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ABSTRACT This work presents a single point failure free solar array regulator design for scientific deep
space exploration micro-satellites, where reliability and fault tolerance are critical design aspects. The
proposed regulator is composed by six independent dc/dc Buck converters controlled by a double control
loop, which can control both the battery end-of-charge voltage if the battery is fully charged, or the power
generated by the solar arrays otherwise. Besides, to optimize the extracted power, each phase has an analog
maximum power point tracker circuit. In addition, the regulator has a redundant over voltage protection
circuit that switches off the converters in case of battery overvoltage. Furthermore, this regulator is tolerant
to the failure of any component. This paper describes the electronic design of the regulator, including a
detailed system stability study, as well as the implementation of a 60W prototype and the tests that have
been carried out to validate the design. The main contributions of this paper are: A practical solution for a
solar array regulator for space applications is proposed; a detailed stability study is developed; a overvoltage
protection circuit is presented; a prototype has been implemented using commercial off-the-shelf (COTS)
components with space qualified equivalent versions; and extensive functional tests have been carried out
under different space representative conditions to validate fault tolerance and robustness.

INDEX TERMS Fault-tolerant regulator, maximum power point tracker (MPPT), microsatellite power
system, solar array regulator.

I. INTRODUCTION

In recent years, the use of small satellites, commonly known
as microsatellites, whose weight range is between 1 and
100 kg, has increased exponentially, causing a revolution in
the aerospace industry. The high success obtained by these
platforms is because they allow scientific, commercial, and
educational missions at a much lower cost than traditional
space missions [1]. In this context, and with the aim to explore
deep space and reach Near-Earth Objects (NEOs), small
satellites platforms with capability of performing orbital ren-
dezvous are nowadays being developed [2].
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One of the main systems that enables this kind of mission
is the Electrical Power System (EPS), whose mass is about
30% of the total dry mass of the satellite [3]. The EPS is
responsible for constantly supplying power to the rest of the
onboard systems, so if it fails, the satellite systems will be
seriously affected. This is the main reason why the EPS must
be highly reliable and, in most cases, tolerant to a single
failure [4], [5]. Two recent examples have been described
in [6] and [7]. In addition, some studies show that over 25%
of all CubeSats failures are the result of EPS failures [8] and
this mainly occurs during the four weeks after the launch,
thus, high reliable EPS designs are usually recommended.
As a result, most of the satellite EPS avoids the use of
programmable digital systems that are powered from the EPS
itself, as well as the use of Field Programmable Gate Arrays
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(FPGAs), which can be involuntarily reconfigured due to
Single Event Upsets (SEU) [9].

Within the EPS, this paper focuses on the Solar Array
Regulator (SAR), the subsystem responsible for extracting
power from the Solar Arrays (SAs) and supplying the battery
bus. SARs can be categorized into two main groups, Direct
Energy Transfer (DET) and Maximum Power Point Tracker
(MPPT). The operating principle of the DET systems consists
of dividing the solar array into individual sections. These
sections are connected sequentially to the main bus, each one
going from O to 100% duty cycle, prior to the connection
of the next one. This sequence is controlled as a function
of the load demand, with the result that, for a given load
condition, only one section is switching, and the others are in
a digital state (fully connected to the bus or short-circuited).
The efficiency of this converter is very high since only a part
of the power is processed by the switching semiconductors
and the rest of is connected to the bus through diodes. DET-
based SARs (S3R, S4R...) are very simple systems, and
are mainly found on Geostationary Orbit (GEO) telecom-
munication satellites due to its very high efficiency, very
low mass, simplicity, and high reliability [10]. The main
drawback of these systems is that the SA working point is
directly given by the bus voltage and as the SA current-
voltage (I-V) and power-voltage (P-V) curves depend on the
irradiance and temperature conditions, which usually vary
throughout the course of a space mission, this method is
not capable of optimizing the power extracted from the SA.
This problem can be solved using MPPT-based SARs [11].
These SARs use dc/dc converters, so they can modify the
SA operation point, allowing Maximum Power Point (MPP)
operation even if irradiance and temperature conditions
vary.

Regardless of whether a DET or MPPT SAR architecture
is used, the main dc power bus used can be regulated or
unregulated. In the case of unregulated dc power bus, a battery
is directly connected to it, while in the case of regulated bus,
a bank of capacitors forms the main bus and dc/dc converters
are used to charge and discharge the battery.

