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Introduction

The known concept of supplying an induction motor from a static
current source converter results in ac drive performance with several important
advantages over the more familiar voltage fed inverter. An ac drive using
such a current source inverter is shown in Fig. 1. Basically, it consists of
a controlled bridge rectifier, a simple dc filter choke, and an inverter bridge.
The controlled rectifier and filter choke combine to form a dec regulator which
supplies a regulated dc current to the inverter terminals. The inverter directs
this regulated current into the appropriate motor phases at some desired
frequency. The inverter’s switches are controlled by logic circuits piloted
by the machine’s rotating speed.

CONTROLLED
RECTIFIER FILTER INVERTER

¢ L g

= " & =t

5.

T~

k1
™~z

INDUCTION AMOTOR

} //,
vy g . ==

1L
111

Fig. 1. Schematic diagram of converter power circuit
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Numerous investigations have enabled the determination of the steady
state characteristics of this new autopiloted-converter-machine group. Anal-
ysis of motor performance has been conducted by considering only the fun-
damental components of the acline current [3, 4]. The terminal characteristics
of an induction motor when fed with “quasi-square’ current wave form have
been explained using an analytical approach with a series equivalent circuit
of induction motor to the n-th harmonic [6]. An alternative procedure for
the steady state analysis results in a closed form solution assuming ideal
current filtering and constant rotor speed [8].

In this paper a space-vector representation of motor and inverter is
introduced [1]. The introduction of space-vector representation gives a better
understanding of both stationary and transient phenomena that take place
in an induction motor. Here this is very useful for understanding the interac-
tion between inverter and motor, especially regarding the conduction states
of the inverter diodes. The three phase quantities can be shown in one picture
and the time functions can be easily obtained by a simple projecting procedure.
With state variable approach the differential equations for the system are
written using all usual energy storages and exact results can be obtained.
A digital computations are needed to solve the non-linear differential equa-
tions.

Basic equations of induction machine

For static frequency converters with current source inverters, the
inverter commutations take place on the ac side involving the motor windings.
Therefore no analysis of the inverter can be made without considering the
operation conditions of the motor. In that respect the current source inverters
differ from voltage source inverters, that generally can be analyzed separately,
that is, without much consideration of load characteristics. In the following
analysis a space vector equivalent circuit represents the induction machine
shown in Fig. 2. For that case the saturation and eddy current effects are
neglected and the rotor parameters can be reduced to the stator side in such
away that the leakage inductance of the rotor has been reduced to zero. Since
the inverter is connected to the stator winding it is convenient to apply a sta-
tionary reference frame fixed to the stator. In this co-ordinate system the
fundamental equations of induction machine based on the space-vector
approach are given by

a,= iR, - dv, (1)
dt

0 = lTrRr + ap — joy, (2)
dt
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where:
Y iy U are the stator flux, current, and voltage;
P,s iy, @ are the rotor flux, current, and rotor angular velocity;
R, R, are the stator and rotor resistances, respectively.
The stator and rotor currents expressed in terms of stator and rotor flux are:
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where:

o = L;[L,the leakage factor; L; and L, are the stator and rotor transient
inductances, respectively. For the exact solution the speed variation must
be taken into consideration, especially in the case of low frequencies; requiring

the equation of motion:

- 1,9 (5)
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Fig. 2. Equivalent circuit of induction machine

where T, is the load torque assumed to be constant, and T is the nominal
starting time of the motor. T is the electromechanical torque and in per unit
gystem, it is equal to

1

T=-
Lg

(- X %) (6)

where X means vector product.

Analysis of current-fed inverter circuit

The current source type of frequency converter has been described
in detail in [5, 6] and will not be repeated here except for emphasizing
that only two thyristors are on at once, each one conducting the dec link
current i, for 120°. A thyristor is commutated by firing the adjacent thyristor
in the next phase. Fig. 3 is a simplified scheme of six-step current-mode
inverter power circuit, where for the sake of simplicity the delta connection
of the capacitors is replaced by the equivalent star one. The arrows indicate
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Fig. 3. Simplified schematic of current mode inverter power circuit

Fig. 4. Modes of operation
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the chosen positive direction of voltage and current of each element in the
circuit. Thyristor, diode, and capacitor are abbreviated by symbols T, D
and K, respectively. Fig. 4 illustrates the three different conduction states
which occur during one-sixth of the total period. However, because of peri-
odicity, it is quite sufficient to study one-sixth period where the data of
others may be obtained through phase and sign changes. A co-ordinate
system fixed to the stator is chosen. Utilizing the symmetry of the circuits,
the co-ordinate system is fixed to the symmetry axes. Different reference
frames are used for different modes of operation as shown in Fig. 4. In each
case the state equation represents the system in the form:

dx

& _Ax b, 7
% (7

If the machine fluxes are chosen as state variables, then in Eq. (7) A is the
function matrix of the state vector x where:

