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A DIGITAL COMPUTER SIMULATION AND STUDY OF A
DIRECT-ERERGY-TRANSFER POWER-CONDITIOHING SYSTEM

Spacecraft Technology Division
CGoddard Space Flight Center, NASA, Greenbelt, Md,

AESTRACT

Because of <he many conplex subsystem inter-
actions which occur within nodern electronic power-
processing systems, i1t 15 often quite difficult to
accurately predict total system performance., A
digital cumputer simuletion technique, which can
be used to stud{ such caposite power-conditioning
systems, 1s applied to a spacecraft direct-enerqy-
transfer power-processing system. The results ch-
tained duplicate actual system performance with
considerable eccuracy. The validity of the ap-
proach and its usefulness in studying various
aspocts of systen jerformance such as steady-state
characteristics and transient responses to severely
varying operating conditions are demonstrated
experimentaily,

INTRODUCTION

During tne past two decades, the field of
pover electronics has been evelving and expand-
ing into an increasingly wore important element
of modern electro-technology. MNew and more power-
ful methods of analysis and design have been de-
veloped, resulting in improved power-condition-
ing equipment which often finds new and diverse
applications in many areas of electrocics. Re-
cently, for reasons of ecoromic efficiency and
system reliability, there has been considerable
interest in developing standardized power-condi-
tioning circuits and systems for space applica-
tions, These standardized designs would obviate
the need for costly, but cften still not optimum,
custom designs fcr every new power system re-
quired [1]. Some standardized power-condition=
int 1 ~dules have already been developed which
$o 1. ' a wide range of mission requirements,
thu: climinating much of this cost and at the
same time making available to the system d.signer
a pool of fully tested equipment with proven re=
liability [2,3).

. trying to meet specific mission require-
ments with such standardized modules, it becomes
increasingly more inmportant to be able to study
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the performince of power systems as a whole,
rather than the various subsystems individually,
Because of the many subsystem interactions within
svch composite systens, it is often quite dif-
ficult to predict the total system response even
though the behavior of the individual subcircuits
may be familiar and well aocumented. However, the
behavior of the power-conditioning system ac a
whole when in steady-state opernt?on or waen sub-
Jected to transient disturbances such as step
changes in load or variations in the primary and
secondary source characteristics must be fully
investigated before the integrity of the aguregate
power-conditioning system can be ensured, It is
the purpose of this paper to present one approach
to thic problem of studying aggregate power-condi-
tioning systens, and to demonstrate the validity
and usefulness of this approach,

In considering the size and complexity of
modern power-conditioning systems, the digital
computer quickly comes to mind as an attractive
and viable tool for such a study, Even thouagh
much progress has been made recently in developing
and applying powerful analytical tools to the study
of particular converter and inverter circuits [4,5],
none of these techniques is applicable to a general

composite power-conditioning system which can be des-

cribed by an nth-order system of nonlinear differ-
ential equations. On the other hand, the rapid de-
velopment of digftal computer circuit and system
analysis programs over the past few years has
given the clectronics engineer the ability to ex-
amine more precisely very large analysis problems
which had previously been intractable or (co
costly to pursue, Particular computer siudies,
both uigital and analoy, have also been pre-
sented recently which enhance the understanding

of and 2id in the design of individual somer con-
verter circuits [6,7,8], but again there have

been no published results concerning simulations
and studies of entire power-conditioning systems.
This paper describes in considerable detail the
application of & gencral “digital analog simula-
tor" program, derived from IBM's Continuous System
Modeling Program (CS4P) [9], tc e study of an
agaregate power-conditicning sy m being de-
veluped at the NASA Goddard Space Might Center

* for use on the International Ultraviolet Explorer

(IUE) Spacecraft.
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Fig. 1. Exampies of the {ypes of functional "blochks"
.availahle for fmplcmenting system descriptions in
the computer prooram format. (A) Type H, mode- .
controlled intesrator. (B) Type C, clipper.
(C) Type R, relay. {D) Type +, weiahted sunmer,

THE STMULATION TOOL

As mentioned above, the tool used in this
work 1s an interactive digital computer program
based on an IBM application program, CGSHP, as
developed for use on the IBM 1130 system, The
computer studies presented in this paper were
run on a Digital Equipment Corporalion PRP-11/45
digital computer equipped with a Tektronix 4013
storage-tube graphics console using a substantially
modified version of the 1130 CSMP. ‘Hth appropri-
ate modifications to the input data, however, sim-
ilar studies could be conducted on a pumber of
other computing machines *ncluding the IBW 360/370
systems,

The structure of this program is such that
the particular dynamjc system being investigated
is entered into the computer in terms of the
system state equations, These equations are jm-
plemented by means of an appropriate connection
of input/output functional relationships, much
as is done when using an analog computer. Thirty
types of functional "blocks" are available for
this purpose, four of which are illustrated in
Fig, 1. These symbolic blocks display all of
the information required to completely progranm
a system simulation. Each Dlock is given a
single~-character type designition, e.g. M, G,

R or +, as shown in Fig. 1, which is 'niquely
defined within the program and corresponds to
a particular function, Each block also wust be
assigned an dndividual identirication nunber n.

