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Abstract— In this work, the performance of a double-stage
micro-inverter using the adaptive incremental conductance (AIC)
algorithm for grid-connected photovoltaic (PV) modules is
evaluated by means of a Simulink model. We observe the response
of the micro-inverter under transients of solar irradiance and
under static conditions. We show that Maximum Power Point
Tracking (MPPT) and conversion efficiencies above 98% can be
expected.
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II.

efficiency by making the PV module to work at the optimized
operating point. In the single-loop MPPT structure control, at
time step k, the current i and voltage v signals enter the MPPT
controller and then outputs a value for the duty cycle dk. The DCAC stage provides interconnection with the utility and its basic
tasks are: to produce an alternating current ig with a total
harmonics distortion (THD) lower than 5% [2], to inject the
current to the grid, to synchronize with the grid at a nominal
frequency, and to isolate by itself during the grid transients.

INTRODUCTION

A micro-inverter is a low power photovoltaic (PV) inverter
attached to a single PV module. The PV module produces
alternating current (AC) instead of direct current (DC). Because
of its relatively low cost and modular design, several microinverters can be connected in a parallel form to increase the
power rating. Unlike the string inverter where a single
Maximum Power Point Tracking (MPPT) control is dedicated
to a number of PV modules, a micro-inverter implements a
Maximum Power Point Tracking (MPPT) control for every PV
module, and therefore partial shading conditions are not a severe
matter.
A double-stage grid connected micro-inverter is shown in
Fig. 1 [1]. In this layout the DC-DC stage shall provide the
amplification of the PV voltage and the MPPT control for the
PV source. The MPPT block increases the overall PV system
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Fig. 1. Double stage micro-inverter.

Maximum power point tracking (MPPT) methods maximize
the output power in photovoltaic (PV) systems. The MPPT
method is a part of control configuration of a DC-DC converter
attached at the terminals of PV array. A number of MPPT
algorithms suggested for autonomous and grid connected PV
systems have been reviewed in [3], [4], [5], [6], [7], [8]. Based
on the power versus voltage curve of a PV array, the Perturb and
Observe (P&O) algorithm takes the PV array operating point
near the maximum power point by verifying the slope of the
power as a function of the voltage (dp/dv). A duty cycle
correction term (Dstep) is added or subtracted from the current one
dk depending upon the sign of dp/dv. The Incremental
Conductance (IC) method compares the incremental
conductance (di/dv) with the negative of the instantaneous
conductance (i/v) to decide if Dstep is added or subtracted from
the current duty cycle dk [9]. At the maximum power point di/dv
= -i/v. Lately, it was proved by D. Sera et al. [10] that both P&O
and IC conventional algorithms have an equivalent behavior
under similar dynamic conditions.
The conventional algorithms depicted above, produces
power oscillations around the maximum power point (MPP)
because they use a constant correction factor Dstep. N. Femia et
al. [11] proposed a method to optimize the sampling period and
the constant correction term for conventional algorithms. The
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Adaptive MPPT algorithms have been expanded to enhance the
MPP tracking speed under dynamic conditions and to reduce the
power oscillations around the MPP under steady state conditions
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22]. In a
preceding paper [21], the correct definition for the adaptive
incremental conductance (AIC) algorithm for a single-loop
MPPT control structure was proposed. In this algorithm, the
adaptive correction term is determined by the total generalized
conductance (GV = di/dv + i/v).
In this paper the performance of a double-stage gridconnected PV micro-inverter with the adaptive incremental
conductance algorithm is evaluated. The AIC algorithm
developed in [21] is used in a single-loop MPPT control
structure. With this purpose, in section III, the correct AIC
algorithm will be described concisely. Then, in section IV the
DC-DC and DC-AC stages are described. In section V, the
analysis of the control system for the grid current and DC-link
voltage is illustrated. In section VI, the performance of the gridconnected micro-inverter with the AIC algorithm is presented
by means of simulation results. The performance is estimated
by evaluating the MPPT efficiency, the power conversion
efficiency and the total harmonic distortion for the grid current.
It will be shown that the AIC algorithm achieves good steady
state and dynamic MPPT efficiencies, around 99% and the
overall conversion efficiency is larger than 98%.
III.

