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Abstract - Presented herein is the sequentially controlled
distributed solar-array power system with maximum power
tracking (MPT).  The power system controller sequentially
activates suff icient solar-array sourced dc-dc converter
power-processing channels, of which paralleled-outputs
supply power to a common load. A “shared-bus” current-
sharing method utili zing distributed MPT control is
employed to regulate parallel-connected current-mode
converters dedicated to each power channel. Among the
activated solar-array power channels, the most recently
activated channel provides output bus voltage regulation
while the previously activated channels are operated in MPT
mode.  The remaining inactive power channels consume
negligible power resulting in lower component temperatures
and improved overall l ong-term system reliabilit y. Through
modeling and simulation of a three-channel MPT power
system, the sequentially controlled architecture and control
concept is validated.

1. INTRODUCTION

Conventional satellit e power systems employ linear-shunt
regulators that are terminated across their distributed solar-
array sources as a means to regulate system bus voltage. 
For stiff bus voltage regulation within an operating load
range, a number of linear-shunt devices are turned-off to
fully enable the respective solar-array currents to charge the
output bus voltage and load circuit. At the same time, other
linear-shunt devices are turned-on to completely shunt their
respective array currents from the output bus while other
shunt devices are linearly controlled to partially shunt some
of their respective array currents.  Partial and/or complete
shunting of the array current to the power return path results
in higher device temperatures leading to satellit e heating.

By adding a tapped terminal to each array source and
placing its respective shunt device between the tapped and

power return terminals, the shunt-device voltage as well as
device thermal stress is further reduced.  However, thermal
stress remains significant and will continue to degrade
spacecraft reliabilit y. These solar-array channels may have
a dedicated number of shunt devices that are sequentially
turned off as load demand increases. The solar-array
channels that belong to the partially turned-on and
completely turned-off shunt devices supply suff icient flow
of power to regulate the bus voltage and fulfill l oad
demand.  To ensure suff icient bus voltage near end-of-li fe
(EOL), the regulated bus voltage is usually set significantly
below beginning-of-li fe (BOL) peak-power voltage for each
solar-array channel, resulting in poor utili zation of available
power from the activated solar-array channels.

Presented herein is a highly eff icient power and control
architecture employing distributed dc-dc converters, which
sequentially regulate power flows from independent solar-
array sources to a common load. Stiff bus voltage regulation
is obtained by tightly controlli ng the most recently activated
dc-dc converter power-processing channel while keeping the
previously activated power-processing channels in MPT
mode. The remaining inactive dc-dc converter power-
processing channels are turned off or operated in stand-by
mode, resulting in lower satellit e thermal stress levels. 
Since nearly all activated power-processing channels are
operated in MPT mode, maximum solar-array utili zation
results, and the MPT-controlled solar-array sources operate
with significantly lower thermal stress levels, slowing down
the rate of array degradation.  When compared to
conventional li near-shunt regulator architectures, the
sequentially controlled converter architecture offers several
advantages. First, it allows 25% more achievable power
throughput over the designated li fe of the spacecraft with
typical 33% array degradation at EOL. Second, it permits a
reduction in array cable mass due to elimination of array-
tapped terminals. Third, it is capable of delivering higher
power during short-term peak load demand especially at
BOL, thereby, minimizing or eliminating supplementary
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power from stand-by batteries during insolation. Fourth, it
ensures maximal utili zation of degraded array sources at
EOL since the system control inherently maximizes
available power transferred from all array sources, thereby,
minimizing utili zation of and providing the best maintenance
for the stand-by batteries. Finally, it facilit ates reductions in
overall power system weight since the highly eff icient dc-dc
converter power-processing channels require less thermal
management hardware.