A comparison of MPPT-based EPS architectures for a 1U
CubeSat (10cm x 10cm x 10cm nanosatellite) has been car-
ried out in [12]. Different approaches were analyzed: series
MPPT, series MPPT with series Battery Charge Regulator
(BCR), series MPPT with series voltage regulator, series
MPPT with parallel voltage regulator, parallel MPPT with
series voltage regulator and sun-regulated dc-bus, concluding
that the simple approach, series MPPT-SAR and unregulated
bus has the highest reliability, the highest efficiency and
extends the battery life.

Regarding the dc/dc converters used as SARs, the sim-
plest structures offer the lowest number of components and
improved reliability. However, for very high step-up or step-
down conversion ratios, some limitations arise, and other
approaches are required [13]. Buck [14] and boost [15]
derived topologies are the most common, but also SEPIC [16]
and other advanced topologies can be found [17].
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This paper presents the design of a 60W MPPT-based SAR
devised to be used on a microsatellite intended for scientific
deep space exploration missions, being deep space one of the
harshest environments known. The proposed design adapts
the topology for high reliability solar array regulator pre-
sented in [18] following the European Space Agency (ESA)
guidelines.

The main contributions of this paper with respect to the pre-
vious work published [18] are as follows: A practical solution
for space applications is proposed; a detailed stability study is
presented for all conditions encountered in different mission
phases; a proposal for the overvoltage protection circuit is
presented; a prototype has been implemented using com-
mercial off-the-shelf (COTS) components but considering
that space qualified equivalent version is feasible; exten-
sive functional tests have been carried out under different
space representative conditions to validate fault tolerance and
robustness.

The rest of the paper is distributed as follows: section two
details the solar array regulator topology and the stability
study; section three presents the implementation of the pro-
totype and the test conditions, and section four shows the
experimental results. Finally, section five discusses the results
and summarizes the main conclusions.

Il. FAULT TOLERANT MICRO-SATELLITE SOLAR ARRAY
REGULATOR DESIGN

The proposed SAR is made up of six independent dc/dc
phases whose outputs are connected in parallel to the battery
bus where the rest of satellite loads are connected, see Fig. 1.
The main reason for using six phases is to take advantage of
the satellite’s form factor, which has two deployable panels,
each one divided into six SA strings.

Solar Array Regulator

Phase 1 =

OVP Switch Buck Converter [Pt
—

Majority Voter
ajority Vote 5V Linear
Regulator [ [Phasein

5V Power
Supply 1 @
5V Power

Batte
Supply 2 ’@ Busry
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Voltage

Monitor 1
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Error
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Voltage
Monitor 2
Over

Voltage
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FIGURE 1. Block diagram of the proposed SAR.

Synchronous buck is used as dc/dc converter. This topol-
ogy has been chosen due to the solar cell string and battery
string configurations. Further, synchronous buck converter is
widely known for its low part number required and simplicity.
Each dc/dc converter is supplied by two SA strings and
implements peak-current inner control loop. The outer loop
is a voltage loop that controls the input voltage, i.e., SA MPP
voltage, if the battery is not fully charged, or the output
voltage, i.e., battery End of Charge (EOC) voltage, otherwise.
Further, each phase has an independent analog MPPT circuit.

A redundant overvoltage battery circuit has been also
implemented. This protection disconnects the SA strings
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from the dc/dc converter if the battery voltage exceeds a pre-
set threshold. Moreover, hot redundancy, n+1, is considered
for SA and SAR, so that only five of the six phases are
necessary to provide the total power required by the satellite.
If one phase fails, this will be isolated, and the remaining five
phases will supply the satellite.

A. SYNCHRONOUS BUCK CONVERTER AND PWM
CONTROLLER

The synchronous buck converter is designed around the
LT3845 pulse width modulation (PWM) controller. This
PWM controller has a space-qualified equivalent, the
RH3845MK, already proposed for space applications [19].
Single Point Failure Free (SPFF) reverse current protection
is achieved by two series diodes connected at the output.
LT3485 internally performs peak current control and includes
anti-slope compensation circuit to eliminate the current limit
reduction associated to slope compensation at high duty
cycle. The output of the internal transconductance error
amplifier is configured to be externally manipulated by the
outer control loops. Reverse-current inhibit function is deac-
tivated avoiding discontinuous current mode operation and
pulse skipping at light loads.

