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COMPUTER-AIDED MODELING OF A RECTIFIED DC LOAD-PERMANENT MAGNET GENERATOR
SYSTEM WITH MULTIPLE DAMPER WINDINGS IN THE NATURAL abc FRAME OF REFERENCE

A.A. Arkadan, Member
Marquette University
Milwaukee, WI.

Abstract - A computer-aided modeling method, by which one can
analyze and predict the dynamic performance of electronically recti-
fied load-permanent magnet generator systems is presented. These
generators include multiple damping circuits. Continuous electronic
switching in such systems results in a continuous change in the ma-
chine system network topologies. Hence, network modeling of such
systems was done here on an instantaneous basis. In this work, the
natural abc frame of reference was used throughout. This is an ad-
vantage in that effects of magnetic nonlinearities, space harmonics in
the mmfs, and space harmonics in the flux density waveforms as well
as winding flux linkages on all machine parameters were readily taken
into account. This method was applied to a two-pole, 75 kVA, 208 V,
24000 r/min permanent magnet generator, to study the generator-load
system performance. Furthermore, the use of the model in studying
rotor damping design options and effects of electronic component fail-
ure in the associated rectifier bridge on the generator-rectifier load
system performance, is given.
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INTRODUCTION

Modeling and analysis of the performance of rotating electric ma-
chinery interfaced with electronic power conditioning devices such as
inverters and rectifier bridges can be found throughout the literature.
A sample of such work is references [1] through [6). In such systems, the
continuous switching taking place in the electronic power conditioning
components means that the corresponding network topologies of these
systems are undergoing continuous and cyclical changes. This means
that steady state operation is in reality a “dynamic steady state” as
explained in references [4-6). In this paper, a computer-aided method
based on the utilization of the natural abc frame of reference is pre-
sented for the analysis and prediction of the steady state dynamic per-
formance of electronically rectified load-permanent magnet generator
systems with multiple damping circuits. Furthermore, the method and
the resulting model were used to study the effects of electronic com-
ponent failure in the associated rectifier bridge on generator-rectifier
load system performance. ’

In the present approach applied to a 75 kVA, 208 V, 24000 r/min
permanent magnet (PM) generator [7,10], Figure (1), which utilizes
the natural abc frame of reference, both saliency and damping cir-
cuits’ effects were included. In addition, the inherent harmonics in the
flux linkages, inductances, as well as those in the induced emfs were
accounted for. The nonlinear self and mutual inductances of the vari-
ous machine windings and the induced emfs were obtained nsing finite
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Figure (1): Permanent Magnet Generator Cross-Section

element magnetic field solutions, as was demonstrated in an earlier
paper [7].These inductances and enifs, see the Appendix, are the key
parameters in the state models which were used in this work. Another
important advantage of using this approach, is that it makes it easier
to incorporate such abc machine models into an overall modeling effort
of the system network including rectifier loads, such as the one shown
in Figure (2); which are inherently in the abc frame of reference. The
state equations which govern the dynamic performance of this system,
Figure (2), were automatically generated using generalized concepts of
network graph theory and the hybrid matrix formulation of nonlinear
networks [9]. The main components of this modeling approach (finite
element, hybrid matrix formulation) were verified experimentally in
an earlier work by these authors [11-13].
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Figure (2): Permanent Magnet Generator-Rectifier Load
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In this paper, the results of simulation of the 75 kVA generator-
rectifier load system performance, as well as assessment of the impact
of several rotor damping design. options on the system performance,
are studied. In addition, the impact of incorporation of the damping
effects on the overall generator-load system power is studied. Finally,
the use of the model in studying effects of electronic component failure
in the associated rectifier bridge on the generator-rectifier load system
performance, is given.

0885-8969/89/0900—0518501 .00 © 1989 IEEE

Authorized licensed use limited to: COLORADO SCHOOL OF MINES. Downloaded on June 01,2022 at 19:24:23 UTC from IEEE Xplore. Restrictions apply.



PERMANENT MAGNET GENERATOR-RECTIFIER
LOAD SYSTEM DESCRIPTION

In the generator-rectifier load system of Figure (2), the machine is
a two pole, 75 kVA, 208 V, 24000 r/min permanent magnet (PM) gen-
erator which consists of a three phase (stator) armature winding con-
nected to a three phase full wave rectifier bridge feeding a dc load. The
two pole permanent magnet rotating structure, Figure (1), represents
the field. A metallic damping ring (collar), which is fitted around the
rotor structure, acts as a shorted winding. The ring aids the damping
effects caused by the 14 damper bars (damper cage) which are embed-
ded in the faces of the two poles of the rotor’s permanent magnets.
In Figure (2), as well as in the state models representing the machine,
the damper bar cage was replaced by two equivalent windings, kd and
kq. Here, kd and kq represent the damping effects along the direct
and quadrature axes of the machine, and are both shorted coils. In
a similar fashion, the metallic collar was replaced by two equivalent
damping windings sd and sq, which represent damping effects along
the direct and quadrature axes, respectively. Again, both are shorted
coils.

