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ABSTRACT output voltage is constant and the input voltage is variable
. . Conventional converter models generally found in the-liter
The control of the input voltage of DC-DC converters is freature are not applicable to this situation. Converters with

quently required in photovoltaic applications. In thissipé input voltage control are seldom studied and this paper aims
situation, unlike conventional converters, the outputa@é o clarify this subject.

is constant and the input voltage is controlled. This paper
deals with the analysis and the control of the buck convertdihe literature on electronic converters for PV systems is ex
with constant output voltage and variable input. tremely wide. Depending on the characteristics of the PV
system (input and output voltage levels, rated power, ne-
KEYWORDS: Converter, buck, control, photovoltaic, PV.  cessity of electrical isolation, etc) a number of converter
topologies may be used. Along the past years many au-
RESUMO thors have proposed many different converters for PV ap-
plications. Some examples may be found in (Mocci and
O controle da tens&o de entrada de conversores DC-DCT@ési, 1989; Kjaer et al., 2002; Calais et al., 2002; Mar-
freqientemente necessario em aplicacdes com energia fos, 2005; Blaabjerg, 2006; Lai et al., 2008). Although the
tovoltaica. Nesta situagdo especial, diferentemente @o gliterature on this subject is enormous, it lacks informatio
ocorre com conversores convencionais, a tensdo de saidabéut the control of the input voltage of converters. Althlou
constante e a tenséo de entrada é variavel. Este artigo vethia situation is quite common in PV applications, where
sobre a analise e o controle do convelaak com tensdo de the condition of the PV array is adjusted to meet a desired

saida constante e tensdo de entrada variavel. power flow (generally the maximum available instantaneous
power), in most of works little or no attention is given to the

PALAVRAS-CHAVE : Conversor, controle, fotovoltaico. control of the converter.

1 INTRODUCTION Converters with constant output voltage are not new. Buck,

boost and other topologies have been employed in PV ap-

The control of the input voltage of DC-DC converters is frePlications wher_e the input is contro_lled instead of the out-
quently required in photovoltaic (PV) applications. This p put. (Koutroulis et al., 2001; Martins et :_jtl., 2004; Salas
per analyzes the step-down buck converter fed by a PV arrd}, & 20022) In most of works power tracking methods and

In this special situation, unlike conventional convertgng  Other subjects regarding the PV system control are studied,
but little attention is given to the converter. A PV system

Artigo submetido em 03/09/2007 is generally composed.of several blocks, such as a maxi-
la. Revisdo em 28/12/2007 mum power point tracking (MPPT) algorithm, voltage and
2a. Reviséo em 10/10/2008 current control loops, and a converter or set of cascaded

Aceito sob recomendacgé&o do Editor Associado

converters. References (Koutroulis et al., 2001; Martins
Prof. Enes Gongalves Marra
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et al., 2002; Martins et al., 2004; Salas et al., 2002b) ptesdike a current source (segment 1) and for voltages greaer th
systems where a PV array and a battery are interfaced with,;, it becomes a voltage source (segment 2).

a buck converter (thus the output voltage of the converter is

essentially constant) and study power tracking algorittons Arrays are composed of cascaded or paralleled photovoltaic

adjust the condition of the PV array in order to match th&ells and have characteristic curves similar (but not gqual
desired operating point. to the curve of a single cell (in practice any association or

array of cells is subject to partial shading, failure of sell

Few authors have investigated the input control of corand other external conditions that modify the behavior ef th
verters with a mathematical approach. In (Machado amgiouped devices). As noticed in Fig. 2, the photovoltaiayrr
Pomilio, 2004) the authors study the input control of thdnas a maximum power point (MPP). Ideally the array must
boost converter used in a fuel cell application. In (Xiamperate at this point in order to deliver the maximum avail-
et al., 2007) the boost converter with input control for PVable instantaneous power. Of course, in some applications
systems is analyzed. In (Cho and Cho, 1997) there is a stufiyl power may not be desired in certain situations, thus an-
of the buck converter with controlled input used in a PV sysether operating point will be chosen. In grid-connected sys
tem. Finally, (Kislovski, 1990) makes considerations @bouems the PV array is forced to operate at the MPP all time
the dynamic analysis of the buck converter employed in im order to extract and supply the grid with the maximum
battery charging system. available instantaneous power. The parameters of the model

