436 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 1, JANUARY 2018 %

Irradiance-Adaptive PV Module Integrated
Converter for High Efficiency and Power Quality
in Standalone and DC Microgrid Applications

Moustafa Adly

Abstraci—The strive for efficient and cost-effective
photovoltaic (PV) systems motivated the power electronic
design developed here. The work resulted in a dc—-dc
converter for module integration and distributed maximum
power point tracking (MPPT) with a novel adaptive control
scheme. The latter is essential for the combined features of
high energy efficiency and high power quality over a wide
range of operating conditions. The switching frequency is
optimally modulated as a function of solar irradiance for
power conversion efficiency maximization. With the rise of
irradiance, the frequency is reduced to reach the conver-
sion efficiency target. A search algorithm is developed to
determine the optimal switching frequency step. Reducing
the switching frequency may, however, compromise MPPT
efficiency. Furthermore, it leads to increased ripple content.
Therefore, to achieve a uniform high power quality under all
conditions, interleaved converter cells are adaptively acti-
vated. The overall cost is kept low by selecting components
that allow for implementing the functions at low cost. Simu-
lation results show the high value of the module integrated
converter for dc standalone and microgrid applications. A
400-W prototype was implemented at 0.14 Euro/W. Testing
showed efficiencies above 95 %, taking into account all
losses from power conversion, MPPT, and measurement
and control circuitry.

Index Terms—Boost converter, distributed maximum
power point tracking (DMPPT), microgrid, module inte-
grated converter (MIC), photovoltaics (PV), power optimizer,
power quality, solar irradiance, switching frequency modu-
lation (SFM).

|. INTRODUCTION

OLAR energy conversion through photovoltaics (PV) is a
S rapidly growing source of green power supply [1]. Improv-
ing the efficiency of PV systems is widely seen as important in
supporting this trend [2], [3]. This concerns not only the im-
provement of the PV cells but of the power electronic circuits
and controls connected to them as well.
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Beyond the PV cells, the overall PV system efficiency is
greatly affected by three factors. First, it is affected by the
granularity level of distributed maximum power point tracking
(DMPPT) [2], [4]-[6]. Second, it is influenced by the accu-
racy and speed of the utilized maximum power point tracking
(MPPT) algorithm [7]. Third, the power conversion efficiency
of the employed converter topology plays a key role [3], [8], [9].
Regarding the first factor, module integrated converters (MICs)
or power optimizers representing module-level DMPPT highly
improve PV power harvesting efficiency [3], [9]-[11]. With
respect to the second factor, recent research has considered
employing various converter topologies and novel MPPT al-
gorithms within MICs for PV system efficiency maximization
[8], [10]. Buck and boost as basic nonisolated power converters
are widely employed in MICs [3], [9]-[11]. In this context, the
power conversion efficiency of the MIC topology as a third fac-
tor is highly impacted by the utilized modulation scheme [9],
[12]-[14].

Switching frequency modulation (SFM) is a form of pulse
width modulation (PWM) utilizing multiple switching frequen-
cies in controlling dc—dc converters [12], [15]-[17]. The SFM
has been employed for the following applications. It has con-
tributed to the reduction of electromagnetic interference (EMI)
emission by power spectrum spreading [18]-[20]. In [21], SFM
was utilized for power line communication in dc microgrids,
where all power converters share a common dc bus. Minimizing
output current total harmonic distortion in current source invert-
ers through an SFM scheme was introduced in [22]. In addition,
SFM has improved the robustness to the variations of resonance
parameters and input voltages in current source parallel resonant
converters [23]. Also, SFM has been used for load-dependent
optimization of power conversion efficiency at any conduction
mode [15]-[17].

The successful application of SFM in load-dependent opti-
mization suggests that it may also be an attractive candidate
when generation heavily varies. Such a situation is encountered
in the solar power harvesting of MICs. This observation has
motivated the work for this paper to investigate the contribution
of the SFM to further improve the PV system efficiency beyond
the three factors discussed above.

In the scientific literature, only fixed switching frequencies
have been reported in the control of the MICs [3], [5]. Values
of 20, 40, 50, 75, 85, 100, and 250 of the switching frequency
in kilohertz were used [3], [5], [6], [10]. The fixed switching
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frequency was selected to maintain the continuous conduction
mode (CCM) of the MIC at all analyzed irradiance levels. Thus,
a continuous power flow was attained, and the harvested power
from the PV source was increased [14]. However, the selection
of a fixed switching frequency involves a tradeoff. At high irradi-
ance, when the PV current is high, a lower switching frequency
would be possible. A higher switching frequency reduces the
power conversion efficiency due to switching losses. It is the
first contribution of this paper to design an irradiance-adapted
SFM scheme for MICs to optimize the MIC efficiency at all
irradiance levels. So, the overall energy harvested through the
PV system is improved. A novel stepwise procedure with an
integrated automated search algorithm to determine the number
and values of the optimal switching frequencies of the SFM
based on the irradiance is developed.

