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Dithering Digital Ripple Correlation Control for
Photovoltaic Maximum Power Point Tracking

Christopher Barth, Student Member, IEEE, and Robert C. N. Pilawa-Podgurski, Member, IEEE

Abstract—This study demonstrates a new method for rapid and
precise maximum power point tracking in photovoltaic (PV) ap-
plications using dithered PWM control. Constraints imposed by
efficiency, cost, and component size limit the available PWM reso-
lution of a power converter, and may in turn limit the MPP tracking
efficiency of the PV system. In these scenarios, PWM dithering can
be used to improve average PWM resolution. In this study, we
present a control technique that uses ripple correlation control
(RCC) on the dithering ripple, thereby achieving simultaneous
fast tracking speed and high tracking accuracy. Moreover, the pro-
posed method solves some of the practical challenges that have to
date limited the effectiveness of RCC in solar PV applications. We
present a theoretical derivation of the principles behind dithering
digital ripple correlation control, as well as experimental results
that show excellent tracking speed and accuracy with basic hard-
ware requirements.

Index Terms—Digital control of photovoltaics, digital ripple
correlation control (DRCC), energy harvesting, maximum power
point trackers, photovoltaic cells, ripple-based control, ripple cor-
relation control (RCC), solar energy.

I. INTRODUCTION

THE need for maximum power point tracking (MPPT)
arises from the nonlinear I–V curve of photovoltaic (PV)

panels, and the fact that panel characteristics change with inso-
lation, temperature, and age [1], [2]. Effective MPPT requires
adequate measurement resolution of the power flowing into the
converter as well as sufficient resolution on converter control.
The control resolution of a switching power converter is deter-
mined by the PWM resolution of the controller which, in many
digitally controlled systems, is set by the ratio of controller clock
frequency to converter switching frequency.

There has been significant study showing the benefits of dis-
tributed panel level or subpanel level MPPT [3]–[10]. Further
research has also been invested in the development of MPPT
at the PV cell level [11], [12]. In order for these implemen-
tations to be economically viable and energy efficient, passive
component sizes and microcontroller clock speeds must often
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be reduced. With reduced passive component size and corre-
spondingly higher switching frequency, the relative ratio of the
controller clock speed to the switching frequency is reduced,
and the available PWM resolution may become a constraining
factor in efficient MPPT operation.

In these cases, the technique of PWM dithering can be used
to increase the effective resolution of the converter without in-
creasing digital logic frequency. By alternating between adja-
cent native PWM ratios at a predetermined dithering frequency,
an intermediate average PWM duty ratio can be obtained. Un-
fortunately, the use of dithering imposes additional delay on
the update speed of the MPPT algorithm as both the switching
ripple and the dithering ripple must be adequately averaged in
order to achieve a high resolution measurement. This creates
a tradeoff between tracking resolution and tracking speed for
most tracking algorithms.

Ripple correlation control (RCC) has been shown to be an
adaptable approach for system optimization in the presence of
a sustained ripple [13]. By measuring circuit parameters at two
points in the periodic switching ripple, the algorithm is able
to converge to the maximum power point without the delay
incurred by averaging the switching ripple. RCC can also be
viewed as a form of extremum seeking control in which inher-
ent system ripple is used instead of external perturbations [14],
[15]. The RCC technique has been shown to be well suited for
stable digital implementation [16]. This study builds on the theo-
retical introduction of dithering digital ripple correlation control
(DDRCC) [17] and demonstrates that DDRCC can be applied
to the system ripple created by PWM dithering to achieve excel-
lent PV MPPT speed and convergence in MPPT systems which
use dithered PWM control. Additionally, by applying RCC to
the ripple caused by dithering, DDRCC avoids the switching
frequency limitations which RCC imposes [18].

The main contribution of this study is a new control method
that enables simultaneous high tracking efficiency and fast dy-
namic response in PV MPPT applications. The key insight is
to use the information present in the PWM dithering ripple
to achieve fast and accurate tracking. The proposed solution
yields up to a 10X performance improvement in tracking speed
(with maintained tracking efficiency) compared to a basic per-
turb and observe (P&O) implementation. Alternatively, for the
same tracking speed, the proposed control method achieves a
significant decrease in tracking-error-induced loss compared to
conventional P&O. Moreover, the proposed DDRCC method
alleviates many of the difficulties encountered with existing PV
RCC techniques, which have limited the widespread adoption
of RCC to date [18]. The DDRCC method is well suited for low-
cost or low-power applications such as PV module-integrated
power converters and mobile PV solutions.
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Fig. 1. PV panel current and voltage waveforms for undithered (left) and
dithered (right) operation.

This paper begins with a review of PWM dithering in
Section II. The theory of DDRCC is then presented in Section III
to show that precisely timed measurements can be used to track
the panel maximum power. Section IV discusses the benefits
DDRCC holds over RCC in dithered applications, and some
implementation details are discussed in Section V. Section VI
discusses the increased tracking speed of DDRCC as compared
to a dithered implementation of P&O, and then Sections VII and
VIII present the DDRCC hardware implementation and tracking
results. Finally, the paper is concluded in Section IX.