o ) of Fig. 1 can be obtained from Egs. (1) and (2) with infor-
Although many papers bring information and even experination found in datasheets supplied by PV array manufac-
mental results with buck-based systems, many questidhs sfjjrers. which generally provide the open-circuit voltage o
remain unanswered. These questions regard the dynamic hgs array V,.), the short-circuit current’(.), the maximum-

havior qf the buck copverterwit_h constant output voltage aMpower voltage (;.,,) and the maximum-power currertt,(,)
the design of proportional and integral compensators te con

trol the input voltage of the converter. These subjects are

very important if one considers (Kislovski, 1990), who says R, = Voo — Vinp R = _ Vp R 1)
that if the duty cycle of buck and buck converters is the only ) Imp 77 Le—Imp

guantity subject to modifications (i.e. the transistor ‘and

‘off’ times are directly controlled by the MPPT algorithm) I Rs + R, @
severe dynamic transients and excessive switch stress may YR,

take place, among other problems.

) ) _ In-many publications on photovoltaic systems the circuit of
In the following sections a buck-based PV system will g 35'is used as an array linear model. This circuit rep-

modeled and three control strategies will be studied. Thegens the line that contains the segment 1 seen in Fig. 2.
first strategy permits the control of the average input Voltgqever, this circuit describes the behavior of the arrdy on
age using the transistor duty cycle as the control variablg, ihe current-source region. Whep, > Vi, this model
In the second strategy the average voltage and current of f§§qs not represent the array correctly. Fig. 3b shows anothe
converter are controlled and two feedback control 100ps afgear circuit that may be an array model. This circuit oigi
employed. In the third strategy an analog inductor peak CUfstes the line that contains the segment 2 seen in Fig. 2 and
rent controller and a linear feedback voltage loop are usglqcrines the array in the voltage-source region of oerati
to achieve the control of the input voltage of the convertefnis model is rare in the literature. If the array is modeted i
Hence the duty cycle is not directly controlled in order te adi ¢ cyrrent-source region (line 1) the model error increase
just the condition of the converter. Instead, one or mordfee,, v, Similarly, the error increases whep, < V;

. . pvV mp- 1 mp
back loops are used and the duty cycle is subject to smalighe array is modeled as a voltage source (line 2). Both
and bandwidth-limited perturbations, as (Kislovski, 19901,5qels are unable to correctly represent the array in its ful

recommends. operating range.

2 MODELING THE PV ARRAY 3 MODELING AND CONTROLLING THE

A common circuit model for PV cells or arrays found in the CONVERTER

literature is the electric circuit of Fig. 1, whetg, is the

photovoltaic currentan®, andR,, are the series and parallel
resistances, respectively. Fig. 2 shows the simplifiedecurr
vs. voltage curve of the photovoltaic array obtained froim th
circuit. For output voltages lower thas,, the array behaves

Fig. 4 shows the circuit of the DC-DC buck converter fed by
a photovoltaic (PV) array. The output voltage of the array is
the variable input voltage of the converter. A storage devic

(e.g. battery) or a cascaded converter (e.g. DC-AC inverter
imposes to the converter a constant output volidgen this
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Figure 1: Equivalent circuit of the photovoltaic array.  rigyre 3: Photovoltaic array linear equivalent circuitg) (
Current source. (b) Voltage source.
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Figure 2: Simplified current vs. voltage curve of the photo-

voltaic array. Figure 4: Buck converter with variable input and fixed output

voltage fed by a photovoltaic (PV) array.

section linear models for this photovoltaic-buck systerd an
feedback systems with linear compensators are designed

0 . .
control the input voltage of the converter. th' (5) is obtained from Egs. (3) and (4). From Eg. (5), by

neglecting the nonlinear produgf and applying the Laplace
) _ transform, the small-signal frequency-domain state egoat
3.1 Average voltage control with single seen in Eq. (6) is obtained.

