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Abstract—This study presents a new software-based plug-in
dead-time compensator for grid-connected pulsewidth modulated
voltage-source inverters of single-stage photovoltaic (PV) systems
using predictive current controllers (PCCs) to regulate phase cur-
rents. First, a nonlinear dead-time disturbance model is reviewed,
which is then used for the generation of a feed-forward compen-
sation signal that eliminates the current distortion associated with
current clamping effects around zero-current crossing points. A
novel closed-loop adaptive adjustment scheme is proposed for fine
tuning in real time the compensation model parameters, thereby
ensuring accurate results even under the highly varying operat-
ing conditions typically found in PV systems due to insolation,
temperature, and shadowing effects, among others. The algorithm
implementation is straightforward and computationally efficient,
and can be easily attached to an existent PCC to enhance its
dead-time rejection capability without modifying its internal struc-
ture. Experimental results with a 5-kW PV system prototype are
presented.

Index Terms—Current-controlled voltage-source inverter (CC-
VSI), dead-time compensation, grid-connected pulsewidth mod-
ulated (PWM) inverter, harmonic distortion, predictive current
control (PCC), single-stage photovoltaic (PV) system.

I. INTRODUCTION

S INGLE-STAGE grid-connected photovoltaic (PV) systems
comprise a PV array, which directly feeds the main dc

link, and a current-controlled voltage-source inverter (CC-VSI),
which performs the dc–ac conversion (see Fig. 1) [1]. Such
systems are widely used given their high efficiency, reduced
hardware complexity, and lower cost in relation to two- and
three-stage topologies [2], [3].

Phase currents generated by the CC-VSI must satisfy strict
harmonic limits of current power quality standards [4] even un-
der severe grid voltage distortion and unbalances [5]–[7]. With
the increasing penetration of distributed power generation units,
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Fig. 1. Single-stage grid-connected PV system with neutral point connected
to the split dc bus of the CC-VSI.

additional features are being required, such as reactive power
injection, fault ride-through capabilities, and compensation of
harmonic currents generated by nearby nonlinear loads. The
VSI current control is implemented in abc coordinates, since
the neutral wire of the load is clamped to a split dc link (as in
Fig. 1) in order to control the amount of active/reactive power
on each phase independently.

To meet all of the aforementioned requirements, the current
controller becomes a key part of the system. In this context, pre-
dictive current control (PCC) is a very attractive solution due to
its robustness against plant mismatch, implementation simplic-
ity, and low computational cost [8]–[12]. Compared to other
controls, such as proportional-integral (PI) or proportional-
resonant controllers, PCCs tolerate large parameter variations
without incurring in instability and with a marginal decrease of
its tracking accuracy [9]. Also, shorts on the grid terminals can
be quickly compensated without current overshoots [11], a de-
sirable feature to improve the converter ride-through capability.
Compensation of high-order harmonics is easily achieved with
PCCs due to their fast reference tracking, which is comparable
to that of hysteresis current controllers but with the advantage
of operating with constant switching frequency.

However, PCC performance is degraded by the inverter dead
times, which are necessary turn-on delays added to the inverter
driving signals to avoid simultaneous conduction of upper and
lower semiconductor switches in the same leg. Dead times origi-
nate an error voltage pulse on each PWM cycle, which produces
undesirable output voltage harmonics that severely distorts the
phase currents. This distortion worsens as the switching fre-
quency increases, and hence, an effective dead-time compensa-
tion technique is mandatory when a high switching frequency
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is used (i.e., above 10 kHz) [13]–[17]. The objective of this
paper is to find a plug-in dead-time compensator (DTC) that can
be easily attached to an existent PCC to enhance its dead-time
rejection capability without modifying its internal structure.

In addition to the CC-VSI, an LCL grid filter is employed to
reject high-frequency (switching) inverter-generated harmonics
[18], [19]. A grid filter design that minimizes size, cost, and
losses implies the use of a high dc-link voltage to inductance
ratio (vb/L1), generating a high switching current ripple (i.e.,
above 15% of nominal peak current). Due to this high ripple,
the dead-time-induced error voltage exhibits a strong nonlinear
behavior around zero-current crossing points. This results in
a current distortion phenomenon called zero-current clamping
(ZCC) effect, which becomes more noticeable as the switching
current ripple increases [13], [14], [20], [21]. An interesting
analysis of the dead-time problem with PCC is offered in [22],
where it is shown that these controllers are particularly affected
by ZCC.