- The numbering of the blocks need not be sequen-

tial since the program uses a sorting algorithm

~ to deteirmine the proper order for evalualbing the

. BIS
ORIGINAL BAG

EANEE [t 100 F P R Py AT )

2
$L et 4x e 0

,eg%_ 3 = .
kS X -
(8}
' COMFICURATION SHLCIFILATION

BLOLR TYPE  IRPUT L IRPUY 2 LRPVT 3

1 t 3 5 7 i

2 1 ] o ‘

3 3 ? 4 ¢ :

H ¥ 3 3 £ ;

) X 2 ‘ v . ;

THITIAL CONGITIOMS AhL FARAHETEAS ‘

oLocK 16/P 4RI PARZ v PARY

1 =8, LOBEERE B =0,400NHRE €} £, SDI0CEE Of
-3 pylepdRre 28 #,0aaencE pO 2, A0auncE o

{ 0, LR2R0AL0] JIRTEGRITICH INTERVAL
3 Py IRARNRE 82 YT0T4L YIKE
{ Ny 100P80E=D1 JPRINT LHTCAYAL

YmAX]S VARIABLE(S) PLOTTED

BLOCK NG, (VERT,) KIN,VALLE ik, Vi{LE
2 *Q,}PRODRE 82 fl.i0neecE 02 :
BLOCK N, [HORI,) HINVALLL BAY, VALLE . {
3 v, IRBEOPE €2 f,1APRREE 02
{c)
M ]
100 gy ‘fl (i i g b3 -j11w11111111711vvr‘31*#*111#12

ISE NN SR

201901 PR )
SR SRR N
e iren

[N
/R

N

T T

Lo b

Fondsdionlis ank

00 [ 00 a . 1)
(D) (E)
Fig, 2. Example of the application of the simula-

tion tool to a second-order nonlinear system.
{A) Van der Pol's equation. (B) Block diagram
for solution of equation., (C) Proaram input
statements for output shown in (D). (D} Output :
data in form of X-Y plot. (E} Output data in .
form of ¥ vs time plot. !

autput of cach block, Specifying the input con- -
nections to each block of the system represeii- i
tation and the associated pavameier values com- L
pletes the simulation diagram, Depending on the :

block type, from zero to three inputs and from 3
zero to three parameters must be specificd. The | i
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Fig., 3. Block diagrom representation of the DET
system under {fnvestigation with bold lines in-
dicating power channels,

connections to the fnputs, shown sycholically in
Fig, 1 by input variahles ey, eo &nd ez, cor-
respond to outputs from pumbered Biccks within

the sfmulation diagram, The parameters, symbol-
jzed by PV, P2 and 13, correspond to real constant
nunbers which are a part of the function repre-
sented by the block.

To clarify this procedure, a simple example
of a sysiem represented hy a second-order non-
Jinear differential cquation is shown in Fig. 2.
In this example, hlocks 2 and 3 ave standard in-
tegrators, designated type I, which integrate the
input signal continuously from the {nitial time
to the final time., The initial condition for
each integrator can be specified as parameter P1
of the respoctive blocks. In this exampie, the
initial conditions have been specified as 0.0 and
1.0 for biocks 2 and 3,respectively,as shown in
Fig. 2(C). Blocks 4 and 5 are multipifers, desig-
nated type X, which simply muttiply one input by
the other, The parameters P1, P2 and P3 associ-
ated with block 1, are given values of -1.0, -&
and ¢ respectively, where & is a nunerical con-
stant of the system. For the case shown in Fig.
2(C), c has been given a value of 5, Al of the
input data described above are enterad into the
cumputer in fixed format which greatly facilitates
this routine task.

After selecting an appropriate integration
interval and a final solution time, the computer
begins integroting the programmed system state
equations using a sccond order Rungz-Kutta inte-
gration scheime. The numerical value of the output
of each of the blocks comprising the system repre-
sentation is available as o« tabulated printout
and/or a graphical display at each integration in-
terval. The speed with which the computer can
perform these integrations is a function of the
system complexity and the size of the integration
step specified, Systems with short time constants
may require relatively small intedration steps in
order to accurately compule fast transients, and
therefore would be subject to relatively long run
tiwes if the desired system response extends for
a long period of time, Some experirentation with

- the integration interval is usually required to
achieve a satisfactory combination of accuracy
and computational speed.
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Fig. 4.* fecision flow chart {1lustrating the oper-
ational modes possible within the DET sysiem,
and the conditions which activate them.

