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~dtored, or transferred to the utility bus.
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AN_TNVERTER/CONTROLLER SUBSYSTEM OPTIMIZiD FOR PHUTOVOLTAIC APPLICATIONS

Roy L, Pickroll, NASA Lewis Rescarch Center, Cleveland, chioj George 0'Sullivan, Abacus Controts Inc.,
New Jersey; and Walter C. Merrill, NASA Lewls Research Center, Cleveland, Chio

ABSTRACT

Conversiaon of solar array de power t¢ ac power
stimulated the speelification, design, ond simula-
tion testing of an inverter/controller subsystem
toilored o the photovoltaic power source charac
teristics, This paper discusscs the optimlzatiorn
of the inverter/controller deaign as part of an
overnll Photovoltaic Power System (PPS) designed
for maximum energy extraction from the solar array.
The special design requivements for the inverter/
controller inelude; (1) a power system controller
(PSC) to contrel contlnuously the asolar array op-
aerating point at the maximum power levitl besed on
variaoble solar insolation and cell temperatures;
and (2) an inverter designed for high efficlency
at rated load and low losses at light leadings to
congerve energy. It must be capable of operating
connected to the wtility line at a level get by
an external controller (PSC). This paper is pre-
sented in three sections: (1) the overall PPS and
PSC design (Utility Mode); (2) the inverter design
and test results; ond (3) s PPS analysis and simu-
lation testing, conductéd at LeRC to verlify the
deaign control concepts and fix design parameters.

OVERALL PPS AND PSC DESICGN (UTILITY MODE}

In drder to optimize the potential for photo-
voltaic epnergy to supplement or replace other en-
ergy sources, as much as possible of the solar
array power capabilicy should be extracted., The
power available from the polar array is dependent
upon the solar cell temperatures and the inasola-
tion level. This power may be used locally,

In the
utility mode operation of the subject PPS, the ex-
ceas energy produced by the array over that de-
manded by the load is transferred to the ucility
bus, where it replaces conventionally generated
power. If the solar array cannot fully supply the
load demand, then the deficit ig provided from the
utility bus.

An examination of the current-voltage (IV)
datg in Fig. 1 shows the performance characteris-
tics of a typlcal solar array (S5A). For a spe-
clfic temperature and solar insolation, there ex-
ists an IV point at which the power extracted from
the 8A 1z at its maximum. The maximum power (MP)
points of Fig. 1 are shown connected by a dashed
1line., These MP polnts cceur at apprbximntely 0.8
of the open clrcuit SA voltage.

The ratio of the array voltzge at which max-
imum power is extracted, te the open circuit valt-

TYPICAL SOLAR CELL IV CURVES
INSCLATION SHOWN AS PARAMETER
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age (Vyp/Vpg), Buggested possible use of this re-
lation as a control parameter to operate the solar
array at its maximum power point. Test dats were
obtained to Investigate the¢ variation of the
Vip/Voo tatlo with cell temperature and ingola-
tion, Reaults of these tests are shown graphi-
cally in Fig. 2. Analysis of the data show that
for most of the operating range, the ratio will
not deviagte more than about 42% Lrom an arbitrary
fixed value, Other data show that the array
power is reasonably flat for up to £5% voltage
variation around the maximum power point, There-
fore controlling che array voltage, by leading,
to 2 level consistent with a fixed WVyp/Vgg ratio
{say 0.8) would net ineur significant loss of
power capabilicy,

The basic system concept shown in Fig. 3 was
selected for a 10 kW (peak} solar power experi-
ment, 1In this concept, the power system control-
ler (P8C) derives the array target voltage level
from an open circuited pilot cell array., By con-
trol of the magnitude of power (current) trans-
ferred to the utility bus, the PSG regulates the
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output voltage of the solar array. Thus the
array ig regulated to a veltage level consistont
with its maximum power capability, based on o
reference level derived from the opm circult .
pllot cells, These pilot cells are located in
the same enviromment ns the array, and the pilot
call array output veltage reflects changes in
both the solar array insolation level and cell
temperature,

This system eoncept requires an invarter
which con respond to signals from the PSC to load

the solar array, In this PPS, the {nverter wmust
be capable of operation conneected to n utility
bus, he Invercer denilgn ond tests are discussed
in the following secction.

INVERTER MESIGH AND TESTS

Spocial inverter requlrements, in addiclon
to the challenge of operating conneetcd to the
utility line, inelude oporation at 90% efficlency
at Full lond, with no load lesscs of not more
than 2,57 of rated power, and stable control rao-
sponge te vorying power level commands from the
power systey eontroller (PSC).