PERMANENT MAGNET GENERATOR MODELING
DESCRIPTION

In this section, a description of the method used for modeling
the permanent magnet (PM) generator, is given. However, in order
to study the impact of addition of a damping metallic ring (collar),
mounted around the rotor, on the dynamic performance of the PM
generator-rectifier load system, two models were used for the genera-
tor. In the first model, in order to study the impact of the simultaneous
presence of a damper bar cage and a rotor mounted metallic damping
ring (collar) on the dynamic performance of the PM generator-rectifier
load system, a seventh order lumped parameter state model must be
used. This state model was derived in an earlier paper,[7], and is
restated here in equation (1) for purposes of continuity.
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where 8 is the rotor position angle in electrical radians, measured from
a fixed reference, and w is the angular speed in electrical rad/s. The

first term on the right hand side of equation (1) represen.ts the ohmic
voltage drop in the seven windings of the machine, that is a, b, ¢, kd,
kq, sd, and sq. Meanwhile, the second term represents the transformer
voltage component. Finally, the last two terms represent the rotational
voltage components in the three armature phase windings and the four
equivalent damper windings. '

This set of differential equations, equation (1), can be represented
by an equivalent network model as shown in Figure (3), in which the
following types of circuit elements are present: resistors, self and mu-
tual inductances, independent voltage sources, and current controlled
voltage sources. The resistors, self and mutual inductances, and inde-
pendent voltage sources are self explanatory. Here, the current con-
trolled voltage sources var, Ubr, Ver, Vkdr> Ukgr) Vsdr, a0d Usqr, Tpresent
the rotational voltage coupling (the loading effect) in a coil due to its
own current as well as the currents in the six remaining equivalent
machine coils. Based on the third term of equation (1), these current
controlled voltage sources can be expressed as follows: ‘
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Writing the loop equations for the equivalent circuit network of
Figure (3) yields the differential equations given by equation (1). Ac-
cordingly, Figure (3) is an equivalent representation of the state model
of the PM generator given in equation (1).

Meanwhile, in the case of a PM generator whose rotor damping
consists of only the damper bar cage, to the exclusion of the shorted
ring (collar), the equivalent circuit model reduces to that given in
Figure (4). For further details reference [8] should be consulted.

It should be pointed out that the dynamics of these equivalent
networks are identical to the dynamics of the PM generator, subject
to proper initial conditions and external constraints. The external
constraints are stemming from the rectifier bridge network and the dc
load, which are discussed next.
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Figure (3): PM Generator Equivalent Network Model

Including Effects of Damper Cnge and Damping Collar
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Figure (4): PM Generator Equivalent Network Model
' Including Effects of Damper Cage Only

SYSTEM NETWORK MODELING DESCRIPTION

The 75 kVA permanent magnet generator, whose cross-section is
given in Figure (1), was modeled by the equivalent circuit shown in
Figure (4) for the case when rotor damping is only due to the damper
bar cage. In this network model, Figure (4), only the damper bars’
equivalent damping circuits, kd and kq, exist. Now, the PM gener-
ator’s equivalent circuit, Figure (4), can directly be merged with the
rectifier-load network model. This results in the global equivalent net-
work model of the PM generator-rectifier load system shown in Figure
(5). Here, the nonlinear resistances, rp; through rpg, represent the
diodes, D1 through D6, respectively. The dynamics of this network
model areidentical to the dynamics of the PM generator-rectifier load
system, which include the effects of the damper bars only (no collar).
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Figqre (5): Machine-Rectifier Load Equivalent Network
Model Including Effects of Damper Cage Only

Meanwhile, in order to study the impact of the addition of a ro-
tor mounted damping ring (collar) on the PM generator-rectifier load
system dynamic performance, the PM generator’s equivalent circuit,
Figure (3), which includes both the equivalent circuits of the damper
bars and damping ring was used. Again, the PM generator’s equivalent
network, Figure (3), was merged with the rectifier-load network model.
This resulted in the equivalent network model of the PM generator-
rectifier load system, Figure (6). Again, the dynamics of this network
model, Figure (6), are identical to the dynamics of the PM generator-
rectifier load system including the effects of both the damper bar cage
and the damping ring.
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Figure (6): Machine-Rectifier Load Equivalent Network
Including Effects of Damper Cage and Damping Collar

