
 
 
 
                             
 
 
 
 
 
 
 
 
 
 

D. Vinnikov, R. Kosenko, A. Chub and E. Liivik 
 

"Shade-tolerant Photovoltaic Microinverter with Time 
Adaptive Seamless P-V Curve Sweep MPPT" 

 
19th European Conference on Power Electronics and Applications 

EPE’17 ECCE Europe. Warsaw 11th-14th September 2017. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
„This material is posted here with permission of the IEEE. Such permission of the IEEE does not 
in any way imply IEEE endorsement of any of Tallinn University of Technology products or 
services. Internal or personal use of this material is permitted. However, permission to 
reprint/republish this material for advertising or promotional purposes or for creating new 
collective works for resale or redistribution must be obtained from the IEEE by writing to pubs-
permission@ieee.org. 

By choosing to view this document you agree to all provisions of the copyright laws protecting 

it.” 



Shade-Tolerant Photovoltaic Microinverter with Time Adaptive  
Seamless P-V Curve Sweep MPPT 

Dmitri Vinnikov1,2, Roman Kosenko1, Andrii Chub2, Elizaveta Liivik2

1UBIK SOLUTIONS LLC.  
Regati 1, 11911 
Tallinn, Estonia 

Tel.: (+372) 639 6614  
E-Mail: dmitri@ubiksolutions.eu  

URL: www.ubiksolutions.eu 
 

2TALLINN UNIVERSITY OF TECHNOLOGY 
Ehitajate tee 5, 19086 

Tallinn, Estonia 
Tel.: (+372) 6203705  

E-Mail: dmitri.vinnikov@ttu.ee 
URL: www.ttu.ee 

Acknowledgements 
The authors are grateful to Ubik Solutions LLC for the support of this research. This research work 
was also co-financed by the Estonian Centre of Excellence in Zero Energy and Resource Efficient 
Smart Buildings and Districts, ZEBE, grant 2014-2020.4.01.15-0016 funded by the European 
Regional Development Fund and by the Estonian Research Council (project PUT1443). 

Keywords 
«Photovoltaic», «Converter circuit», «Efficiency», «Single phase system», «Z-source converter». 

Abstract 
This paper proposes a novel approach to photovoltaic (PV) module level power electronics (MLPE). 
Functionally, it is a hybrid of PV power optimizer and microinverter with such key features as shade-
tolerant (or global) maximum power point tracking (MPPT), galvanic isolation, direct AC 
connectivity, PV module level monitoring and safety cut-off, flexibility of installation and PV power 
system sizing. Focus is on the realization of the shade-tolerant MPPT, which is a new feature of the 
PV microinverters. Explanations are provided both from the hardware and software point of view. The 
experimental results, challenges and possibilities of future development of the proposed approach are 
analyzed and discussed. 

Introduction 
The PV MLPE approach is becoming increasingly popular in residential and small-commercial PV 
systems because it allows operation of each PV module in the maximum power point; therefore, it 
ensures the best possible energy harvest. Up to now, the MLPE systems were mostly represented by 
the PV microinverters (PVMIC) [1] and PV power optimizers (PVPO) [2], both having their 
advantages and drawbacks. Typically, the PVPO based system with its intermodule DC wiring and 
central inverter located in a climate controlled space is mostly suitable for the field installations. 
Apparently, due to their direct AC connectivity, the PVMICs are more feasible for residential and 
commercial rooftop installations, especially taking into account increased awareness about safety 
issues such as arcing and high DC voltages on the rooftops [3]. However, the main disadvantage of the 
modern PVMIC is the limited input voltage range, which, in turn, narrows the MPPT voltage window 
significantly (Fig. 1a) and affects the energy yield from a PV module in partial shading conditions. For 
example, a common 60-cell PV module is segmented into three substrings with bypass diodes 
connected in parallel to each of them. As a result, typical maximum power point (MPP) with voltage 
near 30 V will be shifted down to 20 V if one of substrings is shaded (Fig. 1b). This operating point is 
out of the MPPT range of the traditional PVMIC and its MPP search algorithm will get stuck at the 
local maxima. However, the PVPO is able to track the MPP already from 8 V and, therefore, can find 
the global maximum and triple (in the given case) energy yield from the PV module as compared to 
the PVMIC based system (Fig. 1b). 