The transition from de power to ac sine wave
power 1s implemented by dual tronsistorized power
bridges., ‘The bridges are switched in aceordance
with a pulse pattern (stored in a PROM) which ap-
proximates o sine wave wich only high order hap-
monic contont. Power losees in the bridge are
minimized by providing just enough bage drive to
the power stages to satisfy the collector current
requivements., A low loss output filter removes
the high frequency harmenics,

Unique to the inverter design is a digital
contreller which simultaneously regulates two
control loops in the utility mode: output cur-
rent amplitude ond output current phase.

The inverter is designed for o nominal de in-
put voltage of 200 volts and the output 1s single
phase 240 V ac, The rated power output is 10 k¥.
The inverter is capable of operating in a stond -
alone mode, MHowever, this mode is not analyzed in
this paper.

utility Tie In

Figure 4 deplets the functlonal arrovigement
of the inverter when it interfaces with the uti-
lity, The digital controller, which simulta-
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neously controlas the inverter amplitude and phase,
eptoablishes amplitude control by regulating the In-
verter output current as a function of the B5C com-
mand, The output eurrent is held in phase with the
ut{lity voltnge by means of n phase locked loop
{PLL)Y (1). Output of the PLL, o bi~dircctionol de
signal proportional to the phoso error batween the

sugllicy voltapge and the Invertoer current, is ap-

" plied to a voltaoge controlled oselllator {VCO) in
the digltal controller,

The VCO 1s the main clock in the digital con~
troller, nnd after being divided through several
stoges of counters, estoblishes tha 60 Hz frequency
of the inverter, Tha counter outputs are connectod
ta 4 PROM, which is programmed for four pulsc pat-
tern outputs that, when combined in the ocutpukt,
form a simulated wava over 360 electricoal degrecs.
The phase of the simzlated wave ls adjusted by the
PLL to the posftion relative to the linec veltage
to assure that the oubput current is in phase with

the line voltage.
When oporated connected to the utllity line,

the inverter recoives on smplitude control signal
from the PSC, which sets the power level of the
ipverter, The control signal from the PSC i5 com-
pared with the inverter output current, The dif-
forepce becomes the control error signal to the
amplitude contrel loop. Since the output cureent
is held in phage with the line voltoge (held con-
stant by tho ucility), the Injceted current ls di-
rectly proportional to the output power. Thus the
inverter smplitude control loop In the utlility
mode is a direet contrel of the power being de-
Livered to the utility,

Harmonic Distortion

The pulse pattern applied to the dual bridge
awitchos was sclected to eliminate nll significont
harmonics less than the 19th (2). Mathematical
malysis of the harmonic content in the oubput
wave form indicates o distribution of hormonics as
ghown in Fig. 5, The frequencies shown are multi-
ples of the fundamental 60 1z prusent in the pulse
pattern output for a typlcal 80% power level, Tha
harsonie content vories somewhat with the ampli-
tude, which establighes a “dwell at zero voltage"
it several ploces In the pulse pattern. )

In the utility mode of aperation, the inver-
ter harmonie currents are injected into the utility
line which hos esacntislly zero impedance to the
injected current, The output transformer is cou-
pled to the utility via a scries inductor which
limits the harmonie current injected.

For stand alone operation two parallel filger
branches are comnected which, with the series in-
ductor make up a low pasa filter with characteris-
tics shown In Fig. 5. The f£ilvst parallel -branch
is a capacitor; the sccond branch is a series

_tuned LU section with o domping resistor bypassing
the inductor., The series resonance 45 set for the
23td harmonic, The effective pass band of the
combined output filter is cut off at the 12th
harmonie.

Efficiency

Low power loss and high efficiency are ¢riti~
cal design requirements for inverters intended for
photoveltale applications, Invertet losses are
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primarily in the power bridges, the oukput trans-
formers and the series filter inducter. ‘The out-
put transformers were designed for operation at a
masimum Elux density of 10 kg in grain oriented
silicon steel Co minimize no load losses, The re-
active volt~amperes in the output f£ilter have been
sat to less than 5% of the rated VA to minimize no
load losses,

Transistors were salected as the power
switches in the dual bridge inverter over 5CR's
baeouse of the low loss requirement at no load,
The power transistors are driven Iin a Darlington
arrangement so that the base drive automatically
adapts to the colldctor eurrent demand; the power
tronsistors are operated nonsaturnted, that is,
they remoin in the Class A amplifier wode with the
real collector voltage always in excess of the
base voltage. To augment efficiency at high powers
and guarantee reliable transistor operation, anub-
ber elreults were Included for both safe operating
arca turn-on and turn~off (3,4), TFigure 6 shows
plots of power losa end efficlency versus rated
lond (at unity power Eactor).

