A Novel Control System for Solar Tile
Micro-Inverters

Nicholas Falconar, Dawood Shekari Beyragh, and Majid Pahlevani
Schulich School of Engineering
University of Calgary
Calgary, Alberta, Canada
Email: nwfalcon@ucalgary.ca

Abstract—This paper presents a sensorless peak current mode
(PCM) control technique for a flyback photovoltaic (PV) micro-
inverter. The micro-inverter is used to extract energy from
rooftop solar tiles and deliver it to the utility grid. Current
sensors are usually required in the micro-inverter circuitry in
order to perform maximum power point tracking (MPPT), as
well as in the current loop to shape the output current to
a sinusoidal waveform synchronous with the utility grid. The
proposed method in this paper is able to estimate the current
mathematically, thus, eliminating the need for current sensors on
the converter. This provides a practical and cost-effective solution
for solar tile applications. Simulation and experimental results
show the feasibility of the proposed technique and demonstrate
its superior performance.

I. INTRODUCTION

Solar energy offers a very clean and practical power gen-
eration method to the end-user [1]. Although PV panels have
been the main devices to harvest solar energy, they have some
disadvantages that may divert the market to other solutions
for residential electricity demand. PV panels require high
installation costs and they are not visually pleasing. These
issues have inspired companies to integrate solar cells into
construction components such as roof tiles. This integration
is referred to as building integrated photovoltaics (BIPV), a
design strategy that lowers the upfront cost of PV installations.
Money saved by employing BIPVs is equivalent to the cost of
the substituted building materials. Within the range of BIPVs
available, PV tiles or PV shingles, used on solar roofs, have
gained a lot of attention to fulfill residential energy demand.
This is evidenced by the new solar tiles currently produced by
Tesla [2].
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Solar inverters are power electronic converters that extract
power from solar tiles and inject power to the utility grid.
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There are a few common approaches to implement solar invert-
ers: string inverters, DC optimizers, and micro-inverters. Basic
implementations of these topologies are seen in Figs. 1, 2,
and 3. Advantages and disadvantages exist for each topology
and the dominant option is not yet clear. String inverters suffer
from partial shading, an obstacle that can drastically reduce
the output power of a series-connected solar array. Partial
shading is a phenomena experienced by series-connected solar
modules where individual modules are forced away from their
maximum power point (MPP) due to part of the array being
shaded [3], [4]. Shade producing objects are often present
above homes (e.g. trees, chimneys, other homes). Thus, string
inverters are not an appropriate option for this application. DC
optimizers seem to be a good option as they are able to avoid
the partial shading obstable using module-level optimization
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Fig. 4: Solar tile micro-inverter.

[5]. However, a problem arises in implementation: since this
topology relies on a central inverter, a particular number of
modules must be connected in order to maintain a correct input
voltage to the inverter. Thus, there would need to be a specific
layout plan designed for each house dependent upon the roof
shape and size. Thus, it is not a plug-and-play option, with low
flexibility and added design cost. PV micro-inverters seem to
be the best option for this application since they individually
optimize each tile and can all be in parallel at the output.
The issue with PV micro-inverters is their high cost compared
to other solutions. In this paper, a low-cost micro-inverter is
proposed for solar tiles. The micro-inverter employs a new
control system, which is able to eliminate current sensors from
the micro-inverter circuitry. Usually, two current sensors are
required for a PV micro-inverter: one measures the PV current
for MPPT and the other senses the output current in order to
shape it to a sinusoidal waveform synchronous with the grid
voltage. These sensors are costly and introduce both noise
and delay into the control system. The proposed method in
this paper removes the need for current sensors, providing a
practical and cost-effective solution for this application.

II. SOLAR TILE MICRO-INVERTER FUNCTIONALITIES

Since the cost is of great importance in solar tile applica-
tions, the micro-inverter power circuitry is based on the flyback
converter topology [6]-[10]. Flyback converters are similar
to buck-boost converters but employ a two-winding inductor.
The flyback converter offers better isolation and higher voltage
ratio capability. Fig. 4 shows the PV micro-inverter used for
this application. The circuit includes a high frequency flyback
circuit and a low frequency unfolding circuit. The control
system operates both the high frequency flyback switch and
the low frequency switches at the output. Output current grid-
synchronization is performed by measuring output voltage
at the frequency of the switching cycle and performing the
necessary modifications to the unfolding circuit and duty cycle.
MPPT is performed using the perturb and observe (P&O)
method.