feedback loop

The first goal is to find the small-signal transfer functioatth Lﬁ —VD+3D—-Vd—od—V, (5)
describes the dynamic behavior of the input voltage of the dt

converter of Fig. 4. The control variable is the duty cydle

of the transistor, which switches at the frequerficy= 1/7s. ~ ~

The transistor is ‘on’ during the intervall; and ‘off’ during sLi=—-Vd+oD (6)
(1—d)Ts. Considering thaf; is sufficiently high, by inspec-

tion of the circuit of Fig. 4 the state equation of the inducto|n, the circuit of Fig. 4V,, and R, are the voltage and re-
current may be written as in Eq. (3). The symkot repre-  gjstance of the equivalent Thévenin's circuit of the models
sents the average value of the variable (voltage or curient)of Fig. 3. If the current source model (Fig. 3a) is used:

a switching period’. Veq = IpwR, andReq = R, + R.. If the voltage-source
model (Fig. 3b) is usedV,, = Vi, andR.q = Rs. Eq. (7)
d<i> is obtained by inspecting the circuit of Fig. 4. Eq. (8) is ob-
L iU d—"V, (3)  tained from Egs. (7) and (4). From Eq. (8), by neglecting the

nonlinear producid and applying the Laplace transform, the
In order to obtain the small-signal AC model the averaggMall-signal frequency-domain state equation seen ingq. (
variables can be expressed as a sum of DC and AC comp®2btained.
nents (Erickson and Maksimovic, 2001), as shown in Eq. (4).
Th_e symbol~ represents small AC perturbations and capi- d<v> Vig—<v> _
talized letters represent DC steady-state values. Thesminu c a R —-<i>d (7)
signal in Eq. (4) means that a positive duty cycle increment e
causes an input voltage decrement.

i i Veqg—V =0 - - - db
<v>=V4+0,d=D—d, <i>=I1+1 4) TJFM_ZD_IDJFM_CE_O 8)
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Gvd (1)

Table 1: KC200GT solar panel - nominal characteristics.

Maximum power 200 W
Current at maximum power,(,) | 7.61 A
Voltage at maximum poweit,,) | 26.3V
Short-circuit currentf.) 8.21 A
Open-voltage circuiti(,.) 329V

Magpnitude (dB)

Table 2: Characteristics of the simulated converter.

Phase (deg)

L | 2mH
. . 2 C | 450uF
° Frequenc;o(rad/sec) 0 ‘/:;) 12 V
D |05
Figure 5: Bode plots aff, 4(s) using the current source (con- Js | 10kHz

tinuous line) and voltage source (dashed line) array models

. d v used,Gpaq(s) pres_en_tsalow—pass response without any im-
ref @ | Coa | Gud] portant characteristics.

Although neither of the models of Fig. 3 represents the PV
array in its full operating range, the circuit of Fig. 3a is a

suitable array linear model for the purpose of modeling the
"Bv-buck system. By comparing the Bode plots of Fig. 5 it is

possible to conclude that a feedback control system degigne
for the current source region of the photovoltaic array will

automatically fit for the operation in the voltage-source re

gion. In other words, the control system is designed for the
worst case.

Figure 6: Feedback control of the input voltage of the co
verter.

—sCo+Id—iD =0 (9)
eq
he system response with the voltage-source model offers
o design difficulties because it is similar to a low-passiilt
The response with the current-source model is more com-
plicated due to the presence of a resonance and an abrupt
o (s) Req(VD + sLI) phase shift (Villalva and Ruppert F., 2008). Fig. 6 shows the
Gua(s) = d(s) = 9Ru.LC + sL + D2R, (10)  feedback system employed in the control of the input volt-
b 4 agew of the converter. The compensatGy,(s) may be a
rProportional-integral one designed with conventionahtec
%ques of control systems (Villalva and Ruppert F., 2007).
Fig. 7 shows the frequency respons&hf;(s) compensated
with Cyq(s) = 0.2 4+ 20/s, which results a crossover fre-
guency of approximately 34000 rad/s and a margin phase of
Veg =V Vo 86°. Low steady-state error and a fast control response may

RegD ' V= D (11) " he ensured with a correct compensator design.