The inverter is fon cooled. To minimize the
cooling fan losscs, thermal switches turn the Fang
on when the guwer transisters reach & cose tempers
ature of 105 + 'This occurs at a loading of ap-
proximately 40% to 60% of rated load subjeet to
environmental conditions.

Controlled Turn On

In addition to steady state design considera-
tions, several tronsient phenomena must be ae-
counted for when an inverter is connected to uti-
lity lines. The most important factor with photo-
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INVERTER EFFICIENCY AND POWER LOSS

lw’—' BASED ON BREAD BOARD TEST DATA

- 7 poweR
M = Loss,
, o= s TR 5 L b

0 2 4 b 8 10
OUTPUT POWER, kW

Figur= 6

INVERTER CONTROLLED TURN ON LOAD ASSUMPTION

BREAD BOARD TEST DATA

-‘Vllnllu!“'

i
A
|

L.‘T”‘"' R R s o IR O SR SO S S St

UNE CURRENT

INVERTER OUTPUT CURRENT

Figure 7,

voltaic cells, with their inherent high dc source
resistance, is a "soft start" when utility tie-in
takes place, Figure 7 is an oscillograph record-
ing of the controlled assumption of load current
by the inverter digi:a! controller

Connection to thz utility line is made
through an ac contactor/controller with indepen-
dent safety features which guarantee system in-
tegrity. Connecting a solid state inverter of
10 kV A capacity must be done with "control and
care," The "control" is incorporated into the
soft start provisions. The "care" is engineered
into the safety circuits which require eight cca-
ditions to be present for the inverter to remain
tied to the utility.

Initia' connection requirements are:

(1) The photovoltaic cell voltage exceeds
Vmin = 160 V dc.

(2) The photovoltaic cell voltage is less
than Vpax = 240 V dc.

r"-=.' B - r———

(3) The sunrise-sunset signal from the PSC is
GO.

(4) The PSC error detector is GO.

(5) The utility line voltage exceeds V
204 V ac.

(6) The utility voltage is less than Vg, =
264 V ac.

To remain connected, requirements are all the
above plus:

(7) The inverter current remains in phase with
the utility voltage.

(8) The inverter current does not excced a
safe maximum limit,

min

1f any of the above conditions are not met, the
inverter will automatically disconnect from the
utility,

SIMU/LATION TESTS AT LeRC

Hybrid snalog-digital computer simulation
tests were conducted at LeRC in order to confirm
the basic stebility of the Photovoltaic Power Sys-
tem ("PS) and to fix the values of critical control
parameters in both the PSC and the inverter cir-
cuitry (5). System stability, system transient
performance, aud power conversion efficiencies
were investigated. Highlights of the simulation
tests are presented here.

PPS System Model

For the subject simulation and analysis, the
PPS is defined in block disgram form in Fig. 8.
Dynamically, the important elements are (1) the
solar array, (2) the power system controller, (3)
the power inverter with its input and output fil-
ters, (4) the inverter phase controller, and (5)
the refer.nce utility line voltage. In this
equivalent circuit, the pilot sensor array function
(Eggp) is obtained from the solar array open cii-
cuit voltage model,

Compone.it Models

The rolar array consists of several hu.dred
solar cells interconnected in a series/pari¢llel
combination to achieve the desired power rating
a
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und output voltage. The array cheracteristics can
be obtained by simple scaling of the typleal in-
dividunl call charpctoristic shown in Flg. L.

Eech curva is normalized in terms of open elreuit
voltago and short circult current to yleld a ain-
gle eurve which can be varied by the temperature
and insolation influence parameters. 1In the slmu-
lntion Etests the normalized solor array character-
istics were simuloted by o dicde function genor-
ator,

The PSC model is shown in Flg, 9, The feed-
back voltage (Ey) Ls £iltared by a 3 pole, 40 Hz
butterworth filter to remove the 120 Nz ripple and
compared to a roference voltage (Eppp » 0.8 Ep,f).
far o steady stote operating paint Ep,f - Eppe =0,
The ervor signal Lo £iltered to remove the higr
frequency nolse ond the outpuk drivas a
proportional-integral control to gencrate the in-
verter control voltoge,

the inverter cen be considered conceptunlly
to be an ideal power conversion deviea, that is,
losses are shown downstreom of the dc to ac con-
version, In this concept the de power in equals
the a¢ power out,. In Fig, 10, the power inverter
is shown as a four terminal devies, togather with
the input Eilter, the output f£ilter, and the uti-
14ty interfdace. 1In this dlaaram Ep 1is the solar
array terminal voltage, E is from the PSC,
Ep the internally gnncrnccﬂ invertexr voltage,

