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Abstract—Due to the absence of communication needs and great
reliability, the droop-control technique is a great choice for con-
trolling of inverters that are subjected to load sharing or to work
in an islanded mode. On the other hand, current-controlled in-
verters are often used in grid-connected systems due to their fast
response to power the implementation of maximum power point
tracking (MPPT) algorithms to maximize the power extracted from
these systems. However, the application of such algorithms in grid-
connected droop-controlled systems is hampered by differences in
the dynamic responses of the respective techniques. In this context,
this study presents the development of a strategy that enables a
push—pull converter controlled by MPPT and a low-power plug
and play grid-connected inverter governed by droop control to op-
erate stably even under variations in solar radiation. The goal is
achieved based on the following two approaches: designing the dc-
link capacitor properly and using a control loop in order to adapt
the droop curves in accordance with the available input power. The-
oretical analysis and experimental results have proven the viability
of the approach.

Index Terms—Capacitor sizing, droop-controlled inverters,
photovoltaic (PV) systems.
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I. INTRODUCTION

NVIRONMENTAL, economical, and technological issues

have stimulated the structuring of electrical systems ac-
cording to the distributed generation (DG) model, which is re-
lated to small-scale power generation and composed mainly of
renewable energy sources (RES). In the DG context, the concept
of microgrid, which consists of the integration of local load and
energy sources, has arisen. This closeness between load and
generation tends to increase the reliability and quality of the
delivered power.

For the development of a multimodal microgrid, comprised of
different energy sources (driven by power electronic inverters)
and local load, which is, furthermore, connected to the utility
grid, the control technique that governs the inverters is a very
important issue for reliable operation. From the analysis of the
main techniques for inverters parallelism, Godoy et al. [1] high-
lights the use of methods that do not require interconnection
between the control units, such as droop control, because of its
stability and reliability.

Among the RES, the use of photovoltaic (PV) energy has
grown exponentially in grid-connected systems [2], [3]. Some
conventional grid-connected PV systems use current-controlled
inverters to transfer power to the electrical grid [4]. This method-
ology is widely used when the inverter is connected to the utility
grid (a stiff grid). However, the inverter output current can suffer
abrupt variation in the matter of sudden change of the reference
power. Besides, these techniques are not viable to the operation
on islanded mode, or load sharing. Then, when a grid-connected
inverter is subjected to an islanded mode operation, the control
technique must be switched according to the operation mode
(grid connected or off-grid) [5].

Droop control is an emerging technique applied to the paral-
lel operation of off-grid voltage source inverters (VSI) [6]—-[8].
The control strategy is based on emulating the features of a
synchronous generator using a VSI. However, this technique is
rarely exploited to control grid-connected inverters. The main
usage of droop curves is on controlling and managing load shar-
ing among parallel inverters connected to microgrids on the
stand-alone mode [9]. Some works also use a dc voltage droop
control to manage power flow on microgrid dc busses [10]-[13].

The hierarchical control presented in [5] proposes com-
pensation in droop curve so that a microgrid, while in the
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stand-alone mode, could keep synchronized with the utility grid
for an eventual reconnection and could operate in the connected
mode. Nevertheless, all the inverters in this microgrid need to
be interconnected by a communication network.

One drawback of droop control is its dynamic response. The
dynamic of power transfer is slow due to the reduced bandwidth
of the low-pass filter used to calculate the average active and
reactive powers [14]. For near optimum responses, the best set-
tling times achieved are around hundreds of milliseconds [1].
On the other hand, maximum power point tracking (MPPT) dy-
namic is considerably fast. Changes in climate conditions result
in instantaneous changes in PV array output power, which are
closely tracked by MPPT methods. Their convergence times are
in the tens of milliseconds [15].

Therefore, the integration of these two techniques is ob-
structed by these intrinsic differences in the respective dynam-
ics. Differences in the inherent dynamics of the two methods can
result in operation being either at a point other than its maximum
power, or in an unstable situation.

Recently, various studies have focused on the development of
grid-connected PV systems [16]-[19]. Commonly, the MPPT
is implemented through a dc—dc converter, by controlling the
duty cycle. Nevertheless, Quamruzzaman et al. [19] proposes
tracking the MPP directly by controlling the angle between the
inverter and the grid voltage. However, for great variations in
the generated power, this kind of control could yield quick shifts
of the angle, damaging the inverter output voltage. This study
presents only simulation results and does not consider large
power variations. Other works [17], [18] propose the use of
MPPT methods along with the droop control, but, again, the
difference in the dynamics is not addressed and it is not clear
how the association between the MPPT method and the droop
control is reached.