Another desirable feature is uniform power quality. Attaining
auniform power quality is challenging when an SFM modulates
the switching frequency. As a potential solution, interleaved
converters show high ability of modifying the output ripple
[24], [25]. Moreover, they can improve efficiency and reduce
EMI [24]-[27]. Tackling the nonuniform ripple content result-
ing from SFM has not been addressed so far in the scientific
literature. As a complementary contribution to the irradiance-
adaptive SFM, the appropriate number of cells for an adaptive
converter topology and the corresponding activation times in
correlation to the SFM scheme are developed. This has the out-
come of the reduced ripple content and EMI emission. The above
claims on efficiency, output ripple, and EMI are substantiated by
physical implementation and testing of the MIC. The performed
experiments covered standalone and dc microgrid applications.

Following this introduction, the adaptive SFM scheme and
MIC topology for PV applications is presented in Section II.
Furthermore, the combination with a fast reacting MPPT is
illustrated. In Section III, issues of dc microgrid integration are
addressed. Simulation results and experimental validation are
presented in Sections IV and V, respectively. Conclusions are
drawn in Section VI. In addition, the realization of the MIC at a
low cost is elaborated upon in the Appendixes.

Il. PV-ADAPTED SWITCHING FREQUENCY MODULATION

Employing optimal SFM in PV systems is introduced in three
main parts: the irradiance-adaptive SFM, the optimization of the
SFM scheme and MIC topology, and the MPPT algorithm.

A. Irradiance-Adaptive SFM

The PV current increases in strength with the solar irradiance.
At high irradiance, the PV-fed MIC can operate in the CCM
for a wide load range. Low switching frequencies in that
case can contribute to a high efficiency without altering the
converter mode of operation to the discontinuous conduction
mode (DCM). At low irradiance and due to the low supply
current, the converter may move to the DCM. The instantaneous
power drawn from input sources is zero at the moment when
the inductor current is zero in the DCM [14]. Increasing the
switching frequency can keep operation in the CCM. Therefore,
the switching frequency f; is proposed to be adaptively
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Fig. 1. PV module integrated converter in dc microgrid application.

controlled with the solar irradiance G as an input as

f o stZfsmaxa G0<G<G1
’ fsi = foicyy = Afsi, 1<i<n,G <G <G
(D
where ¢ is the counter of discrete switching frequency f;,
fsmax 1s the maximum switching frequency representing f5;
for i = 0, Af,; denotes the frequency variation step i, Gy and
G, 41 are the minimum and maximum irradiances considered,
respectively, and G; for ¢ = 1, 2, ..., n are the intermediate
irradiance thresholds. For constant A f;, (1) reduces to

fsi :fsmax_i'Afs, 0<z<n (2)

To identify the minimum switching frequency for CCM
operation of the MIC, (16) of Appendix A relating f;, PWM
duty ratio D, and PV module steady-state average voltage V;
and current /; is rearranged as follows:
D-V

> )
k= 2-1;- L
The duty ratio D for a boost converter of efficiency 7 is
approximated by [28]

3

n-Vi
Vo
where V;, is the steady-state average output voltage of the MIC.

In Fig. 1, the MIC is shown feeding a dc bus of a microgrid.
In such cases, V; is the dc-bus voltage. Insertion of (4) into (3)

yields
Vi n-Vi
11— .
=2 5L < Va > ®

D=1- )

fo> —

For the analysis of standalone applications, the MIC is as-
sumed to directly supply a load with no other distributed energy
resource (DER) control. So, for a pure resistive load Ry, V; is
given by

Vo=+vn-Vi-Li- R (6)

Through (5) and (6), the minimum boundary of the switching
frequency for CCM operation in standalone application is esti-

mated as follows:
Vi n-Vi
11— .
2-1;,- L ( Ii-RL> @)

fo=
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B. Optimization of SFM Scheme and MIC Topology

1) SFM Scheme Parameters: The SFM scheme parame-
ters cover the following quantities: the minimum switching fre-
quency fsmin, the maximum switching frequency fsp.x, the
frequency steps Af;, and the irradiance thresholds G;. The
optimal value of the frequency step and MIC topology for high
efficiency and power quality are determined. More focus is dedi-
cated to the boost converter as a MIC topology for reasons stated
in Section III. The SFM scheme for the buck converter case is
described in Appendix B. The derivation of the parameters in
the following steps applies to the boost converter.

Step 1: The minimum switching frequency fsmin calculated
here corresponds to the highest irradiance in (1). It is determined
based on two targets that are related to energy efficiency and
output voltage ripple. High switching frequencies reduce the
peak-to-peak output voltage ripple AVqyp:
I,-D
C(0 ' f S
where C is the capacitance of the MIC output capacitor, and /,
is the steady-state average output current of the MIC. However,
higher switching frequencies reduce the MIC efficiency due to
switching losses. The minimum employed switching frequency
must meanwhile satisfy the condition of the CCM. Therefore,
the switching frequency boundary for CCM operation at differ-
ent irradiances is determined first. The values of V; and I; of the
PV module at maximum power point (MPP) under different irra-
diances G are inserted into (5) and (7). A target efficiency 7 and
the maximum load resistance [?; in the case of standalone appli-
cations are used to get the CCM switching frequency boundary
of the considered boost converter and the analyzed PV module.
The trajectory obtained is depicted in Fig. 2(a) representing the
worst case across all practical operating conditions. Similarly,
for various dc-bus voltages Vj, the trajectory obtained for the
microgrid case is depicted in Fig. 2(b).

