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Abstract: In this paper, a three-phase induction motor has
been modeled in a hybrid reference frame (ABCdq) to
examine transients on the motor drives during bus transfer.
The d,q model has been widely used to study single
machine transients but it is difficult to use for
multimachines during unbalanced faults if the effect of
source impedance is considered. By using ABCdq model
for the induction machine, the analysis of motor drive
connected to the same bus with the induction motors is
simpler. The bus impedance which is the coupling between
the motors and motor drive is incorporated into the model.

1. Introduction

The detailed simulation of bus transfer and its effect on
induction motors have been investigated in [1-6].
Multimachines connected to a common bus through a line
exhibit a cross-coupling in the machine models. The
solution of these equations in the conventional dq
reference frame during bus transfer is difficult since the
actual abc variables have been transformed. The d,q
reference frame has been used for multimachines connected
to the infinite bus via source impedance [7]. In the solution
of differential equations, the armature terminal voltage of
the machine is computed with a delay of one time step.

The majority of drives installed in the power system have
a line commutated rectifier, dc link and the motor driven by
inverter, The rectifiers are either uncontrolled or controlled
type. If the drive is capable of four quadrant operation, the
drive can generate power to the other parallel connected
loads during the bus transfer. In this paper, since a three-
phase uncontrolled bridge rectifier is considered, the power
does not flow to the loads from the drive. In the modeling
of interactions of motor drive and motor during the bus
transfer, the common tie line introduces a cross-coupling in
the state equations. In addition, ac currents only stop
flowing during a current zero (except if vacuum breakers
are used) which are difficult to track if the conventional d,q
model is used for the motor. Since an ABCdq model is used
for the metor, it allows the tracking of its stator currents.

In this paper, the ABCdq madel of a 3-phase induction
machine [8] is used to investigate the interaction between
the motor and drive connected in parallel to the same bus
during the power system disturbances. The error of the
calculation of terminal voltages one time step late is thus
eliminated.

2. Mathematical Model of The Induction Motor

The induction motor is modeled in a hybrid reference
frame (ABCdq) in order to preserve the stator states in their
original form, while only transforming the rotor states to
d,q axis variables. The phase transformation is firstly
applied to the rotor states, then a commutator
transformation is used such that the inductance matrix is
independent of the rotor angle. In the model, it is assumed
that the d-axis coincides with phase A of the stator while
the g-axis leads the d by 90 degrees electrical.

The stator variables can be transformed from three-phase
to two-phase to reduce the number of state variables, but
the difficulty is to combine such a model with the model of
the rectifier/inverter induction motor drive connected to the
same bus.

The nonlinear differential equations of the ABCdq model
can be obtained by applying two transformations in
cascade. The orthogonal transformation matrix given below
is used to transform the balanced three-phase rotor
windings to a two-phase equivalent.

1 0
2 1 A3
C = |—|-— — 1
1 3| 73 49

The second transformation matrix transforms rotor
variabies into a reference frame stationary relative to the
stator.

C, =

Cost  Sinf
@)

~Sind Cosb

where 08 is the angle between the rotor phase a and the
stator phase A. The impedance matrix, Z of the ABCdq
model is obtained by performing the following operation.

ZI2C1C2 ]
CZTCITZZ2C]C2
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Z= (3)
l:CZ‘TCiTzzl

where Z,, Z,, , Z,, and Z,, are the corresponding
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component impedance matrix of a 3-phase ABCabc
induction motor in a ‘natural’ reference frame as given in

[9]. I is the identity matwix. C,; and C,, are the

transpose of C| and C, respectively. The complete motor

equations obtained by performing the matrix multiplication
in(3)is

| Fezh b i i i
€ esb e Vu Vq - Lo o 1y ]q

where

v, = ngm Cos(sw,t+0)

vy = \/g\/mSin(swst +0)

V_, is the peak value of the rotor phase voltage. In this
work, it is assumed that the rotor terminal voltages (v,
and V. ) are zero because a squirrel cage induction

machine is considered.