B. MAXIMUM POWER POINT TRACKER
In conventional applications, MPPTs are implemented using
digital devices such as microcontrollers but in space ana-
log systems are preferable. This is due, among other
things, to the fact that space-qualified programmable dig-
ital devices are expensive, the power consumption is high
and besides can suffer of inadvertent reconfigurations due
to radiation-induced single event upsets (SEUs). That is the
reason because an analog oscillating MPPT circuit has been
selected because its simplicity and large heritage in space
applications [8], [20], [21], [22].

As represented in Fig. 2, the MPPT circuit has two sample-
and-hold (S&H) circuits, two voltage dividers circuits, two
comparators, a RS flip-flop and an integrator. As depicted in
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FIGURE 2. MPPT electrical diagram.
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FIGURE 3. MPPT operating principle.

Fig. 3, the MPPT circuit operation is as follows. The solar
array voltage (Vsa) and current (Isp) are sensed. The two
voltage dividers provide two outputs that are proportional (by
a factor Ky for the voltage and K for the current) to the solar
array voltage and current respectively. When the solar array
voltage (Vsa) decreases certain AV and reaches V| = Ky -
V3, the SET input of the RS flip-flop is activated, the current
sample and hold circuit S&Hj opens and retains a new limit
I =K - I; and the MPPT reference signal becomes positive.
Conversely, when Igs decreases certain Al and reaches the
limit I = Ky - Ij, the RESET input of the RS flip-flop is
activated, the MPPT reference signal becomes positive, and a
new limit V| = Ky - V3 is stored.

This process repeats continuously, producing a triangular
MPPT reference output signal that results from the integration
of the R-S flip-flop’s output. MPPT voltage ripple, i.e., P;
and P, locations, is adjusted by Ky and K and the MPPT
frequency by the integrator time constant.

C. FEEDBACK CONTROL LOOP DESIGN

The LT3485 controller performs peak-current mode control.
The voltage applied to the control pin, V¢, is proportional
to the output inductor peak current. Output inductor cur-
rent is measured with a shunt resistor (Ri) placed in series.
To achieve input voltage regulation (MPPT operation) or
output voltage regulation (EOC regulation), two outer error
amplifiers are used, as represented in Fig. 4. An OR-diode

Vi
Vsa DC/DC BATT
oA Buck Converter R L
i
<
RegT Re Measurement Reo RrBT2
LT3845 Vc Pin
__E\N Control _—L—_CO

RrBB1

FIGURE 4. Control system electrical diagram.
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circuit automatically selects the operation mode depending
on the battery voltage [23]. Using independent external error
amplifiers allows fine tuning of the Proportional and Integral
(PI) controllers. The internal transconductance error ampli-
fier is deactivated by pulling-up the feedback input, Vg, with
a 470k<2 resistor. Thus, the lowest control loop signal of the
outer error amplifier finally determines the output current of
the buck converter. If the battery is not fully charged, the
VEgoc error amplifier saturates and the MPPT error amplifier
sets the control signal.

As the voltage on the battery bus increases and approaches
the Vgoc, the VEoc error amplifier takes control to regulate
end of charge voltage. The Vgoc error amplifier will continue
controlling the converter until the battery voltage drops and
the MPPT error amplifier takes control again. The detailed
design of both control loops is shown below.

1) MPPT CONTROL LOOP

Fig. 5. shows the control loop diagram block that has been
obtained from the small-signal analysis of the input voltage
and peak-current controlled buck circuit shown in Fig. 6.

5 X(s) = Vsi/ip
1L YFBI A1 e
-1 Gaivi(s) €

FIGURE 5. MPPT control loop diagram block.

Array RegT1

RreB1

L MPPTRer Ry R, I

FIGURE 6. Buck and MPPT control loop simplified scheme.

The MPPT loop gain transfer function Ty(s) is given by
(1), where X(s), defined by (2), corresponds to the transfer
function that relates the current through the inductor (7L) with
the SA voltage (Vy,), Gaiv1 (3) is the input voltage sense gain,
GEa1(s) (4) is the error amplifier transfer function, and G;(s)
is the controller internal current loop transfer function, which
calculation is explained in detail in [24] and it is given by (5).
Further, G.;(s) depends on the control to duty cycle transfer
function Fm(s) (6), duty cycle to iL transfer function G;(s)
(7), the current sensing gain (Ri-Ki), and the inductor current
sampling and hold transfer function H,(s) (8). Vs corre-
sponds to the internal slope compensation ramp amplitude,
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and f5,, is the switching frequency.