II. DITHERING FOR INCREASED EFFECTIVE RESOLUTION

Precise MPPT requires good converter control resolution and
by extension, a finely adjustable PWM signal. The duty ratio
resolution of a digitally generated PWM signal is limited by the
PWM counter clock speed according to the relationship

FPWM

Fclk
= ∆Dmin (1)

where ∆Dmin is the minimum step in duty ratio. For example,
an 8-MHz counter clock generating a 250-kHz PWM signal
results in a resolution limit of 3.132%.

One well-known technique to circumvent this limitation is
to dither between adjacent hardware duty ratios. Because the
converter is continually in a state of transition, this technique
allows the generation of an average PWM duty ratio between
the values available in hardware [19], [20].

Fig. 1 illustrates the source of the increased control resolution
achievable through dithering. The left side of the figure contains
two duty-ratio transitions, between which the converter is able
to settle to steady state. It can be seen that due to the relatively
course native PWM resolution (large ∆Dmin ), the achievable
panel voltage and current values also undergo a large transition
which can represent a significant departure from the panel MPP.

In the right-side plot of Fig. 1, the converter PWM duty ratio
is continuously dithered between two native values. Because
of the dithering, the average current and voltage are in a state
of continuous transition between the two steady-state values
and never reach either limit. By adjusting the amount of time
the converter spends at the high or low duty ratio, the average
operating point can be adjusted between the two steady-state
operating points.

Fig. 2. Measurements of average duty ratio resolution with both native PWM
and dithering.

In theory, dithering can be used to generate an arbitrarily
fine average PWM resolution by adjusting the number of PWM
cycles that the converter is averaging over. This can be succinctly
stated as

∆Dmin

N
= ∆Ddithered (2)

where N is the number of cycles that the converter is averag-
ing over. For example, by averaging over 40 cycles, the con-
troller discussed previously can achieve an average resolution
of 0.078%. It should, however, be noted that as the converter
dithers over an increasing number of PWM cycles, the dithered
current and voltage ripple magnitude shown in Fig. 1 will
increase.

Comparing the undithered waveforms in the left plot of Fig. 1
to the dithered waveforms in the right plot, it is clear that the
lengths of the transition intervals in the dithered plot are only a
portion of the transition intervals in the undithered plot. Hence,
the amplitude shift during the dithering cycle is much smaller
than the amplitude shift which would be experienced if the
converter stepped slowly back and forth between adjacent duty
ratios. In a similar way, if the number of dithering steps in a cycle
is increased (to improve average PWM resolution), the converter
will have a larger transition time and the ripple amplitude will
increase. This increased ripple can be reduced by a larger input
filter capacitor. However, practical constraints will restrict the
capacitor size. Thus, passive component sizes will limit the
number of PWM cycles over which it is productive to dither.

Fig. 2 illustrates the improvement in the average PWM duty
ratio which is obtained using dithering in hardware. This plot
was generated using automated measurement of a filtered PWM
signal running with and without dithering. The large native duty
ratio step size in the plot is obtained from an MSP430 microcon-
troller running at 8-MHz clock speed and generating a 250-kHz
PWM signal. By averaging over 40 PWM cycles, the dithered
resolution can be seen to be forty times the original.

As the MPPT converter dithers between native duty ratios,
the average current and voltage of the panel will change ap-
proximately linearly in time, with the current rising and voltage
falling over periods of high duty ratio, and the reverse over pe-
riods of low duty ratio. This is illustrated in Fig. 3, which is
an example plot (through numerical simulation) showing the
relationship between the switching and dithering ripple of the
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Fig. 3. Simulation of dithering voltage and current waveforms resulting from
changes in PWM duty ratio. Bottom trace is the PWM (e.g., gate drive) signal.

panel. The dithering period is denoted as Td , and represents the
period of a full cycle of high and low duty ratios. The dithering
ratio, denoted as Rd , marks the point in the dithering period at
which the converter transitions from the high to the low duty
ratio. By adjusting the dithering ratio (not to be confused with
the duty ratio), the converter is able to vary the average PWM
duty ratio between the high and low native values.

III. FORMULATION OF DDRCC

The principles of RCC have been presented in both analog and
digital form [13], [16]. With some modifications, digital ripple
correlation control (DRCC) can be applied to the ripple created
by PWM dithering. The main points of the derivation will be
repeated here. The DDRCC technique applies the underlying
principles of RCC to the average ripple created by converter
dithering in order to circumvent the fundamental constraints
placed on RCC at the switching frequency. This is accomplished
by dithering at a time scale longer than that imposed by panel
capacitance. Because DDRCC makes use of the dithering fre-
quency instead of the switching frequency to perform MPPT,
the DDRCC dithering frequency/tracking frequency can be cus-
tomized at design time or adaptively during operation. It should
be noted that in most conventional applications, the dithering
ripple is an undesirable side-effect of increasing the PWM res-
olution. This ripple is often filtered through added capacitance,
or mitigated through the use of noise shaping techniques (e.g.,
sigma-delta modulation [21]). In this study, the dithering rip-
ple is instead exploited to achieve fast and accurate MPPT
operation.