Tuo of the most attractive features of this
program are its interactive capabilities as orig-
fnally designed for the 1BM 1120, and the flexi-
bitity provided in the choice of the output display’
formats as designed for the PRP-11/45 computer
and Tektronix 4013 graphics unit. The interactive
nature of the program enables the user to infer-
rupt a simulation vun at any time to modify the
system description and thus perform on-line exper-
imentation, Six“een switches on the computer con-
trol panel are used for this purpose whareby such
items as system parameters, initial conditions,
and run cantrols can be adjusted, Additionally,
the user may choose to display the output data of
a given run in the forim of an X-Y plot, with as
many as five system variables plotted versus
any other system variable with time an jm-
plicit parameter; or he may choose to display as
many as five of the system variables as functions
of time. In either case, numerical pripteuts of
the same five or five different output variables
are also available, Two sample output displays
for the example of Fig., 2 are presented in Fig.
2{D) and (E).

THE SYSTEN UNDER INVESTIGATION

The system being simulated with this program
is the main bus reguiator for the International
Ntraviolet Cxplorer Spacecraft which is a joiut
mission between the Goddard Space Fiight Center
{GSFC/NASA)Y, the British Science Research Council,
and the European Space Research Orgapization.

This system is a direct energy transfer (DET) sys-

tem wheveby the primary source of electydical eneray,

a solar array in this case, is coupled through a
main distribution bus directly to the spacecraft
electrical loads. The various power-conditioning
subsystems, shown in Fig. 3, are activated only as
needed, thus requiring the system to process only
that amount of power which is needed to maintain

tha powier bus at the specified voltage lTevei. The '

flow chart in Fig. 4 indicates the various nodes
of operation which are possibie within this system.
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Fig, 6. Contro) unit outputs 81, to .ost con-
verter, and 52, to charae/shunt driver, as a
function of hus voltage,

The specified main bus voltage range for this
missfon is 280,56 volts. The pover sys’em control
unit continuously monitors this voltage evel and
generates appropriate signals to activa®: one of
five different modes of operation desigred to mect
this regulation requirement under widel* varying
eperating conditions. This control unic function
is depicted graphically in Fig. 5. For a voltage
of 28+0,14 voits, the sysiem is said to be in the
deadband mode whereby all of the electrical eneray
vequired by the spacecraft loads is available from
the solar array with no additional energy from
the array to be dissipated and no supplementary
energy Trom the secondary source required. Under
these conditions, signals Sy and Sp from the
control unit lie below the one-volt deadband
threshold level, as shown in Fig. 5, and all of
the subsyztems remajn idle. 1If, however, the
solar array is unable to adequately supply the
loads, the bus vnltage falls and the control
unit geperates signal 51 which activates the
boost mode of operation, and diives the boost
converter with an adaptive duty-cycle control
signal as determined by the secondary source
voltage and the amount of additional power re-
quired. The secondary source of energy in
this case is a pais of rechargeable nickle-
cadmium storage batteries which have terminal
voltages between 17 and 25 volts, depending
on the state of charge. If, on the other
hand, the solar array is generating energy at a
faster rate than is required by the spacecraft
and the bus voltage rises ahove 28,14 volts, the
evcess energy must be funneled off to prevent an
over-voltage condition on the main bus, Under
these conditions, the contvol unit, in conjunc-
tion with the charge/shunt driver and the battery
charger subsystem, channels an appropriate amount
of this energy into the secondary storage battery.
Malog sighals corresponding to the battery state
of charge and the amount of excess power awvailahle
from the solar array are combingd to provide the
duty-cycie control of the battery charger which
ensures tha proper charging rate. This mode of
operation is referred to as the chatge mode. If
sti11 more poser is available than is required
to properly chargs the battery, the bus voitage
continues to rise and additional energy must be
dissipated, thus activating the zhatgefshunt node
of operation. When the bus voltage exceeds 28.18
volts, the shunt elements are activated and dis-
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fig. 6, Dissipative shunt requlator current as
a function of bus veltane,

sipate the cxcess power through rvesistors which

are mounted on the spacecraft structure., The

array of shunt elrments is capable of dissipating
up to a total of 450 watts of power as a linear
function of the bus voltage 75 shown in Fig. 6.
Wken the solar array 1s genmrating unnevded encrgy,

“but at the same time the battery is fully charged,

the Tifth mode of operstion is activered, In this
case, 11 of the unnceded energy is dissipated in
the shunt resistors and the system is sajd to be
in the shunt mede,

On uxamining the schematic diagram of this
system as shoyn in Fig, 7, one quickly recognizes
thot c¢lassical circuit analysis techniques may
not be satisfactory tools for studying the com-
plex interacticns of the various subsystens,
Nevertheless, a careful examination of switching
transients which ray occur on the main bus as
a result of severely varying operating conditions
is a necessary parld of verifying the compliance
of the system to its performance specifications.
Of particular concern in a system such as this
is jts response to uncontrollable external inputs
such as the intensity of sunliyht on the solar
panels or the state of charge of the secan-
dary storage battery, Thus. the technique
described in this paper for simuiating the en-
tire power system as a whole and systematically
computing transient responses and steady-state
characteristics is a vary profitable approach
and enables th~ system engineer to rore thoyr-
oughly investicnte his system while it is stil
in the design stage,