Tvi (5) = X(s5) - Gaiv1 - GEa1(5) - Gei(s) 1
where:
i 1+s-Cn-R
X(S)=}L — DRy - +s5-Civ - Reiv
Vsa 1+5-Civ - (Rey + Rsa)
)
Vsa RrBB1
Giv) = — = 3)
Y VFBl  Rrpp1 + Repr1
VEBI 1 14+S-Ci-Ry
Geal () = % = . @
veomp  Ri-Cy S
Veomp
GCi (S) = )
iL
o 1
Ri-Ki 145 (VSE'fSW'L+g;;‘5‘gl§?s;VBATT)Ki~Ri)
©)
Fi(s) = ——— Lo ©6)
(Ri - a=mair ) 4 (Vg - f)
iL(s)  Dsa
Gii(§) = — = — @)
' dis) s-L
) S2
H,(s) =1- (8)

+
2 'fSW (7'[ 'fsw)z

Substituting (2), (3), (4) and (5) in (1), results in the loop gain
transfer function (9), Tv(s), used for design purposes. The
gain, K, of Ty (s) is given by (10), the frequencies of the two
zeros, fzea1 and fzy, are represented by (11) and (12), and the
frequencies of the two poles, fpy and fp.;, are described by
(13) and (14).

S S
(1 + 2-7-fZEA1 ) ’ (1 + 2'7'r~fzx)

Tvi(s) =K - )
S (U4 zmp) 0+ 2275)
where:
RrpBi 1 1
K1 =D Rsp - : e (10)
Rppp1 - Rrpr1 R1-Ci1 Ri-Ki
1
= A~ 5 11
SfzEA1 T a G R (1D
1
= -~ 5 12
Jox 2.7m-Civ-Reiy (12)
1
= (13)
s 2.7 Ciy - (Reiy + Rsa)
f L V]N - Ri -fsw
et = o Wk fow-L + (0.5 Vg — Vgarr) - Ki - Ril
(14)

A peak-current mode controlled buck converter powered by a
photovoltaic source can become unstable if the input voltage
is lower than the maximum power point voltage [25], [26].
Slope compensation of the peak current control can elimi-
nate such instability, but (15) must be met for all working
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conditions, where Ig¢ is the short-circuit current and Kp cor-
responds to the proportional gain of the PI type compensator.

—Isc (1 ~ Vstin
CIN - Vsa, Isc

2) VEOC CONTROL LOOP
The battery VEOC voltage control loop, shown in Fig. 7, has
been obtained from the small-signal analysis of the output

voltage and peak-current controlled buck circuit shown in
Fig. 8.

~Kp) >0 (15)

A% \ 2
22 G aia(s) ]«

lgart

Vsa L Vearr
5

FIGURE 8. Vggc mode control loop simplified scheme.

The Vgoc loop gain transfer function Ty(s) is defined
by (16), where Zp(s) (17) corresponds to open loop output
impedance, Gg;,2(s) (18) is the output voltage sense gain and
GEa2(s) (19) is the error amplifier transfer function.

Tvy (s) = Zo () - Gain2 (5) - GEa2 (5) - Gei (5) (16)

where:

A

Vo 1+S-Rco-Co
Zo () = == ~ Rparr -
ir 148 - (Rco + Rparr) - Co
)
Vsa RrBB2
Givy = —— = (18)
a VFB2  Rrpp> + Rppr2
VER2 1 14+85-Cr-Ry
G s) = = . 19
EA2 (8) Seomr o Ca S (19)

Substituting (17), (18), (19) and (5) into (16), results in
the loop gain transfer function (20) Ty»(s). The gain, K>,
of Ty,(s) is given by (21). The two zeros (fzga2 and fzour)
are located at frequencies (22) and (23), and the two poles
(frout and fpcj) are located at frequencies (24) and (25).