Noting the power versus current characteristics of an example
PV panel shown in Fig. 4, it is clear that the derivative of power
with respect to current is negative for all points on the curve with
I greater than IMPP , and positive for all points on the curve with
I less than IMPP . These relationships can be summarized as

dP

dI
< 0 for I > IMPP (3)

and

dP

dI
> 0 for I < IMPP . (4)

Fig. 4. Power versus current characteristic for PV panel.

Furthermore, the power converter input current (and thus the
PV panel current) is dependent on the duty ratio. This fact makes
it possible to traverse the power curve of Fig. 4 by controlling
the duty ratio. For a buck converter, (3) and (4) can be restated as

dP

dI
< 0 for D > DMPP (5)

and

dP

dI
> 0 for D < DMPP (6)

to determine the direction of the change in average duty ratio
required to reach the panel maximum power point.

For a buck converter, the panel current (converter input cur-
rent) increases as the duty ratio increases, and the sign of the
required change in duty ratio is the same as the sign of dP

dI .
Therefore, provided I(D) is monotonic and the average duty
ratio, D, is adjustable in time, an integral control with a suitable
scalar gain such as

D = k

!
dP

dI
dt (7)

can be applied over time to adjust the operating point until dP
dI

is equal to zero and the converter duty ratio reaches DMPP [16].
Because the derivative in (7) is not easily measurable, this

expression can be restated by multiplying by a positive con-
stant. Since measurements of power and current are routinely
performed in the time domain, the term ( dI

dt )2 can be used to
restate (7) in terms of derivatives with respect to time as

D = k

!
dP

dI

dI

dt

dI

dt
dt = k

!
dP

dt

dI

dt
dt. (8)

Note that ( dI
dt )2 is positive and constant in the power verses

current plane of Fig. 4, and therefore factoring it into (7) only
changes the effective value of the arbitrary constant k, but does
not affect the ability of (7) to drive the duty ratio to DMPP [16].

Equation (8) can be simplified by considering that the average
panel current and voltage both change approximately linearly
as the converter dithers. Noting the waveforms in Fig. 3, it
is justifiable to approximate dI

dt as a positive and a negative
constant over the region of high and low duty ratio, respectively.
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This can be stated as

dI

dt
=

"
S+ 0 ≤ t < RdTd

S− RdTd ≤ t < Td

(9)

where S+ and S− represent the positive and negative slopes of
the current waveform.

By making use of (9) and taking the initial duty ratio into
account, the integral in (8) can be rewritten as the sum of two
integrals each multiplied by the corresponding constant current
slope as

D(t) = D(0) + kS+

! Rd Td

0

dP

dt
dt + kS−

! Td

Rd Td

dP

dt
dt.

(10)
Symbolic evaluation of (10) then leads to

D(t) = D(0) + kS+(P (RdTd) − P (0))

+ kS−(P (Td) − P (RdTd)). (11)

When the converter is operating in periodic steady state, the
variation in average values of input voltage, current, and power
will all be periodic over the dithering cycle. This can be stated
mathematically as

I(0) = I(Td) (12)

and

P (0) = P (Td). (13)

In order for this to be true, ∆t ∗
## dI

dt

## must be equal on the
falling and rising slope. Because the period of rising current is
given as TdRd , and that of the falling current is Td(1 − Rd), it
is possible to solve for the negative slope of the current in terms
of the dithering ratio (Rd ) and the positive slope as

S+Rd = S−(Rd − 1) =⇒ S− =
−S+Rd

1 − Rd
. (14)

Equations (13) and (14) can then be used to simplify (11) into

D(t) = D(0) +
kS+

1 − Rd
(P (RdTd) − P (0)). (15)

The terms multiplying the difference in power can all be
lumped together into a constant gain because they do not change
on the dithering time scale. Depending upon the resolution of
the dithering process, and the constant gain (k) used, there may
be no discernible difference between using the magnitude of
the difference in (15) and only the sign of the difference with a
constant gain. With an appropriate k′ value

D(Td) = D(0) + k′sgn(P (RdTd) − P (0)) (16)

can be considered functionally equivalent to (15). In most imple-
mentations of DDRCC, k′ will be the minimum step in dithered
duty ratio (∆Ddithered ) and the sign of the difference in (16)
will determine whether the average duty ratio is increased or
decreased by ∆Ddithered .

Equation (16) is the essence of DDRCC. By iteratively sam-
pling the power of the panel at the beginning of the dithering
cycle (P (0)) and at the transition in duty ratio (P (RdTd)), and
then adjusting the duty ratio according to (16), the converter

Fig. 5. PV panel model with parasitics.

will converge to the optimal average duty ratio for MPP oper-
ation. Again, the reader is referred to [13] and [16] for further
background on this derivation in the context of conventional,
switching-ripple-based RCC.

IV. BENEFITS OF DITHERING-BASED RCC

The RCC technique has been shown to be a rapid and ac-
curate method of PV MPPT. However, RCC implementations
demonstrated to date have applied RCC to the ripple created by
converter switching instead of a ripple created by dithering as
presented in this study. In a digital implementation of RCC, this
would mean that power would be measured at transitions in the
switching waveform instead of the dithering waveform [16]. Ac-
complishing RCC at the switching frequency offers the highest
tracking speed possible because the panel operating point can
be adjusted each switching cycle. However, the MPP tracking
frequency is tied to the switching frequency and implementation
can be challenging.