Shade-Tolerant Photovoltaic Microinverter with Time Adaptive Seamless P-V Curve
Sweep MPPT

VINNIKOV Dmitri

EPE'17 ECCE Europe ISBN: 9789075815269 and CFP17850-USB P.1
© assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)



              

(a)                                                                               (b) 

Fig. 1:  Comparison of typical MPPT voltage ranges of different MLPE technologies (a) and typical  
P-V curves of the 60-cell PV module operating under standard and partial shading conditions (b) 
 
This paper introduces the concept called OPTIVERTER (PVOPT) as a novel class of photovoltaic 
MPLE systems. Functionally, the PVOPT is a hybrid technology which combines the ultra-wide 
MPPT voltage range of the PVPOs with the direct AC connectivity and inherent safety of the 
PVMICs. Thanks to its multimode control principle, the MPPT voltage window of the PVOPT is more 
than four times wider than that of the traditional PVMIC (Fig. 1a). Similar to PVPO, the PVOPT can 
ensure the maximum possible energy yield from the PV module even when two out of three substrings 
are shaded or in the conditions of opaque shading, which could be caused by the fallen leaves or bird 
droppings.  

Power Circuit of the OPTIVERTER 
A generalized power circuit block diagram of the PVOPT is presented in Fig. 2. The front-end quasi-
Z-source series resonant DC-DC converter (qZSSRC) is responsible for the MPPT and voltage 
matching between the PV module and the high-voltage DC-link. Depending on the operation 
conditions of the PV module, the qZSSRC can feature either the boost or the buck mode, thus 
maintaining a high efficiency within the ultra-wide input voltage range at the different output power 
levels. Thanks to specific properties of the qZSSRC, the buck-boost functionality is realized in a 
single switching stage simply by the combination of shoot-through pulse width modulation (ST-PWM) 
and phase-shift modulation (PSM) discussed in detail in [4]. In all modes, the qZSSRC operates at the 
resonant frequency (fsw = fres = 110 kHz) and features the ZCS of rectifier diodes over the entire 
operating range, and depending on the operating mode, ZCS and/or ZVS of the primary side switches. 
As a result, the generic Si MOSFETs Infineon BSC035N10NS5 and industrially proven SiC Schottky 
barrier diodes Wolfspeed C3D02060E were employed at the input and output side of the qZSSRC, 
correspondingly. For the best price/performance tradeoff, the grid-tied inverter was realized as the 
combination of the Si and SiC semiconductors. The high-frequency leg of the inverter bridge is based 
on the SiC MOSFETs ROHM SCT2120AFC and is switched complementary at 20 kHz with 
sinusoidal PWM utilizing synchronous rectification in MOSFETs. The low-frequency leg is based on 
the Si superjunction MOSFETs Infineon IPB65R045C7 switched at the grid frequency (50 Hz). The 
DC-link capacitor filters the output voltage of the qZSSRC and also buffers the double line frequency 
voltage ripple caused by a grid-tied inverter. Since the implementation of electrolytic capacitors could 
impose some long-term reliability issues, the 100 μF low-profile polypropylene film capacitor 
MKP1848S from Vishay/Roederstein was used. Finally, the LCL filter was implemented at the output 
to attenuate the switching noise and create the sinusoidal output waveform. The components of the 
LCL filter (L1 = 2.6 mH, C = 0.47 μF and L2 = 1.8 mH) were dimensioned according to the voltage 
distortion approach proposed in [5]. The double pole single throw relay is implemented at the output 
side and used for fast disconnection of the PVOPT from the grid if the islanding is detected or when 
the PVOPT enters a fault condition. 
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Fig. 2:  Generalized power circuit block diagram of the PVOPT 
 
