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Abstract - A time-domain equivalent network model, in the
natural ABC frame of reference, for computer-aided prediction
of the performance of dc source-inverter fed induction motor sys-
tems is presented and verified experimentally. The choice of this
frame of reference for stator representation facilitates the integra-
tion of the machine and the electronic dc source-inverter models
into one global equivalent network for the entire system. This
model is most suited for the propulsion and actuation class of
drives in which induction motors may serve as substitutes for
brushless dc motors as prime movers. The model was used to sim-
ulate the performance of a 204 V, 1/3 hp, 60 Hz, 4-pole induction
motor-inverter system, which was verified by corresponding test
results obtained in the laboratory. Furthermore, the model was
applied to a 440 v, 15 hp, 60 Hz, 8-pole induction motor-inverter
system for purposes of evaluating the effects of 180° e and 120°
e inverter conduction periods on the currents and torque profiles
of the drive system.

INTRODUCTION

In numerous papers on electromechanical actuation and propul-
sion applications, electronically-commutated permanent magnet
brushless dec motors were used as prime-movers for such drive
systems [1-5]. The design and analysis of several of these sys-
tems were carried out by use of a computer-aided approach, in
which the performance characteristics of the machine and its as-
sociated electronic power conditioning equipment were obtained
using equivalent circuit-network graph theory techniques [6,7]. In
that approach, the machine parameters can be computed from
magnetic field solutions using the combined finite element-energy
perturbation methods as was demonstrated in reference [8]. The
natural ABC frame of reference was always adhered to, in mod-
eling the armature windings of such machines which must di-
rectly be interfaced with the electronic power conditioners [4-7}.
This means that the natural ABC currents flowing in any power
conditioner are also the state variables used in representing the
machine dynamics, and hence its interactions with the power
conditioner to which it is interfaced.

In this present work, a computer-aided model was developed
as a tool to enable the future investigation of the advantages and
drawbacks of the possible replacement of the permanent magnet
motor by an induction machine of the same rating as the prime-
mover in such propulsion and actuation drives. The assumption
is that the topology of the power conditioner would remain very
similar to that used with permanent magnet machines associated
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with brushless dc systems. Accordingly, the present modeling ef-
fort centers on the simulation of a dc source-power conditioner
(inverter) induction motor system such as shown in Figure (1).
Here, the nature of the power source is the same as that in pre-
vious brushless dc machine systems [1-6].
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SCHEMATIC OF INVERTER-FED INDUCTION MOTOR SYSTEM
Figure (1)

By and large, previous efforts to model inverter-fed induction
motors were carried out using variations of the DQO frame of ref-
erence [9,10). These models inherently are formulated in terms
of "synthetic” direct and quadrature currents, and are based on
the assumption of flux distributions around the airgap and ar-
mature circuinferences that are purely sinusoidal in nature. This
precludes a sufficiently rigorous account of the effects of space
harmeonics resulting from winding layouts, and rotor as well as
stator magnetic circuit geometries, that is slotting, fractional slot
windings, etc. This is unlike the natural ABC frame of reference
approach which is formulated in terms of the "physical” ABC
armature currents, and which was adopted by these authors in
modeling of brushless dc and other permanent magnet machines
{4,5,11,12]. Furthermore, in the natural ABC frame of reference
approach, all the effects of the significant space harmonics on ma-
chine parameters can be accounted for. Accordingly, the present
model was developed with a view to enable one to include such
effects in future studies of such dc source-inverter fed induction
machine systems of the type shown in Figure (1). This approach
would lead to a comparison on a sound basis between equiva-
lent permanent magnet versus induction type machines in drive
systems for propulsion and actuation applications.

Accordingly, a natural ABC frame of reference time-domain
equivalent network model for study of the performance character-
istics of dc source-inverter fed induction motors was developed,
as will be detailed below. However, the model was applied here
only for purposes of showing its compatibility with conventional
equivalent circuits of induction motors, in which no harmonic
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fluxes higher than the fundamental are considered. The validity
of the model was verified experimentally by comparing its sim-
ulation results with actual test data on a 204 v, 1/3 hp, 60 Hz,
4-pole induction motor-inverter system, where very good agree-
ment was achieved between computer generated and experimen-
tal data. Furthermore, the model was used in comparing the
performance of a 440 V, 15 hp, 60 Hz, 8-pole induction motor
when operated from inverters with 180° e and 120° e inverter
conduction periods. The results are in accordance with known
trends about induction motor performance under these two con-
duction periods, which is further evidence of the soundness of the
modeling approach presented here.