From an inspection of Fig. 4, it can be seen that for panel
currents less than the MPP current, perturbations of current and
power will be in phase. Conversely, above the MPP, pertur-
bations in current and power will be separated by 180◦. This
relationship between the relative phase of the current and power
perturbation is necessary for the RCC technique to function
correctly.

Fig. 5 shows a basic PV panel circuit model with parasitic
components included [22]. When MPP tracking is performed
using RCC at relatively low switching frequencies (in the range
of a few kHz), these parasitic elements do not alter the phase
relationship between current and voltage, and as a result the
relationship between current and power. As the panel perturba-
tion frequency (which in RCC operation is also the switching
frequency) is increased, the parasitic capacitance of the panel
acts as a low-pass filter in parallel with the panel and distorts
the required phase shift at the panel terminals.

It has also been shown that by sampling power at extremum
in the voltage ripple instead of the current ripple, the frequency
range of RCC can be extended. However, at typical panel ca-
pacitances, the required phase shift is eliminated at switching
frequencies above approximately 100 kHz [18]. In practice,
RCC implementation is challenging at switching frequencies
substantially lower than this limit, as shown by prior experi-
mental implementations [16], [23], [24].

Given this constraint, the use of switching-based RCC is diffi-
cult in applications with stringent size limitations, since minia-
turization is most often accomplished by operating at a high
switching frequency to reduce the size of the passive compo-
nents. Even with phase compensation, the maximum switching
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frequency is limited, and most hardware RCC implementations
to date have used switching frequencies lower than 25 kHz
[14], [16], [18], [23], [25], [26]. Moreover, it is desirable to
perform MPPT with a low-cost sampling and ADC implemen-
tation, which is difficult for conventional RCC at high switching
frequencies.

DDRCC is a technique which is applicable in situations where
both improved control resolution and high tracking speed are
required. When power and size constraints reduce control reso-
lution to the extent that PWM dithering is beneficial, DDRCC
becomes a promising method of performing MPPT. DDRCC
offers fast tracking because it is not necessary to delay MPPT
updates in order to filter the dithering ripple. However, unlike
switching-based implementations of RCC, the converter switch-
ing frequency and the tracking frequency are decoupled. With
this arrangement, it is possible to lower the tracking frequency
sufficiently to avoid the complications caused by panel capaci-
tance, while maintaining a switching frequency in the hundreds
of kHz.

V. DETAILS OF IMPLEMENTATION

From the previous discussion, it is clear that implementa-
tion of DDRCC can yield improved performance, but it also
requires accurate measurement of a dithering ripple. Meeting
this requirement requires some extra considerations, which are
discussed below.

A. Sustained Ripple Requirement

One practical detail associated with DDRCC is that the sys-
tem must always have a dithering ripple. When the desired
duty ratio corresponds to one of the native duty ratios, most
dithering implementations would stop dithering and run at a
constant duty ratio. This would eliminate the dithering required
for RCC, however, and must be prevented. A three-way dither-
ing sequence has been implemented to address this issue and is
discussed in Appendix A. It is worth noting that this continual-
forced oscillation around the MPP has the potential to reduce the
efficiency of the panel because the panel is perturbed from the
true MPP. However, this is also the case for most other MPPT
algorithms (e.g., P&O and incremental conductance in practical
implementations). Excellent analysis has been done on evaluat-
ing ripple-induced power loss in a general case [27], [28]. In a
proper implementation of DDRCC, the additional losses created
by the dithering ripple will be minimal. Because the dithering
ripple is at a much slower frequency than the switching ripple,
it is far easier to measure than the switching ripple, and con-
sequently the dithering ripple can be made sufficiently small
to minimize power loss, while still being measurable for the
tracking algorithm.

B. Full Magnitude Measurement Requirements

Although high accuracy in the dc power measurement is not
required because DDRCC evaluates the difference in power and
not the absolute quantity, the dc value of panel power cannot be
completely ignored as can be seen in the following analysis.

Fig. 6. Change in current and voltage with change in dithered duty ratio.

As is shown in (16), DDRCC updates the operating point of
the converter based on a measured ∆P . This can be stated as

∆P = P2 − P1 = P (RdTd) − P (0). (17)

The new current and voltage values will be the original ones
plus some perturbed quantities

∆P = (V + ṽ)(I + ĩ) − V I. (18)

Expanding (18) leads to

∆P = V I + V ĩ + ṽI + ṽĩ − V I (19)

and

∆P = V ĩ$%&'
+ +

+ ṽI$%&'
− +

+ ṽĩ$%&'
− +

. (20)

It is evident that the last two terms in (20) will always be neg-
ative because voltage falls over the interval of high duty ratio
and thus ṽ < 0 while ĩ > 0 and I > 0. Therefore, if the start-
ing values V and I are ignored, ∆P will always be negative,
preventing DDRCC from converging to the maximum power
point. While the absolute dc accuracy is thus not essential be-
cause of the multiple order of magnitude difference between the
dc and ac terms, the dc term must nevertheless be included in
the DDRCC tracking algorithm for proper operation.