[x]T = [@st Ysy ¥rx ¥ry UKNy a)] . (8)

Matrix A and b differ from one conduction state to another; for the first
mode of operation they are given by:

= J—0c 1 gy 1 7

c —_ 0 R T — ) 1oy 0
YroooT, T: ' T, ! P
0 L o 0 0 0
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1;“ 0 _ -]17 —w 0 0
A — r r (9)
0 _ L © 0 0 0
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_1_ 0 — _1_ 0 0 0
Q2 o2
. "/)ry iprx 0 O 0 O
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1—¢ T, ]
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In case of second mode of operation, matrices A and b are as follows:

Q Periodica Polytechnica EL 20/2
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To the third mode the following relations hold true:
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(14)

T; and T, are the stator and rotor transient time constants, respectively;
T, the rotor open-circuit time constant;

o) =

L
L2’

1=

L+2L;
R+ 2R,
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L+21;
L 2 1
Gy == 5 R T2 = 3 R 2 = VL’C 3
Lol RSk )

u4 is a constant value (average) of the dec voltage; and L and R are the choke
parameters.

The first mode of operation prevails (see Fig. 4/a) as long as condition
Uppe — Uy < O is fulfilled. The end of this interval is determined when diode
¢ in the negative side is coming into conduct and consequently the b-¢ terminal
voltage of the capacitors is connected across the b-c terminals of the induction
machine as shown in Fig. 4/b. At this point the current begins to transfer
from phase b to phase ¢ during the diode commutation period until the
current in diode of phase b has been driven to zero; ie. i, = 0. Fig. 4/c
describes the last mode of operation where phase ¢ assumes the full value
of the dc current i, The interval of this conduction state is determined so
that the length of the stroke 7 equals one-sixth of the total period.

Steady state characteristics

The state equations describing the system are non-linear; therefore

an iteration methed using the periodicity condition is applied to obtain a
steady state operating peoint. This iteration method is principally based on
modifyving the intial state vector x, by a small variation 4x,, to obtain the
same at the end of the interval in a synchronous reference frame. The procedure
was the following:

Xg — Runge—Kutta — x.pq

dev = Xeng — X

Axene = Z Az

Xg + AXgt = Xeng -+ d%enq

Adzgy = [I — Z]7! dev

p— 1
Xst(new) = Xst T~ Axst

This needs the knowledge of the state transition matrix Z of the system.
If the system is piece-wise linear, the state matrix can be calculated in explicit
form. If the system is nonlinear, then the matrix Z can be computed by
numerical solution of the state equation [7]. Already few of such iteration
yield an exact result. Since the open loop is unstable especially at higher
frequencies, this method is superior in achieving the steady state operating

9*
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condition. The problem is solved using a digital computer and the state
equations have been computed by means of fourth-order Runge—Kutta
routine. For the solution, u, and T, are given at each frequency and the
initial value of state variables has been determined using an approximate
method [9], based on the neglection of the stator resistance and assuming the
dc current to be constant. The calculations were applied on a system with the
following parameters in per unit system:

stator resistance R, = 0.05
rotor resistance R, = 0.045
magnetizing inductance L, = 212
stator transient inductance L' = 0.16
DC link resistance R = 0.05
DC link inductance L = 08
commutation capacitor C = 0.09
nominal starting time T, = 60

Two operating points representing moter and generator steady state
operations were obtained at two different frequencies; 50 cps and 5 cps, re-
spectively. At the higher frequency the calculation was performed using the
approximate method too. At the lower frequency this method is not valid
because the stator, and rotor resistances and the dc choke parameters must be
taken into consideration. In each case the rotor flux is held constant at a unit
value. Figs 5/a to 5/c show the Park-vector loci at 50 eps for each of i, &, Uk,

Exact +ag

Approximaie

+

b A

©

Fig, 5/a Vector locus of stator current for motor operation: T; = 0.85, f = 50 cps
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Fig. 5/b Vector loci of stator and eapacitor voltages

and &y in case of motor operation at load torque T, == 0.85; (in this per unit
system the rated torque 0.73).The projection of vectors on the phase-axes gives
the momentary phase quantities. Figs 5/d to 5/f show the time function of
dc current, voltage of phase a, and torque, respectively. Fig. 6 represents the
generator condition at the same frequency and load torque. Figs 6/a and 6/b
show the Park-vector loci of fs, u,, Uy and up; Fig. 6/c shows the time function
of the torque. In all the figures the exact result is shown by a thick line
while the thin line represents the approximate one. Figure 7/a shows the
Park-vector loci of stator current and stator voltage for motor and generator
operation at T, = 0.85 and f= 5 cps. The torque and speed periodical time
functions are shown in Fig. 7/b for the same operating points. For the reason
of periodicity the vector loci are given for one-sixth of the total period.
Figure 5/a shows the Park-vector locus of one period.
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Comparison between exact and approximate results