EQUIVALENT NETWORK MODEL OF THE DC
SOURCE-INVERTER FED INDUCTION MOTOR
SYSTEM IN ABC FRAME OF REFERENCE

An idealized three phase induction motor shown in Figure (2)
can be represented schematically by the equivalent coils (wind-
ings) of Figure (3). Windings, A, B, and C, Figure (2), represent
the stator phase windings, and windings, a, b, and ¢ represent the
rotor’s three phase windings. The three balanced stator (and ro-
tor) phases are 120 electrical degrees apart, respectively, and the
angular position of the rotor, o, is defined as the angle between
the A-axis of the stator and the a-axis of the rotor.

A-axis

b-axis
SCHEMATIC OF 3-PHASE INDUCTION MACHINE
Figure (2)

The differential equations governing the dynamic hehavior of
the induction machine in the ABC frame of reference can be ex-
pressed as follows:

N r4 0 0 |0 0 O ia
vp 0 rg 0 0 0 0 ip
vc _ 0 0 rC 0 0 0 ic +
Vg 0 0 © re 0 0 ig
v 0O 0 o 0 7, 0 i

L v 0o o o0 0 0 r. | ic

[ Laa Lap Lac | Laa Las Lac ] ia
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Loa Lo Leo | Lea Loy Lee | 4| dc | |
LaA L:JB LnC Lau Lab La,c dt ia
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w d | Lca Les Lec | Loa Lov Lo ic (1)
" do LnA LaB LaC Lua Lab Lac ia
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LCA LcE LcC Lca ch Lcc z'z:

where w, = ¢ = (1 — s)w,. Here, the instantaneous rotor speed,
w,, and the synchronous speed, w,, are in electrical rad/s, and
the slip of the motor, s is in per unit.
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b-axis
SCHEMATIC REPRESENTATION OF INDUCTION MACHINE WINDINGS

Figure (3)

Equation (1) can be rewritten in a compact matrix formula-
tion as follows:

Vase | _ | Res | 0 Lapc n
Ve | | 0 |R Lope

2 =rr

{L,,|Lr}i[LAac]+%{di[LssILar }}[mc] @)

[LY | Lo Jdt| Luc oLy [Le {f | L

Labe

In equation (1), the first term on the right hand side rep-
resents the ohmic voltage drop in the machine windings. The
second term represents the transformer voltage components, and
the third term represents the rotational voltage components.

The set of state equations given in equation (1) can be repre-
sented, using the methods of reference [9], by an equivalent circuit
model as shown in Figure (4). This equivalent network yields a
set of differential equations which is identical to the state model
given in equation (1), and hence, it is a full representation of
the induction machine. Based on the state model given in equa-
tion (1), the rotational voltage components are represented in
the equivalent network by the current controlled voltage sources,
€45 €8, €C, €a, €, and e., shown in Figure (4). These current
dependent voltage sources can be expressed as follows:

d . d , d .
e4 = Wr[(ELAA)zA + (d—;LAB)ZE + (ELAG)lC

d X d . d .
+(E(;LAu)la + (;i‘;LAb)lb + (d—a‘LAc)lc] (3)
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d X d R
eg = w,.[(a;LBA)IA + (5=LBB)iB + (

do

d X
ELBC)IC

+ (iLBa)ia + (%LBb)ib + ((;%LBc)ic] (4)

do

d d . d .
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do do
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EQUIVALENT NETWORK MODEL OF INDUCTION MACHINE

Figure (4)

Here, the developed electromagnetic power of
given by [13]:

Pemv = €4ia + epip + ecic

the machine is

(9)

and the corresponding developed electromagnetic torque is ac-

cordingly given by:
Tem =

em/wm = (€4ia + €BiB + €cic)/wm

(10)

where, w,, is the angular speed of the rotor in mechanical rad/s,

which can be expressed as follows:

wm = w/(p/2) = (1 - s)ws/(p/2)

Here, p is the number of poles.

(11)

The equivalent network of the induction machine, Figure (4),
was utilized in conjunction with the power conditioner system
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shown in Figure (1) to obtain a global equivalent network model
of the dc source-inverter fed induction motor system as shown
in Figure (5). In this equivalent network model, the switching
action of each diode and transistor associated with the inverter
network was simulated using the same successful approach pre-
viously employed in the work of reference [4] through [7]. As
depicted in Figure (5), the assumed directions of positive hranch
currents are shown by arrows, which are in accordance with the
consumer system of notation. The state model which governs
the dynamic behavior of the equivalent network of the dc source-
inverter fed induction motor system, Figure (5), was automati-
cally formulated using network graph techniques, and the hybrid-
matrix representation of non-linear networks [7,14].

