Sequentially Controlled Distributed Solar-Arr ay Power
System with Maximum Power Tracking"

Kasemsan Siri
The AerospaceCorporation
2350East El Segurdo Boulevard, M/S: M4-179
El Segundo, CA 90245
(310 336-2931
kasemsan.siri@a&0.0rg

Abstract - Presented herein is the sequentialy controlled
distributed solar-array power system with maximum power
tracking (MPT). The power system controller sequentially
adivates sifficient solar-array sourced dc-dc converter
power-processng channels, of which paralleled-outputs
supply power to a ommon load. A “shared-bus’ current-
sharing method utilizing distributed MPT control is
employed to regulate parallel-conneded current-mode
converters dedicated to ead power channel. Among the
adivated solar-array power channels, the most recently
adivated channel provides output bus voltage regulation
whil e the previously adivated channels are operated in MPT
mode. The remaining inadive power channels consume
negligible power resulting in lower component temperatures
and improved overal longterm system reliability. Through
modeling and simulation of a threechannel MPT power
system, the sequentially controlled architedure and control
concept is validated.

1. INTRODUCTION

Conventional satellite power systems employ linea-shurt
regulators that are terminated acosstheir distributed solar-
array sources as a means to regulate system bus voltage.
For tiff bus voltage regulation within an operating load
range, a number of linea-shurt devices are turned-off to
fully enable the respedive solar-array currents to charge the
output bus voltage and load circuit. At the same time, other
linea-shurt devices are turned-on to completely shurt their
respedive aray currents from the output bus while other
shurt devices are linealy controlled to partially shurt some
of their respedive aray currents. Partial and/or complete
shurting of the aray current to the power return path results
in higher devicetemperatures leading to satellit e heaing.

By adding a tapped terminal to ead array source ad
pladngits respedive shurt device between the tapped and
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power return terminals, the shurt-device voltage a well as
device thermal stressis further reduced. However, thermal
stress remains dgnificant and will continue to degrade
spacecaft reliability. These solar-array channels may have
a dedicated number of shurt devices that are sequentially
turned of as load demand increases. The solar-array
channels that belong to the partially turned-on and
completely turned-off shurt devices supply sufficient flow
of power to reguate the bus voltage and fulfill |oad
demand. To ensure sufficient bus voltage nea end-of-life
(EOL), the regulated hus voltage is usually set significantly
below beginning-of-life (BOL) ped-power voltage for eat
solar-array channel, resulting in poar utili zaion of avail able
power from the adivated solar-array channels.

Presented herein is a highly efficient power and control
architedure amploying distributed dc-dc converters, which
sequentialy regulate power flows from independent solar-
array sources to a cmmon load. Stiff bus voltage regulation
is obtained by tightly controlli ng the most recently adivated
dc-dc oonverter power-processng channel while kegping the
previously adivated power-processng channels in MPT
mode. The remaining inadive dc-dc oonverter power-
processng channels are turned off or operated in stand-by
mode, resulting in lower satellite thermal stress levels.

Since nealy al adivated power-processng channels are
operated in MPT mode, maximum solar-array utili zation
results, and the MPT-controlled solar-array sources operate
with significantly lower thermal stresslevels, slowing down
the rate of array degradation. When compared to
conventional linea-shurt regulator architedures, the
sequentialy controlled converter architedure offers sveral
advantages. Firdt, it allows 25% more adievable power
throughput over the designated life of the spacecaft with
typicd 33% array degradation at EOL. Seoond, it permits a
reduction in array cable mass due to elimination of array-
tapped terminals. Third, it is capable of delivering Hgher
power during short-term pesk load demand espedally at
BOL, thereby, minimizing or eliminating supplementary



power from stand-by batteries during insolation. Fourth, it
ensures maximal utilization of degraded array sources at
EOL since the system control inherently maximizes
available power transferred from all array sources, thereby,
minimizing uili zation of and providing the best maintenance
for the stand-by batteries. Finally, it fadlit ates reductions in
overall power system weight since the highly efficient dc-dc
converter power-processng channels require less thermal
management hardware.