S S
U+ o) U+ 7m0

Tvo, =K> -
§- (1 + 2'773;170141‘) ’ (1 + Z-HAS-‘pr,-)

(20)
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where:
R 1
K> = Rparr - . e 21
Ry - Rrr2 R3-C2 Ri-Ki
1
= o~ 5 22
fzEA2 7GR (22)
1
= 5 23
Feou 2.-mw-Co-Rco (23)
1
= 24
Toou 2.7 - (Rco + Rparr) - Co @4
foei = ViN - Ri - fsw
P = [Vsg fow-L + (0.5 Vsa — Vgarr) - Ki - Ri]
(25)

D. OVER VOLTAGE PROTECTION
The main function of the Over Voltage Protection (OVP) sys-
tem is to prevent the battery overcharge in case of any failure.
First, three independent voltage monitors compare the battery
voltage with a preset reference, generating a high-level signal
atits output if the battery voltage is higher than the established
threshold and generating a low-level signal otherwise. The
output signals of these three voltage monitors are indepen-
dently connected to six majority-voters circuits [26], each of
them controlling one SAR phase. The majority-voter circuits
generate a signal equal to the median of their inputs. Thus,
if one of the voltage monitors provides a wrong value, this
signal is discarded, and the system makes the decisions based
on the two correct signals.

Finally, a P-type MOSFET, controlled by the output signal
of the majority voters, disconnects the SA source from the
buck converter. The diagram of this system is show in Fig. 9.

OVP Switch

Buck
Converter| ;
'

'
'

Battery 1
Bus i

'

'

+Majority
'] Voter
v

AAAA

FIGURE 9. Over voltage protection (OVP) system diagram.

Ill. IMPLEMENTATION AND TEST SETUP
An experimental 60W prototype has been implemented to
validate the proposed solar array regulator. This prototype has
been designed following the European Cooperation for Space
Standardization directives [28], [29], which are extensively
used in ESA projects. Fig. 10 and Fig. 11 show the proto-
type’s top and bottom sides respectively. Each subsystem is
highlighted in the pictures in a different color.

TABLE 1 includes the most critical components and man-
ufacturers for the system implementation, as well as the
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FIGURE 10. Top side of the implemented prototype. Error amplifiers, 5 v
linear regulators, majority voters and voltage monitors are shown.

FIGURE 11. Bottom side of the implemented prototype. MPPTs, buck

converters and overvoltage switches are shown.

TABLE 1. Prototype components.

Description Part Used Space Qualified
OVP Off MOSFET S12319DDS - VS STRH40P10 - STM
OVP Voltage Monitor TLV6703 - TI TL431 + LM311 - TL
Buck Controller LT3845- AD RH3845 - AD
Buck MOSFETs BSC032N04 - IT RH411 - AD
Buck Output Diodes DFLS130 - DI IN5819U - STM
NPN BIT Transistor 2N222 - STM 2N2222AHR - STM
Error Amp. Op. Amp. LTC6241 - AD RH1498 - AD
Error Amp. Diodes BAT54 - OS IN5819 - ST
MPPT Op. Amp. LMV341 - TI LMI124AQML-SP-TI
MPPT Comparators LMV761 - TL LMI111QLM-SP-TI
MPPT S&H Switch MC14066 - OS ADG201S - AD
MPPT flip-flop CD4013 - TI SN54HC74-SP-TI
MPPT Current Sens. INA193 - TI INA901-SP-TI

proposed space-grade qualified components for the flight

model.

IV. EXPERIMENTAL RESULTS

A test bench made up of a set of four programmable solar
array simulators (SAS), a power analyzer, a battery simulator,
an electronic load, an oscilloscope, a vector network analyzer,
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FIGURE 12. Test setup configuration.
TABLE 2. Prototype configuration.
Main Power System Value

Battery bus configuration
Battery bus voltage range

4S3P Saft MP174865 xlIr [31]
12.8-16.8 V

Rparr (EOL (End of Life), BOL 0.12Q,0.15Q

(Beginning of Life))

Minimum power-on voltage 585V

Solar array configuration 6 String 10S2P Azur Space
3G30C Advanced [32]

Rsa €q. (883 W/m?, 220 W/m?) 47Q,168Q

Over Voltage System Value

Maximum battery voltage 172V

Buck Converter Value

Controller data

Ve=60mV, K;=8.7

Switching frequency (fsw) 150 kHz

L 470 uH

Cin 30 uF

Co 44 uF

R; 50 mQ

Error Amplifiers Value

C, 100 nF

R, R, 3.9kQ, 15kQ
Rrgri 120 Q

C, 2.2nF

Rs;, Ry 4.7kQ, 10 kQ
Rrgr 43 kQ

Regna 11kQ

and a thermographic camera has been used for the experimen-

tal validation of the prototype, see Fig. 12.