8" is the internal phasc control, and Ej 18 the
utility line voltage reference, oo

Relatlonships batween the inverter voltage,

the utility line voltage, and the filter imped-

POWER SYSTEM CONTROLLER BLOCK DIAGRAM
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ance 15 shown 1in Fig, 1l. From n controls view,
the major porsmeters ot any point In &ime are
coneidered to be In »p eleetrical steady state
tondition point in a contrel loop transient, In
Fig. 11, the line voltage Epy is made the ref-
eronce vector of an infinite bus (not effected by
load perturbations), Epny 18 the internally gen-
erated Inverter voltage, and Eyy 1is the voltage
drop across the filter reactor §%A  E1), The
filtar reactor ls treated as an idecal reactance
(L.e.,, no rnslstancc)

The phaser diagrom in 1ll(a) depicts a gtoeady
state velationship, whoroin the injoctod line cure
rent is in phase with the ubllity volenge. The
mognitude of the current is set by the angle 8
(torque angle referred to in conventional alter-
notor/utility bus analyscs) and the value of the
filter reactance X, The phosor diagram 1l(b}
shows a snapehot of relations during a transient
control state resulting from an inercase in line
voltage, I is shown at on angle @ wlth the
utility voltage at a value required to satisfy the
phasor diogram requirements,

Inverter control is accomplished by dual func-
tfons, Initinlly the E control begins to adjust
the mognitude of the voltage vector Epy (Byy) to
obtain the desired current. The phase contrul con-
tinuously posicions the vector by varying 8 to
bring the line current in phase with the line volt-
oage. The controls stabilize at an operating point
where the current requirement is et and thot cux-
rent 1s in phasc with the line voltage,

Linear Analysis

Inicially, a linear analysis was conducted to
investigate the basic stability of the system,
Results of tlie Bode Analysis indicated marginal
stability at high power lovels amd potentinl ine
stability at low power levels, with open loep gains
which appear probable. Further analysis of the
tmpact of system nonlinearities was decmed desir-
able,

Nonlineax Anolysis

Several experiments were simulated on the hy-
brid onmalog computer to evaluate:

(1) System stability at different power levels

{2) Transient performance

{3) Systam efficiencles

e 4 e e e e e he—— T
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Steady State Stabflity

To exomine the system stability ot differenc
insolation lovels ond to slmulate system opora-
tions, o worst cose cloud cover transient axperi-
ment was conducted, Systcm pavameters wero get ot
Eyy = 340 v (poak), Eppp = 0.8 Egpy FSC gain of 5,
nnJ a PT sotting of IV/V-SEC.

Insolution levels wore deercased at o constont
rate feom the 100 to 6,5 nW/em? in 5 saconds; held
at 6.5 for 6 sccondn, then incrcased at constant
rate te 100 nM/em2, ‘The locus of eperating pointe
obtained from tests incorporating initial slmple
nonlinear models are shown in Fig. 12,

Teats were subseguently conducted using the

VARIABLE INSOLATION EXPERIMENT
SLOW TRANSIENT: CLOUD COVER

QUTER DATA LOCUS » 0.5 sec TIME PERIOD
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0 miviem?
100
0=
15
SOLAR  30p—
c?]%lmr 5.0 sees,
T
10—
s )
0 0 160 - 240 320
SOLAR ARRAY VOLTAGE ¢ 781893
Flgure 12,
C Q_UD TRANSIENT TESTH
It
DT
EGONTR . 6. 25 V F. Sa
UL
HINHH T
Icos@ =125 AES,
A
LRI ]
Pg = 30 kW PEAX F.5,
e Rl
sin®=1,25F85, C4e TH-1H9R

Flgure 13,

IR

more complox luverter model, Lncorporating both the
phase lock loop (PLYL) and the curveng amplltude
control cireultry.

Time vecords are shown for selected parenotors
tn Fig, 13, Overnll system operatlon is stable for
almost the cntive cransicnt, A limit cycle {s ob-
scrved in the invertor phasc control gt the lower
Insolacton levels (less than 20 nW/cm?).

