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ABSTRACT:

A single-stage single-phase isolated
bidirectional microinverter based on proportional
resonant (PR) controlled is proposed in this project.
With the PR-PWM control, the voltage conversion
ratio of the resonant converter can be regulated from
zero to infinite, theoretically, which means the PR-
PWM is suitable for wide voltage range
applications, such as single-stage isolated inverters.
Moreover, the voltage conversion ratio of the
resonant converter is only determined by the
equivalent duty cycle and free of the value and
direction of the transferred power. Therefore, the
value and direction of the power flow can be
changed smoothly, which makes the proposed
converter suitable for bidirectional DC/AC power
conversion. Accordingly, a simple unified current
controller can be employed for both inverter mode
and rectifier mode. In addition, soft switching can be
achieved during most of the grid period and high
efficiency can be achieved with the proposed
solution. Detailed operation principles,
characteristics, design considerations and control
strategy of the proposed microinverter are presented.

I - INTRODUCTION

Due to the accelerating energy shortage
and the exhaustion of global resources, renewable
energy, such as photovoltaic (PV) and electrical
vehicles (EVs), have been receiving a persistent
interest, especially in the residential area. However,
the conflict between production and consumption of
solar energy is a fundamental problem for
homeowners: energy consumption is highest in the
morning and evening while solar production peaks
during midday. The surplus solar energy is
consumed by batteries to mitigate the influence of
excess solar energy. When needed, the energy stored
in the batteries will be released to supply the load. If
necessary, the EV car can also help to power the
load. The bidirectional grid-connected DC/AC
converter is the key to achieve energy management.

For grid-connected applications, galvanic
isolation is a basic requirement for safety
considerations. Isolated DC/AC converters can be
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categorized into two groups, i.e. two-stage and
single-stage converters. Compared with two-stage
solutions, a single-stage solution can directly
convert DC to line-frequency AC with only one-
stage conversion, resulting in reduced power
switches, higher efficiency and minimized high DC
voltage indoors. Since the parasitic resistance of
battery at low frequency is very small, the double-
line-frequency ripple is induced in the charging
current with the single stage solutions. Many
researches have been conducted on the impact of
double-line-frequency  current  ripple.  These
researches indicate that the double-line-frequency
current ripple has little influence in terms of
capacity, cell balancing, and temperature rise and
roundtrip efficiency. In this case, it is unnecessary to
suppress the double-line-frequency current ripple,
which will greatly reduce the DC-link capacitors.
Hence, a more competitive cost, higher efficiency
and higher power density can be achieved with
single-stage DC/AC converters, which have drawn
an increasing attention in recent years.

Although an increasing effort has been
made on the study of single-stage DC/AC solutions
over the years, the single stage DC/AC converters
still face many challenges: 1) wide operating voltage
range not only on battery side but also on grid side,
2) isolated bidirectional conversion, 3) changing the
direction of transferred power quickly. Particularly,
the grid voltage changes from zero to hundreds of
volts. A buck-type or boost-type converter is not
suitable for bidirectional DC/AC power conversion
due to limited voltage conversion range.

Hence, the bidirectional single-stage DC/AC
converter is still an emergent research topic.

A bidirectional single-stage inverter is
based on the bidirectional fly back converter.
However, disadvantages of the fly back converter,
i.e. hard switching, high voltage and current stresses,
make it not a good candidate for high efficiency
power conversion. By integrating a high frequency
transformer, a series of buck-type bidirectional
inverter are derived from conventional non-isolated
H-bridge inverters. However, these topologies suffer
from large voltage spikes and low efficiency
induced by the leakage inductance of transformer. A
voltage clamped circuit is employed to recycle the
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energy stored in leakage inductance. But too much
auxiliary components result in reduced power
density.

Il - LITERATURE REVIEW

L. Zhang, et. al., (2018) presents, a grid-
tied photovoltaic (PV) generation system based on
series-connected module integrated inverters (SC-
Mlls. In the grid-tied SC-MII system, each PV panel
is interfaced with a MI1 with independent maximum
power point tracking (MPPT) to harvest maximum
solar energy. The outputs of Mlls are at AC line
frequency and are connected in series to fulfill the
voltage requirement in the utility grid. Since the high
step-up power conversion stage in the conventional
micro-inverter is avoided, the grid-tied SC-MII
system is easier to implement and features high
efficiency.