VI. TRACKING ACCURACY VERSUS SPEED

The primary benefit of DDRCC over an implementation of
dithered P&O is the speed at which DDRCC can track the
maximum power point. Although a dithered implementation
of P&O will result in equal tracking efficiency to DDRCC,
the response rate of the MPPT algorithm will be significantly
slower resulting in reduced tracking efficiency during transients
[29]. The difference in tracking speed results from the approach
that the algorithms use to find the MPP. In P&O, the algorithm
updates the converter duty ratio based on the change in power
which resulted from the last update [1]. This means that after the
duty ratio is adjusted, it is necessary for the converter to settle
before the algorithm iterates again. If adjustments are made too
quickly, the converter will not track the MPP.

Fig. 6 shows a dithering waveform that helps illustrate this
point. Noting the PWM waveform at the bottom of the plot, it
can be seen that at 1 s the average-dithered duty ratio of the
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Fig. 7. Comparison of tracking efficiency and speed for P&O and DDRCC.

converter increases. This results in an increase in the average
panel current and a decrease in the average panel voltage. When
P&O is implemented, control is performed based on a filtered
current and voltage signal so that the increased average resolu-
tion created by dithering is taken into account. If the filter time
constant is too large, the filtered signal will not track the actual
circuit parameters as shown in Fig. 6. This will delay the con-
verter MPP tracking update time. Conversely, if the filter time
constant is too small, the dithering ripple will not be filtered
out and the MPP tracking algorithm will not be able to take
advantage of the increased resolution created by dithering.

This situation creates a tradeoff between two options when a
conventional implementation of P&O is used with dithering:

1) achieve high PWM resolution (and resulting high MPPT
tracking efficiency) with a slow response time by dithering
over a large number of PWM cycles;

2) achieve fast response but with lower tracking efficiency
by dithering over fewer cycles.

The proposed DDRCC technique addresses these challenges
by determining the direction of the maximum power point di-
rectly from the converter input current and voltage ripple. By
measuring converter power at specific instances in the dither-
ing cycle, the direction to the maximum power point is always
known and the delay required for the converter to settle is not
incurred. In essence, DDRCC operates in the transition region
between steady-state operating points and hence never needs to
wait for transients to settle. Even if DDRCC is applied while the
converter is still in transition, the evaluation of (16) will always
guide toward the maximum power point.

Fig. 7 shows the results of a series of PLECS simulations
which compare the tracking efficiencies obtainable over a range
of tracking or convergence frequencies using P&O and DDRCC.
The tracking efficiency is defined as

ηMPPT =
Pavg

PMPP
(21)

where Pavg is the average power extracted from the panel and
PMPP is the measured maximum panel power. The tracking
frequency, which represents the tracking speed, is the inverse of
the time required for the simulation to converge to the steady-
state operating point from 90% of open circuit voltage. Further
details on these simulations can be found in Appendix B. It

Fig. 8. Process of signal amplification and windowing.

can be seen from Fig. 7 that the tracking speed of the P&O
algorithm is inversely related to tracking efficiency. The lowest
efficiency in the plot is the tracking efficiency available using
P&O without dithering, that is using the native 3.132% PWM
resolution of the simulated system. Because these are also the
coarsest tracking steps, the undithered MPP tracking has the
highest P&O convergence frequency.

In contrast to P&O, the DDRCC tracking accuracy is not cor-
related to the tracking speed. As is observed in Fig. 7, the track-
ing efficiency is maintained as the tracking speed is increased.
The variations in tracking efficiency are due to numerical round-
ing errors in the simulation, which will be present in systems
with very high (i.e., >99.9%) tracking efficiency.

Fig. 7 also illustrates the approximately 10x increase in track-
ing speed which can be gained over conventional P&O. It can
be seen that DDRCC maintains a tracking accuracy equal to
the best-dithered P&O tracking efficiency at speeds up to 10x
higher. Moreover, if the filter time constant used in the P&O
implementation would be reduced to match the speed of the
fastest DDRCC results, it is clear that the resulting tracking-
error-induced P&O losses would be substantially increased.

It should be noted that in this study, we are only comparing
DDRCC to basic P&O. A number of techniques have been
proposed to improve the tracking speed and accuracy of basic
P&O, such as variable step-size and adjustable perturbation
frequency. Since similar techniques can also be used to improve
the performance of DDRCC (e.g., adjustable dithering step-size
and frequency), we have restricted our discussion to the most
basic versions of the two control techniques for a straightforward
comparison.

VII. HARDWARE IMPLEMENTATION

The DDRCC technique is well suited for applications in
which the ratio of clock frequency to switching frequency shown
in (1) is limited. In practice, this occurs in low-power applica-
tions where power constraints demand a low clock frequency
and when a high converter switching frequency needs to be
employed.

Successful implementation of DDRCC requires that current
and voltage measurements have a reasonable level of accuracy
in both magnitude and timing. Measurement timing must be
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Fig. 9. Schematic of the buck converter used for DDRCC verification.