SYSTEM WODEL AND UATHEMATICAL REPRESENTATION
The Hodel

In order to effectively study the physical
system described above, it i5 nccessary io develap
an appropriate model which is simple enoush to
yield a tractable mathematical representation but
at the same tire detailed enough to enable an zc-
curate deseription of those aspects of the system
behavior which are of interest. It is clear that
any given systen can be modeled in many different
ways dersnding on which system properties are con-
sidered wore drportanl or of most interest. Fre-
quently, however, it is difficult to immediately
determine the full significance of each component
of the systen, and therefore it often is necessary
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Fig, 8, Tdealized mode) of the power-handling
subnetwork of the boost converter subsystem,
Actual component labels from Fig, 7 are shown
next to the corresponding companent model,

to rerise the system model at various stages of its
deveiopment when new evidence indicates that ine
correct assumprtions have beep made or that unneces-
sary detafls which unduly complicate the mode] have
been 1ncluded. Dy such & process, an appropriate
node) of the dirvect energy transfer system describod
in the preceding section was developed. The complete
model consists of a tenth-order nonlinear network
which approximates the power-handiing subnetworks
of the system, and several resistive input/output
relstionships which represent the system control
Tunctions.

As an example of the modeling approach taken
in this work, consider the schematic diagram of
the boost converter subsystem as shown in Fig, 7.
M1 of the power-handling subnetworks of this sys-
tem are drawn with bold Tines at the top of the
diagram. The boost converter subsysiem consists
of a1l of the components Tabeled with a 500-series
nurber, The power subnetwork is shown in the up-
per lefi=-hand portion of the diagram, while the
control subsystom is shown in the Jower third of
the figure. The modal developed for the power-
handling portion of this subsystem is shown in
F{g. B. Each of the capacitors has been modeled
as an {deal lumped capacitance in series with a
small 1deal lumped resistance which approxinates
the equivalent series vesistance (ESR) of ihe
actual component, Simiiarly, small winding re-
sistances have been includad in the models of
the inductors and the transformer, but the winding
capacitances have been neglected. The autotrans-
former has beon modeled as a linear deviece defined
by the flux density versus magnetic field strength
characteristic shoun in Fig, 9{A). The semicon-
ductor diodes have been approximated with a stalic
nonlincar resistive characteristic as defined in
Fig. 9(B), Similarly, the transistors are con-
sidered to be either fully on or fully off
for the purposes of this study, and each is mod-
eled as an open circuit for the off condition
and as a small saturation resistance for the on
condition as illustrated in Fig. 9(C). It shald
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Fig. 9. Idealized models for (A) mamnetic core of
transformar T, (B) scriconductor dicdes D3, D&,
and D5, and {C)} transistor 02 and 03 of Fia. B.

be noted that if detailed {nformation concerning
the performance of the semiconductor devices in
this system 4s desired, the model of cach semi-
conductor component can bhe changed to inciude
those properties of the device which are of par-
ticular fnterest. The *sork described in this
paper, however, s con erned primirily with the
transient behavior of the main bus voltage, and
the dynamic performance of the semiconductor ¢ci-
ponents has not been considered. The voltage
sources Vi and Yo shown in Fig. 8 represent the
voltages ]nduced werass contral windings 9-10
and 12-11 respectively on transformer 7504 which
{5 shoun at the top of Fiq., 7. These induced
voltages are assun-ad tu - constant during the .
on-time of the appre 11+ tronsistoy and are
therefore pedeled as_ .- tant voltage sources,
Resistor R 15 @ smal: . cept sensing resistor
which provides a current limiting signal to the
control unit of this subsystem.

: The control unit for the boost converter
subsystem is modeled as » purely resistive net-
work., The purpase of this subnetwork is to pre-
vide tha duty-cycle control of the two power
transistors shesn in Fig, 8. This s accomplished
by gengcrating a constant-frequency triangular nive-
forit with a fixed peak-to-peak awmpldtude and add-
ing to it a threshold Tevel, Y4, which is a func-
tion of the bus voltage as showm graphically in
Fig, 10. As the bus voliage falls, the threshold
loyve] falls, allewing the power transistors to
turn on for a greater portion of each cycie of the
triangular waveforn. This increased duty cycle
cuables the converter output current to increane
to a new level which satisfies the increased ltad
requirement.

As con be seen in Fig, 7, the various
control circuits of the complete power systen
are often quite complex, and the transfer func-
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tions derived are by no means irmediately ob-

vious. In most cases a subsiudy was conducted

to roveal the salient features of these control

subcircuits and to precisely.datermine the appropri-
ate transter characterisitic. Some of these
studies involved experimental measurermonts,

while in other cases digital computer circuit
analyses were run to reveal the significant
civeutt relatfonships, In all cases, however,

the assumption that these circuiis are esseatially
nurely reslstive was carefully verified,

In a similar manper, models have been developed

for the battery charger subsystem, the shunt elements,

the charge/shunt driver, and the main control unit.
The complete system model includes contrallers to
deteriine the duty-cyele of the power transistors in
the boost converier and the battery charger subsys-
tems, and a controller to determine the value of the
shunt dump resistance at all times,

