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Abstract—A novel technique for efficiently extracting max-
imum power from photovoltaic (PV) panels is presented. The
power conversion stage, which is connected between a PV panel
and a load or bus, is a SEPIC or Cuk converter or their derived
circuits operating in discontinuous inductor–current or capac-
itor–voltage mode. Method of locating the maximum power point
(MPP) is based on injecting a small-signal sinusoidal perturbation
into the switching frequency and comparing the ac component
and the average value of the panel terminal voltage. Apart from
not requiring any sophisticated digital computation of the panel
power, the proposed technique does not approximate the panel
characteristics and can globally locate the MPP under wide
insolation conditions. The tracking capability has been verified
experimentally with a 10 W solar panel under a controlled
experimental setup. Performances under the steady state and in
the large-signal change of the insolation level will be given.

Index Terms—DC–DC power conversion, maximum-power-
point tracking, photovoltaic.

I. INTRODUCTION

PHOTOVOLTAIC (PV) technology has developed rapidly
over the last two decades from a small scale, specialist in-

dustry supplying the United States space program to a broadly
based global activity [1]. Solar panel is the fundamental energy
conversion component of photovoltaic (PV) systems. Its conver-
sion efficiency depends on many extrinsic factors, such as in-
solation (incident solar radiation) levels, temperature, and load
condition.

There are three major approaches for maximizing power
extraction in medium- and large-scale systems. They are sun
tracking, maximum power point (MPP) tracking or both. For the
small-scale systems, MPP tracking is popular for economical
reasons. Various methods including power matching scheme
[2], [3], curve-fitting technique [4], [5], perturb-and-observe
method [6], [7], and incremental conductance technique [8],
[9] have been proposed.

The power-matching scheme requires the selected solar
panels to have suitable output characteristics or configurations
that can be matched with particular loads. It only approximates
the location of the MPP because they are basically associated
with specific insolation and load conditions [9].
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The curve-fitting technique requires prior examination of
the solar panel characteristics, so that an explicit mathematical
function for describing the output characteristics is formulated.
Although this technique attempts to track the MPP without
computing the voltage–current product explicitly for the
panel power, the curve-fitting technique cannot predict the
characteristics including other complex factors, such as aging,
temperature, and a possible breakdown of individual cells [4].

The perturb-and-observe (PAO) method is an iterative
approach that perturbs the operation point of the PV system,
in order to find the direction of change for maximizing the
power. It is operated by periodically perturbing the panel
terminal voltage and comparing the PV output power with that
of the previous perturbation cycle. Maximum power control
is achieved by forcing the derivative of the power to be equal
to zero under power feedback control. This has an advantage
of not requiring the solar panel characteristics. However, this
approach is unsuitable for applications in rapidly changing
atmospheric conditions [9]. The PV panel power is measured
by multiplying its voltage and current, using either a micropro-
cessor or an analog multiplier. In [7], the tracking technique
is based on the fact that the terminal voltage of panels at MPP
is approximately at 76% of the open-circuit voltage. Thus, the
controlled panel is disconnected from the load momentarily
so that the open-circuit voltage can be sampled and kept as
reference for the control loop. Recently, a simple MPPT tracker
(MPPT) with similar approach, which is based on creating an
inherent attractor at the MPP, has been proposed in [10]. It does
not require external control and perturbation.

The disadvantage of the PAO method can be improved
by comparing the instantaneous panel conductance with the
incremental panel conductance. This incremental conductance
technique (ICT) is the most accurate one among the other
methods. The input impedance of a switching converter is
adjusted to a value that can match the optimum impedance
of the connected PV panel. This technique gives a good
performance under rapidly changing conditions. However, the
implementation is usually associated with a microcomputer or
digital signal processor that usually increases the whole system
cost.

