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Abstract — This article describes the modeling,  switch T is open the SA provides power to the Idadugh

simulation, design and experimental results of a shunt
regulator used in the power control unit (PCU) for the
solar array of the ITASAT university satellite. The

the diode D. The switching frequency is controlleing the
ripple of the output voltage. This method is callegple
control [6][9]. Another possibility is to use a micontroller

Sequential Switching Shunt Series Regulator (S'R)
topology with a microcontroller is used and simulation
and experimental results are shown. The proposed
solution is evaluated as suitable for its purposes.

to command the switch T using pulse width modufatio
(PWM) with a fixed switching frequency.

Load

Keywords —Power Control Unit, Shunt Regulator,
Shunt Series Regulator, Direct Energy Transfer, Satellite
Power Supply.
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Fig. 1. Power control architectures: a) PPT, b) DET

b-DET

I. INTRODUCTION

The ITASAT university satellite has demanded resear

——
about several satellite subsystems, such as therpswpply | Switch Network :
unit. Several spacecraft power subsystem archiestwere | I~ ,
studied, with special attention to the specific pow | ? !
requirements of this mission [2]. Some of theseliregnents | |
are bus power and voltage, thermal control, rditgband | — o c R
availability of radiation hardened components. Eswthen 'p] | T | —T
decided to use solar energy by means of photoeo{RYV) |
conversion as the primary energy source. To achikag | : |
|

several PV cells have to be stacked to form a lagar
array (SA) and the array is divided into parall@caits
called strings. The SA will be assembled on theelbts
body.

However, the satellite will not be illuminated gile time,
so it is indispensable to store energy for eclipsd load
peak periods. A rechargeable battery will be usestdre the
energy provided by the solar array.

Fig. 2. A Switching Shunt Regulator without dissipatresistor.

The state-space averaging approach [3][4] was graglo
to model the SR. The control-to-output transferction, the
output and the input average voltage were obtaiaed
follows:

Vo(s) _ 1pRA+SCr¢) _

In photovoltaic-battery systems the two main power o =G, (s) (1)
control architectures are called Peak Power TrackitPT) d(s) 1+sC(R+r.) !
and Direct Energy Transfer (DET) [7][8].
Vo =1,RD 2
II. STUDY AND MODELING OF THE SHUNT
REGULATOR Ve = o Ry @-D)+D (VD +Hlprp +Vo) 3

Two unregulated power supply units are shown irufeg where:

1, with a battery directly connected to the bustHa PPT v, Output voltage perturbation, AC component,
architecture, shown in Figure 1a, a series reguiatplaced - - :
between the load and the SA. In the DET architectsinown Cd: 8'0de duty cy_cle perturbation, AC component,
in Figure 1b, the energy from the solar array iredly UtPUt capacn_or, . .
transferred to the load and a shunt regulator (&R) r.  Equivalent series resistance of the capacitor C,
connected in parallel with the SA. I, Solar array average current,

Figure 2 shows a switching shunt regulator without R Load,
dissipative resistor. When the switch T is closkd $olar V, Output average voltage, DC component,
array, Ip source, is short-circuited and the di@dprevents D Diode average duty cycle, DC component,

the load (RC circuit) to be also short-circuitedh&¥ the
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| Solar array short circuit current,

MATLAB/SIMULINK software and these results were

compared with the experimental results obtained in

Ron S\.NltCh on resistance, laboratory. Figure 4 shows the system block diaguaed to
Vp Diode forward voltage, )
. . model the current and voltage output feedback lpapsre:
r Diode forward resistance.
D Vk Reference for the output voltage,
e(s) Output voltage error,
The non-linear devices shown in Figure 3, Switch Hi  Current feedback gainR{on/Vo non)»

Network, were modeled to allow AC simulations usthg
SPICE software. The values between “< >" are treragyed
values for the switching period, d(t) is the diadigty cycle

and d'(t) is the switch T duty cycle, d'(t) = 1 M
! KVD\
4
1’14%—H' 3
lﬁ I
+ +
\2 % CEL V,
2e .
1 :i1(t)> —~ ro.d(t) b1 <ip(t)> \
+ Ron.d'(t) Vp.d(t) g ] +

