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Abstract ~ A method for modeling electronically com-—
mutated dc—ac load-rectifier—generator systems is pre-
sented. The method is based on a modified form of
Park’'s dqo transformation, and yields an equivalent
system network which is compatible with most commonly
known network analysis software packages., The method
was used to develop a model for the simulation of the
dynamic steady state performance of a dc—ac system
consisting of a 30 kVA, 3 ph, 208V, 4-pole, 400 Hz
generator feeding a rectifier—load system. The system
was tested in the laboratory under various dc and com-
bined dc~ac load conditions. The results of the
simulation model reveal a dynamic steady state per—
formance of the load-rectifier—generator system which
is in very good agreement with the test results. The
applicability of the method and model to other elec—
tronically controlled machine systems is discussed in
the light of these results.

INTRODUCTION

The majority of modern electromechanical energy
conversion systems, described throughout the recent
electrical engineering literature, necessarily in-
volves electronically controlled electric machinery,
with inherent and perpetual electronic switching of
their various winding currents. These machine systems
contain both conventional ac and dc¢ rotating machine-
ry. In such machine systems, various currents and
voltages never reach steady state conditions in the
conventional sense. This is because of the con-
tinuously encountered electronic switching processes
associated with the external circuits connected to
such machines.

However, such machine system currents and
voltages are often cyclic in nature, that is, with in-
herent waveforms which repeat at the rate of the
systems’ switching frequencies. These waveforms are
neither sinusoidal, nor of the simple rectangular
type. Therefore, steady state frequency-domain
(phasor-concept) network analysis methods, or dc
circuit analysis methods, cannot be used, because
their use will often lead to misleading or erroneous
results, Therefore, one must resort to the original
differential equations of the systems’ networks.

Then, one proceeds to solve such equations subject to
the proper initial conditions, including the effects
of the continuously changing machine system network
topologies caused by the electronic switching pro-
cesses. The solutions resulting from such an approach
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ultimately reach the cyclic repetitive waveforms for
the various nonsinusoidal machine system currents and
voltages which were referred to above. Again, when
such a state is reached, one must still continue to
analyze the machine system network using its
time—~domain differential equations, including the per-—
petual topological network changes caused by the elec—
tronic switching. This state will be referred to
throughout this paper as the '’dynamic steady state’’,
a terminology which was introduced earlier in re-
ference [1]. Further discussion of this concept of
the ''dynamic steady state'’ can be found in reference

[1].

Efforts to model such electronically controlled
(switched) machine systems can be found throughout the
literature, examples of which are references [1]
through [5]. Investigations such as those in re-—
ferences [2-5] involved machine system mathematical or
network models, which were tailored to fit specific
applications or problems. However, in reference [1],
a more general '’‘generic—type’’ network model was pre—
sented and applied to cases of analysis of elec—
tronically commutated brushless dc motor systems of
the type given in referrence [3], and ac brushless ex—
citation (generator) systems commonly used to supply
field excitation current to utility type synchronous
generators [6,7]. However, the modeling work of re-—
ference [1] did not entail the inclusion of either
damping currents (damping circuits) or saliency
effects which may be encountered in such machine
systems.

Both damping effects, and direct (d) as well as
quadrature (q) axes saliency effects [8,9], are
treated in this paper. This will lead to an approach
which results in an equivalent machine network model,
which can be linked to other equivalent circuits of
the external machine system components. The dynamic
steady state performance of the overall machine system
equivalent network model is easily simulated using
commonly known network analysis software packages
[10,11]. A specific example of such a package, which
was chosen for the present work is the well known
SPICE Version 2G.3, see reference [12]. This package
is most suited for the present task because it in—
cludes readily built-in models for diodes and trans-
istors, which again are important switching components
in such machine systems. These network analysis
software packages are easily accessible to virtually
all electrical engineers.

The developed model, and all its accompanying
aspects, are applied to the simulation of the dynamic
steady state performance of a dc~ac system, Figure
(1), consisting of a 30 kVA, 3-phase, 208 volts,
4-pole, 400 Hz generator-rectifier~load system. This
system, Figure (1), was tested in the laboratory, and
the results of the computer simulation and test are
compared in this paper.

