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Abstract: This paper deals with the accuracy analysis of rotor frequency calculations for an analytical
formula of the optimal linkage flux. First, an equivalent circuit of the induction machine and a loss model
are described. Furthermore, the calculation of the rotor frequency is performed for two cases, which are
compared. The results show that the rotor frequency can be calculated in a simplified form without a large
difference in accuracy.
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1 INTRODUCTION
In recent years, there has been an emphasis on reducing electricity consumption. The largest consumers of
electricity are variable speed electric drives. Here is a great opportunity to reduce the consumption of elec-
tric drives by using an algorithm to increase the efficiency of the electric drive.

The efficiency of the drive can be controlled by an adaptive regulator, which reduces the value of the link-
age flux, thus reducing losses. One of the commonly used strategies is model-based method which requires
the loss model of the induction motor [1].

The goal of this paper is to determine the difference between the two methods of calculating rotor fre-
quency. Both calculation methods are compared with each other. The influence of other parameters such
as stator currents and power losses are compared. The conclusion evaluates the influence of both calcula-
tions on the parameters accuracy necessary for the operation of the regulator.

2 INDUCTION MACHINE MODEL
An equivalent circuit in the form of a commonly used gamma network is used. The resistor representing
the iron resistance is connected parallel to the magnetization inductance. Detailed development of the model

can be found [2]. The steady-state model shown in Figure 1 is defined in the rotating (d,q) stator flux frame.
Thus ¥ = ¥ and ¥, = 0.

Figure 1: Steady-state induction machine equivalent circuit in: a) d-axis and b) g-axis.

In the steady-state model, the coils can be thought of as a short circuit. The stator voltage u,. and uy, is
given as:

Usqg = Ry Isq (1
Usq = Rsisq + wsths WP = WrLglrq + Ryl + 05 (2a,b)

where o, is the difference between the synchronous frequency w; and the mechanical speed w. The syn-
chronous frequency w; can be expressed as the mechanical speed  multiplied by the number of pole-pairs
p- The currents issand iy, in the model are described as follows:
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lps w‘rLa isq

Isqg = Iy +irg ly = L_ g = R (321, b> C)
m r
. . . . . 2T
lrq = lsq — lreq = isq lsq = 30 (4a, b)

The current ir., and ir.scan be considered as zero, because the resistance Rr. is many times greater than the
resistance R,. It is advantageous to express the current iy, in terms of torque and stator linkage flux. Fur-
thermore, from the Figure 1 follows that the voltage at Rr. is determined by the voltage w; .

3 LOSS MODEL
The loss model of an induction motor is advantageous to express depending on the mechanical speed,
torque, and linkage flux. The aim is to obtain an analytical expression for the optimal linkage flux at a given
torque and known shaft speed. However, the formula compilation is not within the scope of this article.

The parameter Rr. must not be constant due to the loss model accuracy. The iron losses consist of losses by
eddy currents and hysteresis losses. According to [2], both resistance values can be combined to create a
simple linear dependence of the total iron resistance on frequency.

Ws

Rpe = Rpeo (5)

Wso
The iron resistance Rr.o must be determined at the specified frequency wso.

Determining stator Joule losses Pj in the substitution model in d-q axis is very simple. The resistance of
the stator winding R; is multiplied by the square of the current flowing through it. It can be seen from Figure
2 that both iy and 54 flow through the resistor R;. The determination of Joule losses in the rotor P;- is similar
to the difference that the rotor currents i,; and i, flow through the resistor R,. As mentioned above, i,; = i
Thus:

Pjs = Rs(i_?d + isgq) Pjr = Rr(igd + i-zq) (6a, b)

4 CALCULATION OF ROTOR FREQUENCY
For calculation current .4, it is necessary to know rotor frequency w,. The rotor frequency can be expressed
from equation (2b) as follows:

wrlps = eroird + Rrisq (7)

To simplify the expression, the L, ‘i.scan be neglected due to the small rotor current in the d-axis. Then
o, with aid of (4b) may be written as:

_2R,T g
Wyg = 3p1/J§ ( )
Then the currents in the d-axis can be expressed:
. 4T2L,, . P,  AT?L,
fraa = g o7y3 bsaa =7 - + 9Ty (9a, b)
The natural solution of equation (7) leads to a quadratic equation:
2 + 2404 212
_ 3pwi £/9p?Pd + 16p°L5 (10)

@rs 4T [Z /R,

Only the negative sign can be taken into account. A positive sign represents operate with high slip before
the pull-out torque of the torque characteristic, which is undesirable.