<v(t)> <va(t)>

2 o
Fig. 3. Switch network model for the shunt regulato

The analysis of SR model (1) shows that the stealy
error (4) would be 50% if the loa&, was the nominal value
(Room and the solar array was supplying exactly its imain
Currentilpnom (Vo_nom: IpnomRnon’)-

V,

O_nom
+ 1

e =

SS

4)
VO_nom p'R

In this case, if output current feedback is addegure 4,
a new transfer function is obtained (6) and thedyestate

error becomes 0% (there is system pole at 0, agiator).

V. (S) ( )_ kn'Gvd (S) (5)
e( ) 1_kn'Sc'Hi'Gvd(S)
V VO nom p'Rnom
6.(9= |, RVy on{l+SCR:) ©

V + Cl_RVO nom+RCV )J
However, even with output current feedback, if sutar

array current is ndt,,.m the steady-state error (7) will not be

Zero (\/o_nom Z | p.Rnom).
e = VO_nom - p'Rnom (7)
'SS
VO_nom - p'Rnom + I p'R

Since the SA current and voltage values change with

temperature, life time, angle, radiation and distato the
sun [5], a controller for the switch T is neededaifzero
steady-state error is desired. A simple proportioaad
integral (PI) controller was used for that.

The SR models were simulated, without the PI cdlietro

S Current sensorl(R),
PWM gain, convert voltage into pulse width,
H, Voltage feedback gainl{Vo nom.

e sk

Gvd(s) >

Vo

Fig. 4. Block diagram of SR control loop.

Figures 5 and 6 show the block diagram used in the
SIMULINK software and the electrical schematic uded
the frequency-domain analysis in the SPICE softwale
parameters used werk;om = 0,47 A,C = 780 uF,R: = 65
mQ, R = Ryom=29,79Q andVgp nom= 14 V. A table with the
values of voltage and current obtained from solaaya
simulator was used to simulate the solar array.

Gud-ip(s)

0.001515+28.79

0.023285+1

|

PARAMETERS:
Ts =0.0001

Vfam

PER = {Ts] 0.0714

s}
PW = (‘r /100}

= TF (Ts/lUDU)
0 TR ={Ts/1000}

Segurador de Ordem Zero (ZOH)

Fig. 6. Electrical circuit for frequency-domain &rsis in SPICE.

Figure 7 shows the electrical circuit used to sateilthe
load step and other simulations $witched modeand to

and with nominal solar array current, using SPIQft a perform time-domain and DC analysis.
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K U N S SR | 3
h f - i =

N 3 T o) Atraso Devi do [ ]
Segurador de Ordem Zero (ZCH) M crocontr ol ador r 1 .

Fig. 7. Circuit forSwitched modsimulation in SPICE. D=0,5[ ]
I1l. EXPERIMENTAL AND SIMULATED RESULTS i : : 3
Bvin s Tv" 2 f.;'i.l‘il'.'; ’ '“'n“l' @ o...'f;'sl" e | ‘ ‘ N

The simulation results for the steady-state anslgéithe . .
SR with MATLAB and SPICE software and the Fig- 10. Experimental results faos + 0,21 A: duty cycle and output

experimental results are shown in Figures 8, 9Xnhibr the voltage.
same resistive load. The output voltage ripplehiswsr in ..., B
Figure 11. Every experiment was made using a sotay I R e Y
simulator (which has a similar static response ttesh SA), a /
MC68HC908GP32 Freescale microcontroller, a IRLZ24N ...,
mosfets and a UF5402 diode. In the next figurgssIthe
output current. \\ \
o [ ‘ ; ; ; : 1 1T | ~
e - AR
i b=0s ‘ I e
! R T
Vo O N O = S \‘*‘*-l ;
N GOUUNE NN NN 475 e SO S S preresefrrsstosrtro frrfrefrerreten :
L o D=05
ra l L nE
_ _ _ s) Fig. 11. Output voltage ripple.
Fig. 8. MATLAB simulation results ford = 0,22 A: duty cycle and
output voltage. The simulated and the experimental time respongbenf
=== output voltage for the full load step are showfigure 12.
L | spice
D=05 T =1
" .1 ‘— = s 3
Vo lglndér:volt;ge-= |
| 143 mV
Volw ' +
| [Vo 314V e i . E
P T Experimental Result ]
_____ E $Vo under-voltage = 162 mVE
Lo \\\—k\|\\k
t.(;) 1ons e Toms j
Fig. 9. SPICE simulation results fgy + 0,22 A: duty cycle and E
output voltage.