Concluding the above discussions, one of the most desirable
approaches of implementing a MPP tracker is to use the ICT
without requiring sophisticated digital sampling or mathe-
matical manipulations. Moreover, the realization should be
of low-cost and high accuracy and control capability. In this
paper, a novel technique for efficiently maximizing the output
power of a solar panel supplying to a load or battery bus under
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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 circuits
operating in discontinuous inductor current mode (DICM) or
capacitor voltage mode (DCVM). These two types of con-
verters were found to have the input resistance characteristics
being proportional or inversely proportional to the switching
frequency. Hence, by adjusting the nominal duty cycle of the
main switch in the converter, the input resistance of the con-
verter can be made equal to the equivalent output resistance of
the panel. This operation ensures the maximum power transfer.
By modulating a small-signal sinusoidal perturbation into the
switching frequency of the main switch and comparing the ac
component and average value of the panel terminal voltage, the
MPP can be located. The tracking capability of the proposed
technique has been verified experimentally with a 10 W solar
cell panel at different insolation (incident solar radiation) levels
and temperatures, and under different large-signal insolation
changes.

II. OPERATING PRINCIPLES

Fig. 1 shows an equivalent circuit of the solar array con-
necting to a MPP tracker. The solar array is modeled by a
Thevenin’s equivalent circuit, which consists of a voltage
source connected in series with an output resistance
around the MPP. Both and are subject to the level of
insolation and temperature. The input voltage and equivalent
input resistance of the converter are and , respectively.
Assuming no converter loss, the input powergoing into the
tracker is equal to the output power of the solar array

(1)

The rate change of with respect to and can be shown to
be

(2)

At the MPP, the rate of change of equals zero and equals
. Hence

(3)

where is the average input voltage. This equation gives the
required dynamic input characteristics of the tracker at the MPP

Fig. 2. Circuit diagram of the SEPIC and Cuk converter. (a) SEPIC. (b) Cuk
converter.

where has small-signal variation of subject to a small-
signal change of .

In Fig. 1, the converter that connects to the solar panel is a
SEPIC or Cuk converter operating in DICM or DCVM [11],
[12]. The tracking operations are described as follows.

A. Discontinuous Inductor Current Mode (DICM)

Since the input characteristics of SEPIC and Cuk converters
(Fig. 2) are similar, the input resistanceequals

(4)

where , is the switching frequency, andis
the duty cycle of the switch in Fig. 2. Detailed proof of (4) is
shown in the Appendix.

By differentiating (4) with respect to , it can be seen that a
small change of will introduce a small variation in . That is

(5)

Hence, injecting a small-signal sinusoidal variation into
gives

(6)

where is the nominal switching frequency, is the modu-
lating frequency and is much lower than, and is the max-
imum frequency deviation.

Thus, with the above switching frequency perturbation,
will include an average resistance and a small variation .
That is,

(7)

where

(8)

and

(9)
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Let be the required duty cycle of the switchat MPP.
can be expressed as

(10)

By using (8) and (10)

(11)

and the variation of with respect to becomes

(12)

By substituting (5), (8), and (10) into (12), the small-signal vari-
ation on is

(13)

The peak value of (i.e., becomes

(14)

As and vary with insolation and temperature,should
be automatically adjusted to in the controller. The fol-
lowing equation holds at the MPP and is obtained by substi-
tuting (5) and (8) into (3)

(15)

Based on (11) and (14), the difference,, between the nor-
malized characteristics of and can be shown
to be equal to

(16)

where and .
Fig. 3 shows the relationships between and . It can be

concluded that

If i.e. (17a)

If i.e. (17b)

If i.e. (17c)

Fig. 3. Relationships between" =� andk.

Fig. 4. Proposed MPP tracking method.

Based on (17), the proposed MPP tracking method is de-
picted in Fig. 4. is modulated with a small-signal sinusoidal
variation. and are sensed. is then scaled down by the
factor of and is compared with . is obtained by using a
peak detector to extract the value of the ac component in.
The switching frequency component inis removed by using
a low-pass (LP) filter. The error amplifier controls the PWM
modulator to locate at . If is smaller than ,

. The output of the error amplifier, and hence, will be
increased. Conversely,will be decreased until . The
cutoff frequency of the error amplifier is set to be much lower
than the modulating frequency . 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, equals

(18)
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Fig. 5. Relationships between" =� andk .

Thus, with respect to the frequency variation is

(19)

Similar to deriving (11) and (13), it can be shown that

(20)

and

(21)

By substituting into (20) and (21), (15) is still valid.
Again, the difference, , between the nominal characteristics
of and can be shown to be

(22)

where .

TABLE I
COMPARISONS OF THECONVERTERBEHAVIORS IN DICM AND DCVM

Fig. 5 shows the relationships between and . Similar
behaviors as in (17) are obtained

If (23a)

If (23b)

If (23c)

Hence, the control method used in DICM can also be applied to
the DCVM.