Toc T TQ4 T 02§ Ty,

Epe ()

'Oq'Qs To597Q65T pg

EQUIVALENT NETWORK MODEL OF DC SOURCE-INVERTER
FED INDUCTION MOTOR SYSTEM
Figure (5)

For the case of squirrel cage induction motors, in which it
is the practice to represent the rotor’s cage by two equivalent
windings, d and q, along the direct and quadrature axes of the
rotor, the d and q equivalent windings replace the rotor’s a, b,
and ¢ windings in equations (1) through (8). For details on this
aspect, reference [15] should be consulted.

DERIVATION OF ABC EQUIVALENT NETWORK
MODEL PARAMETERS FROM CONVENTIONAL
INDUCTION MOTOR EQUIVALENT CIRCUITS

The main ob jectives of this paper are to show that this mod-
eling approach is compatible with the conventional assumption
of sinusoidally distributed munfs and flux densities around the
airgap circumference, and that the machine parameters in the
ABC frame of reference are compatible with those obtained from
conventional no-load and blocked rotor tests of induction ma-
chines. Again, in later papers the same model and formulation
will be used to study the effects of space harmonics on machine
parameters and performance characteristics.

Accordingly, in the work at hand, using the conventional symbol-
isms of reference [13], the machine parameters in the ABC frame
of reference can be written as follows:

ra = rg = T = T4 (12)
e = Ty = T. = Ty (13)
Laa = Lps = Lec = Ly (14)
Lap = Lpc = Lea = Lm (15)

. Restrictions apply.



Laa = Ly = Loe = Ly (16) in Appendix (A). The machine was tested in the laboratory to
obtain its performance at various operating conditions. These

Lat = Lic = Laa = Lem (17) operating conditions, test #1 through #3, are given in Table
Laa = Ly = Lo = Lsmecos(o) (18) (1). Also, the developed global network model, Figure (5), was
used to simulate the performance of the system under the same
Ly = L. = Lece = Lum cos(o + ZT") (19) test operating conditions.
4n
Lac = Lpa = Loy = Lymcos(o+ %) (20) For the load conditions of test #1 (no load case), the os-
These parameters can also be shown to be related to the con- cillogram and the corresponding computer simulated waveform
ventional shorted T-equivalent circuit of the induction motor, (CSWF) of the machine’s phase current are shown in Figures
Figure (6), by the following relationships: (7) and (8), respectively. Also, the oscillogram and the corre-
2 sponding CSWF of the machine’s line to line voltage are shown
T o= T/a (21) in Figures (9) and (10),respectively.
Les = Dis + (2/3)Lm (22) For the load conditions of test #2, the oscillogram and the
Lom = =(1/3)Lm (23) corresponding CSWF of the machine’s phase current are shown
Ly = (1/a®)[Ly, +(2/3)Lm] (24) in Figures (11) and (12), respectively. Also, under the same oper-
Lim = _(1/3a2)[,m (25) ating conditions, the profile of the instantaneous developed elec-
_ tromagnetic torque of the machine is shown in Figure (13), and
L.n’m - (Z/BQ)LW (26) . . . . .
where as expected, it includes torque ripples due to the nonsinusoidal
r, = stator phase resistance nature of the ac phase currents and voltages.
L, = stator phase leakage inductance For the load conditions of test #3, the oscillogram and cor-
rl = rotor phase resistance referred to stator responding CSWF of the machine’s phase current are shown in
L}, = rotor phase inductance referred to stator Figures (14) and (15), respectively, and the profile of the in-
L,, = magnetizing inductance stantaneous developed electromagnetic torque of the machine is
s = rotor slip shown in Figure (16).
For details on these relationships, references [9,15] should be con- Meanwhile, a comparison between actual test and simulation
sulted. Accordingly, all the parameters of the developed ABC results for the phase current and line to line voltage magnitudes,
frame equivalent network model of Figure (5) have been de- as well as a comparison between the test and simulation results
fined in terms of conventional induction motor circuit parame- of the developed average electromagnetic torque, for the three
ters. Next, experimental verification of the developed model is tests #1 through #3, are given in Table (2).
given. T ’ e . T
) Ly, ) Ly, r./s