Another goal of the CC-VSI is to regulate the dc-link voltage
to track the PV array maximum power point (MPP) [23]. By
considering temperature, insolation, and shadowing effects, the
MPP tracking implies a ratio between maximum and minimum
dc-link voltages as large as two [24]. This leads to a proportional
change on the current ripple that significantly affects the ZCC
distortion and renders compensation difficult. To cope with this
and other varying operating conditions and inverter parameters,
an adaptive dead-time compensation is required [25].

To overcome dead-time effects, hardware-based [13], [26],
[27] and software-based [16], [17], [28], [29] solutions have
been put forward, which are effective with low current rip-
ples. However, in grid-tie converters where high ripples exist,
these solutions are ineffective around zero-current points and,
as a consequence, phase currents still suffer from ZCC distor-
tion [13], [14]. Alternatively, compensation schemes based on
disturbance observers have been proposed in [15] and [29]–[32],
which render more accurate results but require precise knowl-
edge of the inverter model and its parameters, along with high
computational efforts, as pointed out in [32]. In [25], a repet-
itive controller is added to the main current controller, which
presents stability problems when an LCL grid filter is attached to
the converter. In [22], the PCC control law is modified by adding
an integrator into its structure to enhance dead-time disturbance
rejection capability and reduce ZCC effects, at the expense of
a reduction in stability margins. Simple feed-forward compen-
sation methods are proposed in [14], [21] and [33]. Given their
feed-forward nature, these schemes do not affect the current
control loop dynamics, thus avoiding possible instability prob-
lems. However, these schemes are not adaptive, resulting in
distorted currents when the feed-forward signal does not match
the actual disturbance voltage after a change in the operating
conditions. The feed-forward compensation of [34] is capable
of self-tuning, but it relies on an arbitrary nonlinear compensa-
tion function that fails to remove the current distortion around
zero-current points.

This paper introduces an adaptive feed-forward dead-time
compensation method that overcomes the drawbacks of previ-
ous schemes, and proves to be useful as a plug-in to enhance

PCCs performance. The feed-forward signal is generated with
an accurate nonlinear dead-time disturbance model which, dif-
ferently from [34], allows for a precise compensation around
zero-current points. A review of this model is performed here,
since it is sparsely treated in other works and also is useful to
understand the way in which the inverter parameters and oper-
ating conditions affect the disturbance signal generated by dead
times. Due to its feed-forward nature, the compensation does
not affect the current control loop dynamics, as it happens with
previous works such as [22] and [25]. The adaptive feature is
given by a novel adjustment scheme that continuously tunes
the model parameters in real time. This represents an improve-
ment over simple feed-forward methods such as in [14], [21]
and [33], since the adaptive adjustment allows a precise com-
pensation under any of the highly varying operating conditions
of single-stage PV systems. The compensation algorithm ex-
hibits low computational burden and easy implementation, two
properties shared with PCCs that makes the whole arrangement
suitable for its digital implementation. Experimental results in
a 5-kW single-stage grid-connected PV system are presented.

II. ANALYSIS AND MODELING OF THE DEAD-TIME

DISTURBANCE

During dead times, both switches of the same leg are OFF,
and the output current io flows through one of the freewheeling
diodes. Thus, io defines the value of the effective voltage at the
inverter output vo , which deviates from the command voltage
v∗

o . The error voltage ve is defined as ve = vo − v∗
o [21]. The

goal of a software-based dead-time compensation strategy is to
compensate the average error voltage v̄e , over each switching
period Ts [35]. The dead-time disturbance model is obtained
from the relationship between v̄e and io . For this purpose, it is
convenient to approximate the output current as

io ≈ īo + ir (1)

where ir is the switching current ripple, and īo is the average
output current. In (1), it is assumed that īo is a slow time varying
function in comparison with the switching period. This assump-
tion also applies to vb and vg . The grid-filter capacitor voltage
(C1 in Fig. 1) is usually vc ≈ vg . In addition, it is assumed that
the output load resistance is negligible, so that ir has a triangular
waveform. Thus, the only relevant parameter of ir for dead-time
analysis is the current ripple peak value ΔI .