C. Comparison of DICM and DCVM

Although a converter operating in DICM and DCVM can per-
form the MPP tracking, selection of a suitable operating mode is
based on several extrinsic and intrinsic characteristics. Table I
shows a comparison of the converter behaviors in DICM and
DCVM. Detailed proofs of the entries in Table I are given in the
Appendix.

For the extrinsic characteristics, apart from the difference in
the voltage conversion ratio , the input current ripple in
the DCVM is smaller than that in the DICM. Thus, variation
of the panel-converter operating point in the DCVM is smaller.
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

(24)

Thus, (24) gives the maximum duty cycle offor a given load
resistance.

In order to ensure that the converter is operating in DCVM

(25)
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Fig. 6. Experimental setup for studying the proposed MPP tracking technique.

TABLE II
COMPONENTVALUES OF THETWO CONVERTERS

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

For the intrinsic characteristics, the voltage stress of
in the DCVM is higher than that in the DICM under the same

panel terminal voltage and voltage conversion ratio. Conversely,
the current stress in the DICM is higher than that in
the DCVM with the same panel output current. Thus, for the
same panel power, DICM is more suitable for panel in series
connection whilst DCVM is for parallel connection.

III. EXPERIMENTAL VERIFICATION

The experiment setup for studying the proposed MPP tracking
technique is shown in Fig. 6. A solar panel Siemens SM-10
with a rated output power of 10 W is used. Two SEPIC’s, which
are operating in DICM and DCVM, respectively, have been
prototyped. The component values of the two converters are
tabulated in Table II. The switching frequency is 50 kHz. The
modulating frequency is 1 kHz. The maximum frequency
deviation is 5 kHz (10%). Based on Table I and (4), the
maximum value of is 0.5 for the converter in DICM. The
minimum panel output resistance that can be matched by the
converter is 9.8 . For the converter in DCVM, based on Table I
and (18), the minimum value of is 0.217. The maximum
panel output resistance that can be matched is 130.5. The

Fig. 7. P � r characteristics of the solar panel at differentP .

(a)

(b)

Fig. 8. Experimental waveforms ofv andi of the two SEPIC prototypes at
the MPP whenP equals 900 W. (a) DICM (v : 2 V/div. i : 0.2 A/div.). (b)
DCVM (v : 2 V/div. i : 0.2 A/div.).

surface temperature of the panel is kept at about 40C
throughout the test. The radiation illuminated is adjusted by
controlling the power of a 900 W tungsten halogen lamp
using a programmable dc supply source—Kikusui PCR 2000L.
Fig. 7 shows the characteristics of the solar panel at
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(a) (b)

(c) (d)

Fig. 9. Experimental voltage and current stresses onS andD. (Timebase: 10�s/div). (a) Voltage and current stresses onS in DICM. (Ch1: 10 V/div. Ch2: 2
A/div.). (b) Voltage and current stresses onS in DCVM. (Ch1: 50 V/div. Ch2: 2 A/div.). (c) Voltage and current stresses onD in DICM. (Ch1: 10 V/div. Ch2: 2
A/div.). (d) Voltage and current stresses onD in DCVM. (Ch1: 50 V/div. Ch2: 2 A/div.).

different . It can be seen that the output resistance of
the panel at MPP varies from 18 to 58 when is
changed from 900 W to 400 W. The operating range is within
the tracking capacity (i.e., the input resistance) of the two
converters. Since upon a maximum of 10% of perturbation,
will also be deviated from the MPP by about 10%. However,
referring to Fig. 7, the resultant average power drawn from the
solar panel is still more than 90% of the maximum extractable
power for all . Fig. 8 shows the experimental waveforms
of and of the two prototypes at the MPP when
equals 900 W. It can be seen that has a small sinusoidal
perturbation of 1 kHz. Fig. 9 shows the experimental voltage
and current stresses on and in the two converters. As
expected, the current stresses onand in the DICM are
about three times higher than that in the DCVM, whilst the
voltage stresses on and in the DCVM are four times
higher than that in the DICM. These confirm the theoretical
prediction (see Table III).

