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Abstract—A novel technique for efficiently extracting max- The curve-fitting technique requires prior examination of
imum power from photovoltaic (PV) panels is presented. The the solar panel characteristics, so that an explicit mathematical
power conversion stage, which is connected between a PV panekntion for describing the output characteristics is formulated.

and a load or bus, is a SEPIC or Cuk converter or their derived . . .
circuits operating in discontinuous inductor—current or capac- Although this technique attempts to track the MPP without

itor—voltage mode. Method of locating the maximum power point Computing the voltage—current product explicitly for the
(MPP) is based on injecting a small-signal sinusoidal perturbation panel power, the curve-fitting technique cannot predict the

into the switching frequency and comparing the ac component characteristics including other complex factors, such as aging,
and the average value of the panel terminal voltage. Apart from o herature, and a possible breakdown of individual cells [4].

not requiring any sophisticated digital computation of the panel . . .
power, the proposed technique does not approximate the panel The perturb-and-observe (PAO) method is an iterative

characteristics and can globally locate the MPP under wide approach that perturbs the operation point of the PV system,
insolation conditions. The tracking capability has been verified in order to find the direction of change for maximizing the

experimentally with a 10 W solar panel under a controlled power. It is operated by periodically perturbing the panel
experimental setup. Performances under the steady state and in terminal voltage and comparing the PV output power with that
the large-signal change of the insolation level will be given. . . .

_ _ of the previous perturbation cycle. Maximum power control

Index Terms—DC-DC power conversion, maximum-power- s achieved by forcing the derivative of the power to be equal
point tracking, photovoltaic. to zero under power feedback control. This has an advantage

of not requiring the solar panel characteristics. However, this

|. INTRODUCTION approach is unsuitable for applications in rapidly changing

atmospheric conditions [9]. The PV panel power is measured

PHOT%V?L-I;A,(IV(V: ((I;’V) 'ijech?ology has”develloped rz_;\p||_d1yb multiplying its voltage and current, using either a micropro-
over the last two decades from a small scale, Speclalist kg o gn analog multiplier. In [7], the tracking technique

dustry supplying the United States space program to a broa Yased on the fact that the terminal voltage of panels at MPP
based global activity [1]. Solar panel is the fundamental ener%yapproximately at 76% of the open-circuit voltage. Thus, the
conversion component of photovoltaic (PV) systems. Its CONVelSntrolled panel is disconnected from the load moment,arily
sion efficiency depends on many extrinsic factors, such as 5 that the open-circuit voltage can be sampled and kept as

solation (incident solar radiation) levels, temperature, and Io?ig‘erence for the control loop. Recently, a simple MPPT tracker

condition. MPPT) with similar approach, which is based on creating an

'tl'he[.e are thrzg major dalpproachels for tmaxm]rlrz]lng POWidherent attractor at the MPP, has been proposed in [10]. It does
extraction in medium- and large-scale systems. iney are require external control and perturbation.

tracking, maximum power point (MPP) tracking or both. For the The disadvantage of the PAO method can be improved

small-scale systems, MPP tracking is popular for economm@, comparing the instantaneous panel conductance with the

rgasosns. Vano;;t?_ metthor:js lnclugmgSpowert mbatchéngbsche remental panel conductance. This incremental conductance
[2], [3], curve-fitting technique [4], [5], perturb-and-observ chnique (ICT) is the most accurate one among the other

method [6], [7], and incremental conductance technique [§ho,04s The input impedance of a switching converter is

[9] have been proposed. dJusted to a value that can match the optimum impedance

The power-matching scheme requires the selected soi@ the connected PV panel. This technigque gives a good
panels to have suitable output characteristics or configurati formance under rapidly changing conditions. However, the

that can be matched with particular loads. It only approximat lementation is usually associated with a microcomputer or

th.e Iocatlt_)_n (?f the MPP because they_are basically associaffliia| signal processor that usually increases the whole system
with specific insolation and load conditions [9].