0885-8969/88/0300-0123$01.00©1988 IEEE

Authorized licensed use limited to: COLORADO SCHOOL OF MINES. Downloaded on March 08,2021 at 16:04:21 UTC from IEEE Xplore. Restrictions apply.



124

MACHINE FULL WAVE
NETWORK RECTIFIER ) eR
MODEL
[
| | N
DC
: L [ LOAD
|
|
|
3-PHASE
R-L LOAD
Figure (1) Schematic of the DC-AC (Electronically

Commutated) Load-Rectifier—Generator
System.

EQUIVALENT NETWORK MODEL OF THE GENERATOR USING A
POWER INVARIANT PARK'S TRANSFORMATION

In the load-rectifier-generator system of Figure
(1), the machine consists of a three phase (stator)
armature winding connected to a fullwave rectifier
bridge, while its rotating member consists of a
salient-pole rotor structure on which the field
winding and appropriate damper windings are mounted.
Figure (2) depicts a schematic of the three armature
phase windings, represented by the stationary coils
(a), (b) and (c), and the field as well as damper
windings represented by the rotating coils (f), (kd)
and (kq), respectively. Here, kd and kq represent
damping effects along the direct and quadrature axes
of the machine, and are both shorted coils. Notice,
throughout the paper, the current is taken positive
flowing into the (+) designated terminal of any
winding according to standard consumer (or load)
notation.

'+ Vb
b

Figure (2) Schematic of the Generator Windings.

In this development, the axis of phase (a), namely
the a-axis, is chosen as the reference throughout.
Also, the angular position of the rotor, o, is defined
as the angle between the d-axis and the a-axis at any
instant in time. Throughout, positive rotor rotation
is taken counter-clockwise, and again the standard
consumer "load" notation is used in conjunction with
any current-voltage relationships.

Accordingly, in compact matrix notation the state
equations governing the dynamics of the generator can
be written in the abc frame of reference as follows
(all voltages and currents are instantaneous
quantities):

L L
!abc 5ss 9 -I-abc d | =ss =sr||—abc 1
= +—
0 R ae I
kaqu - —rr || —fkdkq =rs —rr|{—fkdkq

(@]
Here, V,p is the vector of the three phase line to
neutral terminal voltages, vy, Vp and vg,
Vfkdkq is the vector of the field and equivalent
damper winding voltages, vg, Vikq =0, and
qu=0,
Iape is the vector of the three phase currents,
ig, ip and ig,
I is the vector of the field, direct axis
fkdkg
amping, and quadrature axis damping
currents, if, iyg and ikq) respectively,
Rgg is a diagonal (3 x3) matrix representing the
a, b and c phase winding resistances,
ra=rb=r
Ry is a diagonal (3 x3) matrix representing the
field, direct axis damper, and quadrature
axis damper winding resistances, rf, Trkd,
and Tkqs respectively,

c™ ¥gs

Lgg is a (3x3) matrix representing the armature
phase windings' self and mutual inductances
between the phases, Laa, Lpps Lees Lab = Lbas
Lpe = L¢p, and Ley =Lge, all of which are
well known functions of the rotor position
angle, o, see reference [8] for details,

Lgy=LEg, is a (3x3) matrix representing the
mutual inductances between the armature
(stator) phase windings and the rotor
windings, all of which are well known
functions of the rotor position angle, o,
again see references [8,9] for details,

Lyy is a (3x3) matrix representing the rotor
windings' self and mutual inductances, in
which the mutuals between any windings
along the d-axis and any windings along the
q-axis are zero, and all other nonzero

and

inductance terms are independent of the
rotor position angle, o, again see
references [8,9] for details.

In order to get rid of the dependence of the
various inductance terms in the second right hand side
term of equation (1) on the rotor position angle, 0,
the practice of transformation to a dqo frame of
reference is widely accepted by various machine
analysts and designers. This transformation approach
has been adopted here using a power invariant form of
Park's dqo transformation, see reference [9], such that

V = - = - .
—dqo TVoper a9 Ve = L quo 2
= . = -1-
Also, ldqo Il and L, =2 ldqo 2
where
cos (o) cos(c-2m/3) cos(o-4m/3)

T = /%— ~sin(o) -sin(o-21/3) -sin(o-4n/3)| (4)
1 1 1

V2 /2 ‘ /2

Hére, the instantaneous power, p = (iava-+ibvb-+icvc)=
(1dvdj-1qv?-+19vo). Applying this transformation to
quatlon (1) yields the following state equations
which govern the dynamics of the generator in the dqo
frame of reference:
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Here,