In order to build a microgrid, where the inverters can be con-
trolled by droop control curves either in stand-alone mode or
grid-connected mode, Godoy et al. [1] has proposed choices for
the slope of the curves that governs the power transfer through
an evolutionary algorithm with the objective of optimizing the
dynamic response. Complementarily, Carniato et al. [20] have
used the evolutionary algorithm together with artificial neural
networks to find the optimized parameters of the droop control
curves for each possible operating point in order to ensure the
stability as well as reduced settling time and damped response
free of overshoot. Furthermore, Arafat et al. [6] proposed a tran-
sition controller strategy to perform transition between stand-
alone operation mode and grid-connected operation mode, both
using droop-control strategy.

The kind of microgrid proposed in [20] can handle mul-
timodal energy sources and its inverters are controlled by the
droop-control technique. The great advantage of using the droop
control in grid-connected mode is that the inverters will always
be controlled by a single control technique, switching only the
control reference according to the operation mode.

In this context, in continuity to the work presented in [21],
this paper presents the development of a strategy that enables a
push—pull converter controlled by MPPT and a low-power plug
and play grid-connected inverter governed by droop control to
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operate stably even under variations in solar radiation. That is,
this paper is concerned specifically on matching MPPT and the
droop-control technique during the grid-connected operation.

Considering that the proposed topology is intended to work
in grid-connected mode and always track the maximum avail-
able power from the PV modules, the MPPT should be fast.
Furthermore, in the case of sudden shading, regardless of the
MPPT method, the generated power will instantly drop. In this
situation, it is impossible to provide a soft variation in the angle
without having energy storage, which would supply energy to
the grid while the angle is being adjusted.

In this scenario, the implementation of a grid-connected PV
system is proposed by associating the MPPT and droop-control
techniques by means of a properly rated energy storage device,
and by adding a feedforward control loop of the droop-curve
parameters in such a way that it is possible to deal with the
differences in the dynamics.

II. PROPOSED SYSTEM

The proposed system is capable of extracting the maximum
available power from the panels and transferring it to the utility.
The central idea incorporates a properly rated capacitor bank
interfacing both converters and an additional control loop, com-
prised of a feedforward and feedback loops. The control loop is
used to minimize the existing difference in dynamics; therefore,
MPPT and droop control can be integrated even on occasions
of sudden set-point variations. The dc—dc converter involves a
three-level push—pull topology [22]. In addition to the MPPT
function, this converter is also responsible for increasing the
voltage from solar arrays.

To achieve the MPPT, the power processed by the dc—dc
converter needs to be sent to the utility grid by the inverter.
However, in the traditional droop control, (1) describes the rela-
tion between the inverter output power and inverter frequency,
where wyy,, is the inverter frequency, wy represents the inverter
frequency at no load operation (where the droop curve crosses
the w-axis), P is the output power, and k, is the coefficient that
determines the curve’s slope. This means that at certain fre-
quency, which is imposed by the utility grid, at a steady-state
operation, the output power can be defined as

Winy = Wy — kpp (1)

In order to track the MPP, the inverter output power needs to
be dictated by the dc—dc converter, which actually is responsible
for MPPT. To do so, (1) will be altered so that the inverter output
power meets the dc—dc converter needs.

From (1), the term that represents the nonload frequency (wy)
will be replaced by the sum of the grid frequency (w,) and the
desired output power (P,.f), while the output power will be
represented as Pyeas. Thus, in steady state, when the inverter
frequency meets the grid frequency, the inverter output power
(Preas) Will be exactly equal to the reference power, according
to the following equation:

Winy = Wy + kp Pref - kameas- (2)



2360

Pref 1 ref ref2

Fig. 1. Droop control curve.