According to Fig. 4, the mathematical model of the system
is given by:
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Where L is the inductance of the flyback transformer, and
SP(t) is the switching function defined by:

when Sy, is ON

1
Plr) —
§ (t){ 0 when S, is OFF

It should be noted that (1) is not an averaged model and
it describes instantaneous chracteristics of the system. Eq.
(1) describes a second order system (i.e., X = F(X,u)
where X = [v1 = i, 22 = vp)7, u(t) = SP(t), and
F = [vou/L,1,,/Cin — z1u/Cin]"). The objective is to
design a current observer for i7. Current observers can be
used to optimize circuit design and improve performance
in power electronics [11], [12]. In order to design the
observer, the observability of the system should first be
investigated. The observability of the system with respect
to iz, is determined through the observability co-distribution
defined by [13]-[17]:

) (VLY 0 1
dim(dOyurny) = dim (vcih) = rank (Sp(t)/Cm 0) @

where the measurable state is h = x2 = vp,. According
to (2), the dimension of the observability co-distribution is
dim(dO,,1n,) = 2 everywhere except when S?(t) = 0. When
SP(t) = 0, the rank collapses to 1 rendering 47, unobservable.
Thus, the system is observable everywhere except when the
flyback switch is OFF (corresponding to the zero crossings
of the grid voltage as well as off time during each switching
cycle). However, while SP(t) = 0, the flyback switch becomes
an open circuit and the only current through the inductor is a
very small snubber current. Therefore: iy, ~ 0, when SP(t) =
0 and requires no estimation.
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Fig. 5: Block diagram of the control system.

ITIT. PROPOSED SENSORLESS PEAK CURRENT MODE
(PCM) CONTROL TECHNIQUE

In this section, a new control system is presented for the
PV micro-inverter, implementing PCM control without using
current sensors. A block diagram of the control system is
illustrated in Fig. 5. According to Fig. 5, PCM is implemented
only using measurements of PV voltage and grid voltage.
The gate pulses are initiated by the top compator outputting
clock pulses at the desired frequency for PWM. The gate
pulses fall once estimated current has reached the desired
magnitude. This magnitude is determined by the proportional
integral (PI) controller output and the instantaneous rectified
grid voltage (the peak current follows the shape of the rectified
grid voltage). Additionally, a maximum 7,,, can be maintained
by ORing the output of the bottom comparator with maximum
T,,. Exceeding the circuit maximum 7, will push flyback
operation into continuous conduction mode (CCM) causing
instability in the system. The current estimator block estimates
the instantaneous inductor current value using inputs of PV
voltage and duty cycle. Calculation of PV current is also
perfomed for input to the MPPT block. This calculation is
done simply by taking a running average of the inductor
current. The MPPT block uses the P&O method to determing
a reference voltage from input PV voltage and estimated PV
current, a PI controller is used to drive PV voltage to the
desired reference voltage.

Fig. 6. shows the proposed current estimator. According to
Fig.3, the current estimator calculates the current ¢;, based on
the PV voltage and switching cycle. The current estimator is
based on the precise model of the system given by (1). The
update law for the proposed current observer is given by:

in = 0v,,87(1)

S lnv ~ 1 L
E'u] . 1.]pv = aIpv — leLSp(t) (3)
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Fig. 6: Block diagram of the proposed current estimator.

where ¥, = vy, — Upy. One of the prominent aspects
of the proposed observer is its capability to track the value
of the inductance L. The inductance value can vary signif-
icantly based on the operating conditions (e.g., temperature,
frequency, etc.) as well as physical manufacturing differences
limited by tolerance. Thus, in order to have an accurate
estimation of the high frequency current, the value of the
inductance should constantly be updated. The inductance value
L is estimated based on the error of the PV voltage. The
update law for the inductance value 6 is given in (3) where
6 = 1/L. The proposed observer also tracks the PV current
by measuring the PV voltage. The PV voltage dynamics are
given in (1)

According to (1), the change in PV voltage when the gate
pulses are OFF (i.e., There is no current at the primary side,
ir, = 0) is equal to I, /Cj,. Thus, the estimation of the PV
voltage, U,,, is based on the sample once the switch has turned

377



Transformer Current

LA N/
/

Transformer Voltage MOSFET’s Voltage
— L

= | S  S—

Current (4)
Samwaaa

Noa
s 38

Voltage (V)
s

-20
0.121167

0.1211731 0.1211792 0.1211853

Time (s)

(@)

Transformer Current Estimated Current

A \'A A

Transformer Voltage MOSFET’s Voltage

11 11 1| \1_‘__
0 1 1 L 1

0.1252655 0.1252686 0.1252716 0.1252747

Time (s)

0.1252777 0.1252808 0.1252838

(b)

Fig. 7: Simulation results.
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OFF (with some delay) and the estimated current i . The PV
current is the averaged value of iy. Therefore, a digital filter
(e.g., FIR) is used to estimate the PV current for the MPPT
block.