Output voltage and current waveforms for three sample cases
are illustrated in Fig. 2, which are useful for dead-time dis-
turbance analysis. Considering only cases A and B, it can be
noticed that when io is far from zero, error voltage pulses ap-
pear. In A, io < 0 during the whole period. In this case, when the
upper insulated-gate bipolar transistor (IGBT) of the leg opens,
io keeps freewheeling through the upper antiparallel diode, forc-
ing vo not to switch from +vb to −vb until the end of the dead
time, and a positive error pulse occurs. The average of the error
pulse results in v̄e = +Ve , where

Ve
.= vb

2Td

Ts
. (2)
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Fig. 2. Inverter output waveforms for dead-time disturbance analysis.

The effective dead time Td is defined as

Td = td + ton − toff (3)

with td being the programmed delay, and ton and toff being
the switch turn-on and turn-off delays, respectively [15], [17].
Similarly, in B, io > 0 during the whole period. Thus, when
the lower IGBT opens, io keeps freewheeling through the lower
antiparallel diode. Hence, a negative error pulse occurs, resulting
in v̄e = −Ve . The combination of cases A and B results in

v̄e = −Ve · sng(īo). (4)

Relationship (4) constitutes the simple, conventional model
employed in [17] and [35]. The problem with (4) is that it does
not correctly predict the v̄e behavior around zero current points.
As a consequence, current distortion is high in such points.
Moreover, a feed-forward compensation signal generated with
(4) leads to an effective error voltage with large harmonic con-
tent being applied to the load, i.e., the grid filter, exciting its
resonance. Since usually the damping of such filter is not very
high to avoid excessive power losses, high-order harmonics are
injected to the grid during the transient response of the filter, dra-
matically increasing current distortion. This effect is specially
noticed with large current ripples and high switching frequency.

To conclude the analysis of cases A and B, and according
to [14], [21] and [33], (4) is valid when

|īo | ≥ ΔI. (5)

The dependence of ΔI on several system parameters can be
seen in the following relationship [14], [33]:

ΔI ≈ vbTs

4L1

[
1 −

(
〈vg 〉
〈vb〉

)2
]

(6)

where 〈vg 〉 and 〈vb〉 are average values of the grid and the dc-link
voltages around the zero-current point.

For low current values, i.e., around zero crossings, (4) is no
longer valid. An analysis of the dead-time disturbance in this
new situation is performed next with the aid of case C in Fig. 2,
where īo = 0. In this condition, whenever any IGBT opens in
the leg, io keeps freewheeling through the opposite antiparallel
diode, forcing an instantaneous switch of vo . Hence, there are

Fig. 3. Inverter output waveforms for dead-time disturbance analysis with
ZCC phenomenon.

no error pulses in this case, so

v̄e = 0 (7)

which applies if [14]

|īo | ≤ ΔI − δi (8)

where δi is the minimum current value in the turn-off instant
required to ensure continuous conduction during the dead time,
and can be approximated as [14], [33]

δi ≈ vbTd

L1

(
1 − 〈vg 〉

〈vb〉

)
(9)

In addition to the previously discussed regions of īo , there ex-
ist two transition regions. These are intermediate cases between
A, B, and C in Fig. 2. From (5) and (8), it follows that these
regions occur when

ΔI − δi < |īo | < ΔI. (10)

In these transition regions, continuous conduction is lost during
a dead-time fraction tzcc , since io is very close to zero in the
turn-off instant. This is displayed in Fig. 3 for four different
output current situations. The resulting effects are a reduction
of the error pulse area over cases A and B, and a deviation of
io from its ideal path (dashed line) [21]. In fact, if this error
pulses are not correctly compensated, the current remains close
to zero for several switching periods, resulting in the distortion
phenomenon called ZCC. A more complete explanation of this
effect can be found in [22].

Cases D and E in Fig. 3 represent the transition region be-
tween A and C. In D, tzcc increases from zero to Td as īo
approaches zero, and thus, v̄e goes from Ve to 1

2 Ve . In E, as īo
keeps approaching zero, tzcc reduces from Td to zero. In this
case, the error pulse amplitude has a value of vb , and thus, v̄e

goes from 1
2 Ve to zero. Then, by combining cases D and E, the

following is obtained:

v̄e = −Ve ·
īo + (ΔI − δi)

δi
(11)

which is valid when −ΔI < īo < −ΔI + δi.
Similarly, cases F and G in Fig. 3 represent the transition

region between B and C. By performing the same analysis as
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Fig. 4. Inverter model with dead times.

for cases D and E, it can be concluded that

v̄e = −Ve ·
īo − (ΔI − δi)

δi
(12)

which is valid when ΔI − δi < īo < ΔI .
The relationship between v̄e and īo , given by (4), (7), (11),

(12), and their respective validity ranges given by (5), (8), (10),
constitutes a piecewise linear function that is the basis for a
dead-time disturbance model. This can be used to represent an
actual VSI composed of an ideal VSI with a nonlinear feedback
path, as shown in Fig. 4. This results in a more accurate VSI
model in presence of dead times. Notice that the error duty
cycle de is employed instead of v̄e , which is valid because of
their proportionality, de = v̄e/vb .