By readjusting P,.;, the P-w curve shifts vertically, as it can
be seen in Fig. 1, where the dashed lines represent the new
droop lines for Per; and Pep. If the reference power (Per)
is changed, a new equilibrium point is set and the equilib-
rium frequency wgy, which is the grid frequency, remains the
same. Considering that the goal of this equipment is to trans-
fer the instantaneous power from PV modules, the reference
power (P;.¢) must be replaced by the PV instantaneous power
(Pyippr)- Assuming a system with no losses and that Pyjppr
is instantaneously available at the inverter input, droop con-
trol will start acting in order to establish a new output power in
accordance with the new reference. However, during this adjust-
ment time, there is an imbalance between the dc—dc converter
output power and the inverter output power. Until the steady-
state operation, either the surplus or the deficit of energy must
be, respectively, stored or supplied by a storage device. That is
why a dc-link capacitor is proposed to compensate this energy
imbalance.

As amatter of consequence, after providing or storing energy,
the dc-link voltage will change and its final value will depend
on some variables, such as the chosen dc-link capacitance and
the parameters of the droop control, as it will be depicted in
Section IV.

Hence, a feedback controller is necessary to bring the dc-link
voltage back to its reference value after a transient. Besides,
since Pyrppr corresponds to the available power at the input of
the whole system, by the time it reaches the output stage (droop-
controlled inverter), its value decreases due to the losses in the
previous stage. Here, a controller is essential for compensating
this power imbalance, so that it provides a fine tuning for the
new power reference. Based on these facts, an additional control
loop will be created so that the dc-link voltage also influences
the droop curve. As it will be explained in Section V, a simple
gain (k,) is enough to provide zero steady-state error. This
way Pt from (2) is now composed of Pyppr and the dc-
link voltage error, as represented in (3), where &, represents
the difference between the dc-link instantaneous voltage and its
reference voltage. Then, the droop curve is described as follows:

Winy = Wy + kp (PMPPT + kvé-V) - kameas~ (3)
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In order to improve the dynamic response of the system even
more regarding the dc-link voltage, an additional controller was
proposed (Comp), which is added in cascade with k,. This
controller is explained is Section V.

A system schematic can be seen in Fig. 2(a). The sinusoidal
voltage amplitude and frequency references are generated by
the drooping curves, and the P-w curve is dynamically adjusted
as proposed in Fig. 2(b) and (c).

III. MODELING THE SYSTEM

As it can be seen in Fig. 2(b), the block named Gs(s)
represents the plant of the dc-link capacitor voltage, and, in
Fig. 2(c), the block named G (s) represents the plant of the
droop-controlled power inverter. First of all, in order to evaluate
the dynamics of the droop control, G (s) has to be modeled.
Hence, the droop-controlled inverter is supposed to be connected
to a stiff grid as presented in Fig. 3. The active power flow



GODOY et al.: PROCEDURE TO MATCH THE DYNAMIC RESPONSE OF MPPT AND DROOP-CONTROLLED MICROINVERTERS

through the connection impedance is governed by the following
equation, where R and X represent the connection impedance,
V, represents the grid voltage, V; represents the inverter output
voltage, and 6 represents the angle between V,, and V;

RV — RV, V; cos () + XV, Visin ()

P
R* + X?

: “4)

Equation (4) can be linearized at a given point of operation,
resulting in a linear relationship as presented in the following
equations:

AP =Ky - AV, + Ky - Af (5)
2RV, — RV, cos (0) + XV, sin (9)
Ky = g g
1% 1 X2 (6)
XV, V;cos (0) + RV, V; sin (0)
K — g9 g9 .
’ R* + X2 @

Finally, since (5) is linearized, the resulting measured lin-
earized power after passing through the low-pass filter is repre-
sented in (8), where wy is the filter cutoff frequency

wi (Kv - AVii) + Ky - b))
wf+ s '

A})moas(s) = 3)

Since no exchange of reactive power is supposed, AV; tends
to be zero. Thus, G (s) is reduced as presented in the following
equation:

Gl(s) = Kg. (9)

As it can be seen in Fig. 2(c), the droop control is a closed-
loop system. Assuming that Py;pp is constant, the system can
be reduced into the transfer function presented in the following
equation:

ARneas(s)
APrcf(s)

Subsequently, the transfer function for the dc-link voltage will
be modeled considering the instantaneous power imbalance as
the input of the system. Assuming that all the energy provided
by the PV modules is instantly transferred to the dc-link with no
losses, the capacitor voltage will increase or decrease depending
on the quantity of energy delivered to the grid. Consequently,
the voltage across the dc-Link will oscillate depending on the
energy storage. Since the energy stored in the capacitor (£,) is
calculated through (11), where C is the capacitance and Vpc
is the capacitor voltage, the linearized energy variation (AFE,)
is represented as in (12)

k, - Ky
= . 10
8+(Wf-‘r/€p-K9) (10)