The Mathematical Representation

To analyze the model presented in the preccd-
ing subsection, it is necessary to construct a
mathematical representation for it. As deseribed
above, the contrp) subcircuits of this system have
been modeied as surely resistive petworks, Thus,
the behavior of these subnetworks is completely
specified by a sei of nonlinear functional equa-
tions which may be derived from the laws of the
elements 4 these circuits and the laws of inter-
cannection of themy or they may be approximated
from experimentally measured transfer characteris-
tics of the circuits. Given these equations, all
of “he voltages and currents in the contral sub-
networks can be computed upder 211 possible aperat-
ing conditions. But in practice, only those com-
binations of currents and voltages which zaplicitly
determine the control signals of interest have been
represented mathematically. The coafficients of
these functional equations are determined from
appropriate combinations of the actual civeuit
compenent values, including veriable elements such
as the battery state of charge, bus voltage, and
solar array output curvent, Thus, the currents
and voltages of interest in these circuits, and
therefora the system control signals, change value
as pertinent system variables chapge; tnd these
changes in control signals give rise to the vari-
ous modes of operation of the systom as described
in the third saction of this paper.

To complete the mothematical representation
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of the mdel, the pouer-handling subnetuorks mmst
be considered, dince the corbined subrynters haye
heen rodtejed 05 a tenthenrder penlinedr dynenic nel-
wark, o 504 of ten intopondest nonlivear differentiad
equations 15 required to rstheimaticaliy specify
the behavior of the network,  Having developed
these state equations from the laws of the ele-
ments and the lows of intercennection of the net-
work, and given the values of the state variables
at som2 fnitdal tine tp, the currents and voltaqes
throughout this nctwnvﬂ con bo detormdined for ony
time t -y, Dut bocause of the many different
operating conditions pouasible within this system,
ong set of state equations is not sufficient to
completely characterize the system at all times,
These diffevent modes of operation are the resulf
of a transistor or a diode switching on or off,
and thus effcctively changing the topolony of the
power-handiing subnetworks and consequently the
laws of interconncetion of them,  Therefore, a

sot of state equations must be wreitien for each
possibie mode of oporation within the system, and
the state variables must be continuous through

a transition from one mode to another as dictated
by the control functions; i.a., the Tyl valye
of state x for one mode of operation rust be the
initial state an oy the next mode. With these
sats of differential cquations and the set of
functional cquations desceribed above, the entire
systom model is accuratcly represented mathemati-
cally at all times and for all operating condi-
tions, The noxt section describes how this com-
prefiensive mathematical representation is imple-
mented {n the digital computer.

PROGRAMATNG THE SYSTEM

As discussed earlier in the paper, the proaram
used in this work may be considered to be 2 digi-
tal analog simulater in t{hat the system solution
is computed on @ digital conputer, but at the same
time the program input format yesemblas analog com-
puter connection diagrams. Thus, given the mathe-
matical representation of the system as presenied
above, an analog-type connection diagram can he
drawn as an intermediate step to progranming the
system, An example of this procedure for one of
the system state cquations is shown in Fig., 11,

In Fig, 11(A) are the differential equations which
determine the trajectory of the state variable v%
of the boost converter pawer subsystem through a ]
possible modes of operatfon of that subsystem.

The connection diagram in Fig. 11(B) i1luskrates
the way in which each of these differential eyua-
tions i5 constructed from the pertinent system
state variables and their associated coefficients
which are determined numerically from appropriate
corbinations of the circuit component values.

For example, the Jerivative of the voltage across
capacitor €1 during the time transistor Q2 of
Fig, 8 is on 1is a welghted sun of the currents
through the inductors Ly and Ly, and the flux in
transformer T. Block my of Fig. 11(B) performs
this summation where .
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Fiy. 11. Diagramring the state equations,
(A) Differential equations describing the tre-
Jectory of state variable v, of Fig, B for three
different operating conditi&ﬁs. (8} Rlock dia~
gram representation of these equations.
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The parameters L, u, and A represent, respectively,
the rican magnetic path Tengtih, the permeability,
and the cross=scctional area of the magnetic gore
of transforwer T, Similarly, blocks ng and ng

compute the derivative of this state variable for
other operating conditions., Fungtional relay
blocks are used to seloct the proper corhination
of variables at each instant of time as deter-
mined by the appropriate control funchion, thus
simating the switching semiconductor compo-
nents of the system. In this case, control sig-
nal Y determines 1f either transistor Q2 or Q3
i5 on 3 and {f so, control signal X datermines
which pne. These decisions are rade at each
camputational time incremant, and thus the cor-
rect value of the derivative of vgy with respect
to time is available for a)1 time and all opera-
ting conditions. The output of relay black n3
15 integrated numerically to yicld the conlinu-
ous trajectory of the state variable vey. Con-
tinuity from one riode of operation to another

{s maintained through the memory of the inte-
grator; i.0., the last output of the integrator
for one operating condition becomas the initial
condition for the next mode. In a similar man-
ner,the functional representations of the con-
trol subsystems vhich generate the signals X

and ¥ are diagrammed and copnecied {o the ap-
propriate relay blocks in the state equation
diagrams,