The previously described model is strongly dependent on
inverter parameters and operating conditions. For instance, ac-
cording to (2) and (3), De = 2Td/Ts depends on ton and toff .
Such delays, in turn, exhibit wide tolerance and vary with
current level and junction temperature, since they depend on
the IGBT parasitic capacitances, IGBT output-current to gate-
voltage characteristic, and driving circuitry.

Regarding ΔI and δi, (6) and (9) reveal that they both de-
pend on vb , Td, L1 and vg , which, in turn, are affected by the
inductor saturation, temperature, insolation level, and shadow-
ing effects on PV panels. Thus, all the parameters defining the
nonlinear model change with the operation conditions. To cope
with large parameter variations and different operating condi-
tions, an adaptive feed-forward cancelation method based on
this nonlinear model is developed in the next section.

III. ADAPTIVE DEAD-TIME COMPENSATION

The proposed adaptive scheme is depicted in Fig. 5. The
DTC calculates the feed-forward compensation duty cycle, ddtc ,
based on the disturbance model previously developed. The three
DTC parameters defining the piecewise linear function are con-
tinuously tuned by an adjustment mechanism fed with samples
of vg , vb , ¯im , īo , where ¯im is the output of a selected reference
model [36].

The reference model must reflect the expected closed-loop
system behavior once the dead-time disturbance has been com-
pensated. In other words, it should represent an equivalent
closed-loop current-controlled system with no dead-time ef-
fects. Thus, the complexity of the model depends largely on
the quality of both the current controller and the output current

Fig. 5. Overall control system block diagram showing the DTC and the pro-
posed adaptive adjustment scheme.

acquisition. Ideally, the current controller and the acquisition
subsystem are such that the closed-loop CC-VSI transfer func-
tion is īo/iref = 1; therefore, this is used as a reference model,
hence

¯im /iref = 1. (13)

More complex models could be considered, but (13) yields ac-
curate results when using a PCC. Other controllers may require
different models. For example, a PI controller in abc coordinates
would require a single-pole low-pass filter model. A controller
equivalent to a d–q PI in abc, which is a P plus a pair of resonant
poles at the fundamental frequency, would require a much more
complex model matching the dynamic response of the resonant
poles. Although this is possible, the development of such model
is beyond the scope of this paper and will be considered in a
future work.

The model parameters are tuned by an adjustment mechanism
whose goal is to minimize the following loss function:

J =
1
2
em

2 (14)

where em = ¯im − īo . Both em and J clearly depend on De ,
ΔI , and δi. Considering conventional dead-time compensation
methods based on (4), it is clear that īo distortion is greatly
dependent on the first parameter De , and hence, it is the main
contributor to the loss function J . Once De has been properly
adjusted, i.e., J cannot be further improved by tuning De , the
adjustment mechanism can proceed by adjusting ΔI and δi.
Thus, an adjustment rule for De should be found in the first
place. The MIT’s rule [36] can be used, which has the benefits
of being easy to understand and easy to apply to both linear and
nonlinear systems (as in this case). Additionally, the algorithms
derived by applying the MIT’s rule are easy to implement with
low computational burden. Direct application of the MIT’s rule
for minimizing J on each control period yields

De [k] − De [k − 1] = −λ1 · em [k] · ∂em

∂De
[k] (15)

where λ1 > 0 is the adjustment gain, and k is the switching
(control) period index. However, an analytical expression for
∂em /∂De would be difficult to devise. Instead, it is replaced by
sgn (∂em /∂De) in (15), which also favors the computational
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Fig. 6. VSI waveforms employed to analyze the sign of ∂em /∂De .