In the two network models of Figures (5) and (6), the self and
mutual inductances Lqgq, Lab, - * *y Lsqaq, Were represented by Fourier
series type expressions, which were determined from finite element.
maguetic field solutions in conjunction with the energy perturbation
method, see references [7] and (8] for details. For the convenience
of the reader and the sake of continuity, a set of these Fourier series
inductance expressions, which was determined from field solutions at
1.0 p.u. load, is given in the Appendix. It should again be pointed out
that these expressions enable one to include all the significant effects of
space harmonics in the flux densities and flux linkages on the machine
parameters and generator-rectifier system dynamics. This is a major
advantage inherent in the natural abc frame of reference modeling
approach given in this paper. In addition, the induced emfs, e,, e,
and e, were also represented by Fourier series type expressions which
were determined using finite element field solutions, see the Appendix
for these emf expressions [8].

Furthermore, when modeling the three phase full wave-rectifier
diode-bridge, shown in Figures (5) and (6), attention was paid to the
fact that the switching of the semiconductor devices (six diodes) be-

‘tween the “on”, forward bias, and “off”, reverse bias, states is contin-

uously taking place throughout the normal operation of the generator-

rectifier load system. Accordingly, these diodes were modeled as non-

linear bi-valued resistors , rp; through rpe, to simulate the “on” and,
“off” states.
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Accordingly, by using generalized concepts of network graph theory
in conjunction with hybrid matrix formulation of nonlinear networks
(5,9], the state equations associated with the equivalent networks of
the PM generator-rectifier load system, Figures (5) and (6), were au-
tomatically formulated and continuously updated in a computer-aided
network solution program. In the following sections, the results of ap-
plying this numerical analysis approach to simulate and predict the
sustained steady state dynamic performance of the PM generator-
rectifier system at hand, as well as study the effects of electronic
component failure in the associated rectifier bridge on this system’s
performance, are given.

DYNAMIC STEADY STATE ANALYSIS OF
PERMANENT MAGNET GENERATOR-RECTIFIER
LOAD SYSTEM

In order to perform a dynamic steady state analysis of the PM
generator-rectifier load system, the global network model of Figure (5)
was used. This network model includes only the effect of the damper
bar cage (no collar). As mentioned above, the parameters of the per-
manent magnet generator were determined at 1.0 p.u. load condition,
see the Appendix. A fourth order Runge-Kutta numerical solution
method was used to solve for the state variables (inductor currents) in
time. This resulted in all the voltage and current waveforms through-
out the generator-rectifier load system. In addition, the approach was
used to predict the currents in the various damper bars, as well as the
power delivered to the dc load.

The computer simulated waveforms (CSWFs) of the phase (a) ar-
mature current, damper bar # 1 current, generator line to neutral
(L-N) voltage, the current through and voltage across the diode, D1,
as well as the dc load current, are given here in Figures (7) through
(12), respectively. As can be seen in Figure (7), and as expected, the
diode bridge commutation causes the slight dip in the middle of the
phase current waveform. One of the major advantages of this modeling
approach is the ability to reconstruct individual damper bar currents
from the equivalent damping currents resulting from solution of the
global networks, including effects of the various inherent space har-
monics associated with the machine’s winding and magnetic circuit
configurations. For example, from this model the current in damper
bar # 1 was determined, see Figure (8). Figure (8) demonstrates that
the damper bars have a sustained (steady state) current of nonzero
value, as expected from the physical nature of the resulting stator
mmf. This is due to the continuous switching of the diodes in the
rectifier load, which leads to a stator mmf that no longer rotates at
the same speed of the rotor. Hence, there is a continuous relative mo-
tion between the armature mmf and the rotor mounted damper bars,
which leads to perpetually induced currents in these bars. In order to
determine the current in each of the fourteen damper bars embedded
in the pole faces, Figure (1), the instantaneous values of iy and ixq,
at the end of each integration time step, were used. The current in
each damper bar was determined as the result of superposition of the
kd and kq contributions from ikg and ixg, respectively, as was detailed
in an earlier work {8,10].
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Also shown here are the CSWF's of the current through and voltage
across diode, D1, Figures (10) and (11), respectively. As expected, the
diode current is unidirectional. Furthermore, Figure (12) shows the
CSWF of the dc load current. The profile of the dc load current was
Fourier analyzed. As expected, the sixth harmonic is dominant. This
is due to the switching of the six diodes that occurs during each ac
cycle. Here also, an average value of 158.9 A was determined for the
1.0 p.u. load current. Furthermore, an average value of 60.74 kW was
determined for the power delivered to the dc load.

