
LAq LAd
Lora = Lrag = [LBq LBd

(58)
LegLica
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Laq Lad
Lire = Lren = qu Lpg
ch Lcd
NB Lgra = Lyrs 0N the account if the identity of the two machine halves.

Also

Lag = Lag = Limgcos6r

I—ad = LAd = I—md sin Or
_ _ 2m

Lbg = Leg= Lmqcos (6r- ?2)

Loa = Lag = Lng sin (0r- 5°) (59)
_ _ 4t

Leq = Leg = Lmgeos (6r- )

Led = Leg = Lingsin (Or- 4?“)

16. Rotor to Rotor Winding inductances
On the account of identity of the two machine halves;
Ligr +Ling O
L =L = 60
RARA RBRB Oler + Lmd ( )

17. The torque equation of the 3-phase transfer field machine with cage (rotor) winding

The torque equation of the configured machine is obtained by integrating the rotor winding parameters into the
derived torque equation of the conventional 3-phase transfer field machine with no rotor winding.

The expression for the torque equation of the cage winding transfer field machine is given as;

Te=2(3) [(igs + igs)Xumq Cins + ias + ig,]
- [(iDs + ids)qu (iQS + iqs + iQS)] (61)
Where,
igs IS the g-axis stator current in the main winding of TF machine, iq is the g-axis stator current in the auxiliary
winding of T.F machine, ips is the d-axis stator current in the main winding of T.F machine
ids is the d-axis stator current in the auxiliary winding of TF machine idr is the d axis rotor current in the (cage)
rotor of T.F machine.
i4-is the g-axis rotor current in the (cage) rotor of T.F machine.

Rotor Speed, [rev. e i

S— — —| el e ——————e—

1 2 3 4 B 6 7 8 9 10
Time, [sec]

Figure 19 Rotor speed run up plot for the configured machine
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Figure 20 A Plot of Electromagnetic magnetic torque verses Time

The graphs/plots of rotor speed run up and Electromagnetic magnetic torque verses time are shown in figure 19
and 20 above respectively.

18. Result analysis of the configured three phase transfer field machine with cage (rotor) windings

For the dynamic operation of the machine, the rotor speed run-up plot against time for the configured
(cage) machine is shown in figure 19. There was a little transient at different stages while rotor speed builds up
before an application of load at 7 seconds. After another little transient, the rotor speed now settles to a steady-
state at about 1410N-m.

Also the graph of electromagnetic torque against time for the caged machine with oscillations noticed
at different stages are shown in figure 20. It is observed that on no-load, value for electromagnetic torque is
zero. On application of load torque at 6.9 seconds to the machine, it oscillates and settled to a steady-state of
3.4N.

Morestill, from the steady-state electromagnetic torque versus slip characteristics curve of figure 11,
the result reveals a good similarity with improved output characteristics to those of the conventional three phase
transfer field machine with no cage windings. At slip (S) = 1, the injected voltage at the auxiliary and rotor
windings is zero. Hence, necessitating a zero torque. However, torque may be developed at this slip, if the two
windings are excited with direct current, hence, making the machine run at synchronous mode.

Due to the incorporation of rotor windings to the rotor circuit of the conventional transfer field (T.F.)
machine, the machine efficiency improved tremendously due to reduction in overall impedance of the machine.

Further-still, due to additional winding (rotor winding connected in parallel with the auxiliary
winding), induced rotor current at start improved, leading to concomitant boost in maximum and starting torque
of the machine at better and improved power factor. For the machine, at synchronous speed, (Ns = Nr, s = 0.5)
current decayed to zero, but at zero speed (Nr = 0, S = 1), starting current is maximum. This is a feature also
obtainable in conventional cage-less T.F. machine.

I11. CONCLUSION
From the analysis, the inclusion of rotor winding into the conventional machine provides a better
output performance characteristics, necessary for its wider applications in engineering industries.
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