Fig. 7. VSI waveforms employed to analyze the sign of ∂em /∂ΔI .

speed and simplifies the algorithm. Hence

De [k] − De [k − 1] = −λ1 · em [k] · sgn
(

∂em

∂De
[k]

)
. (16)

Next, an expression for sgn(∂em /∂De) = f(īo , ¯im ) is found.
In Fig. 6, the fundamental components of īo and ¯im are depicted
for a grid cycle, along with ddtc and de . The effects of ΔI
and δi were neglected by taking ΔI = δi = 0. It can be no-
ticed that, when īo > 0, a positive increase in De results in a
positive increase in the fundamental component amplitude of
īo and, therefore, a negative increase in em . Thus, in this case,
sgn(∂em /∂De) = −1. Similarly, when īo < 0, a positive in-
crease in De leads to a positive increase in the fundamental
component amplitude of īo , and, therefore, a positive increase
in em . Hence, sgn(∂em /∂De) = +1. Considering both cases, it
results in sgn(∂em /∂De) = −sgn(īo), and combining this with
(16), the adjustment rule for De is given by

De [k] − De [k − 1] = λ1 · em [k] · sgn (īo [k]) . (17)

According to [14], ΔI has a greater degree of influence than δi
on the dead-time disturbance and, therefore, on the loss function
J . By applying the modified MIT’s rule in the same way as in
De , it results in

ΔI[k] − ΔI[k − 1] = −λ2 · em [k] · sgn

(
∂em

∂ΔI
[k]

)
. (18)

Then, an expression for sgn(∂em /∂ΔI) = f(īo , ¯im ) is found
with the aid of Fig. 7, where īo , ¯im , ddtc , and de are depicted
again for a grid cycle. In this case, it is assumed that De has
been previously tuned, and hence, the fundamental component
amplitude of both īo and ¯im are equal. Thus, the distortion oc-
curs only around the zero-current crossing point of īo . Fig. 7
illustrates this when δi is neglected (δi = 0). In this condition,
when īo > 0, a negative increase in ΔI results in a positive in-
crease in the width of the uncompensated duty cycle error areas
given by de − ddtc , and consequently in a negative increase in

Fig. 8. Dead-time compensation parameter adjustment mechanism.

em . Thus, in this case, sgn(∂em /∂ΔI) = +1. Similarly, when
īo < 0, a negative increase in ΔI produces a positive increase
in the width of the uncompensated duty cycle error areas and,
hence, a positive increase in em . Hence, sgn(∂em /∂ΔI) = −1.
Considering both cases, it results in sgn(∂em /∂ΔI) = sgn(īo),
and combining this with (18), it yields

ΔI[k] − ΔI[k − 1] = −λ2 · em [k] · sgn (īo [k]) . (19)

In practice, it is found that the convergence ratio improves
when the factor em is replaced by e2

m · sgn (em ), which indeed
preserves the em sign. This is because a quadratic law ampli-
fies the error associated with ΔI , which is higher around the
uncompensated duty cycle pulses, and attenuates the error that
does not contribute to the adjustment of ΔI , which is lower in
the rest of the period. Finally, the adjustment rule for ΔI is

ΔI[k] − ΔI[k − 1] = −λ2 · e2
m [k] · sgn (em [k]) · sgn (īo [k]) .

(20)
The same procedure could also be applied to establish an ad-

justment rule for δi. Yet, in practice, it is difficult for ΔI and
δi adjustment mechanisms to work together without interfering
with each other in such a way that one of them diverges, degrad-
ing the compensation performance. To tackle this problem, it
was chosen not to adjust δi in a closed loop, but rather to adjust
it online by computing the following approximate equation:

δi =
2

1 + 〈vg 〉
〈vb 〉

· De · ΔI (21)

obtained by combining (2), (6), and (9). The factor

2

1 + 〈vg 〉
〈vb 〉

can be computed offline with nominal values, or updated online
with actual samples of vg and vb .

A block diagram of the overall adjustment mechanism is pro-
vided in Fig. 8. The reset mechanism decides when to start or
stop the dynamic adjustment of ΔI and δi, ensuring it proceeds
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Fig. 9. Ten kW PV inverter used for the experimental tests.

just once De has been properly tuned. This condition is checked
by measuring the quadratic error averaged over a full cycle,
〈e2

m 〉. A digital hysteretic comparator enables or disables the
ΔI and δi adjustment algorithms based on an upper threshold,
〈e2〉H I , and a lower threshold, 〈e2〉LO . When the hysteretic
comparator output is zero, not only are the adjustment algo-
rithms disabled but also both ΔI and δi parameters are reset,
i.e., ΔI = δi = 0. This allows the De adjustment mechanism
of the algorithm to start over without any bias, thereby ensuring
it will always converge to an optimum value. Both events, i.e.,
the start of the averaging and the comparator output update, are
synchronized with the negative-to-positive zero-current crossing
points of ¯im . DTC parameter values update is also synchronized
with such event, which ensures that the parameters remain con-
stant over a full cycle, improving the compensation quality. The
synchronization action is represented by the sample and hold
blocks and their clk signal, as shown in Fig. 8.