The onset of limit cycling is aspociated with
tha rolotive values of the two voltage phasors,

Ep and By, From Fly. 11(a}, in the simulstion
mbdal of tha ugilicy/fmpedonce interface, B 4
{=Eqp) must olwoys be lorger than Epy for a valid
steady state Iy caleulabion, From calgulated
values of Ep and B for the 20 nit/cm? insola-
tlon level, the diffarence betwoen the two plasors
is 0.72 volts, This ls a difference of only 0.18%.
Practically, the harvdware used to implement tha
nonlihcar slmulntion cartot resolve this differ-
engé.

Conceptupliy, *nis eon be modeled as a dead-
zonc nonlinearity .n the system, Thorefora, abil-
iry to set imjecter] powor s impnired, « power lm-
balance L8 incurrpd, and leocalized 1imlt cycling
results, Similar rasults may be oncountared in
actual system operations, although via a different
routa, In the actunl system phase lock is maln-
toined through remolution of the phose differences
between the line cuxvent and the line valtage,
whan the Line current approaches zexo, the phose
comparator output can respond to line nolse rather
than valid sigpals, Tt is anticipated thac this
copdition may be encountered at powsr levels of
about 5%,

Transient Response Stobility

The tropslent response of the PPS to changes
in the commonded referenee polnt and to changes in
the utility line voltage were simulated, Respouse
to reference polnt step changes define dynamic re-
sponse bimes of the system., System responge to
utiiity line voltage Fluctuations is porticularly
important since this Ls typilcally the most severe
operating constraint on utility mode eperation
gubsequent to the Initial sssumption of power when

conneeted to the utility,

Tescs Were conducted tp determine syghem re-
sponae to changes of £10% in Eppp Ffor insolation
tevels of 100, 33, 14, and 6,5 mi/emd, Selected
dota from the 100 mW/cm? test are shown in Fig. 14,
As the result of a +10% change in  Eggp, ECONTR

seilla-

. shown a negative step followed by dampad o

tions at approximotely a 2 Uz raote. The {nverter
input current Jp  shows a deereased value, The
selar arvay output voltape Ep rises to meet the
new target value conmonded by Eppp.

Sclected data from the 6,5 nd/em? test are
shown Iin Fip. 15, As a result of a +10% chaonge in
Eptr: Bcontr O881n takes a negative gtep, fol-
lowed by domped oseillations. Ip is already at
n very low value, and is in a condition of limit
cycling due to aforementioped model limitatiens,
Even 80, Ip does decrease, bringing shout an in-
erease in Ep as commanded by the Eppp.

Tests were copducted to determine system re-
gponse Lo changes of utllity line voltages of 10%.

‘These were done a8 in the aboye tests for the in-

solations rongo:> of 100 md/em* to 6.5 i/ emé
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Figure 14,

ECONTR TRANSIENT TEST
INSOLATION = 6.5 mWicm?
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Flgure 15,

Selected data from the 100 mW/em® teata are
shown in Fig. 16, _ _

When the line voltage 18 stepped up 10%, the
line current immediately jumps to a lead angle to
Eulfill tha phaser requirements shown in Fig. 11(b)
The change in angle ¢ is reflected in the sin @
perturbation shown in Fip, 16{d). The inverter

- phase control immediately tries to bring the cur-
rent back to zero reactive by rotating the vector
Ey back toward E, a5 indicated by the change in

LINE VOLTAGE TRANSIENT TEST

ML
y AT T :
ECONTR *6,25V F.5.

sng+«125FS,

11
<!

[i14

Ip=C0AFS Cy-78-1905

Flgure 16,

sin 8 _ function. Ip
plied by the input capacikor) and rhen decreases
in response to the smaller load current set by the
decreaged torque angle &, Ultimately, the inver-
ter internal voltage E, 1increases to restore
steady gtate conditions with the injected line
current 4t zero phase angle,

Similar tests were conducted at the lower in-
solation levels with stable results, However as
before, at the low inseclation levels the system
exhibited limit cycles due to the model limita-
tions. .
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SUMMARY

The atmulation tests confirmed tha baslc nys-
tem stabilily, Good fmmunity to transicnts in
both the utility line and the toarget refarenco
voltagos waz demonstrated, Howaver, odcillations
in the injected utility line power and selar array
voltoge were encouniered at low fnsolation lovels.
In the gimulation the limkt eyeling was attributed
to modal Limitations, llowvever, similar cycling
may Lo encountered in the actunl system ag tha
result of almilar hardware limitntions,

Results show that the fnverter/controller
dosign will ennble the PP5 to be oparxated at the
maximums power capability of the solar array, 'The
gain parameters in both the inverter and the PSC
vere datermined and these valups apocified in tha
havdware boing manufactured,
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