When the entire system is diagrarmed in
this manner, it is then a simple matter te
complote the progeanming procedure, After
labeling each of the blocks in the connection
diagram, the entire system description can be
entered into the computer through preformatted
statements as illustrated in Fig, 2(C). lhen
the last black description is entered, the in-

L T R (R tEeee .\7.-»‘.,4'" R T R el -W! Vo

teroctive progran asks the ueer to enter the
integration interval, tie final selution tine,
and the cutput data optiens and format, After
processing these entrics, the computer beqing
calcutating the system state trajectory and
displaying the output date requested. The user
can obiserve this data as It 45 beiny computed
and has the aption of interrupting the run at
any time to modify the systom description or
output requests as suits his needs. In this
way, on=1ne experirontotion can be conducted
a5 1s described in the Tollawing sections,

EXPERIMENTAL VERIFICATION

Ta verify the ability of the compufer repre-
sentation describcd ahove to simuiote actupl sys-
tem perforimance, a serjes of system trsts were
conducted on the esscabled DET prototype unit and
duplicated on the conpeter model, A comparison of
the measured ond copputed results from tvio of these
tests is prescnted §n this section. The iests wore
designed to activate cath of the system modes of

_operation, and thercby enable an exsmination and

evalration of all phases of the computer model,

‘The data vecorded during these tests ore displayed
in Figs. 12 throuch 17, The (A) portion of cach
figure is on osciilograr of the experimantally aca-
sured response of the actual SET power-conditicning
syster, while the (O} portien of each figure is the
corresponding graphical corputer output for the sic-
wlated systcm response,  The computer generaled oute
put has been photographically reproduced to yield

a grid of the same width as the experimenia) obeil-
Jogrars. This means thot the horizontal time axis
in parts (A) and {B) of the scme figure are identical,
In cach of these escillogroms and computer dicplays,
the saie four systern vardables--load current, shunt
current, battery current and bus veltage--are plot-
ted versus time with the same vertical scale fac-
tors of volts or emperes per division. These vari-
ables and their associated scaling are presented

in Table 1 for casy referance whun examining the
data displays. It should be noted that the corputes
generated grid docs not have the sama vertical

to horizontal ratio as the oscilloscope qrid; i.c.,
the actuil spacing betveen major vertical divisions
in part (B) nf cach figure {5 creater than that in
part (), Thus, the varjous computer generated
plots gy zar eloncated in the vertical direction,
The third wevefor in each of the displays is the
secondary-hattery current which has been desig-
nated as pesitive when charging and negative when
discharging the battery.

The first test, presented in Figs. 12, 13
and 14, subjects the DET system {o transient
disturbances which cause it to go from an initial
steady-state condition in the charge/shunt made
of cperation te the boost mode and back to the .
charge/shunt yode in a period of 10 miliisceonds.
This transient response is caused by & step change
in the system Joad current from @ to 8 A at 1.7
milliscconds ard back to zero at 6.7 milliseconds,
while the solar array supplies 4 A of current
continuously throughcut the test. When no load
current is being drawn, the entire 4 A of selar
array current rust be shunted Trom the bus to
avoid an over-voltage condition. During this
test, the signals cerresponding to the battery
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4 Ois VOLTASE W5 N/BIVISION 27,5 10 30,5 ¥ .
state of charage have been set 1o Indicate o discharged L __i‘. Coe :
condition, and therefore the battery 45 charged at a 0 10 M5 |
pmaximum rate of approximately 1.2 A, The reraining (A)
2,8 A of s0lar array current is shunied into the 2 (AR kit bl RAKSA LARAS REELT NEREY LERRN
shunt resistors. Uhen the system loads require 8 A |k i b
of current, however, Lhe boost convericr rust be L ]

activated to supply the additional 4 A of load current .
required., The complete transition fron charge/shunt 2F
1o boost and back to charge/shunt operation 15 117us- :
trated §n Fig. 12. Tho horfzonal scale for this

{igure is 1 mi1¥isccond per major division, The 3" \

7\,!—-

oscillograns are meltiple exposures, and therefore
the switching of the load current for each of the
: four traces does not nacess.rily occur at preefsely
3 the same position on the grid. Also, there 1s some-
3 times a zero offset in the meoasuvred results dup to a4
B drift 4n the oseilloscope between the multiple

' eXpUSUres., : 0:LL ' ' 10 MS

The first 1,7 miliiscconds of Fig, 12 1)1us- : (8) .
tra’ - steady-state operalion in the charge/shunt Fig, 12. Test Case I. Solar array current = 4A, ;

i
g meg The b5 vollage is steady at a level of ap- :
i proximately 28.2 volts. AL 1.7 milliseconds, the Load current switches from 0 to 8 to O amperes,
required Yoad current is switched from 0 to B A,
This sudden change in load current causes & dovn- g e e g e -;
!
i