A. Pal et. al, (2019) presents a novel
single-stage soft switched high frequency link three-
phase DC-AC converter topology. The topology
supports unidirectional DC to AC power flow and is
targeted for applications like grid integration of
photovoltaic sources, fuel cell etc. The high
frequency magnetic isolation results in reduction of
system volume, weight and cost. Sine-wave pulse
width modulation is implemented in DC side
converter. Though high frequency switched, DC
side converter is soft-switched for most part of the
line cycle. The AC side converter active switches are
line frequency switched incurring negligible
switching loss.

111 - SYSTEM IMPLEMENTATION

1. PROPOSED SYSTEM

In this project proposed a bidirectional
resonant converter with PR controller system for
renewable energy applications. Based on the basic
principle of PR-PWM controlled resonant converter,
a solution for a single-stage isolated bidirectional
microinverter is proposed.

Bidirectonal Moo AC
PV panel Resonant DC-DC
Corrverter

itwerter Load

DC-DC
Cotwerter

| Battery |

Fig.1 Proposed system Block

PR. Controller Unit

The major advantage of the proposed solution are as
follows: 1) The voltage gain can be theoretically
regulated from zero to infinite, which helps to avoid
the zero-crossing issue of the isolated single-stage
DC/AC converter based on the LLC converters. 2)
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The voltage gain is only determined by the duty
cycle and free of the transferred power. 3) The
amplitude and direction of transferred power can be
changed quickly. A unified current controller can be
employed, which is much simpler than the single-
stage DC/AC solutions based on the bidirectional
resonant converters.

2. PROPOSED
MICROINVERTER

BIDIRECTIONAL

i Full bridge Half bridge;
e rec,

{_ Sec. side ,' Unfolder '

[ Prim. side )
Resoant DC/DC converter

PP

Fig.2 The proposed bidirectional microinverter

Fig.2 illustrates the proposed single-stage
isolated bidirectional converter. It is composed of
two parts, i.e., a resonant DC/DC converter and a
line-frequency unfolding inverter (unfolder). The
resonant converter consists of a full bridge in the
primary side and a half bridge in the secondary side,
linked by a high-frequency transformer T, a resonant
inductor Lr and a resonant capacitor Cr. Since the
DC voltage is relatively low and higher voltage
conversion ratio is required for the bidirectional
DC/AC converter, a half bridge is employed in the
secondary side of the converter to reduce the turn’s
ratio of the high frequency transformer. The main
purpose of the resonant converter is to regulate the
output current and achieve power factor correction
(PFC). While the unfolder is employed to
reconstruct the pseudo-DC-link current to sinusoidal
AC current. Both the resonant converter and the
unfolder support bidirectional power flow.

For LLC converters, the voltage
conversion ratio is independent of the load only
when it operates at resonant frequency. Inspired by
this characteristic, the propose converter always
operates at the resonant frequency, which is
expressed as (1).

1

fr

= 21, /LyCyr (1)

The state function of the resonant current i
and the voltage ucr across the resonant capacitor can
be expressed as (2).

diy
Lr? = Ugp = Ucqg — Ucr @
ducy
G=g =
where uab and ucd are the midpoint
voltages of primary side and secondary side,

respectively.  Considering  the  fundamental
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component of ir and uc, the state function (2) can be
simplified and written as (3).

, I
Uab1 = Ucar = jwsLyLyy + jwslcr 3)
where Is is the angular frequency at switching
frequency.

Uap1 and U are the fundamental component of ugp
and ucq, respectively.

When the converter operates at the
resonant frequency, the fundamental impedance of
the resonant tank equals to zero. In this case, Uan =
Uca1, which means that Ua, and Ucg; have not only
the same amplitude but also the same phase.
Accordingly, the midpoint voltages ua and ug of
primary side and secondary side also share the same
phase.

3. Operation Principles of control strategy
The normalized voltage conversion ratio is
expressed as (4). According to the voltage
conversion ratio, the proposed converter is divided
into two modes, i.e. buck mode and boost mode. The
converter operates in the buck mode when M, < 1
while operates in the boost mode when M, > 1.
= €

n 2Uqc
where n is the turns ratio of the transformer.