Manuscript received December 2, 2000; revised May 28, 2002. This work Concluding the above discussions, one of the most desirable

was supported by a Grant from CityU under Projects 7001211 and 710015%)pr0aches of implementing a MPP tracker is to use the ICT
and a Central Allocation Grant from the Hong Kong Government under Projec

City U 1/00C. Recommended by Associate Editor K. Smedley. W|th_OUI requ.lrlng _sophlstlcated d|g|ta| sampllpg or mathe-
K. K. Tse is with the Johnson Electric Group, N.T. Hong Kong. matical manipulations. Moreover, the realization should be

M. T. Ho, H. S. H. Chung, and S. . R. Hui are with the Department 0hf |ow-cost and high accuracy and control capability. In this

Electronic Engineering, City University of Hong Kong, Kowloon, Hong Kon . - .
(e-mail: eeshg@cityu_geduﬁk)_ Y gond 9 gpaper, a novel technique for efficiently maximizing the output
Digital Object Identifier 10.1109/TPEL.2002.805594 power of a solar panel supplying to a load or battery bus under

0885-8993/02$17.00 © 2002 IEEE



TSEet al: NOVEL MAXIMUM POWER POINT TRACKER 981
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Fig.1. Thevenin’s equivalent circuit of a solar panel connecting to a converter.

varying meteorological conditions is presented. The power
conversion stage (PCS), which is connected between a solar
panel and a load or battery bus, is a pulsewidth-modulated
(PWM) dc/dc SEPIC or Cuk converter or their derived circuitgig. 2. Circuit diagram of the SEPIC and Cuk converter. (a) SEPIC. (b) Cuk
operating in discontinuous inductor current mode (DICM) gronverter.

capacitor voltage mode (DCVM). These two types of con-

verters were found to have the input resistance characteristigsere; has small-signal variation afv; subject to a small-
being proportional or inversely proportional to the switchingignal change ofr;.

frequency. Hence, by adjusting the nominal duty cycle of the |n Fig. 1, the converter that connects to the solar panel is a
main switch in the converter, the input resistance of the COBEP|C or Cuk converter operating in DICM or DCVM [11],
verter can be made equal to the equivalent output resistanceif|. The tracking operations are described as follows.

the panel. This operation ensures the maximum power transfer.

By modulating a small-signal sinusoidal perturbation into thg Discontinuous Inductor Current Mode (DICM)

switching frequency of the main switch and comparing the 2 5ince the input characteristics of SEPIC and Cuk converters
component and average value of the panel terminal voltage, LEe
d

MPP can be located. The tracking capability of the propos 9. 2) are similar, the input resistanceequals

technique has been verified experimentally with a 10 W solar 2L. fs
cell panel at different insolation (incident solar radiation) levels =T (4)
and temperatures, and under different large-signal insolation
changes. whereL, = Ly//L, fs is the switching frequency, andlis
the duty cycle of the switcl§ in Fig. 2. Detailed proof of (4) is
Il. OPERATING PRINCIPLES shown in the Appendix.

By differentiating (4) with respect tds, it can be seen that a

Fig. 1 shows an equivalent circuit of the solar array con; 0 o ;
: ; mall change of s will introduce a small variation im;. That is
necting to a MPP tracker. The solar array is modeled by a ge ofs

Thevenin’s equivalent circuit, which consists of a voltage 2L,
sourcewv, connected in series with an output resistamge bri = 2
around the MPP. Bothy, andr, are subject to the level of L ) ) ) o
insolation and temperature. The input voltage and equivalent1€Nce, injecting a small-signal sinusoidal variation irfto
input resistance of the converter arg and r;, respectively. 9'VesS

Assuming no converter loss, the input powg&rgoing into the — — A

tracker is equal to the output powgs, of the solar array fs =fs+0fs=fs+ fssin(2mfnt) 6

v? Wherefs is the nominal switching freciuenqﬁmAis the modu-

Pi=F = T (1) lating frequency and is much lower thgg, andfs is the max-
imum frequency deviation.

