ELEC-E8402 Control of Electric Drives and Power Converters Exercise 1

Problem 1: Torque expressions of an induction machine
The electromagnetic torque of an induction machine can be expressed in terms of the
stator flux linkage and the stator current as

3
Tat = 77’ Im {gsy:}

(a) Formulate the given torque expression in the dq component form.

(b) Using the given torque expression as the starting point, derive the corresponding
torque expression in terms of the stator current and the rotor flux linkage.

(c) Derive the torque expression in terms of the stator flux linkage and the rotor
flux linkage.

Solution

(a) The notation corresponding to i, = iq + jiq is used for the space vector compo-
nents, yielding

T = L1 {iy7} = SpTm (i — 9 G + Jia)}
= 2t {aia + i + (Wi — i)}

3p, . .
= 7(wd2q — Yqla)
(b) The inverse-I" model is used. Inserting the stator flux linkage

Y, = Loty + ¥y

into the torque expression gives

3 3 3
Ty — 7’) Im {Zﬂ} _ ?plm {;S (ng;‘ +g;)} _ %?Im {gsy;}

since Im {i%i,} = 0.

(c) Based on the previous stator flux equation, the stator current is

o= (4~ )

L, \*&s =

This expression can be inserted into the torque expression,

Ty = %Im {gsy:} = %pilm{(ys —%> ﬁ}
=2 L (g} =L L (v
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Problem 2: Steady-state torque expressions
Express the torque Ty of an induction motor in the steady state as a function of:

(a) the slip angular frequency w, and the rotor-flux magnitude g;

(b) the slip angular frequency w, and the stator-flux magnitude ).

Solution

The steady-state equivalent circuit (valid in any coordinates) is shown in the figure.

iy Bs jwsLs
o_>_/\/\/\,_rYY\ .

in
Ug jwsys jwsLM jwsyR —Rg
0o

iR

(a) Since the rotor flux linkage is Yr = Lu (15 + ig), the torque can be expressed as

=G fuaih = Fom{ (51 i) i = m fusi)

The rotor voltage equation in the steady state is
0 = Rpig + jurtd,
leading to the rotor current
: jwrp
g = —
‘R RR
The desired steady-state torque expression is

LR

Ty = 21 op
MT S M TRy 2 Rp

where Yr = || = /¥ ¥}, is the rotor-flux magnitude. It can be seen that the
slip is directly proportional to the torque, if the rotor-flux magnitude is constant.
Remark: Peak-valued space vectors are used in this course. This is the most
common choice in control applications and in the analysis of transient phenom-
ena. Alternatively, the rms-valued space vectors could be used. For example, the
rms-valued rotor current vector is
- Jwr¥r
LR — RR

where Iy = ig/Vv2 and ¥y = QR/\/?. Note that the scaling has an effect on
power and torque expressions, e.g.,

T2 0,
Ty = 3pIm {07} = —3pIm { [, U5} = 3p ;w
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(b) The stator current in the steady state as a function of the stator flux and the
slip angular frequency can be written from the equivalent circuit

Z et e

s ™ . - L
jweLy -+ - Josb(o/wr) R p o I

jws Lyt + (ws/wre) RR 1+ jweTs

where 7, = L1/ Rg is the rotor time constant. Note that the denominator in the
first expression is simply the impedance seen by the voltage jwsgs. The desired
steady-state torque expression becomes

Ty = %pxm {iw:} = 22 I

ST g 2

LMTrwr
(LU + LM)2 + (LUTrwr)2

_3p2
_2¢S

Remark: The above torque expression can be rewritten as

2T,
Tv =
wr/wrb + wrb/wr

where the breakdown torque, breakdown slip frequency, and leakage factor are

3p LM ¢52 1 LO’
= —- wr = — = =
b= O L. ¥ Ly 2L, L

respectively. Note that the breakdown torque depends on the square of the
stator-flux magnitude and that the breakdown slip is a constant (which depends
on the motor parameters).