The electromagnetic torque developed by the machine is
given below;

P Y s L e 19
T, :ZM(J;ldlb —2i i, +i,i, —\/Sldlc -quc)

The mechanical motion is incorporated in the torque
balance equation given below and the friction and windage
loss is neglected.

dw,

dt

2
T =T, +(=)J 5
[ L+(P)m ()

3.Model of Three-Phase Bridge Rectifier

The three-phase bridge rectifier was analyzed in [10]. In
the same study, the model of PWM inverter for simulation
purpose was given. During the continuous current mode of
operation there are 12 possible status of 6 diodes employed
in three-phase bridge rectifier. Each diode is conducting or
blocking due to the level of anode-cathode voltage and
anode current. These twelve states
(J=1,2,3,4,5,6,7,89,10]11,12) configuring the
connection of source to the output of rectifier. In this
section, the state space form of model for rectifier is given.
The source is represented by its Thevenin equivalent. Each
phase current flowing through source inductance and filter
capacitor voltage are defined as state variables. Infinite bus
voltage: ~nd the rectifier output current, i, are described

are

17
as the inputs. The selection of the rectifier output current as
input in the model enables to combine the rectifier model
with the model of induction motor driven by the inverter.

Twelve conduction sequences can be classified in two
categories. Either two or three dicdes are conducting
simultaneously.

3.1. Conduction of two diodes

During the conduction of two diodes, one phase current
and the capacitor voltage are defined as the state variables.
Two phase voltages are feeding power to the rectifier and
third phase is open. The model of the rectifier given in (6)
has the variables f, (source voltage) and f, (phase

current) defined in table 1 for all conduction sequences, J.

£, . £, — (@ +2e)f, —kv,
Pl = ki, -f, (6)

v, c
where;

- -1 0
L = -
2L +L; 1 0 2L, +L,;

and
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main-fed motor

motor driven by inverter

Figure 1. Induction Motor and Drive

Table 1. State variables during the conduction of two
diodes.

J=tor? J=3o0r9 J=5orll
fl= eu‘.‘ ebt.' eba

f'_’ = I.s‘a ! $h ! NG

3.2. Overlap period

The overlap angle is assumed to be less than 60 degrees,
therefore three diodes conduct during this period. In this

mode, three phases are feeding power to the rectifier. f,

and f, are phase voltages while f; and f are phase

currents in (7). These are defined in table 2 for all states.
Two phase currents and filter capacitor voltage are chosen
as the state variables.

f f; —rfs +1f
p fo 1= 05| i — (5 +1)f = (25 +5)f —kv,
kv, ki —f; —f,
C
)
where
-2L -L, -L, 0
L;':Z—l- L,+L, -L, 0
F 0 0 L,(GL+2L;)
and

F=L 3L, +2L,)

Table 2. State variables during overlap pericd.

J=2or§ J=dorl0 {J=6orl2
.f3 = € €ac —€4
f:l = €. € —€4

f‘S = L I.\'u l.\'b

f;i = l.\'b I.w.' I.\'c

where;
€op €y — €y , € =€ — €y , €y =€ —€,
and

for 1=1,2,3,56,10

for J1=4,7,8,9,11,12

4, Modeling of the motor in parallel to drive

The drive system given in figure 1 has been modeled
using two possible configurations of the rectifier. The first
occurs when two diodes conduct and the second occurs
during the overlap period. The coupling parameter, that is
the source impedance, between the rectifier and main-fed
motor is included into the model.

4.1 Conduction of two diodes

The induction machine model given in (4) is combined
with the rectifier model in (6) to analyze the system
described by (8). The coupling parameter between the
rectifier and main-fed motor is found during each state and
it is given in table 3. '

£
(8}

ki, T
[e,, e, €. 0 0 f -C—] =Zli, i, i i i
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where Table 4: The coupling parameters during the overlap
period.
i a 0] J=2or8 |J=dorlQ |J=6orl2
b 0 kl = s L.:p ¥ + Lsp 0
z c 0 h= ~r.~Lp |0 r+Lp
- 0 0 m = 0 Zr.—Lp |-r,-Lp
0 0
a bc 00 2+, +QL +L)p 1 "= r+lp |r+lp |-n-Lp
1
000O0¢O0 c -p v = 0 -r.—Lp |r+Lp
where W= ~ri=Lp |0 0
Table 3: The coupling parameters during the conduction of | ¥~ 0 0 -r,—Lp
two diodes.
J=lor7 |J=30r9 |J=50rll v, = re+Lp (-r.—Lp |0
a= ro+ Lap 0 =¥, — L_\p
WZ = -t - L\p f;_ + va r_\ + Lrp
b= 0 r+Lp |n+lLp
= =+ L\p -t - L.sp 0
5. Results

4.2, Overlap period

The rectifier medel given in (7) is combined with the
induction machine model in (4). The resulting equation is
given in (9). The coupling parameter is obtained from the
explicit form of formulation during each conduction
sequence of overlap period and it is given in table 4.