Generalized specifications of the PVOPT are presented in Table I. The prototype was designed to 
operate with the majority of 60- and 72-cell PV modules with the nameplate power of up to 250 W. To 
evaluate the performance of the PVOPT, the special test profile proposed in [6] was used (Fig. 3). The 
green region of the test profile is emulating the operation of a PV module in the partial shading 
conditions (PSC), when, depending on the number of shaded substrings, the output voltage of the 
module decreases, however, the operating current still stays at its maximum value of 10 A. It is 
therefore assumed that in the case of opaque shade of two substrings, the PV module has the minimal 
output voltage of 8 V and peak operating power of 80 W. The discussed test profile was synthesized 
using data from standard test conditions (STC) of different PV modules, and, therefore, the 
performance of PVOPT was evaluated in more stressed operating conditions than could really happen 
in typical photovoltaic installations. 
 

Table I: Generalized specifications of the PVOPT 

Parameter  Value 

Input voltage range 8…60 V 

DC-link voltage  400 V 

Nominal output RMS voltage  230 V  

Output frequency  50 Hz 

Operating power range 20…250 W 

Min. / Max. start voltage 5 / 60 V 

Max. continuous input current 10 A 
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Fig. 3:  Test profile of the PVOPT with outlined region of partial shading conditions 
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Fig. 4 shows the experimental efficiency curves of the PVOPT acquired by the precision power 
analyzer Yokogawa WT1800, which included the auxiliary supply power consumption. According to 
test profile in Fig. 3, the experimental converter features the efficiency of over 92.5% within the 
voltage range from 25 to 36 V, which corresponds to the MPP voltage window of the majority of 
silicon PV modules (Fig. 4a). The peak efficiency of 95% was obtained at the operating point with an 
input voltage of 33 V, which is the median of MPP voltages of the typical 60- and 72-cell PV modules 
working under the normal operating cell temperature (NOCT). The California Energy Commission 
(CEC) weighted efficiency measured in this operating point was 94.1% (Fig. 4b), which can be further 
increased by the implementation of the cycle skipping modulation technique [4, 7] at power levels 
below 120 W. Moreover, the part- and light load efficiency could be improved by the implementation 
of the Asymmetrical Pulse Width Modulation (APWM) instead of PSM for the control of qZSSRC in 
the buck mode [8]. 
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(a)                                                                           (b) 

Fig. 4:  Experimental efficiency of the PVOPT according to the test profile shown in Fig. 3 (a) and its 
efficiency vs. input power for the operating point with VPV = 33 V (b) 
 
It is seen from Fig. 4a that in the PSC region (from 8 V to 25 V), the power conversion efficiency of 
the PVOPT lies in the range from 80% to 92%. It means that even in the case of opaque shade of two 
substrings of the PV module (VPV = 8 V, IPV = 10 A), the PVOPT is still capable of injecting more than 
60 W to the grid. 