Thus, with the above switching frequency perturbation,

fs- )

The rate change d?; with respect ta); andr; can be shown to

be will include an average resistanég and a small variatiodr;.
i 2 That is,
OP; =22 ov; — % o, )
T T;
ri = Ri + 61y, (7)
At the MPP, the rate of change &% equals zero and; equals
ry. Hence where
bv; ov; Vi 2L, —
bri  Ori 2r ) Ri="pIs (®)

and
whereV; is the average input voltage. This equation gives the

2L, » .
required dynamic input characteristics of the tracker at the MPP bri = —5 fssin(2m fmt). )
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Let Dy, p be the required duty cycle of the switéhat MPP. &1/B
T4 Can be expressed as 1
2Lefs 08
ry = . (20) :
T D
By using (8) and (10) 06
R; D?
Vi = ! = MP 11) 04}
Ri+r, " Dyp+d? Yo (1)
and the variation of;; with respect ta-; becomes 02
6v<~i< i v)ér'—Lér (12) 0
" dr T+ Ty ! o (Ri +14)? " d=DMPE
ituti i -si 0.2 : : : : :
By subsntu_tmg (5), (8), and (10) into (12), the small-signal var 0 05 1 15 2 25 . 3
ation onv; is < [ >
Do g d<Dyp d>Dyp
v = —DurdV vy gy 1) o |
(D%, +d?)?fg Fig. 3. Relationships between /3 andk.
The peak value ofv; (i.e., ;) becomes
R Dy pd)?v IS
;= (QLLZQ_ fs. (14) |
(D]\/[P +d ) [s |
As v, andr, vary with insolation and temperaturé should Modulating
signal

be automatically adjusted tB,;p in the controller. The fol-

lowing equation holds at the MPP and is obtained by subs

tuting (5) and (8) into (3)
(15)

Based on (11) and (14), the differenee, between the nor-
malized characteristics gV, /2 f gv, and?; /v, can be shown
to be equal to

_ fsVi
2f sy
Vi ui
Vg Ug
:ﬁ|: 2D]2\/[p :|_2/B|: (2D1Wpd)2 :|
Dip +d? (Dirp + d?)?

1 k2
=F [1+k2} —28 [(1+k2)2]
1—k?
~PaTwy

V;

El(k)

Vg

(16)

wherek = d/Dyp andg = fs/(2fs).
Fig. 3 shows the relationships betwesr 5 andk. It can be
concluded that

If d<Duyp (i.e../ k< 1)./ El(k) >0 (17&)
If d=Duyp (Ie k= 1)., €1(1) =0 (17b)
If d> Dyp (i.e., k > 1), El(k‘) <0 (17¢)

LP filter
(IC1-A)

Amplifier
(IC1-B)

Fig. 4. Proposed MPP tracking method.

Based on (17), the proposed MPP tracking method is de-
picted in Fig. 4.fs is modulated with a small-signal sinusoidal
variation.V; ando; are sensedV; is then scaled down by the
factor of 8 and is compared with;. ©; is obtained by using a
peak detector to extract the value of the ac component.in
The switching frequency componentipis removed by using
a low-pass (LP) filter. The error amplifier controls the PWM
modulator to locatd at D, p. If 9; is smaller tharﬁfs/zfs)Vi,
€1 > 0. The output of the error amplifier, and hen¢ewill be
increased. Converselywill be decreased until = Dj;p. The
cutoff frequency of the error amplifier is set to be much lower
than the modulating frequengy, . It can be seen from the above
that the proposed technique will keep track the output character-
istics of solar panels without approximating the voltage—current
relationships.