TABLE 2 collects the most relevant parameters of the
implemented prototype. While the parameters corresponding
to the “Main Power System’ section are determined by
the satellite sizing for the proposed mission, the parameters
related to the buck converters and the error amplifiers have

been selected prioritizing the overall stability.
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Tests carried out on the prototype have been divided into
two groups. The first group includes four tests on a single
phase to verify: converter stability, MPPT operation, con-
trol loop transition (MPPT to Vgoc and vice versa), and
overvoltage protection. The second group focuses on multi-
phase operation. Further, different tests have been performed
simulating different irradiance and temperature conditions.

A. STABILITY MEASUREMENTS

Converter stability has been measured for two extreme con-
ditions. The first scenario considers the beginning-of-life
conditions being the microsatellite at 1.25 Astronomical
Units (AU) with an approximate irradiance around 883 W/m?
(Vmppr = 26.7 V, Imppr = 0.56 A). The other scenario
considers the end-of-life conditions, 2.5 AU and irradiance
around 220 W/m2 (Vuppr = 31.41 V, Iyppr = 0.146 A).
Besides, extreme battery voltages, 12.8 V and 16.8 V, are
considered.

Fig. 13 shows measured and theoretical, given by equation
(9), Bode diagram of the MPPT loop gain transfer function.
Crossover frequencies between 810 Hz and 1480 Hz are
obtained with phase margins larger than 88° in all cases,
as represented in TABLE 3.

=== 883 W/m?, Vbatt = 12.8V
=== 883 W/m?, Vbatt = 16.8V

N
o
7

o o = 220 W/m2, Vbatt = 12.8V
= =220 W/m?, Vbatt = 16.8V.
(© =
o -~

-20

40

102 10° 10
-45

-180

102 103 Frequency (Hz) 104

FIGURE 13. Bode diagram of the MPPT loop gain transfer function
(TV1(s) ). Continuous line corresponds to experimental results and
dashed line corresponds to theoretical results.

Fig. 14 depicts measured and theoretical, given by equation
(20), Bode diagram of the Vgoc loop gain. For this control
loop, as shown in TABLE 3, the crossover frequencies vary
between 899 Hz and 1176 Hz, and the phase margin is
greater than 84° in all cases. Similar and very robust stability
response is achieved in all cases.

B. MPPT MODE: START-UP

This test simulates the start-up of a single phase, from the
exit of an eclipse (darkness) to illumination conditions. At the
initial instant, the batteries are not fully charged, so the MPPT
error amplifier controls the converter. The Solar Array Sim-
ulators (SAS) has been configured to provide VMPP = 27V
and IMPP = (0.45A, which are the expected values at 1.25 AU.
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TABLE 3. Loop gain results.

Control loop - MPPT mode

Theoretical Measured
fc(Hz) ®m(®) fc(Hz) Pm(°)
883 W/m?, Vgarr =128V~ 859 85 1190 89
883 W/m?, Vparr = 16.8 V 1120 84 1480 90
220 W/m?, Vgarr = 128V 722 79 810 91
220 W/m?%, Vparr =168V 942 80 930 38
Control loop - VEOC mode
Theoretical Measured
fc(Hz) ®m(®) fc(Hz) Ddm(°)
883 W/m?, Batt at BOL 839 86 899 84
883 W/m?, Batt at EOL 1040 86 1105 84
220 W/m?, Batt at BOL 845 88 942 90
220 W/m?, Batt at EOL 1050 87 1176 87

, Gain (dB)
) S

N
o

10° 104

10° Frequency (Hz) 10*

FIGURE 14. Bode diagram of the loop gain at VEOC mode (TV2(s) ).
Continuous line corresponds to experimental results and dashed line
corresponds to theoretical results.

As it can be observed in Fig. 15, both the voltage and
the current are zero initially since there is not power avail-
able from the SAS. Once the SAS turns on, the MPPT
circuit forces the SAS to open-circuit operation point for
approximately 80 ms and then start oscillating around the
MPP properly. The oscillation frequency of the MPPT is
around 20 Hz.