* vy, vq and v, are the direct, quadrature and
zero sequence components of the armature
voltage,

* ig, iq and i, are the direct, quadrature and

zero sequence components of the armature current,
* Lq and Lg are the well known direct and

125

* Lafms Lakdm and Lakqm are the maximum mutual
inductances between an armature phase winding
and the field, direct axis damper, and
quadrature axis damper windings, respectively,

* K is a constant resulting from the transformation

in equation (4), where K = v3/2,
and * w is the angular frequency in electrical radians

per second, that is w =4, thus throughout this
analysis, o=uwt, with w = constant in this
simulation and analysis of the dynamic steady
state performance of the load-rectifier-generator
system at hand.

The state equation (5) given above can be
represented by an equivalent circuit model as shown in
Figure (3), in which the following types of circuit
elements are present: resistances, self and mutual
inductances, independent voltage sources, and current
controlled voltage sources. The resistances, self and
mutual inductances, and the single independent voltage
source in the network topology of Figure (3) are self
explanatory. The current controlled voltage sources
are the diamond shaped elements and are expressed as
follows:

Va1 = (wKLak i, o, v

i 6
d an’ g (qu)lq (6)

dz2 ~
and

Val =(wKLakdm)lkd’ quz(wKLafm)lf’ vq3=(de)1d(7)

From the equivalent network of Figure (3), one
can write the following loop equations:

quadrature axes armature inductances, di di di
J “ e opp Hd £ kd
respectlv?ly, and L, is the zero sequence Vg T Tl 4 dt KLofm . F ardm at
armature inductance,
* Leg, Lpdkds Lk kq» and Lgpg are the well known -v.. - v (8)
self and mutua% inductances of the equivalent dl dz
rotor windings,
Vd1 Va2
f M1 Ts
+ - + = AN
T R . +
Ltf i
Ve i Ld d vd
M2 -
= " ‘a1 ‘a2 Va3 L
rkd 3 s
- + - + - + VWA————o
. . +
e
T kg “kd Lg iq vq
-_L Ma -+
kq rs
J A
-  t
Tikq b Lo o Vo
M1=KLatm
vd1=( WKLakgm) ikq Vq1=l WKL e qm) ikd
M2=Lkd vd2=(Wiq) iq
M3=KLakdm qu:( WKLatm) it
Ma=KLakgm vq3=(WLy) ig
Figure (3) Genmerator Equivalent Circuit in the dqo Frame of Reference.
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Vq= rsiq + L %‘1 + KLakqm -d—(iil:;1+ vql+qu+vq3 (9)
vo=rgig L i%% (10)
ve= eyt Lgg %%; + KLt %%g fkd E%%E an
Via™ 7 Tatia t bka %%Fg fkd%%? +KLakdmg£% (12)
and

Vig~ 0 % Trgtrg F g E%%ﬂ * KL okan %%? (13)

Upon substituting for vgi, v42, Vqls Vq2s and vg3,
from equations (6) and (7) into equation (8) an 9,
one would obtain a set of equations (8) through (13)
which is identical to the state model of equation (5).
Hence, the network of Figure (3) is a full
representation of the machine's state model of equation
(5), and will be referred to from this point on as the
equivalent network of the machine in the dqo frame of
reference. The dynamics of this network
(instantaneous voltages and currents) are identical to
the dynamics of the generator, subject to the external
constraints, and initial conditioms.

INTERFACING THE (abc) RECTIFIER-LOAD NETWORK WITH
THE GENERATOR (dqo) EQUIVALENT NETWORK MODEL

In any equivalent network simulation of the
complete load-rectifier-generator system of Figure (1),
one must ultimately deal with the physical load
currents and voltages in the physical abc frame of
reference for actual measurements and testing, etc.,
rather than the '"synthetic" or non-physical dqo
currents and voltages. Therefore, a way must be found
to link (or match) the generator equivalent circuit
model developed above in Figure (3) to the actual
rectifier-load network (in the physical abc frame of
reference). Preferably, this should be done in such a
way that can be implemented using available network
analysis software packages. The accomplishment of the
above task is explained next.