2
E, = &¥he (1)
2
AE. = AVpc - C - Vpe. (12)

After deriving (12), voltage oscillations-to-power imbalance
oscillations transfer function can be represented in (13), where
AP is the linearized power imbalance
B AVDC(s) B 1

SOVDC '

13)
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IV. S1ZING THE DC-LINK CAPACITOR

Any variation in solar radiation causes an imbalance between
the power generated by PV panels and the power absorbed by
the utility grid. Consequently, as aforementioned in Section II,
during a certain time interval, the difference between the input
and the output powers results in a surplus or deficit of energy that
is responsible for charging or discharging the dc-link capacitor.
Assuming that there is not a controller to act on the dc-link
voltage, the capacitor voltage will rise or drop until it stabilizes
at a new equilibrium voltage.

Hence, in order to calculate the appropriate capacitor, it
will be considered the maximum or minimum tolerable dc-link
voltage after a transient (assuming the inexistence of a dc-link
voltage controller). It is also worth recalling that the capacitor
voltage oscillations are a matter of consequence of imbalances
between the input power (Pyrpp 1) and the output power (P cas)-

The imbalance time interval will depend on the droop dy-
namic. Thus, the dynamic of the droop control will be consid-
ered. According to Alves Coelho et al. [23], for an optimized
droop-control system, the desirable power angle variation curve
should be similar to a first-order system response; hence, the
difference between the angle (6 ;)) and the new equilibrium an-
gle (0.) for a droop-optimized system can be described as in
(14), where k; is a constant described by (6(g) — 0.) and p; is
the dominant pole as described in [23]

O =0 + kre”". (14)

Considering that for small angles sin(6) is approximately 6,
the dc-link output mean current (4, ) can be calculated from the
inverter output power, as described in (15). Hence, 7, and the
dc-link input current (%, ) are determined as shown in (16) and
(17). Consequently, the resulting capacitor current is obtained
from the difference between (17) and (16), as shown in (18)

. Vy® b
VDC(t) “lout(t) = -Pmeas(t) = T (15)
, Vo2 (0 + ky - ePr!
Lout(t) = ! ( - ) (16)
X - Wew
P
_ Puppr 17

Yin(t) = VDC(t)

~dVpoq)

_ _ Puppr
dt - anp(t)

Vf/g (O 4 ky et

C
X - Voo

~ Vbep -
(18)

Rewriting (18) as (19) and integrating (19) over the time
interval ¢; = 0 (instant of the disturbance occurrence) until
ty = t. (settling time), it results in (20)

V2 (0, + Ky - ePr?)
X

dt
(19)

C-Vpcw) - dVpew) = <PMPPT -
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TABLE I
DC-LINK SIZING PARAMETERS

Parameter ~ Characteristics
Vbc(o) 380V
Vb (te) 430V
Vy 127 Vims
L 19 mH
ky —0.1298 rad
Ey(a) 1.9 x 1073
Pi(a) —4.384
Cla) 3.3 mF
kp(b) 3.8 x 1073
Pi(s) -9.093
Cu 1.59 mF
kp(e) 7.6 x 107
Pi(e) -19.616
Cle) 736 uF
2 _ Y2 2
Voew) = Yoe) V50 -t
0—2 = PMPPT -te — 7){
Vg2 Ky - ePrte V;f Ky
- + . (20)
X-pr X -p1

At the instant 7, the power transmitted to the grid (V,* - 6. / X))
is equal to the power requested from the panel (PyppT). Be-
sides, P! '« ~ (), then (20) can finally be written as

2 V72 -k
Voc)® — Vbeq)® X

C = 1)

A. Sizing Method Validation

In order to validate the proposed method to size the dc-link ca-
pacitor, three simulations, with different droop dynamics, which
will be called Simulation (a), Simulation (b), and Simulation (c),
were performed, considering three different slops of the droop
active power versus frequency curve (k,(q), k(1) and k,(.)). In
both simulations, the system was subjected to an input power
variation, corresponding to a step from 160 to 450 W at time
t = 5s. The goal is to find the required dc-link capacitance for
each simulation so that the dc-link voltage after the transient be
the same in all the three cases.