From Egs. (6) and (9) the small-signal transfer function o
Eg. (10) is obtained.

With a simple DC circuit analysis one finds the expressio
of the steady-state valuésandV of Eq. (11). These expres-
sions may be substituted in Eq. (10).

I =

Fig. 5 compares the frequency responseS.of(s) whenthe 3.2 Average voltage control with inner av-

PV array models of Figs. 3a and 3b are used. The Bode plots erage current control loop

of Fig. 5 were obtained with the transfer functions of the PV-

buck system with the parameters and characteristics shownlihe second control strategy proposed here employs two
Tables 1 and 2. When the current source model (Fig. 3a) ssnall-signal transfer function&;,.(s) andG,4(s). The cur-
usedG,q(s) presents a resonance with an abrupt phase shitnt transfer function of Eq.(12) may be written from Eq3. (6
near 500 rad/s. When the voltage source model (Fig. 3b) &nd (9).
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Figure 7: Bode plots of7,4(s) (dashed line) and of the com- Figure 8: Bode plots of7;4(s) (dashed line) and of the com-
pensated transfer functidn,;(s)Gva(s) (continuousline).  pensated systel;;(s)G;q(s) (continuous line).
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Fig. 8 shows the frequency response(®f;(s) and Fig. 9 ol
shows its root locus. The transfer function was obtained for E-zoo
the system with the characteristics shown in Tables 1 and 2,
considering the current-source PV array model. This system
has a right-half-plane zero and its root locus is mostly @ th -0 |
right half-plane, which brings some difficulty for the desig 80 |
of the feedback control loop. The Bode plot of Fig. 8 shows : . . . . ‘ . .
that near the crossover frequency there is a phase shiftofal 20 o 20 400 o0 P 100 1200 1400 1600
most180°. Such a marginally stable system requires special

attention. Figure 9: Root locus of7;4(s).

-400

Fig. 10 shows the current control loop with the compensator

Ciq(s). This compensator may be a simple proportional- .

integral one, but the proportional gain must be carefully-ch A low current?control bandwidth, however, does not mean
sen in order to set a crossover frequency with a good phaldte System will not work properly. Fig. 10 shows that an
margin, keeping all system poles on the left half plane. B&Xternal voltage-control loop may be employed. The combi-
cause the root locus is mostly on the right side of¢iptane, Nation of the inner currentloop and the outer voltage loep re

there are strong constraints in the design of the compensaf/lts & closed-loop system whose transient voltage respons
Cials). may be fast or low according to the design of the voltage

compensatoC,;(s). The voltage control may be fast al-
A compensator with a low proportional gain, an integrator ahough the minor current loop is inherently slow. The goal
the origin and a zero placed at a low frequency makes thiow is to design the voltage compensathg(s) used in the
system stable. The system poles fall on the outside of the lefcheme of Fig. 10. Fig. 11 shows the frequency response
half plane, making the system unstable, if the closed-loof F;(s)G,q(s) where Fi(s) = Cia/(1 + CiaGia). The
crossover frequency is set above the resonance frequencycompensato€,;(s) must stabilize the outer voltage loop. A
G;a(s). The only option to stabilize this system is keepingsimple proportional-integral compensator may be used and a
the magnitude at the resonance frequency bellow 0 dB. Therge bandwidth with a sufficiently large phase margin may
stabilization of the current loop results a very low currenbe easily obtained. Fig. 11 shows the Bode plot of the com-
control bandwidth. Fig. 8 shows the Bode plot@f;(s) pensated loop transfer functia,;(s)F;(s)Gya(s), where
compensated with;;(s) = 1.3 - 1074(s + 836.1) /. Cui(s) = 80(s +40)/s.
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Figure 12: Analog inductor peak current controller.
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I R R I R R U AR S S D R NS bilization with the ramp signal increases the control grasr
10 10 10° 10° 10° the peak of the controlled current gets farther from the ref-
Fredueney (redsee erence (Erickson and Maksimovic, 2001; Pressman, 1997).
However, if this control scheme is employed as the inner part
of a control system with an external voltage-control loop th
current error has no influence because the current reference
is adjusted by the voltage compensator, thus canceling the
effect of the current error.