A safety margin for robustness toward uncertainty in the pa-
rameters was included in the boundary. At the highest irradiance
shown in Fig. 2, the minimum switching frequency for CCM
operation is fsnin com- A final value of f,, is obtained by also
including a constraint for a desired voltage ripple in addition to
the CCM constraint. The final value for f,,;, cannot be lower
but may be higher than fin com.

Step 2: The maximum switching frequency fsnax is depen-
dent on the boundary of operating the converter in CCM at the
lowest irradiance. From Fig. 2, the lower limit of the maximum
switching frequency at the lowest irradiance threshold G can
be determined. For minimal switching losses, the value of f at
Gy in Fig. 2 is confirmed as fyax.

The selection of a low fymax also keeps the range (fsmax —
fsmin) rather tight. As found in [17], such a tight range can
reduce detrimental effects on the phase margin and the crossover
frequency of the converter control.

Step 3: In this step, the switching frequency step A fsmin
that corresponds to the minimum detectable irradiance change
AG iy, is computed. On the one hand, large values of A f can
reduce f; faster and contribute to reducing the converter power
loss. However, the CCM operation condition may be violated.
On the other hand, when selecting a certain A f;, then there is a
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Fig. 2. Trajectory of the switching frequency boundary for operating
boost converter in the CCM at different irradiance levels for (a) the stan-
dalone case using (7) and (b) the microgrid case using (5).

corresponding AG when following the trajectory of Fig. 2. Thus,
a lower limit A f,i, can be set for satisfying the constraint of
AG i, while following the trajectory.

In what follows, an expression of Af in terms of AG is
derived, and then, A f; i, is estimated. As the solar irradiance
G has a strong impact on the converter input current, the rate
of change of the switching frequency in (3) with respect to the
converter input current is of interest. The change in V; with a
small variation of Ij is assumed to be negligible around the MPP.
It will also be assumed that the change in the duty ratio D of
the digital controller due to a small change in ; is less than its
minimum step A D, and therefore, D is considered unchanged.
So, differentiating f; with respect to I; yields

dfs _DV;
s 0
dl; =212 - L ©)

According to (2), a Af; > 0 reduces f;. Approximating in (9)
—Afs = dfs and AL} = dI; gives

Af, < D-Vi

AL

(10)

Then, from the approximate linear relation between the MPP
current and the solar irradiance, A f; i, is obtained using

D-Vi-K

A min = 5 19 7
fS 2 N I12 * L

. AC;fmin (] 1)
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Fig. 3.  Discretization of the irradiance for the SFM scheme control.

where K is approximated as the ratio of the MPP current change
to the irradiance change under standard test conditions (STCs):
Al
AG’
The minimum change in G that can be sensed by the analog-to-
digital converter (ADC) of the control chip AG ,;, is

K =

(12)

Vapc
2No . A,

where Vpc is the maximum voltage that can be sensed by the
ADC, N, is the number of ADC bits, and A, is the employed
irradiance sensing gain. The discretization of the solar irradiance
for further processing by the digital control is shown in Fig. 3.
Since the slope of the curve in Fig. 2 decreases with the increase
of (7, the maximum value of A f,in is, therefore, obtained at
the lowest irradiance.

It is important to note that A f; is selected first, and only
then AG is determined. When A f; is set higher than A f,i,,
then AG is also larger than AG,in, giving a feasible practical
implementation.

Step 4: The employed switching frequency step A f; is deter-
mined in this step. A fixed-frequency step is assumed as in (2).
Therefore, the frequency step A f; and the number of employed
frequencies n+1 are related by

Afs _ fsmax T_L fsmin )

A(;min = (13)

(14)

The switching frequency step must be greater than A fs i, in
(11). Since a fixed-frequency step is utilized, A fsyi, is cal-
culated at the lowest irradiance where it is at its maximum.
Meanwhile, an integer value of A f; is used for practical imple-
mentation.

A searching algorithm for Af; under the mentioned
constraints is then performed. The algorithm increments the
integer n and determines A f; from (14). Then, it computes
the employed switching frequencies f; from (2) and their
corresponding irradiance thresholds G, as in Fig. 2. Hereafter,
the algorithm calculates the corresponding MIC power loss for
the analyzed irradiance ranges using (18)—(24) of Appendix A.
The algorithm stops when A fg becomes less than A f i, or
when the further average reduction of the MIC power loss with
increased n is less than a certain practical limit. The obtained
A fs and set of G; thresholds are retained.

Step 5: A hysteresis of the irradiance thresholds is introduced
in this step. In order to avoid an unwanted bouncing or frequent
variation of the switching frequency due to inaccuracies, for
example as a result of flying objects or sensor faults, a hysteresis
is proposed to complement (1) and (2). For the case of four
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Fig. 5. Flowchart of the adaptive MIC control scheme.

switching frequencies, Fig. 4 shows the proposed variation of the
switching frequency with the solar irradiance. The deadbands
are designed not to exceed the CCM boundary, as in Fig. 4.

The SFM control algorithm is presented in Fig. 5 for four
switching frequencies. The algorithm starts with the highest
switching frequency, for operation in the CCM. The duty ratio
D is obtained from the MPPT algorithm, and the PWM is up-
dated. Based on the new irradiance measurement G e and the
irradiance change AG = Gpew — Goig, the switching frequency
is then updated, too.