Shade-Tolerant MPPT with Time Adaptive Seamless PV Curve Sweep 
The developed PVOPT utilizes shade-tolerant MPPT (STMPPT) with time adaptive seamless PV 
curve sweep shown in Fig. 5a. The routine of the STMPPT consists of global MPPT (GMPPT) scan 
performed once per each 10 minutes and local MPPT (LMPPT) that is used to track the true MPP in 
between. The control system block diagram of the PVOPT is shown in Fig. 5b. The GMPPT block 
gradually changes the reference voltage of a PV module VGMPP. As a result, the PVOPT smoothly goes 
through the operating points of a PV module starting from the point near the open circuit voltage, and 
finishes scanning at the predefined minimum MPPT voltage. Position of the exact starting point is also 
influenced by the consumption of the onboard auxiliary power supply. During the GMPPT scanning, 
the PVOPT records up to three (for majority of the target Si PV modules) MPPs of which only one is 
the global MPP (GMPP) and all the other are local MPPs (LMPPs). After that, the PVOPT performs a 
preset of the LMPPT routine when the converter moves the operating point near the GMPP. Then the 
LMPPT block starts performing perturbation near the GMPP with a variable step ΔVMPP. The GMPPT 
routine will be relaunched if one or both of the following conditions are true: the last GMPPT 
scanning was performed ten minutes (or more) ago or if the power tracked by the LMPPT changes by 
more than 20%. Hence, the control system adapts to changes of the shading conditions or the weather 
in time. The GMPPT scanning requires the converter to be smoothly preset to the open circuit voltage 
to start scanning. 
 
Error signal of a PV module voltage is applied to the proportional-integral (PI) controller. The latter 
provides bipolar output signal. Positive values that correspond to the boost mode of the qZSSRC are 
transferred directly into the shoot-through duty cycle with the upper bound of 0.48. In the buck mode, 
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negative output of the PI controller is recalculated into the phase shift angle that is proportional to the 
absolute value of the PI controller output and has the upper bound of 173° (or -0.48 for the PI 
controller output). The calculated control variables are applied to the modulator that is described in 
[4]. Closed loop that controls the qZSSRC based on the STMPPT algorithm defines the input power of 
the PVOPT when the DC-link is within safe boundaries. 
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(a)                                                                    (b) 

Fig. 5: Idealized sketches of shade-tolerant MPPT (a) and control system block diagram of the 
proposed PVOPT (b) 

The DC-link is stabilized by the grid-side regulator that forms the second decoupled closed loop which 
controls the grid-tied inverter, as shown in Fig. 5b. Error of the DC-link voltage is applied to the 
scaling block with an insensibility zone. The latter is used to avoid any response on the grid side when 
the LMPPT block performs perturbations of the operating point and average power injected to the grid 
corresponds to average power delivered by the qZSSRC to the DC-link. When an error exceeds those 
boundaries, the PI controller adjusts the magnitude of the reference grid current to stabilize the DC-
link voltage within the required boundaries. The proportional-resonant (PR) controller PR1 is used to 
force the grid current IG follow the reference current ref

GI . In order to minimize the total harmonic 
distortion (THD) of the grid current, several PR controllers are used to implement selective harmonic 
elimination (SHE). SHE is a part of the grid-side regulator that eliminates the odd harmonics, while a 
single PR controller is required for each harmonic. In the given case, controllers PR3, PR5, PR7 and 
PR9 are used to eliminate 3rd, 5th, 7th and 9th harmonics, correspondingly. 

Experimental Results 
The PVOPT proposed has been verified using the profile of the PV module operating under PSC with 
three MPPs shown in Fig. 6a. The PSC of the 60-cell polycrystalline PV module Naps Saana 250 was 
emulated by the Solar Array Simulator (SAS) Agilent E4360 with the pre-programmed P-V curve of 
the partially shaded PV module, i.e. when one substring has irradiance of 200 W/m2, the second – 
500 W/m2 and the last is operating under STC (1000 W/m2). Obviously, point B in Fig. 6a 
corresponds to the maximum possible power production of 91.9 W. Fig. 6b describes the start-up of 
the PVOPT and STMPPT routine. First, the converter stabilizes the DC-link voltage near its nominal 
value of 400 V. Then, the grid-tied inverter starts injecting the lowest possible power into the grid in 
these conditions and, as a result, presets the GMPPT routine. During the GMPPT, the PVOPT goes 
through all possible operating points of the P-V profile gradually changing the reference input voltage. 
Sweep of the PV module profile from the maximum to minimum voltage over the time is evident from 
Fig. 6b. The PVOPT goes through the MPPs C, B and A until it reaches the minimum scanning 
voltage that is very close to point A. Time instants when the PVOPT reaches MPPs are seen from the 
grid current magnitude. Then, the control system presets the operating point to the range suitable for 
the LMPPT to be started. The LMPPT algorithm optimizes the MPPT efficiency through minimization 
of perturbation steps. 
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(a)                                                                              (b) 