Figure 11: Frequency responses Bf(s)G,q(s) and of
Cm(S)Fi(S)Gyd(S).

3.3 \oltage control with analog peak cur-
rent control Fig. 14 shows a strategy for controlling the input voltage of
the buck converter with the peak current controller of FRy. 1
In this control strategy the inductor current is directliyneo The input voltage is fed back and compared with the volt-
trolled with an analog peak current controller. The contrahge reference,.s. The current referencg.s is determined
of the input voltage is achieved with an external controplooby the voltage compensat6t, (s).

that provides the current reference for the current coletrol

Fig. 12 shows the simplified scheme of the analog peak cuthe design of the', (s) compensator requires a mathemat-
rent controller. A square-wave oscillator sets the flip-fiopl  ical model that describes the behavior of the converter op-

turns ‘on’ the transistor at the beginning of the switchireg p €rating with this analog current-control scheme. In order t
riod T,. The inductor currentis compared with the current obtain a converter model one can assume that the control of
referencei,e;. Wheni > i, the flip-flop is reset and the the inductor current is instantaneous. If the current has a
transistor is ‘off’ until the beginning of the next cycle. small rippleA; and a small error due to the stabilizing ramp,
the average inductor currert i > approximately follows
Fig. 13 illustrates a typical inductor current waveform obthe referencé..;. These assumptions are generally valid in
tained with this control scheme. The transistor duty cysle ia well-dimensioned converter with low current and voltage
automatically adjusted in order to keep the inductor curremipples. When the referenégy is perturbed the inductor av-
near the desired reference current. When the duty cyclee@sage current i > is instantaneously adjusted except by the
greater than 0.5 this control scheme tends to become undtiime A7 it takes for the inductor current to grow till its peak
ble (Erickson and Maksimovic, 2001; Pressman, 1997).  reaches the value of the reference signal at( theterminal
of the comparator — this is illustrated in Fig. 13.
The stabilizing ramp signal seen in the scheme of Fig. 12 is
necessary for the proper operation of the converter. The sféhe inductor current waveform in Fig. 13 shows that the cur-
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Figure 14: Voltage control employing inner system with peak

current control. . . L .
Figure 15: Equivalent circuit of the photovoltaic-buck sys

tem with peak current control.

rent rises linearly during the intervaly, beginning when

a reference step occurs. During this interval{ >> Ty) 60
the transistor remains ‘on’ and the duty cycledis= 1. In
other words, the converter is out of control during the inter
val Ar. The transistor is simply turned ‘on’ and so it remains
until the flip-flop receives a reset signal. This behaviowis e :
tremely nonlinear and difficult to model, since the duration = | .. :
of Ar depends on several variables such as the inductance :
L, the size of the reference step, and the instantaneous inpur = o=
voltage.

Maghnitude (dB)

Considering that the dynamics of the current controller de-
pends mainly on the duration ak,, which is generally
small, this delay may be neglected and the peak current DT
control scheme may be considered practically instantagieou -0 s==miiid bbbt -
This simplifies the task of modeling the PV-buck system and ° " Frequency (adiseo) b b
permits to obtain the equivalent circuit of Fig. 15. Currisnt

drained from the photovoltaic array and from the capacitdrigure 16: Frequency response®@f;(s) (dashed line) and
by a controlled current source. Provided that the analog cuef the compensated transfer function(s)G.;(s) (continu-
rent controller of Fig. 12 is capable of maintaining the indu ous line).

tor current regulated, the current flowing through the auirre

source of Fig. 15 may be expressed as Eq. (13), wheie

the steady-state duty cycle of the transistor. depends on the open-circuit voltage of the PV array, the
voltage-source model is more appropriate for the analysis
of this system. The compensat6y,(s) may be a simple
proportional-integral one. This system is not critical &nel
compensator design is straightforward. This example uses
With Eqg. (13), using the definitions of Eq. (14), the transfeg, () = (10s + 5000) /.

functionG,;(s) of Eq. (15) is obtained.