Consider the a, b and ¢ voltages at the terminals

of the rectifier-load network in Figure (4). Using the
-
¥ .
'd
vd
- Va
L] 1
GENERATOR . ML
* ) RECTIFIER
ﬁg$ugngT iq LOAD NETWORK
vg {abc FRAME OF
(dq0 FRAME REFERENCE)
OF REFERENCE) - vb
L 1.
= = g
+ i
0
‘o
- ve
L 1
I I

Circuit Elements Linking the dqo Frame
Currents and Voltages to the abc Frame
Currents and Voltages in the Load~Rec—
tifier—Generator Network Simulation.

Figure (4)

inverse of Park's transformation in the form given
above in equation (4), one can write the following
from equation (2):

v, = [vdcos(mt)-vqsin(wt}#vo//g]/K (14)
vy = [vdcos(mt-Zﬂ/S) -vqsin(wt—2ﬂ3)4-vo//5]/K (15)
v, = [vdcos(wt-kﬂ/B)- vqsin(wt—év/3)4-vo//5]/K (16)

Again, K = V372. Accordingly, based on the above
equations the voltages, v, vy and v, can be
represented in the network model by voltage controlled
voltage sources as shown schematically by the diamond
shaped voltage source elements in Figure (4).

Furthermore, the currents, ig, iq and i,, can be
expressed using Park's transformation of equation (4),
and equation (3) as follows:

"N
n

d [iacos(mt) +ibcos(mt-2ﬂ/3) +iccos(mt-4ﬂ/3)]/K (17)

[
n

[-iasin(wt)-ibsin(wt-Zﬂ/3) -icsin(wt—4ﬂ/3)]/K(18)

i o=[]i +1i

o RN SN (19)

Accordingly, based on the above equations, the currents,
ig, ig and iy, can be represented in the network model
by current controlled current sources as shown
schematically by the diamond shaped current source
elements in Figure (4). The current controlled current
sources and voltage controlled voltage sources of
Figure (4) constitute the sought network link between
the dqo frame currents and voltages of the equivalent
generator network, Figure (3), and the abe frame
currents and voltages (the physically measurable
quantities) of the rectifier-load part of the system.
Now, the generator's equivalent network and the
rectifier-load network can be merged into one load-
rectifier-generator system network as shown in Figure
(5). The simulation of the dynamics of this type of
network is implementable using the majority of

commonly available network analysis software packages.
This is because the network elements in the overall
system network of Figure (5) consist of the following:

1) resistances representing ohmic connector and
winding resistances, etc.,

2) self and mutual inductances representing the
various magnetically coupled circuits in the
windings,

3) voltage sources such as the field excitation
source, Vg,

4) current controlled current sources, iqg, iq,
and ig,

5) current controlled voltage sources, Vgj, V42,
Vqls Vq2» and Vg3

6) voltage controlled voltage sources, Vg, Vp,
and v,

and 7) diodes.

Again, all these elements can be handled by commonly
used network analysis software packages such as SPICE
Version 2G.3 [12], which was used in the simulation
given in this paper.
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Figure (5)

APPLICATION AND EXPERIMENTAL SETUP FOR
SYSTEM MODEL VERIFICATION

The load-rectifier—generator system model of
Figure (5) above was used to simulate the steady state
dynamic performance of the 30kVA, 3 phase, 208V, 0.75
PF, 400 Hz, 4-pole generator mentioned earlier, which
was feeding combined loads consisting of a filtered
rectifier load in parallel with a three phase load.
The system was physically set up for test purposes in
order to check the validity of the simulation results
versus actual performance. The generator-rectifier—
load system’s test setup and instrumentation are shown
schematically in Figure (6).

The system was operated and tested at various
loading conditions, which were also simulated using
the system network model given earlier in this paper.
These loading conditions are given in Table (1).
Notice that in tests #1 and #2 there was a mixture of
dc and ac loads, while test #3 was conducted under a
pure dc loading condition. Various system performance
results under these load conditions, obtained from
both the simulation model and the experimental set up
are compared in the next section.

SPECTRUM X=Y
ANALYZER RECORDER
FILTER
30 KVA
—_+ oC
ENE|
GENERATOR DoaD
FULL
WAVE
RECTIFIER
3_PHASE
LOAD
SCOPE

Schematic of the 30kVA Load-Rectifier—
Generator System Test Setup.