In order to study the effects of including a rotor mounted da.mp-
ing ring (collar) in this PM generator on its performance, the network
model of Figure (5) was used. In this network model the damping ef-
fects of both the damper bar cage and the damping ring are included.
This resulted in the various current and voltage waveforms throughout
the generator-load system. Here, the CSWF's of the phase (a) current,
and the dc load current, are given in Figures (13) and (14), respec-
tively. Here again, the dc load current data was Fourier analyzed. An
average value of 160.6 A was obtained. Meanwhile, an average value
of 62.14 kW was determined for the power delivered to the dc load. A
discussion of these results is given in the following section.
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Figure (14): DC Load Current - Damper Cage & Collar

EFFECT OF DAMPING CIRCUITS ON GENERATOR LOAD
SYSTEM POWER

In order to demonstrate the utility of this computer-aided method
for design purposes, the model was used to evaluate the performance of
three possible rotor design options for this 75 kVA permanent magnet
generator. These rotor design options are as follows:

¢ Rotor Design Option #1 : Use for rotor damping a damper bar

cage and a shorted damping ring (collar),

e Rotor Design Option #2 : Use for rotor damping a damper bar
cage,

e Rotor Design Option #3 : Use no rotor damping windings (no

bars, no collar).

As can be seen from the above discussion, the equivalent network
model of Figure (6) must be used to predict the PM generator-rectifier
load system performance when rotor design option #1 is implemented.
Meanwhile, the equivalent network model of Figure (5) must be used
to predict this generator system performance when rotor design option
#2 is considered. Similarly, if one is to consider rotor design option
#3, either equivalent circuit model of Figures (5) or (6) can be used
provided the damping circuits are open circuited. These three options
were studied here, and the results of the generator’s peak phase cur-
rent, the average dc load current, and average dc load power were
obtained for this PM generator-rectifier load system for rotor design
options #1 through #3. The results of these performance character-
istics are given in Table (1).

Table 1: Effect of Damping Circuits on System Performance

PM Generator-Rectifier Load System Performance
Phase Current | DC Current | Load Power
(Peak) (Average) | (Average)
Cage + Collar 1793 A 160.6 A 62.14 kW
Cage 176.3 A 158.9 A 60.74 kW
No Damping 1758 A 573 A | 5952 kW

Examination of the predicted performance results of rotor design
options # 1 through # 3, Table (1), reveals that the existence of two
sets of damping windings on the rotor in option #1 as compared to
the lack of rotor damping windings in option #3 leads to a rise in the
output power capability of the system from 59.52 kW to 62.14 kW.
This represents an increase of about 4.3% of generator output power
with no change in armature winding design. This increase in generator
output power and output current is expected with the addition of rotor
damping circuits, since these circuits have the overall effect of lowering
the machine impedance viewed from its terminals as part of the overall
machine-load circuit. This is much the same phenomenon as the effects
of secondary and tertiary windings in lowering the equivalent circuit
impedance when viewed from the primary side of a three winding
transformer.

USE OF THE MODEL IN STUDYING EFFECTS OF
ELECTRONIC COMPONENTS FAILURE

Results of modeling electronic component failure in the associated
rectifier bridge on the PM generator-rectifier load system performance,
‘are given here. The type of fault simulated involves that of a diode
failure leading to a short followed by an open circuit caused by fusing
action. Here, the fault was assumed to take place after one third of
the total simulation time has expired. This was done for computer-
graphics purposes in order to compare the unfaulted and faulted be-
havior within one plot. In order to study the effect of a fault (shorted
diode followed by an open circuit as a consequence of fuse action nor-
mally installed in such systems), the equivalent network of Figure (6)
was used again. Here, the diode, D1, was short circuited for 10 inte-
gration time steps (62.5 ps), an approximation of the period it takes a
fuse to produce an open circuit. This short circuit event of 62.5 us was
followed by open circuiting, D1, for the rest of the simulation time.
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The simulation of the above mentioned fault and fault clearing se-
‘quence resulted in all voltage and current waveforms throughout the
generator-load system. Here, the CSWFs for the phase (a) current,
damper bar # 1 current, the current of diode, D1, the dc load current,
and dc load power, are given in Figures (15) through (19), respectively.
The effect of shorting the diode is apparent in all these waveforms. The
magnitude of the diode current of Figure (17) increased sharply during
the short, see the current spike of 397 A. Such excess of current leads
to a fuse action which causes an open circuit in the rectifier bridge
leg in which the fault occurred. As expected, after expiration of the
short circuit event and the fuse action, the effect of the open diode in
blocking portions of the phase (a) current is clearly demonstrated in
Figure (15). Moreover, the unbalanced operating condition resulting
from such fault caused, as expected, a decrease in the power deliv-
ered to the load. This effect is clearly demonstrated in the CSWF
of the instantaneous load power given by Figure (19). Furthermore,
the effect of this unbalanced operating condition is seen here by the
higher current swings in damper bar #1, Figure (16). These cur-
rent swings are attributed to the “negative sequence like” nature of
the phase unbalance resulting from opening one of the three armature
phases, which leads to a strengthened relative motion between the ro-
tor’s damper bars and the field created by the unbalanced armature
currents. From the above, one can see that this modeling approach
could be used effectively in a design process to arrive at appropriate