2) MIC Topology: Combining an adaptive MIC topology
with the optimized SFM scheme further contributes to the
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.

Fig. 6. Converter topology of the boost converter with an interleaved
cell activated at low switching frequency fss.

design objective of maintaining high-level power quality.
Without an adaptive topology, the variation of the ripple results
in a nonuniform power quality level over the range of f;
employed. For an almost uniform output ripple content and less
EMI emission at all frequencies, interleaved converter cells are
activated as a function of the decreasing switching frequency.
Also, for the MPPT, it is advantageous that the input current
ripple drawn from the PV module is also reduced [10]. The
proposed number of interleaved cells is the integer truncation of
the ratio fymax/fsmin- Based on the used switching frequency,
the adaptive control decides on the number of interleaved boost
converter cells (IBCs) to be activated. The number of active
cells is set to be equal to 7 for switching frequencies less than
or equal to fsmax/J-

The converter topology of the prototype with two interleaved
cells is shown in Fig. 6. The second IBC is activated whenever f;
is less than fs .y /2, as also shown in Fig. 5, where fimax = fso-
For the given four discrete switching frequencies of the SFM,
this is the case when f; = f3. Thanks to the activation, the EMI
gets less and power quality remains high for a wide range of
sensitive loads [29], [30]. Atlow irradiance, the higher switching
frequency improves the power quality, at the expense of higher
switching losses. Activating the IBC in this case would lead to a
relatively low improvement of an already good power quality at
extra losses. So, the IBC is only activated at the low switching
frequency.

Itis to be noted that the loss minimization performed in Step 4
of the SFM design is consistent with the adaptive MIC topology.
At low irradiance, switching losses dominate conduction losses
and vice versa, as can be concluded from (18)—(24) of Appendix
A. At high irradiance, when the interleaved cell is activated, the
overall losses are reduced because the conduction loss reduc-
tion exceeds the switching loss increase. Thus, while improving
power quality, power conversion efficiency objectives are also
fully supported by the adaptive MIC topology.

C. Maximum Power Point Tracking

The perturb and observe (P&O) algorithm with the minimum
perturbation step size for accurate DMPPT is employed. The
MPP voltage Vipp theoretically lies between 75 % and 90 %
of the open-circuit voltage V.. Thus, the P&O algorithm is
designed to start with an initial duty ratio corresponding to
75 % of Vy [31] to reduce the tracking time. The module voltage

and current are sensed at each step after settling, and a new D
is determined.

[lI. DC MICROGRID INTEGRATION

The adaptively controlled MIC is proposed for module-level
integration into the dc microgrid, as shown in Fig. 1. The input
voltage of the MIC is adjusted for MPPT, and the output voltage
is defined by the dc-bus voltage control units. Therefore, each
PV-MIC combination acts as a current source.

Thus, the MIC is required to have input and output ratings
suitable for the common PV modules and the bus voltage of the
low-voltage dc microgrid, respectively. An MIC output voltage
with a low ripple is, meanwhile, very desirable.

As popular voltages for dc microgrids, levels reported include
120, 170, 230, 340, and 380 V [32], [33]. Higher dc-bus voltages
necessitate higher switching frequencies for maintaining CCM
operation, as concluded from Fig. 2(b). Furthermore, to step up
the commonly low PV module voltages, boost converter topolo-
gies are needed. The freewheeling diode of the boost converter
can stop any reverse current from the dc bus and so protect
the PV modules. Nonetheless, there are also situations where
buck converter topologies are appropriate. Therefore, selected
information for the buck case is provided in Appendix B.

In the case of a boost converter, the appropriate MIC input
voltage range for dc microgrid integration is obtained from (4)
by
. % < ‘/; < ﬂ . ‘/0

Ui
where Dy,i, and Dy, are the minimum and maximum duty
ratios, respectively. PV modules with MPP voltages violating
the lower limit of (15) are integrated with converters having
higher voltage gains [3]. PV modules violating the upper limit
of (15) would be integrated using buck converters.

1 - Dmax
Ee— (15)

IV. ANALYSIS BY SIMULATION

In this section, the adaptive topology and optimal SFM
scheme are analyzed by simulation. Parameters of the SFM
scheme are determined in a first step. Then, simulation cases
under variable irradiance patterns are described for standalone
and dc microgrid cases. MATLAB/SIMULINK was used to sim-
ulate the PV-MIC system and the proposed control scheme. The
converter circuit components were designed to fulfill the objec-
tives of the MIC with input capacitance C; of 220 uF, output
capacitance C, of 2200 uF, and inductances L; ; of 0.5 mH. The
simulated PV module has a V. of 44.8 V, Viypp of 36.5 V, short-
circuit current I, of 5.5 A, and MPP current Iypp of 5.1 A under
standard test conditions (STCs). The parameters of the MPPT
control algorithm based on the utilized hardware are minimum
duty ratio Dy, of 10 %, maximum duty ratio Dy, of 90 %,
duty ratio step AD of 0.4 %, and 10 ADC bits as Ny.

A. SFM Scheme Parameters

The procedure of Section II-B1 was followed for the purpose
of determining the SFM scheme parameters. In Step 1, an effi-
ciency higher than 97 % and an output voltage ripple of 0.5 %
were targeted. The value found for f;,,;, was determined to be
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20 kHz, satisfying the CCM condition represented by fmin com
of Fig. 2.