B. Discontinuous Capacitor Voltage Mode (DCVM)
In this mode,r; equals

(18)
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/B TABLE |
0.8 T T COMPARISONS OF THECONVERTERBEHAVIORS IN DICM AND DCVM
DICM DCVM
M 4 g,
d, 1-d
2L, fs (1-d)
ri 3 .
! d 2f,C
2L, Negligible as
AI‘ d(L1+L2) ! L1>>;
@nfy)’C
Vs max a0d Vi, max a+M)Y, my,
d
1
1
i Timax and Ip max 2 I, a +_1_) I,
1 Md, M
0.2 '
0. 1 L 1 L P
0 05 1 15 2 25 B 3 ! V2L, fs/R V2R fs C
+— | —> .
d>Dyp l d<Dyp Condition of d <1-d, >d,
Application High voltage, low current | Low voltage, high current
. . . p ,
Fig. 5. Relationships betweea/ B andk’. Recommended arrangement Series connection Parallel connection
for solar panels

Thus,ér; with respect to the frequency variatiéifis is
Fig. 5 shows the relationships between 8 andk’. Similar

or; = — (1__ d)’ §fs. (19) behaviors as in (17) are obtained
2f%C
If d< D]\/[p(kl > 1)7 62(kl) >0 (233)
Similar to deriving (11) and (13), it can be shown that If d=Dyp(k' =1), e2(1) =0 (23b)
N N
(1 3 d)2 If d> D]up(k < ].)7 €2(k ) < 0. (23C)
Vi = v (20)

- (1-d)?2+(1-Dup)? ’ Hence, the control method used in DICM can also be applied to
the DCVM.
and
. (1 —d)?(1 — Dprp)?vy i (21) C. Comparison of DICM and DCVM
‘ [(1—=d)?2+(1—Dnp)??fg 5 Although a converter operating in DICM and DCVM can per-
form the MPP tracking, selection of a suitable operating mode is
By substitutingd = Dj,p into (20) and (21), (15) is still valid. based on several extrinsic and intrinsic characteristics. Table |

Again, the differences,, between the nominal characteristicshows a comparison of the converter behaviors in DICM and

of fSV,L-/ZTSvg andv; /v, can be shown to be DCVM. Detailed proofs of the entries in Table | are given in the
Appendix.
fsV b For the extrinsic characteristics, apart from the difference in
ea(k) ==+ —-— the voltage conversion ratidf, the input current rippleé\7; in
2fsvg g the DCVM is smaller than that in the DICM. Thus, variation
—3 Vi oo of the panel-converter operating point in the DCVM is smaller.
Vg Vg This can effectively operate the panel at the near MPP [13].

Nevertheless, input current perturbation is designed to be less
than 10% in the implementation.
In order to ensure that the converter is operating in the DICM

=/ [(1 = d>2(r<1d)—2 DMPV}

_25{ (1-d)*(1 = Dyp)? ]
[(1—d)2+ (1—1)1\,“:')2]2 d<1— [2Le fs _ Vo - (24)
2 /2 R Vo+V;
=0B|— —-28—
g [k"? + 1} p [(k’2 + 1)2} Thus, (24) gives the maximum duty cycle $ffor a given load
E2(K? — 1) resistance.
=p W (22) In order to ensure that the converter is operating in DCVM

ST A Vo
wherek’ = (1 — d)/(l — D]\,[p). d> 2Rfs = vV, + V'L (25)
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Tungsten
halogen lamy

S5,

Kikusui
PCR 2000L

T

Fan

Solar panel
——ppConnected to MPP
tracking circuit
Fig.6. Experimental setup for studying the proposed MPP tracking techniqt 20 40 60 80 100 120
i (Q)
TABLE 1
COMPONENTVALUES OF THE TWO CONVERTERS Fig. 7. P, — r; characteristics of the solar panel at differ@...,.
DICM DCVM Tek Prevu ig P 3 |
EEEEE T g - -
Ly 2.2mH 2.2mH : : b : :
R SN g
L, 25pH 450pH ' : :
C 100pF 47nF
[ Dol ...... I“ ;
G 1mF 1mF e W W!
R 10Q 10Q i E U S
j_’, SOKHz SOKHzZ SRR AL EEEE: SRS LIRS
2 R T AR Lot le—
2 SkHz SkHz : ; ; ; ; g i IO AP
/: Chil 200V Jei®| 10.0mv M 400ps] Al Ch1 # 12.0V
S 1kHz 1kHz @
Te]_cpreVu[g { __' ] é. —_—

Equation (25) gives the minimum duty cycle 8ffor a given
load resistance.