The power of a PV array under a nominal solar irradiation is
p = i.v, and its derivative with respect to the voltage at the
maximum power point is:

=i+v
MPP

di
= v.GV = 0
dv

(1)

where the function GV is:

i di
GV = +
v dv

A. DC-DC stage
The DC-DC stage of the double-stage PV micro-inverter is
analyzed with the scheme shown in Fig. 2. This diagram
contains a PV module, a flyback converter and MPPT control
block. The flyback converter features a reduced components
number and high power conversion efficiency at related power
levels. The high frequency transformer offers galvanic isolation
between PV source and the grid interface. At the output of the
flyback, the capacitor C holds the high level DC-link voltage for
the DC-AC stage. The effect of the nominal grid current on the
DC-DC converter is represented by an equivalent resistance R.

Fig. 2. The DC-DC stage.

ADAPTIVE INCREMENTAL CONDUCTANCE

dp
dv

PV micro-inverters [1], [23]. In this work an isolated, high
efficiency flyback converter accomplishes the DC-DC stage and
a full-bridge voltage source inverter performs the DC-AC stage.

(2)

The circuit shown in Fig. 3 models the PV module [24]. The
effects of the solar irradiance and cell temperature on the output
current are included. The output current i as a function of v is
approximated by:

 v + iRS   v + iRS
i = iL − i0  exp 
 − 1 −

RP
 AN S vTH  


(4)

where A, RS, RP, I0 and IL are parameters depending of the
particular PV module.

the first term at the right is the instantaneous conductance and
the second term is the incremental conductance. In a former
paper [21] GV was chosen as an adaptive rule to adjust the
correction term for the AIC algorithm and it has units of Ω-1.
Therefore, the AIC algorithm modifies the duty cycle at time
step k according to:

d k = d k -1 - N AIC .GV

(3)

where NAIC, expressed in units of Ω, is a factor that must be
optimized. This method requires both the incremental
conductance and the instantaneous conductance to be
evaluated.
IV.

MODELING THE DC-DC AND DC-AC STAGES

Several power electronics structures for the DC-DC and DCAC stages had been proposed for their use in the double-stage
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Fig. 3. PV module equivalent circuit [24].

Some important techniques for modeling and simulating
switched mode DC-DC converters are revised by D.
Maksimovic et al [25]. The behavior of the flyback converter in
continuous current mode (CCM) is estimated by its state space
average model [26]:
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where v, im and vdc are the state variables, i is the input variable,
D is the control variable, and the terms CPV, Lm, N and C are
parameters of the converter. We have assumed that the flyback
is fed by the current i coming from PV module.
B. DC-AC stage
The grid connected DC-AC stage is shown in Fig. 4. The
inductor L and capacitor C establish a low pass filter, Lg and Rg
model the equivalent grid impedance and vg is the utility
nominal voltage. In order to allow power flowing from PV
module toward the utility, the instantaneous voltage vdc(t) must
be greater than instantaneous vg(t). The voltage vdc coming from
the DC-DC stage must be regulated to a constant value with
relatively small ripple, but on special cases a large voltage
ripple is permissible to reduce the DC-link capacitor. A control
technique, as those described in [27], [28], [29], and [30] rejects
the large voltage ripple and distortion on the current ig.

Fig. 5. Equivalent circuit for the DC-AC stage.

V. CONTROL SYSTEM
Double-stage grid-connected PV micro-inverters requires to
regulate the voltage at the DC-link and the grid current. In this
work a couple of PI controllers are employed for voltage and
current loops.
A. Current control loop
Fig. 6 displays a classical PI control with grid voltage feedforward for current control. The GCI is represented by a
proportional-integral controller [33]:

GCI = K P +

KI
s

(8)

The transfer function for the plant is [29]:
Vdc
1
⋅
Vˆc sL + RL
and the feed-forward gain FF is described by:
GP ( s ) =

FF =

Vˆc
Vdc

(9)

(10)

Fig. 4. The DC-AC stage.

The DC-AC stage is analyzed by means of the reduced
circuit of Fig. 5. In unipolar SPWM the voltage vab is
proportional to the modulating signal vctrl [31], [32]:
V
(6)
vab = dc vctrl
Vˆ
c

where Vˆc is the peak value of a triangular signal carrier. The
behavior in the time domain of the circuit of Fig. 5 can be
approximated by equations (7):
L

d
i = vab − vC − iRL
dt

d
C vC = i − ig
dt
d
Lg ig = vc − vg − ig Rg
dt

(7)

where vC is the voltage on the capacitor C, and RL models the
average resistance across Q1-Q4 and the serial resistance of L.
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Fig. 6. Block diagram for the current control loop [29].