-45

Phase (deg)

<o >=<1>D & e D (13)

4 SIMULATION RESULTS
<v>=V+0,<i>=I+1,
g >= I, + e, ivet = Iyof + iref (14) Switching converter models with the proposed control sys-
tems were simulated with the parameters of Tables 1 and 2.
_ These parameters were used in the previous section to obtain
Guils) = Lo Veq =V (15) the transfer functions and Bode plots exhibited beforentro
iref I(1+ sReqC) the numerical transfer functions and from their frequerey r
sponses it was possible to design dynamic compensators re-
Fig. 16 shows the frequency response of the transfeuired to control the input voltage of the photovoltaic-kbuc
function G,;(s) and of the compensated transfer functiorsystem. The theoretical frequency responses of the open-
Cy(s)Gui(s). Gui(s) was obtained with the voltage sourceloop and compensated systems have been presented in the
PV array model. Because the time response of the opeprevious section. These mathematical models may be vali-
loop system depends on the initial capacitor charge, whiadated with the analysis of the time and frequency responses
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ing elements, an equivalent AC model without the nonlinear

Figure 18: Step response 6f4(s) and inductor current of SWitches (transistor and diode) is necessary.

the switching buck converter with duty-cycle control. Figs. 19 and 20 show that the frequency responses of the sim-

ulated converter (equivalent AC model) exactly coincidéawi
the responses of the theoretical transfer functions pteden

of the simulated open-loop converter. in Section 3. Please notice that in Figs. 19 and 20 the fre-
guencies are expressed in Hz, while in Section 3 the frequen-
Open-loop converter cies are in rad/s.

Fig. 17 shows the open-loop step response of the transtg\(/erage voltage control
functionG,4(s) superimposed with the response of the sim-
ulated switching converter. This transfer function alm®st  Fig_ 21 shows the result of the simulated switching converte
actly represents the behavior of the switching converter riith the feedback system of Fig. 6, Section 3.1. The input

garding the duty cycle of the transistor and the capacitlir vo o|tages reaches the reference with zero steady-state error.
age. Fig. 18 shows the open-loop step response of the trans-

fer functionG,4(s) superimposed with the response of theA | q |
simulated switching converter. This transfer functionreep verage voltage and current contro
sents the behavior of the switching converter regarding t

duty cycle of the transistor and the inductor current. 'Elg. 22 shows the result of the converter controlled with the

double feedback loop scheme of Fig. 10, Section 3.2. The

The frequency responses of the converter were obtained Fput voltagev of the converter reaches the reference voltage

simulation in order to verify that the developed transfergu With zero steady-state error. Fig. 23 shows the behavior of

tions exactly describe the behavior of the converter. Bod&e inductor current, which is also controlled in this case.

plots of the open-loop transfer functiofi§ 4(s) andGiq(s)

have been presented in Figs. 5 and 8, in Section 3, and n@verage voltage and peak current control

will be compared to frequency responses obtained by simu-

lation. Fig. 24 shows the open-loop step response of the transfer
. ] functionG,,;(s) superimposed with the response of the sim-

The equivalent AC model of the PV-buck system is obyated switching converter. This transfer function approx

tained in the Appendix. Fig. 30c shows the AC/DC modelmately represents the system behavior for small and even

used in PSpice to obtain the converter frequency responsggye voltage oscillations near the nominal operating poin
of Figs. 19 and 20. Because PSpice is unable to achieve

frequency analysis of systems containing nonlinear switcfThe transfer function exactly describes the approximaied c

470 Revista Controle & Automacédo/Vol.19 no.4/Outubro, Nov  embro e Dezembro 2008



ADDOD R mmwe s e e e e e e e e e I

0 UDB{MULT1:IN2) o UDB{LAPLACE2:0UT)
9l r————— .

000 = -
oo 1000 0.0 o am 5000

Time i)

Figure 22: Input voltagex..s = 30 V) of the buck converter
with the control system designed in Section 3.2 (voltage loo
combined with inner current loop).
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Figure 23: Inductor current of the buck converter obtained
with the inner control loop designed in Section 3.2.