Fig. 10. Photo of DDRCC MPP tracker prototype.

addressed in the selection of the microcontroller. Specifically,
the chosen device must be able to trigger current and voltage
measurements at the transitions in duty ratio used in dithering.
Depending on the hardware configuration, oversampling at the
selected intervals may also be possible. The measurement mag-
nitude resolution is also linked to the hardware; however, the
particular measurement requirements of MPPT allow the micro-
controller ADC resolution to be enhanced by using a subranging
measurement approach, as discussed below.

A. Windowed Measurements

Because DDRCC increments or decrements the duty ratio
based on the sign of the difference in power between t = 0
and t = RdTd , adequate measurement resolution of the power
ripple is essential. The absolute dc measurement accuracy is less
significant because the dc quantities concerned are an order of
magnitude or more larger than the ripple. At low power levels,
a simple scaling of current and voltage signals into the range of
the ADC is an effective approach [30].

The shortfall of signal scaling is that a simple current-sense
amplifier and voltage divider will scale the dc magnitude and
the ac ripple equally. This makes ripple signal measurement a
challenge at higher panel power levels because the dc currents
and voltages are higher and the voltage ripple will often be
attenuated to the point that it is no longer measurable since it is
below the converter noise floor. One approach to obtaining more
precise measurements would be to oversample and average.

TABLE I
COMPONENT VALUES FOR PROTOTYPE CONVERTER

Device Value/Model Manufacturer

Micro MSP430G2955 TI
Op amp OPA4364AID TI
DrMOS FDMF6707VCT-ND Fairchild
Lin Reg 9 V UA78L09ACPK TI
Lin Reg 3.3 V TPS77301DGK TI
Rs e n s e 0.01 Ω Yageo
Lb u ck SER2915H, 22 µH Coilcraft
Cin 88 µF Taiyo Yuden
Co u t 20 µF Taiyo Yuden
C1 , 2 8200 pF
R3 , 1 0 261 Ω
R1 , R2 , R4 25.5 kΩ , 5.1 kΩ , 28 kΩ
R5 , R6 , R7 6.2 kΩ , 11 kΩ , 49.9 kΩ
R8 , R9 , R1 1 52.3 Ω , 1 kΩ , 4.32 kΩ
R1 2 , R1 3 2 kΩ , 49.9 kΩ

However, this approach has limited applicability in DDRCC,
because measurements must be timed at the transitions in duty
ratio and the sampling frequency of most peripheral ADCs will
only allow a few measurements within these intervals. It should
be noted that any MPPT technique that attempts to achieve
simultaneous fast tracking speed and high tracking efficiency
requires improved voltage and current sensing bandwidth and
resolution.

Because MPP tracking accuracy is more sensitive to errors in
the current and voltage ripple than it is to measurement errors
in the dc magnitude, another method for obtaining an accurate
measurement of the power ripple is to apply a windowing tech-
nique as outlined in [31], [32]. In this approach, the ac ripple
of the panel voltage and current signal is amplified to the extent
required for accurate measurement, while the dc component is
offset to fit the signal into the range of the ADC. The magnitude
of the offset applied to window the signal gives an adequate ap-
proximation of the dc magnitude of the signal. In the prototype
constructed for this DDRCC demonstration, current measure-
ment with windowing was accomplished using a sense resistor
and basic analog circuits. In applications which justify the use
of magnetic current sensing typologies, a physically windowed
sensor might be more applicable [33].
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Fig. 11. Converter test setup.

A sequential depiction of the amplification and windowing
process is given in Fig. 8 for a sinusoidal wave. Initially, both the
ac and dc components of the signal are small relative to the ADC
range. If the amplification required to achieve an accurately
measurable ac signal were to be performed directly, the total
magnitude of the signal would be far above the range of the
amplifier and ADC as shown in the second figure. By adding an
adjustable negating bias to the last stage of the amplification, the
ac signal is both amplified and moved into the range of the ADC.

B. Prototype Device

Fig. 9 shows a schematic of the buck converter along with the
windowing and filtering circuit used to demonstrate DDRCC.
Amplification biasing resistors were calculated as discussed in
[31]. The DDRCC control for the buck converter was imple-
mented on an MSP430G2955 microcontroller. The G2955 mi-
crocontroller is part of Texas Instruments’ Value Line series.
It was chosen to demonstrate the minimal hardware required
to perform DDRCC. The microcontroller uses a filtered PWM
signal to set Vbias,v2 and Vbias,i1 . The bias at Vbias,v1 is set at a
dc reference of 12 V as discussed in [31]. A photograph of the
prototype converter is shown in Fig. 10, and component values
are given in Table I.

VIII. EXPERIMENTAL RESULTS

To verify the performance of DDRCC, MPP convergence
was tested in the laboratory under repeatable conditions. Many
MPPT algorithms can be tested using a PV panel emulator.
However, in DDRCC, the panel response at the the dithering
frequency is critical for proper operation and therefore artificial
illumination was used [34], [35]. Illumination for the tests was
provided by dc-powered halogen lights to eliminate the 120-Hz
ripple in panel power caused by ac-powered illumination. The
complete test setup is depicted in Fig. 11. The temperature of the
panel was measured and allowed to stabilize before all measure-

ments [36]. The panel maximum power point was identified for
each illumination level by an automated I–V sweep conducted
with an HP6060B electronic load and Agilent 34410A multi-
meters to measure current and voltage. After measuring Pmax ,
the converter was started and allowed to converge to the MPP.