IV. SIMULATION RESULTS

In this section, simulation results of the proposed sensorless
PCM controller are presented. The simulation was conducted
on PSIM using the control block diagram depicted in Fig. 5
and the current estimator depicted in Fig. 6. A flyback micro-
inverter circuit was constructed in the software, parameters
for the circuit appear in TABLE I. Fig. 7 and 8 illustrate
the simulation results of the online operation of the solar
tile, micro-inverter, and control system. Fig. 7(a) and (b)
demonstrate the high frequency waveforms of the inverter and
the estimated current close to the peak of the AC line and
near the zero crossing respectively. It is evident in Fig. 7
that the current estimator functions properly in the system.
MPPT performance can be infered by convergence time of
Fig. 8. In this test, MPPT converged in just over 0.1s, assuring
good dynamic tracking efficiency. Fig. 8 also demonstrates
PV voltage estimation. This figure illustrates that the tracking
error is very low and MPPT is performed for the solar tile.
According to the simulations, the system is able to track
grid voltage by maintaining correct inductor current estimation
throughout the line cycle.

V. EXPERIMENTAL RESULTS

In this section, experimental results gathered from a solar
tile micro-inverter operating with the proposed control system
are analyzed. In order to verify the performance of the
proposed inverter, an 8.7WW experimental prototype of the

solar tile micro-inverter has been implemented. The test was
performed using a PV simulator (ETS80X10.5C manufactured
by Ametek). Specifications for the micro-inverter appear in
TABLE 1. Specifications for the implemented solar module
appear in TABLE II. The control system was implemented
using an FPGA. Specifically, the Altera Cyclone IV was used,
an FPGA that provides a fast and low-cost method to control
power converters [18].

TABLE I: Specifications of Flyback Converter

Symbol Parameter Value
L Inducatance 6.4uH

n Turns ratio 16:340
Cin Input Capacitance 2000uF'
fsw Switching frequency 200k H z

TABLE II: Specifications of Module

Symbol Parameter Value

Prax Maximum Power SW
Voe Open Circuit Voltage  20.12V
Vimp Voltage at MPP 1691V
Ise Short Circuit Current 0.55A
Imp Current at MPP 0.514A

Measurements taken from the experimental circuit appear
in Fig. 9. Fig. 9 (a) and (b) depict flyback switch operation at
the edges of the duty cycle range. Experimental switch control
and operation validate the simulation results confirming proper
circuit and control system operation. In Fig. 9 (c) and (d),
overall circuit operation and grid interaction are demonstrated.
Both show output current synchronously tracking grid voltage
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throughout the grid cycle, confirming correct operation of the
control system. PV voltage appears in Fig. 9 (d), along with the
PV voltage estimate, a double grid frequency ripple is present
in the PV voltage. A screenshot of the software used for the
PV simulation test is shown in Fig. 10. As seen in the figure,
correct MPPT operation is attained. The test tracked MPPT
performance while the module was subject to quickly varying
irradiance, faster than natural changes. MPPT retained high
dynamic tracking efficiencies througout the operation range
of the micro-inverter. The performance of the control system
in conjunction with MPPT is confimed to be both reliable and
highly efficient.

According to the experimental results, the proposed control
system can effectively control the micro-inverter without the
need for current sensors. Using the proposed control strategy
in the experiment, the output of the current estimator appro-
priately attains the desired value.

VI. CONCLUSION

In this paper, a sensorless current control technique has been
presented. First, the observability of the system with respect to
the current has been investigated through mathematical analy-
sis. Next, a current estimator has been proposed for the flyback
micro-inverter and validated using computer simulation. Last,
the proposed design has been implemented on a solar tile
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micro-inverter, verifying the ability to accurately estimate the
correct high frequency current.

Using micro-inverters for rooftop solar tiles is the most
convenient topology for scalability and design due to parallel
outputs. It has been proven that the cost of such micro-
inverters can be lowered while still retaining performance
using the proposed sensorless current measurement technique.
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