o ) 5 EXPERIMENTAL RESULTS

ooo 1000

An experimental buck converter was built in order to vakdat
Figure 21: Input voltagex{.; = 30 V) of the buck converter the transfer function and the compensator developed in Sec-
with the control system designed in Section 3.1 (single-voltion 3.1. Fig. 27 shows a picture of the experimental setup.
age loop). The PV array with the parameters of Table 1 was simulated

with the Agilent E4350B solar array simulator. The control

system was implemented with a PIC18F452 microcontroller.

cuit model of Fig. 15. The error between the responses dhe PWM frequency was set at 20 kHz and the digital con-
the transfer function and of the real system is mainly dusol loop was implemented with a sampling rate of 5 kHz.
to the approximation< i > D = i,;. This system has a The characteristics of the converter are summarized ineTabl
nonzero initial condition, since the initial capacitor opa 3
does not depend on the existence of current flow through the
controlled current source of Fig. 15. The DC value of the
transfer functioni,;(s) may not coincide with the steady-
State voltagé/.

In order to verify the validity of the converter transfer fuin
tion developed in the previous section the Bode plot of the
theoretical transfer functiolr,;(s) (Fig. 16) is compared
with the frequency response of the equivalent circuit. Efg.
shows the frequency response of the model circuit of Fig. 15 0 . : . . . :
superimposed with the Bode plot 6f,;(s). Fig. 26 shows e (me)

the result of the closed-loop photovoltaic-buck systenrope _. ]
ating with the current controller of Fig. 12 and the contro’:'gure 24: Responses Gh;(s), of the open-loop buck con-

system of Fig. 14, with the compensator designed in Sectidh rter with peak current control, and of the equivalentugirc
33 ' of Fig. 15 (with step input at 1 ms,.; = 6 A).
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Figure 25: Frequency responses (superimposedy,ofs),
and of the equivalent circuit of Fig. 15.
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Figure 27: Experimental buck converter.
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Figure 26: Input voltagex..s = 30 V) of the buck converter
with the control system designed in Section 3.3 (voltage loo
with inner peak current controller).
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Figure 28: Closed-loop input voltage of the experimental
Fig. 28 shows the closed-loop input voltage of the experRUck converteri.; = 20 V).

mental converter. The proportional and integral compemsat
has the following parameterst; = 2, k, = 500. The
feedback gain of the input voltage ig62. For comparison,
Fig. 29 shows the input voltage obtained with the simulated
converter and its transfer function. The converter respons
differs of the transfer function response because thealiniti
conditions are different. It is difficult to obtain in prao#
the zero-voltage condition for the input voltage because th
capacitor is charged with the open-circuit voltage of the PV
array when the converter is off.

Table 3: Characteristics of the experimental buck converte

SIMULATED

o SCONVERTER. oo oo

FUNCTION

o CTRANSEER .

i i i
o 0.05 01 0.1s nz

C 1000 uF
L 5mH

fs (switching) 20 kHz
Tsample (digital control) | 200 s
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Figure 29: Closed-loop input voltage of the simulated con-
verter e = 20 V).
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is controlled in order to adjust the PV voltage. Some au-

. 1 ‘3 H . thors have studied control strategies that achieve the MPPT
: ¥ Py through the control of the buck inductor current (Enslin and
Vg C= v | ZS; Vs v, Snyman, 1992).
i 2! 4 Sections 3.1 and 3.2 have focused on the control of the aver-

age input voltage and inductor current of the converter. The
model developed in Section 3.3 corresponds to the control of
the converter with inductor peak current control.

Section 4 has presented results obtained with simulated
switching converters. These results show that the proposed
models and transfer functions correctly describe the dyomam
behavior of the studied photovoltaic-buck system. The epen
loop transfer functions?,4(s), Gia(s), and G,;(s) accu-
rately describe the behavior of the converter. In order to
certify that the results were correct the frequency and time
responses of the open-loop transfer functions have been com
pared to the responses of simulated converters. The re-
sponses have almost exactly coincided both in the time and
Figure 30: (a) Original PV-buck system with switching ele4n the frequency domains. The results presented in the-previ
ments. (b) Nonlinear circuit with dependent sources replagus sections show that the compensators designed in Section
ing the switching elements. (c) Equivalent linear circuithw 3 can be employed to fast and accurately control the input
dependent sources. voltage of the DC-DC buck converter fed by a PV array.