Fig. 12 shows the operation of the converter when it is rippling
with an average duty ratio below DMPP , at DMPP , and above
DMPP . Arrows on each graph highlight the logic waveform at
the top of the screen which marks the intervals of high duty
ratio.

As outlined by (16), the DDRCC algorithm measures con-
verter input power at time t = 0 and t = RdTd corresponding to
the beginning and end of the period of high duty ratio. During
this interval, the average panel current flowing into the con-
verter rises, and the average panel voltage falls. If P(0) is less
than P(RdTd ), it is clear that the panel MPP exists at some
higher current and average duty ratio than the present operating
point. This situation is shown in Fig. 12(a). As indicated by (16),
the DDRCC algorithm will raise the average duty ratio of the
converter.

When P(RdTd ) is equal to P(0), a point of peak power has
occurred during the interval and the converter is operating at
the maximum power point. This is the case shown in Fig. 12(b).
In this instance, the difference portion of (16) will evaluate
to approximately zero and, with a tolerance implemented, the
average duty ratio of the converter could be left unchanged.

Fig. 12(c) shows the operation of the converter when the duty
ratio is above the MPP. It is evident that P(RdTd ) is lower than
P(0), which means that the average value of the duty ratio must
be lowered to reach the maximum power point as indicated by
(16).

The MPP convergence of the DDRCC algorithm was tested
using simple signal scaling of current and voltage signals for
power levels below 6 W on a 20-W, 12-V polycrystalline sili-
con PV panel from Kuang U Technology Group. The effective
illumination received by the panel ranged from approximately
130 to 290 W/m2 . For the higher power (25 W) measurement, a
windowing and scaling circuit was used that provided high reso-
lution ripple measurement over a wide dc amplitude range. This
test was conducted on an EC-102 polycrystalline solar panel
from Evergreen Solar setup for operation at 21 V. The effective
illumination was 350 W/m2 .

Accurate sensing is typically more challenging at low power
levels, owing to the reduced signal amplitudes. The experimen-
tally verified successful tracking (with high efficiency) at such
low power levels thus demonstrates the robustness of the pro-
posed technique, even for small signal amplitudes. At higher
power levels, when the analog windowing technique is applied,
the value of the dc voltage and current does not affect the ability
of the system to measure the difference in power, thereby pro-
viding a scalable power measurement with high precision over
a wide range of dc operating points. The proposed method thus
scales to high power levels, although we note that the benefits
of DDRCC are most prominent on low-power hardware, where
cost and size constraints are limiting factors.

Fig. 13 shows panel current and voltage as the duty ratio
of the converter is raised to DMPP in the 25.4-W test. In this
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Fig. 12. Oscilloscope screenshot of dithering voltage, current, and power waveforms. Note that dc levels are shifted in each plot for suitable viewing, and current
scale on right plot has been increased.

Fig. 13. Plot of current and voltage as DDRCC converges to MPP.

implementation, the duty ratio of the converter is adjusted at
each dithering cycle or every 16 PWM cycles. By decreasing
the number of PWM cycles per dithering cycle, the conver-
gence speed could be increased. As shown in (2), this would
also decrease the effective control resolution of the converter.
Fig. 14 shows a plot of panel power versus time as panel power
converges to the MPP.

Another way to view the ability of DDRCC to track the max-
imum power point is shown in Fig. 15. This figure shows the
measurements taken by the microcontroller as the average duty
ratio of the converter is raised up to and past the MPP duty ratio
for the panel operation conditions. The solid thin line, marked
as P (0), plots the power measured by the microcontroller at
the beginning of the dithering cycle when panel current is at
a minimum. The dashed line marks the power measurements
taken by the controller at the transition from high to low duty
ratio, P (RdTd), when the panel current is at the highest value of
the dithering cycle. It can be seen that the power measurements
taken at t = 0 in the dithering cycle are lower than those taken
at t = RdTd until the MPP current is crossed. After this point,
the power measurements taken at higher current (t = RdTd ) are
lower than those taken at the beginning of the dithering cycle
(t = 0). This transition in the phase difference between the high-

Fig. 14. Plot of power as DDRCC converges to MPP.

Fig. 15. Microcontroller power measurements at transitions in dithering cycle
over panel operating range.

est power and highest current of the dithering cycle allows the
controller to find the maximum power point. As in other MPPT
methods, care must be taken to avoid quantization noise and
switching-noise-induced power traps [37], which can impact
performance. The proposed method is potentially less likely to
be impacted by power traps, owing to the continuous dithering
that has the potential to move the operation out of local traps.
More study, however, is needed to fully quantify this potential
benefit of the DDRCC technique in this regard.
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TABLE II
EXPERIMENTAL TRACKING EFFICIENCY

Pmpp [W] ηMPPT DDRCC ηMPPT P&O

25.442 99.30% 97.40%
5.8755 99.87% 97.55%
4.6368 99.84% 97.89%
3.2238 99.97% 96.82%
2.6085 99.50% 97.04%

The DDRCC method is intended for use at low power levels
such as submodule MPPT or mobile applications, where size
and cost drive the designs to high switching frequency, and low-
power, low-cost control hardware is employed. If the system
tested were to be scaled to higher power levels, the response time
to a step in insolation will be linearly proportional to the step in
power. Since the algorithm reevaluates the panel operating point
every dithering cycle, and adjusts the duty ratio every dithering
cycle, the exact response time will be dependent on the duty
step size of the implementation as well as the system current
and voltage levels.