1
]’
t!thll'l

ey te o

SR T AT 1 L

vard jump in the bus voltnge due to the voltage
drop across ihe equivaient series resistance of the |
output capacitor, rgs of Fig, 8, of the boost con- ]
verter, This capac%or had been charged to the A DUDIIUTA N PO T SOOI OO PO 2 . ;
il’cea?y-ztaze ;f_&lue oifibus 1voltﬁg&. 1128.2 Vs andfat ‘ 3 ! i
it instant of switching 1is the only source o . . ot =
current to supply the new Joad requirerent. With 3 :—“T'*“ 4 s ]
this rapid drog in bus voltage to a new level cor- SUUSUDUUTOUS NV I, JUUE SUE o . . ;
responding to the boost mode o operation, the | i ! - :
shunt elements and the battery charger turn off 4= Yoo - — E
conseeutively, and the boost converter turns on, \f“ ’ + )
This cransient response is iilustrated with an U T S SR _
expanded time scale in Fig. 13, where the hori- 6] [ MS
zontal scale has been changed to 100 micro- _ ~ {A) :
seconds per maior division, and the switching v
occurs at the 70 microseconds position of the
trace. In this expanded view, it becomes clear I
that there 1s a delay of approximately 40 smicro-
seconds between the time the signal to turn off 2
the shunt elements is generated and the time
that the shunt current actually falls t{o zetro. :
! This delay, due primarily to the tiwe requived 3k
' for operational amplifiers in the shunpt drive
circuitry to comz out of saturation, causes
the hus voltage to conlinue to fall even o3
the boost converter supplies additional cur-
rent to the loads. 4
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; Looking again at Fig. 12, one sees that ,
the shunt curvent does fall to zero and remains

# zero while the battery current decreases to a © -{B)

: steady-state value of approximately -6 A, and Fig. 13. Test Case 1. Expanded view of 0 to 8
the hus voltage seltles to an average value ampore switching transient.
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Fig, 14. Test Case I. Expanded view of B to 0
ampere switching transient,

of approxinztely 27.80 V. At approximately
6.7 m11iseconds, the load current is suitched
back to zero, again causing a Jump in the bus
vcitage, this time in the upward direction, due to
the equivalent seriesresistance of the boost convert-
er output capacitor. Tads switching transient is
expanded in Fig, 14 where again the expanded time
scale is 100 microscconds per major division, The
bus voltage is seen to juwp to a new level of approxi-
mately 28.2 V which demands that the boost converter
turn off and that the encrrgy stored in the output
inductor of the boost conwverter, Ly in Fig. B, as
2f11bas the 4 A solar array current be shunted from
e bus.

hs can be seen in Fig, 12, during the interval
that the system is veturning to a steady-state condi-
tion in the chavrge/shunt mode, the battery current
does not change from -6 A to 3,2 A in a simple single-
time-constant manner. The shape of this transient
waveform is a very complex nonlinear functien of the
state variables of the systew. As diodes and transis-
tors are switched on and off and as enercy stored in
inductors and capacitors is depleted or increased,
currents and voltages throughout the system undergo
abrupt transitions and Frocced alphg complex {rajec-
taries, It 1s beyond the intended scope of this
paper to analyze this dynamic behavior in detail,
but it should be pointed out that the computer-
simulation waveforms presented in this section dupli-
cate with considerable accuracy the shapes of the
actual system responses and consequentty the complex
system interactions vhich cause thom. Ii s there~
fore possible to use the conputer simulation to
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Fig. 15. Test Case II, Solar array current = OA,
Load current switches from O to B8 to O amperes,

o

axamine any of ihe state vardablas which are used

in describing the system, incTuding the transformeyr
flux, to determine more preciscly the way in which
the various subsystoms interact to produce these
ohserved waveforns, With the computer simuiation,

it is a simple matter to look at any or all of the
system state variable trajectorics, wharecas when
working with a breadboard unit it ofter is difficult,
and somatimes impossibile, to make accurate menss
ments of the variables of interuest.

A second test case 1s presented in Figs. 15,
16 and 17. Again, the same fouy waveforms are dis-
played in cach figure with the vertical scales
listed in Table 1. Throughout this test, the seolar
array is gencrating no current, The transient dis-
turbance is again introduced by a step change in
Joad from zero to B A and back to zerc over a period
of 10 milliscconds. Fig, 15 displays the entire 10
millisecond response. For the first 1.7 and the find)
3.3 mi1liseconds of this display, no externa) Jead
current is supplied. llowever, at all times the vari-
ous control subsystems of this DET system require
same power to operate continucusly in a stondby
mode so'as Lo be able Lo respond immediately tn any
system disturbance. Yhen no solar array current
is available, this standby pover must be suppiicd by
{he battery through the hoost converter, thus
requiring the system to operate in the boost made.
The amount of current-required to maintain this
siandby condition is appreximately 100 mA and

.thus is not discernible in the graphic displays

presented,  The boost mode of oporation is in
evidence, however, when examining the bus voltage
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Fig, 16, Test Case 11. Expancded view of 0 Lo 8
ampere switching transiont,
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waveform in Fig. 16. Over the last three milli-
seconds of this trace, the bus voltage slowly

o
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Fig. 17. Test Case Il, Expanded vicw of B to 0

ampere switching trarsient,

tion, thus giving a fairly complete represen-
tation of §ts pevfarrance, Tha oscillograms

and correspending corputer generated waveforns
have been presented dn a form wadch hopefully

. egnables the reader to make & sarcful comparison
and draw his own conclusions as to the accuracy
of the stmulation troonique doscribed in this

decays untii the boost mode of operation is activ-
ated and the stondby power is supplied through
the boost converter.

