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ABSTRACT

The conventional method of analysis of Asynchronous machine fails to give accurate results especially when the
machme is operated under high rotor frequency. At high rotor frequency, skin-effect dominates causing the rotor
|mpedance to be frequency dependant. This paper therefore presents an improved method of modeliing skin-effect in
aswachronous machine under dynamic condition. The computed results are compared with the conventional model.
The differences in the comparison underscore the need for the proposed model.
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INTRODUCTION

The conventional method of analysis has been applied by several researchers to model the dynamic behaviour of
Asynchronous machine(Jordan 1967, Krause 1965, Jordan 1965). This method of analysis has been proved to be
inadequate for application involving high rotor frequency and for application requiring the operation of the machine
above its rated voltage(Smith 1996, He and Lipo 1984). Under dynamic conditions, the lower section of the rotor bar
experiences a higher inductance than the upper section of the rotor bar due to non-uniform flux distribution, thereby
causing the current to flow primarily in the upper portion of the bar. This phenomenon of decrease in inductance and
increase in resistance of rotor conductors is known as the deep-bar effect or the skin-effect(Liwschitz-Garik 1955,
Alger 1995). Therefore, in modelling the Asynchronous machine for skin effect, accurate modelling of the rotor bar
becomes imperative. in(Okoro 2002), the lumped-parameter method has been used to model the rectangular rotor
bar. In the said work, the rotor bar was divided into five sections. In[(Okoro 2003), the lumped-parameter method was
also applied but extended by dividing the rotor bar into six sections. The paper permits the impedance of a rectangular
rotor bar to be computed with minimal error when compared with the actual rotor bar impedance. The error in the
analysis is shown in Figure 1. The results in (Okoro 2003) have been used to carry out the present study since the’
error involved is less than that of Okoro(Okoro 2002).

The paper first models the Asynchronous machine using the conventional model. The skin-effect model is then
presented together with the mechanical model that completely describes the machine’s performances in dynamic
- states. Lastly, the method of simulation and the obtained resuilts are presented and discussed.
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Figure 1: Error in the 6-section rotor bar model(Okoro 2003).

CONVENTIONAL MODEL

The conventional model of the machine is achieved by making the following assumptions:
(i) The machine is symmetrical with a lingar air-gap and magnetic circuit.
{ii) Saturation effect is neglected ‘ ,
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(iii) Skin-effect and temperature effect are neglected
(iv) Harmaonic content of the mmf wave is neglected
(v) - The stator voltages are balanced.

he non-linear differential equations which describe the dynamic performance of an ideal symmetncal Asyn.

1achine can be represented in state variable form as:

Aij= L] (Rl+ o, [G il L) V]

:quation(1) represents the electrical model of the machine and in rotor reference frame the parameters in equation(1)

ecome(Okoro 2002),

V=W v o o]

. /
.l] [ ys ds Cqr %)
Nhere,
L A = L I + L "
L,=L,+ L,

Inder balanced condition, the stator voltages of a three-phase Asynchronous machine ‘may be considered as

sinusoidal and expressed as
L= Jar cosw, !
9
T
V.. =21 w{m,/ ;]
D

2r
V, = Jar cos((o,,l + Tj
D

hese stator voltages are related to the d-q frame of reference by(Krause 1965)
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By application of trigonometric identities(Stroud 1982), equation(13) can be further simplified to give,

V= \[L;Vcos(() ~w,l) ' (14)
7, = 20 sin(0 - wyr) (15)

|n the same vein, the d-q axis stator currents are related to the three phase stator currents by

: , .
(cos(/ co{(/ - i] cog(a _ fﬁj .
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The Electromagnetic torque, Te is given by (Krause 1986) as: i
. 3 o o
r=2ee, (i =ini,) . n

where, P=Number of pole pairs and L, = magnetizing inductance.

'a)
SKIN-EFFECT MODEL
In the modelling of the Asynchronous rotor bar for skin-effect, the lumped parameter method is used. A T-model
network as shown in Figure 2a is used to model the regtangular rotor bar. The rotor bar of the machine is divided into
six sections. The rotor bar resistance and inductance for each section are,

_ L.\'
& m (18)
_ ff_[,_/_:&i )
Scc b'\l”, \. | (19)
where,

uo = Permeability of free space, byy = Width of the rotor bar, Ls = length of rotor bar, x, = conductivity of copper, Ngec
= height of each section

it is important to note that equations(18) and (19) are modified to take account of all the bars and subsequently
referred to the stator to give “Rr” and “Lr" as shown in the equivalent T-circuit of the Asynchronous machine, Figure 2b
and Figure 2c.