Then the currents in the d-axis can be expressed as follows:

2T 3pyi — 9p*wi + 16p°L5 Vs, 2T 3pY = PP HIEPELE gy,

4B = 3puh,g 4TL, tsaB =T 3pup, 4TL,

5 ACCURACY VERIFICATION OF ROTOR FREQUENCY CALCULATIONS
The aim of this chapter is to verify the accuracy of the calculation of currents and losses in the motor when
considering the simplified expression for w, (8) and when considering the natural expression for w, (10) for
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different values of linkage flux. It should be noted that at reduced flux, no permanent load with nominal
torque is expected. The value of w, according to the equation (10) is limited only to the value of the pull-
out torque, which can be expressed from the condition for the square root of the expression (10). It can be
seen from this equation that the pull-out torque decreases with decreasing linkage flux.

Verification was performed in MATLAB environment with the parameters of the real induction motor.
Since the determination of parameters is not the subject of this article, the values of the required rated
parameters of induction motor ATAS T22VRS512 are: torque 7, = 2Nm, speed 7,= 2380 min™, linkage flux
(peak) ¥, = 1 Vs, number of pole-pairs p = 1; stator resistance R,= 11.8 Q, rotor resistance R,=9.2 Q, iron
loss resistance Rr. (50 Hz) = 4900 Q, leakage inductance L,= 90 mH. Magnetization inductance is a func-
tion of the linkage flux, and its values are: L,, (¥=1Vs)=09H, L, (¥Y=1.1Vs)=0.7H, L, (¥=0.75
Vs)=1.07 H, L, (¥ = 0.5 Vs) = 1.2 H. Details of the parameters of the induction motor are given in [3].

Figure 2 shows the difference of the values of w, according to equations (8) and (10) as a function of the
torque for four linkage flux values. It can be seen that at rated linkage flux =1 Vs the difference between
the values w.4 and w,s is negligible to the rated torque. This difference increases at higher torques than the
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Figure 2: Dependence of rotor frequency on torque at different linkage flux values.

rated. At the linkage flux y = 1.1 Vs the difference is even smaller. On the other hand, when the linkage
flux decreases to = 0.75 Vs and y = 0.5 Vs, the difference increases.

Figure 3 shows the rotor current in the d-axis according to the equations (9a) .44 and (11a) i,4s and the stator
current in the g-axis isg as a function of the torque for four linkage flux values. It can be seen that all rotor
d-axis currents i,44 and i,z and stator g-axis current iy, increase as the linkage flux decreases. The difference
between the value of .44 and i-4p increases with increasing torque. A significant difference occurs at reduced
linkage flux, especially at w = 0.5 Vs. Furthermore, the stator g-axis current iy, is higher than the rotor d-
axis current irq4 and i,qp.

In Figure 4, the stator currents in the d-axis ;4 and issz are plotted as a function of torque at four different
linkage fluxes. In particular, the magnetizing current i, is plotted here using equation (3b). The ellipse cor-
responding to the rated operation condition of the induction machine i is also plotted in the graph. In this
area, the induction motor can operate continuously. For the linkage flux w =1 Vs and = 1.1 Vs it can be
seen that the difference between the currents 544 and iws is very small. For lower linkage flux y = 0.75 Vs
and y = 0.5, the difference increases, especially at higher torque. The currents #;44 and isqp are also affected
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Figure 3: Dependence of rotor currents on torque at different linkage flux values.

by the magnetizing current #,, which increases with increasing linkage flux. Only at = 0.5, the rated torque

line passes only with issz and not with .

Figure 5 shows the iron loss Pr., Joule losses in the rotor winding (P4 and P;5) and stator winding (Pjs.
and P;:5), depending on the torque at different linkage flux values. Losses were calculated by considering
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Figure 4: Dependence of stator currents on torque at different linkage flux values.
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Figure 3: Dependence of power losses on torque at different linkage flux values.

two current values according to equations (9a, b) and (11a, b). It can be seen that the difference between
Pj.4 and P and Pjs4 and Pj, respectively, occurs at low value of linkage flux. Furthermore, it can be seen
how the iron loss P, increases with increasing linkage flux.

6 CONCLUSION

The aim of this paper was to calculate w, according to two different formulas and to verify its influence on
quantities in the equivalent circuit of the induction machine, especially on current and power losses. It can
be seen from Figures 2-5 that at higher linkage flux value, the difference between w4 (8) and w5 (10) is
negligible. At low flux values, the difference between w,4 and w,s increases, especially especially at a
higher torque value. However, the motor is not expected to operate at rated torque at reduced linkage flux.
Thus, the simplified formula for calculating w,4 (8) can be considered sufficient and can be replaced by the
natural formula w,s (10) for the analytical expression of the optimal linkage flux.
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