APPENDIX: EQUIVALENT AC MODEL
6 CONCLUSIONS

) In order to submit the PV-buck converter to the AC SWEEP
Section 2 has demonstrated why the current-source PV arrgya|ysis with PSpice an equivalent model without the nenlin
model is more convenientthan the voltage-source one for th@r switching elements (i.e. the PWM modulator, the transis
purpose of modeling this input-controlled PV system. Alyor and the diode) is necessary. The modulator may be simply
though_ neither of the models represents the array in its fylbyjaced by a unit gain. The switches may be replaced by de-
operating range, the current-source model may be adthEé&dent current and voltage sources, following an intitiv
and considered as a suitable representation of the PV arayrocess similar to the technique of average switch model-

Section 3 has presented the development of converteréranst 3 (Erickson and Maksimovic, 2001). This process is valid

: : If one assumes the transistor switching frequency is higher
functions for the input voltage control of the buck converte 7
operating with duty-cycle control (voltage mode) and withthan the frequency of the AC components of Fhe circuit volt-

ges and currents. This model may be obtained from equa-

inductor peak current control (current-programmed mode}. . : . . ;
. . . . Ions, following the modeling technique presented in Secti
The transfer functions reveal important dynamic charéster : . . :
2. However, the aim here is to avoid equations and to use an

tics of the input-controlled buck converter when it is fed byexact model of the converter in order to test through simula-

a PV array. With these transfer functions it is possible to d%i?n the validity of the equations previously obtained. The
sigh compensators and feedback controllers for the contrﬁarst step in the determination of the AC model is remov-

of the input voltage of the buck converter. ing the transistor and the diode from the original circuit of

The modeling and control approaches developed in this p§ld- 30a. Itis easy to notice that v, >=< v > d, so the

per are intended for the control of the input voltage of thependent source v > d may be placed between outputs
buck converter. Many authors diverge about the advantagd®nd 4, as Fig. 30b shows. Also, by simply inspecting the
and disadvantages of controlling the input voltage (i.e. dFircuit of Fig. 30a, one can writel i; >=< i > d. So the
rectly controlling the PV array output voltage accordingito Current source< i > d may be placed between the inputs
voltage reference) or the inductor current (i.e. indiectin- 1 @and 2, as shown in Fig. 30b. Now the nonlinear circuit of
trolling the PV output through the regulation of the buck-curFig- 30b may be expanded and the linear DC/AC equivalent
rent). This depends mainly on the kind of MPPT algorithrr?irCUit of Fig. 30c may be obtained. This step involves the
employed. Many works deal with the control of the outpuflefinitions of Eq. (4) and Egs. (16) - (17), where the nonlin-
voltage of the PV array, so the input voltage of the convert&@r termsd anddd are neglected.
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Machado, G. and Pomilio, J. A. (2004). Controle de um

<i>d=({I+)D-d)= (16) sistema de gerag&o distribuida alimentado por célula a
=ID+iD—id—Id~ D(I +1)—1Id combustivel composto por conversor boost e inversor,
Proc. XV CBA.

= Martins, D. C. (2005). Novas perspectivas da energia solar

<v>d=(V+9)(D-d) = ; )
~ ~ ~ f I I . VIII COBEP.
VD4 D—bd— Vi~ DV +7)— Vi a7 otovoltaica no brasilProc CO

Martins, D. C., Weber, C. L., Gongalves, O. H. and Andrade,
A. S. (2004). PV solar energy system distribution using

The linear circuit of Fig. 30c represents with good accuracy /
MPP techniqueRroc. VI INDUSCON.

the original switching circuit of Fig. 30a, both for DC and
AC signals. If the DC sourcek., andV; of Fig. 30c are  yarting, D., Weber, C. and Demonti, R. (2002). Photovoltaic

short-circuited, the remainder circuit is the desired eaieht power processing with high efficiency using maximum
AC r_nodel of the PV-buck c_onverter ready to be used in the power ratio techniqueProc. 28th IEEE IECON, v. 2,
PSpice AC SWEEP analysis. pp. 1079-1082.
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