The operation mode of the proposed
converter can also be divided into forward mode and
backward mode according to the direction of power
flow. In the forward mode, the energy stored in the
batteries is transferred to the grid. The proposed
converter operates as an inverter. In the backward
mode, the converter draws energy from the grid and
transmit it to the DC side. The proposed converter
operates as a rectifier.

1) Boost Mode:

In the boost mode, the duty cycle of the
primary-side switches is fixed to 0.5. The output
current is regulated by the duty cycle of the
secondary-side switches. Fig.3 illustrates the typical
waveforms of the boost mode. The switches in the
same leg are driven complementary. The gating
signals of S1, S4 and S5 are in phase. The gating
signals of S2, S3 and S6 are in phase as well.
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Fig.3 Typical operating waveforms of the
resonant DC/DC converter in boost mode: (a)
forward mode, (b) backward mode.

In order to ensure symmetrical drive of S5
and S6, the switching sequence is S6-S5-S6 in the
positive half switching period and t2 - t1 = t6 - t5.
The drive in the negative half switching period is
symmetrical to that in the positive half switching
period. Since the operation principles of the forward
mode and the backward mode are similar, only the
forward mode is discussed in detail.

Fig.3 (a) illustrates the typical waveforms
in the forward mode and boost mode. Each
switching period can be divided into twelve stages.
The equivalent circuits of these stages are shown in
Fig.4.

Stage | [t0-t1] [Fig.4(a)]: Before t0, S2, S3
and S5 are ON. The midpoint voltage ua, of primary-
side bridge is clamped to -Ug. while the voltage Ucg
is clamped to urc=2. The resonant current i and
magnetizing current in are negative. At t0, the
switches S2, S3 and S5 are turned off. Due to the
negative current, the parasitic capacitors of S2, S3
and S5 are charged while that of S1, S4 and S6 are
discharged. Until ua, reaches Ugc, the parasitic
diodes of S1, S4 and S6 are forced to be conducted
and ZVS can be achieved.

Stage Il [t1 - t2] [Fig..4(b)]: At t1, the
switches S1, S2 and S6 are turned on with ZVS. ua
is clamped to Ugc while ucq is clamped to -Urec/2. The
resonant current ir increase quickly due to a large
positive voltage Ugc=n+urec/2 applied on resonant
tank. The magnetizing current in also increases
linearly.

During Stage | and Stage I, ug is clamped
to -urec/2. Therefore, the input voltage charges the
resonant tank quickly. The resonant current i, and
the voltage ucr across the resonant capacitor Cr can
be calculated by (5) and (6).
ir(t) = ir(to) cos wr(t - to) +
ey Orec_yc, (1)

~ sin w, (t — t) (5)
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Ucr (8) = i () Zy sin @, (¢ — tg) + 24€ 4 =o€ —
(P 4 22—y, (L)) cos wp(E = L)) (6)
where w, = 2rfr is the angular frequency and Z, =
+/ L/ C, is the characteristic impedance of the series-
resonant tank.

Stage Il [t2 - t3] [Fig.4(c)]: At t2, S6 is
turned off. The parasitic capacitor of S6 is charged
by the positive resonant current and the parasitic
capacitor of S5 is discharged. Since the resonant
current is relatively large, S5 can easily achieve
ZVS.
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Fig.4 Equivalent circuits of the resonant DC/DC
converter in boost mode: (a) [tO - t1], (b) [t1 -
t2], (c) [t2 - t3], (d) [t3 - t4], (e) [t4 - t5], (F) [t5 -
t6].