dimensions for such damper bars. This is of great importance in such .

generator systems which feed electronically switched loads, because
the damper bars should thermally withstand the magnitudes of the
corresponding sustained induced currents. Again, these currents have
sustained non zero values because of the continuous switching of the
diodes in the rectifier bridge as was explained earlier in this paper.
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Figure (15): Machine Phase (a) Current (Shorted Diode
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CONCLUSIONS

In this paper, a computer-aided method was presented, by which
one can analyze and predict the dynamic performance of a perma-
nent magnet generator-electronically rectified load system with multi-
ple damping circuits. This approach allows one to include the effects of
the perpetually changing machine system network topologies caused
by the continuous switching of the electronic devices. In this work,
the natural abc frame of reference was used throughout. This facili-
tated the integration of the machinery and electronic components into
a global model. Furthermore, this allowed the study of the effects of
saliency and damping circuits on the system power as well as other
performance characteristics. An advantage of using this approach is
that it enables one to directly use readily available machine parame-
ters obtained from finite element field solutions. Thus, the inherent
nonlinearities and space harmonics in the flux linkages, inductances,
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as well as induced emfs are fully accounted for in this modeling and
analysis approach.

The approach was used also to study the effect of damping circuits
on the output power of the PM generator load system through con-
sideration of several rotor design options. It was found here that the
inclusion of damping circuits in the design of such machines leads to
higher output power. Here, an improvement of about 4.3 % in the
power delivered to the load was achieved by adding the damper bar
cage and the damping collar. The approach was used as well to study
effects of electronic component failure on the machine system perfor-
mance characteristics. As a result, computer simulated waveforms of
currents and voltages were obtained for various machine system com-
ponents. As expected, the continuous switching of the diodes in the
rectifier bridge caused sustained non zero values of the currents in-
duced in the damping circuits. As a result this modeling approach
could be used effectively in a design process to arrive at appropriate
dimensions of these damping conductors, to thermally withstand the
magnitudes of the resulting induced currents.
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Appendix

Equations (1) through (16) of this Appendix, give the Fourier type
expressions of the incremental inductances of the 75 kVA PM generator
at 1.0 p.u. load in units of pH.

Laa(f) = 30.454 — 0.794sin(26) — 1.564cos(26)
+ 0.091sin(66) — 0.035c03(66) (1)

L(0) = -—14.904 — 0.889sin(26) + 1.471cos(26)
—  0.0465in(66) + 0.016c0s(66) (2)
Liara(8) = 0.580 (3)
Lara(8) = 2.41cos(0) (4)
Ligkq(6) = 5.308 (5)
Lakq(8) = —10.796sin(6) (6)
Luaaa(6) = 0.387 (")
Lasa(8) = —0.77sin(6) + 2.406cos(0) (8)
Logeq(8) = 4.995 (9)
Lasg(8) = —4.048in(6) + 0.265c0s(0) (10)
Liarg(8) = 0.019 (11)
Ligsa(6) = 0.208 (12)
Lideq(8) = 0.019 (13)
Ligsa(8) = 0.019 (14)
Ligsq(8) = 1.430 (15)
L,4,q(6) = 0.021 (16)
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Fquations (17) throtigh (19) give the emf expressions in units of
Volts:

e.(8) =' —241.17sin(0) + 2.45sin(70)
—4.00sin(110) + 2.033in(136) (17)
ep(f) = -—241.17sin(0 — 2m/3) + 2.45sin(70 — 27 /3)
—4.00sin(116 — 47/3) + 2.035in(136 — 21/3)  (18)
e.(8) = —241.17sin(0 — 47 /3) + 2.455in(70 — 47 /3)

'—4.00sin(110 — 27 /3) + 2.03sin(130 — 47/3) (19)

For details on computer-aided determination of these expressions,
reference (8] should be consulted.
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