The MPT control continually tracks array peak power. 
Previously developed MPT approaches have rarely achieved
stabilit y in both amplitude and frequency of the oscill atory
array voltage ripple that varies significantly due to changes
in load and/or environmental conditions.  They can lose their
peak-power tracking abilit y and lock up in a “ trapped” state
far from the array peak power point.  The distributed MPT
control approach [2], [13] ensures stabilit y of the array
voltage dc and ac components.  By employing synchronized
dither signal injection 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 concept of distributed MPT control was
validated with a two-channel independently sourced 1500-W
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 collapse during peak load demand or due to severe
changes in the array characteristics.  For example, a robust
power conversion system must perform optimally for load
demand above the array peak power, low solar flux,
incomplete solar-array deployment, and array-pointing angle
that is unexpectedly off the sun direction.  Array voltage
regulation [10] is a robust method of preventing voltage
collapse since it regulates the array voltage to the voltage set
point when load demand exceeds array peak power. To
achieve near-optimum end-of-li fe (EOL) performance, the
array voltage set point remains fixed near or at the array
voltage corresponding to array peak power at EOL.  During
periods of low solar flux or severe degradation of the array
characteristics, the clamped array voltage enables reliable
power transfer to the load without requiring unnecessary
power drain from the standby batteries to fulfill l oad
demand.  In this case, a maximum power tracking (MPT)
approach continuously clamps the array voltage at a level
corresponding to array peak power.

A basic single-channel power system with solar-array voltage
regulation and MPT control is shown in Figure 1. The
system consists of a solar-array source, current-mode

converter power stage with a built -in line-filter, load, input
bus stabili zer, output bus stabili zer, output voltage regulation
control circuit, array voltage regulation control circuit, and
MPT control circuit.  The current-mode converter power
stage is generally a conventional Pulse-Width Modulation
(PWM) controlled dc-dc converter, which can be buck (step-
down), buck-boost (step-down or step-up), or a boost circuit
topology.  The line-filter provides a means for smoothing the
input current drawn from the solar array.  This holds the
array current close to its steady dc value with such a small
switching ripple that the solar array operating point is
considered to be nearly quiescent in steady state.

Figure 1.  MPT Current-Mode Converter Power System
   under Array Voltage Regulation Control Mode

During typical operating conditions, the power system
functions in output voltage regulation (OVR) mode, which is
when the solar array voltage is above the clamping set point
corresponding to VSP.  Parallel-connected dc-dc converters
are usually operated in OVR mode when system load
demand is less than array peak power.  On the array I-V
characteristic curve, OVR mode usually moves the array
operating point to the right side of the array peak power
point where the array source behaves similar to a voltage
source of low internal impedance.  As load increases, the
solar array operating point moves to the left along the array
I-V characteristic until it  reaches the maximum power point.
Without MPT control, when load current is greater than
array maximum power, the array I-V operating point will
move to the left of the maximum power point, and the system
output voltage will l ose regulation.  Without proper control,
the array voltage can collapse toward zero when load
demand is above array maximum power, particularly when
supplying a constant-power type of load.

A dominant feature of the MPT approach is the employment
of a dither signal superimposed on the updated set point,
which provides controllabilit y of the amplitude and
frequency of the array voltage ripple with respect to the
amplitude and frequency of the dither signal.  Using dither
to perturb the MPT control loop, the power system can
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operate properly without a trapped state.   In contrast, other
MPT approaches, without dither signal injection, experience
two major diff iculties.  One is a trapped state in which the
array voltage undesirably settles far from the peak power
point.  The other problem is that the operating amplitude and
frequency of the array voltage ripple around the peak power
point may be load-dependent.  The power input port of the
paralleled dc-dc converter modules requires a bus stabili zer
(BS) terminated across the solar-array source but located as
close to the system input as possible to damp out ac energy,
thus ensuring system stabilit y during maximum power
tracking.  Processing the two feedback signals for their rates
of change, a simple logic circuit 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 array voltage clamp error ampli fier has
suff icient current sinking capabilit y, the SB pin and parallel
pin (PP) can be tied together, and PNP transistor Q can be
removed.  Otherwise, SB and PP pins are interfaced by
transistor Q that provides a distributed current sink to its
respective voltage-error ampli fier within each converter. 
When transistor Q becomes active during MPT mode of
operation, the driving impedance across the PP and return
terminals is reduced compared to operation without the
transistor, resulting in more effective noise attenuation.