The rotor parameters of Figure 2 are referred to the stator by using the transformation factor, k and the values defined
mathematically by,

L= kL1012 =k"12  L3r=k13; Ldr =k’ 14 (20a)
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Figure 2a: Equivalent T-circuit, Configuration for 5-section rotor bar.
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Figure 2b. Equivalent circuit for d-axis with rotor values referred to the stator.
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Figure 2c. Equivalent circuit for g-axis With rotor values referred to the stator.

L3r=k*L5; L6r = kLG L10=Lor+Lior; Rer=4k"Re;  Rlr=k’Rl (21b)
R2r=k>R2:R3r = k>R3: Rdr =k*R4: R5r = k*R5; R6r = k*R6 (21c)
where k, is defined thus(Nasar and Unnewehr 1979):
PRI B STLY (22)
m2\ kN2 .
) where,

m1 = number of phases on the stator; m2 = number of phases on the rotor; ky = stator winding factor; k., = rotor
winding factor; N1 = number of series-connected turns per phase of the stator; N2 = number of series-connected turns
per phase of the rotor.

But,
m2 "'(number of rotor bars)/(number of pairs of poles)
9
m?2 = o (23)
Seinsch(Seinsch 1988) defines the relationship between the rotor bar resistance and the rotor resistance as:
J
R —_ l\ har , . (24)
, =
P .
- with the equivalent rotor referred resistance as,
R': = k*R,, | (@)
where, '
k= L ‘ (26)

I)
Table 1 shows the rotor circuit parameters at 4KHz rotor frequency extracted from (Okoro 2003) and used for the
study of the dynamic behaviour of the test machine with skin-effect.
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Table 1: Computéd model impedance at 4KHz(Okoro 2003).

Resistance |[mQ] |[Inductance |[uH]
R 1.552 | L4 5.27e-2
Rz 0924 |l 7.06e-2
| Rs 0550 |Ls 0.119
R4 0.327 |lg4 0.199
| Rs 0223 [Ls 0.308
Rs 1.552 |Lls 0.210

The machine .d-q model equations are derived by taken the Kirchhoff's voltage expressions for each loop in Figure
2(Guiliemin 1953). In order to facilitate the digital computer simulation of the developed model, it is imperative to put
the Kirchhoff's voltage equations in state variable form as in equation(2). By so doing, the following parameter
identifications are made(Okoro 2002):
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Where, :
Ly = Llr+ Lm (33)

MECHANICAL MODEL
Figure 3 represents the motor mechanical model schematic for the motor-load connection.
The equation of motion of the motor and the coupling is given by

9
- 40,
Io=My =, "/ 2 , (34)
But,
.{/(UIII — (I:()III .
y/ (/,3 (35)
oy
- ) .} /
" - l -
e 2
Oy
\ _/",,. _}'
Figure 3: Motor mechanical model schematic with coupling.
Put equation(35) into equation(34), we have
. dw,,
[1, - A/[\r Yol di (36)
Similarly, the equation of motion between the coupling and the driven load is related by
c d w
M, -T, =J, —2 (37)
St
where, :
[0 ¢
@, =t ’ (38)
dt
By definition(Holzweif3ig and Dresig 1982),
A// w = Cu‘ (0 - O/HL ) (39)
Taking the first «.... vative of equation(39), equation(40) results,
dM do.— do,
W C“. o /. . (40)
dt dt dt

Therefore, the general equation of the coupled system with damping factor(dy) neglected can be expressed in matrix
form as:

r i [T,
) O () - “'1 ) [,
’> © m '{ ml { w m / :IHJ 4
1
@, | =10 0 — o, |[+]- = (41)
L . Jy { v o
I\/ N ¢ . - . 0 1 [L LI B U J
. L

where, . ) i
Jm = moment of inertia of induction motor; M,, = shaft torque; J. = moment of inertia of the D.C. motor; ¢, = stiffness

constant of the shaft system; o, = mechanical speed of the D.C. motor
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The experimental determination of the shaft system stiffness constant, c,, has been reported by Okoro(Okoro 2002) to
be 14320Nm/rad for the machine under test. The block diagram of equation{41) is shown in Figure 4.