B. DC-Link voltage control loop
The DC-Link capacitor is chosen to compensate the
maximum permissible voltage ripple ΔVdc. Equation (11) is
adequate to estimate the link capacitor [34]:
C=

P
2ω1Vdc ΔVdc

(11)

where P is the maximum power, ω1 is the fundamental
frequency in rad/sec and Vdc is the average DC-link voltage. A
reasonable design is to keep the voltage ripple less than 5 % of
the average DC-link voltage [28].
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A diagram of the voltage control loop is shown in Fig. 7. The
current loop bandwidth is two or more orders of magnitude
greater than the voltage one, so it is represented by a unity gain.
The GCV denotes a PI controller used to regulate the voltage. The
cross-over frequency is usually selected to be less than 30 Hz in
order to diminish the 120 Hz component on the DC-link. The
variations of the voltage at DC-link due to variations in the grid
reference current are determined by:
GP ( s ) =

Vg
Vdc ( s )
=−
I (s)
sCVdc

(12)

TABLE II. ESTIMATED TERMS FOR THE PV MODULE
PARAMETER
SYMBOL
VALUE
PV module diode quality factor
A
1.04
Series resistance
RS
0.243 Ω
Parallel resistance
RP
1155 Ω
Photocurrent
IL
8.52 A
Diode dark current
I0
7.44x10-10 A
TABLE III. FLYBACK CONVERTER SPECIFICATIONS
PARAMETER
VALUE
N
5
Lm
100 x 10-6 H
C
220 x 10-6 F
CPV
150 x10-6 F

The physical parameters for the DC-AC converter are shown in
Table IV. We suppose a switching frequency of 3.06 KHz to
produce lower switching losses. The resonant frequency for the
LC filter is around 1.12 KHz.
Fig. 7. Block diagram for the voltage control-loop [29].

VI. SIMULATION RESULTS
The behavioral simulation of the micro-inverter with the
AIC algorithm is shown in this section. The relations (4), (5)
and (7) were used to build the Simulink model shown in Fig. 8
for the whole micro-inverter.

TABLE IV. DC-AC CONVERTER SPECIFICATIONS
PARAMETER
VALUE
Fs
3.06 KHz
L
6.8 mH
C
3.0 µF
Lg
0.1 mH
Rg
1.00 Ω

At time t = 55 ms, the solar irradiance jumps from 0.7 suns
up to 1.0 sun. Fig. 9 shows the dynamic response of the AIC
algorithm, where a fast power tracking is observed on the
transient edge and no noticeable power oscillations appear under
constant irradiance conditions. The simulation sampling period
TS was 0.001 seconds and the scaling factor NAIC was 0.01 Ω.

Fig. 8. Simulink model of the proposed micro-inverter

Table I shows the parameters of a 250 W PV module under
STC. The five unknown terms of equation (4) were estimated
with the procedure explained in [35], and they are presented in
Table II. Table III displays the specifications of the flyback
converter for continuous current mode operation.
TABLE I. PARAMETERS OF A 250 W PV MODULE
PARAMETER
SYMBOL
VALUE
Short circuit current
ISC
8.52 A
Open circuit voltage
VOC
37.30 V
Current at MPP point
IM
8.04 A
Voltage at MPP point
VM
30.5 V
Series cell number
NS
60
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Fig. 9. Dynamic behavior of the AIC algorithm.

Fig. 10 shows the voltage at the DC-Link. Because of a large
constant time, the voltage stabilizes after a relatively large settle
time. Fig. 11 exhibits the grid current. Since a phase margin of
75° was used, the grid current quickly stabilizes and oscillations
are not observed.
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In summary, the proposed micro-inverter, working with the AIC
algorithm for MPPT, provides good expected efficiencies and
then it can be implemented in a practical circuit, as we shall do
in the near future.
VII. CONCLUSION

Fig. 10. Voltage regulation at the DC-link.

One important parameter for the evaluation of the
performance of the MPPT algorithms is the so named MPPT
efficiency defined as:

η MPPT =



T

0



T

0

p (t ) dt

(13)

pmax (t ) dt

The simulation of a double-stage PV micro-inverter with the
adaptive incremental conductance in a single-loop MPPT
structure was shown. A fast tracking of the optimized operating
point was noticed during solar irradiance transients and no
power oscillations were observed on steady state conditions,
and so the MPPT efficiency is high compared to conventional
non-adaptive algorithms. The MPPT strategy helps to increase
the overall PV system efficiency because the power of the PV
module is maximized and more power is offered. The
interconnection of the micro-inverter to the grid utility was
modeled and simulated. A couple of PI controllers were used to
regulate the voltage at the DC-link and the grid current. The
overall conversion efficiency was estimated, but this number
may be reduced because switching losses.
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