When properly applied, MPT control can prevent array
voltage collapse during excessive load demand. One proper
approach is to operate the system in solar-array voltage
regulation mode where the array voltage is clamped to a pre-
determined set point that is dynamically updated by the
MPT control circuit. Figure 2 ill ustrates simulated
converter-input I-V trajectory transitions, overlaid with array
I-V characteristics during MPT control. To validate the
MPT control concept in this simulation, the array
characteristics experience transitions due to changes in solar
flux between full -sun and half-sun. The control processes
two feedback signals: the rate of change in array power and
the rate of change in array voltage.

Figure 2.  Simulated Converter-Input I-V Trajectories,
   during MPT Control

Eventually, the continuously updated set point will fluctuate
around a voltage corresponding to array peak power. 
Referring to Figure 1, bus stabili zer (BS1) is properly
designed [10] to achieve a small array voltage ripple with
reliable stabilit y during steady-state, step-line or step-load
conditions.

3. SEQUENTIALLY CONTROLLED DISTRIBUTED

SOLAR-ARRAY POWER SYSTEM

Figure 3 depicts the N-channel distributed solar-array power
and control architecture that provides both stiff output
voltage regulation and maximum power tracking.  Dedicated
current-mode dc-dc converters control up to N solar-array
sources, which are sequentially activated 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 activated converter channel, its average-
current controller operates in the linear region to tightly
regulate its respective array current which, in turn, provides
stiff output voltage regulation (Vo) while the respective
MPT control circuit has no controlli ng effect.
Simultaneously, the previously activated MPT-controlled
converter channels clamp the array voltage to its
corresponding peak-power voltage while the respective
average-current controller is over-driven, thus providing no
controlli ng effect. The outermost control loop is designed
for output voltage regulation (OVR) whereby the error
ampli fier provides error voltage Voe as the main driving

Figure 3. N-Channel Distributed Solar-Array Power System

signal for sequentially commanding all of the average-
current controllers. Prior to distribution of the error voltage
Voe to the individual average-current controllers, equally
stepped dc offset voltages are superimposed on Voe to
produce equally decreasing ladder error signals VER1, VER2, .
. . VERN, which become the current set point command
voltage to the average-current controllers. Each stepped dc
offset voltage, VOS /(N-1), is slightly smaller than the linear
control range of each average-current controller, such that
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overlap is minimized between two linearly controlled array
currents individually regulated by two adjacent power
channels. Accordingly, the solar-array sources and their
respective converter channels are sequentially activated in
order starting with channel #1 . . . up to #N depending on the
conditions of the load and array sources.

4. SYSTEM MODELING AND SIMULATION RESULTS

To validate the sequentially controlled power and control
architecture shown in Figure 3, a three-channel distributed
solar-array power system as shown 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
600 W peak power at 50 V.  Each power-processing channel
is peak-current-programmed consisting of multiple current-
mode converter modules connected in parallel.  Each MPT
controller consists of a solar-array peak-power voltage
tracker and voltage-regulation error-ampli fier.  The peak-
power voltage tracker senses the respective solar-array
voltage and current, calculates instantaneous array power,
and uses the sampled array voltage and power signals to
update its output voltage to track array peak-power voltage
[13].  Consequently, the peak-power tracker provides an
array-voltage command set point signal that feeds the solar-
array voltage-regulation error ampli fier.  Whenever the
sensed array voltage drops to or below the array-voltage
command set point, the array voltage-regulation ampli fier
will quickly pull down the respective “shared-bus” control
voltage VCN1, VCN2, or VCN3, through its respective pull -
down diode to clamp the array voltage to a level
corresponding to the command set point voltage.  Through
proper dither signal injection [13], [14], the command set
point voltage accurately tracks the corresponding array
peak-power voltage with negligible dither ripple.