For the intrinsic characteristics, the voltage strEggyax Of
S inthe DCVM is higher than that in the DICM under the sam
panel terminal voltage and voltage conversion ratio. Converse
the current stres$s max in the DICM is higher than that in 4 _ ’ : i T , - ?
the DCVM with the same panel output current. Thus, for th  frmetiiirimiimfrimtimimitteeeei |
same panel power, DICM is more suitable for panel in seri : : : : t : : :
connection whilst DCVM is for parallel connection.

W

I1l. EXPERIMENTAL VERIFICATION

The experiment setup for studying the proposed MPP tracki
technique is shown in Fig. 6. A solar panel Siemens SM-: ‘w[-‘“;o”s'-;Al TR SR I
with a rated output power of 10 W is used. Two SEPIC's, whic B
are operating in DICM and DCVM, respectively, have been (b)
prototyped. The component values of the two converters gfg g experimental waveforms ef andi, of the two SEPIC prototypes at
tabulated in Table II. The switching frequency is 50 kHz. Thee MPP wherP,,,..., equals 900 W. (a) DICM(;: 2 V/div. i, : 0.2 A/div.). (b)
modulating frequency,, is 1 kHz. The maximum frequency PCVM (v:: 2 Vidiv. i;: 0.2 A/div.).
deviation f, is 5 kHz (10%). Based on Table | and (4), the
maximum value ofd is 0.5 for the converter in DICM. The surface temperature of the panel is kept at about 4G
minimum panel output resistance that can be matched by theoughout the test. The radiation illuminated is adjusted by
converter is 9.8). For the converter in DCVM, based on Table tontrolling the power of a 900 W tungsten halogen lamp
and (18), the minimum value aof is 0.217. The maximum using a programmable dc supply source—Kikusui PCR 2000L.
panel output resistance that can be matched is 120.5he Fig. 7 shows theP, — r; characteristics of the solar panel at

’ i i : :
Chil 200V  &oEB 10.0mv
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Tek SIXIR 5MS/s 153 Acgs Tek HITH 5MS/s . 16Acqgs
T. 1 H F

-
-
——

ThT S0V R B T T0mY B M T0is Ch2 7 emv
(0)

Tek EITeIEH 5MS/s 48 Acqs
L T

CHIT SOV R ORI Tomy & M 10fs Ch2 7 emv

(© (d)

Fig. 9. Experimental voltage and current stresse$' @nd D. (Timebase: 1Q:s/div). (a) Voltage and current stresses$im DICM. (Ch1: 10 V/div. Ch2: 2
A/div.). (b) Voltage and current stresses 8rin DCVM. (Ch1: 50 V/div. Ch2: 2 A/div.). (c) Voltage and current stressedom DICM. (Chl: 10 V/div. Ch2: 2
A/div.). (d) Voltage and current stresses bnin DCVM. (Ch1: 50 V/div. Ch2: 2 A/div.).

different Pj..mp. It can be seen that the output resistance of TABLE 1l
the panel at MPP varies from ]SB to 58 Q When Plamp iS TRACKING EFFICIENCY OF THEPROPOSEDMETHOD
changed from 900 W to 400 W. The operating range is withi . -

. f : f : Power Extracte Tracking Efficiency
the tracking _capacny (i.e., th_e input resistance) of th_e tw Pinp | Maximum Extractable W) %)
converters. Since upon a maximum of 10% of perturbatign, (w) Power (W)
will also be deviated from the MPP by about 10%. Howeve DICM | DCVM | DICM | DCVM
referring to Fig. 7, the resultant average power drawn from tt 490 2.4 23 22 95.8 917
solar panel is still more than 90% of the maximum extractab