Figure (6)

Load-Rectifier—Generator Equivalent

30 30

L3p L3¢

Network Model.

Table (1) Loading Condition of Runm in the Laboratory

Test No. DC Rectifier Load| 3 Phase AC Load

(Load No.) | kW Voo Volts kVA vph, Volts | PF
#1 7.8 252 19.5 110 1.0
#2 17.8 247 8.9 110 1.0
#3 27.1 242 NA* NA NA

*NA = Not Applicable

COMPARISON BETWEEN SIMULATED AND EXPERIMENTAL RESULTS

Again, one must reemphasize that the dynamic
system network simulation, which was carried out here
using SPICE Version 2G.3 [12}, was needed because of
the fact that in the presemnce of continuous and per—
petual electronic switching of currents in the rec—
tifier bridge, the network never reaches a steady
state condition. This is in spite of the cyclic and
repetitive nature of the ac currents and voltages,
which one must anticipate under constant generator
load and speed. This will be demonstrated shortly in
the results given below. This state of continuous and
perpetual electronic switching precludes, as explained
earlier, the use of classical frequency domain phasor
concepts, if one wishes to predict various ac current
and voltage waveforms with a reasonable degree of
harmonic content accuracy. As mentioned earlier, this
aspect of a network operating in a dynamic steady
state was examined in detail in earlier work by Nehl
et al. [1]. Accordingly, the three load conditions of
Table (1) were tested for the 30 kVA load-rectifier—
generator system described above, and the same system
performance was determined using the present simula-—
tion model, Figure (5).

Simulation and Experimental Results of Test Run No. 1

A summary of test and simulated rms values of
generator line to neutral terminal voltage, phase
current, and output power is given in Table (2) for
the load condition of test #1, see Table (1), at 2
generator speed of 12000 rpm (400 Hz). It is obvious
from these results that the simulated voltage, current
and power values are in excellent agreement with the
test results.
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Table (2) Generator Current, Voltage and Power
Under Conditions of Test (Load) No. 1

Quantity Test Simulation

Line to Neutral Voltage
(Volts) 110 109.98

Phase Current
(Amps) 83 83.41

Output Power
(kW) 27.39 27.38

Figure (9) Oscillogram of the Generator Phase C?rrent
Furthermore, for this test condition, the Under Load Condition #1 (83.41 A rms).
oscillogram of the generator line to neutral terminal GEN. PHASE CURRENT
voltage is given in Figure (7), while the correspond-
ing computer simulated waveform (CSWF) of this voltage
is given in Figure (8). Meanwhile, the oscillogram of
the genmerator phase current and its corresponding com—
puter simulated waveform (CSWF) are given in Figures //\N\\ //H\\\
(9) and (10), respectively. Comparison between both
oscillograms and their corresponding CSWFs reveals the
excellent agreement between the profiles of the actual
test voltages and currents and the profiles of the
simulated ones. Also, results of harmonic analysis of

160

80
~]

a
the actual (oscillogram) and simulated (CSWF) line to 3 °
neutral voltage waveforms are given in Table (3), in
which good agreement is revealed between the test and
simulation results.
8
| W\\J/// \\\/’
(=]
(=3
0.00 0.10 0.20 0.30 0.40 0.50

SEC X 10—2

Figure (10) Simulated Waveform of the Generator Phase
_ Current Under Load Condition #1 (83.41 A
rms) .

Table (3) Harmonic Content of Test and Simulated

Figure (7) Oscillogram of the Uénerator Line to Generator Line to Neutral Voltage
Neutral Voltage Under Load Condition #1 Waveforms - Test #1
(110 V rms).
Harmonic| Oscillogram (actual), CSWF (simulated),
P.O.R. L—N VOLTAGE Order % of Fundamental % of Fundamental
3
- 1 100 100
5 4.7 3.96
7 2.8 2.22
8
\ 11 1.5 2.19
13 0.9 1.46
— 17 1.3 1.16
s°
2 19 1.1 0.86
23 0.6 0.54
25 0.5 0.44
8 29 0.3 0.22
Simulation and Experimental Results of Test Run No. 2
§ A summary of the test and simulated rms values of
1'0.00 0.10 0.20 0.30 0.40 0.50

generator line to neutral terminal voltage, phase
current, and output power is given in Table (4) for
the load condition of test #2, see Table (1), again at
a generator speed of 12000 rpm (400 Hz).