For designing the inverter circuit the rated voltages of the thyristors and
diodes are required. They are greatly dependent on how much the maximum
value of the capacitor voltages can be reached. From the inverter circuit
it follows that the voltage of any dioded is equal to the difference of a stator
terminal voltage and capacitor line voltage. The instantaneous values of the
diode voltages are simply obtained by projecting 4,y and upp vectors on the
resultant (line) direction of the phase axis; the greatest of these projections
gives the maximum diode voltage. Figure 6/b shows that higher diode voltages
occur in generator mode and the highest of these occurs when the voltage
of diode of phase b at the positive side of the inverter reaches its maximum
value at the end of the second mode of operation. In this case the following
relationship holds true.

Uppy = — Uppap = — V3 (Projection of %pp in the direction a,b). (16)
The thyristor voltages can be also determined where the voltage of any

thyristor is equal to the line voltage of one capacitor. So on side N of the

Exact +4 0

Approximale

o

Fig. 6/a Vector loci of stator current and voltage for generator operation: T; = — (.85,
f =50 eps
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Fig. 6/b Vector loci of diode and capacitor voltages



214 M. M. EL-SAYED

7
30° 60° w,t
Exact
-5+ e A pproxima e
_7’ 0

Fig. 6/c Torque time function

Fig. 7[a Vector loci of stator voltage and current at 5 cps.
Motor: T; = 0.85; Generator: Tj = —0.85
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Fig. 7[b Torque and speed time functions

inverter bridge, the voltage of the b thyristor is given by the b-c projection
of the uy, capacitor voltage. An important relation for the terminal thyristor
voltage both in conducting and non-conducting states can be derived as follows:

. 3 _
UT(max) = > | %y fmax (17)
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Table 1
| a 5
i Approx. ! Exact } Error
Upmax 630 | 72 15%
! 1
Urmax . 330 | 372 | 127%
| | |

Table 1 gives a comparison between diode and thyristor maximal voltages
calculated by the exaet method and the approximate one. Referring to Fig.
6/b the values are given in per unit system.

Stability investigation

For the solution of the steady state operating condition, the state
transition matrix Z is also determined as mentioned before. The greatest
advantage of this method is that state matrix Z characterizes the dynamic
behaviour of the system, too. The eigenvalues of the Z matrix determine
the dynamic performance of the open-loop system. 4,—s give the variation
of components Ax which have the same direction of the eigenvectors of
matrix Z within one stroke. If the absolute value of each eigenvalue is smaller
than one, the system is stable; Z¥ — 0. If only omne | ;| >1 the system is
unstable and cannot be used without stabilizing feedback. The individual
components of vector dx will vary by 2% thus an equivalent time constant
T; and oscillation frequency w; can be defined by the following expressions

[2]:

i . 5 .
=) L =2 (18)

’ T T
Negative T; means that the corresponding | 4, | is greater than one, and the
higher the value of T’; the closer the value of | ;| to one. A linear transfor-
mation was used to get the state matrix Z with 9 X 9 elements corresponding
to the nine state variables Py, Vo Yo Yy @5 Bpnws Uxpw Yrny: a0 Ugp,
representing all the energy storage of the system; comsequently nine eigen-
values are determined for each operating point. For the steady state solution
it is enough to use the first six variables since the last three are consequently
known.

Table 2 gives the highest eigenvalue and the corresponding T; and w;
of the state matrix for different operating points at different frequencies.
From this table the system is seen to be stable at the no-load operation for each
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Table 2

Freglpl:ncy Ty p. . 4; (highest value) i T; po w ®; p. o

I o 0.994 +j0.041 2245 0.040

50 0.85 1.052-7 0.06 —20.80 0.054
—0.85 1.044 —24.60 0

0 0.964-4+j0.155 88 0.076

25 0.85 1.05 45010  —39 0.045
—0.85 1.069 314 0

0 052810721 | 93.3 0.09

5 0.85 0.979 4897 0
—0.85 1.219 . —5238 0

frequency, and the lower the frequency, the wider the stability range in the
case of motor operation.

I would like to thank Dr. Prof. I. Ricz for his available advices throughout
this work.

Summary

This paper provides insight into the steady state characteristics of current source
inverterf/induction motor drive system. Using space state method, an exact solution was
obtained by digital computation neglecting the saturation and eddy current effects. This
solution is compared to another approximate one [9], based on a simple representation of
induction machine and constant dc link current. The stability of the system, is also in-
vestigated.
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