In Step 2, the maximum switching frequency f,.x Was de-
termined. The lowest analyzed irradiance G was proposed to
be 0.1 kW/m?. From Fig. 2, a maximum switching frequency
fsmax of about 50 kHz keeps the converter in the CCM for an
analyzed load range from O to 3 k2.

For step 3, AG i, was calculated using (13) with Vapc of
5V and A, of 0.005 V - m?/W. The parameter K is equal to
0.0051 A - m?/W. The lowest irradiance G was used to get
A fsmin from (11). The values of Vi, I;, and D for the calcula-
tion of A fyin were 26.7 V, 0.5 A, and 0.8, respectively. The
computation resulted in a value of 429 Hz for A f; i, corre-
sponding to a minimum detectable irradiance change AG,y;,, of
0.98 W/m?.

For Step 4, an integer optimal value of 10 kHz for A f; was
the outcome of the searching algorithm, and the number of
frequencies was four. For values of n higher than 4, the reduction
of the MIC power loss was less than a proposed practical limit
of 0.2 %. The switching frequencies are then 50, 40, 30, and
20 kHz. Based on Fig. 2, the corresponding irradiance thresholds
in kW/m? were set to 0.1, 0.15, 0.2, and 0.35.

In Step 5, a hysteresis deadband of 0.04 kW/m? was selected.
So, G1a, G1p, G2a, Gop, G34, and Gy, as in Fig. 4 were assigned
the following values in kW/m?: 0.13, 0.17, 0.18, 0.22, 0.33,
and 0.37.

The truncated integer of the ratio fymax/fsmin 18 equal to 2.
Therefore, two boost converter cells were employed in the MIC,
as shown in Fig. 6. The second IBC is activated at switching
frequencies less than f;,.x /2, therefore, only at f3.

B. Variable Irradiance Cases

In this subsection, the performance of the PV-MIC system for
two solar irradiance time series following stepwise changing and
continuously changing patterns is discussed. First, the perfor-
mance under a stepwise changing irradiance with four levels
0.1, 0.175, 0.3, and 1 kW/m? was analyzed. The solar irradi-
ance, the switching frequency, and the output power are depicted
in Fig. 7(a). The MIC control was able to vary the switching
frequency adaptively with the solar irradiance according to the
SFM scheme. Meanwhile, the maximum PV power was effi-
ciently tracked. The converter was in the CCM in the four cases.
The interleaved converter cell is only activated at the highest
irradiance level at a switching frequency of 20 kHz. This, in
turn, reduces the output voltage ripple from 1.30 % to 0.59 %.
It is in the same range as for the other irradiance levels.

The effect of continuously changing irradiance patterns on
both the switching frequency and the output power is pre-
sented in Fig. 7(b). The hysteresis involved in the SFM of
Fig. 4 can be observed as follows. When the irradiance rises
and crosses 0.17 kW/m? after 10.8 s into the simulation, the
switching frequency is reduced from 50 to 40 kHz. In the oppo-
site direction from 40 to 50 kHz, this happens at 0.13 kW/m?
after 49.7 s and falling irradiance. Similar outcomes are ob-
served for the transitions from 40 to 30 kHz and from 30
to 20 kHz.
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Fig.7. Standalone case simulated irradiance, switching frequency, and
power. (a) At step changing irradiance and (b) at continuously changing
irradiance.

In summary, the adaptive topology and control scheme shows
the expected tracking of different irradiance patterns, adjustment
of the switching frequency for maintaining operation in the
CCM, and efficient harvesting of the maximum available power.
Meanwhile, the output voltage ripple was kept at the desired low
levels by making use of both the SFM and the interleaved cell.

V. EXPERIMENTAL SETUP AND VALIDATION

In this section, the prototyping of the MIC and the experimen-
tal setup followed by the performance results are presented. A
400-W prototype of the proposed MIC was developed. With its
input and output voltage and current ratings, the prototyped MIC
is suitable for most of the common PV modules and low-voltage
dc microgrid standards. The MIC of a volume of 800 cm® and
the experimental setup are shown in Fig. 8. The MIC compo-
nents and the parameters of the experimental setup are listed in
Table I.

A. Prototyping and Setup

1) PV Simulator: The solar array simulator Agilent E4361A
was used to emulate the characteristics of the studied PV module
at various irradiance levels through its table mode. The voltage—
current characteristics of the studied module are supplied in
voltage steps of 12 mV, which is the simulator’s minimum volt-
age step.

2) Load: An electronic load in its constant resistance mode
was used at the MIC output terminals for the standalone case.

3) DC Microgrid: The MIC was integrated into a dc
microgrid as shown in Fig. 1. The dc-bus voltage V,, was set
to 120 V. The DER of Fig. 1 was modeled by a dc power
source. This DER regulates the dc-bus voltage, and the PV-MIC
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Fig. 8. (a) Module integrated converter. (b) Standalone experimental
setup. (c) DC microgrid experimental setup.