PER-PHASE CONVENTIONAL INDUCTION MOTOR
EQUIVALENT CIRCUIT REFERRED TO STATOR

Figure (6)
Oscillogram of Machine Phase Current
EXPERIMENTAL VERIFICATION AND Test #1: No-load, Rotor Speed = 1788 rpm
APPLICATIONS OF THE DEVELOPED MODEL [Horizontal: 5ms/div., Vertical: 0.5 A/div.]
Peak Value = 1.4 Amps.
Figure (7)

In order to experimentally verify the validity of the developed
modeling technique, the global time-domain network model of MACHINE PHASE CURRENT TEST #1
I

the dc source-inverter fed motor system, Figure (5) was applied -
to a 3-phase, 204 V, 1/3 hp, 60 Hz, 4-pole induction motor fed °.7
by a dc source-inverter bridge with a conduction period of 180° e.s0
electrical. This motor’s equivalent circuit parameters are given 0.
o a0
Table 1: Motor-Inverter System Test Conditions s}
Test | Frequency | Rotor Speed | Dc Supply -
# (Hz) (RPM) (Volts) =

1 60 1788 150 % e! 82 ©3 e4 ®5 es 7 es oo (e

2 60 1720 150 ! l“m!‘:-an-i Y BASE IN AMP = | SB E ®

3 50 1470 135 CSWF OF MACHINE PHASE CURRENT, TEST #1: NO-LOAD, ROTOR SPEED = 1788 RPM
Figure (8)
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Oscillogram of Machine Line to Line Voltage
Test #1: No-load, Rotor Speed = 1788 rpm
[Horizontal: 5ms/div., Vertical: 100 V/div.]
Peak Value = 150 Volts.

Figure (9)
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CSWF OF MACHINE L-L VOLTAGE, TEST #1: NO-LOAD, ROTOR SPEED = 1788 RPM

Figure (10)

Oscillogram of Machine Phase Current
Test #2: Rotor Speed = 1720 rpm
[Horizontal: 5ms/div., Vertical: 0.5 A /div.]
Peak Value = 1.5 Amps.

Figure (11)

Examination of the above results including Table (2) reveals
very good agreements in profile between actual and predicted
waveformns, and very good agreements between measured and nu-
merically obtained quantities, including average developed torques.
It should be pointed out that such agreements between test and
simulation results are harder to achieve in drives of small power
ratings such as the motor at hand. However, the small horse-
power rating of this drive system proved to be no hindrance to
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CSWF OF MACHINE PHASE CURRENT, TEST #2: ROTOR SPEED = 1720 RPM

Figure (12)

' oo MACHINE TORQUE TEST #2
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SIMULATED TORQUE PROFILE, TEST #2: ROTOR SPEED = 1720 RPM
Figure (13)

gt

Oscillogram of Machine Phase Current
Test #3: Rotor Speed = 1470 rpm
[Horizontal: 5ms/div., Vertical: 1 A/div.]
Peak Value = 1.6 Amps.

Figure (14)

producing very good agreements between hardware test data and
simulation results. Hence, these results demonstrate that the de-
veloped model in the ABC frame of reference has the ability
to predict the dynamic performance of this class of dc source-
inverter fed induction motor systems for larger ratings and load
conditions. Next this model will be used to investigate the effects
of varying the inverter conduction period on various aspects of a
15 hp motor-inverter system performance. This motor was cho-
sen for its compatibility in rating with other brushless dc¢ motors
studied in references [3-8].

Authorized licensed use limited to: COLORADO SCHOOL OF MINES. Downloaded on June 05,2022 at 19:49:25 UTC from IEEE Xplore. Restrictions apply.



MACHINE PHASE CURRENT TEST #3
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CSWF OF MACHINE PHASE CURRENT, TEST #3: ROTOR SPEED = 1470 RPM

Figure (15)
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SIMULATED TORQUE PROFILE, TEST #3: ROTOR SPEED = 1470 RPM
Figure (16)

Table 2: Comparison Between Actual and Simulation Results

Test # Quantity ] Lab Test | Simulation |
1 Line to Line Voltage
Peak Value (Volts) 150 150
1 Phase Current
Peak Value (Amps.) 1.4 1.56
2 Phase Current
Peak Value (Amps.) 1.5 1.59
2 Average Torque
(N.m.) 0.63 0.59
3 Phase Current
Peak Value (Amps.) 1.6 1.67
3 Average Torque
(N.m.) 0.28 0.26

USE OF MODEL IN EVALUATING EFFECTS OF
180° AND 120° INVERTER CONDUCTION PERIODS
ON MOTOR PERFORMANCE

Conduction periods of the inverter’s transistors (or SCRs)
play an important role in the performance of the dc source-
inverter fed induction motor systems. Since the two conduction
periods, 180° e and 120° e, are widely used, it is advantageous to
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use the developed global equivalent network model of the motor-
inverter system, Figure (5), to study the performance of such
motor drive systems under these two modes of operation.