Fig. 12. Dynamic response for 100% load step.
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The simulated and the experimental time respongbeof 1 e
output voltage; are shown in .Figl_Jre 13. Tr_le values a Ip ®» g e— D,
similar, despite of the difficulties to simulate eth ! !

microcontroller and the switching delays. The ressshown

. . . . PWM,

in Figure 13 were obtained using half load. 4
T T T T T IpZ @D SZ P,
Vol : : E : Vo=14V;/ 2 1 PWM,
Rmnme:mms -

N N S O G Ip; @ 83[
: i MATLAB Simulation |
| . Results -

RS N———— s ® s,

microcontroller and PWM switching.

IMrrOX-4Z000VO0-Z

Another solution is the Sequential Switching ShBaties
Regulator ($R) topology, shown in figure 15. In the'rs
: topology the battery is not directly connected s kand
power is transferred to the battery through théesemodule
(switches §, and diode B,) [1][2].

.......

Jé
—l—|_|>|—_ Ses p M (Microcontroller)
D3 B3
I
[N S: /., —H ps)
oy PWM
Sg, 2 Db st
B4

Fig. 13. Simulated and experimental time respoase f =
the output voltage. D,

Ip,M® S, 1 ve T
_<_ IB T
IV. SEQUENTIAL SWITCHING SHUNT SERIES = Battery % *

REGULATOR (§R) Fig. 15. Sequential Switching Shunf Series Regul&tR)
proposed to be used at the ITASAT.

| L | z‘l TTrrrr[rros T LELIN B T TTT
|
|
| l 1 5 & Load 1
D BA =
| ® 1 Vol o
I = 4 PS|
7:r|'17:lr77 D|_ PWM,
i D,
i |P2@D S Sgz Dg,
! /,,v — PS,
: - CPU
|
|
|
Pt s

1

PWM,

A power unit with just one SR would not be pradtica

because it would not be reliable and would neeargel bus In the SR topology each SA section can independently

capacitance, C, in order to have a low output gelapple.  5r6yide power to the load, to the battery, to batfit can be
Figure 14 shows a practical solution, the Sequentiagport-circuited.

Switching Shunt Regulator {8) topology, where the SAis | the 4R topology the battery voltage must be lower than

divided into parallel sections and each section 8aSR | ;o voltage. Therefore, in the SA sections whighused to

which acts independent of the others. In this togpl some charge the battery, the switch,3s closed and the diode,D
sections are not needed when the current requirédebload ;¢ 1yj0cked allowing the current to flow to the teay.

and the battery is low. If these unneeded sectiares When the load requires more power than the capatity

connected to the bus, its voltage will be higheantithe 1o sojar panel, the battery is used to provideeuolw the
desired value. Therefore, the bus voltage is kegtlated by 554, | this case, a battery discharger regul(B@R) can

controlling the state of the switches,(S,,...) that connect be used to kee :

. / p the bus voltage regulated durintgriga
the SA sections to the bus. For the sections uretbelle  jischarge. If it is not necessary to keep the bokage
switches are closed, and they are short-circuitediner regulated, a diode can be used instead of a BDR(D

control of the bus voltage is achieved by switchjimgt one Figure 15). However, the bus voltage will vary actog to
of the sections using PWM. The remaining SA sestion,qo battery discharge cycle.

connected to the bus are not switched by PWM. énSR A simplified flow chart for the computation of thmilse
would be used a battery charger regulator (BCR). width and the number of SA sections is shown iruFégL6.
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The number of SA sections connected to the busfimet
by the division of the sumg[ of output voltage error after LPr = maxvalue
compensationu(k)) and the load currentg(,9 by the current
of one solar array section,f,). The fraction of the load Cones (o
current (,) provided for the section which will be mmoduated I
modulated and the output voltage error after corsgton v —
(U(k» defineS the pulse W|dth (LP) Command series