Stage 1V [t3 - t4] [Fig.4(d)]: At t3, S5 is
turned on with ZVS. ug is clamped to uwec/2. The
resonant inductor L, resonants with the resonant
capacitor Cr together. in keeps increasing linearly
due to the positive voltage usp clamped to Ugc.
During the two stages, L, resonates with C,. Most of
the power is transferred during these two stages. ir
and ucy can be expressed as (7) and (8).

i (6) = i (t2) cos wr(t — t) +

Udc_Urec

—ucr(t
4 er ucr(tz) sin wr(t _ tz) @)
ucr (t) = i, (t2)Zy sin . (t — t;) + % B % B
U U
(e — Zree oy, (t)) coswr(E— ;) (8)

Stage V [t4 - t5] [Fig. 3.4(e)]: At t4, S5 is
turned off. The negative resonant current charges the
parasitic capacitor of S5 and discharges the parasitic
capacitor of S6. Until uc is reduced to —Urec/2, the
body diode of S6 is conducted and ZVS can be
achieved at light load. However, the resonant current
is reduced and close to zero at heavy load. It is
difficult for S6 to achieve ZVS at t5. But fortunately,
ZCS of S6 can still be achieved.

Stage VI [t5 - t6] [Fig. 3.4(f)]: Att5, S6 is
turned on with ZCS. The resonant current increases
due to a positive voltage applied on the series-
resonant tank. During Stage V and Stage VI, Uc is
clamped to —Urec/2. ir and ucy can be calculated by (9)
and (10).

i () = iy (ty) cos wr(t —ty) +

Tdey recug, (ty)

n ZZT T sin (Ur(t - t4) (9)
Uer(£) = iy (6)Z, sin @, (¢ — t) + 742 4 Trec —
u U,
(% + % — Ucr (t4—)) COS W, (t — t4) (10)
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The operation principles of the rest stages
are symmetrical to the positive half switching period
and will not be discussed again.

2) Buck Mode:

In the buck mode, the switches in
secondary side always operate with a duty cycle of
0.5 while the duty cycle of the switches in primary
side is modulated to regulate the output. Fig.5 shows
typical waveforms of the buck mode. The operation
principle of the buck mode is similar to that of the
boost mode.
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Fig.5 Typical operating waveforms of the
resonant DC/DC converter in buck mode: (a)
forward mode, (b) backward mode.

4. PROPORTIONAL-RESONANT (PR)
CONTROLLER

The proportional-resonant (PR) controller
is one of the most popular controllers used for grid-
connected inverters to regulate the current injected
into the grid. In this chapter, the PR current
controller is designed and implemented for three-
phase inverters, in the stationary reference frame
and in the natural reference frame.
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Fig.6 Proportional-resonant Controller

For inverters, the controller deals with
sinusoidal signals, which makes it difficult to design
the controller with the correct gain that is able to
regulate the performance at the fundamental
frequency and also to reject harmonic disturbances.
Pl controllers, having a pole (with an infinite gain)
at the zero frequency, are not able to eliminate the
steady-state error at the fundamental frequency
unless it is adopted in the dg frame. A PR controller
is the combination of a proportional term and a
resonant term given by

CpR(S) = Kp + K;

L5242

where o is the resonant frequency. Such a controller
has a high gain around the resonant frequency and,
thus, is capable of eliminating the steady-state error
when tracking or rejecting a sinusoidal signal,
according to the internal model principle.

5. HARDWARE PRESENTATION

PIC 16F8774 70

Fig.7 Circuit diagram

In this figure.7 we are design a micro inverter with
embedded controller system. The proposed single-
stage isolated bidirectional converter consists of two
parts, i.e., a resonant DC/DC converter and a line-
frequency unfolding inverter (unfolder). The output
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of this circuit is connected to the loads. The
converter and inverter designed with MOSFETS.
The each MOSFET are connected with the opto
coupler which is connected with the controller ports.
The controller we are using are is PIC 16F877A.

A. PIC16F877A BOARD:

PIC —Peripheral Interface Controller

PIC 16F877 is one of the most advanced
microcontroller from Microchip. This controller is
widely used for experimental and modern
applications because of its low price, wide range of
applications, high quality, and ease of availability. It
is ideal for applications such as machine control
applications, measurement devices, study purpose,
and so on.