SEC X 10—2

Figure (8) Simulated Waveform of tbhe Generator Line
to Neutral Voltage under Load Condition #1

(109.98 V rms). For this test condition, the oscillogram and CSWF

of the generator line to neutral terminal voltage are
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Table (4) Generator Current, Voltage and Power Under
Conditions of Test (Load) No. 2

Quantity Test Simulation

Line to Neutral Voltage
(Volts) 110 110.01

Phase Current
(Amps) 81 83.56

Output Power
(kw) 26.73 26.84

given in Figureg(11) and (12), respectively.
Meanwhile, the oscillogram and CSWF of the generator
phase current are given in Figures (13) and (14), re-
spectively. Again, comparison between these voltage
and current oscillograms and their corresponding CSWFs
reveals an excellent agreement between the profiles of
the actual test and simulation results. Furthermore,
results of harmonic analysis of the actual
(oscillogram) and simulated (CSWF) generator line to
neutral voltage are given in Table (5), where reason-
able agreement prevails again,

Figure (11) Oscillogram of the Generator Line to
Neutral Voltage Under Load Condition #2
(110 V rms). °
P.O.R. L—N VOLTAGE

(=]

[=]

~N

s f /\

2 J \‘
-
)
>

(=

=

| \\/

(=]

=3

oN

1"6.00 0.10 0.20 0.30 0.40 0.50

SEC X 10—2
Figure (12) Simulated Waveform of the Generator Line
to Neutral Voltage Under Load Condition #2
(100.01 V rms).

Simulation and Experimental Results of Test Run No. 3

Finally, a summary of the test and simulated rms
values of generator line to ueutral terminal voltage,
phase current, and output power is given in Table (6)
for the load condition of test #3, see Table (1), at
the same generator speed of tests #1 and #2.

129

Figure (13) Oscillogram of the Géneraéor Phase Current
Under Load Condition #2 (81 A rms).

GEN PHASE CURRENT

160

an ™

80

AMP
0
\

—80

L~/ 9

0.00 0.10 0.20 0.30 0.40 0.50
SEC X 10—2

Figure (14) Simulated Waveform of the Generator Phase

Current Under Load Condition #2 (83.56 A

—160

ms) .
Table (5) Harmonic Content of Test and Simulated
Generator Line to Neutral Voltage
Waveforms - Test #2
Harmonic | Oscillogram (actual), CSWF (simulated),
Order % of Fundamental % of Fundamental
1 100 100
5 9.2 9.61
7 5.2 4.89
11 3.4 3.93
13 2.8 2.49
17 1.1 1.43
19 1.3 0.82
23 0.9 1.29
25 0.9 0.90
29 0.8 0.73

For test #3, the oscillogram and CSWF of the
generator line to neutral terminal voltage are given
in Figures (15) and (16), respectively. Meanwhile,
the oscillogram and CSWF of the generator phase
current are given in Figures (17) and (18), re-
spectively. Again, comparison between these voltage
and current oscillograms and their corresponding CSWFs
reveals an excellent agrecment between the profiles of
the actual test and simulation results. Also, results
of the harmonic analysis of the actual (oscillograms)
and simulated (CSWF) generator line to neutral voltage
are given in Table (7) for this test, where once more
reasonable agreement prevails.
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Table (6) Generator Current, Voltage and Power Under
Conditions of Test (Load) No. 3

Quantity Test Simulation

Line to Neutral Voltage
(Volts) 110 109.88

Phase Current
(Amps) 83 88.51

Output Power
(kW) 27.23 27.22

Figure (15) Oscillogram of the Generator Line to
Neutral Voltage Under Load Condition #3
(110 V ms).
P.O.R. L—N VOLTAGE

(=

o

o~

g H“\M

YN

-
-
Q o
>

(=]

=3

| \

]

~N

I"0.00 0.10 0.20 0.30 0.40 0.50

' SEC X 10—2
Figure (16) Simulated Waveform of the Generator Line
to Neutral Voltage Under Load Condition #3
(109.88 V).