The MPT control continually tradks array pesk power.
Previoudly developed MPT approaches have rarely achieved
stability in both amplitude and frequency of the oscill atory
array voltage ripple that varies sgnificantly due to changes
in load and/or environmental conditions. They can lose their
peak-power tracing ability and lock up in a “trapped” state
far from the aray pe&k power point. The distributed MPT
control approach [2], [13] ensures dability of the aray
voltage dc and ac @mponents. By employing synchronized
dither signal injedion into any pair of distributed MPT
controllers, system output voltage ripple can be further
reduced. Prior to development of the sequentially controlled
power system, the cncept of distributed MPT control was
vali dated with a two-channel independently sourced 1500W
MPT power system.

2. FUNDAMENTALS OF ARRAY VOLTAGE
REGULATION WITH MAXIMUM POWER TRACKING

Power conversion from solar array sources [1-8] requires a
more robust power system design than that for power
systems with stiff voltage sources due to risks of array
voltage ollapse during peak load demand o due to severe
changes in the aray charaderistics. For example, a robust
power conversion system nust perform optimally for load
demand above the aray pe&k power, low solar flux,
incompl ete solar-array deployment, and array-pointing angle
that is unexpededly off the sun diredion. Array voltage
regulation [10] is a robust method o preventing woltage
collapse sinceit regulates the aray voltage to the voltage set
point when load demand exceelds array pesk power. To
adhieve nea-optimum end-of-life (EOL) performance the
array voltage set point remains fixed nea or at the aray
voltage mrresponding to array pesk power at EOL. During
periods of low solar flux or severe degradation of the aray
charaderistics, the damped array voltage enables reliable
power transfer to the load without requiring unrecessary
power drain from the standby batteries to fulfill 1oad
demand. In this case, a maximum power tradking (MPT)
approach continuoudly clamps the aray voltage & a level
corresponding to array peak power.

A basic single-channel power system with solar-array voltage
reguation and MPT control is dwown in Figue 1. The
system consists of a solar-array source current-mode

converter power stage with a built-in line-filter, load, input
bus gabili zer, output bus gabili zer, output voltage regulation
control circuit, array voltage regulation control circuit, and
MPT control circuit. The airrent-mode nverter power
stage is generaly a mnventional Pulse-Width Modulation
(PWM) controlled dc-dc converter, which can be buck (step-
down), buck-boast (step-down or step-up), or a boacst circuit
topdogy. Thelinefilter provides a means for smocthing the
input current drawn from the solar array. This holds the
array current close to its geady dc value with such a small
switching ripple that the solar array operating point is
considered to be nealy quiescent in steady state.
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Figure 1. MPT Current-Mode Converter Power System
under Array Voltage Regulation Control Mode

Circuit

During typicd operating conditions, the power system
functions in output voltage regulation (OVR) mode, which is
when the solar array voltage is above the damping set point
corresponding to Vs. Parallel-conneded dc-dc converters
are usualy operated in OVR mode when system load
demand is less than array pe& power. On the aray I-V
charaderistic aurve, OVR mode usualy moves the aray
operating point to the right side of the aray pes&k power
point where the aray source behaves smilar to a voltage
source of low internal impedance. As load increases, the
solar array operating point moves to the left along the aray
|-V charaderistic urtil it reades the maximum power point.
Without MPT control, when load current is greaer than
array maximum power, the aray |-V operating point will
move to the left of the maximum power point, and the system
output voltage will | ose regulation. Without proper control,
the aray voltage can collapse toward zero when load
demand is above aray maximum power, particularly when
supplying a onstant-power type of load.