At 1.7 mitliseconds, the toad current is

B T o v 1 [ S A

switched from zero to 8 A and the system roves
further into the Loost mode of operation. This
switching interval 1s 11lustrated with an ex-
panded time scale of 100 microscconds per major
division in Fig. 16, At 6.6 milliseconds the
Toad currept i5 switched back to zero and the
transient of Fig. 17 results. tHien the B A

Toad {5 removed from the bus, the bus voltage
Jumps upward to a value greater than 28 V as

a result of the boost converter current suddenly
flowing through the equivalent series vesistance
of the output capacitor, and the charge/stunt
mode of operatien is mowentarily activated,

The bus voltage aquickly falls hack inside the
deadband region, however, and then slowly decays
to the upper 1imit of the beost mode of opor-
ation in order to again supply the system stand-
by poder. '

paper. The simulatien runs 11lu-trated in Figs,
12(E) and 16{0) regire approxir.® Y. - 1oir of *

computation tirme, while ench of th 114
sectnd runs requeces approximately - 7 aates
to tomplete tho deta display, ir ~ud pre-
viousiy, the small cemputer used in o . work

vias a PDP-11745 with 16K words of mei - ¢ using
a disk operatina system, The approxitate cost
per hour of corputution, including purchase price
amortization and waintainance, was ten dollars.

CONCLUSIONNS

A digital cornuter sirulation technique has
been prescated as a viable toel for the study of
aggreaate poser-conditioning systums,  As discussed
carlfer in the paper, a preliminary step in the de-
veloprant of such a system sirulation is the postu-
lation of & conceptual podel, This mode) aad its
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subseguent mathematical representation are of utmast
importance in the sinulation process, for it is at
this level that the nature of the redl systert baina
simylated is captured., The conputer prooran perforng
the repetitive corputations necessary to gpenerate
system state trajcctorfes, but the computations per-
forred are dictated by the differential and functional
cquations developud o represent real system perfori-

The prosentation of experimontal and cop-
responding simulotion data in this section has,
because of space 1imitations, been restricted
to two Lesi cases. These particuiar cases
: were seiected from a large pool of data which
P was collected througout this endeavor because
the switched 1oad tests cause the DET system,
and likewise 1ts computer simulation model, to

I
}% funciion in cach of the possitile modes of opera- ance. The resultent computer simulations of actual
|
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systen trajectordes con wiiy be as ncrurate s the
system moda) allows, and only these aspeels of the
sysien hehavior which are fncluded in the sivulation
mo?ol coan bo oxpected to appear ir the computed re-
sults,

Tha examples presented above are not intended
to be exhaustive, This poper prescats the results
of the development of o too) for use in studying
Eowcr—pracess1nq systems which are too complex to

¢ handled vith ¢lossical analysis tools such as
phase plane and lircarization techniques, Hay-

ng verified the velidity and accuracy of Lhis teche
nique, 1t s intended that the computer sodel devel-
oped be fully exercised to atd in the final devel-
oprant of the DET system deseribed above and to cone

trbate, Trom the heqginning stages, to the developuant
of future power-conditioning systems, One of the pro-

posed uses for this program 1s a parometer optimi.
zation study throunh repeated sirulation yuns to de-
teraine which vatues of selectrd conpuncnts might
improve some aspect of the system performance, This
paramater modification can be accorplished quite
easily within the stilation program, vhercas cone
siderable difficulty can somotimas he encountored
vhen attempting such a study at the breadboard level,
Other uses of such a program include the study of
semfconductor component stresses within the system,
espectally during severe switching Lransients such
as jllustrated above 5 and ihe study of sysiem
stabi11ty when 4n any of the modes of operation
possible.

The digital comnuter technique deseribed in
this paper has been avplied quite successfully
to o particular direct-ennrgy-transfer pover-
conditioning sysicm of considerable complexity
which §s sti11 in the development stuges, The
computer stmuiation of this system has heen ox-
ercised vinorously and extensively in an atiempt
to verify 1ts accuracy under all operating con-
ditions and to demonsirate its usefulness. It 1is
felt thot the test data presented in this paper are
a good represertation of this testing. Moreover,
it 1s believed that the functicnal block diaaram
anproach used in this simulation technique posscases
sionificant advantages over the network topelogy
approach of other cormenly available electronic
circuit analysis proarams when used to study such
composite nenlinear dynamic systems.
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