TABLE |
MIC COMPONENTS AND CONTROL PARAMETERS

Component/Parameter Value and properties

Input capacitor Cj
Output capacitor C,
Inductors L »

220 uF, 33 mQ
2200 pF, 150 m$2
500 pH, 85 mQ2

MOSFETs Q; o 150V, 7.5 mQ2, FDPO75N15A
Diodes D1 » 180 V, 5 A, DSSK10-018A
PV module Vi 44.8 V (STC)

PV module Viypp 36.5 V (STC)

PV module 5.5 A (STC)

PV module Iypp 5.1 A (STC)

Duty ratio limits [Dyin; Dmax]  [10 %, 90 %]

Duty ratio step AD 0.4 %

ADC bits and voltage
Irradiance transducer gain
Detectable irradiance change
Switching frequencies (kHz)
Irradiance boundaries (kW/m?)
Interleaved converter cells

Np = 10bit, Vapc =5V

Ay =0.005V-m?/W

AGyiy = 0.98 W/im?

st =50, fsl = 40, st =30, fsS =20
(0.13,0.17), (0.18, 0.22), and (0.33, 0.37)
2, IBC is activated only at fg3 = 20 kHz

combination acts as a current source. An electronic load of
fixed resistance represents the microgrid load. Its resistance was
set to 60 £2. The dc-bus voltage, MIC output current and power,
and the DER output power were recorded. The experimental
setup is depicted in Fig. 8(c).

4) MIC Control for SFM and MPPT: The control algorithm
was programmed on the microcontroller chip PICI6F877A. The

microcontroller minimum duty ratio step of 0.4 % is used for
accurate MPPT and for reducing the effect of limit cycle oscilla-
tion. Limit cycle oscillation results in low-frequency harmonics
in the converter output voltage due to the oscillations of the
duty ratio around its optimal value. The parameters of the SFM
scheme are given in Table I.

Resonance issues when changing the MIC topology are
avoided by deactivating the PWM signals through the MIC con-
trol for a short time interval of two sampling periods. In addition,
prospective resonances are tackled by employing switching fre-
quencies much higher than any potential resonance frequency,
having damping action through the parasitic resistors, and by
the implemented hysteresis effect.

5) MIC Sub-Circuits: The MIC subcircuits perform the fol-

lowing functions.

1) Gate driving: The chip TC4427 is used for conditioning
the PWM signal from the microcontroller. One of the
two PWM signals in the interleaved case is subjected to
a phase shift, and then, both signals are conditioned by
the chip.

2) Phase shifting: The phase shifting of the PWM signal for
the interleaved converter cell is accomplished using the
chip LTC6994-2. According to (26) of Appendix C, five
stages of the chip with single resistance Rsgr equal to
250 k2 are used to avoid pulse skipping and the corre-
sponding subharmonics.

3) Representing irradiance level: The level of the irradiance
is represented by a voltage signal from a potentiome-
ter and is fed to the microcontroller. A physical irradi-
ance measurement device plus a conditioning circuit may
be used alternatively. For indoor laboratory testing and
weather-independent environments, the approach using
the potentiometer is preferred.

4) Measuring: The measurement of the PV module current
was done with the chip INA768 using a 20-m(2 sense re-
sistor and a sensing gain of 40. The power loss in the sense
resistor, the accuracy of measurement, and the signal con-
ditioning for the microcontroller were the basis for deter-
mining the size of the sense resistor. The module voltage
was obtained through a potential divider, a filter, and an
operational amplifier OPA340 to avoid the loading effect.

B. Performance Results

In this subsection, the system performance results are pre-
sented. This is investigated through the measurements of MIC
output power, output ripple, EMI, power losses, and system
efficiency. For the MIC output power and output ripple experi-
ments, the standalone case was investigated followed by the dc
microgrid case. For the EMI experiment, only the standalone
case was considered to avoid EMI influence from other micro-
grid elements. The power losses and system efficiency were
measured separately for the standalone and dc microgrid cases.
Then, those measurements were averaged for result representa-
tion.

1) Output Power: The converter output power was mea-
sured for a stepwise changing irradiance. The irradiance level
and the corresponding switching frequency are plotted together



ADLY AND STRUNZ: IRRADIANCE-ADAPTIVE PV MODULE INTEGRATED CONVERTER FOR HIGH EFFICIENCY AND POWER QUALITY

443

200y

Output power (W)

3*Freq. (kHz)

150

100]

50,

f Irrad./10 (W/m?)
0 10 20 40 50 60

.30
Time (s)
()
150,

18.V. AV......=0.39.V.

OPP}

—_
(=3
j=)

B>
o~

]

S

1|

w
(=)
«—

Output voltage (V)

T

AV =027V AV =09V
opp opp

0 10 20 40 50 60

30
Time (s)
(b)

Fig. 9. Standalone case experimental step changing irradiance. (a)
Output power and the switching frequency. (b) Output voltage and its
ripple content.

with the module output power in Fig. 9(a) for the standalone
case. The experimental results closely match the simulation re-
sults of Fig. 7(a).

For the microgrid case and under the same irradiance time
series of Fig. 9(a), the dc-bus voltage and the MIC output power
are depicted in Fig. 10(a). The corresponding DER output power
and resistive load power are shown in Fig. 10(b). The load
power of about 240 W was supplied by the PV source and DER.
Therefore, the DER output power decreases with the increase of
supplied PV power as a result of rising irradiance. The MIC was
able to vary the switching frequency based on the irradiance,
track the maximum power, and operate in the CCM.