It is worth mentioning that the power angle () is related
to the power injected in the grid; hence, the difference between
the initial angle and the angle after the transient (k; ) is the same
at all the three simulations.

As described in Table I, the reference dc-link voltage
(Vbc (o)), the maximum desired de-link voltage after the tran-
sient (Vp ¢ (s0)), the connection impedance (X = 1207 - L) and
the grid rms voltage (V) are the same for both simulations.
However, each simulation presents a different value of the droop
curve slope, as can be seen in the same table. Hence, the droop-
control dynamic is different for each case. This difference can
be noticed through Fig. 4, which shows the power angle set-
tling curve for each simulation. It can be noticed that the dotted
curve, from Simulation (a), which has the lowest slope, is the
one with the slowest dynamic response. On the other hand, the
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continuous curve, from Simulation (c), is the one with the fastest
dynamic response.

As described in Section II, when there is a step in the input
power, there is a surplus of energy stored in the capacitor, which
leads to the increase in dc-link voltage. As described in the
beginning of this section, the dc-link voltage control loop was
not considered during the calculations. Hence, the feedback
control loop was disabled in the simulations, maintaining only
the feedforward loop. Therefore, after the transient, the dc-link
voltage will stabilize on voltage Vpc sc), s given in Table L.

From the curves presented in Fig. 4, the dominant pole (p;)
for each simulation was found, as seen in Table I. Then, using
(21), the necessary capacitance for each simulation (in order to
achieve voltage Vp () was calculated. These capacitances are
also presented in Table I.

It can be noticed that, since Simulation (c) has the fastest
droop curve (highest slope), the inverter output power in this
simulation will rapidly achieve the value of the system input
power after the transient; hence, the capacitance in this simula-
tion can be smaller than the capacitance in the other simulations.

Finally, Fig. 5 presents the dc-link voltage settling curve for
each simulation considering the capacitances listed in Table I.
It can be noticed that in all simulations, the final value of the
dc-link voltage was 430 V, exactly the same desired value. This
shows the effectiveness of (21). It can also be noticed that due to
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lower capacitance, the 120 Hz oscillations of the dc-link voltage
are higher in Simulation (c).

V. VOLTAGE CONTROLLER

In order to maintain the dc-Link voltage constant, a controller
was proposed as presented in Fig. 2(a) and (b). Without a con-
troller, the dc-link voltage can remain steady in inappropriate
voltage values, e.g., after a reduction on solar irradiation, the
voltage on the capacitor could go below 180 V and derail the
inverter modulation. The challenge is to choose the controller
and tune the appropriate constants to reach a good dynamic
response.

Considering that Pyippr is constant, the open-loop transfer
function for voltage variations-to-reference power oscillations
is shown as follows:

AVDc(S) - 7ka9 1
APrcf(s) CVpc S(S + (wf + ka@)) .

(22)

Looking at (22), it is reasonable to suggest a simple propor-
tional controller to compensate the dc-Link voltage oscillations.
However, the challenge is to deal with K since, depending on
the operating point, it will change the second pole position. In
order to cancel down the nonzero pole, the compensator must be
implemented with a zero positioned a little before wy (by tuning
ki), and a gain (k) to set the appropriate cutoff frequency. The
compensator transfer function is presented as follows:

Compy) = ke (s + kwy) . (23)

In practice, it is not simple to implement a derivative com-
pensator. Hence, in order to dispense the implementation of this
compensator, the k, constant was tuned in such a way to meet
two main requirements: first, setting the droop curve in order to
obtain a first-order response with the shortest possible settling
time during the power transfer [24] and, second, finding a value
for k, that is small enough in order to guarantee that the system
cutoff frequency will nullify the second pole effect, presented
in (21).

VI. SIMULATION RESULTS

In order to verify the performance of the proposed control
methodology, a simulation of the complete system was per-
formed using the MATLAB/Simulink software. The push—pull
converter was controlled by the MPPT algorithm PI-P&O [25],
the same used at the experimental results, and the VSI used the
droop curves to control the connection to the electrical grid.

First, the electrical characteristics of a solar panel were con-
sidered for two different solar irradiation levels, represented by
the two extreme cases presented in Table III. Hence, in order to
evaluate the system’s behavior under extreme conditions regard-
ing the dynamic performance, the system was analyzed for step
transitions between irradiation levels of 400 and 1000 W/m?.