IV. EXPERIMENTAL RESULTS

The proposed compensation strategy was tested in a 5 kW
single-stage grid-connected PV system (see Fig. 1). A photo
of the power inverter, control circuitry, and other elements of
the experimental setup are shown in Fig. 9. The system pa-

TABLE 1
SYSTEM PARAMETERS

rameters are listed in Table I. The PV array is composed of
21 series-connected PV modules. Each PV module delivers
320 W–40 V at MPP in standard test conditions (STCs), and
225 W–36 V at nominal operating cell temperature conditions
(NOTCs), yielding a total of 6.6 kW (STC) and 4.7 kW (NOTC)
of available power. The inverter switches are implemented with
Semikron’s SKM75GB176D IGBTs. The grid filter was designed
with the method proposed in [18], which provides optimum cri-
teria to minimize grid-filter losses, cost, and size. Cd and Rd (see
Table I) are the components of a damping RC branch added in
parallel to the main capacitor C1 , as proposed in [18]. To regulate
the phase currents, a robust predictive current controller [9], [10]
was employed. The adjustment mechanism parameters were set
to λ1 = 6.67 · 10−5 1

A , λ2 = 3.34 · 10−2 1
A , 〈e2〉LO = 3A2 , and

〈e2〉H I = 6A2 . The overall control system was implemented
in an ATMEL’s AT91SAM7X microcontroller, which embeds a
32-bit 50 MHz fixed-point ARM processor. This very popular,
general purpose industrial-grade microcontroller was chosen
due to its high performance and reliability at low cost.

Figs. 10–12 show the steady-state waveforms without com-
pensation, with conventional compensation, and with pro-
posed compensation, respectively. Currents were regulated to
15.2 Arms (top oscillogram) and to 7.6 Arms (bottom oscillo-
gram), in order to get results under different operating con-
ditions. Three signals can be distinguished on each oscillo-
gram: the inverter current (top), io , the grid current (middle),
ig , and the compensation duty cycle (bottom), ddtc . In all cases,
2Vb = 850V. Total harmonic distortion (THD) corresponds
to the grid current, and it was computed according to IEEE-
1547 [4], which uses the nominal inverter current (15.2 Arms)
for all the calculations instead of the actual rms value. In par-
ticular, regarding the case with no compensation (see Fig. 10),
the reference currents were increased to 17.7 Arms and 8.8 Arms
to compensate for the fundamental amplitude loss due to dead
times. In Fig. 10, THD is very close to the maximum allowed
by IEEE-1547 (5%). In Fig. 11, THD has worsened even ex-
ceeding the IEEE-1547 limit. In Fig. 12, THD has substantially
improved with the proposed compensation. The worsening of
Fig. 10 with respect to Fig. 11 is because, as was early noticed in
Section II, an incorrect feed-forward voltage has excited the grid
filter resonance around zero-current points. In fact, the differ-
ence between the compensation signals in Figs. 11 and 12 results
in an error pulse with high frequency content being applied to
the load, i.e., the grid filter, during zero crossings. Since the grid
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Fig. 10. Steady-state waveforms for two different currents: 15.2 Arm s (top)
and 7.6 Arm s (bottom), without compensation, 850 Vdc .

Fig. 11. Steady-state waveforms for two different currents: 15.2 Arm s (top)
and 7.6 Arm s (bottom), with conventional compensation, 850 Vdc .

filter has a low damping to avoid excessive power losses, its
transient response generates additional current harmonics that
severely degrades the THD. Moreover, top and bottom compen-
sation signals in Fig. 12 reveal that the lower the rms current,
the wider the zero-current region, and thus, the error pulse area

Fig. 12. Steady-state waveforms for two different currents: 15.2 Arm s (top)
and 7.6 Arm s (bottom), with proposed compensation, 850 Vdc .

is higher with 7.6 Arms than with 15.2 Arms , exciting the filter
even more. This explains why in Fig. 11 the bottom current has
a higher THD than the one on top.