The number of SA sections connected to the batiady swiehes (Se:) oy mite

interrupt

the pulse width are computed using a recharge ithgothat

depends of the type of the battery used. The atlgorhas Bus PAM counter v
current, voltage and temperature of the battergotatrol the =Le PO
recharge. Then, it is verified if there are eno&ghsections. ] section
If the answer is affirmative, the SA sections whighl be 1

P . Enable end of the Battery PWM
used are selected and the remaining sections ayd- sh Bus pulse interrupt counter = LPar Battery P
circuited, the pulse width is then computed. If treswer is T counter = LP
negative, all available sections are selected #&edpiulse ]
width is computed to share the bus section thatadulated, LP; = LP + LPgyr
if its duty cycle is not one. > Contee ApeTor

PWM Calculus

Vaus No Vear No lear No
Converted? Converted?. Converted? . . g . .
\'"/ \/ \'"/ Fig. 17. Simplified flow chart of pulse width upéag.
Yes Yes Yes
Save lus and

o o Save Vous Save Vo save o Save T If a section is shared, when the bus pulse finishes
I 1 I 1 I series switch is closed and the SA section is otedeto
battery. When the battery pulse finishes, the siswritch is

closed so the section is short-circuited. Thersthées switch

leus
Converted?

Calculate error: Configure ADC for Configure ADC for Configure ADC for

(k) = Va- Vo laus laar temperature (Texr) Disable ADC

. y 1 is closed.
Compensator: Using Vear, lear
ku‘(:(i )=L2(ks (,‘::, Return and Jlj.":biarlz.;lane
1 Secnor:::: e End of the Bus End of the Battery
Pulse Interrupt Pulse Interrupt
Sum current:
S = ulk) + lous All available available:
sections to Battery sections?
Open series Close series
Yes . l switch (Sgx) of the switch (Sgy) of the
o NosectiontoBus —»  LP=0 shared section shared section
No Rty bt ) )
Yes section to Bus [—» wit =
0 Hlsectonto® HPinp= setn l‘ " l Disable this Disable this
No coction yith Bus if Caleuate puise interrupt interrupt
possible
Divide S by
nominal current of
a section (Ipnom)
L
Result + 1 = Bus
5“"1"“") Fig. 18. End of pulse interrupts.
Calculate current
::f.ﬂ%i!?:; The experiments results of the next figures weraiobd
1 using IRF9Z34N mosfets and UF5402 diodes in théeser
omerer module (8x and D). Also, the battery was replaced by a
. ’ resistive load or by a constant-current load ineordo
comrt vatags provide a better evaluation of théRSoperation. Figure 19
et shows the experimental load step response in teelbuhis
d figure the load varies from 1% to 100%, approxirat€he
output voltage is 14 V and the output current faf foad is

Fig. 16. Simplified flow chart to compute the pulslth and the 2.82 A, divided in 6 SA sections of 0.47 A each .ohe
number of SA sections for the bus and for the batte figure 19 the waveforms are:

(1) The bus output voltage;

(2) The battery voltage: there was a load, 400 mA,

connected to the bus instead of the battery. All SA

sections were used by the load bus, then no powsr w

supplied to the battery and therefore its voltags wero.

(3) The bus output current: it varies from 28 mA282

A. In the waveform shown there is an offset of 208

Figure 17 shows the beginning of the pulse intdrrlipe
switches are commanded and the PWM counters a@geghd
If a section is shared: a) all others sectionscaremected to
the bus or to the battery; b) the battery PWM ceurns
updated with the pulse width used for the bus;he bus
PWM counter takes the sum of bus and battery pusebd)
the end of the pulse interrupts are enabled.

494



Home
90 Congresso Brasileiro de Eletronica de Poténcia - 9th Brazilian Power Electronics Conference

approximately caused by a measurement error irestirr modulated to charge the battery (it is not moddlatethis
sensor. case).