With the decrease in solar radiation, from 1000 to 400 W/m2,
there is an instantaneous reduction in the power generated by
the panel, as depicted in Fig. 6 (at time 5 s), where the contin-
uous line represents the PV panel output power and the dashed
line represents the inverter output power. Because the dynamic
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of the MPPT algorithm is significantly faster than the dynamic
of the droop control, the power transfer from the PV panel to
the capacitor (dc link) is instantly reduced; however, the power
transfer from the capacitor to the grid is not instantaneously
altered, as shown by the dashed line in Fig. 6. This phenomenon
causes a momentary decrease in the energy stored in the ca-
pacitor and thus interferes with the voltage over the capacitor.
Therefore, the output voltage of the push—pull converter, which
is configured to be maintained at 380 V at steady state, suffers
an immediate drop, as shown in Fig. 7 (at time 5 s). During this
transient, the amplitude of the inverter output current exhibits
oscillations, which are proportional to the inverter output power
oscillations, until a new inverter set-point is established by the
droop control, resulting in a decrease in the power sent to the
grid and stabilization of the dc-link voltage. The inverter output
current during the first transient is presented in Fig. 8.

The opposite effect occurs, following a sudden increase in
solar radiation, from to 1000 W/m?2, according to the second
transient, at time 10 s in Figs. 6 and 7. The power from the panel
increases rapidly, whereas the inverter output power increases
in a slower pace. Thus, the voltage over the capacitor increases
due to the imbalance between the power produced by the solar
panel and the power sent to the electrical grid. Analogously,
the amplitude of the inverter’s output current oscillates until the
droop control finds new set-point for power transfer from the
dc-link capacitor to the electrical grid.
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It is important to notice that there must be an overshoot on
the output power waveform, so that, in the irradiation reduction
transient, the inverter output power is lower than the PV panel
power during certain time, in order to let the dc-link voltage
return to its reference value. This overshoot is clearly seen in
Fig. 6 for both irradiation decrease and irradiation increase tran-
sients. This overshoot occurs due to the action of the feedback
control loop.

In Figss. 6-8, it is shown that although the droop-control
dynamics is slower than the MPPT dynamics, the performance
is good enough in order to allow these two techniques to work
together.

VII. COMPARISON BETWEEN DROOP CONTROL AND
CURRENT CONTROL

This section was proposed exclusively to investigate how
appropriate the proposed method is in comparison with a state-
of-the-art technique. It is well known that the current control
in grid-tie applications is a reference method regarding its fast
dynamic performance [26]. Thus, as a matter of comparison,
an equivalent system, controlled by the conventional current
control, was simulated and subjected to exactly the same solar
irradiation variation performed in Section VI. Fig. 9 presents the
block diagram of the implemented current-control technique.
This figure makes the amount of cascaded PI compensators
evident that must be tuned.
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Figs. 10-12 are equivalent to Figs. 6-8, respectively; however,
they describe the performance of the current control technique.

The results presented in Figs. 10—12 make it noticeable that
the dynamic response of the current control is really fast. On the
other hand, it is worth mentioning that the good performance
of this method relies on a difficult simultaneous tuning of the
PI compensators presented in Fig. 9. And this tuning is also
very sensitive to parameter variations, e.g., if the grid nominal
voltage is altered, the compensators need to be tuned again.

As depicted in Figs. 7, 8, 11, and 12, the droop-control dy-
namic response is not as fast as the current control dynamic
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TABLE II
CIRCUIT COMPONENTS DATA

Parameter Characteristics
Push—pull input voltage 60 Vp ¢
Push—pull output voltage 400 Vp ¢
Push—pull switching frequency 50 kHz
Inverter input capacitance (C) 810 pF/800 V
Grid-connection inductor (L) 19 mH/5 A
TABLE III
SOLAR PANEL PARAMETERS
Case  Insolation =~ Maximum Voltage at Current at
in W/m? power maximum power — maximum power
1 1000 4524 W 58V 78 A
2 750 3190 W 58V 55A
3 400 1740 W 58V 3.0A

response. However, the benefits provided by the droop con-
trol, such as ease of implementation, absence of communica-
tion needs, robustness to parameter variations, and behavior as
a voltage source, can be used to their fullest extent, provided that
it is optimized according to [1]. As a matter of fact, it can pro-
vide acceptable performance in order to operate together with
MPPT, as it can be seen in Figs. 7 and 8 and also confirmed
by the experimentations in [21]. Still comparing Figs. 7 and 8
to Figs. 10 and 11, it can be seen that the steady state in both
methods are fairly similar. As expected, the difference lies on
the slower settling time in the droop control. Taking into ac-
count that the droop control was properly optimized, the results
confirm stability and safe operation together with MPPT. Other
important feature is that there is no waste of energy, since any
temporary surplus or deficit of energy is, respectively, absorbed
or supplied by the dc-link capacitor, without any risk of damage
due to the voltage variations indeed.