2) Output Ripple: The output voltage and its ripple corre-
sponding to the irradiance time series of Fig. 9(a) are shown
in Fig. 9(b) for the standalone case. For the four analyzed ir-
radiance segments, values of 0.18, 0.27, 0.39, and 0.9 V were
measured for the output voltage ripple, respectively. Although
the switching frequency moved from 50 to 20 kHz, the voltage
ripple only increased from 0.47 % at the lowest irradiance to
0.68 % at the highest irradiance. This is thanks to the activation
of the extra interleaved boost cell at 20 kHz when the irradiance
is high.

The MIC output current in the dc microgrid case is shown
in Fig. 10(c). The peak-to-peak output current ripple at the
four irradiance segments was found to be 4, 9, 17, and 59 mA,
respectively. Meanwhile, the dc-bus voltage had a ripple content
of 0.3 %. As for the voltage ripple in the standalone case, the
rise of the current ripple with decreasing switching frequency
is also restricted through the activation of the interleaved boost
cell in the dc microgrid case.

3) EMI: The radiated EMI of the highest irradiance of
1 kW/m? was analyzed representing the worst-case scenario

200y
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Fig. 10.  DC microgrid case experimental step changing irradiance. (a)

MIC output power and the dc-bus voltage. (b) Load and DER power. (c)
MIC output current and its ripple content.
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Fig. 11.  MIC EMI spectrum at 1 kW/m?> and fs = 20 kHz with and

without the interleaved MIC cell under identical operating conditions.

of highest input power. At this operating point, the SFM gives
a switching frequency of 20 kHz. The results obtained for the
proposed MIC are shown in the upper graph of Fig. 11. For the
purpose of comparison, the interleaved cell of the MIC was then
deactivated for a second experiment. The corresponding EMI
spectrum is shown in the lower graph of Fig. 1 1. With the inter-
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Fig. 12. MIC conduction and switching losses at different irradiance
levels relative to the overall power loss.

leaved cell active, the EMI was reduced by about 15 dB-mV. The
deviation from an ideal spectrum is attributed to the continuous
variation of D due to MPPT and the nonuniform phase shifting
caused by delays of the switches, gate drivers, or phase-shifting
circuits. The role of the interleaved converter cell in reducing
EMI is consistent with the observations of [24] and [26].

4) Power Losses: The overall power losses of the MIC
include the loss in tracking the MPP, the MIC conduction and
switching power losses, the measurement loss, and the power
needed for the control circuit. The efficiency in tracking the
MPP was always above 98.5 %, keeping the MPPT losses below
1.5 % according to the readings on the Agilent E4361A. The
power conversion efficiency was shown to be about 98 %, giving
a total power conversion loss of around 2 %. The control circuit
power consumption is about 1 W.

The MIC conduction and switching power losses relative to
the overall power losses at different irradiances are shown in
Fig. 12. At low irradiance, the switching losses are higher than
conduction losses due to the high switching frequency and low
PV current. At high irradiance when the PV current is high and
the switching frequency is low, the contribution of the conduc-
tion losses to the total loss is much higher than for switching
losses.

5) System Efficiency: The overall system efficiency at
different irradiance levels was evaluated relative to other
PWM schemes. The proposed adaptive SFM scheme with
and without the interleaved MIC cell was compared with two
fixed-frequency schemes of 50 kHz as in [3] and 20 kHz
as in [6] in separate experiments. For each experiment, the
steady-state MIC output power divided by the maximum
trackable PV power at each irradiance level was computed. The
results are shown in Fig. 13.

Compared with the fixed-high-frequency scheme, the perfor-
mance of the proposed SFM scheme was similar at low irradi-
ance. In both cases, CCM operation was maintained. At high
irradiance, however, the efficiency of the proposed scheme was
higher due to reduced switching losses.

The proposed SFM scheme was then compared to the fixed-
low-frequency PWM scheme. At low irradiance, DCM oper-
ation was observed for the fixed-low-frequency scheme. This
resulted in less harvested PV power. Therefore, less efficiency
was obtained compared with the proposed SFM scheme. Only
at high irradiance, the performance of the fixed low frequency
and proposed SFM schemes was identical. With the activation
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Fig. 13. Average overall efficiency at different irradiance levels for

the proposed scheme in comparison to two fixed switching frequency
schemes.

of an interleaved MIC cell, however, an efficiency gain was to be
expected. The experiment confirmed an increase of efficiency
of the order of 0.5 % for this case.

For the developed control scheme, efficiencies higher than
95 % at irradiance levels above 0.175 kW/m? were measured.
Slightly reduced efficiencies of 92.5 % and 94.3 % were found
for the irradiance levels of 0.1 and 0.175 kW/m? due to higher
switching losses. The experiments confirmed the high perfor-
mance of the proposed MIC at all irradiance levels for both
efficiency and power quality.