A dominant fegure of the MPT approad is the anployment
of a dither signal superimposed on the updated set point,
which provides controllability of the amplitude and
frequency of the aray voltage ripple with resped to the
amplitude and freguency of the dither signal. Using dither
to perturb the MPT control loop, the power system can



operate properly without a trapped state. In contrast, other
MPT approaches, without dither signal injedion, experience
two major difficulties. One is a trapped state in which the
array voltage undesirably settles far from the pedk power
point. The other problemisthat the operating amplitude and
frequency of the aray voltage ripple aound the pe&k power
point may be load-dependent. The power input port of the
paraleled dc-dc converter modules requires a bus gabili zer
(BS) terminated aaossthe solar-array source but located as
close to the system input as posshble to damp out ac eergy,
thus ensuring system stability during maximum power
tradking. Processng the two feedbad signals for their rates
of change, a smple logic drcuit is used to generate the
control signal regulating the converter modules through the
shared bus (SB). If the system has only a few paralleled
converters and the aray voltage damp error amplifier has
sufficient current sinking cgpability, the SB pin and parall el
pin (PP can be tied together, and PNP transistor Q can be
removed. Otherwise, SB and PP pins are interfacal by
transistor Q that provides a distributed current sink to its
respedive voltage-error amplifier within ead converter.
When transistor Q becomes adive during MPT mode of
operation, the driving impedance acoss the PP and return
terminals is reduced compared to operation without the
transistor, resultingin more dfedive noise atenuation.

When properly applied, MPT control can prevent array
voltage mllapse during excessve load demand. One proper
approach is to operate the system in solar-array voltage
regulation mode where the aray voltage is clamped to a pre-
determined set point that is dynamicdly updated by the
MPT control circuit. Figure 2 illustrates s$mulated
converter-input |-V trgjedory transitions, overlaid with array
I-V charaderistics during MPT control. To validate the
MPT control concept in this dmulation, the aray
charaderistics experience transiti ons due to changes in solar
flux between full-sun and half-sun. The ntrol processes
two feadbad signals: the rate of change in array power and
the rate of change in array voltage.
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Figure 2. Simulated Converter-Input |-V Tragjedories,
during MPT Control

Eventually, the mntinuously updated set point will fluctuate
around a voltage orresponding to array peek power.
Referring to Figure 1, bus gabilizer (BS1) is properly
designed [10] to achieve asmall array voltage ripple with
reliable stability during stealy-state, step-line or step-load
conditi ons.

3. SEQUENTIALLY CONTROLLED DISTRIBUTED
SOLAR-ARRAY POWER SYSTEM

Figure 3 depicts the N-channel distributed solar-array power
and control architedure that provides both stiff output
voltage regulation and maximum power tracking. Dedicaed
current-mode dc-dc converters control up to N solar-array
sources, which are sequentially adivated to transfer power
to the regulated bus and load circuit. Average-current
controllers and/or its MPT circuit drive the dc-dc converters
through an included “shared bus’ (SB) control pin. For the
most recently adivated converter channel, its average-
current controller operates in the linea region to tightly
regulate its respedive aray current which, in turn, provides
stiff output voltage regulation (Vo) while the respedive
MPT control circuit has no controlling effed.
Simultaneously, the previously adivated MPT-controlled
converter channels clamp the aray voltage to its
corresponding pedk-power voltage while the respedive
average-current controller is over-driven, thus providing ro
controlling effed. The outermost control loop is designed
for output voltage regulation (OVR) whereby the eror
amplifier provides error voltage Vo as the main driving
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Figure 3. N-Channel Distributed Solar-Array Power System

signa for sequentially commanding all of the average-
current controllers. Prior to distribution of the eror voltage
Ve to the individual average-current controllers, equally
stepped dc offset voltages are superimposed on Ve to
produce eually deaeasing ladder error signals Veri, Ver, -
. . Very, Which become the aurrent set point command
voltage to the average-current controllers. Each stepped dc
offset voltage, Vos/(N-1), is dightly smaller than the linea
control range of ead average-current controller, such that



overlap is minimized between two linealy controlled array
currents individually regulated by two adjacent power
channels. Accordingly, the solar-array sources and their
respedive @nverter channels are sequentialy adivated in
order starting with channel #1 . . . up to #N depending on the
conditi ons of the load and array sources.