TABLE III
TRACKING EFFICIENCY OF THEPROPOSEDMETHOD

An insolation change is simulated by suddenly changing
from 400 W to 900 W. The transient waveforms of
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(a)

(b)

Fig. 10. Transient waveforms of the SEPIC converters whenP is subject
to a change from 400 W to 900 W. (Ch1:V , 10 V/div. Ch2:I , 0.5 A/div.) (a)
DICM. (b) DCVM.

and of the two converters are given in Fig. 10. It was found
that both converters can perform the MPP tracking function
and the panel output power is increased from 2.5 W to 9.5 W
in 0.3 s in both cases. The tracked power is in close agreement
with the measurements in Fig. 7.

IV. CONCLUSION

A novel technique for efficiently extracting the maximum
output power from the solar panel is presented. A PWM
dc/dc SEPIC or Cuk converter operating in discontinuous
inductor–current or capacitor–voltage mode is used to match
with the output resistance of the panel. By injecting the
switching frequency with a small-signal sinusoidal variation
and comparing the maximum variation and the average value
at the input voltage, the MPP can be located. This method is
simple and elegant without requiring any digital computation

and approximation of the panel characteristics. Further research
will be dedicated into a more in-depth study of the design of
the error amplifier.

APPENDIX

Referring to Fig. 2 for SEPIC and Cuk converters, the average
voltage across each inductor is zero whilst the average voltage
across , , is as follows.

For SEPIC

(A1)

For Cuk converter

(A2)

The voltage conversion ratio, input resistance, input current
ripple, maximum voltage and current stress onand in the
DICM and DCVM are derived in the following sections.

A. Discontinuous Inductor Current Mode (DICM)

The capacitor voltages are constant throughout a switching
period . Under the steady state, the theoretical voltage and
current waveforms are shown in Fig. 11(a).and are ex-
pressed as

(A3)

(A4)

Their average values and are equal to

(A5)

(A6)

It should be noted that is equal to the average output current
of the converters.

Based on the volt-second balance on the inductors in
Fig. 11(a), the voltage conversion ratio can be expressed as

(A7)

By using the input and output power balance equation of
and (A5)–(A7), it can be shown that

(A8)
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(a)

(b)

Fig. 11. Key waveforms of SEPIC and Cuk converter. (a) Voltage and current
waveforms ofL andL in DICM. (b) Current and voltage waveforms ofC in
DCVM.

where . Hence, the input equivalent resistance is
equal to

(A9)

By using (A3), the input ripple current is

(A10)

By substituting (A8) into (A10), it can be shown that

(A11)

In addition, can be obtained by considering the input and
output power of

(A12)

By substituting (A8) into (A12) and using (A7)

(A13)

In order to ensure the operation in DICM, it can be observed
from Fig. 11(a) that

(A14)

Maximum voltage stress on, , occurs in the time
interval when is off and is on. Maximum voltage stress on

, , occurs when is on and is off. For SEPIC

(A15)

For Cuk converter

(A16)

After substituting (A1) into (A15) and (A2) into (A16), it can
be observed that and are the same in the two
converters, where

(A17)

The maximum current stresses onand , and ,
occurs at . It can be shown that

(A18)

B. Discontinuous Capacitor Voltage Mode (DCVM)

As and are constant throughout in this mode, the
voltage waveforms of , , of the two converters are depicted
in Fig. 11(b). It can be shown that

(A19)
Its average value is equal to

(A20)

where equals for SEPIC and zero for Cuk converter (see
Fig. 11).

Based on the amp-second balance onin Fig. 11(b) and
input and output power balance, can be expressed as

(A21)
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Fig. 12. Comparison of maximum solar panel output power using proposed
method and the ideal ones in Fig. 7, under differentP .

By substituting (A20) and (A21) into (A1) and (A2), it can be
shown that

(A22)

Hence, the input resistanceequals

(A23)

By substituting (A22) into (A12) and using (A21)

(A24)

In order to ensure the operation in DCVM, it can be observed
from Fig. 11(b) that

(A25)

Maximum voltage stresses onand occur at the time in-
stant of . For SEPIC

(A26)

For Cuk converter

(A27)

By substituting (A19) and (A21) into (A26) and (A27),
and are the same for the two converters and can be ex-
pressed as

(A28)

Maximum current stress on occurs at the time interval when
is on and is off. Maximum current stress on occurs at

the time interval when is off and is on (Fig. 12). Thus

(A29)
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