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

Figures 5 and 6 provide fundamental simulation results from
the three-channel power system operating in solar array
average-current regulation mode without MPT or OVR.  By
forcing error signal VER3 to increase linearly from zero volts,
the simulated response of the solar array currents and
voltages were extracted to verify the fundamental robustness
of the solar-array average-current control mode. Therefore,
solar-array voltages VSA1, VSA2, and VSA3 are not directly
controllable as the power system is commanded to
sequentially absorb array currents ISA1, ISA2, and ISA3 from
zero to near short-circuit values.

Next, the OVR error ampli fier and solar-array voltage
regulation (SVR) ampli fier were added to the system model
without MPT to validate proper transitions between OVR and
SVR modes of operation.  Simulation results for this interim
setup revealed smooth and stable transitions between the two
voltage regulation modes.  When any or all of the power
channels operate in the SVR mode, the system clamps array
voltages to approximately 50 V as commanded by the array-
voltage set point signal, which corresponds to peak-power
voltage.  As load current Iout decreases, the system restores
output voltage regulation (Vout = 28 V) as one or more of the
array voltages rise above the clamping level (50 V).

Thereafter, a control configuration consisting of the
complete MPT controller was implemented without OVR
mode.  Figures 7 and 8 demonstrate the simulated
configuration where Ver3 is forced to linearly increase to test
the effectiveness of 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
50 V of array voltage.

Figure 5. Basic Response of Average-Current Loops
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Figure 6. Basic Response without MPT Control

Figure 7. System Response as Ver3 Ramps Up

Figure 8. Response of Array Voltages and Currents

Finally, the complete system controller, including average-
current, array-voltage, and output voltage regulation, with
maximum-power array voltage tracking, was implemented. 
Figure 9 ill ustrates the response of output voltage (Vout),
solar-array voltages (Vsa1, Vsa2, and Vsa3), and solar-array
currents (Isa1, Isa2, and Isa3). The plots reveal 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 reveals 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 cost-
effective to have only two MPT controllers dedicated to the
first two activated power channels. Therefore, the other
power channels can contain streamlined controllers that
share the higher array-voltage set point selected from the
first two MPT controllers, thus providing uniform solar-
array voltage clamping for subsequent power channels.  As a
result, the streamlined controllers for channel #3 and above
do not need to include array peak-power voltage tracker
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-Voltage 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 almost zero array
ripple voltages at the dither signal frequency, resulting in a
significant reduction of array voltage ripple belonging to the
most recently activated power channel that usually regulates
the output voltage. Furthermore, out-of-phase dither signal
injection into the first two respective MPT controllers [14]
can be implemented leading to array-current ripple
cancellation. This results in lower ripple current being
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generated by the first two activated power channels, leading
to further reductions in array voltage ripple belonging to the
most recently activated power channel. Furthermore, each
MPT controller employs the well -validated MPT approach
with proper dither-signal injection as previously published in
[13], [14].

Some simple guidelines help the system design achieve
robust stabilit y. First, solar-array voltage regulation control
is used as the basic control loop of operation for MPT with
adequate bandwidth of control-loop response and suff icient
stabilit y margin. Second, the MPT control circuit updates the
Voltage Commanding Set Point (VCSP) slowly and
smoothly when compared to the speed of the array voltage
regulation control loop. Finally, a small but suff icient low
frequency dither signal is superimposed on the VCSP to
ensure reliable and predictable processing of the MPT
algorithm. To achieve stabilit y during MPT operation, the
array-voltage regulation loop gain (unity gain bandwidth)
crossover frequency must be suff icient. Next, the resonant
frequency [10] of the high-Q, L-C circuit at the converter
input must be suff iciently greater than the control loop
crossover frequency so that instabilit y due to its peaking
effect is not present.  This eliminates multiple crossover
frequencies around such a resonant frequency.  However, if
the resonant frequency is designed to be in the vicinity above
the loop gain crossover frequency, instabilit y due to
resonance peaking effect is very likely.  An additional ac
damping circuit (BS1 in Figure 1) across the converter input
is needed to damp out the resonance peaking effect.