The equivalent network model of the motor-inverter system,
Figure (5), was used to simulate the performance of a 3-phase,
440 V, 15 hp, 60 Hz, 8-pole wound rotor induction motor, whose
equivalent circuit parameters are given in Appendix (B). The
simulations were carried out under a 564 V dc voltage supply
and a rotor speed of 864 rpm (slip=0.04), for the case of 180° e
and 120° e inverter conduction periods.

The machine’s phase current waveforms for the 180° e and
120° e conduction periods are shown in Figures (17) and (18),
respectively. Examining these figures, one can notice that for
the case of 120° e conduction period, the phase current is almost
discontinuous during the 60° e period when the two transistors
are of f. Meanwhile, the phase current for the case of 180° e
conduction period is always continuous.

‘oo MACHINE PHASE CURRENT
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Figure (17)
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130° e CONDUCTION PERIOD
Figure (18)

The profiles for the developed electromagnetic torque of the
machine for the 180° e and 120° e conduction periods are shown
in Figures (19) and (20), respectively. Based on these torque
profiles, it was found that for the same dc voltage supply (564
V) and the same rotor speed (864 rpm), the developed average
electromagnetic output power was found to be 7.87 KW (10.55
hp) for the case of 120° e conduction period, compared to 10.22
KW (13.7 hp) for the case of 180° e conduction period. This
difference in output power is expected since the fundamental ac
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component of the inverter’s line to line output voltage for the
case of 180° e conduction period is higher in magnitude than
that of the fundamental ac component for the case of 120° e con-
duction period. Therefore, the results of this simulation model
indicate as expected that for the same input dc voltage supply,
the motor-inverter system is able to deliver more output power
when the inverter’s transistors are operating with 180° e conduc-
tion periods. Moreover, by means of the model developed here,
it was found that in order for the motor-inverter system to de-
liver 10.22 KW of output power for the case of 120° e conduction
period, the dc voltage supply for the system has to be raised to
651 V (compared to 564 V for the case of 180° e conduction pe-
riod). Armature winding insulation considerations may preclude
in many instances operating such a motor at these voltage levels
for any sustained (non-momentary) periods of time.

MACHINE TORQUE
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Figure (19)
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120° e CONDUCTION PERIOD

Figure (20)

CONCLUSIONS

A natural ABC frame of reference time-domain equivalent
network model for the analysis of the dynamic performance of dc
source-inverter fed induction motor systems was presented. Be-
cause of the fact that the formulation of the model is based on
the natural ABC frame of reference, effects of space harmonics
( due to rotor and stator slottings) on the machine parameters
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can be directly incorporated in the model’s formulation as wiil
be demonstrated in future work. A significant advantage in this
approach is the fact that it readily facilitates the ability to di-
rectly link the machine’s dynamic model to the equivalent circuit
model of any power conditioner, and hence, it enables one to di-
rectly compare simulation results with corresponding test data,
which are necessarily obtained in the natural ABC form. That
is, the electronically switched currents are also the state variable
currents of the machine’s windings, thus avoiding "synthetic”
transformed frame of reference currents, voltages etc. Further-
more, the parameters of the machine’s equivalent network model
were shown to be compatible with those parameters of any in-
duction motor’s conventional T-equivalent circuit obtained from
no-load and blocked rotor tests.

The validity of the developed model was confirmed by apply-
ing it to the prediction of the performance of an example 204 V,
1/3 hp, 60 Hz, 4-pole induction motor-inverter system with 180°
e conduction period, for which the simulation results and cor-
responding test data at different load conditions produced very
good correlations and agreements. The model was also used to
evaluate the effects of 180° e and 120° e inverter conduction peri-
ods on the performance of a 440 V, 15 hp, 60 Hz, 8-pole induction
motor-inverter system, the results of which were in agreement
with previous experience relating to these two conduction peri-
ods. Thus, these results further confirm the soundness of this
modeling technique.

Appendix A

1/3 hp induction motor circuit parameters:

Stator rotor
ry = 6.2Q 7 = 4.2Q(referred to stator)

Ly, = 18.3mH L, = 18.6mH (referred to stator)
Ly =26TmH

Appendix B

15 hp induction motor circuit parameters:

Stator rotor
r, = 0.520 7y = 0.6349(referred to stator)

Ly, =3.05mH L, = 3.053mH (referred to stator)
L, = 106.1mH
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