In Fig. 13, the dc-link voltage has decreased to 2Vb = 485V
due to a partial shading in the PV array combined with a tem-
perature increase, while maintaining MPP tracking. As a con-
sequence, ripple current decreases and the dead-time model
parameters change accordingly. The output currents are in
7.6 Arms because of the reduction on the available power. The
top oscillogram shows the waveforms obtained with the same
model parameters employed in Fig. 12, which leads to a defi-
cient compensation due to the reduction in the dc-link voltage.
In the bottom oscillogram, THD has improved again thanks to
the adaptive adjustment.

Transient behavior is assessed with Figs. 14–16. Fig. 14 dis-
plays the system evolution when the adjustment algorithm starts
with zero initial conditions, with 15.2 Arms and 8.0 Vdc . 〈e2〉
is initially biased with a value of 10A2 to ensure that the ΔI
and δi adjustment mechanisms are disabled during the first cy-
cle. The first parameter reaches its steady-state value after three
cycles approximately. When 〈e2〉 reaches the lower threshold at
the beginning of the second half cycle, the ΔI and δi adjust-
ment mechanisms are enabled. The overall scheme converges
quickly, reducing THD substantially in about five grid cycles.
Fig. 15 shows a partial shading event in which the dc-link volt-
age decreases from 850 to 450 V (top oscillogram), and then
recovers to 850 V (bottom oscillogram), always keeping the cur-
rent fixed at 7.6 Arms . The waveforms are the dc-link voltage
(top), ΔI (middle), and io (bottom). On each case, ΔI con-
verges in a few grid cycles to its steady-state value. Parameter
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Fig. 13. Steady-state waveforms with proposed compensation (485 Vdc ,
7.6 Arm s ): parameters without adjustment (top) and with adaptive adjustment
(bottom).

Fig. 14. Transient waveforms starting with zero initial conditions.

De remains nearly constant during these transients and it is not
shown in the oscillograms. Steady-state currents are the same as
in Fig. 12 (bottom) when 2Vb = 850V, and as in Fig. 13 (bot-
tom) when 2Vb = 450V. Finally, Fig. 16 shows the evolution
of ΔI when a step change in the reference current amplitude
occurs, with 850 V. In the top oscillogram, the reference goes
from 15.1 to 7.6 Arms , and in the bottom, it goes from 7.6 to
15.1 Arms . Again, ΔI converges quickly to its new steady-state
value.

Computing times were measured, totaling 24μs per switching
period for the current-controller (8μs per phase), 6μs for the
feed-forward DTC (2μs per phase), and 12μs for the adjustment
mechanism (4μs per phase). Such computational efficiency is
explained by the fact that only a few and simple operations are
required for the algorithms (namely sums, multiplications, and

Fig. 15. Partial shading transient waveforms, where dc-link voltage varies
between 850 and 450 V.

Fig. 16. Waveforms during step changes in the reference current amplitude
(15.1 and 7.6 Arm s ).

switch-case instructions). Embedded software implementation
is straightforward, as also suggested in the diagram in Fig. 8.



2824 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 28, NO. 6, JUNE 2013

V. CONCLUSION

A feed-forward compensation method with a novel adap-
tive adjustment scheme was proposed to enhance the dead-time
rejection capability of PCCs in single-stage PV systems. The
experimental tests with a 5-kW PV system prototype confirmed
the effectiveness of the solution. The output current THD was
reduced from 8.2% (worst case) to less than 2%, well below the
5% limit suggested by IEEE-1547. Transient tests indicated that
compensation parameters converge quickly, considerably reduc-
ing distortion in about five grid cycles. It was also shown that,
regarding PV array partial shadowing effects and large temper-
ature changes, compensation parameters vary substantially, still
the adjustment mechanism is able to track such changes, keep-
ing the low THD previously attained. The whole control system
was implemented in a low-cost general-purpose industrial mi-
crocontroller. The compensation algorithm took as many as 6μs
per phase, while the PCC algorithm took about 8μs per phase.
Thus, the proposed solution is computationally compatible with
PCCs, and does not degrade its high computational efficiency.
The applicability of the proposed compensation to a d–q PI cur-
rent controller is currently being studied by considering a more
complex reference model and its impact in the compensation
behavior, and it will be the subject of a future work.
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