_||||]||||]||[|||||T|||||||_||||l||||]||}||]|||||||| IIIIJIIII]IIEIIIIITIIIIII_IIIIlIIII]II‘II]IIIIII||

g \Qteryl Voltage = 13,2V 15 : : : )

‘Bus Voltage = 14 V:

Battery Voltage *

]IIII

[
I
||||[|||
||||l||||l||||]|||

[

[

-
-
g

IIIIIIIIIIII

||||i||||l||||]|

* Bus Current = 2,82 A
' Offset=02A

Battery Current = 1,7 A
Offset=02A .

]IIII]IIIIl
]IIII]IIIIlIII

"""""""""""" Ulbat 1V 10ms Battery Current .
2)Vbat 2 V 10 ms Battery Voltage
3)Vbes 5 ¥V 10ms Bus Volkage

TR N N I I A A A

""""""" 1)Wbus.5 ¥V 10msBusVolage .
2)Vbat 5 V 10 ms Baterry Voltage

B . . . 3)Ibus 4 ¥ 10 ms Bus Current
I A A A

N S N N N N NS RN NN

Fig. 19. Load step, full load, in the bus. Fig. 21. Load step in the battery module.
Figure 20 ShOWS the |0ad Step response to aSO%mf _IIII]IIIIJII[II|IIIII| I:III_-IIIIlIIII]II}Illlllllllll
full load. In this case the battery voltage was r&rto since Aol e i wm:ﬁw
not all sections are needed by the load. The bupubu | - | - &dmses] Do g M SRS

current varies from 28 mA to 1.41 A, approximately.

_||||]||||]||[|| ||T|||||||_||||l||||J||}||]|||||||||_

ERES r e

Battery Voltage =13V -

IIII[IIII[IIII]

||||i||||l||||]|

Eehdsme b S Elheslan dneenills b st
attery Pulse|" » 1 * - .

II]IIIIlIIII

e OMSEAD2A :Serles_SW|tch:1-Lor?nal}d_

b

T 1cst2v 100us

. : T 2jcmst2 v 1000s 4 -
T 3jcsed v 100u

R NS WA N R R ||||;f||||ﬁ||||l|||||||||

Fig. 22. Shared section commands.

TrrrrrrrT

]IIII]IIII

"""""""" 1) Vbus 5V 10msBusVoltage .
5 5 . . Z)Vbat 5V 10 ms Battery Voltage
~ 3) Ibus- 500 mV 40 ms Bus Gurrent

I T T A A A I

Fig. 20. Load step, half load, in the bus.

V. CONCLUSION

From the simulations and experimental results its wa
possible to validate the models used and conclbde the

Figure 21 shows the waveforms when the battery iS'R topology is a viable and efficient solution to eed in
replaced by a load and there is a step in this. |8é&ar the the ITASAT.
step, there were not enough sections to providesptwthe The greatest advantage dRStopology is the elimination
load which replaced the battery. Therefore theaggtfor Of BCR that in general is heavy and has lower ifficy. In
this load dropped, but it did not reach zero beeaasne SA this topology the battery is recharged by solaaysections
sections were available. Since the bus has higheritg, its ~ Without the need of a DC-DC converter.
voltage did not vary. In Figure 21 the battery entris the Another important advantage is that tt#&RSopology is
waveform 1. modular and therefore can be used in a wide poeege
The shared section commands are shown in Figure 2geeping high efficiency and without the need ofsidarable
Waveform 1 shows the pulse command of the shurtckwi changes.
of section 1 (the sum of bus and battery pulsesjvafiorm 2 The use of microcontroller is also a great advantaghis
shows the pulse command of the series switch afose¢, topology since it allows a more “intelligent” anéexible
after bus pulse section 1 is connected to the fyatte control solution.

Waveform 3 shows shunt command of the section wtreat The proposed solution allows efficient control dfet
battery charge and the bus regulation independently
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although the bus has higher priority and can liimi battery
charge. It was possible to obtain steady-stater e and
satisfactory dynamic response without using complex
circuitry or a complicated algorithm.
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