A comparison between the tracking efficiency of undithered
P&O and dithered DDRCC is shown in Table II. Tracking ef-
ficiency (ηMPPT ) is as defined in (21). These data points are
acquired using automated triggering of Agilent 34410A mul-
timeters to average the power flowing into the converter for
several seconds after the converter has converged to the MPP.
It can be seen that the DDRCC tracking efficiency is excellent
over the range tested, and an average of 2.5 percentage points
higher than undithered P&O. Both algorithms were tested at a
microprocessor clock speed of 8MHz and a 250-kHz converter
switching frequency. These results demonstrate that DDRCC is
able to achieve an average of 3.8X reduction in tracking-error-
induced losses over undithered P&O, on identical hardware even
at standard panel power levels. The tracking accuracy of dithered
P&O would also be comparable to DDRCC, but an additional
tracking delay would be incurred as discussed in Section VI.

It should be noted that the circuit requirements for both al-
gorithms are the same, except for the cutoff frequency of the
low-pass filter at the input of the ADC and the measurement
timing. When applying DDRCC control, the objective of the
low-pass filter is to remove extraneous switching noise. It is not
necessary to completely filter the switching waveform because
the ADC measurements are triggered by the PWM module and
occur at the same location in each dithering cycle. By sampling
at approximately the same location on each dithering cycle the
switching waveform stays consistent between samples and the
change in the average ripple is observable. When performing
P&O, the low-pass filter is designed to remove both the switch-
ing and dithering signal.

IX. CONCLUSION

This study has shown that DDRCC is an excellent method
to accomplish both high control resolution and fast MPPT in
dithered PV applications. The DDRCC technique is able to
achieve high control resolution at low controller clock speeds

Fig. 16. PLECS circuit model. The insolation level on the panel is controlled
independently of the buck converter.

and high PWM frequencies using dithering. By conducting
MPPT based on the dithering ripple, DDRCC is able to achieve
convergence and tracking at a significant fraction of the switch-
ing frequency. Instead of averaging the dithering signal and
then perturbing the duty ratio to track the maximum power
point, DDRCC uses carefully timed measurements to track at
the fastest rate achievable in a dithered system. These benefits
are obtained using a basic hardware configuration.

APPENDIX A
THREE-WAY DITHERING SEQUENCE

In traditional dithering implementations, when the desired
duty ratio is equal to a native value, the converter would typi-
cally stop dithering and run at a constant duty ratio. Since ripple
is essential for DDRCC operation, the dithering approach must
be modified to maintain a ripple at all times. One solution to this
problem is to use a three-way dithering mode in which the in-
stantaneous duty ratio is switched between the native resolution
value needed and the native values above and below. In practice,
the three-way mode must be extended beyond the single desired
duty ratio at which it is required to maintain ripple, in order to
maintain the continuity of the average PWM signal.

Fig. 17 shows a simulated plot of the instantaneous PWM
duty ratios used as the average duty ratio (Davg ) is increased
over time. The y-axis of Fig. 17 gives the instantaneous duty
ratio of the converter and the x-axis indicates the length of
time the converter runs at that duty ratio to yield a linearly
increasing Davg .

APPENDIX B
SIMULATION DETAILS

The simulations in Fig. 7 were conducted using a PLECS
PV panel and buck converter model [38]. The PV panel model,
represents a 65 W, BP365 panel and accepts an insolation com-
mand to determine the behavior of its voltage dependent current
source [39]. The PV model was combined with a buck converter
and a resistive load as shown in Fig. 16. The circuit is controlled
using two C-Script blocks. The block on the left varies the in-
solation level of the panel, and the C-Script block in the lower
center of Fig. 16 monitors panel I and V and runs the DDRCC
algorithm.

Both DDRCC and P&O were implemented with dithering,
and the speed versus tracking efficiency tradeoff was accom-
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Fig. 17. Average duty increment process. Plot shows the sequence of instantaneous duty ratios the converter will use to increase the average-dithered duty ratio
from 18.75 to 21.88%. Close-up on the right shows the three-way transition used to maintain ripple.

plished by adjusting the number of cycles the converter dithered
over. For the P&O data points given in the Fig. 7, the number of
dithering steps (N ) was adjusted between 16 PWM cycles and
no dithering. The required delay between iterations of the P&O
algorithm was set to be the time required for the converter to
reach 99% of its new steady-state operating point after a change
in duty ratio.

When simulating P&O, the time constant of the low-pass
filter at the input of the controller ADC was set such that the
response of the filter and the average converter response were
equal. Specifically, the filter time constant was set to allow the
filtered signal to reach 99% of the new steady-state value in the
same time that the converter input current and voltage required to
reach 99% of the new steady state. This ensured that the signal
filtering did not add additional delay onto the MPP tracking
update time. For DDRCC, no input filter was needed because
measurements were timed as discussed in Section III.
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