At
{eﬂ e, & 00 f f k—é] =Zfi, i, i i i £ f kvl
9
where
- | ., 07
. v, 0
Z W w, 0
0 0 0
Z= 0 0 0
k, , m 00 r+Lp —-r,-Lp O
u v, w, 00 z y 1
0O 0 0 00 1 1 -p
L C C _
where

z =+ +(L,+L;)p
y=2r +r, +2L, +L,)p

The computer simulation program that uses the standard
4 th order Runga Kutta integration algorithm is prepared in
order to analyze a three-phase induction motor and an
induction motor drive (three phase bridge rectifier, filter
circuit and PWM inverter) connected to the same bus with
nonzero source impedance.

A three-phase, 4-pole, 208 V, 1.4 A induction motor and
its drive have the following parameters per phase referred
to stator side.

L,=029H, L_ =029H,
L, =0272H, r,=56Q,1,=49Q,
J_, =0.0004 Kg.m?,T,, = 0.00457w_,

The filter and source parameters are as follows;

r=033Q, L,=002H,
C=0.1mF, L,=05mH, r, =10mQ
The amplitude modulation ratio and frequency

modulation ratio of the PWM inverter are 1.4 and 18
respectively. The snubber losses are measured at the
operating voltage while the inverter output terminals are
open-circuited and represented in the model by a resistance
in parallel to the filter capacitor. The magnitude of this
resistance is found to be 140 QOhms,

A three-phase, 230 V, 13 A, 4-pole induction motor
connected in parallel to drive has the following parameters
in ABCdq reference frame:

IPST '99 — International Conference on Power Systems Transients o June 20-24, 1999, Budapest — Hungary

268



" i,(Amps)

) 3 k) 3 R

Time(s)

Figure 2a. Predicted stator current
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Figure 3a. Predicted rectifier input current
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Figure 4. Predicted filter capacitor voltage
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Figure 2b. Measured stator current
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Figure 3b. Measured rectifier input current
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Figure 5. Predicted rectifier output currerit
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L, =L, =0.074H, R =040, R, =0.296Q
M=0.058H, ], =0.0497Kg.nf

The load torque equation was found to be [11)
T, =27.4(0.018+0.38(1-s) — 0.06(1-s)’ ) N.m

A three-phase source with 180 V at 60 Hz has been used
during the experimental work.

Three phase source is disconnected from the motor and
drive by using a three-phase circuit breaker during the
experimental work. In the simulation, a large resistance
(1000 Ohms) is inserted into each source line while the
phase current is at zero level.

Figures 2a and 3a show the predicted stator current of the
main-fed motor and rectifier input current respectively
while figures 2b and 3b show the corresponding
experimental results. The experimental and simulation
results are not synchronized on time basis. In the computer
simulation, as the system is running at the steady state
around 0.45 seconds of simulation time three phase source
is disconnected. Three cycles of stator current of main-fed
motor before disconnection is printed out by the computer
simulation program in order to compare with the
experimental work. The peak value of the current is found
around eleven ampers from the ABCdq model and
experimental work. The motor input current is sinusoidal
before the bus is disconnected. The reference for the time
axis of measured results is set to be zero when the
disconnection of the three phase supply takes place and one
cycle before disconnection is recorded.

After the disconnection of source, the stator current of
the main-fed motor has the same waveform with the
rectifier input current. During this transition the motor
feeds power to the rectifier. Thus the motor acts as a
generator during the period while there is no exteral
supply connected. The peak of stator current decays from
the initial steady state value as energy is transferred from
the motor to the inverter drive and the motor load. As the
back emf of the motor decreases, the magnitude of its
armature current also decreases, as well as the filter
capacitor voltage. Also, the frequency of the rectifier input
current that is proportional to rotor speed decreases in time.
The predicted filter capacitor voltage and rectifier output
current are shown in Figure 4 and Figure 5 respectively.

6. Conclusion

In this paper, a hybrid model (ABC/dq) of an induction
machine is used to analyze the motor drive transients during
the bus transfer. The source inductance is included into the
model in order to investigate the interaction of the machine
and drive, !t is observed that when the power source is
disconnected, the main-fed machine feeds the power stored

in its inertia to the motor drive. The standard d,q model
requires the use of fictitious d,q voltages. This hy®rid
model provides a superior advantage to include couplings
and unbalance effects from the supply side.
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