4. SYSTEM MODELING AND SIMULATION RESULTS

To validate the sequentially controlled power and control
architedure shown in Figure 3, a threechannel distributed
solar-array power system as $own in Figure 4 was modeled
and simulated. Each solar-array source has an open-circuit
voltage of 60 V; short-circuit current of 13 A; and produce
600W pedk power at 50V. Each power-processng channel
is pe&k-current-programmed consisting of multiple airrent-
mode @nverter modules conneded in paralel. Each MPT
controller consists of a solar-array peg-power voltage
tracker and voltage-regulation error-amplifier. The peék-
power voltage tradker senses the respedive solar-array
voltage and current, cdculates instantaneous array power,
and uses the sampled array voltage and power signals to
update its output voltage to track array pesk-power voltage
[13]. Consequently, the pe&k-power tradker provides an
array-voltage command set point signal that feeds the solar-
array voltage-reguation error amplifier. Whenever the
sensed array voltage drops to o below the aray-voltage
command set point, the aray voltage-regulation amplifier
will quickly pull down the respedive “shared-bus’ control
voltage Vent, Vene, Or Vens, through its respedive pull-
down diode to clamp the aray voltage to a level
corresponding to the command set paint voltage. Through
proper dither signal injedion [13], [14], the command set
point voltage acarately tradks the orresponding array
pe&k-power voltage with negligible dither ripple.

Figure 4. ThreeChannel Distributed Solar-Array Power
System with Regulated 28V Bus

Figures 5 and 6 provide fundamental simulation results from
the threechannel power system operating in solar array
average-current regulation mode without MPT or OVR. By
forcing error signal Vers to increase linealy from zero volts,
the simulated response of the solar array currents and
voltages were extraded to verify the fundamental robustness
of the solar-array average-current control mode. Therefore,
solar-array voltages Vsai, Vsa, and Ve are not diredly
controllable & the power system is commanded to
sequentially absorb array currents lsai, lsaz, and lsag from
zero to nea short-circuit values.

Next, the OVR error amplifier and solar-array voltage
regulation (SVR) amplifier were alded to the system model
without MPT to vali date proper transitions between OVR and
SVR modes of operation. Simulation results for this interim
setup reveded smoaoth and stable transiti ons between the two
voltage regulation modes. When any or al of the power
channels operate in the SVR mode, the system clamps array
voltages to approximately 50 V as commanded by the aray-
voltage set point signal, which corresponds to peak-power
voltage. As load current |, deaeases, the system restores
output voltage regulation (Vout = 28 V) as one or more of the
array voltages rise &ove the dampinglevel (50V).

Theredter, a ntrol configuration consisting of the
complete MPT controller was implemented without OVR
mode. Figwes 7 and 8 dmonstrate the simulated

configuration where V3 isforced to linealy increase to test
the dfedivenessof MPT operation. Note that all solar-array
voltages have an ac dither voltage superimposed on its dc
operating point, signifying MPT mode of operation around
50V of array voltage.

Figure 5. Basic Response of Average-Current Loops



Figure 6. Basic Response without MPT Control

Figure 7. System Response & Ver3 Ramps Up

Figure 8. Response of Array Voltages and Currents

Finally, the cmplete system controller, including average-
current, array-voltage, and output voltage regulation, with
maximum-power array voltage tradking, was implemented.

Figure 9 ill ustrates the response of output voltage (Vout),
solar-array voltages (Vsai1, V2, and Vg3), and solar-array
currents (lsa, ls2, and lsws). The plots reved robustly stable
steady-state and transitional operation in both OVR and
MPT modes. The two upper plots in Figure 10 show the
5kHz sample-and-hold sensed array voltage and power
signals while the lowest plot reveds the resultant set point
voltage.