Fig. 6:  Experimental results: the case study P-V characteristic of the 60-cell Si PV module with three 
maximum power points (a) and PVOPT start-up and STMPPT with the given P-V characteristic (b) 

Fig. 7 shows the experimental waveforms of the PVOPT operating at the global maxima of the given 
case study (point B in Fig. 6a). It is seen from Fig. 7a that despite the low operating power 
(PPV = 91.9 W), the PVOPT features the continuous input current with almost negligible double line 
frequency voltage ripple. The DC-link is precisely stabilized at its nominal level of 400 V (Fig. 7b) 
and the output power of 84 W is injected to the grid. The power conversion efficiency and THD 
measured by the precision power analyzer Yokogawa WT1800 in this operating point were 91.4% and 
10%, correspondingly. The efficiency measured is in good agreement with previous measurements 
shown in Fig. 4a. In similar operating conditions, the MPPT algorithm of a conventional PVMIC will 
typically stack at point C (Fig. 6a), which will result in the power harvest reduction of 30% as 
compared to the proposed PVOPT. 
 
Since the 72-cell Si based PV modules contribute a significant share to the PV market today, the 
performance of the PVOPT was also evaluated with this PV module type. Multicrystalline 72-cell PV 
module Trinasolar TSM-305 PD14 was emulated by means of the SAS under PSC with irradiance of 
the three substrings of 800 W/m2, 600 W/m2, and 200 W/m2, correspondingly (Fig. 8a). As shown in 
Fig. 8b, the PVOPT scanned the P-V curve and registered point B as the global MPP. After the 
LMPPT algorithm reaches steady state at point B, the PVOPT efficiency and THD equal 92.2% and 
9%, correspondingly. Thanks to the STMPPT functionality, the PVOPT injects 115 W into the grid, 
which is more than 40% higher than in the case of PVMIC with traditional MPPT algorithm. 
 

10 ms

VPV (10	V/div)

IPV (1 A/div)

            

(a)                                                                        (b) 

Fig. 7:  Experimental waveforms of the PVOPT at VPV = 20.4 V and PPV = 91.9 W: input voltage VPV 
and input current IPV (a) and DC-link voltage VDC, output voltage VG and output current IG (b) 
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(a)                                                                             (b) 

Fig. 8:  Experimental results: the case study P-V characteristic of the 72-cell Si PV module with three 
maximum power points (a) and PVOPT start-up and STMPPT with the given P-V characteristic (b) 

Conclusions 
This paper introduces a novel class of the PV module level power electronics systems called 
OPTIVERTER (PVOPT). Along with the key benefits of traditional photovoltaic microinverters, the 
PVOPT features the shade-tolerant maximum power point tracking (STMPPT), which ensures the 
highest possible energy harvest efficiency in the partial-shading conditions. The proposed STMPPT 
algorithm enables seamless PV curve sweep in a wide voltage range owing to the used topology of the 
front-end converter. The buck-boost operation of the qZSSRC used allows smooth modulation of its 
input equivalent resistance in an ultra-wide range: minimum in the boost mode at the maximum shoot-
through duty cycle and maximum in the buck mode at the maximum phase shift angle. As a result, the 
qZSSRC enables MPPT in the ultra-wide input voltage range. A typical Si-based PV module contains 
three bypass diodes and, therefore, has three voltage ranges where MPP is likely to occur. The PVOPT 
proposed can cover all these voltages and, therefore, ensures the maximum possible energy yield from 
a PV module even with two shaded substrings or in the case of opaque shading, which could be caused 
by the fallen leaves or bird droppings.  
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