. . 500 3.7 35 3.6 94.6 97.3
power for all Py,.,,p. Fig. 8 shows the experimental waveforms
of v; andi; of the two prototypes at the MPP whén,,), 600 5.4 52 5.0 96.3 92.6
equals 990 W. It can bg seen thathas a smgll sinusoidal . 6.7 6.5 6.6 97.0 08.5
perturbation of 1 kHz. Fig. 9 shows the experimental voltag
and current stresses ofi and D in the two converters. As _ 800 8.0 78 79 915 98.8
expected, the current stresses $rand D in the DICM are 900 9.5 9.4 9.2 98.9 96.8

about three times higher than that in the DCVM, whilst the
voltage stresses of and D in the DCVM are four times
higher than that in the DICM. These confirm the theoretical An insolation change is simulated by suddenly changing
prediction (see Table IlI). Piomp from 400 W to 900 W. The transient waveforms«f
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Tek SIEIEE 500 S/s 5 Acgs and approximation of the panel characteristics. Further research
e ' ; - == : ——  Will be dedicated into a more in-depth study of the design of
' ; ' 1 the error amplifier.

APPENDIX

: : : : : + : : : : ] Referring to Fig. 2 for SEPIC and Cuk converters, the average
e AT e A N ot voltage across each inductor is zero whilst the average voltage
S : : S : : : across, V., is as follows.

For SEPIC

V.=V (Al)

For Cuk converter
Vo=V, +V,. (A2)

: : : : 1 : : : : 1  The voltage conversion ratio, input resistance, input current
U oMy S TTooms Rz 7—¢smv  ripple, maximum voltage and current stressandD in the

Ch1

DICM and DCVM are derived in the following sections.
(@
A. Discontinuous Inductor Current Mode (DICM)
ST 500 S/s 2 Acgs _ o
Tek T ; [ } The capacitor voltages are constant throughout a switching

T period 7, Under the steady state, the theoretical voltage and
] current waveforms are shown in Fig. 11(&).andi, are ex-
{  pressed as

'ﬂt~|—a; 0<t<dT,
Ly
v; (vi + vo)
i) =4 "L, t+ I
dT, + o; dTs <t < (d+ dy)Ts
\ (d+d)Ts <t < T
(A3)
(Viy 0<t<dl
Lt i
................................... .. L2 !
: : i X : : Vo Vi + Vo
ig(t): __t_|_g
ICh ] 0V & Ch2 10mv & M100ms Ch2 7 emv Lo Lo
®) dT, — «; dTs <t < (d+dy)Ts
Fig. 10. Transient waveforms of the SEPIC converters when, , is subject $ T (d + dl)TS <t <T.
to a change from 400 W to 900 W. (Chi;, 10 V/div. Ch2:1,, 0.5 A/div.) (a) (A4)
DICM. (b) DCVM. .
() Their average valueg andl, are equal to
. . — Ts
andi; of the two converters are given in Fig. 10. It was found 1 / : Vi
: . . I, =— dt = d+dy)dT; , A5
that both converters can perform the MPP tracking function ! Ts Jo “ 204 (d+di) o (A

2‘2‘2 (d+dy)dTs — . (AB)
It should be noted thak; is equal to the average output current
of the converters.
Based on the volt-second balance on the inductors in
A novel technique for efficiently extracting the maximunfig. 11(a), the voltage conversion rafié can be expressed as
output power from the solar panel is presented. A PWM VodTe — V. daT
dc/dc SEPIC or Cuk converter operating in discontinuous P085 = V" 1 Sd
inductor—current or capacitor—voltage mode is used to match = M=-2=_—_,
with the output resistance of the panel. By injecting the Vi i
switching frequency with a small-signal sinusoidal variatioBY using the input and output power balance equatior 6f =
and comparing the maximum variation and the average valliel2 and (A5)—(A7), it can be shown that
at the input voltage, the MPP can be located. This method is V: d’Ts
simple and elegant without requiring any digital computation I = 2L,

and the panel output power is increased from 2.5 W to 9.5 W 1 [Ts
in 0.3 s in both cases. The tracked power is in close agreement Iy = T / ipdt =
with the measurements in Fig. 7. ° 0