VIII. EXPERIMENTAL RESULTS

An experimental setup of the topology was assembled using
the parts available in the laboratory, regardless of any power
correspondence among them. The main parameters of the con-
verters are listed in Table II. To provide energy for the system,
a solar array simulator (SAS) E4350B (Agilent Technologies)
was used [27].

Two different tests were performed, each with a specific
power profile programmed into the SAS. The electrical char-
acteristics of a solar panel were considered for three different
solar radiations and they are shown in Table III. It is noteworthy
that this paper is mainly focused on reducing the dc-link capac-
itance through an appropriate matching of MPPT technique and
droop controller. That is why, time was not spent on maximizing
both conversion efficiency and tracking efficiency. The follow-
ing experimentations show the controller performance toward
radiance variations.

The tests were defined in the following manner.
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First test: Reduction from the maximum radiation (maximum
power) to the minimum radiation (minimum power) in three
small steps.

Second test: Instantaneous transition from the maximum solar
radiation to the minimum solar radiation, and instantaneous
transition from minimum solar radiation to the maximum solar
radiation.

The dashed curves shown in Fig. 13 were generated by the
SAS and were used in the tests previously quoted. The points
marked by asterisks represent the maximum power points of
each curve, and the continuous lines that connect these points
indicate the form by which the MPPT algorithm acts based on
the variation in the solar radiation. The output voltage of the
push—pull (dc link) is verified in Fig. 14.

It is worth mentioning that while the drop in the power gen-
erated by the panel is nearly instantaneous, the adjustment in
the power transferred to the grid is significantly slower. The
slowness is due to droop-control dynamics. In this situation,
the panel is already operating at a lower power state, whereas
the inverter is still adjusting its new power angle, and, therefore,
it is sending more power to the electrical grid than the steady-
state power expected for this new radiation condition. Due to
this deficit, the dc-link voltage drops suddenly (undershoot), as
shown in Fig. 14. After the control algorithm adjusts the in-
verter’s new set-point, the dc-link voltage returns to its normal
operating value.

The second test performance is noticed in Fig. 15. With the
abrupt reduction in radiation from 1000 to 400 W/m?, the power
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Fig. 16.  Voltage in the dc-link during the second test.

generated was also reduced in a very short period of time. The
droop-control dynamics imposes a relatively slow adjustment in
the power injected into the grid and consequently a momentary
energy imbalance results in transients in the dc-link voltage.
Therefore, a significant drop in the output voltage of the push—
pull converter is observed (see Fig. 16) during the first power
transition. However, the minimum value of voltage in the dc-link
must be maintained above 200 V, which is needed to maintain
the inverter operation. It indeed proves that the capacitor sizing
proposed in this paper was effective.

IX. CONCLUSION

This paper evaluated a way to size a dc-link capacitor to act
as a momentary energy storage to make possible the matching
between the fast dynamic of MPPT and the slow dynamic of
droop control. The proposed system was connected to grid utility
in order to transfer all the energy produced by an SAS.

In order to reach an effective control over the capacitor
voltage, two things were evaluated: the first one was to establish
a method to size the dc-link capacitor, since during transients
the use of inadequate values can lead the system to either
destructive or nonoperating voltages. The second one was to
tune an adequate response to slowly return the dc-link voltage
to its normal operating value without interfering with the
droop-control dynamic.

In general, obtained results showed a good performance. In
fact, as explained during the work, the droop-control technique
is not as fast as the conventional current control technique, which
was presented in Section VII. However, droop control presents
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lots of other benefits, like ease of project and implementation,
absence of communication needs, great reliability, and capabil-
ity of operating on islanded mode. Currently, the converter is
being optimized to meet commercial requirements. The final
product is going to be used in plug and play PV microinverters.
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