T
Tyt
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Problem 3: Determination of induction motor parameters
The parameters of an inverter-fed induction motor are estimated using three tests:

(a) A direct current is commanded into the a-axis at standstill, resulting in the
space vectors 5 = 4.0 A and u? = 14.8 V. Determine the stator resistance. What
are the phase currents?

(b) A pulsating sinusoidal current is commanded into the a-axis at standstill, re-
sulting in the space vectors

S S

i (t) = igsin(wst + 1) us(t) = ugsin(wst + py)

where wg = 2780 rad/s, is = 4.0 A, p; =0, us = 48.2 V, and ¢, = 61.2°. Deter-
mine the leakage inductance and the rotor resistance. Assume the magnetizing
current to be zero, since the excitation frequency wy is comparatively high.

(¢) The motor is driven at no load in the steady state. The rotating space vectors
are
ig(t) = Z'SeJ(wstJrcpi) u(t) = usej(wsur%)

where wy = 27 - 30 rad/s, is = 4.0 A, ¢, = 0, us = 185 V, and ¢, = 85.5°.
Determine the magnetizing inductance. Assume that the stator resistance is
unknown.

Solution
(a) The steady-state stator voltage equation is
ug = Ryig + jos (1)
Since wy = 0, the stator resistance can be solved as
Ry=u}/i =148 V/4.0 A =3.7Q
The phase currents are

in=Re{il} =4.0A i, =Re{ife??} =-20A i.=Re{ife™?} =-20A

(b) The left figure below shows the dynamic induction motor model. The magnetiz-
ing current can be omitted here, since the impedance of the magnetizing branch
is much higher than the impedance of the rotor branch at the excitation fre-
quency of 80 Hz. As illustrated in the right figure below, the stator voltage can
be approximated as

das(t
(1) = Rit) + L, 220 )
where R, = R, + Rpg is the total resistance.
Z: Rs Lo’ RR l: Rs Lo— RR

+ .
) me%; Uug

Dynamic model Approximate dynamic model
for |ws| > |wm|
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In this problem, only the real part of (2) is needed,

ualt) = Roi(t) + L, 20 ®)

The current i,(t) and the voltage i, (t) vary sinusoidally and they are represented
using the peak-valued complex phasors as

Za — Z'Sej@i u, = usejéou
In the frequency domain, (3) can be expressed as the stator impedance

H'_a = RO’ +jwsL0'

Lo

Hence, the total resistance is

- - 10 A cos(61.2°) = 5.8 2

The rotor resistance is Rg = R, — Rs = 5.8 Q — 3.7 2 = 2.1 Q. Similarly, the
leakage inductance is

1 u 1 us 48.2 'V sin(61.2°)
Ly=—TImd %l = = Ygin(p, — o) = — 21 mH
o {z } oty Sl =) = A o S0 radfs T ™

Lo

X 48.2
RG—RG{%}—&COS(QOU—QOQ— 82V

Remark: The link between the time-domain signal ¢, () and the complex phasor
i, 1S

ia(t) = issin(wst + ;) = Im {i, e}
and similarly for other signals. In practice, the complex phasors can be eas-
ily evaluated from the measured time-domain signals, for example, using the

complex discrete Fourier transformation (DFT) at the angular frequency ws.

The space vector and the complex phasor are different concepts (although the
space-vector models in the steady state typically reduce to the phasor models).
The space vector represents a complex-valued signal, which may freely vary in
time. On the other hand, the complex phasor represents the magnitude and
phase of a sinusoidally varying real-valued signal.

The rotor current is zero at no load. Hence, the stator flux is ﬁ = L3, where
Ly = L, + Ly is known as the stator inductance. Based on (1), the stator
impedance in the no-load condition is

5|18,

= Rs + jwsLs

Hence, the stator inductance is
1 us 1 ug . 185V sin(85.4°)
Ly=—1 =5 =—— w— i) = = 245 mH
Wy o { ° } Ws s sin(ipw = i) 4.0 A 27 - 30 rad/s o
The magnetizing inductance is Ly = Lg — L, = 245 mH — 21 mH = 224 mH.

Zs
Remark: The saturation curve could be determined by repeating the no-load
test at different current levels.
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