IV. CONCLUSION
(A7)

(A8)
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S on, S off, S off, In addition,d; can be obtained by considering the input and
D off Don D off output power of
Vi1,V )
e Vil = e (A12)
Vi
¢ By substituting (A8) into (A12) and using (A7)

dy = \/2L.fs/R. (A13)

In order to ensure the operation in DICM, it can be observed

il/ from Fig. 11(a) that
d<1-d. (A14)

Maximum voltage stress o, Vs max, OCCUrs in the time

h interval whenS is off and D is on. Maximum voltage stress on
t D, Vb, max, 0ccurs wherf' is on andD is off. For SEPIC
/ d T le - VS, max — VD, max — Vvo + ‘/C (Als)
D 0 T For Cuk converter
P S
VS, max — VD,max = ‘/c (A16)

@)

Son, Son, Soff, After substituting (Al) into (A15) and (A2) into (A16), it can

be observed thals max andVp max are the same in the two
iD off; Don { Don converters, where
(4
Il ¢ VS, max — VD, max — (1 + M)V; (A17)
The maximum current stresses®andD, Is, max 8NAIp_ max,
A occurs at = d7T5. It can be shown that
IS, max :ID, max — Ll(de) + ZZ(de)
2
Y = I. Al8
‘ ara b (A18)
\ B. Discontinuous Capacitor Voltage Mode (DCVM)
T, B As I; and I, are constant throughoUts in this mode, the
dT voltage waveforms of’, v, of the two converters are depicted
< * > 7 in Fig. 11(b). It can be shown that
s
< > IZ [1(1 — d)TS
——Zt+———"— -0 0<t<diT;
®) c c f '
Fig. 11. Key waveforms of SEPIC and Cuk converter. (a) Voltage and current vc(t) =17 diTs <t < dT
waveforms of.; andZ, in DICM. (b) Current and voltage waveforms 6fin I
DCVM. bl (t—dTs)—p dT, < t < Ts.
(A19)
whereL, = L //L,. Hence, the input equivalent resistance is ''S average valuéc is equal to
equal to 1 [Ts
Ve = o / vo dt
2L, s Jo
o = 2efs (A9) Ts
d =5 [(1—d)(1 —d+2dy) — Ld?] — B, (A20)
By using (A3), the input ripplex T, currentis wheres equalsV, for SEPIC and zero for Cuk converter (see
7 Fig. 11).
AL = L dTs. (A10) Based on the amp-second balance(rin Fig. 11(b) and
By substituting (A8) into (A10), it can be shown that input and output power balanck/ can be expressed as
2L L(1-d)Ts =1,d,Ts
AL = —22 1. (A11)

d(Ly + Lo) = M=V,)Vi=hL/lh=d/(1-d). (A21)
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—— Max. Extractable Power
24— = | ———PowerExtracted DICM) |

------ Power Extracted (DCVM)
0 T T T T T T
300 400 500 600 700 800 900 1000

P lamp (W)

Fig. 12. Comparison of maximum solar panel output power using proposed

method and the ideal ones in Fig. 7, under differBnt,.,, .
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In order to ensure the operation in DCVM, it can be observed

from Fig. 11(b) that
d> d. (A25)

Maximum voltage stresses ghand D occur at the time in-
stant ofT's. For SEPIC

V:S7 max — VD, max — VC(TS) + V. (A26)
For Cuk converter
VS, max — VD,max = %(TS) (A27)
By substituting (A19) and (A21) into (A26) and (A2, max
andVp max are the same for the two converters and can be
pressed as

2M
V'S7 max — VD, max — d— V1. (A28)
1

Maximum current stress afi occurs at the time interval when

S is on andD is off. Maximum current stress ob occurs at
the time interval whers is off andD is on (Fig. 12). Thus

1
IS,max :ID,malel"FlZ = <1+ M) 1. (A29)
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