VI. CONCLUSION

A novel PV MIC suitable for boosting voltages for dc
standalone and dc microgrid applications was designed,
implemented, and tested. The proposed SFM selects an
irradiance-adapted switching frequency that is always high
enough to avoid operation in the DCM. At a high irradiance, the
SFM sets a lower value for the frequency, guided by the strive for
high efficiency through low switching losses. The proposed au-
tomated procedure has shown to be effective in searching for the
optimal number and values of switching frequencies. Further-
more, an interleaved boost cell is activated at high irradiance to
retain a high level of power quality. Hysteresis functions support
the transitions between different discrete switching frequencies
as the irradiance changes. The adaptive MIC control scheme is
complemented by an MPPT designed for fast tracking. Thus, by
combining the SFM with the adaptive usage of the boost con-
verter interleaved cells and a fast MPPT, targets of efficiency
and power quality are reached.

The efficiency for the entire MIC including all power con-
version and control functions was measured at around 95 %
or higher for irradiance levels ranging from 0.3 to 1.0 kW/m?.
The voltage ripple remained below 0.7 % during testing. The
prototype was rated at 400 W to make the design well suited
for integrating PV in dc microgrids or solar homes. DMPPT is
implicitly supported through the module integration. The pro-
totype’s cost of parts amounted to 0.14 Euro/W when ordering
parts individually in the year 2015. Scale effects will allow for
further cost reductions. Together with the convincing technical
performance, the cost effectiveness makes this MIC design a
compelling candidate for renewable solutions of dc microgrids,
dc buses, and solar home applications.
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APPENDIX A
SWITCHING EFFECTS IN A BOOST CONVERTER

The average input current /; for remaining in the CCM is
I; > Aip/2 and is given by [14]

DV,
>
=2 f-L

The relative large MPP voltage and small MPP current at low
irradiance may violate (16). Employing larger inductors can
maintain the CCM. However, this entails extra cost in order not
to also increase the inductor parasitic resistance

Iims = \/ TP + Ai%/12.

This is used for calculating the power loss P in the inductor
parasitic series resistance 7. The RMS currents of the input and
output capacitors are also calculated for determining the con-
duction losses Fr; and FPc, in their equivalent series resistances
r¢i and re,, respectively [11], [34]. Then, the power loss in the
MOSFET on-state resistance rpson, Fm, and the diode forward
power loss Pp through its forward voltage drop Vi, are calcu-
lated as in [34]. Thus, the conduction power losses A, Fci, Pco,
Py, and Pp are computed as follows:

I (16)

A7)

P]_ =Ty - IErms (18)
AP?

Pei =7 - T; (19)

Poo =rco [(1 = D) It — 1] (20)

PM = rDSon : D : IErms (2])

PD:‘/fW'Iers'(l_D)- (22)

The switching and gate losses Psg of the MOSFET are greatly
affected by the switching frequency:

1
PSG = 5 : ID : VDS : fs : (tson + tsoff) + Qg ' ‘/gg : fs (23)

where Ip is the MOSFET on-state drain current, Vpg is the
MOSFET off-state drain-to-source voltage, tso, and g are the
MOSFET switch-on and switch-off time intervals, respectively,
@, is the total gate charge, and V,, is the gate driving voltage.
Thus, the total power loss is computed as

Poss = P+ Poi + Peo + Py + P + Psg. (24)
APPENDIX B
SFM SCHEME FOR A BUCK CONVERTER

The minimum switching frequency f i, of the SEM scheme
is determined by the targeted efficiency and the output voltage
ripple, as in the boost converter case. The maximum switching
frequency fsmax is determined as follows. The duty ratio D of
the lossy buck converter is given by D = V,/(n - Vi) [28]. The
lower limit of f; .y for the CCM is then [14]

D-(1-D)-V
> —
k= 2-1;- L

The expression of D is inserted in (25) with V; as in (6), or Vj
is considered constant as the bus voltage of the dc microgrid.

(25)

APPENDIX C
COST-EFFECTIVE DESIGN

Cost effectiveness has been supported by the following con-
cepts.

1) Controller Cost-Capability Tradeoff: For the MIC,
the digital control chip must have input ports for the voltage, cur-
rent, and irradiance signals; one output port; three ADC chan-
nels; a PWM module; and a sufficient program memory. The
microcontroller chip PIC16F877A fulfills these requirements,
while costing less than digital signal processors (DSPs).

2) Efficient Utilization of Low-Cost Current Measure-
ment Chips: The often limited accuracy of low-cost current
measurement chips can be overcome through appropriate MPPT
algorithms. The P&O MPPT algorithm compares the most re-
cent and previous module power and voltage for tracking the
MPP. When small perturbation steps are employed, the currents
of the adjacent perturbation steps are close to each other. Thus,
the deterministic measurement errors are reduced. MPPT algo-
rithms that require more accurate measurements would entail a
higher chip cost.

3) Effective Diode Configuration: Employing the two
parallel diodes of low-cost chips reduces the power loss based
on the nonlinear relation between power loss and the flowing
current.

4) Facile Phase Shifting: A variable delay chip was
used with a delay time Ty of half the used switching period,
0.5/ fs3, implementing a phase shifting of 180°. Delaying fast
successive edges of the PWM signal can lead to pulse skipping
in the PWM signal and subharmonics in the converter output.
Therefore, the delay time must be less than the minimum on-
time of the PWM signal, Tonmin = Dmin/ fs3, or the delay time
will have to be divided equally between multiple stages. The
number of delaying stages Ny is determined from

Ty
Ny = . (26)
* ™ ToNmin
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