C. MPPT MODE: TRACKING

This test is carried out to verify that the buck converter
follows the MPP when it varies over time. To perform the
test, the SAS has been programmed so that MPP varies
periodically from MPP1 = (27 V, 0.32 A) to MPP2 = (23 V,
0.42 A) in ten steps and 40 seconds. It should be noted that
the steps programmed are limited by the resolution of the SA
simulator. As shown in Fig. 16, the SAR input voltage (Vsa
in green) and the current (Isa in red) follows the programmed
MPPs all the time. Att = 12 s cycle starts at MPP1, and then
the MPPT circuit follows the MPP in each programmed step
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FIGURE 16. MPPT mode: tracking test. VSA (green) and ISA (red).

to reach MPP2 at t = 52 s. Then, the I-V curve moves from
MPP2 to MPP1 in ten steps during the following 40 seconds
and again the MPPT circuit follow the MPP during all the
time. The MPPT tracking accuracy was measured according
to the EN50530 [30] been higher than 97% in all cases.

D. MODE TRANSITION: FROM MPPT TO EOC AND OVER
VOLTAGE PROTECTION

This test shows the transition from the MPPT mode, per-
formed by input voltage regulation, to battery end of charge
control, achieved by output voltage regulation. The battery
simulator has been configured as a low-capacity battery with
an initial charge level of 95% to speed up the test. Fig. 17
shows that the converter starts in MPPT mode and battery
reaches Vgoc at t = 0 s. At this point, the EOC loop takes
over and SA voltage moves towards the open-circuit point
providing less and less power. Finally, a battery overcharge
fault is emulated (t = 0.8 s) and the OVP circuit isolates the
SA. The SA will remain disconnected until the battery voltage
drops below the preset limit.

E. MODE TRANSITION: FROM EOC TO MPPT.

MULTIPLE PHASES

This test emulates a high-power step load, e.g., propulsion
system turn-on, from a fully charged battery. The battery
simulator has been programmed with a very low capacity
to accelerate the test. As shown in fig. 18, four phases are
initially in output voltage regulation and a step load takes
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FIGURE 19. Efficiency results (n+1 hot redundancy): 5 and 6 phases.

place, increasing the duty cycle to the maximum, and forcing
the SA to operate close to Vgoc. Once the MPPT control loop
reacts, the SA moves towards the MPP and all phases provide
full power from independent MPPT circuits.

F. SOLAR ARRAY REGULATOR EFFICIENCY

To conclude, the whole efficiency of the SAR has been mea-
sured with six (n+1) and five (n) active phases. Efficiency
test have been performed with an input voltage of 26.7 V
(VMPPT at 1.25 AU) and with an output power sweep.
The efficiency has been obtained by dividing the converter
output power by the converter input power. Fig. 19 shows the
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FIGURE 20. SAR thermal capture.

efficiency results measured as a function of the SAR output
power and the battery voltage.

The results show that the highest efficiency obtained is
slightly less than 90% at full power, which is consistent with
the expected efficiency claimed in LT3845’s datasheet under
similar operating conditions.

The efficiency measurements have been complemented
with a thermal image shown in Fig. 20, taken at a controlled
ambient temperature of 24°C. Losses are mainly located
in the switching section, output diodes and shunt resistors.
Maximum temperature reached is less than 60 °C.

V. CONCLUSION

The design of a highly reliable and highly integrated MPPT
solar array regulator for microsatellites has been presented.
A fully functional (TRL4) prototype has been implemented
following the ESA standards and requirements, and its oper-
ation has been validated under different conditions covering
the whole operating range. The results show that the different
control loops operate properly, working the buck converters
on the MPP of the SAs when the batteries are not fully
charged and regulating the VEOC output voltage when they
are 100% charged.

N+1 hot redundancy scheme is considered, so that only
five of the six available converters are needed to provide
all the power required. As the battery is non-segregated and
a critical part of the power subsystem, a redundant (triple
majority voted) overvoltage protection circuit has been imple-
mented individually for all phases. As a result, the design
approach is tolerant to the failure of any of its components,
as required by many space missions, including deep space
missions. In a real mission, in addition, a reliability analysis
will be needed to assure the high reliability of the presented
design, but to perform this reliability analysis a detailed
information of the mission, satellite structure and working
conditions, printed circuit board layout and components used
will be needed.

Despite the low power and the redundancy and fault-
tolerant approach, the efficiency is close to 90% at full power,
which is very remarkable. Finally, special care has been taken
to provide a solution that accepts a fully space-qualified
version using equivalent rad-hard components.
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