40-Pin PDIP
MCLRVPp —[] 1 U w0 [] <—e RB7/PGD
RAOANO «—s (] 2 390 «——» RB6/IPGC
RA1/AN1 =—=[]3 38 [] — RB5
RA2/AN2/VREF-/CVREF «—[]4 37 [] = RB4
RA3/AN3/VReEF+ <—>E 5 36 [] = RB3/PGM
RA4/TOCKIIC10UT <——»[] 6 35 [] +—s RB2
RAS/AN4/SS/C20UT =——[7 X 34[1+— R8I
REO/RD/ANS <——=[]8 N 33[]<—s RBO/INT
RE1WR/ANG <——[] 0 g 32[] «— Voo
RE2CSIAN7 =—[]10 <& 31[J=—Vss
Voo—s[]11 &  30[0<—s RD7/PSP7
Vss —.[]12 & 290« RD6IPSP6
OSCH/CLKI —»[]13 +  28[]<—s RDS/PSP5
0SC2/CLKO <——[] 14 ‘&’ 27 ] «—» RD4/PSP4
RCO/T10SO/T1CKI «—s[] 15 26 [] «—s RC7/RXDT
RC1/T10SICCP2 <—s[] 16 25 [] «—s RCBITX/CK
RC2/CCP1 o—s[] 17 24 [] «——» RCS5/SDO
RC3/SCK/SCL =—[] 18 23 [J+— RC4/SDI/SDA
RDO/PSP0 <[] 19 22 ] «<—» RD3/PSP3
RD1/PSP1 <—[] 20 21 [J «<—» RD2/PSP2

Figure.8 PIC16F877a

B. OPTO COUPLER

Anode [1 (6] Base

-
Cathode [2] 15| Collector

NC [3] 3] Emitter

4N35

Figure.9 Pin Diagram — 4N35

In electronics, an opto-isolator, also called an
optocoupler, photocoupler, or optical isolator, is
"an electronic device designed to transfer electrical
signals by utilizing light waves to provide coupling
with electrical isolation between its input and
output”. The main purpose of an opto-isolator is "to
prevent high voltages or rapidly changing voltages
on one side of the circuit from damaging
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components or distorting transmissions on the other
side.”

C. MOSFET

MOSFET Body

Drain (D) usually connected Drain (D)
to source terminal
Ip /

Gate (G) Gate (G)
Source (5) Source (S)
N-channel P-channel

Figure.10 Symbol — IRF840

Third generation Power MOSFETs from Vishay
provide the designer with the best combination of
fast switching, ruggedized device design, low on-
resistance and cost-effectiveness.

*  Dynamic dV/dt Rating

*  Repetitive Avalanche Rated

»  Fast Switching

»  Ease of Paralleling

»  Simple Drive Requirements

e« Compliant to RoHS Directive
2002/95/EC

IV - RESULTS & DISCUSSION

The proposed system model that is
designed in MATLAB 2014a Simulink platform.
The following figure.11 represents proposed
Simulink model.
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Fig.12 PWM Control
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Fig.13 Control system

The following figure.14 represents the battery DC
voltage. Battery gives the DC voltage at 40V.
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Fig.14 Battery voltage
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Fig.15 Battery current

The following figure.16 shown the PWM gate
signal. Ramp and sine wave generate the PWM

pulse signal.
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Fig.16 Ramp & Sine wave
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The following figure.17 represents the grid output
AC voltage. Battery voltage is given to resonant
converter and inverter. Inverter gives AC voltage
and is injected to grid. It produces 230V AC.

Bl scopet
20 a[: ONABaS
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Fig.17 Output AC voltage

The following figure.18 shown the grid output
current. It reached at 6A.
B scopes

@eaMi C%m O0as

EE)

Fig.20 DC link output 63.2 and AC output
voltage 69.6
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Fig.22 Inverter 50Hz Switch pulse

V - CONCLUSION

In this project, a single-stage single-phase
isolated bidirectional microinverter based on the PR
based controlled resonant converter is proposed and
investigated for energy storage applications. With
the PR-PWM control, the voltage conversion ratio
of the resonant converter is able to vary a wide range
and both step-up and -down voltage conversion are
achieved. The amplitude and direction of the
transferred power can be changed quickly and
smoothly with a simple unified current controller.
Soft-switching has also been achieved during most
of the grid period. The modelling of PR
(proportional resonant) controller for an isolated
bidirectional microinverter and observation of its
performance during load fluctuation condition is
done using MATLAB/Simulink and verify the
results in hardware presentation.
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