Table (7) Harmonic Content of Test and Simulated
Generator Line to Neutral Voltage
Waveforms - Test #3
Harmonic | Oscillogram (actual), CSWF (simulated),
Order % of Fundamental % of Fundamental
1 100 100
5 13.0 14.57
7 7.4 6.65
11 3.8 4.31
13 3.7 2.48
17 2.5 3.06
19 2.2 1.83
23 1.8 1.85
25 1.7 1.43
29 1.3 1.6

Figure (17) Oscillogram of the Genmerator Phase Current
Under Load Condition #3 (83 A rms) .
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Figure (18) Simulated Waveform of the Generator Phase
Current Under Load Condition #3 (88.51 A
rms) .

Discussion_of Results

The test runs given above, tests #1 through #3 of
Table (1), and the accompanying experimental and
simulation results demonstrate that the modeling
approach and the model presented in this paper yielded
very good agreement between the two sets of results,
in both cases of feeding a mixture of combined dc and
ac loads, and when the system was operated feeding a
pure dc load.

One of the slight discrepancies between ex—
perimental and simulation results was in the rms
values of the generator phase currents, where the
simulation results were slightly, yet consistently,
higher than the test. This can be easily explained by
the fact that impedances of connector cables used in
the experimental test setup were not accounted for in
the simulation runs. This is not a weakness in the
model or the metbod, but is rather due to the lack of
certainty about the values of such connector cable
(wiring) impedances, which is only natural ip an ex-—
periment of this nature. Such impedances if known
could have easily been incorporated into the modeling
process with no change to the computer program in its
present form.

Another set of slight discrepancies between ex—
perimental and simulation results was in the per—
centage of the harmomic content in the genmerator line
to neutral terminal voltage, see Tables (3), (5) and
(7). This can be largely attributed to the inherent
presence of space harmonics in the various machine
winding mmfs and gap flux density waveforms and bence
in other srmature flux linkages. These space mnmf and
flux harmonics produce time—domain voltage harmonics
in the induced emfs of the armature phase windings,
which are somewhat reduced (mitigated) by winding dis-—
tribution and pitch factors. However, these time
harmonics present in the armature emf waveforms are

Authorized licensed use limited to: COLORADO SCHOOL OF MINES. Downloaded on March 08,2021 at 16:04:21 UTC from IEEE Xplore. Restrictions apply



not entirely elimated from the generator terminal
voltage by pitching and distribution. Thus they are
ever affecting such a load-rectifier—generator
physical setup, and affect generator terminal voltage
waveforms. On the other hand, use of any dqo trans~
formation and any resulting dqo frame model, inherent-
ly and intrinsically implies sinusoidal variation of
flux linkages with space angles, and hence purely
sinusoidal armature induced emf waveforms are built
in., Hence, flux density space harmonics are not in-
cluded in the present model, which explains the re-
sulting insubstantial difference in the harmonic con-
tent of the actual and simulated terminal voltages of
the generator in Tables (3), (5) and (7).

CONCLUSIONS AND RECOMMENDATIONS

A method for modeling of dc—ac load-rectifier—
generator systems has been developed. The method is
based on use of a modified form of Park’s dqo trans-
ormation, and making use of combinations of voltage
controlled voltage sources, current controlled voltage
sources, .and current controlled current sources, to
enable one to use commonly available network transient
analysis software packages in modeling dynamic steady
state performance of such load-rectifier—generator
systems. The method has been implemented, in conjunc-
tion with the SPICE Version 2G.3 network analysis
package, in a computer program which was used to
simulate the performance of a 30 kVA load-rectifier—
generator system, and the simulation results were com—
pared with actual experimental load runs on the
system. The very good and consistent agreement
between simulation and experimental results shown in
this paper attest to the validity and soundness of the
modeling approach and the accompanying computer pro-
gram.

This present model, besides being applicable to
electronically commutated load-rectifier—generator
systems of similar nature, is applicable to the
analysis of the dynamic steady state performance of
many other electronically controlled machine systems,
with both damping and saliency effects, such as brush-
less exciter systems used for field excitation of
large utility type generators. In such brushless ex-
citation systems, the armature and rectifier are
mounted on the rotor, while the field structure is of
the salient pole type and is stationary.

In future efforts, the model can be improved by
developing methods by which effects of flux density
(flux linkage) space harmonics on armature emf
waveforms and inductances can be included in the
equivalent network simulations of such machine
systems,
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