6. EXPERIMENTAL PROTOTYPE FOR DISTRIBUTED

MPT POWER SYSTEM

Before the sequentially controlled MPT was conceived, a
two-channel MPT converter power system as shown in
Figure 11 was constructed to demonstrate distributed MPT
control without sequential power channel activation.
According to the system block diagram shown in Figure 11,
a two-channel independently sourced MPT power system
prototype consists of two power boards and two respective
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
paralleled converters.  The converters are commercial-off-
the-shelf (COTS) products with an available input voltage
range of 36-72 V and output ratings of 28 V @ 9 A. Each
converter is provided with a PP pin. As shown in Figure 1,
PNP transistor Q is included, with the emitter and collector
terminals physically connected to PP and the converter input
return terminals, respectively while control terminal SB is
connected to the base of the transistor.

Figure 11.  N-Channel MPT Paralleled Power System

On each 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 ampli fier, analog and logic control
circuit, analog multiplier and scaler circuit, and a 250-Hz
dither signal generator. Through its connected IDC cable, the
solar-array current-sense and voltage signals are inputs, and
SB signal output. Figure 13 shows a single 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
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Figure 14.  Setup of Two-Channel Power System Prototype

channel power system prototype.  Shown in Figure 15 is
array voltage and power waveforms revealing 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
reveal peak power voltages of 55 V and 50 V, respectively.
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 peak-to-peak on the 28.5
VDC regulated output voltage. Similarly, Figure 18 reveals
28.5 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 at 5 Hz and 2 kHz from the same setup
that produced the result shown in Figure 18. The step
response plots show well -regulated dc and ac array voltage
components despite output-voltage turbulence.

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

Figure 16. Two Power Channels Operating in MPT Mode

Figure 17. Two Power Channels Operating in OVR Mode

Figure 18.  One Channel in MPT and the Other in OVR
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Figure 19. Repetitive Load Response at 5 Hz

Figure 20. Repetitive Load Response at 2 kHz

Figure 21 ill ustrates nearly 100% tracking eff iciency from 50-
W to 600-W array peak-power.  Due to deteriorated signal-
to-noise ratio for the feedback signals used for MPT at lower
operating power, tracking eff iciency drops significantly at
array peak power levels below 50W.

Figure 21. Tracking Eff iciency as a Function of Array Power

7. CONCLUSION

An experimental two-channel MPT power system prototype,
developed for solar-array-based power systems was
successfully tested for a system configuration consisting of
multiple parallel-connected dc-dc converters fed by two
independent power sources. Because satisfactory
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.

Thereafter, the novel sequentially controlled multiple-
channel MPT power system was successfully validated
through computer simulation for a system configuration
consisting of multiple parallel-connected dc-dc converters
fed by three independent power sources. Simulation results
obtained from the sequentially controlled MPT scheme and
system architecture reveal satisfactory performance in both
OVR and MPT modes of operation. Regardless of step
changes in array characteristics and load conditions, the
developed MPT controller continues to track array peak
power with reliable stabilit y.  The shared-bus current-
sharing approach was adopted for use in the sequentially
controlled MPT power system. The combined current
sharing and MPT approach reveals greater application
flexibilit y with COTS converters. Furthermore, simple
paralleling of current-mode dc-dc converters with a shared
bus allows reproducible system performance, nearly uniform
current-sharing, and stiff voltage regulation.

The MPT Power System has numerous potential commercial
and space applications. It can be applied as an intermediate
step in the supply of power to the 50/60-Hz utilit y grid for
reducing observed average and peak-power demand. The
MPT power and control system can also provide a means to
maximize the traveling distance of electric vehicles or
spacecraft equipped with electric propulsion systems, can
maximize data rate and signal-to-noise ratio of microwave or
RF communication links, and maximize battery li fe in
remote-area faciliti es such as telecommunication relay
stations. Particularly, the sequentially controlled MPT
system significantly reduces power system thermal stress
and helps to slow down solar array degradation when
operating in MPT mode.
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