5. SIMPLIFICATION OF CONTROL DESIGN AND
STABILITY GUIDELINES

For a system composed of at least three power channels
utili zing matched solar-array sources, it may be more @st-
effedive to have only two MPT controll ers dedicated to the
first two adivated power channels. Therefore, the other
power channels can contain streamlined controllers that
share the higher array-voltage set point seleded from the
first two MPT controllers, thus providing unform solar-
array voltage damping for subsequent power channels. Asa
result, the streamlined controllers for channel #3 and above
do not nedl to include aray ped&-power voltage tradker
circuits but instead accept the higher array-voltage set point
as a common command excluding the ac dither signal.

Figure 9. Complete System Controller response including
Average-Current Regulation, Array-Voltage
Clamping, Output-V oltage Regulation, and MPT

Figure 10. Sampled Array Voltage and Power Signals Used
for Generating the Array Voltage Command Set
Point

In this manner, the system can achieve dmost zero array
ripple voltages at the dither signal frequency, resulting in a
significant reduction of array voltage ripple belonging to the
most recently adivated pover channel that usually regulates
the output voltage. Furthermore, out-of-phase dither signal
injedion into the first two respedive MPT controllers [14]
can be implemented leading to array-current ripple
cancdlation. This results in lower ripple airent being



generated by the first two adivated power channels, leading
to further reductions in array voltage ripple belonging to the
most recently adivated power channel. Furthermore, eadt
MPT controller employs the well-validated MPT approach
with proper dither-signal injedion as previously published in
[13], [14].

Some simple guidelines help the system design acieve
robust stability. First, solar-array voltage regulation control
is used as the basic control loop d operation for MPT with
adequate bandwidth of control-loop response and sufficient
stability margin. Seoond, the MPT control circuit updates the
Voltage Commanding Set Point (VCSP) dowly and
smoothly when compared to the speed of the aray voltage
regulation control loop. Finaly, a small but sufficient low
frequency dither signal is superimposed on the VCSP to
ensure reliable and predictable procesing of the MPT
algorithm. To achieve stability during MPT operation, the
array-voltage regulation loop gain (unity gain bandwidth)
crosover frequency must be sufficient. Next, the resonant
frequency [10] of the high-Q, L-C circuit at the converter
input must be sufficiently greaer than the cntrol loop
crossover frequency so that instability due to its pe&king
effed is not present. This eliminates multiple aossover
frequencies around such a resonant frequency. However, if
the resonant frequency is designed to be in the vicinity above
the loop gain crosover frequency, instability due to
resonance pe&king effed is very likely. An additional ac
damping circuit (BS1 in Figure 1) acossthe cnverter input
is neaded to damp out the resonance peaing effed.

6. EXPERIMENTAL PROTOTY PE FOR DISTRIBUTED
MPT POWER Sy STEM

Before the sequentialy controlled MPT was conceived, a
two-channel MPT converter power system as down in
Figure 11 was constructed to demonstrate distributed MPT
control without sequential power channel adivation.
Acoording to the system block diagram shown in Figure 11,
a two-channel independently sourced MPT power system
prototype nsists of two power boards and two respedive
MPT control boards without the stand-by battery and its
charger. The prototype was developed to validate the
dithered MPT and current-sharing approach [1], [2], [11],
and [12]. Each power board consists of three 250-W
paraleled converters. The mnverters are @mmercial-off-
the-shelf (COTS) products with an available input voltage
range of 36-72 V and autput ratings of 28V @ 9 A. Each
converter is provided with a PP pin. As wown in Figure 1,
PNP transistor Q is included, with the emitter and collector
terminals physicdly conneded to PPand the cnverter input
return terminals, respedively while @ntrol termina SB is
conneded to the base of the transistor.