EXPERIMENTATION AND COMPUTER SIMULATION RESULTS

The test machine is a KATT VDE 0530, Class F insulation, surfaced-cooled squirrel-cage Asynchronous motor. The
rated power, speed, and current are 7.5KW, 1400rpm and 19.2A respectively. The test machine is a four-pole motor
with 50Hz rated frequency and 340V rated voltage. Figure 5 shows the test machine. In order to determine the test
machine parameters necessary to carry out the dynamic studies, several experiments were carried out. The No-load
test was carried out at rated frequency and with balanced polypahse voltages applied to the stator terminals.
Readings for the current, voitage, electrical power and speed were taken after the motor has been running for a
considerable long period of time necessary for the bearings to be properly lubricated.
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Figure 4. Block diagram of motor mechanical model with coupling.

Table 2: The machine data.

Output power . 7.5KW
Rated voltage 340V
Winding connection Delta
Number of poles 14
Rated speed - {1 1400rpm |
Rated frequency 4 | 50Hz
Stator resistance 2.52195Q ﬂ
Stator leakage reactance 1.95145Q
Rotor resistance 0.9762920
Rotor leakage reactance 2,99451Q
| Magnetizing reactance 55.3431Q
[Rated current 19.2A
_Estimated rotor inertia moment | 0.117394Kgm* |

Blocked-rotor test and test with the injection of D.C. current in the stator windings were made at standstill. The
retardation test was carried out at No-load with and without additional standard mass. The load test was carried out
with constant load of 51.3Nm and frequency at a sinusoidal stator windings voltage.

The results of these experiments are recorded in Table 2 together with the name-plate data of the machine
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Figure 5. The 7.5KW test mowor.

MATLAB function program which describes the differential equations of the machine modets (Conventional and Skin-
effect) in dynamic condition is developed and solved using the Fourth-order Runge-Kutta numerical method(The
MATLAB 1997). Together with the mechanical model of the machine, the dynhamic behaviour of the asynchronous
machine at run-up can be simulated. The developed MAT! AB m-files accept as input the test machine parameters in
Table 2 and the rotor circuit parameters of Table 1 as in the case of skin-effect model. Figure 6 shows the time

function of the mechanical rotor speed for the two models. It can be seen that the skin-effect model rises faster to
synchronous speed than the conventional model.
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Figure 6. Graph of Mcchanical rotor speed against Time.

The combarisbn between the conventional model and skin-effect madel for the electromag'ﬁetic torque is depicted in Figure 7. At starting, the torque
developed by the machine in the skin-effect machine mode! is about 20% higher than that 'of the conventional model.
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Figure 7: Graph of Electromagnetic torque against Time.
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Figure 8: Graph of Electromagnetic torque against Rotor speed.
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Figure 9. Graph of Stator phase currents against Time for the conventional model.

The same difference is observed in the graph of electromagnetic torque against rotor speed as shown in Figure 8. In the figure, the skin-effect
mode!, shows higher peak torques for a given rotor speed than the conventional model. Figure 9 and Figure 10 show the time function of the stator
phase currents for the conventional and skin-effect models respectively. Prolonged initial level of oscillations are observed in the phase currents of

the conventional model.
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Figure 10 shows higher initial starting current than that of Figure 9. The predicted time function of the bar.currénts in each rotor segtion show in
Figure 11 indicates that the current magnitude decreases as the bar section increases. L )
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CONCLUSION Figure 10. Graph of Stator phase currents against Time for }hc skin-effect model.

The paper has presented an improved modelling of asynchronous machine.with skin-effect. Comparison between the
proposed skin-effect model and the conventional model under dynamic condition showed large errors in the predicted
torque, speed and phase currents. Pertinently, for operation requiring high rotor frequency as in the case of PWM- -
operated asynchronous machine, the need for the proposed skin-effect model becomes highly imperative. By
modelling for skin-effect in asynchronous machine, the time function of the stator phase currents, electromagnetic
torque and the rotor mechanical speed at run-up condition can be predicted to the level that is close to the actual
machine behaviour. Howgver, inclusion of saturation effect can improve the accuracy of the predicted results
considerably. Work in this direction is in progress and wili soon be reported by the Author.

current magnitude in each of the bar sections
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Figure 11: Graph of bar currents against Time .
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