Figure 11. N-Channel MPT Paralleled Power System

On eat MPT control board shown in Figure 12, the MPT
control circuit was implemented separately from the power
board. Included on the MPT control board is the solar-array
voltage-clamp error amplifier, analog and logic control
circuit, analog multiplier and scder circuit, and a 250-Hz
dither signal generator. Throughits conneded IDC cable, the
solar-array current-sense and voltage signals are inputs, and
SB signal output. Figure 13 shows a singe power-channel
configuration consisting of one power board and one MPT
control board. Figure 14 depicts the setup of a two-

Figure 12. Prototype of the MPT Control Board

Figure 13. One Power Channel of MPT Power System



Figure 14. Setup of Two-Channel Power System Prototype

channel power system prototype. Shown in Figure 15 is
array voltage and powver waveforms reveding that the
frequency of the power signal is twice the frequency of the
array voltage ripple signal. Figure 16 exhibits array voltage,
output voltage ripple, and load current steady-state response
when both power channels operate in MPT mode without
dither-signal synchronization. Power channels #1 and #2
reved pesk power voltages of 55V and 50V, respedively.
Figure 17 ill ustrates array voltage, output voltage ripple, and
load current response when both power channels operate in
output voltage regulation mode indicating a much smaller
output voltage ripple of 43 mV pe&k-to-pe&k on the 285
VDC regulated output voltage. Similarly, Figure 18 reveds
285 VDC output voltage regulation response when power
channel #1 operates in MPT mode, and power channel #2
operates in OVR mode. Figures 19 and 20 show repetitive
step load response & 5 Hz and 2 kHz from the same setup
that produced the result shown in Figure 18. The step
response plots siow well-regulated dc and ac array voltage
components despite output-voltage turbulence.

Figure 15. Extraded Array Voltage and Power Signals from
their Operating Maximum Power Points

Figure 16. Two Power Channels Operatingin MPT Mode

Figure 17. Two Power Channels Operatingin OVR Mode

Figure 18 One Channel in MPT and the Other in OVR



Figure 19. Repetitive Load Response & 5 Hz

Figure 20. Repetitive Load Response & 2 kHz

Figure 21ill ustrates nealy 100% tradking efficiency from 50-
W to 600W array pesk-power. Due to deteriorated signal-
to-noise ratio for the feedbadk signals used for MPT at lower
operating power, traking efficiency drops sgnificantly at
array pek power levels below 50W.

Figure 21. Tradking Efficiency as a Function of Array Power
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7. CONCLUSION

An experimental two-channel MPT power system prototype,
developed for solar-array-based power systems was
succesdully tested for a system configuration consisting of
multiple parallel-conneded dc-dc oconverters fed by two
independent power sources. Because satisfadory
performance was achieved from the previous MPT power
system prototype, the same MPT scheme is applied to the
sequentially controlled distributed solar-array power system.

Theredter, the novel sequentialy controlled multiple-
channel MPT power system was successully validated
through computer simulation for a system configuration
consisting of multiple parallel-conneded dc-dc converters
fed by three independent power sources. Simulation results
obtained from the sequentially controlled MPT scheme and
system architedure reved satisfadory performance in both
OVR and MPT modes of operation. Regardless of step
changes in array charaderistics and load conditions, the
developed MPT controller continues to tradk array pesk
power with reliable stability. The shared-bus current-
sharing approach was adopted for use in the sequentially
controlled MPT power system. The @mbined current
sharing and MPT approach reveds greaer applicaion
flexibility with COTS converters. Furthermore, simple
paraleling of current-mode dc-dc converters with a shared
bus all ows reproducible system performance, nealy uniform
current-sharing, and stiff voltage regulation.

The MPT Power System has numerous patential commercial
and space plicaions. It can be gplied as an intermediate
step in the supply of power to the 50/60-Hz utility grid for
reducing observed average axd pegk-power demand. The
MPT power and control system can also provide ameans to
maximize the traveling distance of eledric vehicles or
spacecaft equipped with eledric propulsion systems, can
maximize data rate and signal-to-noiseratio of microwave or
RF communication links, and maximize battery life in
remote-area fadlities sich as telecommunicdion relay
stations. Particularly, the sequentialy controlled MPT
system significantly reduces power system thermal stress
and helps to sow down solar array degradation when
operatingin MPT mode.
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